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Preface

Biomimetics is the science of emulating nature�’s design. In nature, living organisms 
synthesize mineralized tissues and this process of biomineralization is under strict bio-
logical control. It involves the interactions of several biological macromolecules among 
themselves and with the mineral components. Generally, natures design principles are 
based on a �“Bo  om-Up�” strategy. Such processes lead to the formation of hierarchically 
structured organic-inorganic composites with mechanical properties optimized for a 
given function. A common theme in mineralized tissues is the intimate interaction be-
tween the organic and inorganic phases and this leads to the unique properties seen in 
biological materials.  Therefore, understanding natures design principles and ultimately 
mimicking the process may provide new approaches to synthesize biomaterials with 
unique properties for various applications. Biomimetics as a scienti c discipline has 
experienced an exceptional development. Its potential in several applications such as 
medical, veterinary, dental science, material science and nanotechnology bears witness 
to the importance of understanding the processes by which living organisms exert an 
exquisite control on the fabrication of various materials. Despite several breakthroughs, 
there exist only a limited number of methods for the preparation of advanced materi-
als.  Consequently, precisely controlling the architecture and composition of inorganic 
materials still remain enigmatic. Biological organisms have the extraordinary ability to 
fabricate a wide variety of inorganic materials into complex morphologies that are hi-
erarchically structured on the nano, micro and macroscales with high  delity. The next 
generation of biologically inspired materials fabrication methods must draw inspiration 
from complex biological systems.

The interaction between cells, tissues and biomaterial surfaces are the highlights of the 
book �“Advances in Biomimetics�”. In this regard the e  ect of nanostructures and nano-
topographies and their e  ect on the development of a new generation of biomaterials 
including advanced multifunctional sca  olds for tissue engineering are discussed. The 
2 volumes contain articles that cover a wide spectrum of subject ma  er such as di  erent 
aspects of the development of sca  olds and coatings with enhanced performance and 
bioactivity, including investigations of material surface-cell interactions.

Anne George 
University of Illinois at Chicago,

Department of Oral Biology,
Chicago, 

USA
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Biomimetic Epoxidation of Olefins Catalyzed by 
Metalloporphyrins with Molecular Oxygen  

Hong-Bing Ji and Xian-Tai Zhou 
School of Chemistry and Chemical Engineering, Sun Yat-sen University, 510275, 

 Guangzhou, China 

1. Introduction 
The direct oxidation of hydrocarbon is a field of both academic and industrial importance 
and challenge.[1-3] Catalytic oxidation is a key technology for converting petroleum-based 
feedstock to useful chemicals of a high oxidation state such as alcohols, carbonyl 
compounds, and epoxides. Millions of tons of these compounds are annually produced 
worldwide and find applications in all areas of chemical industries.[4-6]  
Epoxidation of olefins is an important reaction in organic synthesis because the formed 
epoxides are intermediates that can be converted to a variety of products.[7-10] Access to a 
variety of epoxides has largely been successful due to the remarkable catalytic activity of 
transition metal complexes, which have a unique ability to bring the alkene substrate and 
the oxygen source within the coordination sphere of the metal leaving to a facial transfer of 
oxygen atom to the carbon-carbon double bond.[11-15]  
Cytochrome P-450 enzymes are heme-containing monooxygenases and play a key role in 
the oxidative transformation of endogeneous and exogeneous molecules.[16-20] They are 
virtually ubiquitous in nature and are present in all forms of life like plants and mammals, 
as well as in some prokaryotic organisms such as bacteria.[21-23] The active site of P-450s 
contains a highly conserved prosthetic heme IX complex coordinated by a thiolate ligand 
from a cysteine residue (Figure 1).  
The primary function of cytochrome P-450 enzymes is the oxygenation of a wide variety of 
organic substrates by inserting one oxygen atom from O2 to the substrate and reducing the 
other oxygen atom with reducing equivalents to a water molecule, utilizing two electrons 
that are provided by NAD(P)H via a reductase protein (Scheme 1).  
 

R H O2 NAD(P)H H+ R OH H2O NAD(P)++ + + + +
cytochrome P-450

 
Scheme 1. Overall oxygenation reaction catalyzed by cytochrome P-450 

Being a triplet (two unpaired electrons in ground state), molecular oxygen is unreactive 
toward organic molecules at low temperatures. The reaction of dioxygen with the single 
state of organic substrates is spin-forbidden.[24] Consequently, the oxygenation of organic 
molecules at physiological temperatures must involve the modification of the electronic 
structure of one of the partners. Living systems mainly use enzymes like cytochromes P-450 
to modify the electronic structure of dioxygen to form which is adapted for the desired  
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Fig. 1. Prosthetic of cysteinato-heme enzymes: an iron(III) protoporphyrin-IX covalently 
linked to the protein by the sulfur atom of a proximal cysteine ligand. 

oxidation reaction. The mechanism of its catalytic activity and structural functions has been the 
subject of extensive investigation in the field of biomimetic chemistry. The high-valent 
iron(IV)-oxo intermediate, formed by the reductive activation of molecular oxygen via peroxo-
iron(III) and hydroperoxy-iron(III) intermediates by cytochrome P-450, is responsible for the in 
vivo oxidation of drugs and xenobiotics. This high valent iron(IV)-oxo intermediate and 
probably other intermediates of the P450 catalytic cycle can be formed by the reaction of 
iron(III) porphyrins with different monooxygen donors.[25-27] Therefore, cytochrome P-450 
enzymes are potent oxidants that are able to catalyze the hydroxylation of saturated carbon-
hydrogen bonds, the epoxidation of double bonds, the oxidative dealkylation reactions of 
aminies, oxidations of aromatics, and the oxidation of heteroatoms. [28-30]  
As the isolation of P-450 enzymes from plants is extremely difficult, the first reactions 
employing this hemoprotein�’s enzymes were carried out with bacterial and mammalian P-450. 
Only in recent years have genes of P-450 enzymes been isolated from plants, and the first 
reactions confirmed that these enzymes take an active part in herbicide detoxification. [31]  
The use of chemical model systems mimicking P-450 might therefore be a very useful tool 
for overcoming the difficulty in working with enzymes in vivo and vitro.[32] The synthesis 
of cytochrome P-450 models is a formidable challenge for chemist to establish a system that 
is structurally equivalent to the enzymes. The synthetic mimic not only is a structural 
analogue exhibiting spectroscopic features close to the enzyme�’s cofactor but also displays a 
similar reactivity and catalysis.[33] In recent years, the development of efficient catalytic 
systems for oxidation reactions that mimic the action of cytochrome P-450 dependent 
momooxygenases has attracted much attention.[34-42] Synthetic metalloporphyrins have 
been used as cytochrome P-450 models and have been found to be highly efficient 
homogeneous or heterogeneous catalysts for oxidation reactions, especially for the alkane 
hydroxylation and alkene epoxidation.[43-45] 
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During the past two decades, the use of metalloporphyrins as catalysts for the epoxidation of 
olefins has received increasing attention since the leading works of Groves and co-workers by 
using iodosylbenzene (PhIO) as oxygen atom donor.[46] A variety of oxidants, such as 
hydrogen peroxides,[47-49] iodosylbenzene,[50-52] magnesium monoperoxyphthalate, [53-54] 
tetrabutylammonium monosulfate and eriodate,[55-56] in combination with a large variety of 
metalloporphyrin catalysts have been employed as oxygen atom donors.  
For economic and environmental viewpoints, the aerobic epoxidation of olefins catalyzed by 
metalloporphyrins is attracting more interests. The chapter will try to cover the biomimetic 
homogeneous and heterogeneous aerobic epoxidation of olefins catalyzed by 
metalloporphyrins in the recent years. It will focus on the modeling of the monooxygenase 
catalytic circle with synthetic metalloporphyrins. Since the stioichiometry of a 
monooxygenase-mediated oxygenation requires two electrons and two protons to reduce 
the second oxygen atom of dioxygen to water, most of works reported involve an electron 
source: borohydride, hydrogen and colloidal platinum, zinc powder, electrons from an 
electrode or aldehyde as reductant.[57-61] According to the sacrificial use of electrons, the 
recent advances in this section will focus on presenting the metalloporphyrin- mediated 
epoxidation in the presence of zinc powder, aldehyde as reductant or in absence of 
reductant. Both practical and mechanistic point of view for the epoxidation of olefins 
catalyzed by metalloporphyrins will be presented.  

2. Zinc powder as reductant 
A viologen-linked Mn(III) porphyrin complex (MnPCxMV, Scheme 2) with a short 
methylene-chain, in which a viologen is covalently linked by the methylene-chain into one 
phenyl group of 5,10,15,20- tetraphenylporphyrinatomanganese(III) chloride (MnTPPCl), 
was used as catalyst for a monooxygenase of cyclohexene in an air-equilibrated acetonitrile 
solution containing insoluble zinc powder as reductant, more cyclohexene oxide was 
obtained as a single product than when MnTPPCl was used as catalyst.[62] According to the 
reaction of an air-equilibrated acetonitrile suspension containing 1×10-4 M MnTPPCl, 1×10-4 
M 1-MeIm (1-methylimidazole), 7.3×10-2 M zinc powder, 2×10-2 M benzoic acid (the cleaving 
reagent of dioxygen double-bond) and 0.47 M cyclohexene for 3 h at 30oC, about 1×10-3 M 
epoxide was obtained as the single oxidation product of cyclohexene. Since the turnover 
number of MnTPPCl was about 10, it was found that MnTPPCl acted as catalyst.  
Further, when 1×10-4 M MnPC2MV or the mixture of 1×10-4 M MnTPPCl and 1×10-4 M MV2+ 
was used as the catalyst, the amount of the product epoxide remarkably increased and the 
turnover number reached about 40 for 3 h. The time-dependence of the amount of the product 
epoxide is shown in Figure 2. This suggests that viologen and the viologen moiety in 
MnPC2MV acted as the mediator for the electron transfer from zinc powder to Mn porphyin. 
Enhancement of cyclohexene oxide was produced by adding an axial ligand for MnTPPCl 
such as Cl-, Br- in the catalytic system.[63] The Cl- and Br- promoted this epoxidation 
probably by assisting the oxygen transfer from Mn(V)-oxo complex, that is an intermediate 
in this reaction cycle, to cyclohexene, and HV2+ functioned as the mediator of electron 
transfer from zinc to Mn(II)TPP-dioxygen adduct, enhancing the production of epoxide. 
However, when a small amount of 1-MeIm (< 10-2 M) was added in this system containing 
HV2+, the epoxide was not produced and zinc was hardly consumed. Moreover, a larger 
amount of epoxide was obtained by adding 1-MeIm further (> 10-2 M). A plausible 
mechanism was proposed as shown in Figure 3. 
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Fig. 2. Time-dependence of the amount of produced epoxide in air-equilibrated acetonitrile 
suspension containing 1×10-4 M Mn porphyrin, 5×10-3 M 1-MeIm, 7.3×10-2 M zinc powder, 
2×10-2 M benzoic acid and 0.47 M cyclohexene at 30oC. Catalyst: MnTPPCl(ƽ), 
MnPC2MV(ƻ) and MnTPPCl+1×10-4 M MV2+(ƶ)  
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Fig. 3. Catalytic epoxidation cycle of cyclohexene using MnTPPCl as catalyst in the absence 
of 1-MeIm 
The hexylviologen acted effectively as the mediator of electron transfer from zinc powder to 
Mn(II)TPP-O2 adduct. Since the halogen ion can coordinate easily to the manganese ion in 
[Mn(V)TPP=O]+ cation due to an additive electrostatic interaction, the oxygen transfer 
proceeded by the assistance of its coordinate bond. Thus, when HV2+ was added in the 
catalytic system using the Mn porphyrin catalyst with the Cl- counter ion, the dioxygen-
activated reductive epoxidation of cyclohexene occurred even in the absence of 1-MeIm.  
According to the mechanism, the decrease of the epoxide production with increasing 1-
MeIm (<10-2 M) may be explained from the factor that the coordination of 1-MeIm to 
Mn(II)TPP depressed the formation of the Mn(II)TPP-O2 adduct. Further, the epoxide was 
obtained by adding a large amount of 1-MeIm (>10-2 M) because the reducing power of Zn 
may become strong by a complex formation between Zn2+ and 1-MeIm. 

3. Aldehydes as reductant 
Aldehyde is another effective reducing agent for the epoxidation of olefins with dioxygen as 
oxidant. Mukaiyama reported an efficient approach for epoxidation of olefins using 
dioxygen as oxidant under ambient conditions. The process involved use of -diketonate 
complexes of Ni2+, Co2+, and Fe3+ as catalysts and an aldehyde as oxygen acceptor.[64-66] 
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Subsequently, many metal catalysts e.g. manganese complex, cobalt-containing molecular 
sieves and metalloporphyrins demonstrated highly catalytic performance for the aerobic 
oxidation in the presence of aldehyde.[67-70] 
Mandal and co-workers reported the epoxidation of various olefins using cobalt porphyrins 
(Scheme 3) in ambient molecular oxygen and 2-methylpropanal.[71]  
 

N

N N

N

Co

X

X

X

X

X=-OCH3  
   
X=-Cl

X=-CH3

X=-OCOCH3

(a)

(b)
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(d)

 
Scheme 3. Structures of cobalt prophyrins used in the epoxidation of olefins 
Methyl styrene, stilbene and farnesyl acetate were transformed to the corresponding 
epoxides in nearly quantitative yield (Table 1). It is noteworthy that trans-stilbene afforded 
the corresponding trans-epoxide (entry 2). While highly regioselective monoepoxidation of 
farnesyl acetate to give epoxide was observed under these conditions (entry 3). Similarly, 
limonene was readily transformed to a mixture of mono and diepoxide in 1:2.3 ratio in 
quantitative yield (entry 4). Interestingly, the ,  unsaturated carbonyl compounds i.e. 
chalcone (entry 5) and ethyl cinnamate (entry 6) were epoxidized in good yields to give 
stereochemically pure trans epoxides respectively.   
In order to probe the substitute effect in the para position of aromatic ring of porphyrin, the 
catalytic activities of (a)-(c) were studied in the epoxidation of cyclohexene. Thus the 
oxidation of cyclohexene using (a) as catalyst afforded a mixture of corresponding epoxide, 
cyclohexenol, cyclohexenone in 1:3:1.2 ratio. On the other hand oxidation of cyclohexene in 
the presence of (b) yielded only a mixture of cyclohexenol and cyclohexenone whereas 
catalysis under (c) gave rise to a mixture of epoxide, cyclohexenol and cyclohexenone 
respectively. These results could be conceivable that the oxidation are proceeding via an 
analogous cobalt oxo species.    
The simple structural metalloporphyrins has proven to be an excellent catalyst for the 
epoxidation of olefins in the presence of molecular oxygen and isobutylaldehyde. As a part 
of metalloporphyrins-catalyzed oxidations of our group works, the epoxidation of olefins 
catalyzed by very small amount of MnTPP (manganese meso-tetraphenyl porphyrin) was  
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Entry Substrate Productb Yields (%)a 

1 
Ph

H3C  

Ph

H3C

O

 
94 

2 
Ph

Ph 

Ph

Ph

O

 
100 

3 
OAc

 

OAc

O

80 

4 

 

O

O

O

+

2.3:1  

100c 

5 
Ph Ph

O  

Ph Ph

O

O

 
83 

6 
Ph OEt

O  

Ph OEt

O

O

 
51 

a Isolated yield. bYield determined from 1H-NMR of the crude reaction mixture. 
cObtained as a mixture of syn-anti diastereomers 

Table 1. Co(II) porphyrin catalyzed oxidation of olefins using 2-methylpropanal and dioxygen 

reported (Scheme 4), in which extremely high turnover number that could be comparable to 
most enzyme catalysis was obtained.[72] When the amount of manganese meso-
tetraphenylporphyrin catalyst was 2.5 10-8 mmol, the cyclohexene oxide could be obtained 
with the isolated yield of 90%.  
It should be mentioned that the turnover number of the present catalyst could reach 
731,470,480. Since commonly, TOF is used to express the catalytic efficiency of enzyme with 
the definition as converted substrate (mol) per enzyme (mol) per minute. The TOF of most 
enzymes is about 1000 min-1 or more. For example, the TOF of catalase is 6 106 min-1, and the 
TOF of -galactosidase is 1.25 104 min-1. In the present manganese meso-tetraphenylporphyrin 
catalyzed system, the TOF reaches up to 1.2 106 min-1, which is the range for enzyme activity. 
Also, various olefins could be smoothly converted to corresponding epoxides in the catalytic 
system under ambient conditions. As shown in Table 2, it seems that the efficiency of 
epoxidation in this catalytic system is very dependent on the steric structure of substrates. 
The influence of steric effects could further be found when styrene and its derivatives were 
oxidized, the conversion rates of styrene, trans- -methylstyrene and trans-stilbene were 95%, 
89% and 86% after reacting for 4.5, 7.0 and 8.0 h, again demonstrating a steric effect  
(entries 4-6). 
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CH2Cl2 (50 mL),  isobutyraldehyde (0.1mol), O2 (1 atm), 10 h, r.t.
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Scheme 4. Manganese meso-tetraphenylporphyrin catalyzed epoxidation of olefins 
Similarly, in the epoxidation of other cycloolefin e.g. cyclooctene, the reaction system 
exhibits high catalytic performance with 93% yield of cyclooctene epoxide (entry 7). 
Epoxidation of linear chains e.g. 1-octene and trans-2-octene smoothly proceeded with high 
conversion and yield, and similar catalytic activities for the two substrates shows the located 
position of C=C bond on linear chain alkenes could hardly influence their catalytic 
performance (entries 8-9).  
Despite of the high efficiency of the catalyst system, another salient feature of the present 
epoxidation is its high regioselectivity (entry 10). In addition, the catalyst system exhibits 
specific selective oxidation performance towards C=C bond and hydroxyl group activation. 
C=C bond was preferentially activated and the corresponding epoxide as the only product 
with 90% yield could be obtained for the cinnamyl alcohol oxidation, and no products from 
hydroxyl group oxidation could be detected (entry 11).  
The extremely high catalytic performance (comparable to enzymes) exhibited by manganese 
meso-tetraphenylporphyrin is most interesting. In order to gain insight into the likely 
reasons, the epoxidation processes of cyclohexene in the presence of isobutyraldehyde and 
molecular oxygen with different amounts of catalyst of 10000, 100, 10, 1, 0.1 ppm (based on 
substrate) were tracked.  The reaction profiles are shown in Figure 4. 
Although the amount of the catalyst decreased exponentially, cyclohexene could be nearly 
stoichiometrically oxidized within the reaction times ranged from 2.0 to 5.0 h, as shown in 
Figure 1. When the amount of catalyst was 1 or 0.1 ppm, the reaction displays an induction 
period, then followed by a sharp acceleration until completion. When a radical scavenger 
such as tetrachloromethane was added to the reaction system, the conversion was stopped 
and no product could be detected after 5 h, even with 10000 ppm catalyst. Therefore, the 
epoxidation catalyzed by metalloporphyrin should involve radical species. The result is 
consistent with those of Qi, Nam, and Ravikumar using ruthenium complex, cyclam or 
manganese acetate dihydrate as catalysts.[73-76]  
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Entry Substrate Product Reaction 
time (h) 

Conv. 
(%) 

Yield 
(%) 

1 
 

O
 

4.5 97 95 

2 
 

O
 

5.0 93 90 

3 
Ph

 
O

Ph

 

6.0 83 72 

4 
 

O

 

4.5 95 93 

5 
 

O

 

7.0 89 87 

6 

 

O

 

8.0 86 85 

7 

 

O
 

5.0 95 93 

8  O 5.0 94 93 

9  O  
5.0 93 89 

10 

 

O

 

5.0 92 91 

11 OH

 
OH

O

 

6.0 92 90 

a substrate (2 mmol), isobutyraldehyde (0.01mol), CH2Cl2 (5 mL), O2 bubbling, r.t. 

 
Table 2. Epoxidation of alkenes catalyzed by manganese meso-tetraphenylporphyrin in the 
presence of molecular oxygen and isobutyraldehydea 
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Fig. 4. Conversion rates profile of cyclohexene oxide with different amounts of Mn(TPP) a 
a substrate (2 mmol), isobutyraldehyde (0.01mol), CH2Cl2 (5 mL), O2 bubbling (1atm), r.t. 

Iron, ruthenium and cobalt also showed excellent activity for cyclohexene epoxidation by 
molecular oxygen (Table 3). [77] Comparing the catalytic activities of different porphyrin 
catalysts, it was found that manganese porphyrin was the most effective since cyclohexene 
could be completely converted within 4.0 hours. The catalytic activity of different 
metalloporphyrins is probably influenced by their electric potential and the stability of 
different valences of metal atoms. 
 

Entry Catalyst Conv. (%) Yield (%) 
1 Mn(TPP)Cl >99 >99 
2 Fe(TPP)Cl 93 92 
3 Co(TPP)Cl 90 90 
4 Ru(TPP)Cl 86 85 
5 - 15 13 

a Olefins (2 mmol), aldehyde (0.01mol), catalyst (2 10-6 mmol), CH2Cl2 (5 mL), O2 bubbling, r.t., 4 h 

Table 3. Epoxidation of cyclohexene by molecular oxygen in the presence of various 
metalloporphyrins and isobutyraldehydea 

The mechanisms of alkene epoxidation by molecular oxygen in the presence of metal 
complexes and aldehyde have been already investigated. For such oxidation system, all 
evidence indicates that the reaction proceeded via free radical process. Oxygenation of 
substrates is assumed to occur via reactive high-valent metal oxo intermediates that are 
produced by the reaction of peroxyacid with the metal catalysts from this mechanism.  
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In the system of olefin epoxidation by dioxygen, the process of epoxidation can follow 
different pathways depending on catalyst and reaction conditions. Nam and coauthors 
concluded that acylperoxy radicals from the autoxidation reaction or complexes of metal 
with the acylperoxy radicals were the active epoxidants, [74] and the metal complexes could 
accelerate the free radical autoxidation of aldehyde during the initiation step. Ravikumar 
reported that the epoxidation of olefin in perfluoro-2-butyltetrahydrofuran occurred either 
by the direct reaction of metal-peroxy species with olefins or through metal oxo species.[75] 
However, Kaneda et al. proposed that the key epoxidizing agent was not the metal oxo 
species, the peroxyacid was generated during the autoxidation of aldehyde, and the role of 
transition metal catalyst could be omitted.[78] 
For the manganese porphyrin catalyzed epoxidaiton system, the typical product 
compositions of aerobic oxidation of cyclohexene are shown in Figure 5. Except the epoxide, 
isobutyric acid and perisobutyric acid generated from isobutyraldehyde could be detected 
in the reaction mixture. The formation of perisobutyric acid could be hardly detected within 
the first two-hour period. After reacting for 2 hours, the concentration of perisobutyric acid 
increased slightly while that of epoxidized cyclohexene increased sharply. It seems that the 
epoxidation occurred first with induction period, and then followed by sharp acceleration 
till completion, which agree with the feature of radical-involved reaction. In order to verify 
the free radical mechanism for the aerobic epoxidation of cyclohexene catalyzed by 
manganese porphyrins, a free radical inhibitor, 2,6-di-tert-butylphenol (2 mmol) was added 
to the oxidation system. It has been found that the running oxidation of cyclohexene could 
be subsequently quenched. In addition, epoxide, isobutyric acid or perisobutyric acid could 
not be found when the reaction was carried out under nitrogen atmosphere.  
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Fig. 5. Oxidation of cyclohexene by molecular oxygen in the presence of Mn(TPP)Cl and 
isobutyraldehyde: concentration of cyclohexene, 0.4 M; concentration of isobutyraldehyde, 
2.0 M; concentration of catalyst, 4 10-5 M; O2 bubbling; room temperature. 
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In contrary to Kaneda�’s results, the metalloporphyrins catalyst is absolutely necessary for 
the epoxidation of cyclohexene from the fact that only 13% yield of epoxide can be obtained 
in the blank experiment. Therefore, the mechanism of epoxides production via 
metallporphyrins-peroxy from the reaction of acylperoxy radical with metallporphyrins is 
impossible. The epoxide (yields up to 13%) in the absence of catalyst should be attributed to 
the reaction of acylperoxy radical with olefins directly. In the none-catalysis process, the 
acylperoxy radical was generated from acyl radical and dioxygen, and acyl radical was 
initiated from the auto-oxidation of aldehyde. A mechanism for the epoxidation of olefins 
by dioxygen in the presence of metalloporphyrins and isobutyraldehyde has been proposed 
from the experimental results, as shown in Figure 6.  
 

 
Fig. 6. Plausible mechanism of olefin epoxidation catalyzed by Mn(III) porphyrins in the 
presence of molecular oxygen and isobutyraldehyde 

Based on the proposed mechanism, the manganese porphyrin reacts with the aldehyde to 
generate an acyl radical (a) at first. The acyl radical then reacts with dioxygen to give an 
acylperoxy radical (b). The acylperoxy radical is assumed to play two roles. Firstly, it reacts 
with olefins to yield epoxides directly accompanying the generation of carboxyl radical (c), 
which reacts with aldehyde to generate another acyl radical and carboxylic acid (pathway 
A). Secondly, in pathway B, the acylperoxy radical acts as a carrier by reacting with another 
aldehyde molecule to give peroxyacid (d), thereby generating another acyl radical. 
Formation of epoxide is assumed by active high-valent Mn porphyrin intermediates (e), 
which are formed by the reaction of the peroxyacid with the manganese porphyrin. The 
evidence described above suggests that pathway B is usually superior over pathway A.  
In order to obtain further information on the role of the high-valent Mn porphyrin species 
for the present oxidation, in stiu EPR measurement was used for the aerobic oxidation of 
cyclohexene. The catalytic epoxidation in CH3CN was carried out in a sealed Wilmad WG-
810-A quartz-flat cell filled with dioxygen. EPR spectra were recorded with 20 min intervals. 
Figure 7 exemplifies the EPR results observed for Mn(III) porphyrin. Figure 7a shows the 
initial EPR spectrum of the Mn(TPP)Cl and the silent spectrum is characteristic of Mn(III) 
species from integer-spin (non-Kramers) Mn(III) S=2 porphyrin compound.[79-81] When 
isobutyraldehyde was added into Mn(TPP)Cl solution, a broad EPR signal of Mn(II) was 
observed (Figure 7b).[82] The change of EPR signal was attributed to the reaction of Mn (III) 
porphyrin with aldehyde, from which an acyl radical was generated and the Mn (III) 
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porphyrin was converted to Mn(II) species. This is in agreement with the first step of the 
proposed mechanism. The six lines shown in Figure 7c are a typical signal of Mn(IV) 
species, which indicates the catalytic process should involve high-valent oxo intermediate. 
[83-84] 
As the reaction went on, it was interesting to find that the intensity of signal (g=2.02) 
increased, the peak became stronger and sharper, coupling with the decreasing intensity of 
adjacent signal (g=1.98). The EPR spectra are shown in Figure 7d-f. The fact demonstrated 
that Mn(II) porphyrins species might be there in the mixture, which are formed by the 
reduction of Mn(IV) intermediate.  
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Fig. 7. In-situ EPR spectra of cyclohexene epoxidation catalyzed by Mn(TPP)Cl in the 
presence of dioxygen and isobutyraldehyde. (a) spectrum of Mn(TPP)Cl; (b) spectrum of 
Mn(TPP)Cl plus isobutyraldehyde; (c) initial spectrum of cyclohexene epoxidation;  
(d) epoxidation spectrum after 20 min; (e) epoxidation spectrum after 40 min; (f) epoxidation 
spectrum after 60 min. 

The curves of UV-vis spectra for metalloporphyrins during the reaction process are shown 
in Figure 8. The spectrophotometer was programmed to acquire UV-vis spectrum every 10 
minutes. As shown in Figure 8, a decrease in the Soret band at 445 nm was observed, with a 
concomitant slight increase in the typical Soret band at ~ 417 nm. The disappearance of the 
peak (445 nm) suggested that oxidant active species (MnIV=O) were consumed by substrate. 
[85-87] In addition, during the reaction, the color changes in the reaction mixture also 
indicate the presence of such high-valence species. GC analysis revealed the formation of the 
epoxide, which is indicative of the presence of an active oxidation species.  
The epoxidation of cyclohexene in the presence of isobutyraldehyde and dioxygen to 
produce epoxidized cyclohexene with Mn(TPP)Cl as catalyst is a combination of oxidation 
of aldehyde and epoxidation of cyclohexene. Following the reaction mechanism given in 
Figure 6, the reaction equations can be listed as below: 
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Fig. 8. In situ UV-vis spectra of the aerobic epoxidation of cyclohexene catalyzed by 
Mn(TPP)Cl (0.04 mM) in dichloromethane solution (time scan: 120 min, interval 10 min). 
Reaction conditions: cyclohexene (0.4 mol L-1), catalyst (0.04 mM) and isobutyraldehyde (4 
mol L-1)  

Initiation: Equation 1 is the initiation step. 

PorMnIII     +      RCHO PorMnII + RC
.
O + H+

k0

 (1) 
Propagation: 

RC
.
O + O2

k1
RCO3

.

RCO3
.

 RCHO+
k2

RCO3H + RC
.
O 

 
(2) 

 
 
(3) 

Termination: The main termination step is: 

 2RCO3
. k3 inactive  

(4)
 

The other termination steps are: 

2RC
.
O inactive

RCO3
. + RC

.
O inactive  

(5) 
 

 

(6) 

Epoxidation: The epoxidation steps include pathway A and B. 
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Pathway B: 

PorMnII + RCO3H PorMnIV=O + RCOOH

+ PorMnIIO +

k4

k5
PorMnIV=O

 

(7) 
 

 

(8) 

Pathway A: 

RCO3
.

+ O
k6

+ RCO2
.

RCO2
.

+  RCHO
k7

RCOOH + RC
.
O

 

(9) 
 

 

(10)

The molar balance equations for each component of the reactions are presented as follows: 
First, the changes of the free radicals concentrations are: 

d[RC
.
O]/dt = k0[RCHO][PorMnIII]  -  k1[RC

.
O][O2]  +  k2[RCO3

.
][RCHO]  +  k7[RCO2

.
][RCHO]

d[RCO3
.
]/dt k1[RC

.
O][O2]  -  k2[RCO3

.
][RCHO]  -  2k3[RCO3

.
]2  -  k6[RCO3

.
][cyclohexene]=

d[RCO2
.
]/dt = k6[RCO3

.
][cyclohexene]  -  k7[RCO2

.
][RCHO]

 

 
(11)

 
 

(12)
 
 

(13)

Assuming that the system is in pseudo steady state, eqs 11-13 become 

 d[RC
.
O]/dt = d[RCO2

.
]/dt = d[RCO3

.
]/dt = 0  (14) 

Summing eqs. 11, 12 and 13,  

 k0[RCHO][PorMnIII]  = 2k3[RCO3
.
]2  (15) 

In addition, eqs. 16 and 17 can be deduced from eqs. 7 and 8:  

d[MnIV=O]/dt  =  k4[PorMnII][RCO3H]  -  k5[MnIV=O][cyclohexene]

d[RCO3H]/dt = k2[RCO3
.
][RCHO]  -  k4[PorMnII][RCO3H]  

(16)
 

 

(17)

Based on pathways A and B, the total rate equation of epoxide (Re) can be expressed as: 

 Re = d[epoxide] /dt = k5[MnIV=O][cyclohexene]  +  k6[RCO3
.
][cyclohexene]  (18) 
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Through the pseudo steady state hypothesis for the Mn(IV) high-valent intermediate and 
RCO3H, eqs.16, 17 and 18 can be summarized to get the generating rate of epoxide as: 

Re = k2(k6/2k3)0.5[RCHO]1.5[PorMnIII]0.5 +  k6(k6/2k3)0.5[RCHO]0.5[PorMnIII]0.5[cyclohexene]  (19)  
Then, eqs. 19 can be simplified as: 

 
Re = K1[RCHO]1.5[PorMnIII]0.5 +  K2[RCHO]0.5[PorMnIII]0.5[cyclohexene]

  (20)    
From equation 20, it can be seen that the rate of epoxidation is related with the concentration 
of cyclohexene, manganese porphyrins catalyst and isobutyraldehyde with 1, 0.5 and 1.5 
power respectively. In order to verify the equation of the epoxidation rate further, the 
factors that influence epoxidation rate were investigated using cyclohexene as model 
substrate. The rate of epoxidation was obtained based on the following assumption: (1) 
There is very large excess of cyclohexene compared to catalyst (the [catalyst]/ [cyclohexene] 
ratio is 1/106) in the catalytic system; (2) The conversion rate of cyclohexene should be 
controlled within 5%.  
The catalytic epoxidation of cyclohexene in the presence of isobutyraldehyde and molecular 
oxygen was carried out with the range of cyclohexene concentration from 0.1 to 0.5 M. The 
results of epoxidation rate with different concentrations of cyclohexene are listed in Table 4. 
It indicated that increasing concentration of cyclohexene accelerated the epoxidation rate 
from 2.30 10-3 to 2.83 10-3 mol L-1 min-1.   
 
 

Entry Concentration of cyclohexene (M) R 103 (mol L-1 min-1) 
1 0.1 2.30 
2 0.2 2.42 
3 0.3 2.60 
4 0.4 2.76 
5 0.5 2.83 

a Temperature: 308 K; Concentration of isobutyraldehyde: 2.0 M; Concentration of Mn(TPP)Cl, 0.4 10-6 
M; O2 bubbling. 

Table 4. Effect of cyclohexene concentration on the aerobic epoxidation rate in the presence 
of isobutyraldehyde a 

 
A plot of epoxidation rate against the concentration of cyclohexene yields a straight line, as 
shown in Figure 9. 
As seen in Figure 9, linear correlation between epoxidation rate and [cyclohexene] was 
evident using Mn(TPP)Cl as catalyst, in which correlation coefficient was 0.992. 
Consequently, the catalytic reaction also exhibited first-order dependence in relation to the 
concentration of cyclohexene. Thus, the experimental results are in good agreement with the 
theoretical analysis as shown in equation 20.  
The results indicated that increasing the concentration of catalyst results in an increase of 
the initial reaction rate. Increasing the concentration of catalyst from 0.8 10-4 to 4.0 10-4 M 
increases the epoxidation rate from 1.98 10-3 to 4.47 10-3 mol L-1 min-1 as shown in Table 5. 
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Fig. 9. Effect of cyclohexene concentration on the epoxidation rate in the presence of 
isobutyraldehyde and molecular oxygen: concentration of isobutyraldehyde, 2.0 M; 
concentration of Mn(TPP)Cl, 0.4 10-6 M; O2 bubbling; room temperature. 

  
Entry [Mn(TPP)Cl], M [Mn(TPP)Cl]0.5 102, M0.5 R 103, mol L-1 min-1 

1 0.8 10-4 0.89 1.98 
2 1.6 10-4 1.26 2.94 
3 2.4 10-4 1.55 3.61 
4 3.2 10-4 1.79 4.01 
5 4.0 10-4 2.00 4.47 

a Temperature: 308 K; Concentration of isobutyraldehyde: 2.0 M; Concentration of cyclohexene: 0.4 M; 
O2 bubbling. 

Table 5. Effect of concentration of Mn(TPP)Cl catalyst on the aerobic epoxidation rate in the 
presence of isobutyraldehyde a 

 
Plot of the initial rate of epoxidized cyclohexene versus the concentration of [Mn(TPP)Cl]0.5 
yields a straight line as shown in Figure 10.  
As can be observed in Figure 10, linear correlation between epoxidation rate and 
[Mn(TPP)Cl]0.5 was evident, in which correlation coefficient was 0.997. The line can be 
expressed by: 

Re=0.081  10-3 + 2.217  [Mn(TPP)Cl]0.5 

The results indicated that increasing of isobutyraldehyde concentration from 0.8 to 2.4 M 
resulted in an increase of the initial rate of epoxidized cyclohexene from 1.11 10-3 to 3.41 10-

3 mol L-1 min-1 as shown in Table 6.  
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Fig. 10. Effect of the concentration of Mn(TPP)Cl catalyst on the epoxidation rate in the 
presence of isobutyraldehyde and molecular oxygen: concentration of isobutyraldehyde, 
2.0M; concentration of cyclohexene, 0.4 M; O2 bubbling; room temperature. 
 

Entry [aldehyde], M [aldehyde]1.5, M1.5 [aldehyde]0.5, M0.5 R 103, mol L-1 
min-1 

1 0.80 0.72 0.89 1.11 
2 1.20 1.31 1.10 1.64 
3 1.60 2.02 1.26 2.16 
4 2.00 2.83 1.41 2.75 
5 2.40 3.72 1.55 3.41 

a Temperature: 308 K; Concentration of cyclohexene: 0.4 M; Concentration of Mn(TPP)Cl, 0.4 10-6 M; O2 
bubbling. 

Table 6. Effect of isobutyraldehyde concentration on the aerobic epoxidation rate in the 
presence of molecular oxygen a 
The plot of the epoxidation reaction rate versus [isobutyraldehyde]0.5 is shown in Figure 11.  
The graph shown in Figure 11 illustrated clearly that the reaction rate versus 
[isobutyraldehyde]0.5 yielded a cube curve, which was consistent with the analysis as shown 
in equation 20.  
As shown above, the experimental results correlate the theoretical analysis well. The good 
agreement for kinetics could further explain that the metalloporphyrin-catalyzed 
epoxidaiton of cyclohexene is via a high-valent metal intermediate.  
Bismetalloporphyrin dimers are composed of two covalently bound mono-
metalloporphyrins molecules. Investigations over the past decades indicated that -oxo-
bisiron porphyrins (Scheme 5) are inactive or have low activity for hydroxylation of alkanes. 
Recently, high catalytic activities of -oxo dimeric metalloporphyrins for the oxidation of 
cyclohexane, ethylbenzene and toluene have been reported.[88-90] 
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Fig. 11. Effect of isobutyraldehyde concentration on the epoxidation rate in the presence of 
molecular oxygen: concentration of cyclohexene, 0.4 M; concentration of Mn(TPP)Cl,  
0.4 10-6 M; O2 bubbling; room temperature. 
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Scheme 5. Structure of µ-oxo-bisiron(III) porphyrin 

With cyclohexene as model compound, the effects of reaction conditions on the epoxidation 
in the presence of (FeIIITPP)2O with molecular oxygen as oxidant have been investigated. 
Table 7 summarizes the main results obtained under different reaction conditions. It could 
be found from entry 1 of Table 7 that only 21% cyclohexene could be converted in the 
absence of catalyst, indicating that the (FeIIITPP)2O catalyst is crucial for the epoxidation. As 
depicted in Table 7, it was observed that the yield is considerably enhanced when the 
catalyst was used. The conversion of cyclohexene could reach up to 96% even the amount of 
catalyst was only 0.01 ppm (entry 2). The optimal amount of catalyst for the epoxidation was 
0.05ppm (entry 3). On the contrary, attempts for enhancing the yield by increasing the 
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amount of catalyst were unsuccessful. The yield decreased with the increase of catalyst 
amount (entries 4-6). This is the typical characteristics of metalloporphyrins-catalyzed 
oxidation, which caused by the shielding effect due to the more catalyst intermediates by 
increasing amount of metalloporphyrins. 
 

Entry Amount of catalyst/ppm Conv.% Yield/% 
1 0 21 21 
2 0.01 96 93 
3 0.05 >99 96 
4 0.1 90 88 
5 1.0 81 80 
6 10.0 84 81 
7b 0.05 0 0 
8c 0.05 92 90 
9d 0.05 >99 96 
10e 0.1 85 82 

a Substrate (2 mmol), isobutylaldehyde (0.011 mol), acetonitrile (6 mL), O2 bubbling, 4h, rt 
b No isobutylaldehyde 
c Substrate /isobutylaldehyde =1: 5 
d Substrate /isobutylaldehyde =1: 6 
e FeIIITPPCl as catalyst 

Table 7. Aerobic epoxidation of cyclohexene catalyzed by (FeIIITPP)2O in the presence of 
isobutyraldehydea 

The effects of isobutyraldehyde on the reaction were also investigated. As shown in Table 7, 
the reaction could not take place in the absence of isobutyraldehyde (entry 7), strongly 
implying that (FeIIITPP)2O could not activate molecular oxygen without aldehyde as an 
oxygen acceptor under ambient conditions. The epoxidation with various molar ratio of 
substrate to isobutyraldehyde were examined. When the substrate/isobutyraldehyde molar 
ratio reached 1:5, 92% cyclohexene could be converted (entry 8). Increasing molar ratio gave 
higher conversion (entry 9). However, no significant difference was observed when the 
substrate/isobutyraldehyde molar ratio exceeds 1:5.5.  
Compared with the aerobic epoxidation catalyzed by mono-metalloporphyrin, (FeIIITPPCl, 
entry 10), it is clear that -oxo dimeric iron(III) porphyrin exhibited higher catalytic 
performance for the aerobic epoxidation of cyclohexene, probably because (FeIIITPP)2O has 
superior stability for epoxidation than FeIIITPPCl. 
Solvent played an important role for the epoxidation by using µ-oxo-bisiron(III) porphyrin 
as the catalyst (Table 8). 
It has been observed that solvent played an important role for the oxidation reaction. Polar 
solvents e.g. acetonitrile and benzotrifluoride seemed to be more favorable for the 
epoxidation of cyclohexene. Dichloromethane was not suitable for this catalytic epoxidation, 
although it was commonly used in metalloporphyrins-catalyzed epoxidation systems. [91-
93] It may be due to the instability of (FeIIITPP)2O in dichloromethane, which could be partly 
converted to monometalloporphyrins. 
Most olefins could be smoothly converted to corresponding epoxides with high conversion 
rate and excellent selectivity in the µ-oxo-bisiron(III) porphyrin catalyzed system (Table 9). 
It seems that the efficiency of the epoxidation in this catalytic system is not closely related  
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Entry Solvent Conv.% Yield/% Selectivity/% 
1 acetonitrile >99 96 96 
2 benzotrifluoride 73 71 97 
3 methanol 66 64 97 
4 dichloromethane 60 57 95 
5 toluene 61 59 96 

a Substrate (2 mmol), substrate /isobutylaldehyde =1:5.5 (molar ratio), (FeIIITPP)2O (0.05 ppm), 
acetonitrile (6mL), O2 bubbling, 4h, rt 

Table 8. Effect of solvent on the aerobic epoxidation of cyclohexene catalyzed by 
(FeIIITPP)2Oa 
  

Entry Substrate Product Reaction 
Time/h Conv./% Yield/% 

1 
 

O
 

4 >99 96 

2 
 

O
 

5 >99 98 

3 7 42 41 

4b O
 7 73 72 

5 7 36 34 
6b  O  7 76 73 
7 7 23 13 

8b 
 

O

 
7 70 64 

9 O 4 >99 98 

10 
O

8 96 94 

11 

 

O
 

4 93 92 

12 

 

O

 

6 96 72 

a Substrate (2 mmol), isobutylaldehyde (0.011mol), acetonitrile (6mL), O2 bubbling, rt 
b (FeIIITPP)2O (1.0 ppm)  

Table 9. Aerobic epoxidation of various alkenes catalyzed by (FeIIITPP)2O a 
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with the steric conformation of substrates. For instance, slightly longer reaction time was 
required for 1-methylcyclohexene than cyclohexene (entries 1-2). However, slow oxidation 
occurred and an unsatisfactory conversion could be obtained for the simple -olefins or 
terminal alkenes such as 1-octene, 1-hexene and styrene (entries 3, 5 and 7). When the 
amount of catalyst increased to 1.0 ppm, remarkable enhancement for conversion and yield 
was observed (entries 4, 6 and 8). While for the non-terminal linear olefin e.g. trans-2-octene, 
the catalytic system showed excellent catalytic performance, in which trans-2-octene was 
converted to the corresponding epoxide in 4 hours (entry 9). The catalytic system also seems 
favorable for the conversion of other cycloolefin e.g. cyclooctene, in which the reaction 
system exhibited highly catalytic performance with 92% yield of cyclooctene epoxide  
(entry 11). 
Another salient feature of the present epoxidation is its high regioselectivity. When (+)-
limonene was subjected to the epoxidation, the monoepoxide with the epoxide group on the 
ring was the main product and its selectivity was 72% (entry 12). 
To further investigate the efficiency of the catalytic system, a large scale experiment for the 
aerobic epoxidation of cyclohexene was carried out. When the amount of (FeIIITPP)2O 
catalyst used was 6.0 10-9 mmol,  cyclohexene oxide could be obtained with the isolated 
yield of 87%. It should be mentioned that the turnover number of the -oxo dimeric 
porphyrin could reach 1,432,993,256, and its TOF was 2.4 106 min-1. Comparing with mono-
metallporphyrins as catalyst, remarkable enhancement of reactivity was obtained for the 
present olefin epoxidation system, in which the turnover number (TON) of the catalyst has 
doubled from about 700 million to 1,400 million. 
As reported previously, the oxygenation of organic substrates catalyzed by 
metalloporphyrin complexes plus aldehyde is usually considered to involve a radical and 
high-valent metal intermediate mechanism.[94-95] 2,6-Di-tert-butyl-4-methylphenol as a 
radical trap has been used in the epoxidation of cyclohexene, and it was found that the 
reaction was completely inhibited. Therefore, the aerobic epoxidation should involve radical 
species.  
In order to obtain further information about the role of the high-valent iron porphyrin on 
the epoxidation, in situ UV-vis spectra was used. The catalytic epoxidation in CH3CN was 
carried out in a quartz colorimetric cell with dioxygen bubbling. UV-vis spectra were 
recorded with 5 min intervals. Figure 12 exemplifies the UV-vis results observed for -oxo 
dimeric iron(III) porphyrins during the epoxidation process. The initial spectrum of 
(FeIIITPP)2O catalyst with a characteristic of Soret band at 408 nm was shown in Figure 12a. 
When isobutyraldehyde was added into the mixture, a shift from 408 to 417 nm with loss in 
intensity was observed, as shown in Figure 12b. Besides, the disappearance of the two Q-
band peaks at 570 and 610 nm was found with the addition of isobutyraldehyde. As the 
reaction continued, a decreasing in the Soret band at 417 nm was recorded. The changes of 
UV-vis spectra are indicative of the existence of an active species expected as the high-valent 
iron porphyrin.[96-98]  
It is usually considered that -oxo dimeric metalloporphyrins could easily form 
monometalloporphyrins during the catalytic process. In fact, whether the dinuclear 
intermediate or the mononuclear intermediate is the active species remain controversial for the 
oxygenation of hydrocarbons catalyzed by -oxo dimeric metalloporphyrins. The possible 
mononuclear metalloporphyrins existed in the catalytic system are FeTPPCl or FeTPPOH. 
Attempts to obtain some useful information from UV-vis spectrum had been tried. 
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Fig. 12. In situ UV-vis spectra of cyclohexene epoxidation of catalyzed by (FeIIITPP)2O in the 
presence of molecular oxygen and isobutyraldehyde (time scan with 5 min intervals) , 
cyclohexene (1mmol), acetonitrile (6mL), catalyst (1×10-8 mol/L), isobutyraldehyde 
(10mmol), rt, (a) (FeIIITPP)2O, (b) initial point of reaction in the presence of isobutyraldehyde 
 From the UV-vis spectra, FeTPPOH as the mononuclear intermediate in the process is 
impossible. The active intermediate of FeTPPOH would form a new peak at 461 nm, while 
no such peak was found from the in situ UV-vis spectra as shown in Figure 12. Figure 13a 
shows the UV-vis spectra of (FeIIITPP)2O with isobutyraldehyde and cyclohexene after 
reacting for 20 min. Similar UV-vis curves could be obtained for FeTPPCl catalyst as shown 
in Figure 13b. If the high-valent intermediate was mononuclear iron porphyrin (FeTPPCl), 
the Soret peak at 416 nm would disappear as the reported previously. However, a certain 
degree loss of intensity for the Soret peak at 416 nm could be observed for the present 
system. As shown in Figure 13, the intensity of Soret peak at 416 remains unchanged after 20 
min. The above results indicate that both the dinuclear and the mononuclear high-valent 
intermediate exist in the catalytic system. Probably two kinds of oxo-iron intermediates, that 
is O=VFe-O-FeV=O and FeV=O were formed by series of free radical processes. Formation of 
epoxide is assumed by the reaction of oxo-iron intermediates with olefins.  
In the biomimetic catalytic oxidation of olefins using metalloporphyrins, catalysts have been 
fixed on various supports in order to suppress the dimerization of oxo intermediates or 
inactivation due to the oxidation of the porphyrin ring to inhibit this reaction. However, in 
the oxidation using immobilized catalysts, the activity decreases due to suppression of the 
degree of freedom of the complexes or diffusion of reactants onto the catalytic sites. Aiming 
to develop a highly selective catalyst, composite materials were synthesized, in which 
porphyrin complexes with various substituents were intercalated between clay layers to 
maintain a space on the axis of the central metal of porphyrin as a reaction field.[99] 
Specifically, cationic porphyrinato cobalt complexes with the substituents of the quaternary 
ammonium salt of heterocyclic amine (Scheme 6) were synthesized, and these complexes 
were fixed between the montmorillonite layers. By using these pillared clay catalysts, the 
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epoxidation of cyclohexene with molecular oxygen in the presence of a reducing agent were 
examined for high activity and selectivity. 
 

400 500 600 700

416

 a
 b

 
Fig. 13. The UV-vis spectra of (FeIIITPP)2O with isobutyraldehyde and cyclohexene after 20 
min of reaction time (a), FeTPPCl (b) 
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Scheme 6. Structure of cobalt porphyrin complexes 

Figure 14 shows the relationship between the yield of epoxide and reaction time in the 
oxygen oxidation of cyclohexene in the presence of isobutyraldehyde using the 
CoTE3PyP/MT catalyst, in comparison with the cases of the reaction in a homogeneous 
system using the CoTE3PyP complex and the reaction of pure montmorillonite.  
Although the homogeneous complex catalyst contained about 20 times as much CoTE3PyP as 
the interlayer-fixed catalyst, its activity for the oxidation was very low. Although a slight 
quantity of epoxide was generated in the presence of pure MT or T4PyP/MT free of a metal, 
the reaction stopped in about 5 h; the yield of 1,2-epoxycyclohexane was quite similar to that 
in the oxidation without catalyst. Therefore, it is suggested that peroxides contained in the 
substrate or reducing agent were involved in the reaction, and that neither MT nor T4PyP/MT 
was active for the oxygen oxidation. In the reaction using CoTE3PyP/MT as a catalyst, there  
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Fig. 14. Relationship between the yield of 1,2-epoxycyclohexane and reaction time. 
Conditions: cat., 20 mg (in case of T4PyP/MT and CoTE3PyP/MT, [porphyrin]: 6.4×10-5 
mol/g); cyclohexene, 0.04 mol; isobutyraldehyde, 0.06 mol; acetonitrile, 10 mL. 

was an induction period in the initial stage of the reaction and the yield of epoxide remarkably 
increased after 5 h. This result is attributed to the interlayer expansion by the swelling of 
montmorillonite to enhance the degree of freedom of catalytic sites and diffusion of reactants. 
The results of the oxidation of cyclohexene by using various interlayer-fixed porphyrinato 
cobalt complexes, that is, the catalysts having the different clay basal spacing are shown in 
Table 10.  
CoTE3PyP/MT, which has the largest interlayer spacing, gave the highest epoxide yield. 
Moreover, the oxygen oxidation of cyclohexene was carried out using CoTE3PyP/MT 
catalysts containing intercalated CoTE3PyP in the range of (1.6-6.4)×10 5 mol/g. The 
epoxide yield improved with the quantity of CoTE3PyP and by using CoTE3PyP/MT 
catalyst with a content of 6.4×10 5 mol/g the epoxide yield reached 65.9% in a reaction time 
of 9 h. On the other hand, the use of CoTM4PyP/MT and CoTM3PyP/MT, of which the 
interlayer spacing are 0.42 and 0.54 nm, respectively, as catalyst gave the low yield of 
epoxide. Their space on the central metal for the oxidation to occur must be restricted 
because of the thickness of the porphyrin molecule. Thus, it is difficult for cylcohexene of 
which the size is about 0.45 nm to pull in this space. By contrast, CoTE3PyP/MT having the 
interlayer spacing of 0.68 nm seems to provide sufficient space so that cyclohexene 
approaches the central metal of porphyrin. These results indicate that the formation of a 
reaction field can be controlled by a kind of meso-substitutent of the porphyrinato cobalt 
complex intercalated between montmorillonite layers and the oxidation can proceed 
selectively in the molecule size of the substrate by means of this reaction field. 
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Yield (%) 
Catalyst Time 

(h) 1,2-Epoxycyclohexane cyclohexanone 
Turnover 
number 

9 17.6 2.6 25250 CoTM4PyP/MT 
24 36.6 7.7 55375 
9 23.8 2.8 33250 CoTM3PyP/MT 
24 31.1 5.1 45250 
9 41.5 4.9 58000 CoTE3PyP/MT 
24 56.1 9.8 82375 
9 48.8 7.3 23375 CoTE3PyP/MTb 
24 56.1 12.2 28458 
9 65.9 9.8 23656 CoTE3PyP/MTc 
24 61.0 12.2 22875 
9 31.7 4.9 580 CoTE3PyP 
24 34.1 4.9 618 
9 17.1 2.4 - MT 
24 22.0 4.9 - 

a Cat. 20 mg([porphyrin]: 1.6×10-5 mol/g); cyclohexene 0.04 mol; isobutyraldehyde 0.06 mol; acetonitrile 
10 mL. 
b Cat. 20 mg([porphyrin]: 4.8×10-5 mol/g) 
c Cat. 20 mg([porphyrin]: 6.4×10-5 mol/g) 

Table 10. Oxidation of cyclohexene by using various interlay-fixed porphyirnato cobalt 
complexes as catalysta 

4. Epoxidation without reductant 
The main goal in catalytic olefin epoxidations is to use both oxygen atoms of molecular 
oxygen to produce selectively epoxides without using reducing agents as co-factors. Such a 
reaction is particularly important for the large scale production of various epoxides. In the 
field of metalloporphyrin-catalyzed olefins epoxidation with molecular oxygen, the 
breakthrough was reported by Groves group. [100] RuVI(TMP)(O)2 catalyzes the aerobic 
epoxidation of olefins at room temperature and normal pressure. Measurement of oxygen 
uptake during the oxidation of cyclooctene indicated that 2 mol of epoxide were produced 
per mole of molecular oxygen consumed. The proposed mechanism is shown in Scheme 7. 
The active oxidant RuVI(TMP)(O)2 reacts with an olefin to afford the epoxide and 
RuIV(TMP)(O), and the disproportionation of the latter generates RuII(TMP) and the active 
oxidant RuVI(TMP)(O)2. The RuII(TMP) re-enters the catalytic cycle after being oxidized by 
dioxygen to RuIV(TMP)(O).  
Since then, few examples on the metalloporphyrins-catalyzed epoxidation by dioxygen in 
the absence of a co-reductant could be found. Polymeric sheet porphyrin: polymeric meso-
tetra-(1,5- naphthalene bisulfonyloxo) phenyl cobalt porphyrins (PTNBSOPPCo) showed 
good activity in the oxidation of styrene with dioxygen.[101] 
Simple metalloporphyirns were employed as the catalyst for the aerobic oxidation of -
pinene in the absence of co-catalyst and solvent. Among various metalloporphyrins, 
MnTPPCl presented the best selectivity regarding the epoxide. When the reaction was 
carried out under 80oC for 5 h, the conversion of -pinene was 23% and the selectivity for 
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the product of C=C bond was 60%. With increasing the electron- donating abilities of the 
peripheral substituents, the selectivity regarding the oxidation of C=C bond decreased. The 
mechanism involves a high-valence metal-oxygen positive radical, which plays an 
important role in the epoxidation of alkenes.[102] 
 

O

RuII(TMP) RuIV(TMP)(O) RVI(TMP)(O2)

O
O2

RuII(TMP)

O2

 
Scheme 7. Ru(TMP)-catalyzed olefins epoxidation with dioxygen 

5. Conclusion 
From this chapter, it is convincing that metalloporphyrins are very versatile oxidation 
catalysts which can be used in epoxidation of olefins. It clearly demonstrated the impressive 
progress made in the area of metalloporphyrins-catalyzed aerobic epoxidation of olefins 
with different reductant, especially using aldehydes as reductant. Attempts have been made 
to avoid the sacrificial use electrons or reductant in the epoxidation of olefins with 
molecular oxygen. These methodologies described based on various epoxidation reactions 
have clearly opened new avenues for major growth in the area of epoxidation using 
molecular oxygen. The use of molecular oxygen as a source of oxygen atom and the 
formation of few neutral byproducts clearly make aerobic epoxidation a highly desirable, 
economically viable, and environmentally acceptable reaction.    
Biomimetic catalysis of metalloporphyrins is now a meeting point for chemistry, chemical, 
catalysis and biology. Metalloporphyrins catalyzed aerobic epoxidation of olefins becoming 
an important and highly rewarding protocol for important feedstock for petrochemical and 
fine chemical industries. The aerobic epoxidation process of biomimetic catalysis will be 
performed at the industrial scale in the future due to the high efficiency and selectivity.  
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1. Introduction  
The oxidation of C-H, C-C and C=C of hydrocarbons, from the syntheses of many fine 
chemicals to the manufacture of various commodities in large scale, plays great important 
role in transformation of basic materials to useful synthetic building in organic chemistry 
and in conversion of hydrocarbon to oxygen-containing industrial production especially the 
hydroxylation, epoxidation, degradation of hydrocarbon derivatives[1-6]. Conventional 
oxidation methodologies often suffer low chemo- and/or regio-selectivity with low 
conversion and low turnover number (TON) in an unfriendly way from both economical 
and environmental aspects which the catalyst is very expensive and generates amounts of 
hazardous waste. Oxidation reactions catalyzed by both non-metal[7-8] and metal[9-14] 
catalysts have been receiving increasing attention, particularly for the highly selective 
aerobic oxidations catalyzed by metal complexes[15-17]. In nature, aerobic oxidation 
processes are carried out in a highly selective manner by mono- or dioxygenases under mild 
conditions[18-19]. A well-known type of monooxygenase is cytochrome P-450(CP-450)[20-
23], which features an iron porphyrin core, and can catalyze a wide variety of oxidation 
reactions including epoxidation, hydroxylation, dealkylation, degradation, 
dehydrogenation, and oxidation of amines, suldes, alcohols and aldehydes, even for 
unreactive substrates such as unactivated hydrocarbons. This stimulates numerous efforts in 
developing biomimetic oxidation systems[24-26].  
Metalloporphyrins, with a core structure closely resembling that of the iron porphyrin core 
of CP-450, have been extensively studied as catalysts to oxidate a series kind of reactions 
mimic the natural style[24,27]. In 1979, Groves and co-workers[28] reported the first 
oxidation system with synthetic metalloporphyrin as a catalyst. They developed the 
oxidation system of terminal oxidant iodosylbenzene(PhIO) and ironporphyrin catalyst 
[FeIII(por)Cl], which can effect both epoxidation of styrene and cyclohexene, and 
hydroxylation of cyclohexane and adamantane. Subsequently, many reports focusing on 
metalloporphyrin-catalyzed oxidation systems have appeared in the literature, as described 
in previous reviews[29-34]. As documented in the literature, the hydroxylation of alkanes 
and epoxidation of alkenes catalyzed by iron, manganese and ruthenium porphyrins with 
the traditional terminal oxidants PhIO, NaOCl and 2,6-dichloropyridine-N-oxide, including 
enantioselective oxidations are the most extensively studied systems. 
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It has been well documented that the active species in the oxidation reactions catalyzed by 
CP-450 are high-valent iron-oxo species. High-valent oxometalloporphyrins have been 
observed in the reactions of synthetic metalloporphyrins with PhIO, m-CPBA and O2, and 
have been reported to be able to oxidize alkanes, alkenes, phosphines, amines and suldes 
by oxygen atom transfer and/or insertion reactions[31,35]. 
In the past several decades, oxyfunctionalization of hydrocarbons in biomimetic systems 
with molecular oxygen in the presence of metalloporpyrins as catalysts is one of the most 
attractive transformations in synthetic organic chemistry and manufacture of hydrocarbon 
derivatives. The behavior of metalloporphyrin-catalyzed hydrocarbon oxidation under mild 
conditions has been systematically studied as a model of CP-450 monooxygenase by many 
researchers[21,24,36,37] with the ultimate goal of searching for the most effective 
metalloporphyrin catalysts for hydrocarbon oxidation. Chemoselective oxidation process of 
hydrocarbons is of great importance in fine chemicals industry and oil product industry. 
Aerobic oxidation of alkanes, alkenes and aromatic hydrocarbons, an extremely important 
reaction in chemical industries, has attracted more and more attention during recent decade 
due to the oxidation products are widely used in pharmaceutical, dyestuff, perfume, resin 
and textile fiber industries, such as the very important Nylon-6 and Nylon-66. Investigation 
of the mechanism, industrial procedure and the pertinent fields for biomimetic oxidation of 
hydrocarbons with air over metalloporphyrins attracts more and more attentions.  
This chapter mainly summarized the systematic researches of our group focusing on 
biomimetic oxidation of hydrocarbon with air over simple metalloporphyrins, -oxo-
metalloporphyrins including oxidation of alkanes, alkenes, aromatic hydrocarbons, 
mechanism study and industrial-scale biomimetic oxidation of hydrocarbons. 

2. Biomimetic oxidation of C-H of alkanes 
Recent work on catalytic hydroxylation using metalloporphyrin-based oxidation systems is 
mainly focused on C�–H bonds of alkane. A few research groups reported a catalytic system 
consisting of monometalloporphyrin and molecular oxygen[38-39]. Unfortunately, this 
system needs to use the reducers. To improve this system, Lyons et al. synthesize the 
perhalogenated metalloporphyrin complexes and use the complexes as catalysts for 
isobutane and propane hydroxylation with molecular oxygen[40]. These results open a door 
for the biomimetic oxidation of hydrocarbons with molecular oxygen over 
metalloporphyrins in which coreductants are not required, but more and more researching 
work must to be investigated because perhalogenated metalloporphyrin complexes is very 
expensive and in high catalyst loading with low turn over number(TON), which makes it 
difficult for industrialization.   

2.1 Biomimetic oxidation of C-H of cyclohexane 
The liquid-phase aerobic oxidation of cyclohexane to cyclohexanol and cyclohexanone (the 
so-called KA oil) has always been an area of intensive research[41-42] because it is one of the 
key steps in the industrial production of -caprolactam and Nylon[43-44]. For this particular 
transformation, current industrial methods either employ cobalt salts as catalysts or use no 
catalyst at all (autoxidation at higher temperature). However, there are several major 
shortcomings associated with the current technology, such as low conversion (~4%) and low 
selectivity for the desired product KA oil(<80%). Based on above unsolved problems, many 
scientists regarded that the industrial production of KA oil from cyclohexane has been 
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considered as the least efficient procedure of all major industrial processes. The 
development of a more efficient and chemo-selective process is highly desirable. Lately, 
particularly in the last 10 years, scientists have developed many new heterogeneous or 
homogeneous catalytic processes for the aerobic oxidation of cyclohexane, such as N-
hydroxyphthalimide(NHPI)[45-47], metalloaluminophosphates [58-50], Zeolite Y[51-52], 
etc., to overcome these shortcomings, and much progress has been made.  
For the purpose of solving the bottle-neck problem in oxidation of hydrocarbons, our group 
has been engaging development novel biomimetic and more efficient method using 
porphyrin complexes as catalysts during the last two decades. After systematical 
investigation, till now, our research and development results have not only improved the 
reaction conversion to >7%, but also increased the selectivity of KA oil to >85% in industrial 
scale. The aerobic oxidation of cyclohexane over tetraphenylporphinatocobalt(TPPCo) is 
currently employed by the Sina-Petro Chemical-Baling Petro chemical Company to produce 
more than 124,000 tons of KA oil annually.   
In 2003, inspired by the success of the work of Lyons et al., we tried to use the simple -oxo-
bismetalloporphyrin (TPPFeIII)2O to catalyze hydroxylation of hydrocarbons using air as the 
terminal oxidant to gain a better understanding of the possibility of using simple -oxo 
dimeric metalloporphyrin to catalyze the hydrocarbon oxidation directly by air. We 
developed a new reaction system for the aerobic oxidation of the inactive C-H bond of 
cyclohexane catalyzed by a very small amount of simple -oxo-ironporphyrin 
(TPPFeIII)2O[53](Scheme 1). 
 

+ O2
(TPPFeIII)2O

T/P
+

OH O

+ H2O
 

Scheme 1. Aerobic oxidation of cyclohexane by -oxo-ironporphyrin 
Cyclohexane was oxidized into cyclohexanol and cyclohexanone with air catalyzed by a 
very small amount of (TPPFeIII)2O in the absence of solvent and cocatalyst. The results 
showed that the selectivity to cyclohexanol and cyclohexanone is 90% with a conversion of 
12.55% and catalyst turnover numbers of 90,000 (based on the metal) under the optimum 
conditions. The reaction of cyclohexane oxidation catalyzed by -oxo-bisironporphyrin was 
carried out in a 500 ml of autoclave with 3mg of catalyst, 350ml of cyclohexane under the 
temperature of 398K and pressure of 0.6MPa. 
The -oxo-bisironporphyrin is synthesized from the corresponding simple 
metalloporphyrin, we wanted to know that whether the simple tetraphenylporphyrins 
could catalyzed the cyclohexane hydroxylation or not in the absence of any cocatalysts or 
reductants. After further investigation, we developed a catalysis system for the cyclohexane 
oxidation into KA oil with air catalyzed by some simple tetraphenylporphyrins in the 
absence of any cocatalysts or reductants[37]. After systematical researches on this catalytic 
oxidation at different temperatures and pressures in the presence of different catalysts, we 
obtained the optimum reaction conditions and found that cyclohexane conversion was up to 
16.2%, general yields of cyclohexanol and cyclohexanone was 82%, catalyst turnover 
number reached 400,000.  
Also the catalysis of chitosan-supported iron(III) tetraphenylporphyrin for cyclohexane 
oxidation with air in the absences of solvent, reductant and co-catalyst became true[54]. The 
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research result showed 10.48% conversion of cyclohexane, 79.20% cyclohexanol and 
cyclohexanone selectivity and 1.40×105 catalyst turnover number, respectively under the 
relatively moderate conditions of 418K and 0.8MPa. We found that the coordination 
between partly deacetylated chitosan and ironporphyrin increased the yields and selectivity 
of the aerobic oxidation of cyclohexane catalyzed by ironporphyrin.  
In order to investigate the reason why the nitrogenous biopolymers can enhance the 
catalytic ability of metalloporphyrins, both chitin-supported ironporphyrin and completely 
deacetylated chitosan-supported ironporphyrin were used to study the Fe�–N coordinate 
behavior between ironporphyrin and the nitrogenous group of polysaccharides[55]. The 
corresponding coordinate constants of the ironporphyrin with different nitrogenous 
polysaccharides by means of Langmuir�’s adsorption isotherm equation were determined, 
and then the effects of the coordination on the cyclohexane oxidation catalyzed by 
polysaccharide-supported ironporphyrin were investigated. It is shown that the 
coordination of the nitrogenous polysaccharide to ironporphyrin had an important 
influence on both the conversion and selectivity of the aerobic oxidation of cyclohexane 
catalyzed by ironporphyrin. The selectivity to the cyclohexanone and cyclohexanol 
production, the catalyst turnover, and the rate constants of cyclohexane oxidation increased 
with increasing coordination constant as compared in table 1. 
 

 Conversion, % TON ** 
Chitosan-ironporphyrin 8.76 39328 

Chitin-ironporphyrin 5.01 21760 
Ironporphyrin 1.81 8076 

Chitin 0 - 
Chitosan 0 - 

Notes: * Reaction conditions: TPPFeCl, 0.0071 mmol; cyclohexane, 350 ml; temperature, 418K; pressure, 
0.8 MPa; reaction time, 1.5 h. 
** Referred to one mole of iron atom.  

Table 1. The results of cyclohexane oxidations catalyzed by chitosan- and chitin-supported 
ironporphyrin and ironporphyrin with air* 

Also the chitosan-supported cobalt tetraphenylporphyrin can catalyzed the aerobic 
oxidation of cyclohexane under the relatively moderate conditions of 418K and 0.8Mpa with 
11% conversion of cyclohexane, 87% selectivity for the main product cyclohexanol and 
cyclohexanone and 2.9×105 catalyst turnover number[56]. Chitosan-supported iron(III)/or 
cobalt tetraphenylporphyrin can be prepared easily. Chitosan is cheap and plentiful, and 
possesses particular microstructure and excellent function; the preparation technology of 
catalyst is simple also. Chitosan-supported iron(III)/or cobalt tetraphenylporphyrin will 
have a bright future in industrial applications. 
Manganeseporphyrin supported on imidazole-modified silica gel(Scheme 2) can highly 
catalyze the oxidation of cyclohexane efficiently with yield of 7.1% and selectivity above 
90% to cyclohexanol and cyclohexanone, and the catalyst can be reused several times[57]. 
A systematic study on the effect of a catalyst on the aerobic oxidation of cyclohexane was 
carried out using cobalt isooctanoate, metalloporphyrin p-ClTPPCo and [p-ClTPPFe]2O  as 
catalysts[58]. The results showed that the metalloporphyrin-catalyzed system performed 
better than the traditional cobalt salt (Co isooctanoate) in terms of both the reaction  
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Scheme 2. Synthetic route to manganeseporphyrin supported on imidazole-modified silica 
gel 

conversion and the selectivity of cyclohexanol and cyclohexanone. More importantly, 
bisironporphyrin complex, which was traditionally considered to be either non-active or 
not-so-active for hydrocarbon oxidation, excelled at 155°C, achieving high selectivity for KA 
oil (80%) and good reaction conversion (13.8%). Meanwhile, the production of adipic acid 
was also increased and good selectivity of adipic acid among the by-products was also 
obtained. The study suggested  that  [p-ClTPPFe]2O  catalyzed  aerobic oxidation  could be 
used  to produce  adipic  acid  in  addition to KA oil. Some mechanistic rationales were 
proposed  to explain  the superior performance of  the [p-ClTPPFe]2O catalyst based on  its 
unique structural and chemical properties. 
Biomimetic oxidation of cyclohexane via air catalyzed by metalloporphyrins has already 
been the subject of a Chinese patent application[59] and had successfully achieved industrial 
scale production. 

2.2 Biomimetic oxidation of C-H of methylcyclohexane 
Methylcyclohexanol and methylcyclohexanone also play an important role in fine chemicals 
and in relative fields. Our group had been engaged in preparation of methylcyclohexanone 
and methylcyclohexanol via selective aerobic oxidation of methylcyclohexane catalyzed by 
metalloporphyrin encouraged by the success of biomimetic oxidation of cyclohexane. We 
reported first[60] that catalyzed by Mn(III)porphyrin, methylcyclohexane could be oxidized 
by air(Scheme 3). 
 

OH
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Scheme 3. Aerobic oxidation of methylcyclohexane by metalloporphyrin 

The main products were 1-methylcyclohexanol, 2-methylcyclohexanol and 2-
methylcyclohexanone. The effect on the conversion and selectivity was investigated when 
reaction conditions or porphyrin structure were changed. With the alkoxylsubstituting 
metalloporphyrins as catalysts, the selectivity of methylcyclohexanone and 
methylcyclohexanol was better than using TPPMnOAc. Moreover, the larger the substitute�’s 
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volume, the higher the conversion, and selectivity still remained satisfactory. Using 5,10,15,20-
tetra(p-2-heptanoxylphenyl)porphyrinatomanganese as catalyst, the conversion was up to 20 
% and the overall selectivity of methylcyclohexanone and methylcyclohexanol was 76 %. 
Further researching for the selective catalysis of metalloporphyrins for the aerobic oxidation 
of different C-H bonds of hydrocarbons in the system of manganeseporphyrin�–
methylcyclohexane�–air was investigated in detail in our group(Scheme 4)[61]. 
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Scheme 4. Biomimetic aerobic oxidation of methylcyclohexane  
After systematic investigation, it showed that the oxidation reaction of alkanes catalyzed by 
metalloporphyrin is kept to the classic radical chain mechanism [62-64]. While at the initial 
stage of methylcyclohexane aerobic oxidation, metalloporphyrin turns into high-valent oxo-
metal radical cation [PMIV=O]�•+, which is responsible for the velocity of the reaction. The 
selective oxidation of different C-H bond is mainly affected by two factors: activation energy 
and regioselectivity of different C-H bond. Obviously, the activation energy of secondary C-
H bond is greater than that of tertiary C-H bond, so the factors such as temperature, catalyst 
activity can affect the activation energy. For the selective oxidation of secondary C-H bond, 
higher temperature and stronger catalyst activity is preferred. Though the pressure in the 
reaction system does not affect the two factors, it can shift the equilibrium of the reaction. 
Therefore, it can change the oxidation selectivity of different C-H bonds.  

3. Biomimetic oxidation of alkenes 
In the eld of olen oxidations with molecular oxygen catalyzed by  metalloporphyrins, the 
catalytic system metalloporphyrins-O2-BH4- were developed[65]. In this catalytic system, 
sodium borohydride (NaBH4) used as reductant was essential for oxygenation of olens[66]. 
Lately, some papers reported the aerobic oxidation of olens catalyzed by perhalogenated 
metalloporphyrins or multisubstituent dioxoruthenium porphyrins catalysts [67-69]. Recently, 
the catalysis of simple porphyrins for oxidation of cyclohexene and the carbon-carbon double 
bond oxidation with air in the absence of cocatalysts or reductants using the styrene-
manganeseporphyrin-air system were reported by our group. The selectivities among 
epoxidation of C=C, oxidation of allyl C-H, C=C breaking were investigated in detail. 
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3.1 Biomimetic oxidation of C-H of cyclohexene 
The selective oxidation of C-H of olens is one of the paramount reactions in organic 
chemistry. Many hydroxyl, carbonyl, unsaturated ketone and other compounds could be 
synthesized by this methodologies[70-73]. We reported a selective oxidation of allylic C-H of 
cyclohexene catalyzed by simple porphyrin over air (Scheme 5)[74]. 
 

 
Scheme 5. Aerobic oxidation of  cyclohexene   

The simple cobalt tetraphenylporphyrins can catalyze cyclohexene oxidation into 
cyclohexenone with air in the absence of additives and solvents. The temperature, air 
velocity, catalyst concentration and pressure influenced the yield and conversion of 
cyclohexene oxidation with air. The result of effect of temperature, air velocity, pressure and 
catalyst concentration were summarized in the table 2-5 respectively. 
 
 

Temperature/°C Cyclohexene 
Conv./%Ȑmolȑ

Select.of 
Cyclohexenone/%Ȑmolȑ

Time at 
maximum 

yield/h 
TON 

60 5.2 80 8.0 2.1×104 
70 12 78 6.0 5.0×104 
80 21 75 4.0 8.7×104 
90 23 63 3.5 9.5×104 

Table 2. Effect of temperature on cyclohexeneoxidation reaction 

 

Air velocity 
/m3.h-1 

Cyclohexene 
Conv. 

/%Ȑmolȑ 

Select.of 
Cyclohexenone 

/%Ȑmolȑ 

Time at 
maximum 

yield/h 
TON 

0.04 12 58 5.0 5.0×104 
0.06 18 69 4.5 7.4×104 
0.08 21 75 4.0 8.7×104 
0.10 21 74 4.0 8.7×104 

Table 3. Effect of air velocity on cyclohexene oxidation reaction 

 

Pressure 
/MPa 

Cyclohexene 
Conv. 

/%Ȑmolȑ 

Select.of 
Cyclohexenone 

/%Ȑmolȑ 

Time at 
maximum 

yield/h 
TON 

0.2 20 71 4.0 8.25×104 
0.4 21 75 4.0 8.7×104 
0.6 20 76 4.0 8.25×104 

Table 4. Effect of pressure on cyclohexene oxidation reaction 
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Catalyst 
Concentration 
×105/(mol/L) 

Cyclohexene 
Conv. 

/%Ȑmolȑ 

Select.of 
Cyclohexenone 

/%Ȑmolȑ 

Time at 
maximum 

yield/h 
TON 

57 14 56 2.0 2.3×103 
23 17 63 2.5 7.0×103 
4.5 19 69 3.5 3.9×104 
2.3 21 75 4.0 8.7×104 

Table 5. Effect of catalyst concentration on cyclohexene oxidation reaction 

The conversion of cyclohexene was up to 21 %, the selectivity of cyclohexenone reached  
75% under the optimum conditions of 0.4 MPa, 80 °C and 2.3×10-5mol/L cobalt 
tetraphenylporphyrin. 

3.2 Biomimetic oxidation of C=C of styrene 
In 2006, We[75] reported a novel aerobic oxidative cleavage of C=C double bonds of styrene 
catalyzed by simple manganese porphyrin(Scheme 6).  
 

manganese porphyrin

T,P
+

H

O O
+ other products

 
Scheme 6. Aerobic oxidation of  styrene by metalloporphyrin 

Under the catalysis of chloro(tetraphenylporphinato)manganese, the oxidative cleavage of 
the carbon-carbon double bond of the styrene with air yields the main product 
benzaldehyde. The results show that the oxidative cleavage and the epoxidation of the 
styrene double bond are the competition reactions in the styrene-manganese porphyrin-air 
system. The reaction temperature decided the product distribution. Under the conditions of 
0.4 MPa air and 30 ppm of chloro(tetraphenylporphinato)- manganese, the styrene 
conversion was 20.0% and the selectivity of benzaldehyde and styrene oxide was 81.7% and 
12.7% respectively when the reaction temperature was 110 °C. Styrene conversion was 
92.5% and the selectivity of benzaldehyde and styrene oxide was 48.1% and 41.2% 
respectively when the reaction temperature was 120 °C. 

3.3 Biomimetic oxidation of C=C and allylic C�–H bonds in -pinene 
-pinene is the single largest renewable terpene in nature and an important industrial raw 

material in the terpene industry. With oxidation, isomerization, and hydrogenation, -
pinene can produce a variety of important products. The -pinene epoxide has great 
industrial value. We[76] reported simple metalloporphyrins(TPPMnCl, TPPCoCl, TPPFeCl, 
TPPNi, TPPCu or TPPZn)  catalyzed the aerobic oxidation of -pinene in the absence of co-
catalyst and solvents, and the catalytic selectivity of metalloporphyrins for aerobic oxidation 
of C=C double bond and allylic C-H of -pinene was investigated(Scheme 7). 
When TPPMnCl loaded as the catalyst with a concentration of 6×10 5 mol/L, 16 L/h of the 
air ow rate at ambient pressure and 5h of reaction time, the results are summarized in  
table 6. 
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          2,3-epoxypinane (I)       sobrerol (II)      verbenol (III)   verbenone (IV) myrtenol (V) 

Scheme 7. Aerobic oxidation of -pinene by metalloporphyrin 

 
Selectivity(%)a Temperature(°C) Conversion(%)

Products I and II Products III and IV Product V 
80 23.02 60.19 36.58 3.23 
70 19.87 60.45 35.86 3.69 
60 16.22 60.99 35.67 3.33 
50 14.78 62.00 34.55 3.45 
40 8.77 66.86 30.12 3.23 

Table 6. Effect of temperature on aerobic oxidation of -pinene 

Different metal core in TPPMCl got the different conversion and selectivity(Table 7). 
 

Selectivity(%)a Catalysts Conversion(%) 
Products I and II Products III and IV Product V 

TPPMnCl 16.22 60.99 35.67 3.33 
TPPCoCl 13.84 59.11 37.05 3.84 
TPPFeCl 12.40 51.30 43.83 4.87 

Conditions: the concentration of the catalyst, 6×10 5 mol/L; the temperature, 60 C; ambient pressure; 
the ow rate of air, 16 L/h; reaction time, 5 h. 

Table 7. Effect of metal core of porphyrin on aerobic oxidation of -pinene 

Over TPPMnCl catalyst, the selectivity regarding the oxidation of C=C bond increased with 
decreasing temperature. Among various metalloporphyrins, TPPMnCl presented the largest 
selectivity regarding the oxidation of C=C bond and TPPFeCl the largest selectivity 
regarding the oxidation of allylic C-H bonds. With increasing the electron-donating abilities 
of the peripheral substituents in (p-X)PPMnCl (X=-Cl, -CH3, -OCH3, -OH), the selectivities 
regarding the oxidation of C=C bond decreased. Manganese tetraphenylporphyrin 
supported on nano-TiO2 has been used as catalyst for the aerobic oxidation of -pinene[77]. 
Experimental results showed that this much enhanced activity could arise from possible co-
catalysis between metalloporphyrin and the nano-TiO2 support. The catalyst can be reused 
several times with minor loss to its catalytic activity. Table 8 summarized the results of 
different catalysts catalyzed aerobic oxidation of -pinene. 

4. Biomimetic oxidation of C-H of aromatic hydrocarbons 
The aerobic liquid-phase oxidation of toluene, p-xylene (PX), p-toluic acid over 
metalloporphyrin, metalloporphyrin/ Co(OAc)2, metalloporphyrin/NHPI and other 
systems were studied in our group. 
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Catalyst pinene 
epoxide,%

Sobrerol,
% 

Verbenol,
% 

Verbenone
, % 

Myrtenol, 
% 

Others,
% 

Conversion, 
% 

Epoxide 
selectivity, 

% 
No catalyst 1.63 2.12 1.04 1.34 0.29 0.45 6.87 23.72 

TiO2 7.13 3.59 1.71 0.51 0.48 0.24 13.66 52.20 
Ti-Si 4.38 1.83 0.53 1.34 0.58 0.34 9.00 48.67 

T(p-Cl)PPMnCla 3.85 3.26 2.71 1.56 0.41 0.81 12.60 30.56 
TiO2+(p-Cl)PPMnClb 5.84 3.39 1.61 2.39 0.93 2.01 16.17 36.11 

TiO2+(p-
Cl)PPMnCl+imidazolec 6.52 3.96 1.84 2.50 0.85 1.93 17.50 37.25 

Ti-Si-PMn 12.88 8.20 11.45 4.48 1.01 1.24 39.26 32.81 

a Concentration, 3.56 × 10-5 M; the amount of T(p-Cl)PPMnCl is the same as Ti-Si-PMn.  
b Mixture of nano-TiO2 and T(p-Cl)PPMnCl ((1.55 mg T(p-Cl)PPMnCl)/(100 mg TiO2)).  
c Mixture of �“b�” and imidazole, mol ratio of imidazole/T(p-Cl)PPMnCl = 5/1 

Table 8. Results of -pinene oxidation in the presence of different catalysts 

4.1 Biomimetic oxidation of C-H of toluene 
Toluene is the most important aromatic hydrocarbon. Scientists have been interested in the 
selective oxidation of toluene with air to synthesize benzaldehyde and benzyl alcohol, 
which are versatile intermediates in the chemical industry[78]. But the present oxidation of 
toluene with air could not produce benzaldehyde and benzyl alcohol because it was difficult 
to effectively prevent the over-oxidation of benzaldehyde into benzoic acid during the 
oxidation of toluene. So far, the oxidation of toluene with air is mainly used to synthesize 
benzyl acid, and benzaldehyde and benzyl alcohol are synthesized by the chlorination of 
toluene followed by hydrolysis, a serious polluting process[79]. Some researchers tried the 
selective aerobic oxidation of toluene catalyzed by the transition metal salts. But these 
technologies are companied by drawbacks such as low selectivity and use of large amounts 
of solvents and bromides [80]. 
We[81] rstly reported catalysis of simple cobalt tetraphenylporphyrin for selective liquid 
phase oxidation of toluene with air in the absence of any solvents or promoters to produce 
benzaldehyde and benzyl alcohol(Scheme 8).  
 

 
Scheme 8. Aerobic oxidation of toluene by metalloporphyrin 
Compared with the present synthetic method of benzaldehyde and benzyl alcohol by the 
chlorination of toluene followed by hydrolysis, which has been used in the world industry, 
our new method has the advantage of friendly environmental effects. We found that the 
reaction time, temperature, air pressure, the amount of catalyst and the flowing rates of air 
influenced the toluene conversion and the selectivity of benzaldehyde and benzyl alcohol. 
By the use of 3.2×10-5 M cobalt tetraphenylporphyrin as catalyst, toluene oxidation with air 
under the optimum conditions of 160°C and 0.8 MPa and 0.04 m3/h air flow produced 
benzaldehyde and benzyl alcohol at 60% selectivity and 8.9% conversion of toluene. The 
mole turnover numbers of the catalyst was about 25,000. Compared with the Co(OAc)2 
catalyst, Cobalt tetraphenylporphyrin is effective both in conversion and selectivity 
(Table 9). 
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Selectivity(mol %) 
Catalyst 

Benzaldehyde Benzyl 
alcohol

Benzoic 
acid 

ConversionȐmol%ȑ Turnover 
numberȐmol/molȑ 

Co(II)TPP 33 27 39 8.9 24275 
Co(OAc)2 29 20 50 2.9 3125 

Table 9. Comparison of aerobic oxidation of toluene catalyzed by Co(II)TPP and Co(OAc)2 
The further investigationresulted that µ-oxo-bis[porphyriniron(III)] is another effective 
catalyst for aerobic oxidation of toluene(Scheme 9)[82]. 
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Scheme 9. Aerobic oxidation of toluene by µ-oxo-bis metalloporphyrin 
Catalyzed by µ-oxo-bis[porphyriniron(III)] under the reaction conditions of 438 K and 0.8 
MPa, the molar total yields for the products benzaldehyde and benzyl alcohol and the 
turnover number  of the catalyst are 4.35% and 21,830 (based on the metal ion), respectively. 
Compared with the reaction catalyzed by the corresponding monometalloporphyrin 
TPPFeIIICl, the total yields of the oxidation products and the catalyst turnover number by 
the dimeric ironporphyrin were almost twice those by the former(Table 10). 
 

Catalyst Turnover 
number 

Toluene 
convension,% 

Selectivity  
(-aldehyde +-ol), % -aldehyde /-ol 

[TPPFe]2O 21830 7.36 59.06 1.15 
TPPFeIIICl 12593 4.08 60.94 0.84 

Oxidation carried out by the reaction of 7.5 mg catalyst with toluene (350 mL) at 438 K, 0.8 MPa for 225 
min. 

Table 10. Comparison of catalytic property of [TPPFeIII]2O and TPPFeIIICl in toluene oxidation 
Possible mechanism of toluene oxidation catalyzed by µ-oxo-bis[porphyriniron(III)] is 
proposed as bellowing(Scheme 10).  
After systematical investigation, it showed that toluene oxidation catalyzed by µ-oxo-
bis[porphyriniron(III)] may proceed via a mechanism similar to the hydrocarbon oxidation 
with molecular oxygen over monometalloporphyrins.  
Meanwhile, we[83] got the optimized reaction condition for toluene oxyfunctionalization 
with  air over metalloporphyrins. The effects of different central metal ions in 
metalloporphyrins  [T(p-C1)PPMCl(M=Fe,Co,Mn,Cu)] on the reaction  course had been 
examined and it was found that T(p-C1)PPCu presented the highest catalytic activity in the 
reaction. The reaction conditions of toluene oxidation were optimized by using orthogonal 
experiment design. Five relevant factors were investigated: temperature, air pressure, 
catalyst loading, air flow rate and reaction time. The effects of the five factors on both 
toluene conversion and total yield of benzaldehyde and benzyl  alcohol were discussed. The 
research results showed that the reaction temperature was the most significant factor 
influencing toluene oxidation. On the basis of the margin analysis, the optimum conditions 
for the toluene conversion and the total yield of benzaldehyde and benzyl alcohol 
respectively were achieved, under which the toluene conversion was up to 14.67% and the 
total yield of benzaldehyde and benzyl alcohol reached 5.89%.The aerobic oxidation of 
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toluene over metalloporphyrin is currently employed by Balaji Amines LTD in India to 
produce more than 10,000 tons of benzaldehyde annually. 
 

 
Scheme 10. Possible mechanism for aerobic oxidation of toluene by µ-oxo-bis 
metalloporphyrin 

4.2 Biomimetic oxidation of C-H of p-xylene 
Liquid-phase aerobic oxidation of p-xylene is an important process for the production of 
terephthalic acid, which is widely used in the commercial production of polyesters. So far, p-
xylene oxidation with air has been carried out in acetic acid, using 
Co(OAc)2/Mn(OAc)2/HBr  as catalysts in industry. However, the high environmental 
impact of the catalysts, corrosion of  reactors due to the  halides, low space-time yield and 
the oxidative combustion of acetic acid  present in the process of p-xylene oxidation, are the 
major shortcomings. We reported the aerobic liquid-phase oxidation of p-xylene over 
metalloporphyrins(Scheme 11)[84].   
 

H3C OHC HOOC

+ +

HOOC

CH3 CH3 CH3 COOHMetalloporphyrins

Acetic acid,T,P  
Scheme 11. Aerobic oxidation of p-xylene by metalloporphyrin in acetic acid 

The oxidation was carried out in 20% acetic acid with 10 ppm metalloporphyrins as catalyst, 
and corrosive bromide was omitted. Effect of different metalloporphyrins on the oxidation 
reaction was investigated and got the result below. 
T(p-Cl)PPMnCl was the most efcient catalyst for the oxidation of p-xylene with air under 
the chosen conditions. It gave the highest p-xylene conversion and yield of p-toluic acid and 
terephthalic acid. A possible reason was related to its stability and the higher oxidation-
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reduction potential of T(p-Cl)PPMnCl. Under the conditions of 180 °C and 2.0 MPa, 44% 
conversion of p-xylene and 85% selectivity of p-toluic acid were obtained. The oxidation of 
p-xylene with air to terephthalic acid was a series of reactions, and some intermediate  
products such as the p-toluic alcohol, p-toluic aldehyde and p-toluic acid were formed 
during the oxidation. The formation, accumulation and conversion of these products all 
affected the overall p-xylene oxidation. The catalytic oxidation of p-xylene with air over 
metalloporphyrins was a �“green�” reaction with potential industrial applications. 
Recently, We reported an aerobic liquid-phase oxidation of p-xylene(PX) over 
metalloporphyrin and Co(OAc)2[85].  
 
 

p-toluic aldehyde, 
% p-toluic acid, % Terephthalic acid, 

% Catalyst 
Yield Selectivity Yield Selectivity Yield Selectivity

Conversion, % 

T(p-
Cl)PPMnCl 1.76 5.7 27.09 86.9 2.31 7.4 32.05 

T(p-Cl)PPCo 2.07 7.4 25.08 89.3 0.92 3.4 28.54 
T(p-

Cl)PPFeCl 2.31 8.8 22.77 86.9 1.12 4.3 26.76 

T(p-Cl)PPCu 1.94 36.6 3.08 58.1 0.28 5.3 5.36 
T(p-Cl)PPZn 2.44 59.2 1.51 36.7 0.17 4.1 4.19 

Table 11. Comparison of catalytic property of different porphyrin in p-xylene oxidation 

 
CH3 CHO COOH

+ +
COOH

H3C H3C H3C HOOC

Metalloporphyrins-Co(OAc)2

Acetic acid,T,P
+ O2

PX TALD p-TA TPA  
Scheme 12. Aerobic oxidation of p-xylene by metalloporphyrin-Co(OAc)2 in acetic acid 
When T(p-Cl)PPMnCl was used as the catalyst, less then 1% TPA was produced while 12% 
of the PX reacted. When the catalyst was switched to Co(OAc)2, the yield of TPA increased 
to 8% while the reaction conversion reached 47%. Much to our delight, when T(p-
Cl)PPMnCl and Co(OAc)2 were used together, the PX conversion increased to 67% and the 
TPA yield almost doubled (17%). It is understandable that the PX conversion and TPA yield 
by T(p-Cl)PPMnCl-Co(OAc)2 are higher than those by either T(p-Cl)PPMnCl or Co(OAc)2 
alone. The results showed that both the PX conversion and TPA yield could be increased 
significantly even though only a minute amount of metalloporphyrin is added to the 
reaction mixture besides the cobalt catalyst. The results suggested that the PX oxidation was 
improved because of the acceleration of the chain initiation of PX oxidation by 
metalloporphyrin catalyst, and the acceleration of the chain initiation itself was due to the 
ease of peroxide formation over metalloporphyrin.   

4.3 Biomimetic oxidation of p-toluic acid 
The preparation of terephthalic acid (TPA) via the aerobic oxidation of p-xylene (PX) is a very 
important industrial process from both economical and environmental aspects. But the 
difficulty of the aerobic oxidation of PX to TPA lies in the oxidation of p-toluic acid (PTA) with 
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air to TPA. Our previous work has solved the step of the oxidation of PX to PTA, however, the 
oxidation of PTA to TPA still remains a challenge to the oxidation of PX to TPA. For the 
purpose of exploring how to oxidize PTA to TPA effectively under moderate conditions, we 
reported for the first time the aerobic oxidation of p-toluic acid to terephthalic acid over tetra(p-
chlorophenylporphinato)-manganese (T(p-Cl)PPMnCl)/cobalt acetate(Scheme 13)[86]. 
 

COOH COOH COOH
+

H3C HOOC OHC

T(p-Cl)PPMnCl-Co(OAc)2

Acetic acid T,P
+ O2

PTA TPA 4-CBA  
Scheme 13. Aerobic oxidation of p-toluic acid by metalloporphyrin-Co(OAc)2 in acetic acid 
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Scheme 14. Preliminary mechanism of co-catalysis between T(p-Cl)PPMnCl and Co(OAc)2 
in the aerobic oxidation of PTA to TPA 

The studies indicated that the PTA oxidation was influenced by the catalyst composition, 
catalyst concentrations and reaction conditions. The co-catalysis of T(p-Cl)PPMnCl/Co(OAc)2 
was also studied. Both the PTA conversion and TPA yield increased significantly when the a 
small amount of T(p-Cl)PPMnCl was added to the PTA-O2-Co(OAc)2 system. By the use of 548 
ppm Co(OAc)2 and 16 ppm T(p-Cl)PPMnCl as the catalysts, PTA oxidation under the 
optimum conditions of 190°C, 1.2 MPa and 160 L/ h airow produced TPA at 96.8% selectivity 
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and 62.9% conversion of PTA in 5 h. For the co-catalysis between metalloporphyrin and cobalt 
acetate, the function of T(p-Cl)PPMnCl might be to produce more peroxides from the PTA, 
and then more Co3+ was formed from the oxidation of the Co2+ with peroxides. Moreover, Co3+ 
promoted the PTA oxidation due to the ease of the free radicals�’ formation. 

4.4 Biomimetic oxidation of C-H of ethylbenzene 
We reported selective oxidation of ethylbenzene with air catalyzed by simple -oxo-
metalloporphyrins under mild conditions in the absence of additives(Scheme 15)[87].  
 

  
Scheme 15. Aerobic oxidation of ethylbenzene by -oxo-metalloporphyrins 

Two simple -oxo dimeric metalloporphyrins, -oxo-bis(tetraphenylporphinato)iron 
[TPPFe]2O and -oxo-bis(tetraphenylporphinato)manganese [TPPMn]2O were used as 
catalyst in the oxidation of ethylbenzene with air under mild condition. The results showed 
that the products of ethylbenzene oxidation catalyzed by [TPPFe]2O or [TPPMn]2O with air 
are acetophenone and  -phenylethanol exclusively under T> 60 °C and atmospheric 
pressure in absence of any additives. [TPPMn]2O is an active catalyst with high selectivity 
and turnover number of 2134 for oxidation of ethylbenzene by air when temperature reacts 
at 70 C. The kinetic study shows that the ethylbenzene oxidation is zero-order for oxygen 
and first-order for ethylbenzene. The activation energy of the reaction is 72.7 kJ/mol. 
Comparing with the corresponding monometalloporphyrins TPPFeCl and TPPMnCl, 
[TPPFe]2O and [TPPMn]2O have the better catalytic activity for ethylbenzene oxidation with 
air without any additive under mild conditions. 
 
Metalloporphyrin (TPPMn)2O TPPMnCl (TPPFe)2O TPPFeCl 
Maximum yield(hȑ 20 23 5 6 
Ethylbenzene conversion 8.08 6.48 3.73 5.41 
Maximum yield of acetophenone(%) 4.89 3.62 1.97 2.91 
Maximum yield of 
Phenylethanol(%) 3.19 2.86 1.76 2.50 

Ketone/alcoholȐmol/mol) 3.76 3.10 2.74 2.85 
Total turnover number (mol/mol) 2024 783 878 642 
Total yields at 2h(mmol) 3.33 2.30 7.68 5.61 

Reaction temperature is 85°C. The ow rate of air is 0.06m3/h. Ethylbenzene is 30ml. Catalysts are 10mg. 

Table 12. Effects of metalloporphyrins on oxidation products of ethylbenzene 

5. Mechanism of biomimetic oxidation of hydrocarbons over 
metalloporphyrins 
The oxygenation mechanism operating in CP-450 and in synthetic metalloporphyrin models 
has received much attention in recent decades [21,88-90]. However, the putative character of 
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the active oxidants recently remains a controversial matter in the catalytic cycles of 
reductive oxygen activation and reaction by CP-450[35,91] (Scheme 16), three different 
species have been considered as possible active oxidants[2]: one presenting a nucleophilic 
character, a peroxy species (d), one with electrophilic character, a iron(IV) oxo porphyrin p-
cation radical intermediate (7) similar to the Compound I (Cpd I) of horseradish peroxidase, 
and the last with both nucleophilic and electrophilic character, a hydroperoxy species (FeIII-
OOH(R), 6) known as Compound 0 (Cpd 0). Recently, iron (IV) oxo-porphyrin 
complexs(FeIV=O, (8)), a model of a peroxidase Compound II(CpdII), is believed to 
participate in hydroxylation of hydrocarbon[35]. 
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Scheme 16. Proposed catalytic cycle of CP- 450(Black) and Peroxidase(Blue). 

To synthesize and distinguish the reactivity of these active oxidants, many oxygen-atom-
transfer reactions catalyzed by synthetic metalloporphyrin complexes as CP-450 models 
have been extensively studied[92-93]. 

5.1 Mechanism of oxidation reactions with oxygen donors catalyzed by 
metalloporphyrins 
Since the pioneering work of Groves et.al. on the synthesis and characterization of metal-oxo 
porphyrin -cation radicals[31,94], a number of metal-oxo porphyrin complexs, especially 
iron(IV)-oxo porphyrin complexs have been synthesized and characterized with various 
spectroscopic techniques and isotopically labeled experiments, and their reactivities have 
been extensively investigated in oxygenation reactions.[35,92,95] Similarly to CP-450 
catalytic cycle mechanism, the metal-oxo porphyrin -cation radicals formed via shunt path 
(Scheme 16, (7)) have been proposed as ultimate reactive species under different oxidation 
reactions with single oxygen atom donors such as PhIO, NaClO, KHSO5, m-CPBA, t-
BuOOH, H2O2 etc. However, iron (III)�–hydroperoxo species (analogous to (6) in Scheme 16) 
was postulated recently as the second electrophilic oxidant in biomimetic oxidation reaction 
with H2O2 and alkyl peroxide as oxygen donor[35]. The action of these metal-oxo porphyrin 
species seems to be dependent on the nature of the porphyrin ligand, the axial ligand, the 
solvent and the oxygen donor [35, 92].  
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Our research group has also been involved in elucidating the formation mechanisms of 
metal-oxo porphyrin -cation radicals. We attempted to apply the linear free-energy 
relationships to metalloporphyrin-catalyzed biomimetic oxidation of hydrocarbon. Forty 
metalloporphyrins with different substituents (R) on the porphyrin ring, RTPPMIIICl and 
(RTPPMIII )2O(M=Fe, Mn) were synthesized and were used to catalyze cyclohexane 
hydroxylation with PhIO under mild conditions[96-98]. A Hammett relationship, logk= +c, 
was shown to exist between the rate constants k of the cyclohexane hydroxylation and 
Hammett constants  of substituents on the porphyrin rings. The value of the reaction 
constant  changed from 0.3 to 0.5 for the cyclohexane oxidation catalyzed by 
metalloporphyrins, and electron-withdrawing substituents increased the reaction rates. This 
means that the active oxidant was a radical cation species analogue with the high-valent 
oxo�–metal -cation radicals intermediate (Scheme 17,(3)). Further quantitative structure-
activity relationship (QSAR) studies[99] on ironporphyrin-catalyzed cyclohexane oxidation 
with PhIO indicate that the electron withdrawing substituents could lower ELUMO-b and 
disperse the electron density of around the centro-metal core of porphyrin better, they can 
facilitate ironporphyrin binding with the oxidant and increase the catalytic activity of 
ironporphyrin consequently. 
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Scheme 17. Proposed reaction mechanism of metalloporphyrin biomimetic catalytic of 
alkane hydroxylation with oxygen donors 

Although high value metal�–oxo porphyrin complexs exhibit a versatile reactivity to catalyze 
the epoxidation of alkenes and the hydroxylation of alkane under different circumstances, 
many metalloporphyrin-based catalysts suffer from limited lifetime activity due to the 
oxidative self-destruction of porphyrin ligands[100]. However, the self-oxidation of 
metalloporphyrins is less studied. Our group�’s further study[35] on the linear free-energy 
relationships of self-oxidation of metalloporphyrins show that high value metal�–oxo 
porphyrin complexs as active oxidants are ascribed to the oxidative destruction of 
porphyrin ring, and the self-oxidation of metalloporphyrins and hydrogen radical 
abstraction in the system of the cyclohexane hydroxylation are two competition reactions 
via the same active oxidant. The reaction rates depend on the porphyrin ligands, axial 
ligands and oxidants. The oxidation of monometalloporphyrins is highly sensitive to 
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substituents of porphyrin rings, both electron-withdrawing substituents and electron-
donating substituents of porphyrin ligands could accelerate the self-oxidation reaction rate. 
On the contrary, the oxidation of -oxo bismetalloporphyrin is not sensitive to substituents 
of porphyrin rings. Electron-withdrawing substituents slightly favor the oxidation reaction. 
In addition of the porphyrin ligand effect, the catalytic hydroxlation of cyclohexane was also 
markedly affected by the axial ligands of metalloporphyrins, different oxygen donors and 
solvents[101], indicating that the neutral organic axial ligands, strong polarity of solvent and 
the oxidation ability are important factors in the oxidation ability of high value metal�–oxo 
porphyrin complexs. 

5.2 Mechanism of oxidation reactions using molecular oxygen without a reductant 
catalyzed by metalloporphyrins 
Although metalloporphyrin-catalyzed biomimetic oxidation of hydrocarbon with O2 
without reductants is analogue with the catalytic cycle of CP-450 systems, this catalytic 
system named as Lyons system do not require reductants or photochemical and 
electrochemical technical assistance. In order to search after more evidence of the 
mechanism in Lyons catalyst system, Lyons [44,102-103], Labinger [68,104-105], Therien 
[106-107], and Harber [108-109] have made many ground-breaking work. There are three 
main reaction mechanisms in Lyons catalytic system. One is a high-value metal-oxo species 
mechanism, one is metal-bound alkylperoxide mechanism, and the last is a radical-chain 
autoxidation mechanism. 
Lyons[44,102] and Therien[107] have found that an iron (IV)-oxo porphyrin complex 
(PFeIV=O, Cpd II) generated by -oxo iron porphyrin thermal disproportionation (Scheme 
18, marked by blue line), is involved in polyhalogenated ironporphyrins oxidation of 
isobutane through the UV-vis and high pressure NMR measurements. Haber et al[109] 
proposed that homolytic cleavage of alkyl peroxide manganese(III)porphyrin complexes 
PMnIIIOOR result in ketone as the main reaction product in the study of 
manganeseporphyrin-catalyzed oxidation of cyclooctane. Takeuchi [110] and Mansuy [111] 

have also found a similar alkylperoxide-bound porphyrin complexs in metalloporphyrin-
O2-NaBH4 system and a metalloporphyrin-O2-photocatalytic system. However, by means of 
alkyl hydroperoxide characterization[107], products comparition[73], and a simple kinetic 
model calculation[105], a radical-chain autoxidation mechanism proposed by Labinger 
et.al.[104] is likely operative in isobutane oxidation where the role of metalloporphyrin is to 
generate radicals by catalyzing the decomposition of alkyl hydroperoxides via Haber-Weiss 
cycle[103]. (Shceme 18, chemical cycle)This cycle is also present in cycloalkane[109] and 
alkylaromatics oxidation[112].  
Reductive conversion of ferric complexs to ferrous complex in CP-450 catalytic cycle needs 
for co-reductants, which plays a key role in activation of molecular oxygen. In general, 
polyhalogenation[113], photochemical reduction, and electrochemical reduction of 
metalloporphyrin[114] can facilitate the ferric complexs reduction. Through the temperature 
effect research of different metalloporphyrin catalytic oxidation of hydrocarbons[41], our 
group found that trivalent metal porphyrins (such as PorFe(III) and PorMn(III)) at low 
temperature cannot be converted to divalent metalloporphyrin, but increase of reaction 
temperature facilitate the thermal decomposition of PorM(III) to divalent PorM(II).  
Our group always found that a small amount of cyclohexanone was obtained in the 
hydroxidation of cyclohexane with metalloporphyrins and PhIO. However, the 
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hydroxylation of hydrocarbon in CP-450 only obtains alcohol via high value metal�–oxo 
complexs(Scheme 16). Cyclohexanol is the product formed by the cage collapse of radical 
pairs( Scheme 17,(4)), and where the cyclohexanone comes from? By means of studying the 
effects of the structure of metalloporphyrins[98] and the reaction conditions on the kinetics 
of ketones formation[115], our group founded that cyclohexanone is the product formed by 
the reaction of the escaped radical R· (Scheme 17) and oxidants. The experiments showed 
that cyclohexanone yield increased when the above reaction was carried out in air [104] at 
elevated temperature [115]. Moreover, alky radicals could escape more easily from the 
solvent cage at the higher temperature to participate in the radical-chain autoxidation[112]. 
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Scheme 18. Biological-chemical-cycle coupling mechanism of metalloporphyrin biomimetic 
catalytic of hydrocarbon oxygenation with O2 without a reductant 

We thus propose a novel mechanism referred to as the biological-chemical-cycle coupling 
mechanism (Scheme 18). The main function of the biological cycle is to initiate the radical 
species and further amplify them through a cycle in analogous with CP-450 catalytic cycle. 
After escaping from the CP-450 catalytic cycle, the alkyl radical may then enter the chemical 
cycle to be further amplified and oxidized through a Haber-Weiss cycle to afford the 
products. Therefore, one molecule of metalloporphyrin catalyst could catalyze several 
hundred thousands of molecules of cyclohexane through coupling of the biological and 
chemical cycles. The total turnover number should be geometric growth in the biological-
chemical-cycle coupling cycle.  

6. Industrial-scale biomimetic oxidation of hydrocarbons 
The ultimate goal for basic researching of aerobic oxidation of hydrocarbons is to find their 
application for the green environment. As the selectivity and activity for oxidation of C-H 
bond of alkane, alkene and aromatic hydrocarbon is poor, biomimetic oxidation using 
porphyrin as catalyst now surmounted above shortcomings and realized the industrial 
application. 
Current industrial hydrocarbon oxidation methods generally suffer from extremely low 
efficiency and environment-unfriendly problems. For example, aerobic oxidation of 
cyclohexane to cyclohexanol and cyclohexanone mixture (KA oil), a key step in polyamide 
nylon production, is a very significant industrial process not only because KA oil is an 
extremely important commercial raw material of nylon-6 and nylon-66, but also because the 
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reaction is among the least efficient of major industrial chemical processes. So far, general 
industrial cyclohexane oxidation has a 4% conversion rate with no higher than 80% yield of 
cyclohexanone, using a two-step process without catalyst, or with a soluble cobalt salt 
catalyst[47]. 
In the past 40 years, the discovery of novel methods aiming to solve the reciprocal inhibition 
relationship between the reaction conversion and the cyclohexanol and cyclohexanone yield 
in aerobic oxidation of cyclohexane remain a daunting task for the cyclohexane oxidation 
industry[46,116], and significant efforts have been made to develop the technology for 
selective oxidation of alkane with air [16]. 
The oxidation of hydrocarbon catalyzed by metalloporphyrins has been known for several 
decades[117] , and aerobic oxidation of hydrocarbon by polyhalogenated metalloporphyrins 
has also been reported[44]. However, the catalytic activity of the metalloporphyrins was 
generally poor, the catalyst life was short, and catalysts were extremely expensive. Due to 
these seemingly insurmountable shortcomings, it was widely believed that profitable 
industrial-scale oxidation of hydrocarbon catalyzed by metalloporphyrins was impossible 
[118]. 
Our group reported firstly all over the world [119] a novel industrial approach of hydrocarbon 
oxidation with air based on a metalloporphyrins as CP-450 monooxygenase model and its 
industrial application to cyclohexane oxidation. Upon addition of extremely low 
concentrations (1�–5 ppm) of simple cobalt porphyrin (tetraphenylporphinatocobalt, TPPCo) to 
the commercial cyclohexane oxidation system, and decrease of the reaction temperature and 
pressure about 20 °C and 0.4 MPa respectively, the conversion of the cyclohexane increased 
from 4.8% to 7.1%, the yield of cyclohexanol and cyclohexanone increased from 77% to 87%. 
The aerobic oxidation of cyclohexane was carried out using a 70,000-ton cyclohexanone 
equipment set comprised of ve series-wound stirring reactors using extremely low 
concentrations (2 ppm) of simple cobaltporphyrin TPPCo as catalyst, under 145 °C and 0.8 
MPa air pressure. The industrial-scale oxidation results are shown in table 13. 
 

Catalyst Cobalt porphyrin No Catalyst 
Production output, kt/a 125 70 
Conversion,mol, %  7.1 4.8 
Turnover number, mol/mol 308800 - 
Cyclohexanone yield, %  87 77 
Cyclohexanol; Cyclohexanone 1.2:1 0.9:1 
Temperature, °C 145 165 
Pressure, MPa 0.8 1.2 

Table 13. Comparison of cyclohexane aerobic oxidation over 70,000-ton cyclohexanone 
equipment set 

The advantages of this industrial procedure includes: (1) no need to modify the 
cyclohexanone equipment currently used in industry, (2) lower reaction temperature and 
pressure, (3) extremely low (1�–5 ppm) concentrations of simple metalloporphyrin catalysts 
used, (4) cyclohexane conversion increasing from 4.8% to 7.1%, (5) cyclohexanone yield 
elevating from 77% to 87%, and (6) no catalyst reclaimed process and setups.. Therefore, this 
procedure significantly improves the low conversion rate and low yield the cyclohexane 
oxidation industry has been facing for the past 40 years.  
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7. Conclusion 
Metalloporphyrin-based oxidation systems not only hold great importance in biomimetic 
studies but also, as bioinspired oxidation systems, provide a useful tool for organic 
oxidation reactions. A highly important reaction is the aerobic oxidation catalyzed by 
metalloporphyrins. Such reactions will have an impact if further increases in product 
turnovers are realized. 
Progress is still required to further improve these metalloporphyrin-based oxidation 
systems, mainly in two directions. Improvement of the selectivity of substrate recognition 
by the catalyst or the support of the catalyst, which is performed by the protein in CP-450, 
should lead to more regio-, stereo- and enantioselective oxygenations. Major improvements 
are also necessary for the construction of efficient systems for substrate hydroxylation by O2 

itself, because of the difficulty to mimic the catalytic cycle of O2 activation by CP-450 that 
involves a tight coupling between the electron-and proton-transfer steps. 
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1. Introduction 
The use of enzymes and whole cells as biocatalysts in biotechnology and organic chemistry 
is recognized as being of great economic potential in the increasing production of unique 
and valuable compounds present in nature in an insufficient amount. Bioconversion with 
living microbial cells, which have the ability to regenerate their own respective cofactors 
and exhibit a spectrum of enzymatic activity, is a very useful tool in bioorganic synthesis. 
There is no doubt that the advantage of microbial biotransformations is the possibility to 
induce enzymes of defined, desired activity, simply by the suitable preincubation methods 
(Griffin et al., 2001). However, this kind of biocatalysts has several limitations in application 
to oxidative biotransformations, including stability and activities, especially to those 
substrates and products that are toxic and require being performed in reaction media other 
than water. A disadvantage might be the membrane barrier and diffusion problems. Recent 
advances in addressing these problems include molecular and reaction engineering 
approaches (Burton, 2003). 
A broad field of activity of biological heme-containing oxygenases like cytochromes P450 
has provoked the development of the invention of artificial catalytic systems based on 
porphyrins mimicking the controlled and selective oxidation reactions of these 
hemoproteins. The concept of artificial enzymes and biomimetic chemistry was introduced 
by Breslow in 1972 (Breslow, 1972), that started the field of bioinspired or biomimetic catalysis, 
wherein researchers try to copy Nature in designing the catalyst with the structure and 
properties similar to those of the active sites of enzymes. Such biomimetic systems are 
expected to work in organic media and have high stability toward toxic organic compounds 
in comparison with traditional catalysis employing enzymes or microorganisms. 
The porphyrins, due to their synthetic versatility and reactivity, are especially attractive in 
the construction of biomimetic analogues of monooxygenases through elaboration of the 
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superstructure of the macrocycle or chelate complexes.  Firstly, the brief description of the 
physicochemical properties of porphyrins is given in this chapter together with the main 
contributions of metalloporphyrin model studies to the cytochromes P450 chemistry and 
oxidation catalysis. The reactions of terpenes oxidation are singled out. Secondly, we 
elaborated a matter of porphyrins working as photoactive catalysts in the oxidative 
transformation of limonene and -pinene into the products attracting great interest by the 
fragrance and flavour industry. The effects of substrate concentration, wavelength of visible 
light during the photochemical excitation, kind of solvent and oxidant on the efficiency of 
the porphyrin-based homogeneous system was discussed. Finally, two types of porphyrins 
(water-soluble and water-insoluble) incorporated into the silica gel are described pointing 
out to the advantages and limitations of the silica matrices prepared by the sol-gel method. 
Here, the immobilization of porphyrin catalyst in an insoluble organic or inorganic support 
is also briefly outlined. Among the topics included in this part of the chapter are: the effect 
of porphyrins immobilization on the changes of their photophysical properties, 
photodegradation or aggregation, as well as correlation between photoactivity of free-base 
porphyrins in various organic solutions and those entrapped in silica matrices. The 
correlation between the biocatalytic efficiency of porphyrins entrapped in the sol-gel matrix 
and their intensity of fluorescent emission and absorbance was also examined. The reasons 
for much better photooxidation of -pinene by OEP/SiO2 than by HmP/SiO2 are discussed, 
and the mechanism of pinene photooxidation based on proton transfer and then on two 
possible routes namely, electron abstraction by the light-excited OEP/SiO2 matrix and the 
photosensitized singlet oxygen generation is proposed. It is worth emphasizing that the 
systems investigated are new and have not been reported before. 

2. The biological monooxygenation. New opportunities and innovations for 
the improvement biocatalysis efficiency 
The use of enzymes, either derived from natural sources or generated through directed 
evolution methods, has increased significantly over the past decades (Tao & Cornisch, 2002; 
Wackett, 2004). There are essentially two approaches to choosing a biocatalyst: the screening 
for novel biocatalysts, and the screening for new activities among the existing biocatalysts. 
The latter approach also includes the improvement of known biocatalysts through protein 
engineering, either through molecular biology or direct modification of the protein, and the 
modification of biocatalyst properties by »media engineering« (Adamczak & Krishna, 2004; 
Turner, 2009). 
Replacing the aqueous milieu with organic solvents, ionic liquids, supercritical fluids, 
fluoro-hydrocarbons etc. enables biocatalysis to increase the chemo-, regio- and enantio-
specificity as well as catalytic efficiency of many enzymes (Castro & Knubovets, 2003). It 
should be kept in mind that supremely good selectivity of enzymes is weighted against their 
lack of stability (Thomas & Raja, 2005). As the application of enzymes continues to grow 
within both academia and industry, it is evident that, in order to satisfy the stringent 
requirement of industrial processes with respect to catalyst turnover and productivity, 
protein engineering techniques will be essential to the growing incorporation of this 
technology into synthetic chemical processes. This requires a profound understanding of 
protein structure and molecular biology techniques for manipulation of proteins, as well as 
the computational methods. The rational mutagenesis of amino acids based on a knowledge 
of structure or mechanism is targeted at specific residues and is hence popularly known as 
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side-directed mutagenesis. This technique is a good tool for investigating enzyme mechanism 
or altering catalytic attributes. It may be possible to change the electrostatic environment of 
an active side, perhaps by changing a positively charged lysine to negatively charged 
glutamic acid. Of course, some amino acid side chains are more susceptible to damage by 
oxidation than others, notably those containing sulfur, such as cysteine and methionine. It 
was postulated that mutating the methionine residue in the active side of subtilisin at 
position 222 to other residues like alanine, serine and cysteine may decrease susceptibility of 
the enzyme to inactivation through oxidation (Estell et al., 1985).  
As the number of structures of enzymes increases and more is learned about the molecular 
and structural determination of substrate recognition and transformation by enzymes, there 
is increasing move towards the computational design for enzyme activities that as yet have 
no equivalent in natural enzyme chemistry (Arnold, 2001; Rothlisberger et al., 2008). The 
powerful combination of in silico design and directed evolution suggests that protein 
evolution strategies in future may be credibly targeted towards entirely new enzymes for 
which no natural enzymes currently exist. Directed evolution involves repeated rounds of 
(i) random gene library generation, (ii) expression of genes in a suitable host and (iii) 
screening of libraries of variant enzymes for the property of interest. Both in vitro screening�–
based methods and in vivo selection�–based methods have been applied to the evolution of 
enzyme function and properties (Turner, 2009). 
Another aspect of diversity that attracts an increasing level of attention within the 
biocatalysis community is that of catalytic promiscuity. This can loosely be defined as the 
ability of an enzyme to catalyze a new chemical reaction additional to that to which it is 
usually attributed. Such reactions of new substrates have been recognized as a valuable 
research and synthesis tool (Hult & Berglund, 2007). Many examples of catalytic 
promiscuity exist within the literature (Bornshcheuer & Kaslauskas, 2004). One theory 
suggests that a low level of promiscuous activity in an enzyme can assist the evolution of 
that enzyme into one that has optimum levels of activity for new reaction. For example, a 
phosphotriesterase (PTE) enzyme that catalyses the degradation of the herbicide paraoxon is 
thought only to have acquired this ability relatively recently, as previously, the pesticide 
substrate would not have occurred in the environment. 
Among enzymes, heme monooxygenases (such as cytochrome P450 and peroxidases) are 
probably the most versatile biocatalysts because of their capability of catalyzing the regio- 
and stereoselective transfer of an oxygen atom from O2 into a vast range of substrates, 
including monoterpenes. It is one of the most widespread enzymatic activities occurring in 
all forms of life including both prokaryotes and eukaryotes (Li et al., 2002).  Cytochrome 
P450 was found in a wide range of organisms from bacteria to mammals where it exists in 
both soluble and membrane-bound states playing at least two key roles. Firstly, it catalyzes 
many oxidation steps involved in the biosynthesis or biodegradation of endogenous 
substrates such as steroid hormones, fatty acids or prostaglandins. Secondly, they 
participate in the crucial step in the oxidative metabolism of exogenous compounds such as 
drugs and other xenobiotic products, allowing their elimination out from living organism 
(Mansuy, 1990).  The family of these enzymes is involved in the reactions as diverse as e.g. 
hydroxylation, N-, O- and S-dealkylation, sulphoxidation, epoxidation, deamination, 
desulphuration, dehalogenation, peroxidation, and N-oxide reduction.  
Most monooxygenases are metal-enzymes where metallic complex active center is located in 
the prosthetic site of the molecule. The active centre of P450 contains the heme prosthetic 
group (protoporphyrin IX), which is bound to the apoprotein by the coordination to the iron 
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of the tiolate group of cysteine at the proximal side of porphyrin ring, (and also through salt 
bridges and hydrogen bonds) (Poulos at al., 1987) (Fig. 1). Unlike P450, a heme in 
peroxidases (except for chloroperoxidase) is ligated with a proximal histidine residue and 
uses hydrogen peroxide as an oxidant instead of O2. 
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Fig. 1. Protoporphyrin IX. The prosthetic group of cytochrome P450. 

One should bear in mind that despite impressive biotechnological impact, the potential of 
monooxygenases has not been fully exploited. Isolation and purification of the relevant 
enzymes is difficult and expensive. Moreover, instability and other difficulties associated 
with using monooxygenases under industrial conditions limit their implementation in 
applied biocatalysis.  
Notwithstanding progress of enzymology and biochemistry which permits to work directly 
with the proteins themselves, it is still usually difficult to purify the cytochrome P450 
dependent enzymes and isolate the corresponding gene using amino acid sequence 
information for the purified protein. Application of isolated P450-monooxygenases as 
oxidation biocatalysts is also limited due to the requirement for the costly cofactor 
NAD(P)H. 
Site-directed mutagenesis, directed evolution and chimeragenesis, design of substrate 
binding cavities, chemical modification of prosthetic groups and covalent attachment of 
metal cofactors were applied in improving the activities and changing of the substrate 
specificity of various P450s or in inducing a new reactivity in a non-metal protein (Bell, 2001; 
Kato et al., 2002; van de Velde et al., 2001; Branco et al., 2008). Despite the fact that some 
efforts meet with spectacular success, it seems to be still too early for these improved P450 
systems to be applied in the industry (Bühler & Schmid, 2004). 

3. Porphyrins as monooxygenase mimics in hydrocarbon oxidative 
biocatalysis under homogeneous conditions  
A wide variety of activity of biological heme-containing monoxygenases has inspired the 
preparation, characterization, and application of artificial catalytic systems resembling the 
structure as well as the activity of these enzymes. There are two main, strictly connected, 
objectives in the investigation of biomimetic catalysis: i) insight into the nature of the 
enzymatic processes and ii) the necessity in both biotechnology and industrial chemistry to 
obtain more efficient biocatalysts working with high regio- and stereo- selectivity, under 
mild temperature and pressure (Bartocci et al., 1996).  There has been observed growing 
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interest in the use of metalloporphyrins as biomimetic catalysts in recent years (Que & 
Tolman, 2008). 
Porphyrins belong to the naturally occurring compounds participating in many important 
biological processes such as: oxygen transport and different catalytical conversions. 
Porphyrins can be treated as derivatives of porphine, which consists of four pyrrole 
subunits joined via -CH= bridges. This aromatic macrocycle has 22  electrons, although 
according to H ckel rule, only 18 of them undergo delocalization (4n+2, n=4). The size of 
the cavity in this macrocycle is suitable for the adaptation of different metal ions. The 
exchange of two protons in H2-porphyrin by a metal ion leads to the origination of 
metalloporphyrin, a complex compound with a binegative macrocyclic anion. The 
compounds of Fe, Co, Zn and Ni are the best known metaloporphyrins. Hemes (iron 
complexes) and chlorophylles (magnesium complexes) are the examples of porphyrins 
having special importance in biological systems, the latter in photosynthesis. In turn, 
vitamin B12 has a cobalt complex in its structure with coryne ligand structurally similar to 
porphyrin. The well known is the role of B12 in catalysis of isomerization reactions of methyl 
group transfer in biological systems. Hemoproteins (complexes of Fe) serve as oxygen 
carriers (hemoglobin) or oxygen stores (mioglobin) and participate in: electron transfer 
processes (cytochrome b and c), activation of O2 (cytochrome P450). The porphyrins have 
become an indispensable component in the evolution of living organisms, due to many 
types of chemical reactions, characteristic of this group of compounds, such as coordination, 
polymerization, aggregation, oxidation and reduction, catalysis, sorption and photochemical 
changes.  
Several synthetic models based on porphyrins for heme oxidases have been developed in 
order to understand principles of the complex mechanism of dioxygen activation and 
oxygen atom transfer processes, and to obtain valuable information on the nature and 
reactivity of intermediates produced in the catalytic cycles of metalloenzymes in living 
organisms (Hessenauer-Ilicheva at al., 2007; Dallacosta et al, 2007; Nam, 2007; Suzuki et al., 
1999). The extensive investigation of metalloporphyrins catalyzed oxidation reaction has 
concentrated on using iron (III) and manganese (III) and the role of pyridine and imidazole 
ligands. The proposed mechanism for the reaction proceeds through the formation of a high 
valent metal-oxo species, the first model of which was reported by Groves et al. in 1981 
using the system based on the Fe(III) complex of the meso-tetramethylphenylporphyrin 
Fe(TMP)Cl with peroxyacids (Groves et al., 1981) and later confirmed by iron 
tetraphenylporphyrinate, Fe(TPP)Cl in the presence of iodosobenzene (PhI=O) as an oxidant 
or acetic anhydride as a donor of acyl cations (Mandon et al., 1989; Oligario et al., 2002). The 
mechanistic developments in biomimetic research have been supported by cross-linked 
investigation (directed mutagenesis, computational methods, physical biochemistry) using a 
broad array of the spectroscopic techniques. The detailed mechanistic aspects and structural 
characterization of intermediates are very well described elsewhere (Shteinman, 2001; 
Watanabe, 2001; Sligar et al., 2005).  
Monooxygenases require a metal center (transition metal ions, predominantly iron and 
copper) and two electrons to reductively cleave atmospheric dioxygen, producing only a 
single water molecule in the process while saving the second atom for substrate 
functionalization and formal oxidation: 

2 2RH  O  2   H ROH  H O  
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In cytochrome P450, the electrons necessary for the reduction of diooxygen are transferred 
from a cellular reductant NADH. They are delivered directly one by one by the cytochrome 
P450-reductase, a huge protein which contains two flavin cofactors, FAD and FMN. The role 
of metal is reduced to the activation of molecular oxygen and decrease in the kinetic barrier 
to its reaction with hydrocarbons due to the formation of reactive metal-oxygen 
intermediates. 
The commonly accepted catalytic mechanism operating in the P450 monooxygenases 
involves six steps (Shteinman, 2001; Sligar et al., 2005; Bernhardt, 2006). Catalytic turnover 
starts with the binding of substrate to the active site with displacement of water coordinated 
to the open axial ligand position thereby moving the iron (FeIII) to a high-spin ferric 
manifold, which increases the redox potential of the complex and facilitates the transfer of 
the first electron forming the ferrous heme (FeII) that could bind oxygen (Sligar et al., 2005). 
In the next steps, further reduction and protonation of the resulted oxy-ferrous intermediate 
leads to the generation of the so called �“active oxygen species�”, ferric peroxoanion, ferric 
hydroperoxo, high-valent iron-oxo complex (compound I-ferryl porphyrin cation radical), 
responsible for the hydroxylation of the substrates. The last species was also found in 
peroxidases and well characterized (Penner-Hahn et al., 1986). It was postulated (by the 
heme model systems according to the similar assumption for P450) that two different 
electrophilic oxidants can hydroxylate alkanes in the catalytic cycle of P450. One of them, 
hydroperoxide, is a predominantly epoxidizing agent, and another oxidant, ferryl, is a 
predominantly hydroxylating agent (Vaz et al., 1998; Newcomb & Toy, 2000; Watanabe, 
2001; Jin et al., 2003), although the density functional theory (DFT) calculations excluded the 
former intermediate as a reactive, electrophilic oxidant (Groves, 2003). 
Despite the increasing knowledge of structure-function relationship and physico-chemistry 
of monooxygenase function, the question how the formation and ultimate chemical 
reactivity of the intermediate states of metal, oxygen and substrate is controlled to have an 
effect on efficient catalytic processing still remains open.  
The second reason for the considerable interest in monooxygenases mimetic is connected 
with the design of the perfect chemical model system for a growing number of synthetic 
transformations (e.g. for oxidation of aliphatic and olefinic hydrocarbons). Such catalyst 
could be applied in the conversion of petroleum products to valuable commodity chemicals 
(Groves, 2000), preparation of hydroxylated metabolites of drugs, oxidation of 
agrochemicals, pollutants, and other xenobiotics (Meunier et al., 2004), as well in the 
catalytic production of unique and valuable compounds present in nature in an insufficient 
amount. Thus, one of the most extensively studied groups of compounds in both the 
enzymatic and biomimetic transformations are terpenes, hydrocarbons derived from the 
isoprene units, which are the largest class of plant secondary metabolites. Together with 
terpenoids (oxidized terpenes), terpenes are the main flavour and fragrance impact 
molecules in the essential oils of higher plants and flowers, however, their natural resources 
are limited to a few plant growing regions. In the perfumery, as well as in the flavour 
industry at present, a lot of effort is devoted to the replacement of expensive naturally 
occurring raw materials or the reproduction of original organoleptic effects by the use of 
new chemicals. Terpenes have also drawn increasing commercial attention because of their 
beneficial healthcare effects. Numerous terpenoids have been found to be effective in 
chemoprevention and chemotherapy of several diseases and to exhibit antimicrobial, 
antiviral, antihyperglycemic, anti-inflammatory and antiparasitic activities (Paduch et al., 
2007). Therefore, a special attention should be paid to introduction of new terpenoid 
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products in modern therapies. Monoterpenes are known to play an important role in 
chemical ecology, where they act as pollinator attractants, repellents, sex pheromones, 
alerting pheromones, antifungal defences, or as part of defense secretion systems against 
predators (Banthorpe, 1994).  
Most of the microbial hydroxylation of terpenes and other exogenous substrates described 
so far are initiated by cytochrome P450 dependent monooxygenases (Duetz et al., 2003; Bicas 
at al., 2009). A number of microorganisms have been reported to convert limonene and 
pinene to notable monoterpenoid compounds (Chatterjee and Bhattacharyya, 2001; Yoo & 
Day, 2002;  Duetz et al., 2003; Adams et al., 2003; Trytek & Fiedurek, 2005; Bicas at al., 2009), 
yet the amounts obtained (a few milligrams per litre) were insufficient for industrial 
applications. The drawbacks of this type of biotransformation systems are excess volatility 
of terpenes, insolubility in aqueous solutions, and their toxicity towards microorganisms 
(Krings & Berger, 1998).  
The development of synthetic metallic complexes that reproduce the activity of P450 
enzymes and enable to carry out the reaction (in the case of water insoluble precursors) in 
organic solvents has been the subject of intense research (Meunier, 1992; Collman et al., 
1993; Suslick, 1999; Bernadou & Meunier, 2004; Simões et al., 2006). Metalloporphyrins in 
homogeneous systems, with the structures based on the well known meso-
tetraphenylporphyrin (called the first-generation catalyst), are amongst the catalysts 
commonly studied (Maraval et al., 2002; Guo et al., 2005; Milaeva et al., 2007). The largest 
bulk of examples has been published for the manganese (III) and iron (III) porphyrins 
(Traylor & Tsuchiya, 1987; Gonsalves et al. 1991; Mansuy& Fontecave, 1984; Martins et al., 
2001; Maraval et al., 2002; Rebelo et al., 2005), but the complexes of porphyrins with Cr 
(Groves & Krupper, 1979; Schmidt et al., 2005), and Ru(II) (Groves et al., 1997; Murahashi & 
Komiya, 1998; Simonneaux & Maux, 2002) have also been demonstrated as useful catalysts 
for the oxygen atom transfer reactions to olefin or alkane-type substrates. A wide variety of 
oxidative reactions (mainly epoxidation and hydroxylation of the olefins) catalyzed by 
metalloporphyrins has been studied (Montanari & Casella, 1994; Kadish at al., 2000, 
Meunier, 2000; Simões et al., 2006), and numerous classes of substrates have been given in 
transformation including pre- and post-emergence herbicides (Chauhan & Kumari, 2007), 
amino acids (Mukherjee & Ray, 2007), monoterpenes such as: geraniol, nerol, limonene, -
pinene, -terpinene, 1,8-cineole, carvacrol, thymol, and cymene (Martins et al., 2001; 
Maraval et al., 2002, Guo et al., 2005; Simões et al., 2006). In the specific case of terpenes, 
Skrobot et al. (2003) showed the production of epoxides from these compounds. In the 
similar work, the oxidation of monoterpenes by hydrogen peroxide catalyzed by porphyrins 
was also described (Martins et al., 2001). 
Almost in all investigations, strong oxidants were used as oxygen atom transfer reagents to 
metalloporphyrins, such as PhIO, alkylhydroperoxides, peroxyacids, hypochlorites, C6F5IO, 
potassium monopersulfate. Lately, the use of more environmentally benign, H2O2 has been 
preferred. This concept is favoured by the fact that cytochromes P450 (in the absence of 
NAD(P)H) and peroxidases1 in vitro can also use hydrogen peroxide and other exogenous 
peroxides to catalyze the hydroxylation of substrates under mild conditions (Yuchun et al., 
2001; Trytek & Fiedurek, 2002). The monooxygenation by metalloporphyrins with these 
oxidants requires the presence of pyridine or 1-methylimidazol, 4-butylpyridine, imidazole, 

                                                 
1 Though peroxidase forms the ferryl intermediate, it cannot hydroxylate alkanes because of steric 
hindrance for the attack to the C-H bond by O atom in this enzyme. 
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or ammonium acetate, which were shown to act both as axial ligands and cocatalyst used to 
promote the desired heterolytic cleavage of peroxide and also to stabilize the active species 
Mn(V)=O formed in the oxidation cycle (Meunier, 1992; Gonsalves et al., 1996; Maraval et 
al., 2002; Susana et al., 2003; Cantonetti et al., 2004). These agents substantially increased the 
rate of the regio- and stereoselectivity reaction, and their role resembles somewhat the 
action of the strongly nucleophilic thiolate axial ligand in cyt-P450, which is crucial for 
heterolytic cleavage of the O-O bond of hydroperoxo intermediate by donating the electron 
density to this bond (Suzuki at al., 1999; Watanabe, 2000). Cytochromes P450 mimics using 
O2 itself as an oxygen atom donor has also been developed. In this case a reducing agent 
and/or proton source must be used (especially Zn powder, CH3COOH, acetaldehyde or 
borohydrides) (Mansuy, 1990, Groves, 2000) and higher degree of organization of the 
catalyst is required due to competition between the substrate and reducing agent for the 
active oxidant (Shteinman, 2001).  
Models with a tight coordination of the axial ligand are in general not good catalysts as 
thiolate or porphyrin is rapidly oxidized in the presence of oxidants (Meyer et al., 2005). 
However, for some porphyrins-based systems, the oxidation reactions usually provide 
very high conversions of the substrates (often exceeding 90% after a few hours), and even 
some systems are able to convert olefin to epoxides in a stereospecific manner, and 
alkanes to the corresponding alcohols and ketones in a good yield. Nevertheless, 
application of conventional homogeneous systems in the porphyrin catalysis is frequently 
complicated by the oxidative degradation instability of the metalloporphyrin rings, 
difficulty of recovering this rather expensive catalyst, and poor degree of regioselectivity. 
The systems also lead to generation of chemically contaminated effluents that have a great 
environmental impact.  
The stability of porphyrin catalysts was substantially improved by the introduction of 
electron-withdrawing substituents into the phenyl group of the porphyrins and then by 
the complete halogenation of the porphyrin ring (second and third generation of 
porphyrin) (Fig 2). The decreased oxidative degradation of the porphyrin ligand and the 
increased reactivity of the intermediate were also achieved to some extent when the bulky 
or chiral groups were attached to the porphyrin periphery (ortho-position of the phenyl 
ring of H2TPP or meso-position of the porphyrin), which provides some steric protection 
for the active oxygen species preventing from a too fast destruction of the porphyrin ring 
(Suslick, 1999). In practice, both electronic and steric properties of the substituents are 
manipulated to improve oxidative robustness of the porphyrins and must also be 
considered along with the regio- and stereochemical factors (Suslick, 1999; Maraval et al., 
2002; Guo et al., 2005). 
The two main strategies towards a new generation of more regioselective and efficient 
artificial hemoproteins have been envisioned. The first exploits the systems with simple 
sterically hindered porphyrins and shaped-selective catalysts that have a superstructure 
designed to recognize and bind incoming substrates. As an extension of the basic 
structure of the porphyrin macrocycle, there has been a multitude of approaches to 
synthesize porphyrins with a variety of peripheral substituents or even with more than 
four pyrrole rings, leading to the modification of the macrocyclic ring size, planarity, 
number of  electrons and aromaticity, and ultimately, the biocatalytic activity. Diverse 
structures have been created in this fashion (Fig. 3.) and more elegant systems including 
stereoselective substituents are described and shown in greater details in the literature 
(Kadish et al., 2000).  
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Fig. 2. The second and third generations of porphyrin. Halogenated porphyrins exhibit the 
increased stability. 

The examples of extraordinary compounds which can be used as efficient catalysts in the 
future are: amino acid functionalized porphyrins (Robertson et al., 1994; Geier. & Sasaki, 
1997), porphyrins with the substituents at a pyrrolenic nitrogen atom, the so-called �“N-
substituted porphyrins�” (Ito et al., 1996), the porphyrin complexes composed of more than 
one porphyrin ring, for example �“sandwich�” or �“shish kebab�” porphyrins, where several 
macrocyclic rings are joined by metal ions. The porphyrins are also suitable elements of 
more complicated systems, which can find application in biomimetic catalysis like that of 
the larger macrocyles prepared by covalent bonding of porphyrins with hydrophobic 
cavities (cyclodextrins, cyclophanes) (Hartmman et al., 1999; Feiters et al., 2000; Woggon, 
2010), cobaltacarborane-porphyrin and carbohydrate-porphyrin conjugates, 
carboranylporphyrins, multiporphyrin arrays (e.g. cofacial bisporphyrins) (Chang et al., 
2004; Hao, 2007). The porphyrin complexes with other compounds, such as dendrimer 
metalloporphyrins (Suslick, 1999) as fullerenes (Nierengarten et al., 1998), as well as 
�“expanded�” porphyrins, for example texaphyrins (Sessler et al., 1994; Lisowski et al., 1995), 
�“porphyrin wheels�” (Schenning et al., 1996), saphyrins, platyrins and others (Jasat & 
Dolphin, 1997; Lim et al., 2009) seem to be also very promising. 
Secondly, supramolecular mimetic approaches with modulation of heterogeneous 
environment to restrict substrate orientation or access have been used. Many interesting 
examples of activity of porphyrins and metalloporphyrins in such systems have been 
reported, for example: amphiphilized metalloporphyrins in the micellar media for 
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epoxidation of limonene (Mancini et al., 2001; Cantonetti et al., 2004), complex imbedded in 
a self-assembled lipid or surfactant bilayer (Groves & Neumann, 1989; Feiters et al., 2000), 
porphyrins appended with -cyclodextrines (Breslow, 1997; Woggon, 2010), polyethylene 
glycol-modified hemin (Takahashi et al., 1986), surfactant-heme complex (Kamiya et al., 
1997), association of polyoxometalates with porphyrins (Santos et al., 2005), association of 
monoclonal anti-porphyrin antibodies (so-cold hemoabzymes) with metalloporphyrin 
cofactor (Nimri & Keinan, 1999; Ricoux et al., 2007). The most promising solution to improve 
the stability of porphyrin catalysts is to immobilize or encapsulate in a solid, usually 
inorganic, matrix. 
 

 
Fig. 3. Examples of the most frequently used porphyrin classes as monooxygenase mimics. 
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3.1. Porphyrins as photocatalysts for oxidation of organic compounds  
The subsequent synthetic method searching for biomimetic monooxygenase analogues is the 
use of photoactive porphyrins as the sensitizer catalysts for the aerobic oxidation. The 
conceptually attractive entry for the employment of porphyrins as photocatalysts and 
photons as the energy source in biomimetic catalysis consists in the fact that in plants and 
living organisms four crucial prerequisites are found, which favour the photoprocess on 
bioactive molecules. These criteria are: (I) presence of natural sunlight providing visible 
spectrum irradiation; (II) good light-absorbing properties and proliferation of 
photosensitizers (e.g., tannins, porphyrins, and chlorophyll) in the environment; (III) 
pervasive molecular dioxygen; and, finally, (IV) abundance of oxidizable substrates, such as 
terpenes, in the immediate vicinity (Margaros et al., 2006). 
The role of porphyrins in photocatalysis and photosynthesis processes or in the function of 
solar cells is related to the intensive absorption of UV-visible light by these compounds. It is 
known that the colour of many simple complex compounds is the result of electronic 
transitions with the participation of metal d-electrons. The transitions between d-orbitals are 
forbidden in respect to symmetry and therefore their intensity is low. However, the 
porphyrins case is somewhat different, i.e. the absorption spectra of porphyrins are 
dominated by the strong bands corresponding with the - * transitions in the porphyrin 
ligand. The two kinds of bands are recognized in the absorption spectra of porphyrins: B 
(Soret band) and Q. According to Gouterman (1961), the essential features of these spectra 
can be explained based on the model of four molecular orbitals. 
The absorption bands in the porphyrin systems result from the electronic transitions 
between two HOMOs and two LUMOs energy levels. The metal center and the substituents 
on the ring affect the relative energies of these transitions. Mixing splits these two states of 
energy, forming a higher energy 1 eu state with larger oscillator strength (Soret band) and a 
lower energy 1 eu state with smaller oscillator strength (Q-bands). The shape and position of 
B and Q are closely related to the aggregation of porphyrins, their protonation with the 
formation of dications or axial ligation, as well as their metallation. The Soret band in the 
blue and the Q-band in the red are major porphyrin bands, which represent an important 
component of sunlight. 
Peculiar spectral properties and ability of the porphyrins to undergo photoinduced 
multielectron transfer without changing their structure has opened new fields of their 
application not only for light-driven biocatalysis but also for application in solar energy 
conversion, photodegradation of a wide range of organic and inorganic chemicals in air and 
water, elimination of bacteria, viruses, cancer cells and splitting of water as well as 
construction of sensing materials to mimic the human nose (electronic nose) and 
photosynthetic systems (Paolesse et al., 2002). 
There are a lot of contributions of porphyrin model studies to the photooxidation catalysis in 
homogeneous systems (Weber et al., 1994; Quici et al., 1993; Maldotti et al., 1996; Funyu et al., 
2003). Simple photoexcited FeIIIporphyrins were used to induce hydrocarbon oxygenation to 
the corresponding ketones under aerobic conditions. For example, in pure cyclohexane, high 
yields of cyclohexanone with small amounts of cyclohexanol as a by-product were obtained 
(Bartocci at al., 1996). The photo-oxidation of phenol and monochlorophenols by irradiation 
with visible light in aqueous alkaline solution in the presence of 5,10,15,20-tetrakis(4-carboxy-
phenyl)porphyrin and oxygen has been described by Wöchrle and co-workers (Gerdes, et al., 
1997). For the visible light-photocatalytic oxidation of hydrocarbons, a bis-iron(III)-l-oxo 
pacman porphyrin was used (Rosenthal et al., 2006). 
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Trytek et al. (2007) described a comparative study of photoexcited system involving metal 
free and metal-containing porphyrin catalysts in the photooxidation of monoterpene, R-(+)-
limonene using dioxygen from the air dissolved in organic solvents. The largest 
photocatalytic activity was registered by using metal free porphyrins such as 5,10,15,20-
tetraphenylporphyrin (H2TPP) and hematoporphyrin IX (HmP-IX). Later investigations of 
light-promoted biooxidation of -pinene have revealed that octaethylporphine (H2OEP) and 
porphyrins chelating a metal ion with a closed-shell electron configuration, especially zinc 
5,10,15,20-Tetra (4-pyridyl)-21H,23H-porphine are also very efficient photocatalysts. Pyridyl 
porphyrin (II) and aryl porphyrin (III) with relatively longer substituents had twice as low 
catalytic efficiency. Also Zn(II) and Co(II) tetraphenyl porphyrins had lower catalytical 
properties. A mixture of carvone and another unknown product (1) (with a mass spectrum 
similar to that of verbenone) in the concentrations of up to 3.4 g/L and 6.0 g/L, respectively 
was obtained from the chloroform solution consisting of catalytic amount of H2TPP and 90% 
(v/v) limonene, within the period of 70-hour exposition to the sunlight. The authors have 
checked the effects of substrate concentration and kind of oxidant on the efficiency of the 
porphyrin-based homogeneous system, as well as determined some photoexcitation 
conditions and mechanism for monoterpene transformation. At lower substrate 
concentration of about 1-5%, and high photoirradiation intensity (>1600 mol/m2s, where 
mol is the number of photons), the yield of by-products, especially (1S,4R)-p-mentha-2,8-
diene 1-hydroperoxide and 1,2-limonene oxide, increases significantly. Substantial amounts 
of trans- and cis-carveol, perilla aldehyde, perilla alcohol, and other hydroperoxides were 
also identified. The productivity of terpenoinds has been improved (about 1.6-fold), when 
0.5% (v/v) of H2O2 or tert-BuOOH was added to the solution. An increase in oxidant 
concentration caused oxidative degradation of the porphyrin ring under the strong 
oxidizing conditions. 
 

0

100

200

300

400

500

600

700

800

410 nm 450 nm 500 nm 550 nm 610 nm 680 nm 710 nm

wavelength

pr
od

uc
ts

 c
on

ce
nt

ra
tio

n 
(m

g/
L)

carvone

compound (1)

carvone at entire wavelength of
visible light

compound (1) at entire
wavelength of visible light

 
Fig. 4. Effect of wavelengths of visible light on limonene photooxidation with H2TPP. 

It has been shown that the photooxidation of limonene does not depend significantly on the 
particular wavelengths of visible light. The best yields of products were achieved within the 
entire wavelength range of the visible light which is profitable from an economic point of 
view, since the costs of the kind of light in photocatalytic reactions are taken into 
consideration. However, at 670 nm remarkable decrease in terpenoids accumulation was 
detected in the course of the photooxidation process (Fig 4). This phenomenon was 
explained by low absorption coefficient of H2TPP in this spectral region and the formation 
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of the protonated porphyrin in the system, which is known to have the enhanced 
deactivation of the excited state (Chirvony et al., 2000). In fact, it was established based on 
the absorption spectra of porphyrins recorded before and after photocatalysis (Fig 5) that 
porphyrin in the system with a low concentration of limonene exists in a protonated form of 
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Fig. 5. Absorption spectra of the H2TPP-limonene system (at two different substrate 
concentrations) in chloroform; before photoreaction (black solid line), after 36 h (red dash 
line) and 126 h (green dash line) exposition to the sunlight (Trytek at al., 2007). 
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dication H4TPP2+. As a characteristic Q-band was only observed for free-base H2TPP (500-
650 nm) and dication H4TPP2+ (670 nm), this means that the catalytic system is based just on 
photoexcited porphyrine and the metal contamination is excluded. The porphyrin spectra 
with a high 90% concentration of limonene during photoexcitation showed that, neither 
Soret nor Q bands were shifted, and only their intensity was slightly lower after irradiation 
than before it, which does not indicate that the catalyst is readily decomposed under the 
applied oxidizing conditions. In this context, it is worth taking into account that the 
presence of a large excess of readily oxidized substrates will provide kinetic protection 
against oxidative destruction of the biomimetic catalysts (Suslick, 1999). 
The authors concluded that such spectral changes are the evidence for the existence of two 
different mechanisms of monoterpenes photooxidation by H2TPP, to the extent extremely 
dependent on the substrate concentration. For the systems with a lower substrate 
concentration, a proton accepting mechanism is more important, whereas in the systems 
with a larger amount of monoterpene, H2TPP rather plays a role of a photosensitizer and 
oxidative transformation is most probably based on a free radical chain pathway initiated by 
photoexcited porphyrin producing singlet oxygen. Singlet oxygen is a powerful electrophile, 
so the reaction may proceed just as well by electron transfer from the electron rich 
monoterpenes to it. The common mechanism of action of the sensitizer is rather complex. 
The absorbed light promotes the excited state of the porphyrin catalyst. The singlet-excited 
state (S1) undergoes intersystem crossing to the triplet state (T1), which, in turn, reacts with 
oxygen (or first with the substrate) producing singlet oxygen (1O2), superoxide radical 
anions (O2�•-), and hydroxyl radicals (Fig. 6). In most of the cases, the concurrent 
involvement of these reactive oxygen species determines the mechanism of the 
photooxidation (Chacon et al., 1988; Krishna et al., 1991; Ahmad et al., 2004). 
 

 
Fig. 6. Generation of excited porphyrin states and reactive diooxygen species  (Bonnett, 
1995)  - Reproduced by permission of The Royal Society of Chemistry, copyright 1995. 
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We applied the photoexcited porphyrin using diooxygen under atmospheric pressure to 
oxidize - and -pinene. The system enables the production of pinocarvone, trans-
pinocarveol and myrtenol from -pinene, whereas from -pinene, myrtenol as the most 
abundant and pinocarvone being by-product, were obtained. Some porphyrins have been 
found to be characterized by unusually high reactivity toward pinene hydroxylation. For 
instance, in the -pinene oxidation studies, up to 17 mg/L of pinocarvone was achieved 
after 24-hour photoirradiation of 50% (v/v) of the substrate solution in the presence of 
H2OEP (Trytek et al., in preparation). 
Homogeneous catalysts in general are inclined towards an easy deactivation and are 
difficult to be recovered from reaction mixtures, leading to many restrictions in large scale-
processes. Furthermore, the porphyrins typically used as photosensitizers are poorly soluble 
and together with their decomposition derivatives, can contaminate the reaction products 
and make the purification step really troublesome. For example, the sensitizer 
hematoporphyrin is only moderately soluble in most organic solvents (e.g., ether, 
chloroform), and nearly insoluble in water. In this case, one possible solution might be the 
use of heterogeneous catalysts through the immobilization of the porphyrins on organic and 
inorganic solid supports. 

4. Heterogeneous catalysis using biomimetic porphyrins 
Much work has been devoted to investigation of solid supports for the immobilization of 
porphyrins with respect to easier recovery, recycling and increased stability of this 
expensive catalyst. Numerous proposals have appeared: the use of cross-linked polymers 
(Griesbeck & El-Idreesy, 2005; Ribeiro et al., 2008), clays and layered materials (Bedioui, 
1995; Evans & Lindsay Smith, 2001), biopolymers (Huanga et al., 2005), cationic ion-
exchange resins (Campestrini, S. & Meunier, 1992); silanized kaolinite (Nakagaki et al., 
2004); different types of zeolites (Skrobot et al., 2003; Haber et al., 2004), modified silica 
(Milaeva et al., 2007), and also microporous porphyrin framework solids (Suslick et al., 
2005). Noteworthy results for the immobilized porphyrins have been obtained with ionic 
porphyrins immobilized on cationically functionalized polystyrene (Inbaraj et al., 2003), 
porphyrins copolymerized with polystyrene (Griesbeck et al., 2004), a soluble polyethylene 
glycol-supported tetrahydroxyphenyl porphyrin (Benaglia et al., 2002), photosensitizers 
ionically bound at polymeric ion-exchanging resins (Gerdes et al., 2001), and a cross-linked 
polyacrylamide hydrogel serve as a scaffold for the photosensitizer hematoporphyrin 
(Rogers et al., 2005) and as well with chitosan-supported metallotetraphenylporphyrin 
complexes (Huanga et al., 2005). 
Manganese(III) 5-(pentafluorophenyl)-10,15,20-tri(2,6 dichlorophenyl)porphyrin, and 
manganese(II) 2,3,7,8,12,13,17,18-octachloro-5-(pentafluorophenyl)-10,15,20-tri(2,6-
dichlorophenyl)porphyrin, have been covalently attached to aminopropylated silica and used 
in hydrocarbon oxidation by iodosylbenzene and hydrogen peroxide (Doro et al., 2000).  
A few supported porphyrins have been tested in the oxidation of several monoterpenes. A 
tetracationic porphyrin, meso-tetrakis(4-Nbenzylpyridyl) porphyrinato manganese(III) being 
supported in a zeolite, NaY, have proved to be an active catalyst for the epoxidation of (R)-
(+)-limonene and -pinene, as well as in the hydroxylation of carvacrol and thymol, using 
H2O2 and ammonium acetate in CH3CN at room temperature and under atmospheric 
pressure. This catalyst has enabled the 40-50% conversion of -pinene after 6 hours of 
reaction, not exceeding 25% of conversion for the other substrates, even after 24 hours of 
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reaction. The 24-hour oxidation of limonene (>21% of conversion) gave rise to the mixture of 
1,2- and 8,9-epoxide products. The oxidation of -pinene afforded mainly the formation of 
corresponding epoxide and campholenic aldehyde, whereas carvacrol (>25% of conversion) 
and thymol (>18% of conversion) produced thymoquinone with 100% selectivity. However, 
in the presence of H2O2, the irreversible deactivation of catalyst took place, by leaching of 
the porphyrin complex from zeolite, followed by a loss of activity when the catalyst was 
reused (Skrobot et al., 2003). 
Tangestaninejad et al. have described the tetra(4-pyridyl)porphyrinato manganese(III) 
anchored in chloromethylated styrene�–divinylbenzene copolymer  as an efficient and 
reusable catalyst for the (R)-(+)-limonene epoxidation by sodium periodate, among several 
other alkenes (Moghadam et al., 2004). 
The Chinese team has utilized manganese(III) 5,10,15-tris(tolyl)-20-(4-hydroxyphenyl) 
porphyrin covalently attached to the Merrifield�’s peptide resin for the highly 
diastereoselective epoxidation of cholest-5-ene derivatives (Du, et al., 2004). The similar sort 
of material has been used by Gonsalves et al. (2008) in photooxidation of monoterpenes. 
They have covalently linked the chlorosulfonation activated porphyrins to the Merrifield-
modified polymers. These immobilised porphyrins were used then as effective 
photosensitizers in monoterpenes oxidation using chloroform as the solvent. 
Photooxygenation of -terpinene originated ascaridole as the main product, citronellol gave 
isomeric hydroperoxides. The latter oxidative transformation represents an important 
industrial application of a singlet-oxygen ene reaction as the first step of the route to the 
fragrant chemical specialty rose oxide (Pickenhagen & Schatkowski, 1998). From -pinene 
and -pinene, followed by reduction of the corresponding hydroperoxide products with 
triphenylphosphine, trans-pinocarveol and myrtenol have been obtained. These products 
are expected as a result of the singlet oxygen ene addition to terpenoic olefins, although in 
the case of pinenes, non-ene products were also formed probably through a pathway 
involving a mechanism of electron transfer between the excited photosensitizers and the 
substrates (Ribeiro et al., 2008). 
Presently, the sol�–gel processes offer new and promising possibilities of physical trapping or 
covalent bonding of porphyrin catalysts inside the silica network. The process is based on 
the evolution of inorganic networks through the formation of a sol and gelation with 
formation of a network in a continuous liquid phase. The precursors of the synthesis of 
these sols consist of a metal or a metalloid element bonded with various reactive ligands. 
The most popular are metal alkoxides since they react readily with water. The most known 
alkoxides are the alkoxysilanes, such as teramethoxysilane (TMOS) and tetraethoxysilane 
(TEOS). Aluminates, titanates or borates are also used in the sol-gel process. 
Besides simplicity of preparation, low-temperature encapsulation, silica sol�–gels are also 
characterized by optical transparency, chemical and photochemical inertness, as well as 
photochemical, thermal, and mechanical stability. Moreover, those materials have a 
negligible swelling in organic solvents and aqueous solution compared to most organic 
polymers. The matrices appeared to have additional two roles: in protection of porphyrin 
from oxidative degradations and in induction, by tunable porosity, of the selective 
positioning of the substrate with respect to the porphyrin cofactor (Kandimalla et al., 2006). 
The sol-gel process allowing the preparation of optically transparent porous silica gel seems 
to be excellent technology for development of the photoactive porphyrin catalyst. 
The classical work by Avnir et al. (1984) concerning the spectra of rhodamine 6G entrapped 
in silica prepared by the sol-gel method, started successful research on direct 
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bioencapsulation in silica, organosiloxanes and hybrid sol-gel polymers, also active 
biological substances with heat-sensitive and fragile molecules, such as enzymes, proteins, 
DNA, RNA, catalytic antibodies and even the whole cells of microbes (Kandimalla et al., 
2006). Such materials have many potential applications due to their catalytic, biosensing, 
optical, photo-electronic, photonic, and nanobiophotonic properties (Lan et al., 1999; Gill & 
Ballesteros, 2000; Ariga et al., 2007; Escribano et al., 2008). 
Porphyrins have been encapsulated in sol-gel materials (either in monolithic blocks or as 
thin layers on various supports) because of their ability of photoconduction and 
photoemission, in the context of their application as fluorescent materials (Papkovsky et al., 
2000; García-Sánchez et al., 2006; De la Luz et al., 2007) optical sensors (Delmarre & Bied-
Charreton, 2000; Im et al., 2005), dye sensitive solar cells (Grätzel, 2001; Ray et al., 2001), and 
non-linear absorption (Sun et al., 1997), mesoporous materials (Ariga et al., 2007), as well as 
sensitizers in photodynamic therapy (PDT) (Reisfeld, 2001; Podbielska et al., 2006). 

5. Spectral and biocatalytical properties of porphyrins immobilized in the 
silica gels 
The physicochemical characterization of the active element is considered of primary 
importance at the initial stages of the design of a new optical and photocatalytic device. The 
most commonly employed techniques in the investigation of porphyrin systems are: nuclear 
magnetic resonance (NMR), absorption, excitation and emission spectroscopy (Oulmi et al., 
1989) or circular magnetic dichroism (Purrello et al., 2000). The influence of different factors 
on the absorption, emission and luminescent spectral properties of the porphyrins can be 
shown in the best way when the cases of porphyrins intercalated in different matrices are 
considered. The most spectacular examples of spectroscopic properties of porphyrin 
intercalates are reported below. 
Dargiewicz et al. (2002) studied the UV-Vis absorption spectra of water soluble porphyrins: 
tetrakis[4-(trimethylammonio)phenyl] (H2TTMePP) and tetrakis(1-methyl-4-pirydyl)( 
H2TmePyP) in the monolith silica aerogel and solid thin films obtained by the sol-gel 
method (Figs. 7-8).The authors found the bands intensity decrease, their broadening and 
shift in both porphyrins toward longer wavelengths when the sol solution was compared 
with the aerogel and monolithic sol-gel material. The changes in Q bands were more 
complex, i.e. the bands Qy(1,0) and Qy(0,1) were blue shifted while the bands Qx(1,0) and Qx(0,1) 
were red shifted for aerogel, which was interpreted as a result of silica matrix polarity 
decrease in comparison with sol. In turn, the decrease of components in Q bands from four 
to two when the spectra of porphyrins in sol were compared with these for the monolithic 
sol-gel material was explained as a consequence of free base porphyrins protonation in 
acidic soda-lime glass with formation of dications H4P2+. The dimerization constants Kd of 
both porphyrins in the monolithic sol-gel glass, calculated based on the Soret bands 
intensity changes, were found to be in the range: 1-6.8×105 M.-1. Their decrease with time of 
gel drying was the result of steric obstacle in dimers formation when the SiO2 network was 
formed and monomer porphyrins were preferable. 
Pereira et al. (2005) studied the spectra of mesoporphyrin IX in the TiO2 and SiO2 matrices 
(Fig. 9). The authors found that in the initially formed titania matrices the porphyrin exists 
in a similar environment and a significant proportion relates to its neutral monomer, 
especially within the matrices with DMF. Without DMF more of the ionised porphyrine is 
present, both cation and dication. The quantity of the neutral form decreases with time and 
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without DMF the spectrum of porphyrine within the titania monolith broadens and shifts to 
red accompanied by a decrease of fluorescence time. In the presence of DMF this effect is not  
observed, although the amount of monomer decreases and the presence of aggregates, 
photoproducts as well as ionised porphyrine is possible. The final forms of the silica matrix 
also show the effect of DMF addition. In the absence of DMF the main form of porphyrine is 
the cation. 
Sanchez et al. (2004; 2006; 2009) reported about the free bases of the substituted 
tetraphenylporphyrins H2T(o-NH2)PP, H2T(p-COOH)PP and H2T(p-OH)PP, which were 
bound to the silica matrix by the use of the functionalized alkoxides 3-
isocyanatopropyltriethoxysilane or 3-amminopropyltriethoxysilane, by the sol-gel method. 
It was shown, based on the UV-Vis spectra of all xerogels, that porphyrins are in stable 
forms inside the xerogel pores. The red fluorescence observed in the solutions of the 
substituted porphyrins was preserved even after these species were covalently bound to the  
 

 
Fig. 7. Absorption spectra of the H2TTMePP in: aqueous solution (solid line), monolithic sol�–
gel material (dotted line) and thin film (dash line);  =molecular extinction coefficient; 
reproduction with permission from Colloids and Surfaces A, copyright 2002. 
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Fig. 8. Absorption spectra of the H2TMePyP in: aqueous solution (solid line), monolithic sol�–
gel material (dotted line) and thin film (dash line);  =molecular extinction coefficient; 
reproduction with permission from Colloids and Surfaces A, copyright 2002. 
 

 
Fig. 9. Absorption spectra for MP in sol�–gel-derived matrices, both with and without 
addition DMF. The absorption spectrum in DMF is given for comparison and the Q band 
region has been amplified for clarity; reproduction with permission from Journal of 
Photochemistry and Photobiology A: Chemistry, copyright 2005. 
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silica matrix. The best results, in terms of fluorescence preservation, were obtained by using 
a TPP substituted with -NH2 groups in the ortho position of the phenyl rings, i.e H2T(o-
NH2)PP. The UV-Vis spectrum of these species showed no signs of protonation. The authors 
found that cobalt tetraphenylporphyrins substituted with hydroxyl groups: (a) in ortho and 
para positions, and (b) with amino groups in para positions can be trapped in SiO2 by the sol-
gel method. The addition of DMF, methanol or pyridine is necessary for successful 
immobilization of macrocycle in the silica network. The addition of pyridine to the gelling 
mixture results in the inhibition of demetallation and protonation of the macrocycles. 
Dargiewicz et al. (2004) reported the strong luminescence of Eu complex with methyl-
pyridylporphyrin (H2TmePyP) intercalated in the silica gel. The authors observed strong 
bands in the emision spectrum of Eu complex located at 604, 560 and 554 nm when the 
excitations: 423, 443 and 530 nm were applied. Pure EuCl3 intercalated in gel did not show 
the luminescence, whereas the free base porphyrin spectra had the pairs of peaks placed at 
653, 716; 658, 719 and 655, 715 nm respectively (at the excitation wavelengths: 423, 443, 530 
nm), red shifted when compared with the Eu complex. The authors suggested that the red 
luminescence of Eu complex results partially from the -  electron interaction of porphyrin 
rings and from the interaction of methyl pyridyl porphyrin peripherals with Si-O-Si or Si-O 
groups located at the inner surface of gel pores. 
Delmaire et al. (1999) studied the UV-Vis spectra of two porphyrins: 5,10,15,20-tetra(4-N-
methylpyridinium)porphyrin (H2TMPyP4+) and 5,10,15,20-tetra(4-sulfonato)porphyrin 
(H2TPPS4-) in the silica sol-gel matrix. The Soret band underwent a remarkable shift upon 
the pH change of buffer solutions, which were equilibrated with gel samples. In the case of 
H2TMPyP4+, a shift of 12 nm was observed from 422 nm in the solution to 434 nm in the sol-
gel materials. This was probably the result of the presence of positive charges on the 
porphyrin ring favouring strong interactions with the deprotonated silanols of the surface. 
In turn when a solution of H2TPPS4- at pH 6 was incorporated in the sol-gel material a green 
colour was observed probably due to the protonation of the central nitrogen. It was possible 
to determine the dissociation constant pK of protonated H4TPPS2- species inside a sol-gel 
matrix and from this determination to find the local pH in the sol-gel. It was concluded that 
pH sensor is a possible application. 
Polska and Radzki (2008) found very strong fluorescence enhancement of tetrakis[4-
(trimethylammonio)phenyl]porphyrin (H2TTMePP) by the addition of concavaline A both 
in the solution and in the silica sol-gel matrix. Based on the absorption spectra in the 
solution authors concluded about the 1:1 associate formation between the porphyrine and 
concavaline A with the binding constant K=4.35×105 mol-1. During inspection of the 
emission spectra of transparent monolithic silica gels doped with concavaline A and 
porphyrin associate (Fig. 10) authors found that emission of concavalin is excited at the 
absorption near 260 nm, while excitation at 430 nm is not observed. The excitation at the 
Soret band results in the remarkable enhancement of porphyrin fluorescence in the 
associate, and this phenomenon probably results from energy transfer from protein to 
porphyrin. Fluorescence of the associate was 10-fold more intense than luminescence of the 
gel doped by porphyrin alone. The intensification of fluorescence was observed only for the 
low concentration of the associate (1.25×10-5 mol/dm3). For the higher concentrations of 
porphyrin and porphyrin-protein associate the luminescence quenching was observed. The 
authors suggested practical application of the studied system in luminescent materials.   
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Fig. 10. Emission spectra of the monolithic silica gels: doped with 1.25 × 10 5 mol dm 1 H2 
TTMePP (dashed line) and 1.25 × 10 5 mol dm 1 H2 TTMePP/Con A 1:1 associate (solid line) 
excited at 430 nm (a) and doped with 5 × 10 5 mol dm 1 Con A (solid line) and 5 × 10 5 mol 
dm 1 H2 TTMePP/Con A 1:1 associate (dashed line) excited at 260 nm (b); reproduction with 
permission from Optical Materials, copyright 2008. 

 

 
Fig. 11. Chemical structures of porphyrins encapsulated in silica gel showing biomimetic 
activity in photooxygenation of monoterpenes. 
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Trytek et al. (2009) studied the fluorescent and biocatalytical properties of water soluble and 
insoluble prophyrins intercalated in the silica sol-gel matrix. The inspection of UV-Vis 
absorption spectra of tetraphenylporphyrin H2TPP showed that the intensity of the Soret 
band is lower in sol than in a solution. After gelation and 33 days of drying  further 
lowering and broadening of the Soret band was observed, which was explained on the one 
hand by the changing polarity of the gel environment (the transition from hydro to alcogel) 
and by the dimerization and agglomeration of the porphyrin. The spectrum of a dried 
sample differed from sol as well as from the samples before drying. The Soret band was 
shifted from 414 to 437 nm, whereas in the Q band region the new, very intensive band at 
655 nm was observed and its existence was probably the result of porphyrin protonation 
with consequent dication formation. In the emission spectrum of H2TPP the fluorescence of 
sol and the dried gel was evidently less intensive than luminescence in the DMSO solution 
as a result of porphyrin agglomeration. The shift of the luminescence maximum from 650 to 
667 nm, when sol was compared with the dried sample, confirmed the dication existence in 
the dried gel. 
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Fig. 12. UV-Vis absorption  spectra of HmP IX and  OEP intercalated in SiO2 alcogel (the 
numbers denote the initial concentrations of porphyrins in silica sol). 
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The authors compared the behaviour of Hemato-IX porphyrin (HmP-IX) and 
octaethylporphyrin (H2OEP) (Fig. 11) in silica alco-gel (Fig. 12) (Trytek et al., manuscript in 
preparation). There was an evident straightline increase of absorbance at 391 nm with the 
concentration of Hemato-IX porphyrine, which probably was the result of its solvation by 
ethanol molecules and therefore its lack of aggregation in the alcogel matrix. It has been 
reported that the porphyrin molecules tend to aggregate by hydrophobic and -  
interactions, leading to loss of linearity in the Beer�’s plot (Takagi et al., 2002).  
The essential difference in the spectral behaviour of hematoporphyrine in comparison with 
H2OEP resulted probably from the presence of polar groups in its structure, i.e. peripheral 
hydroxyl and carboxyl groups, attracting strongly solvent molecules in alcogel. In turn, for 
octaethyl porphyrin the drastic decrease of the Soret band intensity with the porphyrin 
concentration was the basis for the evaluation of the molar fractions of monomers, dimers 
and trimers of porphyrin (Fig. 13). It was found that trimers are a predominant form of free 
base porphyrin in sol, whereas dimers molar fraction in alcogel was much higher than 
monomers and trimers, and this fact is probably a consequence of steric hindrance in trimers 
formation in the silica pores. 
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Fig. 13. The molar fractions of monomers, dimers and trimers of octaethylporphyrin in sol 
and alcogel. 

In xerogel both porphyrines: H2OEP and HmP-IX behave similarly relating to the character 
of their UV-Vis absorption spectra. There is observable red shift of the Soret bands with 
their characteristic broadening at the higher concentration of porphyrins (Fig. 14), when the 
xerogel is compared with alcogel (Fig. 12), i.e. from 391 to 400 nm for HmP-IX and from 389 
to 400 nm for H2OEP. This fact is explained by many investigators by the agglomeration of 
tetrapyrrole macrocycles. On the other hand it can not be precluded that the existence of the 
above mentioned Soret bands red shift may be also referred to the interaction of porphyrin 
molecules with the silica walls. Based on the FT-IR and Raman spectra formation of 
hydrogen bonds between the porphyrine and silica walls has been found. The band 1083 cm-1 
in FT-IR spectrum of pure SiO2 was shifted toward 1078 cm-1 in silica gel doped with 
porphyrine as a result of interaction of porphyrin with siloxane oxygens via hydrogen bond. 
In Raman spectrum the band responsible for the O-Si-O bending mode was shifted from 810 
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cm-1 in SiO2 to 816 cm-1 in O-SiO...H2OEP species. What is more interesting the band 599 cm-

1, characteristic of the (SiO)3-ring breathing mode, was observed merely in the case of 
SiO2/H2OEP case as a result of partial rearrangement of tetrahedral silica structure after 
incorporation of porphyrin and formation of three-membered rings. 
 

!  [n m ]
3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0

A

0 ,0

0 ,2

0 ,4

0 ,6

0 ,8

1 ,0

1 ,2

1 ,4

1 ,6

1 ,8

2 ,0

0  
1 x 1 0 - 6  
2 x 1 0 - 6  
4 x 1 0 - 6  
6 x 1 0 - 6  
8 x 1 0 - 6  
1 x 1 0 - 5  
1 .2 x 1 0 - 5  
1 .4 x 1 0 - 5  
1 .6 x 1 0 - 5  
1 .8 x 1 0 - 5  
2 x 1 0 - 5  

S o r e t

4 0 4  n m

 Q  

5 5 2  -  5 5 1

5 9 3  -  5 9 2

3 9 9

3 9 9
3 9 9

4 0 7
4 0 8

4 0 7

3 9 9

!  [ n m ]
3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0

A

0 ,0

0 ,2

0 ,4

0 ,6

0 ,8

1 ,0

1 ,2

1 ,4

1 ,6

1 ,8

2 ,0

2 ,2

0
1 x 1 0 -6

2 x 1 0 -6

4 x 1 0 -6

6 x 1 0 -6

8 x 1 0 -6

1 x 1 0 -5

1 .2 x 1 0 -5

1 .4 x 1 0 -5

1 .6 x 1 0 -5

S o r e t
 Q

4 0 0  n m

5 4 6

5 8 9

5 4 7

3 9 9

3 9 8

3 9 8

3 9 9

HmP IX/SiO2  xerogel, 7 months after gelation

H2OEP/SiO2 xerogel, 7 months after gelation

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 14. UV-Vis absorption  spectra of HmP IX and  H2OEP intercalated in SiO2 xerogel (the 
numbers denote the initial concentrations of porphyrins in silica sol). 

Formation of H- (face to face) and J-type (face to tail) agglomerates of free base porphyrin and 
its dications is very probable, since splitting of the Soret band in the excitation spectrum into 
two peaks (Fig. 15), both for octaethyl- and hematoporphyrin IX was observed. This is in 
agreement with the exciton theory, in which the excited-state energy level of a monomeric 
dye splits into two during aggregation. Separation of the Soret band into two components is 
not the same for both porphyrins. For HmP-IX porphyrine the intensity of the bands 345 and 
425 nm is similar, which means that the concentrations of H- and J-aggregates are 
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approximately equal. In the case of H2OEP porphyrin the 355 band intensity is significantly 
higher than that for 412 nm. Formation of H-aggregate is therefore more advanced in 
comparison with the J-aggregate. 
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Fig. 15. Excitation spectra of porphyrins intercalated in silica xerogel (16 months after 
gelation, emission at 650 nm). 
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Fig. 16. The emission spectra comparison of HmP IX, H2OEP in alco- and xerogel (excitation 
wavelength 390 nm). 

Textural characteristics of silica xerogel based on N2 adsorption revealed the microporous 
character of adsorbent, however, apart from the micro-, the meso- and macropores were 
present in the silica structure with the pore size diameter: 17-3000 Å; therefore the 
accommodation of J- and H-dimers of porphyrines inside the gel structure is possible 
without steric obstacles. It must be emphasized that besides optical applications, the silica 
materials should have very small pore sizes and if the functionalized porphyrin systems are 
used as biocatalysts or chemical sensors, the passage of reagents and products in and out of 
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the pores becomes really important (Garcia-Sanchez et al., 2009). Control of many 
operational factors involved in the hydrolysis and condensation during the sol-gel process is 
essential for achieving a proper balance between non-leaching of the entrapped bioactive 
porphyrins and their accessibility to the reagents. 
Emission spectra (Fig. 16) contain two bands at 610, 629 nm for Hemato IX porphyrin and 
603, 620 nm for H2OEP. These bands correspond to the presence of dications and free base 
porphyrins. When passing from alco- to xerogel there can be seen the blue shift of bands to 
600 and 592 nm and the emergence of a new band at 650 nm, which probably is related to 
the agglomeration of free base porphyrins and their protonated forms. On the other hand, it 
is well known that the agglomerated and protonated forms of porphyrins have less 
intensive fluorescence compared to free-based porphyrin monomers. In our case if they 
really exist in the dried gel (xerogel), protonated porphyrin dimers possess characteristic of 
very strong red fluorescence with greater intensity in compared to that porphyrins 
dissolved in sol and to those with the aryl substituents immobilized in gel such as 
H2TPP/SiO2.  
Lee and Okura (1997) reported the sensor oxygen prepared from immobilized platinum 
octaethylporphyrin. The luminescence spectra of porphyrin in the silica matrix were very 
sensitive to the oxygen presence. The strong luminescence quenching was found with the 
oxygen concentration rise, i.e. intensity of the 645 nm band decreased up to 97.5%  changing 
from the totally deoxyganated to oxygenated conditions. This result seems to be dependent 
on the porous structure of the inorganic matrix prepared by the sol-gel process, having 
channels for oxygen. According to us, it is most probable that in the presence of oxygen 
there occur non-radiative processes concurrent to fluorescence, for example quenching of 
the porphyrin excited state by 3O2 leading to energy transfer and 1O2 formation. The UV-Vis 
absorpion spectra of PtOEP-doped silica glass and initial PtOEP/dimethylformamide 
solutions differed markedly, i.e. the bands 400, 550, 586 nm in the sol-gel glass were red 
shifted in comparison with those of the initial PtOEP/DMF solution, which appeared at 375, 
500, 534 nm. This fact was explained as arising from the less polar silica matrix. 
The investigations of tetrakis-(N-methyl-4-pyridinium)porphyrin encapsulated in 
mesoporus silica by Yoshida and co-workers (2003) showed the evident changes in the UV-
Vis absorbance and fluorescence spectrum when free base porphyrin in solution is 
compared with that in gel.  Shift of the Soret band in direction of shorter wavelengths was 
observed and explained by the dimerization of porphyrin and interaction of porhyrine with 
the solid surface. Shift of the flurescence band from 650 to 665 nm was also found with the 
increase in the adsorbed TMPyP amounts. The luminescence intensity varied depending on 
the adsorbed amounts and the variation was not simple. Occurence of luminescence 
quenching including self-quenching was suggested. 
Xu et al. (2001) reported about the formation of monomeric and aggregated terakis(p-
sulphonatophenyl)porphyrin encapsulated within an aluminosilicate mesostructure, i.e in 
MCM-41, under different pH conditions. Stabilization of MCM-41 was necessary through 
the use of a silylation reagent, (aminopropyl)triethoxysilane, which cross-linked oxygen on 
the surface, rigidified  the mesoporous material walls and functionalized the interface for 
proper guest-host interaction. The authors found that the encapsulated free-base monomer 
exhibited the blue shift for its Soret band (396 nm) when compared with the Soret band (413 
nm) of the solution monomeric species. The blue shift for the absorption was also 
established for the encapsulated aggregate when compared with the solution aggregate, i.e. 
from 490 to 487 nm respectively.  Such shifts were explained in terms of charge transfer 



 Biomimetic Based Applications 

 

86 

caused by the host-guest interaction, connected with the steric effects associated with the 
MCM pore structure. The broad structure for the Soret band for TSPP-M/(MCM-41) was 
interpreted as site-specific absorptions for encapsulated TSPP, suggesting that the 
monomeric species is distributed in various positions within the cage and experiences a 
range of perturbations. Based on the analysis of absorbance and fluorescence spectra the 
authors concluded about the formation of J-aggregates by porphyrin in gel, which had the 
zigzag or spread deck of cards structure (Fig. 17). 
 

 
Fig. 17. Two possible linear J-aggregates (A and B, relating to the zigzag and spread deck of 
cards, respectively) resulting upon protonation of the macrocycle; reproduction with 
permission from Journal of Physical Chemistry B, copyright 2001. 
Holland et al. (1998) investigated the encapsulation of meso-Tetrakis(5-
trimethylammoniopentyl)porphyrin (TMAP) in the molecular sieve MCM-41 via the 
hydrothermal synthesis or by the surfactant/porphyrin ion-exchange reaction with MCM-
41. Both methods allowed for the incorporation of porphyrin into the mesoporous channel 
system. The inspection of the UV-Vis spectra showed that porphyrin dimers or aggregates 
were formed during ion-exchange, whereas TMAP molecules remained isolated during 
hydrothermal synthesis. In the latter the UV-Vis spectra were similar to those of TMAP in 
dilute solution and no significant broadening of Soret and Q bands was noticed. 
Murata et al. (2000) modified the surface silanol groups of FSM-type mesoporous silica 
(folded sheet mesoporous material) with 1,4-butanediol and used this material as the 
adsorbent to accommodate chlorophyll a molecules. Pheophytinization (removal of 
magnesium atom from the porphyrin ligand) was suppressed by the presence of the surface 
organic groups intercalated into the mesoporous silica. Pheophytinization occurred in the 
unmodified silica. The UV-Vis spectra showed that the Qy transition occurred at 665 nm, 
suggesting that the encapsulated Chl a molecules are well dispersed in the mesopores of 
1,4BD-C18FSMs. The UV-vis spectrum of 1,4BD-C18FSM containing Chl a stored under dark 
and cold (00) conditions for 6 months, was registered in order to estimate the stability of 
incorporated Chl a and the spectrum showed no change. The authors concluded that the 
obtained results may lead to the construction of in vitro biomimetic solar energy conversion 
and storage systems. 
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Itoh et al. (2002) investigated the adsorption of chlorophyll a to the mesoporous silica FSM. 
The chlorophyll-FSM conjugate was formed with a nanometer-scale interaction between 
chlorophyll molecules. There was found the enhancement of photostability for the 
chlorophyll a adsorbed to the pores FSM, along with decrease in the pore volume and 
specific surface area, as well as a shift in the adsorption maximum to a longer wavelength, 
i.e from 671 to 675 nm. Such a shift was explained as a consequence of an interaction 
between two chlorophyll molecules. The evolution of hydrogen gas was observed when the 
aqueous solution containing chlorophyll-FSM, methyl viologen, 2-mercaptoethanol, and 
platinum was illuminated with visible light.  
As follows from the presented results the spetroscopic behaviour of the porphyrins in the 
solutions and solid matrices is evidently different but the interpretation of changes in the 
position and intensity of Soret and Q bands of porphyrins spectra after their intercalation in 
various matrices is very complexed. The same applies to the formation of UV-Vis absorption 
bands referred to the porphyrins agglomeration. There are too many effects, such as 
formation of dications, agglomeration and interactions of porphyrins with the matrix, which 
prevent the identification of the electronic transitions. Despite the lack of theoretical 
explanation for complexed porphyrins spectroscopic behaviour, the fact of their high 
affinity for the solid matrices and the preservation of their luminescent properties during 
insertion into the solid matrices structure has been used in biocatalytic applications and this 
is the issue of the next topic.  
As most of the silica-gels are transparent to visible light, the mechanisms governing the 
photoprocesses are strongly dependent on the characteristics of the photosensitizer. Studies 
on the change of structure conformation and physicochemical properties of porphyrin 
macrocycles entrapped in silica matrices can be especially helpful in elucidation of 
mechanism of their photocatalytic oxidation in heterogeneous systems, and in attempts at 
achievement of more powerful biocatalysts as well as in rationalizing the reaction manifolds 
accessible to the porphyrin-silica catalysts. 

6. Photocatalytic oxygenation using porphyrins intercalated in the sol-gel 
matrix 
Only a few works have been reported on porphyrins immobilized in the sol-gel matrix as 
the new functional catalytic devices for the production of commercially important 
compounds.  
Iron porphyrin catalysts were anchored on the spherical silica gel beads obtained by the sol-
gel route (Biazzotto et al., 2002; Moreira et al., 2005; Papacídero et al., 2006) for the oxidation 
of (Z)-cyclooctene and cyclohexane with PhIO or H2O2. Better results were obtained with the 
electronegatively substituted porphyrin on the SiO2 supports rendering 86% epoxide yields 
(Moreira et al., 2005). A similar carrier covalently modified with the metal-free 
monopyridyltriphenylporphyrin, introduced into a polymer microchannel and the 
microchip were applied for photodecomposition of phenol under solution-flow conditions 
(Kitamura et al., 2006). Very recently a visible light photocatalytical system based on water-
insoluble tin porphyrin Sn(OH)2(TPP) immobilized on SiO2 has been successfully used for 
the degradation of 4-chlorophenol and  acid orange 7 (Kim et al., 2008). Silica microspheres 
functionalized with 5-(4-allyloxy)phenyl-10,15,20-tri(2,6-dichlorophenyl)porphyrin have 
been prepared by Huang et al. for the photooxidation of 1,5-dihydroxynaphthalene under 
visible light irradiation in the aerated aqueous solution (Cai et al., 2009).  
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Trytek et al. (2009) have presented the results concerning two types of porphyrins (water-
soluble and water-insoluble) incorporated into the silica gel which act on the one hand as 
fluorophores, and on the other hand as efficient catalysts in biomimetic photocatalysis of 
monoterpene, -pinene, in organic solvent under molecular oxygen. In the presented 
experiments the authors confirmed that the photochemical excitation of sol-gel immobilized 
porphyrins is crucial for catalyzed oxidation of monoterpenes, and it can proceed with 
sunlight or by using an artificial light source. The catalysts based on the porphyrin copper 
(II) complexes proved to be ineffective in the photochemical system. The largest level of light 
promoted biotransformation was achieved with water insoluble H2TPP and water soluble, 
cationic tetrakis(1-methyl-4-pyridinio)porphyrin (H2TMePyP).  
We decided to develop the biomimetic system using H2TMePyP/SiO2 because H2TPP in 
silica gel was rapidly protonated in the initial course of the photooxygenation, and without 
regeneration could not be reused. Among four solvents tested for this reaction, chloroform 
and dichloromethane proved to be the best with respect to the enhancement of the system 
productivity. Although the molar yields of products were rather low (about 15%), 
H2TMePyP/SiO2 in the powdered form could be repeatedly used for 11 successive 
biotransformations of each 24-hour cycle without a significant loss of activity, rendering up 
to 10.5 g/L yield of pinocarvone, 2 g/L of trans-pinocarveol and about  1 g/L of myrtenol. It 
was proved by the invariance of the UV-Vis spectra of the filtered reaction mixture and also 
on the basis of luminescent intensity for the powder both before and after the reaction that 
the porphyrin catalyst remains inside the gel pores for thirteen cycles. 
The effect of porphyrins immobilization in the silica matrices on the changes and correlation 
between their photophysical properties and biomimetic activities can be shown from the 
comparative study on water insoluble SiO2-encapsulated HmP-IX and H2OEP (Fig. 11), 
bearing substituents of different polarity (Trytek et al., in preparation). The photoxidation of 

-pinene in the organic solvent by molecular oxygen was demonstrated successfully for 
only octaethylporphine/SiO2. Significant differences in photobiocatalytic performance of 
these both intensive luminescent materials may result from strong interaction of the 
electron-accepting carboxyl groups of HmP-IX with silica, and much stronger electron 
donating ability of H2OEP making the central cavity of the porphyrin ring less electrophilic 
in contrast to HmP (Kane et al., 1998). Such results may be also interpreted in terms of the 
earlier described spectral investigations, which revealed the contrasting capabilities of HmP-
IX and H2OEP aggregation in both the sol solution and sol-gel matrix, as well as differences 
in the formation of H- and J-type agglomerates in xerogel.  
Since the HmP in silica preserves the fluorescence, we can not preclude the formation of -
CO-O-Si ester bridges with the siloxane network by HmP, because according to the other 
authors the covalent bond between the porphyrin molecules and the silica walls in the 
interior pores of the gel diminish the interaction of porphyrin molecules with silanol groups 
(Si-OH) and then the possibility of non-radiating decay of the fluorescent process of 
porphyrins (Garcia-Sanchez et al., 2009). Thus, the significant drop of the photocatalytic 
activity of the HmP-IX in silica may be attributed to its chemical binding with SiO2, 
probably hindering the undergoing intersystem passing from the singlet excited state of 
porphyrin to its triplet state, which is an important criterion for a photosensitizer and 
photochemical activation of dioxygen. As a result, concurrent radiative transition from the 
excited HmP/SiO2 state to its singlet ground state may occur in the photochemical system. 
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Maximal yields of all photooxidation products occurred in more non-polar solvents e.g. 
methyl chloride and chloroform. Hydrophilic solvents such as, for example, MeOH are 
substantially less efficient in terms of their ability to maintain active porphyrins in the sol-
gel. A possible explanation is based on the generally accepted rule that singlet oxygen (1O2) 
is the primary oxygen agent responsible for photooxidation by light-sensitive catalysts 
(DeRosa and Crutchley, 2002). In chloroform, singlet oxygen has a relatively long lifetime 
and thus photooxygenation resulting faster in comparison with other solvents (Hurst et al., 
1982). 
However, the GC-MS analysis revealed that the products (pinocarvone, trans-pinocarveol 
and myrtenol were rather not directly obtained in the ene type reaction characteristic of light 
promoted singlet oxygen reactions where 1O2 reacts with olefins causing a double bond shift 
and hydroperoxides or alcohols formation (Kenney & Fisher, 1973; Ribeiro et al., 2008). In 
this context, the behaviour of the photocatalysts encapsulated in silica gel toward -pinene 
is unusual and can not be compared to that of several groups of porphyrin photocatalysts 
and hem iron biocatalyst, which afford the mixtures of hydroperoxides with pinene oxide 
and verbenol or the pinocarveol and myrtenol as main products after the reduction of the 
corresponding hydroperoxides (Ribeiro et al., 2008). 
In the photooxidation reactions a free radical chain mechanism is also suggested and in this 
case, competition between the abstraction of the allylic hydrogen to give allylic oxidation 
products and the addition of the alkylperoxy radical to the double bond resulting in epoxide 
products is expected. A broad product mixture usually arises from typical radical-initiated 
autooxidation (Henning et al., 1990; Nakagaki et al., 2004). Since we obtained merely the 
ketone and alcohol with no hydroperoxides and neither epoxide nor corresponding glycol 
derivatives being detected in the reaction solutions, we suggest that the cooperative 
mechanism of -pinene photooxidation based on two possible routes participates in 
phototransformation of pinene by porphyrins in silica gel. The first pathway involving 
electron abstraction by the light-excited OEP/SiO2 matrix can lead to the formation of minor 
components during a radical autoxidation mechanism, while the most abundant 
compounds - pinocarveol and pinocarvon are formed through a photosensitized reaction 
with singlet oxygen (either by electron transfer from pinene to 1O2 or via a radical 
mechanism). 
Photophysical properties, photodegradation and aggregation changes may have a possible 
effect on the profile and yields of photooxidation products of substrate (Karapire et al., 
2005). The biocatalytic efficiency of porphyrins entrapped in the sol-gel matrix was found to 
be positively correlated with their intensity of fluorescent emission and absorbance over the 
range of H2OEP concentration studied in sol. The maximum turnover number (defined as a 
mole of product to a mole of porphyrin per hour) was observed to be reached at 10-6 for OEP 
and 10-5 for the HmP-IX (Tab. 1). Close to these H2OEP concentrations, the largest 
luminescence intensity and sharpness of the relative Soret band was noticed, which ruled 
out the formation of porphyrin aggregated species, in contrary to the larger amount of 
catalysts in the silica medium. This is in an agreement with the more general rule that the 
formation of a dication and dimers or higher order aggregates decreases photoactivity of the 
photosensitizers (Gerdes et al., 1997; Iliev et al., 2000; Tanielian et al., 2001) as the presence 
of porphyrin stacking does not allow an optimal interaction of the pinene with macrocycles 
(Paolesse et al., 2002). 
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Concentration of products (g/L) Turnover number Concentrat
ion of 

H2OEP in 
sol (M) pinocarvone trans-

pinocarveol myrtenol pinocarvone trans-
pinocarveol myrtenol 

1× 10-6 0.087 0.024 - 2 285.7 615.3 - 
2× 10-6 0.206 0.045 - 2 717.1 579.2 - 
4× 10-6 0.546 0.093 0.06 3 537.4 588.0 383.9 
6× 10-6 0.96 0.156 0.111 4225.7 670.1 478.0 
8× 10-6 0.769 0.128 0.086 2 514.2 408.4 277.7 
1× 10-5 0.856 0.137 0.102 2 212.8 345.6 260.5 

1.2× 10-5 0.618 0.107 0.058 1 343.0 226.9 124.5 
1.4× 10-5 0.686 0.116 0.068 1 279.8 211.2 125.3 
1.6× 10-5 0.974 0.180 0.125 1 575.6 284.2 199.7 
1.8× 10-5 0.797 0.123 0.068 1 132.1 170.5 110.8 
2× 10-5 1.3 0.219 0.198 1 666.2 273.9 250.6 

Table 1. Effect of initial concentration of octaethylporphyrin in silica on its biocatalytic 
efficiency in the -pinene photooxidation. 

However, the results show that the yield of all products increased with an increase in 
H2OEP porphyrin concentration from 0.087 up to 1.3 mg/L (Tab. 1). We suggested that the 
dimeric complex of H2OEP in SiO2 participates in photooxidation of monoterpenes; if not, 
the catalytic performance should result in much lower yield of products compared with the 
homogeneous system in which the same moles of the porphyrin were taken into the reaction 
(Fig. 18). Intercalation of silica with H2OEP may be expected to originate a system in which 
the catalytic abilities of the two species (dimers and dications) reinforce each other. As a 
conclusion, we propose a daring hypothetical primary mechanism step of -pinene 
photooxidation by H2OEP/SiO2. The essential, photoinduced process, would involve 
transfer of protons from the dimeric form of porphyrin dication to the lone electron pairs of 
siloxane oxygen (in Si-O-Si ) or passing protons to the not-bound silanol groups of silica 
network. The resulting excited porphyrin in the triplet state can then react in one of 
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Fig. 18. Comparison of H2OEP activity in the homogeneous system (A) to the heterogeneous 
based on the silica immobilized catalyst (B) in the process of -pinene photooxidation. 
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two ways, via type I photooxygenation (electron transfer between the excited 
photosensitizer and the substrate) or II mechanism (energy transfer process during the 
collision of the excited photosensitizer molecule with triplet oxygen) leading to singlet 
oxygen generation. These two alternative pathways are well documented in literature 
(DeRosa and Crutchley, 2002; Griesbeck et al., 2005).       
Undoubtedly, the real mechanism of the photooxidation by porphyrin in silica xerogel is 
more complex, and for example, in the charge transfer inside the silica, the contribution of 
the holes transport should also be taken into account (Mele et al., 2003). 
The kinetics of this process is of the first order in respect to pinene concentration. The 
straight line dependence of ln (c/co) on time t (where co is the initial concentrations of 
pinene) proves the first order character of biotransformation reaction. The rate constant 
K=0.013/h. An independent reactivity experiment corroborated this suggestion, since no 
oxidative products were detected under typical reaction conditions using trans-pinocarveol 
or myrtenol as the substrates. Therefore one can conclude that all three products: trans-
pinocarveol, myrtenol, pinocarvone are the result of independent biotransformation 
reactions of pinene at different oxidation rates. Based on the concentrations of the products 
of biotransformation the following interesting straight line dependences were found: 
log[trans-pinocarveol] vs log [myrtenol], log[pinocarvon] vs log[myrtenol], log[trans-
pinocarveol] vs log[pinocarvon]. Hence, it is possible to evaluate the concentration of one 
product based on the other one. Of course, this will not be an accurate evaluation, since it is 
difficult to maintain identical reaction conditions, i.e. the same gel, its porosity, and the 
mixing rate of phases. 
The correlation between the photoactivity of free-base porphyrins in organic solutions and 
those entrapped in the silica matrices indicates that the strategy of incorporation of different 
porphyrins into the transparent matrix was successful, as the photoactivity of water 
insoluble H2OEP in the heterogeneous system was exactly the same as in the homogeneous 
one (Fig. 18). The supplementary characterization of silica pores dimension by the N2 
adsorption method enabled the appreciation of porphyrins encapsulation inside the sol-gel 
matrix structure and access of the reagents to the active site of catalyst. 
Similarly, the high biocatalytic efficiency was achieved for water-soluble H2TMePyP/SiO2 
with no leaching of the porphyrin complex, followed by retaining catalytic activity in the 
sol-gel-matrix, when the catalyst was reused. This occurred despite the fact that silica matrix 
polarity and structure with part of the closed pores might hinder the access of oxygen and 
pinene to the catalytic site, and diffusion of the oxidation products into the reaction 
medium. This stability was not only due to physical entrapment but also to additional 
multiple interactions with SiO2 through hydrogen, ionic or hydrophobic interactions. The 
question remains whether the improved photostability of these catalysts is a factor of their 
immobilization, or simply a result of lower singlet oxygen yields. 
Porphyrins in the silica gel work as photoactive catalysts in the oxidative transformation of 
monoterpenes into the products attracting great interest by the fragrance and flavour 
industry. Pinocarvone, pinocarveol and myrtenol, the compounds of large commercial 
value, were the products obtained in the biomimetic oxidation of -pinene by all porphyrins 
photoactive in the silica gel, as confirmed by the GC-MS analysis. These structures were 
previously formed in the -pinene biotransformation with the use of genera of 
Basidiomycetes and with the intermediates of enzyme degradation pathways of -pinene 
occurring in some bacteria strains such as Pseudomonas putida, P. fluorescens or in the case of 
Bacillus pallidus (Busman & Berger, 1994; Savithiry et al., 1998). Therefore, the catalytic 
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activity of the examined porphyrins in the sol-gel matrix bears resemblance to enzymatic 
catalysis involving -pinene monooxygenase and pinocarveol dehydrogenase.  

7. Conclusions 
The presence of the porphyrins as the active site of many natural enzymes makes them 
enticing targets for biocatalysis. Many attempts have been made to design the active site 
analogues of heme monooxygenases. The huge number of studies performed on iron 
porphyrin models and on hemoproteins themselves had a strong impact on the elucidation 
of the enzymatic reaction mechanisms in the catalytic pathway of monooxygenases. Besides 
the important role they have played in understanding these complex enzymes, porphyrins 
have allowed to develop many efficient bioinspired catalysts for a variety of oxidation 
reactions that are of importance for many different industrial processes. The biomimetic 
oxidation of hydrocarbons by porphyrins under condition of homogeneous catalysis 
compares very favourably in the efficiency with that catalyzed with enzymes. However, the 
attempts at process implementation and scale-up to pilot or industrial scales have not been 
successful yet.  
A challenging problem in this area is the construction of the well organized biomimetics 
showing high regio- and stereoselectivity as well as stability. The development of 
heterogeneous catalysts, with two types of porphyrins (water-soluble and water-insoluble) 
as the catalytic units incorporated into the silica gel would allow overcoming some of these 
limitations with the challenge of improving the catalytic activity and stability. As shown the 
sol-gel process has proved to be a valid methodology to produce a transparent and stable, 
designed luminescent porphyrin-based hybrid material, which can be shaped not only for 
the application in the fields of biomimetic catalysis for the enzyme like cytochrome P450 but 
also for the electroluminescence, light emitting diodes and lasers, as mentioned in the 
literature. Although the product analysis has only been conducted for pinene, the catalytic 
activity extends to a large variety of olefins including terpenes. 
From the Raman, FTIR and UV-Vis data it was concluded that the porphyrins form a 
complex with silica, probably by the hydrogen bond formation of protonated porphyrin 
molecules, e.g. monomers or dimers of H2OEP with the Si-O-Si or Si-O groups in the pore 
structure. The dimerization process in SiO2 alcogel is advanced for the H2OEP case whereas 
for HmP IX the lack of dimerization was observed.  
 As follows from the comparison of biocatalytic activity of H2OEP and HmP IX the main 
goal for the preparation of porphyrin-introduced silica gel, which may be efficiently used in 
biocatalysis, should be based on the selection of porphyrin with the weak molecular 
interaction with silanol or siloxane groups; therefore the resulting excited state conformation 
would  facilitate the intersystem crossing from a singlet excited state of porphyrin to its 
triplet state which, in turn, would affect photocatalyst functionality and therefore oxygen 
activation, responsible for the oxidation reaction.  
The aggregation of the porphyrins is unfavourable for the biocatalytic process. Therefore 
based on the excitation spectrum of the porphyrins in xero gel it may be possible to select 
the range of porphyrins concentration where the single Soret band is observed instead of 
two, that are characteristic of H- and J-aggregates and therefore to obtain the acceptable 
yield of biocatalytic conversion with these concentrations of catalyst. This statement is valid 
for biotransformation of -pinene in the H2OEP/SiO2 system where the appearance of Soret 
band splitting at 10-5 mol/dm3 of H2OEP accompanied the decrease of its biocatalytic 
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activity. The confirmation of correlation between the character of the excitation spectra of 
other porphyrins and their catalytic activity is necessary. 
While spectral characterizations have provided considerable insight into the porphyrin-host 
matrix interaction and the relationship between the structures and the spectroscopic 
behaviour of porphyrins entrapped in silica matrices, more sophisticated experimental and 
theoretical methods are needed if the effect of free-base porphyrins immobilization on the 
changes of their photophysical properties, photodegradation or aggregation, as well as a 
photocatalytic activity in various organic solutions are to be more fully understood. These 
studies surely will allow take one step closer to the directed oxidation of organic 
compounds with dioxygen in the kinetically controlled way. 
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1. Introduction 
High sensitivity and substrate specificity of sensors based on biological systems make them 
irreplaceable as applied measuring devices. Unfortunately, their high sensitivity to 
environmental impacts, short operation time and high price are the main disadvantages of 
the biological systems. If the active component of biosensors (biopolymers) is replaced by 
their chemical analogs, i.e. biomimics which are now being developed in the framework of 
mimetic catalysis [1], the majority of these and other disadvantages can be eliminated. 
Biomimetic analogs of existing enzymatic biosensors have been designed with broader 
functional abilities using inorganic biomimics, which is one of the strategic directions in the 
branch of super-sensitive analytical systems. The development of model systems is the only 
means of succeeding in this direction. Following achievements in mimetic catalysis, 
biomimetic electrodes of the catalase, peroxidase and monooxygenase type have been 
effectively designed [2]. 
At present, enzymatic and enzyme-based biosensor methods [3,4] are widely employed for 
qualitative and quantitative determinations of lower aliphatic alcohols, in particular, 
methanol-ethanol mixtures. Biosensors have some obvious advantages: preliminary 
separation of the sample components is not required; they are highly selective and sensitive; 
the determinations with their use are fast and do not require complicated apparatus; and 
they are economical. Sensors based on biological materials (enzymes, cells, tissues, 
antibodies, receptors, nucleic acids, etc.) have, however, some substantial disadvantages, 
which, as a rule, restrict their practical applications. These are high sensitivity to the action 
of the environment, short service time, high cost, the occasional application of complex 
enzymatic systems, multistep determinations, and some others. 
Advances in the field of mimetic catalysis allow synthesis of the biomimetic analogues of 
corresponding enzymes. Their use in sensors will avoid many of the drawbacks mentioned 
above. 
In this work, we used, as an example, a model peroxidase reaction of oxidation of ethanol 
into acetaldehyde in the electrochemical regime to elaborate the basic principles of 
functioning of peroxidase-mimetic sensor devices. 
The phenomenon of H2O2 synthesis as an intermediate product of substrate biooxidation with 
the participation of many oxidases has formed the foundation for the creation and devel-
opment of many biosensors possessing immobilized peroxidase as the active substance [5]. 
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In general, electrochemically realized biological processes, in which the central place is 
devoted to H2O2 synthesis and dissociation reactions, can be presented as follows: 

oxidase

2 2 3

2 2 2

peroxidase

S (glucose, amino acids) + O   S' + H O
                                         H O   H O + 2e

 

As a rule, the combined immobilization of oxidase and peroxidase on the electrode allows 
the determination of metabolite (S) concentration, even if negligibly small. 
Additional sufficient capabilities also occur as a result of the chemical conjugation mech-
anism, on which the overwhelming majority of enzymatic reactions are based. There is a 
firm belief that, in principle, a sequence of conjugated chemical processes can be selected for 
any reagent, starting from the substance to be detected and ending with an active product of 
enzymatic reaction. To put it another way, the corresponding enzymatic electrode may 
always be prepared. 
The need to develop concise methods for determining the concentration of C2H5OH in 
aqueous solutions arises from the requirements imposed by the quality control of alcohol 
drinks. 
Another reason for developing these sensors is for detecting microquantities of C2H5OH in 
aqueous solutions of various origins. 
The authors devoted their investigations to the development of a peroxidase-biomimetic 
sensor for determining trace quantities of ethyl alcohol in various solutions. In all tests the 
reaction system represented a mixture of microamounts of hydrogen peroxide and ethyl 
alcohol in an aqueous medium. The task was to determine the effect of the H2O2:C2H5OH 
ratio on the detection ability of the biomimetic electrode. 
Figure 1. shows an electrochemical system - a model of a catalase-biomimetic sensor, 
consisting of the reference electrode (Ag/AlCl/Cl�–) and biomimetic electrode. In this sys-
tem, the electrochemical potential changed as a result of mimetic electrode interaction with 
H2O2 injected into the system. Initially, the system potential is measured in twice distilled 
water (the background solution) and then, as a definite amount of H2O2 is added, a change 
of aqueous H2O2 potential is observed. 

2. Experimental, results and discussion 
Biomimetic electrode was prepared according to two techniques: 
1. inorganic biomimic-catalase adhesion to aluminum foil; 
2. based on the active fragment of catalase (the most complicated way to obtain the 

working element of biomimetic sensor) [6]. 
A biomimetic sensor was created with electrodes from aluminum wire (2 mm thick) and 
aluminum foil (size 20 X 10 X 1 mm), to which the working element was applied by two 
methods: 
1. on an adhesive covering the electrode with a thin layer;  
2. mixed with adhesive. 
In order to obtain a fragment of catalase, it was immobilized by adsorption on various 
organic and inorganic carriers (such as aluminum oxide, diasorb DEAE, agarose), with 
farther trypsine treatment. Aluminum wire or foil was used as the electrode. Such electrodes 
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Fig. 1. Catalase-mimetic electrochemical cell.  

were selected because of their low price and inertness in relation to hydrogen peroxide. The 
binding agent between the electrode and biomimic was Pattex adhesive and 7.5% 
polyacrylamide gel. 
The electrochemical system consisting of a biomimetic selector of catalase or peroxidase 
type, which was part of the electrode, allowed us to determine the low concentrations of 
H2O2 and C2H5OH in aqueous solutions at 22°C. This formed the basis for inexpensive and 
easily handled potentiometric biomimetic sensors. 
Inorganic mimic of catalase was prepared according to the well-known technique [1, 2]. 
Partly purified catalase of human blood erythrocytes and trypsine (Sigma Company) were 
used for the catalase sources. 
The change of electrode potential (E) of the catalase reaction with time was measured by a 
voltmeter. pH and E values for aqueous hydrogen peroxide were determined simultane-
ously for possible correlations between pH metric and potentiometric results of enzymatic 
activity of catalase-biomimetic sensors. The electrochemical unit was also equipped with a 
magnetic mixer. 
For the purpose of determining low hydrogen peroxide concentrations, the authors have 
designed the most cost-effective and simple to use potentiometric-biomimetic sensors based 
on immobilized catalase mimics. These sensors possess high hydrodynamic properties and 
the fastest speed of response. Figure 8.3 shows experimental data on catalase activity of 
biomimetic electrode in 0.03% aqueous H2O2. For the sake of comparison, catalase activities 
of aluminum electrode and aluminum electrode with applied adhesive are also shown. 
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Peroxidase mimetic, like its catalase analogue, consists of two parts: the active part and the 
support. The support is a neutral activated aluminum oxide onto which an active site 
(hematin with 8.6 wt % iron, Sigma) is deposited. The biomimetic is synthesized by the 
known procedure. 
The biomimetic sensors [7, 8] on the basis of catalase and peroxidase bioimitators for deter-
mining ultralow concentrations of H2O2 and C2H5OH are still at the development stage 
because of disadvantages that hinder their practical applications. For example, the presence 
of glue material [7] on the surface of an electrode led to quick deactivation of the biomimetic 
selector because of protoporphyrin's insufficient stability to the oxidant (H2O2) and its 
intermediates and decomposition of the biomimetic electrode. 
It is important to develop more active and stable biomimetic iron porphyrin electrodes free 
of the above drawbacks: to create and study the physicochemical features of new variants of 
catalase - and peroxidase-type iron porphyrin electrodes to determine ultralow 
concentrations of H2O2 and C2H5OH in aqueous solutions. 
The oxide coating (A12O3) of the aluminum electrode was prepared by electrochemical and 
chemical methods [9]. Iron porhyrin derivatives were deposited by adsorption on the 
coatings. In the biomimetic selector, the matrix was the oxidized surface of the aluminum 
electrode (A12O3). This was a new design, which allowed us to avoid using glue materials 
and increased the activity and stability of the biomimetic selector. 

3. Catalase biomimetic sensors 
In all three cases (Al, Al with applied adhesive and biomimetic electrode), as observed from 
Figure 2., the presence of hydrogen peroxide in the system causes an initial sharp increase of 
the system potential. This is most likely associated with the formation of a new surface layer 
at the electrode-solution interface. Some time later an equilibrium surface layer is formed 
and the potential at Al-solution and Al-adhesive-solution barely changes. Refracto-metric 
analysis shows that Al does not cause dissociation of H2O2 at low concentration of the latter, 
whereas electrochemical potential in biomimetic electrode-H2O2-Cl~-AgCl-Ag system 
continues changing to almost full H2O2 dissociation (Figure 1). Dissociation of H2O2 was 
tested by solution titration with potassium permanganate. 
According to the author's ideas and experiments, the following reactions are implemented 
in electrochemical system: 

Catalase reaction 

 2 2 2 22H O   2H O + Obiomimic  (1) 

Electrochemical reaction 

 electrode+ -
2O  + 4  +2H   2OHe  (2) 

It is common knowledge that hydrogen peroxide is a soft dibasic acid. Therefore, catalase 
activity of biomimetic electrodes may change the pH of the H2O2 solution by both reactions 
(1) and (2). If these reactions take place on the biomimetic electrode, at the end of the process 
the pH of the solution will equal the pH of the distilled water. 
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Fig. 2. Time dependence of electrochemical potential in the system. T = 20 °C 0 03 wt % H,0 
(1: biomimetic electrode; 2: aluminum electrode; 3: aluminum electrode with applied 
adhesive) 

For the purpose of determining H2O2 dissociation mechanism on the electrode the authors 
followed up the pH variation dynamics in the system until complete hydrogen peroxide dis-
sociation. Some time after the start of the process the course of the curve in Figure 3 indi-
cates a pH higher than for redistilled water (background solution) approaching 7. Titration 
by KMnO4 showed that a trace concentration of hydrogen peroxide below the sensitivity of 
biomimetic electrode still remained in the solution. 
The fact that the pH of the reaction mixture exceeds the value for redistilled water testifies 
to the implementation of both reactions (1) and (2) in the system. Note that in the absence of 
reaction (2) and full H2O2 dissociation, the pH observed for the solution must correspond to 
the pH of the redistilled water (6.2). 
These data present an experimental proof of proceses (1) and (2) run on the biomimetic 
electrode and the consequences: 
1. A definite quantity of oxygen molecules accumulated on the surface of the biomimetic 

electrode (catalase reaction) must diffuse to the volume of the adhesive layer, toward 
the electrode surface. Hence, the specific requirements to the adhesive follow: on the 
one hand, it must provide strong enough adhesion of a mimic to electrode; on the other 
hand, it must possess low oxygen adsorption ability. 

2. The adhesive must be highly inert in the catalase reaction. 
3. OH~ anions, formed in electrode reaction (2), must display higher adsorption ability to 

the adhesive. 
4. The exclusive role of surface oxygen in electrochemical reaction (2). 



 Biomimetic Based Applications 

 

110 

 
 

 
 

Fig. 3. Time dependence of pH for aqueous H2O2 dissociation. T = 20 °C, 0.01 wt.% H2O2. 

The additional experimental proof of the last statement is given by data in Figure 4. Curve 
(a) shows the change of pH and potential in the 'mimetic electrode-H2O2-CI -AgCl-Ag' 
system. Curve (b) shows the results of tests carried out for the mimic applied on the 
electrode surface. According to these data, the potential abruptly decreases in the system, 
whereas curve (a) indicates its increase. 
 
 

 

 
 

Fig. 4. Time dependence of electrochemical potential in the system and aqueous H2O2 pH,  
T = 20 °C, 0.01 wt.% H2O2 (a: biomimic is adhered to aluminum foil; b: biomimic is present 
in aqueous H2O2). 
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With regard to the above, of special interest are test results for unmixed system (in all other 
experiments the system was mixed by a magnet mixer). It turns out that part of the 
molecular oxygen synthesized in the catalase reaction (1) releases from the solid, and forms 
a gas 'cover' around the mimetic electrode in the interface layer between the solid and the 
reaction mixture. This circumstance will decelerate H2O2 diffusion to the biomimetic 
electrode and decrease the rate of the catalase reaction (8.1), hence promoting electric 
potential drop. Most of these hindrances can be eliminated by mixing the reaction system. 
The efficiency of the system mixing is illustrated by data in Fig. 5. 
Although mixing of the solution reduces the diffusion effect on the course of the catalase 
reaction, a special experiment must be set up to determine the predominance of one of two 
possible limitations of diffusion and kinetic origin. For this purpose, knowing that the dif-
fusion rate is almost independent of temperature in the system and the chemical reaction 
rate increases with temperature by 2-A times for every 10K, the temperature influence on 
the change of potential and pH in the system was studied. The results of the experiments are 
presented in Figure 6. The pH curves are practically unchanged, although the temperature 
of the mixture was twice increased. Such regularity is typical of reactions proceeding under 
diffusion complication conditions, where the catalase reaction rate is limited by diffusion 
(i.e. depends on H2O2 delivery to and elimination from the mimetic electrode), but not by 
kinetics of the catalase reaction. Apparently, electrochemical indices deteriorate as a 
consequence of an increase in the molecular oxygen desorption rate in the volume which 
reduces the rate of electrochemical reaction (2). It is also probable that temperature causes 
any other effect on the physical conditions of the electrode. 
In all Figures electrochemical potentials possess clear maxima and minima. Such curve 
shapes conform to the shape for catalase and electrochemical reactions in the diffusion zone 
of the system. As mentioned above, molecular oxygen accumulated on the surface of the 
mimetic electrode during catalase reaction (1) diffuses through the adhesive and mimic 
layers to the electrode surface, where it is activated and interacts with H+. Anions OH�– 
formed in this process may set the electrode surface free for the next portion of oxygen by 
diffusion only. Thus, the rate of electrochemical reaction (2) will be defined by the ratio of 
the rates of molecular oxygen diffusion to the electrode surface and reverse diffusion of OH�– 
anions from the surface. 
The maxima observed on E curves correspond to the highest rates of electrochemical 
reaction (2), which are functions of O2 concentration on the electrode, testifying to its highest 
values under current conditions. During reaction (2) the O2 concentration decreases and the 
rate of electrochemical reaction (2) is reduced simultaneously. It begins increasing as soon as 
a new portion of molecular oxygen reaches the electrode surface, set free from OH�– anions. 
Finally, this catalytic process connected to diffusion events will have a sinusoidal shape 
until H2O2 is fully dissociated, and the reaction is terminated.  
Based on the analysis of the obtained experimental regularities of the electrochemical 
process, it may be fundamentally concluded that the process at electrode displays a sell-
oscillation mechanism. Obviously, self-oscillations happen due to internal diffusion of the 
surface components of the mimetic electrode, which is not affected by solution mixing inten-
sity. Mixing causes a strong influence on the external diffusion and OH~ anion drainage 
from the interface layer. 
Biomimetic sensors, prepared from catalase adsorbed on diasorb and A12O3, treated with 
trypsine and adhered to an aluminum electrode surface using 7.5% polyacrylamide gel of 
Pattex adhesive, were found to be the most effective sensors among appliances of this type 
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Fig. 5. The mixing effect on the change of electric potential in the system. T �— 20 °C, 0.01 
wt.% H2O2 (a: mixed system; b: without mixing). 

 

 
Fig. 6. Temperature dependencies of electrochemical potential (1, 2) and pH (3, 4) at 20 T  
(1, 3) and 40°C (2, 4); 0.01 wt.% H2O2. 

(Figure 7.). These biomimetic sensors are distinguished by high hydrodynamic properties, 
operation stability and rapid speed of response. A tendency to an increase of the electrode 
potential is observed for biomimetic sensors, derived from catalase adsorbed on diasorb 
(without trypsine treatment), agarose (treated with trypsine and without it), and adhered to 
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an aluminum electrode surface by 7.5% polyacrylamide gel. It is also observed for bio-
mimetic sensors, derived from catalase adsorbed on diasorb (without trypsine treatment), 
Si2O3 (treated with trypsine and without it), and adhered to aluminum electrode surface by 
Pattex adhesive. 
 

 
Fig. 7. Time dependencies of electrochemical potential (1-3) and pH of aqueous H2O2 (1') in 
the system. T = 20 °C, 0.06 wt.% H2O2.. Catalase is adsorbed on diasorb (1,1') or A12O3 (2, 3), 
treated by trypsine and adhered to aluminum foil with 7.5% polyacrylamide gel (1, 1', 2) or 
Pattex (3). 

Biomimetic sensors, prepared by catalase adsorption on diasorb and agarose (treated with 
trypsine) and adhered to an aluminum electrode surface by Pattex adhesive, displayed an 
abrupt decrease of the electrode potential. Sensors prepared by catalase adsorption on 
A12O3 (without trypsine treatment) and adhesion to the aluminum electrode with Pattex 
adhesive displayed a high oscillation of the electrode potential, which induces extreme 
instability of the operation. Hence, it should be noted that sensor operation was always bet-
ter in the case of enzyme treatment with trypsine. 
When the carrier is selected, aluminum oxide should be preferred, because biomimetic 
sensors on it display higher characteristics (Figure 7). Moreover, they are low in price, long 
lived and stable, and possess high hydrodynamic properties. 
Pattex adhesive combines well with such carriers as AI2O3 and Si2O3, but is absolutely 
useless for agarose and diasorb. 
Thus, two reactions (catalase and electrochemical) are implemented in the biomimetic 
electrode H2O2 /Cl�– /AgCl/Ag system. In the case of inorganic support, it is not the kinetic 
but the diffusion (external and internal) factor that is predominant, owing to which the elec-
trochemical reaction is of a self-oscillation type [7, 8]. 
As can be seen from the data of Fig. 8, due to the presence of hydrogen peroxide in a water 
solution, the potential of the electrochemical system increased drastically at first in all cases 
because of the formation of a new surface layer on the electrode-solution boundary and then 
because of electrochemical reactions (1) and (2). After a certain period of time, an 
equilibrium surface layer formed, as indicated by the constant values of potentials on the 
electrode-solution and biomimetic electrode-solution boundaries. 
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Fig. 8. Time dependences of the electrochemical potential ( E) in a reaction medium of 1% 
aqueous H2O2 at 22°C for electrodes prepared by the electrochemical procedure: (1) 
Al2O3/Al; (2) hemin (33.6 mg) deposited by glueing on the surface of the Al2O3/Al 
electrode; (3) hemin (0.88 mg) and (4) and (5) TPhPFe(III) (0.084 and 0.44 mg, respectively) 
deposited by adsorption on the surface of the A12O3/AI electrode. 

 

 
Fig. 9. Time dependences of the electrochemical potential ( E) in a reaction medium of 1 % 
aqueous H2O2 at 22°C for electrodes prepared by the chemical procedure: (1, 2) Al2O3Al 
electrodes prepared by the hydrothermal and aluminate methods, respectively; (1', 2') 
TPhPFe(III) (0.6 and 0.23 mg, respectively) deposited by adsorption on the surface of the 
A12O3/A1 electrode. 
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As follows from curves 1 and 2, the electrochemical potential increased with time. After two 
sequential runs, the hemin selector prepared by the glue method was completely deactivated. 
The tendency of curves 1 and 3 (Fig. 8) toward a constant value of E, identical for both, 
obviously showed that a catalase reaction was almost completely absent for curve 1 and 
vanished after 600 s for 3. Moreover, the reproducibility of results and the activity of the 
electrode prepared by adsorption did not change after all experiments. 
Irrespective of the amount of the deposited working element, biomimetic electrodes with 
TPhPFe(III) (curves 4 and 5, Fig. 8) also had a long lifetime, and their activity was almost 
independent of the number of experiments. As follows from the values of E on curves 4 
and 5, they depend considerably on the amount of TPhPFe(III) deposited on A12O3/A1. The 
hemin biomimetic electrode was more active than TPhPFe(III), but the latter was much more 
stable after prolonged service [9]. 
Figure 9 shows the catalase activities of biomimetic electrodes (the A12O3/A1 electrode was 
prepared by a chemical procedure under the same conditions as in the previous experiment). 
As can be seen from Fig. 9, the presence of H2O2 in the system always leads to an increase in 
the electrochemical potential of the system. 
The amount of TPhPFe(III) deposited by hydrothermal processing of the surface in the 
presence of hydrogen peroxide was higher than the amount of the compound deposited by 
the aluminate method, but the catalytic activity of the latter was appreciably higher. This 
indicates that the deposition procedure plays an important role. 
The electrode prepared by the aluminate method was most stable and sensitive, although 
the active surface layer was slightly destroyed during both experiments. 
A comparison of the data in Figs. 8 and 9 shows that electrodes prepared by the chemical 
method were inferior, in catalase activity and stability, to biomimetic electrodes prepared by 
the electrochemical procedure. 
The electrodes prepared by the electrochemical method have a limiting sensitivity to the 
concentration of H2O2, 10-2 wt %, while the electrodes obtained by the chemical procedure 
showed activity in the vibrational mode probably because of diffusion (their sensitivity was 
10�–6 wt %, H2O2). 
Note that the electrodes prepared by the chemical technique proved rather sensitive, but 
they were much less stable than the electrodes obtained by the electrochemical method. 
The supposed electrochemical mechanism of the catalase reaction was stepwise (Fig. 10), as 
noted in [6, 7]. At the first stage, highly active hydroperoxide particles formed, which were 
responsible for the transfer of electrons from the cathode to the iron ion and their subsequent 
distribution. As a result, at the last stage, hydroxide anions were generated to the volume 
(reaction medium) with concurrent regeneration of the biomimetic. This mechanism shows 
how pH in the electrochemical system becomes higher than in bidistilled water (pH 6.2). 
As a result, catalase and electrochemical reactions proceed consecutively in the system. 
These reactions can be represented as 
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Fig. 10. Mechanism of the decomposition of H2O2 on the catalase biomimic electrode. 

4. Peroxidase biomimetic sensors 
The peroxidase-mimetic electrode was studied in the following way. First, the potential of 
twice distilled water (base solution) was measured. Then, the required amount of C2H5OH 
was added and the variation of the electrode potential was recorded. Next a certain amount 
of H2O2 (oxidizer) was introduced into the solution and the potential shift was measured. 
The potential of the electrochemical system changed as a result of synchronous reactions 
(catalase and peroxidase) that occurred in the system. 
As in [3, 4], the choice of the electrode was dictated by the availability and low cost of the 
material and by the fact that it is inert with respect to H2O2. A magnetic stirrer was 
employed in all experiments. 
The ethanol concentration was varied from 10�–8 to 5 wt % while the hydrogen peroxide 
concentration remained unchanged (1 wt %). The results are displayed in Fig. 11, where the 
potential curve of twice distilled water is also given for comparison. According to [7, 8] the 
electrochemical reaction environment possesses catalase activity. For this reason, Fig 11 also 
shows the curve of the electrochemical potential shift of 1% aqueous solution of H2O2 in the 
absence of C2H5OH. 
To examine the curves of the peroxidase reaction, it was necessary to measure the 
electrochemical potential of a 1% aqueous solution of ethanol. Its value fully coincides with 
the potentials of twice distilled water. It follows that the water-alcohol solution virtually 
remains inert with respect to the electrode. The peroxidase curves (Fig. 11) describing the 
potential shift of the reactive mixture C2H5OH + H2O2 under conditions when the value of 
[H2O2] is maintained unchanged (1 wt %) while [C2H5OH] is varied from 10�–6 to 5 wt %, 
show a more substantial potential shift to the positive side than the catalase curves of H2O2.  
The highest difference between the potentials of H2O2 and the C2H5OH + H2O2 mixture is 
observed at  = 10 s. For 1% solutions of H2O2 and C2H5OH, E = 0.2 V. In virtually all the 
experiments, the potentials measured in the initial period of the peroxidase reaction are also 
higher than those at later periods of the reaction. Note that the potential of the C2H5OH + 
H2O2 mixture never coincided with that of H2O2 and was never below it. Thus, a very 
important conclusion can be derived: a reaction between C2H5OH and H2O2 undoubtedly 
occurs in the system; this reaction is responsible for an increase in the potential of the 
peroxidase reaction, the increase being higher than that for the catalase reaction. In the 
absence of the peroxidase reaction, the system potential would coincide with the potential of 
the catalase reaction. The curves of peroxidase potentials are, however, arranged relative to 
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each other in such a manner that a certain periodicity in the dependence of peroxidase 
reaction potentials on the low concentrations of C2H5OH can be detected. This arrangement 
may be attributed to the inadequate procedure of the fixation of the peroxidase mimetic on 
the surface of the aluminum electrode. This problem can presumably be solved by 
eliminating possible systematic errors involved in the preparation of the biomimetic 
electrode. 
 

 
Fig. 11. Time dependences of the electrochemical potential at 1 wt % H2O2 and various 
concentrations of C2H5OH: (1) 5×10�–6, (2) 5 × 10�–5, (3) 5 × 10�–4, (4) 5 × 10�–2, (5) 5 × 10�–1, and (6) 
5 wt %; (7) twice distilled water. 

It is well known that acetaldehyde in the C2H5OH + H2O2 system can appear not only as a 
result of a peroxidase reaction in the presence of a catalyst, but also by the monooxygenase 
mechanism. To solve this problem, we used the standard method of identification of the 
peroxidase reaction [10]. For this purpose, we added the indicator thymolphthalein to a 1 % 
aqueous solution of H2O2 containing a biosimulator sample and identified the peroxidase 
mechanism of acetaldehyde formation by monitoring how the color of the solution changes 
from colorless to dark blue. 
Another series of experiments was undertaken to study the effect of the product of 
peroxidase reaction (acetaldehyde) on the electrochemical potential of the system. 
Figure 12 (curve 3) shows that the electrochemical potential of acetaldehyde is belower than 
the potential of water and ethyl alcohol (acetaldehyde is a nonpolar compound). The curve 1 
of the potential shift for the CH3CHO + H2O2 reactive mixture is higher than that for 
hydrogen peroxide. This suggests that a reaction (presumably .involving monooxygenase) 
occurs between H2O2 and CH3CHO to yield a more polar compound (CH3COOH). 
The experimental data presented in Fig. 12, curve 2 were obtained in the following manner. 
An aqueous solution of H2O2 was introduced into the C2H5OH + CH3CHO reactive mixture 
at  = 130 s. In the segment of curve 2, the potential of aqueous C2H5OH and CH3CHO (up 
to  = 130 s) is noticeably higher than that for each of these compounds, which are usually at 
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the level of the water potential or lower. This phenomenon may be attributed to the 
formation of a new surface layer on the electrode. If C2H5OH and CH3CHO separately 
formed the electrode surface, curve 2 (Fig. 12) with a characteristic segment up to  = 130 s 
would hardly be obtained. Ethanol evidently reacts in water with acetaldehyde to yield 
associates whose activity is higher than that of each of them. Introduction of H2O2 into the 
C2H5OH + CH3CHO mixture at  = 130 s produces a sufficient jump in the potential with the 
formation of maxima and minima, which is typical of complex electrochemical reactions. We 
may presume the presence of acetaldehyde molecules in two states in the reaction system. 
One of the states is produced in the peroxidase reaction and exists at the electrode surface or 
in the surface layer, in which CH3CHO concentration is higher than in the bulk. The other 
state is produced when CH3CHO is in the reaction volume. We believe that a combination of 
these two states is responsible for the observed maxima and minima in curve 2, Fig. 12. 
 

 
Fig. 12. Time dependences of the potential of the peroxidase electrode at 1 wt % H2O2 and 
various concentrations of the product of the electrochemical reaction (CH3CHO): (1) 0.25, (2) 
0.25 · 10�–2 wt % C2H5OH, and (3) 0.025%. 

The peroxidase reaction, which is synchronous with the catalase reaction, also occurs in the 
studied electrochemical system. Both reactions interact (are conjugate) with each other via 
the common intermediate PPFe3+OOH/Al2O3. 
It consists of several elementary stages displayed in Fig. 10. The first stage yields the highly 
active hydroperoxide species, which is responsible for the electron transfer from the cathode 
to the iron ion followed by their further redistribution. As a result, at the last stage in the 
bulk (reaction environment), hydroxide anions are generated with simultaneous 
regeneration of a biomimetic. This mechanism convincingly shows how the pH value in the 
system becomes higher than that for twice distilled water (pH 6.2) [7,8]. 
The proposed mechanism of peroxidase reaction was considered by analogy with the 
mechanism of the catalase reaction (Fig. 13). Note that a proton transferred to the active site 
of the biomimetic electrode can be replaced by H+ from the bulk of the reaction environ-
ment. The mechanisms of catalase and peroxidase reactions give us ideas about the 
pathways of their implementation in the electrochemical regime. The ratio of the products of 
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both reactions (O2 and CH3CHO) depends on the ratio of the rates of the interaction of H2O2 
and CH3CHO with the surface intermediate. 
 

 
Fig. 13. Suggested mechanism of operation of the peroxidase-mimetic electrode under 
electrocatalytic conditions. 

The schemes shown in Fig 10. explain the coherent and simultaneous mechanism of catalase 
and peroxidase reactions, which can be represented as [l] 
 

 
For comparison, we give the results of experiments with biomimetic electrodes prepared by 
the chemical method under the identical conditions. 
Note that the electrodes prepared in different ways proved stable against the action of the 
oxidant. 
In another series of experiments, we determined the lowest (threshold) sensitivity of the 
system to ethanol. Biomimetic electrodes with TPhPFe(III) made it possible to detect ethanol 
in an amount of 10�–6 wt % in an aqueous solution, while the stability of the electrode 
remained high. 
Figure 14 presents the results of experiments in which H2O2 concentration was varied from 
0.01 to 1 wt % for constant C2H5OH concentration (1 wt %). It can readily be seen that the 
electrode potential of the C2H5OH + H2O2 reactive mixture grows as H2O2 concentration 
increases. This is associated with the fact that the growth of the H2O2 concentration leads to 
an increase in the rates of all three reactions considered above. The observed complex 
pattern of the curves of the potential shift and the scatter of the experimental data can pre-
sumably be attributed to the fact that, when the biomimetic electrode is made using a gluing 
material, the active mass is deposited nonuniformly in thickness. 
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The experimental data involved in the determination of the sensitivity threshold of the 
elaborated peroxidase-mimetic sensor for the analysis of C2H5OH traces are given in Fig. 15. 
The electrode potentials in Fig. 15 correspond to various C2H5OH traces and are the best 
values of E selected from the experimental curves in Fig. 11. Note that the entire 
experimental material is obtained on one model of an aluminum electrode. Each time a new 
peroxidase-mimetic electrode was prepared, we mechanically scraped off the depleted 
peroxidase mimetic from its surface and then deposited a fresh portion of it with glue. This 
procedure for the preparation of a biomimetic electrode may be a source of systematic 
errors. For example, the aluminum electrode itself may be worn out. Moreover, we have no 
assurance that the spent material is completely removed from the electrode surface. For this 
reason, the alternation of maxima and minima in Fig. 15 may be due to both the systematic 
errors involved in the preparation of biomimetic electrodes and the complex nature of the 
physicochemical processes that occur on the electrode surface. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 14. Dependences of the potentials of (1-3) catalase and (1�’�–3�’) peroxidase reactions on 
the concentration of H2O2 in a mixture at 1 wt % C2H5OH; (1,1') 0.01, (2, 2') 0.1, (3, 3') 1 wt % 
H2O2. 
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We verified some of these suppositions by an experiment with a peroxidase-mimetic sensor 
made on a new aluminum electrode under the conditions corresponding to one of the 
minima in the curve displayed in Fig. 15. The result of this experiment is shown in Fig. 15 as 
a separate point A. It follows that the minimum observed at a C2H5OH concentration of 10�–3 
wt % depends on the state of aluminum foil: the fresh electrode shows a sharp jump of the 
potential to the positive side. This effect suggests how the physicochemical properties of the 
proposed biomimetic sensor and the technique of preparation of biomimetic electrodes can 
be improved. The data in Fig. 15 show that the sensitivity threshold of the elaborated sensor 
with respect to ethanol in aqueous solutions is 10�–8 wt %. 

 

 
 

Fig. 15. Potential of the peroxidase sensor as a function of ethanol concentration (c) in an 
aqueous solution at 0.01 wt % H2O2; A is the result obtained on a new aluminum electrode. 

5. Conclusion 
As a result of our studies, we developed biomimetic electrodes that did not lose their 
activity for prolonged periods of time under the action of the oxidant and its intermediates 
and final products of the decomposition of H2O2 and oxidation of C2H5OH. 
The designed biomimetic sensors proved stable, due to which they could be reused many 
times. 
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1. Introduction 
Fe-only hydrogenase is a metalloenzyme that is found in a variety of organisms such as 
acetogenic, photosynthetic, nitrogen-fixing, methanogenic and sulfate reducing bacteria 
(Adams, 1990; Vignais & Billoud, 2007). It plays an important role on energy cycling in the 
biological systems. Fe-only hydrogenase can either metabolize hydrogen molecules to 
produce reducing equivalents or store reducing power in the format of molecular hydrogen 
(Fontecilla-Camps et al., 2007). The most intriguing part of Fe-only hydrogenase is its high 
efficiency (6  103 s-1) in H2 production at a mild potential (-0.1 to -0.5 V vs NHC) (Holm et 
al., 1996). Understanding mechanism of enzymatic hydrogen production will facilitate 
design of better biomimetic models of Fe-only hydrogenase for substitutes to expensive 
platinum working electrodes used in industrial hydrogen production (Cammack et al., 2001; 
Vincent et al., 2007).  

 2 H+   +   2 e-      H2  (1) 

Recent structural characterization of Fe-only hydrogenase isolated from Clostridium 
pasteurianum (CpI) (Peters et al., 1998) and Defulfovibrio desulfuricans (DdH) (Nicolet et al., 
1999) shows the active site that is a [6Fe6S] unit called the H-cluster consists of a [2Fe2S] 
subunit including two square-pyramidal Fe centers bridged by a dithiolate ligand, and a 
[4Fe4S] cluster (Fig. 1). These [2Fe2S] and [4Fe4S] clusters are linked to each other via a 
cysteinyl thiolate on the peptide chain. In addition to the Scys bridge, several cyanide and  
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Fig. 1. Protein structure of Fe-only hydrogenase from Clostridium pasteurianum (1FEH) 
(Peters et al., 1998) on the right and the Chemdraw structure of the active site on the left.  



 Biomimetic Based Applications 

 

124 

carbonyl ligands occupy the primary coordination sphere of the diiron unit. The dithiolate 
bridge is an abiological ligand that is presumed to dithiomethyl amine (HN(CH2S)2) (Nicolet 
et al., 2001; Silakov et al., 2009). Two CN- groups are arranged in the trans configuration and 
form hydrogen bonding to nearby amino residues of the peptide backbone. One metal-metal 
bond is present between two low-spin FeI centers that are separated by 2.5-2.6 Å. One vacant 
site is open to coordination of substrates at the Fed center that is the metal site distal to the 
[4Fe4S] ferredoxin cluster. To the trans position of the catalytic site one CO ligand within the 
Fe2 subunit coordinates underneath the Fe-Fe vector for a possible function: distributing 
electron density between two Fe centers.  
When protons are transported through a proton channel within the protein to the active site 
of Fe-only hydrogenase, the aza nitrogen site being a Lewis base relays protons to the 
catalytic Fe center as the N-protonated (NH) (Ezzaher et al., 2009; Wang et al., 2005; Wang et 
al., 2008) and the N-protonated, Fe-hydride (NHFeH) intermediates are generated (Barton et 
al., 2008; Chiang et al., 2009; Siegbahn et al., 2007) (Fig. 2). Migration of the NH protons is 
probably initiated by agostic interaction. Another advantage to have the aza nitrogen within 
the active site of Fe-only hydrogenase is decrease of the reduction potential upon 
protonation of the N sites (Capon et al., 2008; Liu et al., 2010). In the recent studies of model 
complexes, the protonated Fe adt (adt = azadithiolate) derivative is reduced at -1.82 V 
compared with -2.43 V of the un-protonated species (Chiang et al., 2009). Such energy 
difference as well as ability of proton relays is the reason for protein crystallographers and 
chemists to choose nitrogen as the putative bridgehead over oxygen and carbon atoms since 
they are not distinguishable in crystallography (Nicolet et al., 1999; Pandey et al., 2008). In 
the reversible reaction, the lone pair of the aza nitrogen site assists heterolytic cleavage of 
molecular hydrogen as the catalytic Fe acts as a Lewis acidic site (Olsen et al., 2009).  
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Fig. 2. Possible intermediates in mechanism of enzymatic H2 production by Fe-only 
hydrogenase. 

If the aza nitrogen site is to assist the enzymatic H2 production/uptake, availability of the 
vacant site on the nearby Fe center is a compliment necessity for the high catalytic turnover 
frequency of the entatic state. Isolation of the model complexes possessing the azadithiolate 
bridges has been successfully accomplished (Lawrence et al., 2001; Li & Rauchfuss, 2002; Ott 
et al., 2004). On the contrary, difficulties have been encountered when the model 
compounds with the apical empty site are prepared albeit few unstable examples have been 
reported. 
The organometallic complexes composed of {2Fe2S} moiety have been extensively studied in 
the recent years (Darensbourg et al., 2003; Tard & Pickett, 2009). Numerous synthetic routes 
have been developed to better approach the active site of Fe-only hydrogenase (Tard et al., 
2005). CO substitution by cyanides, phosphines and other -/ -donors are performed in 
order to enrich electron density about the Fe centers (Lawrence et al., 2001; Liu et al., 2005; 
Lyon et al., 1999). H2 production in the presence of these synthetic models is studied by 
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voltammetric techniques such as cyclic voltammetry and controlled-potential electrolysis 
(Capon et al., 2009; Capon et al., 2005; Ezzaher et al., 2009; Felton et al., 2009). Unfortunately, 
the hydride within the identifiable Fe-hydride species is in the bridging fashion for most of 
the examples (Gloaguen & Rauchfuss, 2009; Greco et al., 2007). The most possible 
mechanism for formation of the -hydride products is addition of protons to the electron 
enriched Fe-Fe orbitals (Gloaguen et al., 2001). Theoretical calculations have shown that 
greater activation energy is required to generate the hydride in the terminal manner and the 
t-hydride species is less stable (Zampella et al., 2009). In order to overcome the kinetic 
hindrance, the apical empty site is a key component.  
When the {Fe2S2} unit of Fe2(SS)(CO)6-2xL2x and its derivatives (SS = dithiolate linker) is 
viewed along the Fe-Fe axis, two Fe(CO)3-xLx moieties are in eclipse configuration. If one of 
the Fe(CO)3-xLx moieties is twisted and one of its CO ligands is located underneath the Fe-Fe 
vector, the apical site on the Fe center is opened up. In this chapter, we would like to deal 
with the �“rotated�” structure of the diiron dithiolato carbonyl complexes. Factors that are in 
control of the rotated geometry will be discussed. 
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Fig. 3. Changes of Mulliken charges of the Fe centers upon rotation of the Fea and Feb sites 
(Georgakaki et al., 2003). 

2. The rotated structure 
The computed results for the optimized structure of [Fe2( -pdt)(CO)6] (pdt = 1,3-
propanedithiolate) that agree with the experimentally determined data show electronic 
equivalence between two metal centers (Georgakaki et al., 2003). The Mulliken charges for 
both Fe sites are -1.045 and -1.031. HOMO of the ground state structure is predominated by 
Fe-Fe bond character with symmetric metal contribution, shown in Fig. 3. Once one of the 
Fe(CO)3 moieties is rotated by 60°, the Fe-Fe bond is disrupted and its distance increases by 
0.07 Å. Asymmetric Mulliken charges are obtained as the Fe site of the rotated subunit 
becomes more positive. In the unrotated structure, all Fe-C-O are nearly 180° whereas 

Fe-C-O(semi-bridged) is decreased to as small as 168° as the Fe(CO)3 unit is rotated and a 
semi-bridging CO group is formed. The Fe�•�•�•CO(semi) distance is determined to 2.67 Å. 
Such short distance indicates some interaction is present between the Fe center and this 
carbonyl group. It is expected the more negative unrotated Fe center distributes some 
degree of electron density to the more positive rotated Fe center via the CO semi-bridge, 
which probably provides stabilizing incentive to the rotated structure. 
In order to determine degree of the distortion between two Fe subunits, two parameters,  
and , are employed. Crabtree has introduced the  angle to evaluate the coordination 
mode of CO (Crabtree & Lavin, 1986), displayed in Fig. 4. It is defined to the angle between 
the Fe-Fe vector and the CO group underneath it. A typical  value around 100° is observed 
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for the terminal carbonyl, whereas it decreases as the carbonyl spins about the Fe-Fe axis to 
form a CO semi-bridge as the CO continues approaching the second Fe center. A 
symmetrically coordinated and bent CO bridge ( Fe-C-O(bri)  140°) is formed eventually. 
The second parameter introduced by Darensbourg is the  angle which is defined as the 
torsion angle of Lap-Fe-Fe-Lap (Lap = the apical ligand) (Singleton et al., 2008). 
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Fig. 4. Schematic presentations of the  and  angles. 

3. Electronic asymmetry 
3.1 Electronic asymmetry created by inequivalent substitution 
As indicated by DFT calculations (Georgakaki et al., 2003), the structure in the lower energy 
consists of apical substitution when one CO group is replaced by a -donating ligand. 
Owing to the steric repulsion of the bridgehead the conformer with an apical  donor at the 
less hindered side has the lowest energy. This species also has the smallest activation energy 
for rotation of the Fe(CO)3 subunit among all isomers of [Fe2( -pdt)(CO)5(CN)]. It suggests 
the Fe�•�•�•CO(semi) interaction is enhanced and the semi-bridging CO is stabilized in the 
presence of the apical  donor. Addition of a substrate is then favored if so. In fact, mono-
cyanation of [Fe2(CO)5{MeSCH2C(Me)(CH2S)2}] occurs at a rate 104 times faster than the 
same reaction for [Fe2(CO)6{CH2(CH2S)2}] (Zampella et al., 2005). The former has a thioether 
coordinated to the trans position of the Fe-Fe bond in contrast to the all-CO environment of 
the latter. This apical coordination facilitates facile turnstile rotation of the adjacent Fe(CO)3 
subunit to accept CN- coordination. In this associative mechanism, one bridging/semi-
bridging CO intermediate is generated, which has been spectroscopically characterized 
(Razavet et al., 2001). Besides, it would be interesting to compare the reaction rate for the 
complex with mono-substitution at the basal position. Only small amount of the di-cyanide 
product is formed when [Fe2(CO)5(CN){MeSCH2C(Me)(CH2S)2}] reacts with cyanide 
(George et al., 2002). In this molecule, the thioether group is merely a dangling end. Less 
electron density supplied by the basal cyanide to LUMO of the Fe2 core makes rupture of the 
Fe-Fe bond more difficult so the Fe(CO)3 rotation is hindered. In addition, formation of the 
semi-bridging CO is destabilized. It is found that 300-fold excess of cyanide is required to 
force clean formation of the di-cyanide species. These results emphasize importance of the 
apical substitution within [Fe2( -SS)(CO)5L]. 
As appropriate bidentate ligands are employed, larger asymmetric electronic environment is 
created since the Fe(CO)L2 moiety is much electron-enriched. Greater tendency to constitute 
the inverted geometry is observed for a few known examples. Compared to [Fe2( -pdt)(CO)6], 
PMe3 substitution occurs at the faster rate for [Fe2( -pdt)(CO)4( 2-dppv)] (dppv = cis-1,2-
bis(diphenylphosphino)ethylene) (Justice et al., 2007). It is estimated the rotated transition state 
is stabilized by 5 kcal/mol in the presence of dppv. On the contrary, the complexes with 
symmetrically di-substitution are generally inert toward further substitution. 
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Fig. 5. Molecular structures of [Fe2( -S(CH2)2NiPr(H)(CH2)2S)(CO)4( 2-dppe)]22+, thermal 
ellipsoids drawn at 30% probability level. All hydrogen atoms are omitted for clarity. The 
side view of partial molecular structure is shown to highlight the distortion. 

Computational analysis has shown the highest-energy and lowest-energy IR bands of 
carbonyls are associated with the Fe(CO)3 and Fe(CO)L2 moieties, respectively, in [Fe2( -
SS)(CO)4( 2-P2)] (P2 = diphosphine chelates) (Justice et al., 2007). The energy difference, CO, 
therefore can be treated as an approximate gauge of electronic asymmetry between two Fe 
subunits and act a compliment to the  and  angles. For the complexes with inequivalent 
phosphine substitution, the CO value is commonly greater than 100 cm-1 (Justice et al., 2007; 
Liu et al., 2010; Song et al., 2005; Wang et al., 2008). On the other hand, smaller energy 
difference of 70-90 cm-1 is observed for the symmetrical diphosphine species (Gao et al., 2007; 
Li et al., 2007). Among the known phosphine-substituted complexes, [Fe2( -
S(CH2)2NiPr(Me)(CH2)2S)(CO)4( 2-dppe)]22+ (dppe = 1,2-bis(diphenylphosphino)ethane) is the 
only 2-diphosphine example with the most distorted structure, characterized by 
crystallography, where the  and  angles are 85.9° and 36.3°, respectively. Other than its 
related derivative, [Fe2( -S(CH2)2NiPr(H)(CH2)2S)(CO)4( 2-dppe)]22+ with  = 91.4°, no 
example has an angle smaller or close to 90°. The  angle of the same molecule is measured to 
34.1° (Fig. 5). The CO value for both complexes is about 120 cm-1. These results rank these 
two complexes to the top two examples for the most twisted Fe(CO)3-xPx configuration. Two 
other complexes are also reported to possess the large  angle: 30.2° and 27.7° for [Fe2( -
edt)(CO)4( 2-dppv)] (edt = 1,2-ethanedithiolate) (Justice et al., 2007) and [Fe2( -pdt)(CO)4( 2-
dppm)] (dppm = bis(diphenylphosphino)methane) (Adam et al., 2007), respectively. The two 
phosphine ends in these complexes occupy the apical and basal positions within one Fe center, 
which would probably assist rotation of the different Fe subunit.  
Free energy profile reveals how the electronic factor dictates the reaction mechanism and 
products upon protonation of [Fe2( -SS)(CO)6-xPx] (Zampella et al., 2009), as shown in Table 
1. For both of the all-CO and di-substituted species, a high activation is required to form a -
hydride product. This species in addition is thermodynamically disfavored for the former 
but is stable for the latter. Even so, no computed energy-minimum t-hydride structure can 
be reached for both cases. In other words, the more electron enriched metal centers are 
required to achieve the goal. In solution, no protonation proceeds unless the all-CO species 
is reduced first. Formation of the t-hydride intermediates are characterized by spectroscopy 
in the reaction of [Fe2( -pdt)(CO)4( 2-dppe)] with HBF4 (Ezzaher et al., 2007). Two species 
with hydrides located at either the all-CO or the P-substituted Fe portion are observed at the 
temperature below 220 K. They quickly convert to the -isomer as the temperature is 
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increased to above 243 K. The experimental results are well consistent with the computed 
data. Additional phosphine substitution can significantly reduce the reaction energy barrier 
of protonation. In the presence of four phosphine ligands, G�‡ is lowered by about 10 
kcal/mol. The t-hydride products become stable thermodynamically. The most striking 
point is formation of the t- and -hydrides is now kinetically equally favored. [Fe2( -
pdt)(CO)2( 2-dppv)2] reacts with HBF4 to generate the t-hydride product, which is slowly 
converted to its most stable species of the -form (Barton & Rauchfuss, 2008). Similarly, a 
small rate constant of 2  10-4 s-1 (294 K) is measured for the intramolecular isomerization of 
[Fe2( -edt)(CO)( -CO)(H)(PMe3)4]+ to the -species (van der Vlugt et al., 2005). Inequivalent 
(3+1) substitution favors the terminal protonation route albeit the bridging form remains the 
thermodynamically more stable product.  
 

-hydride t-hydride  
G G�‡ G G�‡ 

[(CO)3Fe( -edt)Fe(CO)3] 11.3 17.1 - - 
[(CO)3Fe( -edt)Fe(CO)(PH3)2] -2.3 18.9 - - 

[(PH3)2(CO)Fe( -edt)Fe(CO)(PH3)2] -13.3 8.1 -3.4 10.9 
[(PH3)(CO)2Fe( -edt)Fe(PH3)3] -19.4 6.0 -8.1 0.0 

Table 1. Kinetic and thermodynamic data for formation of the - and t-hydride species, as 
energies in kcal/mol (Zampella et al., 2009).  

A different class of the complexes with asymmetric electronic structure consists of nitrosyl 
substitution. When PMe3 replaces one CO group of the Fe(CO)3 moiety within [Fe2( -
pdt)(CO)4( 2-dppv)], the torsion angle of 30.2° decreases to 9.0° owing to counterbalance of 
electronic asymmetry by PMe3 addition (Justice et al., 2007). In the presence of NO+, a 
significant twist of 36.1° is observed in [Fe2( -pdt)(CO)3(NO)( 2-dppv)]+ instead (Olsen et 
al., 2008). The most distorted configuration is observed in a series of diiron dithiolato 
trimethylphosphine complexes. For [Fe2( -xdt)(CO)3(NO)(PMe3)2]+ (xdt = edt, pdt) where 
two PMe3 ligands occupy the apical and basal positions of two different Fe centers, the  
angles of 76~81° are obtained (Olsen et al., 2008). When the bis-trans-basal PMe3 conformer 
is crystallographically characterized, the smallest  angle of 62° is measured (Fig. 6). This is 
the FeIFeI structure most resemble to the inverted geometry of the active site of Fe-only 
hydrogenase. 
 

 
Fig. 6. Molecular structures of [Fe2( -pdt)(CO)3(NO)(PMe3)2]+, thermal ellipsoids drawn at 
35% probability level (Olsen et al., 2008). The side view of molecular structure is shown to 
highlight the distortion. All hydrogen atoms are omitted for clarity. 
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3.2 The mixed-valence structures 
In addition to tuning by ligand management, the most straightforward route to create an 
electronic asymmetry is formation of the mixed-valence structures. Single-electron reduction 
of the FeIFeI complexes causes CO liberation (Darchen et al., 1988) in accompany to Fe-S 
bond cleavage (Borg et al., 2008). The products such as [Fe2( , 2-xdt)( -CO)(CO)5]- (xdt = 
pdt, edt, bdt; bdt = 1,2-benzenedithiolate) identified by theoretical calculations (Capon et al., 
2007; Felton et al., 2009; Felton et al., 2007), [Fe2( -pdt)(CO)6]- spectroscopically 
characterized (Borg et al., 2004; Borg et al., 2007), and [( , 1-pdt){Fe2( -CO)(CO)6}{Fe2( -
pdt)(CO)5}]2- and [( -CO)2{Fe2( -pdt)(CO)4}2]2- isolated from experiments (Aguirre de Carcer 
et al., 2006; Best et al., 2007; Borg et al., 2004) have been obtained or proposed (Fig. 7).  
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Fig. 7. Single-electron reduction products of the FeIFeI species. See the contents for 
references. 
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Fig. 8. Synthetic scheme of [Fe2( -dmpdt)( -CO)(CO)3(PMe3)2]+ and its molecular structure. 
All hydrogen atoms are omitted for clarity (Singleton et al., 2008).  

Successful preparation of the FeIIFeI complexes has been accomplished at -78 °C (Thomas et 
al., 2008). These species are only stable at very low temperature. It is assumed the steric 
influence from either the bulky bridgehead in [Fe2( -dmpdt)(CO)4(PMe3)2] (dmpdt = 2,2-
dimethyl-1,3-propanedithiolate) (Singleton et al., 2008) or the large structural hindrance 
ligand in [Fe2( -pdt)(CO)4(PMe3)(IMes)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene) (Liu & Darensbourg, 2007; Thomas et al., 2008) in addition to the mixed valence 
assists isolation of the empty apical site (Fig. 8). The ease of oxidation is decreased when 
additional phosphine ligands replace CO groups of [Fe2( -xdt)(CO)4( 2-dppv)] (Justice et al., 
2008). The oxidation potential for [Fe2( -edt)(CO)2( 2-dppv)2] is -195 mV milder than that of 
[Fe2( -edt)(CO)3(PMe3)( 2-dppv)] (Justice et al., 2008). The semi-bridging CO group is 
characterized in these complexes. The empty apical site is also confirmed by addition of  
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Fig. 9. Cyclic voltammograms of [Fe2( -pdt)(H)(CO)2( 2-dppv)2]+. (a) a mixture of the t- and 

-isomers and (b) the -isomer after isomerization (Barton & Rauchfuss, 2008). (copyright 
2008 American Chemical Society) 

exogenous CO and NO molecules to the first coordination sphere within the FeIIFeI complex 
(Justice et al., 2007). The CO adduct product resembles the HoxCO state of the Fe-only 
hydrogenase. When [Fe2{MeSCH2C(Me)(CH2S)2}(CN)2(CO)4]2- is oxidized by one electron, 
one CO group turns to the bridging mode, which allows the thioether pendant end to 
coordinate to the apical position (Razavet et al., 2002). The reduction potential can benefit 
from the presence of the empty apical site as the FeIFeI/FeIIFeI redox event occurs at -0.62 V 
for [Fe2( -pdt)(CO)4(PMe3)(IMes)] vs -0.10 V for [Fe2( -pdt)(CO)4(PMe3)2] (Singleton et al., 
2008). For the sake of comparison, the t-hydride species of [Fe2( -pdt)( -CO)(H)(CO)( 2-
dppv)2]+ is reduced at a potential 200 mV milder than its -isomer of [Fe2( -pdt)( -
H)(CO)2( 2-dppv)2]+ (Barton & Rauchfuss, 2008), shown in Fig. 9. 

4. Bridgehead effects of dithiolate linkers 
4.1 Steric influences of the bridgeheads 
Significance of the bridgehead�’s sterics on the activation energy to rotate one Fe(CO)3 
moiety in [Fe2( -SS)(CO)6] is shown by DFT calculations, where G�‡ of 14.10 kcal/mol for 
[Fe2( -edt)(CO)6] is decreased to 13.71 and 12.25 kcal/mol for [Fe2( -pdt)(CO)6] and [Fe2( -
o-xyldt)(CO)6] (o-xyldt = o-C6H4(CH2S)2), respectively (Georgakaki et al., 2003). These 
theoretical results indicate the more hindered bridgehead lowers the barrier to rotation. In 
the experimental aspects, this factor has been concurred with crystallographical results of a 
series of [Fe2( -SS)(CO)6-xLx] complexes. The  angle practically increases from zero in 
[Fe2( -pdt)(CO)6] to 5.7° in [Fe2( -dmpdt)(CO)6] (Singleton et al., 2008). A larger  value of 
15.8° is observed in the bulkier bridgehead derivative, [Fe2( -depdt)(CO)6] (depdt = 2,2-
diethyl-1,3-propanedithiolate). In addition, a dramatic twist occurs from 4.26° to 40.7° when 
the pdt bridge in [Fe2( -pdt)(CO)5(IMes)] is replaced by the dmpdt bridge. The axial 
configuration of the butyl substituent in [Fe2( -adt)(CO)4( -dppm)] (adt = BuN(CH2S)2) 
causes a large torsion angle of 31° compared with 5.2° of [Fe2( -pdt)(CO)4( -dppm)] (Gao et 
al., 2007). Increased steric bulk of the bridgehead leads to larger repulsion between the 
substituents and the apical carbonyl in the unrotated structure. To lower it, the Fe(CO)3 
subunit is forced to spin and eventually a rotated structure in relatively lower energy is 
obtained (Fig. 10). The calculated ground state energy of the unrotated and rotated 
optimized structures can be compared. For the smallest substituent, the rotated structure of 
[Fe2( -pdt)(CO)6] is of 12.2 kcal/mol higher than its unrotated parent molecule. This energy 
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decreases to 9.4 kcal/mol when one proton is replaced by a methyl group (Tye et al., 2006). 
Large stabilization energy of 4.8 kcal/mol is gained with for a t-Bu substituent.  
 

Fe Fe
S SOC CO

OC CO
P P

Ph
Ph

Ph
Ph

Fe Fe
S SOC CO

OC CO
P P

Ph
Ph

Ph
Ph

N

Fe Fe
S SOC CO

OC CO
P P

Ph
Ph

Ph
Ph

N

# = 31# = 5.2

ax. position
sterically
hindered

eq. position

# = not available° °  
Fig. 10. The Chemdraw structures of [Fe2( -xdt)(CO)4( -dppm)] and their corresponding  
angles (Gao et al., 2007). 

Stabilization of the higher energy conformer by the steric hindrance is also observable in the 
oxidized complexes. In contrast to unavailability of [Fe2( -pdt)(CO)4(PMe3)2]+, the rotated 
geometry of [Fe2( -dmpdt)(CO)4(PMe3)2]+ is stable for structural characterization (Singleton 
et al., 2008). However, the edt derivative of [Fe2( -xdt)( -CO)(CO)2(PMe3)(MeCN)( 2-
dppv)]2+ is robust at room temperature whereas its pdt analogue is merely detectable at low 
temperature (Justice et al., 2007). 
Length of the dithiolate linker has the similar influence to that exerted by the sterically 
demanding bridgehead. The calculated ground state energy of the rotated structure of 
[Fe2( -S(CH2)nS)(CO)6] is stabilized as n is increased (Tye et al., 2006). The rotated conformer 
is destabilized by 14.7 kcal/mol for n = 2. The energy is decreased to 12.2 and 11.6 for n = 3 
and 4, respectively. For the case of 1,5-pentanedithiolate, the energy is down to 7.4 
kcal/mol. 

4.2 Lewis acidity and basicity of the bridgehead 
When a heteroatom replaces carbon as the central atom of the bridgehead, not only the steric 
hindrance but also Lewis acidity/basicity affects kinetics and stability of the rotated 
structure. For the three-atom dithiolate linkers, no variation in energy is observable if the 
CH2 group is replaced by the NH group (Tye et al., 2006). The relative short linker length 
limits any large destabilization caused by the central bridgehead. For the oxa analogue, 
lacking of the hydrogen atom is probably the reason for its increased ground state energy of 
the rotamer. 
Longer backbones facilitate interaction between the bridgehead and the apical carbonyl of 
the unrotated structure as well as the metal site of the rotated structure. Among the CH2, 
NH and O derivatives of [Fe2( -X(CH2CH2S)2)(CO)6], similar energies are obtained. In 
contrast, the BH analogue is destabilized by 7.5 kcal/mol. A higher energy of 10.9 kcal/mol 
is required for its rotated species compared to the lowest-energy NH analogue. It is to say 
that the electron deficient {Fe2(CO)6} unit does not accommodate too well with the Lewis 
acid, i.e. the BH part. On the other hand, to the Lewis acidic units, CO and Fe, the aza 
nitrogen site forms a good Lewis acid-base pair. Both of its unrotated and rotated structures 
are of the same energy. A dangling aza nitrogen unit attached to the bridgehead will exert 
the similar effects on the ground state energy.  
In the molecular structures of [Fe2( -S(CH2)2NR(CH2)2S)(CO)6]2 (R = nPr, iPr), pointing lone 
pairs of the aza nitrogens toward the apical carbonyl groups reveals the Fe2 units are  
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Upon removal of the 
N...C(CO ) interactionap

 
Fig. 11. Presentation of the distortion along the Fe-Fe axis upon removal of the 
N�•�•�•CO(COap) interaction within [Fe2( -S(CH2)2NiPr(CH2)2S)(CO)4( 2-dppe)]2. Only the 
partial molecules are highlighted for the clearer view.  

relatively electron poor (Liu et al., 2010). The presence of the N�•�•�•CO(COap) interaction 
would assist stabilization of the molecules and function as an indicator of electron richness 
about the Fe center. The N�•�•�•CO(COap) distance is increased when CO is substituted by 
phosphines. The stronger the -donating ability, the longer the distance. Besides, this 
N�•�•�•CO(COap) interaction could counterbalance electronic asymmetry within the molecule 
of [Fe2( -S(CH2)2NiPr(CH2)2S)(CO)4( 2-dppe)]2. The distance of 3.721(7) Å is shorter than 
4.011(3) Å of the all-CO parent molecule, suggesting a stronger interaction is present. It is 
probably originated from asymmetric electronic distribution due to the presence of 2-dppe 
so the Fe(CO)3 subunit is more electron deficient than the same part in the all-CO molecule. 
Unequal distributed electron density is revealed by the distortion angle between two Fe 
subunits that changes from 10.8° to ~35° upon removal of the N�•�•�•CO(COap) interaction 
(Fig. 11). These results stress importance of the aza nitrogen site on the structures.  

5. Coordination effect of ligands 
5.1 Ligand field caused by the coordinated groups 
The active site of Fe-only hydrogenase is encapsulated inside the protein pocket wherein 
numerous hydrogen bonds between the bound CN- ligands and the peptide chain are 
present. Two amino acid residues, Lys358 and Ser232, form hydrogen bonds with the CN- 
groups of the H-cluster in CpI (Peters et al., 1998). As for DdH, Lys237 and the peptide-chain 
nitrogen atoms of Ala109 and Ile204 are in close contacts with the cyanides (Nicolet et al., 
1999). In addition to the functional role being to modulate electronic structure of the Fe 
centers, these weak intramolecular interactions serve the structural purpose to support the 
H-cluster. The peptide backbone that is in control of the rotated geometry of the active site 
probably via hydrogen bonding would slightly adjust the twist as morphology of the 
protein changes to adopt the optimal stereo configuration during catalysis. In the synthetic 
aspects, the di-phosphine bridges with an appropriate length in [Fe2( -SS)(CO)4P2] can well 
resemble a combination of cyanides and the peptide chain as the donor ends and the chain 
backbone are already present. Their donor ability can be tuned by different substituents on 
the phosphines (Fig. 12).  
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Fig. 12. Schematic presentation of the structural resemblance between the active site and the 
model complexes.  

The distortion angles in [Fe2( -S(CH2)2NiPr(CH2)2S)(CO)4( -PP)]2 (PP = dppe, dppm) can be 
compared. For the shorter phosphine, the Fe2(CO)4P2 unit with a dppm bridge has the more 
compact structure: 2.522 and 2.549 Å for the Fe-Fe bond distances in [Fe2( -
S(CH2)2NiPr(CH2)2S)(CO)4( -dppm)]2 and its dppe analogue, respectively (Liu et al., 2010). 
Since dppm is a relatively rigid bridging ligand, only the eclipse configuration between two 
Fe moieties is allowed to be achieved. The  angle and N�•�•�•CO(COap) distance of the 
dppm derivative therefore is comparable to those of the all-CO parent molecule: 3.9 vs 6.0° 
and 3.987(7) vs 4.011(3) Å for [Fe2( -S(CH2)2NiPr(CH2)2S)(CO)4( -dppm)]2 and [Fe2( -
S(CH2)2NiPr(CH2)2S)(CO)6]2, respectively. The other dppm example,  = 5.2° for [Fe2( -
pdt)( -dppm)(CO)4], is reported (Gao et al., 2007).  
Dppe, on the other hand, consists of a two-carbon backbone, giving it higher degree of 
freedom to adopt the least strained structure in [Fe2( -S(CH2)2NiPr(CH2)2S)(CO)4( -dppe)]2. 
The distances between two phosphorus atoms of 3.787 Å within the Fe2 subunits is longer 
than those of the two basal carbonyl carbons and Fe-Fe bond of 3.137 and 2.549 Å, 
respectively. Combined with assistance of the N�•�•�•CO(COap) interaction (d = 3.721(7) Å), 
two Fe moieties are twisted by 26.5°. The most distorted structure from employment of 
phosphine ligands is observed in [Fe2( -pdt)(CO)3( , 2-triphos)] (triphos = bis(2-
diphenylphosphinoethyl)phenylphosphine) (Adam et al., 2007). In this molecule, two 
phosphorus ends occupy the apical and basal positions of one Fe site while the third 
phosphorus coordinates to the basal site of the other Fe center in a cis fashion. The  and  
angles of the triphos complex are measured to 49.4 and 88°, respectively. A combined 
influence from the bridging and chelating manner is expected to result in the large 
distortion. 

5.2 Influences of the secondary coordination sphere interactions 
As described in the previous section in which the N�•�•�•CO(COap) interaction exerts 
observable impacts on the structure, influences of the second coordination sphere 
interaction should not be neglected. In the presence of Lewis acids, AlBr3 adduct of [Fe2( -
xdt)( -CO)(dppv)2(CO)] is formed (Justice et al., 2007). Binding of AlBr3 leads to a 80 cm-1 
shift on the IR band energy, which is as significant as the change upon protonation of the 
FeIFeI core. In calculations of the [Fe2( -adt)(CO)5(CH3SH)]-AlCl3 pair, the rotated structure 
with an asymmetrical CO bridge bound to AlCl3 is more stable than the unrotated model 
possessing an adduct of an apical terminal CO group by 1.2 kcal/mol (Lee & Jo, 2009). 
Assisted by the bridging CO-AlCl3 group, activation energy to transfer the NH proton to the 
Fe center is as low as 2.6 kcal/mol in the vacuum. In addition, energies of LUMOs in the NH 
and NHFeH species are decreased, which in turn makes reductions easier. Effects of 
interactions in the secondary coordination sphere on reduction potentials have been studied 
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in several classes of metalloproteins such as iron-sulfur proteins (ferredoxins and high-
potential iron proteins) (Low & Hill, 2000) and cupredoxins (Berry et al., 2003). A shift of the 
working potential greater than 1 V is observed. 

6. Conclusion 
DFT calculations have indicated that high efficiency of H2 production is associated with 
formation of the t-hydride species. Since protonation can occur either directly onto the Fe-Fe 
bond or via the relay route by the aza nitrogen bridgehead, suppression of the -hydride 
form could be achieved in the presence of the rotated structure. From theoretical and 
experimental studies, several factors in the stereochemical and electronic aspects have been 
examined. It is apprehended that steric influences of bulky dithiolate linkers, availability 
and strength of back-donation from the unrotated Fe center to the semi-bridging carbonyl, 
and structural distortion caused by ligand coordination sphere are critical to the transient 
inverted-geometry species. A challenge we face now is how to make these factors play in 
harmony within the biomimetic model complexes. 
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1. Introduction  
The systematic study of all proteins, referred to as proteomics, is performed to identify the 
components of a particular proteome and analyze global changes in protein expression in 
response to different stimuli. Over the past two decades, mass spectrometry has become an 
important tool for the analysis of proteins (Aebersold and Mann, 2003; Yates, 2004). It is 
estimated that a cell contains at least 10 000-30 000 different proteins that span a wide range 
of sizes, relative abundance, acidity/basicity, and hydrophobicity (Badock et al., 2001). As is 
known, the low-abundance and high-abundance proteins differ in concentration over nine 
orders of magnitude (Omenn, 2004), which results in the high-abundance proteins impeding 
the investigation of middle- or low-abundance proteins. The separation of the protein 
mixture into organelles or other multi-protein complex fractions prior to a proteomics 
analysis is usually the first step to increase the probability of detecting low-copy-number 
proteins (Rabilloud et al., 1998; Taylor et al., 2000; Cronshaw et al., 2002; Jiang et al., 2004; 
Gao et al., 2005). Efficient and highly resolving separation of the protein mixture into 
organelles or other multi-protein complex fractions prior to a mass spectrometry analysis is 
usually used as reducing the complexity of samples, which highly increases the probability 
of detecting low-copy-number proteins (Rabilloud et al., 1998; Taylor et al., 2000; Cronshaw 
et al., 2002; Jiang et al., 2004; Gao et al., 2005). Before the widespread use of shotgun 
methods, proteins were fractionated by 2D gel electrophoresis (2D-gel), a method that 
separates them according to pI and molecular weight (Harry et al., 2000; Gygi, et al., 2000; 
Motoyama & Yates, 2008). Although 2D-gel has excellent resolving power for intact 
proteins, the process is difcult to automate, laborious, and suffers from low throughput 
(Klose & Kobalz, 1995). The more fundamental drawbacks are the limited dynamic range 
and the exclusion of certain classes, such as low-abundance proteins (Gygi et al., 2000), 
integral membrane proteins (Braun et al., 2007), and proteins with extremes in isoelectric 
point (pI) and molecular weight (MW) (Corthals et al., 2000; Oh-Ishi et al., 2000). 
Another explored proteins pre-fractionation methods is multidimensional liquid 
chromatography technique combined ion-exchange chromatography and/or hydrophobic 
chromatography and/or reverse-phase chromatography, which has been a powerful 
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technique to simplify the proteins in sample  to 2D-gel in the proteomics research(Shen et 
al., 2004; Bergh et al., 2003; Jacobs et al., 2004). 
One current method for the analysis of protein mixtures is proteolytic digestion followed by 
LC/MS/MS, often referred to as �“shotgun�” strategy. It has been proved powerful 
(Washburn et al., 2001; Wu et al., 2003; Shen et al., 2004). The heart of the method is the use 
of MS/MS to identify proteolytic peptides. However, it results in a complexity of millions of 
trypsin digest peptides, in which the signal of peptides of high-abundance proteins would 
mask the signal of middle- or low-abundance proteins. To simplify the sample and increase 
the detection probability of middle- and low-abundance proteins, suitable high abundance 
protein depletion and prefractionation methods were often adopted prior to trypsin 
digestion (Bergh et al., 2003; Jacobs et al., 2004; Gao et al., 2006; Liu and Zhang, 2007; Gao et 
al., 2008). 
Affinity chromatography (AC) can be also used to reduce the complexity of the 
protein/peptide by selecting the specific target protein/peptide (Gygi et al., 1999; Pieper et 
al., 2003; Greenough et al., 2004, Tan et al.,2009a,2009b & 2010). Traditional afnity 
adsorbents comprise natural biological ligands, which are expensive to produce, show low 
binding capacities, have limited life cycles, and low scale-up potential. As a new affinity 
fraction, biomimetic chromatography uses synthetic afnity ligands for matrix, which could 
mimic the properties of natural ligands and circumvent these drawbacks of natural ligands 
by imparting resistance to chemical and biochemical degradation, displaying ease and low 
cost of production, and withstanding harsh sterilization without loss of performance (Lowe, 
2001). It has been verified that many specific synthetic affinity ligands could be designed to 
purify different single proteins in our lab and other labs (Li et al., 1998; Teng et al., 1999; 
Gupta and Lowe, 2004; Melissis et al., 2007; Xin et al., 2007; Dong et al., 2008a). 
Our lab has constructed affinity ligand library (thousands of ligands), and different ligands 
showed different absorbance effect to proteins such as purification, depletion of high 
abundance proteins, and enrichment of low abundance proteins (Dong et al, 2008b), which  
gives a imaginable application prospect in proteomics. In this Chapter, from biomimetic 
affinity ligands library in our lab, we first screened out some affinity ligands showing large 
absorption differences in band distribution, then, selected the affinity ligands having 
medium absorption ability; and finally a cascade and a tandem composition of these affinity 
ligands  were contructed and applied in prefractionation of  complex tissue proteins. 
Fractionated samples were analyzed by LTQ-MS/MS. After reducing the complicity of 
tissue protein sample, more protein information was able to be obtained from LTQ-MS /MS 
analysis. The cascade and tandem affinity biomimetic affinity chromatography exhibits 
wide application prospect in proteomics because of its low price, simplicity, high 
throughput, specificity of ligand absorbance and repeatability.  

2. Materials and methods 
2.1.1 Materials 
Adult male Sprague-Dawley rats were purchased from Shanghai Laboratory Animal Center 
(Jiu-Ting, Shanghai, China). Sequencing grade modified trypsin was from Promega 
Corporation. The water used was Milli-Q grade (Millipore, Bedford, MA). 
Phenylmethylsulfonyl fluoride (PMSF), dithiothreitol (DTT), guanidine hydrochloride, 
formic acid, acetonitrile, trifluoroacetic acid, and iodoacetamide were obtained from Sigma 
(St. Louis, MO). SDS, acrylamide and N,N�’methylen-bis-acrylamide were purchased from 
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Amersham Pharmacia company. Unless stated otherwise, all reagents and chemicals were of 
the highest purity available.  

2.1.2 Sample preparation 
The rat liver tissue was cut into small pieces and cleaned with cold physiological saline 
solution (0.9% NaCl) to remove blood and some possible contaminants. Then, 5 g of tissue 
debris was rapidly mixed with 50ml pH 7.6 Tris-HCl lysis buffer, containing 1 mM PMSF, 
5mM MgCl, 250mM Sucrose, 1 mM DTT. Tissue sample was homogenized in an ice bath, 
then sonicated for 800 s with the JY92-II Ultrasonic Cell Disrupter (Ningbo Haishu Kesheng 
Ultrasonic Equipments Co.,Ltd, China) at 50% of duty cycle and 450W output. After being 
centrifuged for 15 min at 150 000g, the supernatant was collected (cytosol fraction). Protein 
concentration of the sample was determined by the modified Bradford method described by 
Qu et al(1997), using bovine serum albumin (BSA) as standard. 

2.1.3 Synthesis of affinity ligands 
The affinity ligands library was constructed according to the methods of our lab(Dong et al 
2008a). Briefly, Sepharose 4B was first activated with epichlorohydrin, then cyanuric 
chloride was coupled as a large spacer, and substitution of chloride in spacer with different 
amino compounds provides lots of ligands which have different sizes, shapes, and 
functionalities. 

2.1.4 Evaluating of synthetic affinity ligands 
Different gel-immobilized synthetic ligands (1ml) were respectively packed into 
polystyrene columns with porous discs at both the bottom and the top of the gel. The 
column was equilibrated with a 10-fold column volume of 10mM phosphate buffered 
saline (pH7.0). 4mg Cytosol fraction of rat liver protein was loaded onto the column, and 
left bound for 30 minutes. 10mM phosphate buffered saline (pH7.0) was applied to flush 
the column until the baseline of UV monitor (A280) went down to the bottom, and the 
owthrough was collected. Then, 20mM Glycine-NaOH buffer (pH12.0) was used to elute 
out the bound proteins. Finally, 0.1M NaOH plus 30% ethanol was applied to wash and 
clean the column until the baseline of UV monitor went down to the bottom. All the 
elution fractions collected were used for subsequent SDS�–PAGE electrophoresis. After 
comparison with absorbance protein profiles, selecting the ligands having large difference 
in absorbance characterization. 

2.1.5 Trypsin digestion of each protein mixture fraction 
Appropriate volumes of protein sample for each fraction were desalted and concentrated as 
above, lyophilized to dryness. 30͔g of lyophilized protein sample was redissolved in 
reducing solution (6M guanidine hydrochloride, 50mM Tris-HCl, 3mM DTT, pH8, 30͔l). 
The mixture was incubated at 60°C for 1 h and then 1.5͔l of 1 M iodoacetamide was added 
and incubated for an additional 30 min at room temperature in darkness. After 
denaturation, allow the reaction to cool and add 270͔l of  50mM ammonium bicarbonate 
buffer(pH 8.5). Then, modified trypsin was added to a final proteinase: protein ratio of 
1:30(W/W), and the mixture was incubated at 37 °C overnight. The peptide mixture was 
lyophilized to dryness.  
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2.1.6 LTQ-MS/MS analysis 
Redissolved peptides mixture was injected onto a Zorbax 300 SB-C18 peptide traps (Agilent 
Technologies, Wilmington, DE) to desalt, and separation was performed on a Zorbax 300SB-
C18 reverse phase capillary column (300 m inner diameter × 15 cm, Agilent Technologies) 
at (250 nl/min) with a linear gradient of 4-50% B over 50 min (A: 0.1% formic acid; B: 84% 
CH3CN and 0.1% formic acid), a step up to 100% B in 4 min, and then holding at 100% B for 
10 min. The peak was online injected into a Finnigan LTQ (single linear quadrupole ion 
trap) mass spectrometer for peptide identification.  
Mass spectrometry was on a Finnigan LTQ linear ion trap. The MS method consisted of a 
cycle combining one full MS scan with three MS/MS events (25% collision energy) followed 
by an MS3 event (35% collision energy). Dynamic exclusion duration was set to 30 s. The 
MS/MS and MS3 spectra from all the runs were searched using BIOWORKS protein 
identification software against database of ipi Rat. The SEQUEST filter was set to Charge 
+1,Xcorr 1.9; Charge +2, Xcorr 2.2; Charge +3, Xcorr 3.75; and DelCN 0.1Ƕ  

2.1.7 Bioinformatics annotation tools 
The theoretical pI and molecular mass values of proteins were from ExPASy Proteomics 
Server (http://cn.expasy.org/tools/pi_tool.html). The GRAVY values 
(http://www.bioinformatics.org/sms2/protein_gravy.html)were determined according to 
Kyte & Doolittle (1982). The TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) 
(Krogh et al., 2001) was used to predict protein TM domains.  

3. Prefractionation of rat liver cytosol proteins using tandem biomimetic 
affinity chromatography 
3.1 Tandem mimetic affinity prefractionation  
According to absorbance protein profiles (SDS-PAGE), we selected 5 affinity ligand columns 
having large band difference, and tandem combination of 5 columns could be applied as 
prefractionation of tissue lysis prior to LTQ shot �–gun LC-MS proteome analysis. A 
schematic illustration of the workflow is shown in Fig. 1.  4mg Cytosol fraction of rat liver 
protein was loaded into the tandem columns. After rat liver proteins being coupled for 30 
minutes, 10mM phosphate buffered saline (pH7.0) was applied to flush the tandem columns 
until the baseline of UV monitor (A280) went down to the bottom. Then, 5 tandem columns 
were divided into single column, and bound protein of each column was respectively eluted 
by 2-fold column volume of 20mM Glycine-NaOH buffer (pH12.0). 5 elution fractions were 
instantly adjusted into pH 7-8. After being desalted and concentrated using Microcon 
ultrafiltration membranes (3,000 Nominal Molecular Weight Limit, Millipore), all the elution 
fractions collected were used for subsequent SDS�–PAGE electrophoresis and LTQ analysis.  

3.2 Evaluating for differential protein absorbance profiles of mimetic affinity ligands 
After analyzing the screening datas of our lab in serum and leech proteins, we selected the 
ligands showing medium absorbance ability. 60 ligands were selected from afnity ligands 
library of our lab, and the absorbance characterization of these ligands was reevaluated 
using rat liver cytosol proteins as materials. From the SDS-PAGE profiles of each ligand, we 
found that some ligands showed large absorbance differences in band distribution to rat 
liver cytosol proteins (FIG. 2). Partial examples of proteins absorbance profiles were shown 
in FIG. 2, and each ligand showed its own specific binding ability to some proteins, but low  
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Fig. 1. Schematic illustration of tandem biomimetic affinity fraction used in this work 

absorbance characterization to other proteins. At the same time, these ligands showed 
different absorbance ability. Some ligands exhibited relatively low absorbance ability such 
as A1-4 and A7-56, but other ligands showed relatively high absorbance ability such as A6, 
A17-56 and A29-32. According to the affinnity specificity of these ligands, composition of 
different ligands could be applied in well-distribution of complex tissue proteins. After 
reducing the complicity of tissue protein samples, more protein information was able to be 
obtained from proteome analysis. In present research, tandem combination of a few ligands 
was used as prefractionation of complex protein samples prior to LTQ-MS /MS proteome 
analysis. A7-56, A84, A11-70, A6, and A29-32 were selected for tandem composition in the 
follow experiments. 

3.3 Tandem biomimetic affinity fractionation and LTQ-MS/MS analysis 
The owchart in FIG. 1 gives a more detailed overview of the tandem procedure, and the 
ligand column showed relatively low absorbance ability was put front. A7-56, A84, A11-70, 
A6, and A29-32 were orderly connected. 4mg Cytosol fraction of rat liver proteins was 
loaded into the tandem columns, after binding and flushing fully 5 tandem columns were 
divided into single column, and bound protein of each column was respectively eluted by 2-
fold column volume of 20mM Glycine-NaOH buffer (pH12.0). Flowthrough (fraction 6) and 
all the elution fractions (fraction1 to 5) collected were used for subsequent SDS�–PAGE 
electrophoresis (FIG. 2).  From proteins band distribution, complex rat liver cytosol proteins 
were well-distributed into six fractions.  
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Fig. 2. Partial examples of rat liver proteins absorbance profiles having large band 
distribution difference. Lane 1 is crude rat liver cytosol. Lane 10 is the protein marker 
(Fermentas, USA). Lanes2�–9show the 20 mM Glycine-NaOH buffer (pH12.0) eluates of 
columns A1-4, A6, A7-56, A84, A11-70, A17-56, A29-32, and A25-35 respectively.  
 

 
Fig. 3. Protein profiles of tandem affinity fraction. Lane 1 is crude rat liver cytosol. M is the 
protein marker (Fermentas, USA). Lanes2�–6 show the 20 mM Glycine-NaOH buffer 
(pH12.0) eluates of 5 tandem columns A7-56, A84, A11-70, A6, and A29-32 respectively 
(fraction 1 to 5). Lane 7 was flowthrough of tandem affinity chromatography (fraction 6). 
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After being desalted and concentrated using Microcon ultrafiltration membranes (3,000 
Nominal Molecular Weight Limit, Millipore), all the fractions collected were used for 
subsequent LTQ-MS/MS analysis. The technical route was evaluated by comparing the 
protein numbers detected from the unfractionated cytosol sample with those from six well-
distributed fractions. The MS/MS spectra acquired from equivalent normalized aliquots of 
the six respective fractions were searched against the rat database extracted from SwissProt, 
GenPept, and PIR entries and a six-way translation of dbEST using the program SEQUEST 
running on a DECA workstation. In order to avoid false-positive hits, we referred to the 
parameters reported in previous studies and applied more strict criteria for peptide 
identification (Charge +1,Xcorr 1.9; Charge +2, Xcorr 2.2; Charge +3, Xcorr 3.75; and 
DelCN 0.1). This resulted in highly confident identification of a total of 665 unique rat 
proteins in the six fractions (Table 1), over eight times as protein numbers detected in 
unfractionated cytosol sample (only 74 unique proteins). Of these, 290 proteins (827 unique 
peptides) were characterized in fraction 1(A7-56), 123 proteins (476 unique peptides) in 
fraction 2(A84), 152 proteins (605 unique peptides) in fraction 3(A11-70), 279 proteins (818 
unique peptides) in fraction 4 (A6), 155 proteins (439 unique peptides) in fraction 5 (A29-32), 
and 60 proteins (344 unique peptides) in fraction 6 (Flow through). At the same time, only 5 
proteins were characterized in all the six fractions and 177 proteins were only characterized 
in fraction1, 24 only in fraction 2, 30 only in fraction 3, 140 only in fraction 4, 42 only in 
fraction 5, and 17 only in the Flow through fraction (FIG. 4A). Each ligand showed different 
absorbance characterization to tissue proteins. About 430 unique proteins (64.7%) only 
characterized in specific fractions, which exhibited well-distribution effect of tandem 
biomimetic affinity prefractionation. Table 2 showed the number of proteins identified 
according to 1, 2, 3, and >3 unique peptides. About 40% proteins in each fraction were 
identified from a unique peptide. It is noted that most of the proteins identified by a single 
peptide was also only found in a certain fraction, which indicates those proteins are low-
abundant components in the cell and enriched after fractionation.  FIG. 4B presented 
sensitivity of this tandem affinity method to a wide variety of protein classes. Of these 
665proteins, 61 proteins detected were with extreme size (MW<10kD, or >100kD), 14 with 
extreme pI value (pI<4.3, or >10), 55 with hydrophobic characterization (GRAVY>0), and 41 
with TM domain (Predicted TM Helices 1). Compared with the traditional 2D-PAGE 
method, the shotgun strategy presents a number of data with very rapid speed and limited 
sample consumption. In present research, the tandem affinity prefractionation could 
obviously enhance the detection ability of shotgun strategy. Most importantly, the tandem 
affinity prefractionation could be finished in 4 hours, and one-dimension LTQ-MS/MS 
analysis employed would consumed only 5 hours, which was far lower than 2D-LC-
MS/MS. Including other processes (such as concentration, trypsin digestion), only data from 
single run of 20 h were used in this work. 
 

Fraction F1(A7-56) F2(A84) F3(A11-70) F4(A6) F5(A29-32) F6(FT) Total 
Unique 

peptides 827 476 605 818 439 344 2413 

Unique 
Proteins 290 123 152 279 155 60 665 

Table 1. Peptides and proteins identified in six rat liver tandem fractions using 
LTQ -MS/MS 
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Fig. 4. A total of 665 rat proteins identified from the six tandem fractions of rat liver cytosol. 
A shows the percentage of the proteins identified from the each fraction and overlapping of 
different fractions. For example, F1-only represents the proteins identified appeared only in 
the F1 fraction, not in other fractions; In two fractions means the identified proteins 
appeared in two different fractions; In three fractions means the identified proteins 
appeared in three fractions; In all fractions means the identified proteins appeared in all the 
six fractions. B presents sensitivity to a wide variety of protein classes. The bars indicate the 
percentage of proteins identified in this study from a variety of protein classes.  
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Fraction a Unique 
Peptides Totalb

F1c F2c F3c F4c F5c F6c F1- 
onlyd 

F2- 
onlyd 

F3- 
onlyd 

F4- 
onlyd 

F5- 
onlyd 

F6- 
onlyd 

1 255 124 39 49 123 62 13 86 13 17 77 22 5 

2 122 66 27 23 57 39 9 37 7 7 26 12 5 

3 74 31 10 26 24 23 9 16 2 3 9 4 1 

>3 214 69 47 54 75 31 29 38 2 3 28 5 6 

Total 665 290 123 152 279 155 60 177 24 30 140 43 17 
a Six fractions--------F1(A7-56), F2(A84), F3(A11-70), F4(A6), F5(A29-32), F6(Flow Through). 
b A total of 665 proteins identified in the six fractions. The peptides attributed to the identification of 
certain protein in different fractions were combined to calculate the unique peptides. 
c Proteins identified in certain fraction. 
d Proteins identified only in each fraction. 

Table 2. Proteins identified in six tandem rat liver fractions according to different number of 
unique peptides 

3.4 Physicochemical characteristics of the identified proteins 
The 665 identified proteins were classified according to different physicochemical 
characteristics such as molecular mass, pI, hydrophobicity (GRAVY value), and TM domain 
predicted by TMHMM (FIG. 5).  
 

 
Fig. 5. Distribution of the total proteins identified in relation to their theoretical molecular 
mass (A), pI (B), GRAVY values (C), and the number of predicted TM helices (D).  The bars 
indicate the percentage of proteins in total proteins identified. 
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The smallest and the largest molecular mass obtained are 6.6 kDa and 550.8kDa, 
respectively. For the 665 proteins, 501 proteins (75.3%) distribute among10-60kDa molecular 
mass intervals, which are compatible with general 2D-PAGE, while there are six(0.9%) 
proteins with mass <10 kDa and 56 (8.4%) proteins with mass >100 kDa, beyond the general 
2D-PAGE separation limits (FIG. 5A). It was more interesting that all proteins with mass <10 
kDa only found in a certain fraction, and forty-five (80.4%) proteins with mass >100 kDa 
only found in a certain fraction, which indicated those proteins also were low-abundant 
components and enriched after tandem affinity prefractionation. 
Regarding the pI distribution, the total 665 proteins distribute across a wide pI range (3.75-
11.86) (FIG. 5B). A total of 377 proteins (58%) distribute among pI 5-7 intervals, but only ten 
(1.5%) proteins have pI <4.3 and four (0.6%) proteins have pI> 10. Interestingly, Most of 
proteins with extreme pI value were only found in a certain fraction, especially in Fraction 1.  
The GRAVY values (http://www.bioinformatics.org/sms2/protein_gravy.html) were 
determined according to Kyte and Doolittle (1982). The proteins detected in 2D-PAGE gels 
are generally hydrophilic, thus with negative GRAVY values (37, 38). For the total 665 
proteins identified, their GRAVY values vary in the range of �–2.04~0.36(FIG. 5C). 
Interestingly, Fifty-five (8.3%) hydrophobic proteins were identified with positive GRAVY 
values.  
The TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) (Krogh et al.,2001) was used 
to predict protein TM domains. Without specific methods for enrichment or treatment of 
membrane proteins, we still identified 41(6.2%) proteins of the total 665 proteins have one or 
more predicted TM domain (FIG. 5B), of which 35 proteins have one TM domain, 5 have 
two TM domains , and one protein has seven TM domains (FIG. 5D). The protein with seven 
TM domains was detected as Glucose-dependent insulinotropic receptor (IPI00382339.3, 
MW=51.7kDa, pI=6.43, GRAVY value=0.36).  
In our study, we first combined the tandem biomimetic affinity prefractionation and LTQ-
MS/MS (one dimension). From biomimetic affinity ligands library, we screened out some 
ligands showing large absorbance differences in band distribution to rat liver cytosol 
proteins. According to the affinnity specificity of these ligands, tandem composition of 
different ligands could be applied in well-distribution of complex tissue proteins. After 
reducing the complicity of tissue protein samples from tandem affinity prefractionation, 
more protein information was able to be obtained from LTQ-MS/MS analysis. With the 
strict and widely accepted SEQUEST criterion and only the rat protein database, a total of 
665 unique rat proteins were identified in the six fractions, which was far higher than 
proteins indentified in unfractionated cytosol (74 proteins). Only 170 proteins were 
identified in rat liver or its cytosol sample through 2D-PAGE ( Fountoulakis & Suter,  
2002). Although the number of proteins identified from all or each rat liver fraction in our 
study are far from the theoretical protein number of rat liver cytosol, which may have 
suffered from a limited protein database for rat compared with those of human and 
mouse.  
In present research, the tandem affinity prefractionation could obviously enhance the 
detection ability of shotgun strategy. Most importantly, the tandem affinity prefractionation 
could be finished in 4 hours, and one-dimension LTQ-MS/MS analysis employed would 
consumed only 5 hours, which was far lower than 2D-LC-MS/MS. Including other 
processes (such as concentration, trypsin digestion), only data from single run of 20 h were 
used in this work. 
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4. Prefractionation of of rat liver cytosol proteins utilizing cascade 
composition of affinity chromatography 
4.1 Cascade affinity prefractionation of tissue samples 
From biomimetic affinity ligands library in our lab, we first screened out some affinity 
ligands showing large absorbance differences in band distribution to rat liver cytosol 
proteins. Then, the affinity ligands having medium absorbance ability were selected, 
cascade composition of these affinity ligands could be adopted for the prefractionation of 
tissue proteins. In this study, cascade composition of three affinity ligands was adopted, and 
the schematic illustration of the workflow was shown in FIG. 6. Briefly, after complex tissue 
sample was loaded to the first affinity ligand column, flowthrough and elution were 
collected for the two new fractions. Then, after above two new fractions were parallel 
loaded to the second affinity liand column, flowthrough and elution were collected for the 
four new fractions. At last, above four new fractions were loaded to the third affinity 
ligands, and 8 new fractions could be obtained. The binding and elution conditions were 
same as above. After being desalted and concentrated using Microcon ultrafiltration 
membranes (3,000 Nominal Molecular Weight Limit, Millipore), all the fractions collected 
were used for subsequent SDS�–PAGE electrophoresis and LTQ-MS/MS analysis.  

 
Fig. 6. Schematic illustration of Cascade affinity fraction used in this work 
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4.2 Evaluating for differential protein absorbance profiles of mimetic affinity ligands 
After analyzing the screening data of our lab in serum and leech proteins, we selected the 
affinity ligands having medium absorbance ability. Sixty affinity ligands were selected from 
the afnity ligands library of our lab, and the protein absorbance characterization of these 
ligands was reevaluated using rat liver cytosol sample as materials. From the SDS-PAGE 
profiles of each ligand, we found that some ligands showed large absorbance differences in 
band distribution to rat liver cytosol proteins (FIG.7). Partial examples of proteins 
absorbance profiles were shown in FIG.7, and each ligand showed its own specific binding 
ability to some group of proteins, but low absorbance characterization to others. At the same 
time, some affinity ligands exhibited relatively low absorbance ability such as A11-70 and 
A7-56, but other ligands showed relatively high absorbance ability such as A6, A15 and 
A29-32. According to the affinnity specificity of these ligands, composition of different 
ligands could be used to fractionate complex tissue proteins into different group of proteins. 
After reducing the complicity of tissue protein samples, more protein information was able 
to be obtained from proteome analysis. In present research, cascade combination of several 
affinity ligands was used as prefractionation of complex protein samples prior to LTQ-MS 
/MS proteome analysis. Three affinity ligands (A15, A8-54, A11-70) were selected for three-
cascade composition in the follow experiments.  
 

 
Fig. 7. Partial examples of rat liver proteins absorbance profiles having large band 
distribution difference. Lane 1 is crude rat liver cytosol. Lane 7 is the protein marker: 116, 
66.2, 45, 31, 25, 18.4, 14.4kDa (Fermentas, USA). Lanes2�–6, 8-10show the 20 mM Glycine-
NaOH buffer (pH12.0) eluates of columns A1-4, A6, A7-56, A8-54, A15, A11-70, A22-83, and 
A25-35, respectively.  
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4.3 Cascade affinity fractionation and LTQ-MS/MS analysis 
The owchart in FIG. 6 gave a more detailed overview of the cascade fractionation 
procedure. Affinity ligand column A15, having relatively high absorbance ability, was put 
in the first affinity fractionation. After 4mg rat liver cytosol was loaded to the column A15, 
the flow-through and elution were collected (adjusted to pH 7.0 instantly), named as F1-1 
and F1-2. Then, F1-1 and F1-2 were parallel loaded to the column A8-54, four fractions (F2-
1~F2-4) were obtained from collecting the flow-through and elution. At last, the four 
fractions in the second affinity fractionation were loaded to A11-70, eight new fractions (F3-
1~F3-8) were obtained from collecting the flow-through and elution. All fractions were 
collected for subsequent SDS�–PAGE electrophoresis (FIG. 8).  From proteins band 
distribution profiles in FIG. 8, the three-cascade-fractionation reduced the complexity of 
tissue sample gradually. In the end, complex rat liver cytosol proteins were well-distributed 
into eight simple fractions (F3-1~F3-8), and each fraction exhibited its own specific proteins 
distribution characterization. 
 

 
Fig. 8. Protein profiles of cascade affinity fractionation (A15~A8-54~A11-70). A shows the 
proteins distribution of all the fractions in the first and second fractionation, F0 is crude rat 
liver cytosol, F1-1 and F1-2 are flowthrough and elution of A15, F2-1~F2-4 are four new 
fractions of the second fractionation(A8-54). B shows the proteins distribution of all the 
fractions in the third fractionation, F0 is crude rat liver cytosol, F3-1~F3-8 are eight new 
fractions of the third fractionation (A11-70), M is the protein marker: 116, 66.2, 45, 31, 25, 
18.4, 14.4kDa (Fermentas, USA).   

After being desalted and concentrated using Microcon ultrafiltration membranes (3,000 
Nominal Molecular Weight Limit, Millipore), all the fractions collected were used for 
subsequent LTQ-MS/MS analysis. The technical route was evaluated by comparing the 
protein numbers detected from the unfractionated rat liver cytosol sample with those from 
the fractions of each grade in the cascade affinity fractionation. The MS/MS spectra 
acquired from equivalent normalized aliquots of the 15 respective fractions were searched 
against the IPI rat database using the program SEQUEST running on ISB/SPC Proteomics 
workstation. As most sequence search engines return results even for �‘unmatchable�’ spectra, 
proteome researchers must devise ways to distinguish correct from incorrect peptide 
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identifications. The target-decoy search strategy represents a straightforward and effective 
way to manage this effort.  In this work, The ISB/SPC Proteomics Tools-TPP V4.2 was 
applied, which combined the decoy database searching approach with automated filter 
criteria optimization. Peptides with a p value of equal or bigger than 0.95, protein 
probability with a p value of equal or bigger than 0.99, were used for filtering conditions. 
Three hundred ninety-one unique proteins were identified in unfractionated rat liver 
cytosol, 499 unique proteins were identified (27.6% increased) in two fractions (F1-1and F1-
2) of the first affinity fractionation, 616 unique proteins were identified (23.4% increased) in 
four fractions (F2-1~F2-4) of the second affinity fractionation, and 732 unique proteins 
(18.8% increased) were identified in eight fractions (F3-1~F3-8) of the third affinity 
fractionation (Table 1). In the end, the cascade affinity fractionation resulted in highly 
confident identification of a total of 859 unique rat protein groups in cascade affinity 
fractions (Table 1), over two times as protein numbers detected in unfractionated rat liver 
cytosol sample. It was noted that most of the proteins identified in unfractionated sample 
(364 proteins, 93.1%) also emerged in the cascade affinity fractions, and 495 new proteins 
were identified in the cascade affinity fractions. Table 2 showed the increasing percentage of 
protein numbers identified in all affinity fractionation processes, and the effect of each 
fractionation was obvious. The minimal increasing percentage was 14.4%, and the 
maximum of increasing percentage was 113.3%. Therefore, the cascade affinity fractionation 
resulted in the highly increasing of the protein numbers identified, and much more new 
proteins were detected. 
 
Fraction F0a F1-1~F1-2b F2-1~F2-4c F3-1~F3-8d Totale 
Unique peptides 1511 1432 1637 1686 1951 
Unique Proteins 391 499 616 738 859 

a F0 was unfractionated rat liver cytosol. 
b Two fractions(F1-1~F1-2) in the first affinity fractionation.  
c Four fractions(F2-1~F2-4) in the second affinity fractionation. 
d Eight fractions(F3-1~F3-8) in the third affinity fractionation. 
e Total proteins identified in all fractions(no including F0). 

Table 3. Peptides and proteins identified in all rat liver fractions of the cascade affinity 
fractionation using LTQ-MS/MS 

 
F0 F1-1 F1-2 F2-1 F2-2 F2-3 F2-4 Firsta 
391 298 374 360 165 302 359 
F1-
1+F1-2 

F2-
1+F2-2 

F2-
3+F2-4 

F3-
1+F3-2 

F3-
3+F3-4 

F3-
5+F3-6 

F3-
7+F3-8 Secondb 

499 387 443 412 352 353 430 
Increasing 
(%) 27.6 29.9 18.4 14.4 113.3 16.9 19.8 

a First showed the protein numbers identified in the fractions before affinity fractionation . 
b Second showed the protein numbers identified in the collected fractions (including flow-through and 
elution) after affinity fractionation.  

Table 4. Increasing percentage of protein numbers identified in all affinity fractionation 
processes 
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Table 5 showed the protein numbers identified according to 1, 2, 3, and >3 unique peptides. 
About 40% proteins in each fraction were identified from a unique peptide, and a total of 
497 unique protein groups (56.09%) in all fractions were identified from a unique peptide. 
About 20% proteins in each fraction were identified from two unique peptides, 10% from 
three unique peptides, and 15~30% from >3 unique peptides. It was noted that most of the 
proteins identified from two or more unique peptides were often repeated in different 
fractions, which indicated those proteins are high-abundant components in the cell. On the 
contrary, the proteins identified by a single peptide showed relatively low repeated 
proportion, which indicated that most of those proteins were low-abundant components in 
the cell and enriched after fractionation. Comparing with the traditional 2D-PAGE method, 
the shotgun strategy presents a number of data with very rapid speed and limited sample 
consumption. In present research, the cascade affinity prefractionation could obviously 
enhance the detection ability of shotgun strategy. Most importantly, the tandem affinity 
prefractionation could be finished in 8 hours, and one-dimension LTQ-MS/MS analysis 
employed would consumed only 5 hours, which was far lower than 2D-LC-MS/MS. 
Including other processes (such as concentration, trypsin digestion), only data from single 
run of 24 h were used in this work. 
 

 Fraction a Unique 
Peptides Totalb 

F0 F1-1 F1-2 F2-1 F2-2 F2-3 F2-4 F3-1 F3-2 F3-3 F3-4 F3-5 F3-6 F3-7 F3-8 
1 479 122 120 141 159 78 136 128 126 119 105 87 152 93 101 147 
2 154 79 59 82 58 37 53 57 55 56 55 49 53 48 57 76 
3 85 43 32 48 42 16 41 53 20 35 28 26 31 31 32 45 

>3 141 147 87 103 101 34 72 121 78 68 81 78 52 56 62 114 
Total 859 391 298 374 360 165 302 359 279 278 269 240 288 228 252 382 

a fifteen fractions - F0 was unfractionated rat liver cytosol. F1-1 and F1-2 were two fractions in the first 
affinity fractionation. F2-1~F2-4 were four fractions in the second affinity fractionation. F3-1~F3-8 were 
eight fractions in the third affinity fractionation. 
b A total of 859 proteins identified in the fourteen fractions(no including F0). The peptides attributed to 
the identification of certain protein in different fractions were combined to calculate the unique 
peptides. 

Table 5. Proteins identified in all fractions of cascade affinity fractionation of rat liver cytosol 
according to different number of unique peptides 

4.4 Physicochemical characteristics of the identified proteins 
The 859 identified proteins were classified according to different physicochemical 
characteristics such as molecular mass, pI, hydrophobicity (GRAVY value), and TM domain 
predicted by TMHMM (FIG. 9).  
The smallest and largest molecular mass obtained are 6.1kDa and 419.6kDa, respectively. 
For the 859 proteins, 617 proteins (71.83%) distribute among 20-70kDa molecular mass 
intervals, which are compatible with general 2D-PAGE, while there are 75 proteins (8.73%) 
with mass <20kDa and 73 proteins (8.5%) with mass >100kDa, beyond the general 2D-PAGE 
separation limits (FIG. 9A). Regarding the pI distribution, the total 859 proteins distribute 
across a wide pI range (3.75-11.56) (FIG. 9B). A total of 594 proteins (69.16%) distribute 
among pI 5-8 intervals, but only 85 proteins (9.9%) have pI <5 and 180 proteins (20.95%) 
have pI> 8.  
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The GRAVY values (http://www.bioinformatics.org/sms2/protein_gravy.html) were 
determined according to Kyte and Doolittle (Kyte and Doolittle, 1982). The proteins detected 
in 2D-PAGE gels are generally hydrophilic, thus with negative GRAVY values 
(Fountoulakis, and Takacs, 2001; Fountoulakis and Suter, 2002). For the total 859 proteins 
identified, their GRAVY values vary in the range of �–2.047~0.322(FIG. 9C). It is noted that 
most of the proteins are hydrophilic (787 proteins with negative GRAVY values), and 72 
(8.38%) hydrophobic proteins were identified with positive GRAVY values.  
 

 
Fig. 9. Distribution of the total proteins identified in relation to their theoretical molecular 
mass (A), pI (B), GRAVY values (C), and the number of predicted TM helices (D).  The bars 
indicate the percentage of proteins in total proteins identified. 

Analysis of membrane proteins is an important eld in proteomics because membrane 
proteins are represented by 30% of the genome and constitute approximately 70% of all 
human protein based drug targets (Wallin and von Heijne, 1998; Hopkins and Groom, 2002). 
Analysis of membrane proteins has been notoriously difcult, which has been demonstrated 
by their under-representation in 2D gels (Molloy et al., 1998; Santoni et al., 2000). The 
TMHMM software (http://www.cbs.dtu.dk/services/TMHMM/) was used to predict 
protein TM domains of membrane proteins (Krogh et al., 2001). Without specific methods 
for enrichment or treatment of membrane proteins, we still identified 49(5.7%) proteins of 
the total 859 proteins have one or more predicted TM domain (FIG. 9D). Of these, 42 
proteins have one TM domain, 5 have two TM domains, and two proteins have three TM 
domains (FIG. 9D).  
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Fig. 10. The structure of affinity ligands used in cascade affinity prefractionation. Sepharose 
4B was matrix, which was activated with epichlorohydrin.  A showed two kinds of synthetic 
ligands: first, single amino compound was directely linked to activated sepharose, named as 
An; second, cyanuric chloride was coupled to activated sepharose as a large spacer, and two 
chloride in spacer could be substituted by two amino compounds,  named as Am-n. B gave 
the chemical structures of amino compounds used in three selected affinity ligands (A15, 
A11-70, A8-54).  
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5. Discussion 
In our study, we first combined the cascade biomimetic affinity prefractionation with LTQ-
MS/MS analysis. From biomimetic affinity ligands library, we screened out three ligands 
showing large absorbance differences in band distribution to rat liver cytosol proteins. The 
structures of the these elected ligands were shown in Fig. 10, and the structure difference 
was obvious. According to the difference of these ligands in size, shape, structure, and 
biochemical characterization, each ligand could exhibit the affinity specificity to some 
protein groups. Therefore, the cascade composition of different ligands could be applied in 
well-distribution of complex tissue proteins. After reducing the complicity of tissue protein 
samples, more protein information was able to be obtained from LTQ-MS/MS analysis. In 
this report, only three ligands were used in the cascade composition of affinity 
chromatography. However, after simple affinity fractionation for three times, the crude rat 
liver cytosol was fractionated into eight relatively simple fractions, and a total of 859 unique 
rat protein groups were identified in the cascade affinity fractions, which was far higher 
than proteins indentified in unfractionated cytosol (391 proteins). According to previous 
research reports, in rat liver cytosol sample Only 170 proteins were identified through 2D-
PAGE (Fountoulakis and Suter, 2002), and 222 proteins were identified through 2D-LC-
MS/MS (Jiang et al., 2004). We applied much more strict filtering condition compared with 
previous references, but our results gave more non-redundant rat liver cytosol protein 
groups (859).  
In present research, the cascade affinity fractionation could obviously enhance the detection 
ability of shotgun strategy. For more complex tissue samples, much more affinity ligands 
could be selected fot cascade composition. Combined usage of the cascade affinity 
fractionation and LTQ-MS/MS was simple, low-cost, and effective, which gave a broad 
application prospect in proteomics. 
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1. Introduction 
The cytochromes P450 (P450s) are an important class of heme-containing enzymes that act 
as monooxigenases. P450s have a variety of critical roles in biology and are considered the 
most versatile enzymes in nature because of their key part in the metabolism of 
biomolecules and xenobiotics. 
The P 450 reacts with one oxygen atom from distinct oxidants such as dioxygen (O2), 
forming the active oxidant species, the so-called metal-oxo complex (high-valent iron(IV)-
oxo intermediate), which is able to transfer the oxygen atom to several substrates like 
alkanes, alkenes, aromatic compounds and amines, among others.  This active species is also 
responsible for the cleavage of C-C bonds in organic substrates. The key feature of P450 
enzymes is their ability to perform this reaction selectively, under mild conditions. 
Synthetic metalloporphyrins have been extensively used as biomimetic catalysts due to their 
ability to act as P450 models. Ironporphyrins, in particular, have been employed as models 
because they are capable of catalyzing organic oxidations. Besides their biological and 
catalytic properties, ironporphyrins can also be immobilized onto organic polymers as well 
as amorphous and crystalline inorganic materials, such as silica, alumina, and clays.   
The immobilization of metalloporphyrins onto inorganic supports has been found to yield 
efficient, selective catalysts for the oxidation of oxidizable groups, promoting a special 
environment for the approach of the substrate to the catalytically active species, thus 
mimicking the �“site-isolation principle�” of biological enzymes. The sol-gel process is 
considered an ideal methodology to prepare the ironporphyrin heterogeneous catalysts.  
Synthetic metalloporphyrins also have potential application in the design of green processes 
for the accomplishment of many kinds of oxidations mimicking the P450 reactions. 
Over the last decade the search for efficient and environmentally friendly oxidation 
procedures that could be used to develop green processes for many kinds of oxidation 
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reactions has been intensified. Also, since the oxidation of organic compounds with high 
selectivity is of extreme importance in synthetic chemistry, many attempts have been made 
in order to oxidize compounds and produce target components that cannot be easily 
obtained by conventional routes. A very interesting and promising field for the application 
of metalloporphyrin catalysts lies in the area of natural product oxidation, with potential use 
as drugs for clinical practice. This can be achieved by employing clean oxidants like 
hydrogen peroxide or molecular oxygen. 
Lignans have attracted much interest over the years on account of their broad range of 
biological activities, including antitumoral, trypanocidal, antimicrobial, and anti-
inflammatory activities, so alternatives that promote and improve their production are 
necessary. 
(-)-Hinokinin, a dibenzylbutyrolactone lignan, possesses antileishmanial, anti-inflammatory, 
antigenotoxicity [5-9], and significant in vitro and in vivo trypanocidal activities against 
Trypanosoma cruzi, the etiologic agent of Chagas` disease. 
Licarin-A, a neolignan obtained from the oxidative coupling of isoeugenol, displays 
significant antiparasitic activity against the adult forms of Schistosoma mansoni.  
Taking into account the antiparasitic potential and the possible production of derivatives 
from Licarin-A and (-)-Hinokinin, there is great interest in the search for new approaches 
that will enable the oxidation of these lignans to be carried out, since the oxidized products 
are probably biologically active.  
Enzymatic biological models have been widely employed throughout all the phases of drug 
design and development. In vivo oxidations carried out by enzymes like P450s can be easily 
mimicked under mild conditions by using synthetic metalloporphyrin systems. More 
specifically, ironporphyrins have been utilized as P450 models due to their ability to 
catalyze countless organic reactions.  
In this chapter, the catalytic activity of ironporphyrins supported on an alumina or silica 
matrix, prepared by the sol-gel methodology, in the oxidation of lignans such as licarin-A 
and  (-)-cubebin is investigated, in the search for novel systems for the accomplishment of 
green oxidation reactions by bio-inspired catalysts.  Special attention is given to the reaction 
products and their potential biological activities. 

2. Cytochromes P450 (P450s)  
The cytochromes P450 (P450s) are an important class of heme-containing enzymes that 
contain a protoporphyrin IX as the active center and act as monooxigenases. As observed in 
Figure 1, the protoporphyrin presents one S of a cysteine as the fifth ligand and a free sixth 
coordination site available for the binding of molecular oxygen  (McMurry & Groves,1986; 
Lewis, 2001; Lohmann &Karst, 2008;). The P450s have a relatively hydrophobic active site 
cavity.  
Cytochrome P450 enzymes are present in all five biological kingdoms. In mammalian 
species, P450s are present in most tissues and are largely founded in the liver (McMurry & 
Groves, 1986; Lewis, 2001; Siroká &Drastichová, 2004;Mansuy, 2007; Munro et al.,2007; 
Lohmann &Karst, 2008). 
P450s have a variety of critical roles in biology and are considered the most versatile 
enzymes in nature because of their key part in the metabolism and degradation of 
biomolecules and xenobiotics. Their role in the endogenous metabolism of steroids is 
considered the primary function of the organism (McMurry & Groves,1986; Lewis, 2001;  
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Fig. 1. Representative structure of cytochrome P450. 
Siroká &Drastichová, 2004; Mansuy, 2007; Munro et al., 2007; Lohmann &Karst, 2008),  a 
crucial step in the adaptation of living organisms to their always changing chemical 
environment (Mansuy, 2007). It is accepted that in the prehistoric organisms one function of 
the P450 enzymes was the hydroxylation of organic substrates, so that the oxidized products 
could be employed as energy source (McMurry & Groves,1986; Lewis, 2001; Siroká 
&Drastichová, 2004; Mansuy, 2007; Munro et al.,2007; Lohmann &Karst, 2008). 
Usually, the exposure of an organism to xenobiotics implies biological responses, generally 
in the form of biotransformation of the pharmacological or toxic substance, which generally 
depends on the conversion of the absorbed compound into an active metabolite or not, with 
a view to its elimination. During the biotransformation, a lipid-soluble xenobiotic or 
endobiotic compound is enzymatically transformed into polar, water-soluble, and excretable 
metabolites. The metabolic products are often less active than the parent drug or even 
inactive. However, some biotransformation products (metabolites) may have enhanced 
activity or toxic effects compared with the initial compound.  A key enzymatic system that 
determines the body's ability to deal with drugs and chemicals is represented by P450 
(Meyer, 1996).   
Briefly, drugs and other xenobiotics are transformed via multiple reactions in two distinct 
stages, namely phase I and phase II reactions. Phase I reactions are regarded as being 
responsible for preparing the drug for phase II reactions. Phase II reactions are usually the 
true �“detoxification�” pathways, leading to compounds that account for most of the inactive, 
excreted drug products (Tanaka, 2001). 
In plant organisms, the production of some significant secondary metabolites, such as lignin, 
terpenoids, steroids, essential oils, and opioid precursors (Lohmann &Karst, 2008), which 
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are essential for the production of some drugs for use in humans, is also based on 
cytochrome functions (Lewis, 2001).  
The P450s react with one oxygen atom from distinct oxidants such as dioxygen (O2), 
forming the active oxidant species, the so-called metal-oxo complex (high-valent iron(IV)-
oxo intermediate, FeIV(O)P +), which is able to transfer the oxygen atom to several substrates 
like alkanes, alkenes, aromatic compounds and amines, among others.  This active species is 
also responsible for the cleavage of C-C bonds in organic substrates. In the  mechanism  
called �“rebound mechanism�”, the hydrogen abstraction from substrates such as alkanes (R-
H) by the FeIV(O)P +species takes place, producing an alkyl radical R. and an iron(III)hydroxo 
complex as intermediates. This is followed by the caged alkyl radical rebound to the hydroxyl 
group, generating the alcohol (Lewis, 2001; Mansuy, 2007). (Figure 2).  
 

 
Fig. 2. Rebound mechanism of metalloporphyrin-catalyzed hydroxilations 

The key feature of P450 enzymes is their ability to perform this reaction selectively, under 
mild conditions, by monooxygenation of the substrate (McMurry & Groves,1986; Lewis, 
2001; Siroká & Drastichová, 2004; Mansuy, 2007; Munro et al.,2007; Lohmann &Karst, 2008) 

2. Cytochromes P450 models  
The development of research on P450s has largely paralleled that on drug metabolism, and 
there are strong connections between these two areas (Gibson & Skett, 1994). 
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Indeed, it is very important to know and follow the mechanisms organisms undergo after 
exposure to a xenobiotic. Deeper understanding of the catalytic reactions carried out by 
enzymes, especially with respect to the nature of the active oxidizing species, has recently 
been achieved thank to studies on enzyme models (Bernardou &Meunier, 2004; Nam, 2007; 
Lohmann &Karst, 2008), particularly synthetic enzymes. 
By means of synthetic models, it is possible to quickly predict information about the 
biotransformation of a drug during the search for and development of new therapeutic 
agents, which in turn enables prediction of their toxic effect (Lewis, 2001; Mansuy, 2007). 
Furthermore, the use of enzyme models diminishes animal testing, not to mention the fact 
that problems related to the isolation of natural enzymes and cells are also eliminated 
(Bernardou &Meunier, 2004). 
Enzymatic biological models have been widely employed throughout all the phases of drug 
design and development. In vivo oxidations carried out by enzymes like P450s can be easily 
mimicked under mild conditions by using synthetic metalloporphyrin systems. More 
specifically, ironporphyrins and manganeseporphyrins have been utilized as P450 models 
due to their ability to catalyze countless organic reactions (Bernardou et al., 1991). 
Several porphyrin systems have been reported in the literature, and over the years three 
main generations of these catalysts have been prepared (Mansuy, 2007). Figure 3 shows 
some structures, representing the three generations of porphyrins. Ironporphyrins, in 
particular, have been more employed as models because they are capable of catalyzing 
organic oxidations pretty similarly to the biological enzyme. 
 

 
Fig. 3. Strucutral formula of several metalloporphyrins: (a) meso-tetrakisphenylporphinato 
iron III (FeTPP), meso tetrakisphenylporphinato manganese III (MnTPP), (b) meso 
tetrakis(pentafluorophenyl)porphinato iron III (FeTFPP), 
tetrakis(pentafluorophenyl)porphinato manganse III (MnTFPP), (c) meso-Tetrakis( 2,6-
dichlorophenyl)porphinato iron  III, (d) -octa- fluoro-meso-
tetrakis(pentafluorophenyl)porphinato iron III. 

Besides their biological and catalytic properties, synthetic metalloporphyrins can also be 
immobilized onto organic polymers as well as amorphous and crystalline inorganic 
materials, such as silica, alumina, and clays (Figure 4). 
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Fig. 4. Kaolinite functionalized with a second-generation of  metalloporphyrin, Fe(TPFPP) 
[adapted from (Bizaia et al.,2009) ] 

The immobilization of metalloporphyrins onto inorganic supports has been found to yield 
efficient, selective catalysts for the oxidation of oxidizable groups, promoting a special 
environment for the approach of the substrate to the catalytically active species, thus 
mimicking the �“site-isolation principle�” of biological enzymes (Lewis, 2001; Mansuy, 2007). 
The sol-gel process is considered a practical methodology for the preparation of 
heterogeneous ironporphyrin catalysts. We ( de Lima et al., 2001;  de Oliveira, et al., 2001; 
Sacco et al.; 2001; Bizaia et al., 2009;  de Faria et al., 2004 ; Mac Leod et al., 2006 ; Machado et 
al., 2009) have presented interesting results regarding the efficiency of ironporphyrin 
catalysts supported on silica or alumina (Figure 5). 
 

 
Fig. 5. Porphyrins entrapped in an alumina matrix by non-hydrolitic sol-gel process 
[adapted from (Lima et al., 2001). 
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Synthetic metalloporphyrins also have potential application in the design of green processes 
for the accomplishment of many kinds of oxidations that mimic the P450 reactions. 
Since the pioneering work of Groves (Groves et al., 1979), synthetic metalloporphyrins have 
been used as biomimetic catalysts of a multitude of reactions, mainly of oxidations of 
satured and unsaturated hydrocarbons (Mansuy, 2007).  Over the last years, the great 
versatility of these biomimetic metalloporphyrins has been extended to the oxidation of 
countless substrates, thus generating important molecules for application in fine chemistry 
and in the pharmaceutical industry. Important examples of such reactions are selective 
DNA cleavage, oxidation of pesticides and lignins, and oxidation of chlorinated aromatic 
compounds (Mansuy, 2007).  
During the last decade, the development of synthetic systems mimicking the activity of 
cytochrome P450 by using metalloporphyrin catalysts and various oxygen atom donors has 
been reported. Some catalytic oxidation reactions described in the literature are summarized 
in Table 1, but this is not an overview from the literature data.  A major review can be found 
in references (Lewis, 2001; Bernardou &Meunier, 2004; Mansuy, 2007; Lohmann &Karst, 
2008). 
Table 1 gives some examples of the use of these model systems in the the metabolism of 
xenobiotics. It is noteworthy that first- and second-generation ironporphyrins are more 
often employed as catalysts, using Iodosylbenzene (PhIO), NaOCl, meta-
chloroperoxybenzoic acid (m-CPBA), or O2/Pt-colloid as oxygen donor.  
It is also worthy of note that synthetic metalloporphyrin catalysts are also very interesting 
for application in sophisticated organic synthesis and high-value products, such as fine 
chemicals. Apart from studies on xenobiotics, these catalysts can also be employed to 
promote chemical transformations that can potentially replace expensive industrial 
processes and which normally would not lead to the same product selectivity achieved by 
means of synthetic metallorporphyrins or biological systems. 
It is always preferable to use oxidants containing only one oxygen atom when the study of 
the reaction model is concerned. Iodosylbenzene, for instance, is a widely employed oxidant 
in the academic field. This polymeric solid does not contain a weak O-H bond, thus 
eliminating the occurrence of free radical chain reactions normally initiated by oxidants like 
alkyl hydroperoxides R-O-O-H (Groves, 2006). However, this oxidant is expensive and 
hazardous. In fact, while iodosylbenzene is the preferred oxidant in studies related to 
oxidative metabolism, because it is very good for predicting drug metabolism, it is no longer 
indicated for research on bio or chemotransformation. 
Over the last decade the search for efficient and environmentally friendly oxidation 
procedures that could be used to develop green processes for many kinds of oxidation 
reactions has been intensified. Also, because the highly selective oxidation of organic 
compounds is of extreme importance in synthetic chemistry, many attempts have been 
made in order to oxidize compounds and produce target components that cannot be easily 
obtained by conventional routes.  
A very interesting and promising field for the application of metalloporphyrin catalysts lies 
in the area of natural product oxidation, with potential use in the discovery of new drugs for 
utilization in clinical practice. This could be achieved by employing clean oxidants like 
hydrogen peroxide or molecular oxygen. Nevertheless, although dioxygen is considered an 
ideal oxidant, it is difficult to use this very reactive compound because it is hard to control 
reaction selectivity, not to mention the security issues related to this gas. 
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Porphyrin Matrix Substrate Reaction Oxidant References 
[Fe(TPFPP)] 
[Fe(TDFSPP)] 
[Fe(TCFSPP)] 

Homogeneous 
Kaolinite 
Si-APTS 
Chrys 

Cyclohexane 
Heptane 

PhIO Nakagaki 
& 
Wypych, 
2007 

Mn(TDCPP)Cl 
 

Cyclooctene 
Non-1-ene 
cis-stilbene 
Cyclohexane 

H2O2 Thellend 
et al., 1994 

[Fe(TPP)]Cl 
[Mn(TPP)]Cl 
[Fe(TFPP)]Cl 
[Mn(TFPP)]Cl 

Piperine  
Piplartine 
 

PhIO Schaab et 
al., 2010 

Mn-TMPyP 
Fe-TMPyP 

DNA O2 
K2O 

Pitié et al., 
2006 

Fe(TCPP)Cl 
Mn(TCPP)Cl 
Mn(TFPP)Cl 

Primidone 

Oxidation 
 

t-
BOOH 

Mac Leod 
et al., 2008 

Horseradish-
peroxidase 

Chlorophyll Hynninen 
et al., 2010 

[Fe(TPPF20)] 
[Fe(TPPCl8)] 
[Fe (TPPCl8 -Br8)] 

Fenitrothion 
Cyanophos 
Tolclofos-
methyl 
butamifos 
Fenthion 

H2O2 
Fujisawa 
& Katagi, 
2005 

- and meso-
substituted iron-
porphyrins 

Permethrin 
Fenvalerate 
 

Degradation 
 

H2O2 
mCPBA 

Fujisawa 
& Katagi, 
2009 

Gold(III)porphyrin 

Homogeneous 

Carcinomas Anticancer 
activity 

--- van Rijt & 
Sadler, 
2009 

Table 1. Examples of model systems based on P450 in the metabolism of xenobiotics. 
 

It is widely accepted that hydrogen peroxide is another ideal oxidant because of its high 
active oxygen content, availability, and non-toxicity. Moreover, it is considered to be non-
polluting, since it produces only water as product (Goti & Cardona, 2008). Oxidations with 
hydrogen peroxide are highly atom-economic. Furthermore, hydrogen peroxide is a safe, 
readily available, cheap reagent. 
Although the oxidation of natural products by synthetic ironorphyrins is a new area, it is a 
very promising field because it is well established that the chemical transformation of 
abundant and cheap natural products can make other more valuable compounds with 
interesting biological activities available. 
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3. Synthetic metalloporphyrins in the oxidation of plants 
Natural products, especially medicinal plants, have great importance for the development of 
new drugs used in human and animal medicines. According to Rates (Rates, 2001) about 
25% of the drugs prescribed worldwide are sourced from natural plants, and of the 252 
drugs considered as basic and essential by the World Health Organization (WHO), 11% are 
exclusively originated from plants. In addition, many synthetic drugs have been and are 
being obtained from natural precursors, since they represent a valuable alternative for the 
development of new medicines (Elisabetsky et al.,1995; Balunas & Kinghorn, 20005). 
Examples of important drugs obtained from plants are digoxin (obtained from Digitalis sp. 
and used in heart failure) and taxol (obtained from Taxus breviola and used as antitumor). 
Thus, medicinal plants are an important source of new chemical substances with potential 
therapeutic applicability. 
Concerning the production of active compounds, the diversity of the plant kingdom 
represents an extraordinary reserve of new molecules, but only a small percentage of plant 
species in the world have been investigated from a chemical viewpoint, and the biological 
and pharmacological screenings of their constituents are even scarcer (Cordell, 2000). 
Pharmacological research on the active principles of medicinal plants has provided 
important advances in the therapeutics of many diseases, and various substances found in 
plants have been used as useful tools in pharmacological, physiological, and biochemical 
studies (Souza Brito, 1996; Rates, 2001). 
The transformation of abundant natural products can transform them into economically 
valuable compounds, boosting their application in several areas of human heath. One 
interesting review can be found in the reference (Simões et al., 2009). In this subject area 
some interesting research has been carried out on essential oils from plants. Terpenoids, 
which are widely distributed in nature, play an important role as fragrance, flavoring, and 
medicaments for the treatment of various diseases. Their chemical transformation by means 
of oxidation with several oxidants using synthetic metalloporpyrin as biomimetic catalysts 
of P450s has been reported in the literature (Toshiro et al., 1999). Konoike et al. (Konoibe et 
al., 1999) have described the use of the ironporpyrin (FeTFPP, Figure 
3)/metachloroperbenzoic acid system in the allylic hydroxylation of position 11 of 
triterpenes bearing a sterically hindered olefin. This oxidation position was obtained with 
the oleanolic acid, ursolic acid, and dihydrolanosterol, and their derivatives were efficiently 
(67%) converted to the corresponding allylic alcohols. Despite the high conversion rate 
achieved with the homogeneous catalytic system, the reaction presented some drawbacks, 
such as the employed temperature -78°C, and no possibility of catalyst reuse, since in fact no 
reuse of the homogeneous catalyst was mentioned. 
The paper by Rosália et al. (Rosália et al., 1999) has described oxidation of the 
monoterpenes:  carvacrol, thymol, and p-cymene, Figure 6, using manganseporphyrins 
(MnTDCPP and MnTFPP), Figure 3, /hydrogen peroxide as catalyst/oxidant.  The 
oxidation of carvacrol and thymol selectively produced the thymoquinone, a high-value 
product compared with the starting reagents, because it has anticancer, anti-inflammatory, 
and hepatoprotective effects (Ravindran et al., 2010).  The homogeneous manganese catalyst 
/hydrogen peroxide systems were very efficient for the production of thymoquinone, but 
no catalyst reuse was mentioned. 
Millos (Milos, 2001) has reported that good thymoquinone production, Figure 6, (~ 60.0 %) 
was achieved by oxidizing the essential oil of oregano with the oxidant potassium  
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Fig. 6. Schematic representation of carvacrol and thymol oxidation to production of 
thymoquinone and possible byproducts.  

monopersulfate, using an ironporphyrin (FeTPP, Figure 2) as biomimetic catalyst. The great 
differential in this work (Milos, 2001) is that, contrary to Rosália et al. (Rosália et al., 1999), 
Millo et al. worked directly with the oregano essential oil isolated from dried plant material, 
whereas Rosália  worked with commercially available reagents.  
Another major accomplishment of Milos�’s work (Milos, 2001) is the fact that a first-
generation ironporphyrin, which is usually cheaper and easier to synthesize, was employed. 
However, this ironporphyrin can be easily destroyed under drastic reaction conditions, 
which would impair catalyst reuse.   
Cavaleiro et al .(Cavaleiro, et al.,1996) have been one of the first to report the processing of 1, 
8-cyneole, Figure 7, one of the major components of the essential oils of Eucalyptus globules, 
using the clean oxidant, hydrogen peroxide. Although this oil is abundant, it is inert and 
had little economic significance. The oxidation of cyneole by a manganseporphyrin 
(MnTDCPP or MnTFPP, Figure 3)/hydrogen peroxide system generated oxygenated 
products with high added value. The homogeneous catalysts were very efficient, and the 
use of a cocatalyst improved hydrogen peroxide efficiency, consequently allowing for 
higher substrate conversion using shorter reaction times and smaller amounts of H2O2, 
without loss of selectivity. No catalyst reuse was reported.  
 

 
Fig. 7. Structure of 1,8-cyneole. 

Another greatly important and largely available terpenoid is limonene, Figure 8, which is a 
source of a great variety of oxyfunctionalized derivatives. Some literature works have 
reported the chemical transformation of this substrate by manganesoporphyrins/H2O2 

systems (Skrobot et al., 2003). Metalloporphyrin systems have also been employed as 
efficient catalysts in the epoxidation of pinene to pinene oxide, Figure 8, which is a useful 
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intermediate in the synthesis of several sandalwood fragrances (Maraval et al., 2002; Skrobot 
et al., 2003) have reported on excellent studies about this substrate using these systems.  
 

 
Fig. 8. Schematic representation of limonene oxyfunctionalization and possible derivatives: 
limoneneoxide, carveol and carvone 

Skrobot et al. (Skrobot et al., 2003) have described the use of manganeseporphyrins 
(manganese(III) tetra(4-N-benzylpyridyl)porphyrin, in particular) as catalysts for the 
epoxidation of pinene and for the hydroxylation of carvacrol, Figure 6, using hydrogen 
peroxide as oxidant. The catalysts were used in either homogeneous solution or supported 
on Y zeolite. The results reported by the authors were very interesting, since the 
heterogeneous system gave similar results to those achieved with the homogeneous system. 
This was considered promising because it is normally expected that heterogenous catalysts 
will lead to reduced conversion rates, due to the difficult access of the substrate to the active 
site and diffusion of the products back into solution. However, despite the use of a clean 
oxidant, re-use of the heterogeneous catalyst prepared by Skrobot et al. (Skrobot et al., 2003) 
revealed loss of catalytic activity, attributed to leaching of the manganeseporphyrin from  
the zeolite.  
Even though literature works have described several tests using metalloporphyrin models, 
we have verified that only a few works have tested the substrate directly extracted from 
plants. Recently Schaab et al. (Schaab et al., 2010) employed the system 
ironporphyrin/iodosylbenzene in the oxidation of the substrate piplartine, a potential 
anticancer plant (isolated from Piper tuberculatum). They showed that ironporphyrin is a 
good catalyst for prediction of drug metabolism by P450. Nevertheless, most studies were 
accomplished using standardized, commercially available compounds. Moreover, the 
oxidant of choice in the majority of the studies is iodosylbenzene, which is very good for 
predicting drug metabolism, but is no longer indicated for studies on bio or chemical 
transformation of substances for medicinal uses. Also, many works have employed 
homogeneous catalysts and there is no mention of catalyst reuse, probably because of the 
relative difficulty in isolating it from the reaction medium. 
Still, among the works reported above involving the chemical transformation of plants, it 
can be noted that most papers focus on studies of terpenoids and their derivatives. Thus, 
increasing the research on the oxidation of active ingredients from other medicinal plants 
and establishing larger association between chemistry and pharmacology are still necessary, 
in view of the possibility of discovering new pharmacologically active chemicals. Lignans 
are among the chemicals produced by plants that deserve special interest and therefore 
must be chemically and pharmacologically exploited.  
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4. Oxidation of lignans by ironporphyrins 
Lignoid term is a generic name, which features a group of secondary metabolites whose 
skeleton is formed exclusively by the group phenylpropanoid (C3-C6) n, where n is 
restricted to a few units (Ward,1999). Because of the wide diversity of occurrence, the broad 
spectrum of biological activities, and the important role they play in plant development, the 
lignoids have been the target of several studies (MacRae & Towers, 1984; Saleem et al., 
2005). Among them, there are lignans and neolignans. Lignans are dimers derived from 
condensation by oxidative coupling of cinnamyl alcohols with each other or with cinnamic 
acids, whose carbon  (C3) of side chain is oxidized (Ward, 1999; Gottlieb & Yoshida, 1989). 
Thus, lignans are biosynthesized by dimerization, via oxidative coupling of 
phenylpropanoids units (C6C3), forming a variety of structurally distinct subclasses. An 
example of these substances is cubebin (Figure 9a), a dibenzylbutyrolactone lignan obtained 
from the seeds of Piper cubeba (Piperaceae), which has anti-inflammatory (Souza et al., 2004;  
Silva et al.,2005); and trypanocidal (Bastos et al., 2001) activities.   
                                                   

 
                                        (a)                                                                            (b) 
Fig. 9. Structure of cubebin (a) and veraguensin (b).  
Neolignans are dimers derived from condensation by oxidative coupling of allyl and /or 
propenyl phenols and, unlike lignans, are free of oxidation in the  carbon atom. An 
example of this class is veraguensin (Figure 9b), a tetrahydrofuran neolignan found in 
Nectandra megapotamica (Lauraceae), which has anti-inflammatory (Da Silva Filho et al., 2004 
a) trypanocidal (Lopes, et al. 1998; Da Silva Filho et al., 2004), properties. 
In general, the biological and commercial importance of these compounds can be 
represented by derivatives of podophyllotoxin (Figure 10), a lignan obtained from 
Podophyllum peltatum (Berberidaceae) and used in the treatment of cancer (Bastos et al.,1996).  
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Fig. 10. Chemical strucutures of podophyllotoxin (a), etoposide (b), etopophos (c) e 
teniposide (d). 
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Actually, lignans have interesting biological properties, and useful drugs have been 
developed from the well-known lignans podophyllotoxin and steganacin (of the 
phenyltetraline and dibenzocyclooctane classes, respectively) for the treatment of cancer as 
well as other ailments. Crude plant materials containing lignans have long been used in folk 
medicine (Rehnberg & Magnusson, 1990).  
Another major focus of the search for active natural products has been the antiparasitic 
activities of compounds, especially the schistosomicidal , trypanocidal ( De Souza et al., 
2005), and leishmanicidal (Barata et al., 2000)  activities of these substances. Such activities 
are respectively represented by methylcubebin (Figure 11a), veraguensin (Figure 9b), and 
surinamensin (Figure 11b), showing that lignans and neolignans prototypes are promising 
for the development of new antiparasitic drugs. 
 

 
                                        (a)                                                                            (b) 
Fig. 11. Structure of methylcubebin (a) and surinamensin (b).  

On account of the biological activities of lignans, including their anticancer, antitumoral, 
trypanocidal, antimicrobial, and anti-inflammatory activities, some alternatives that will 
promote and improve their production are necessary. 
(-)-Hinokinin, Figure 12,  a dibenzylbutyrolactone lignan, possesses antileishmanial, anti-
inflammatory, antigenotoxic (Souza et al.,2004 ;  Da Silva et al.,2005 ; Medola et al., 2007), 
and significant in vitro and in vivo trypanocidal activities against Trypanosoma cruzi, the 
etiologic agent of Chagas` disease (Saraiva et al., 2007). Considering its promising biological 
activities, as well as its potential use as trypanocidal drug, large quantities of (-)-hinokinin 
are needed. (-)-Hinokinin and (-)-cubebin co-occur in P. cubeba, where they are among the 
major components of the biomass   (Souza et al., 2004;   Silva et al., 2007). In a traditional 
process, the oxidation of (-)-cubebin, catalyzed by pyridinium chlorochromate, PCC, ( De 
Souza et al., 2005) can produce additional quantities of (-)-hinokinin. However, PCC is toxic 
and contains chromium (VI), a potential carcinogen. Besides its direct toxicity, the use of 
heavy metals (chromium) is a potential environmental problem to both water and soil 
qualities, and consequently to plant, animal, and human life (Barros et al., 2007). 
 

 
Fig. 12. Chemical strucuture of (-)-Hinokinin 
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As part of our work on oxidative catalytic systems involving ironporphyrins  (Papacídero et 
al., 2006), as well as of our studies on the synthesis and biological activities of lignans 
(Bastos, et al., 1996; Da Silva Filho et al., 2004; Souza et al., 2005)   our group has developed a 
synthetic method for production of (-)-hinokinin consisting of the oxidation of (-)- cubebin 
catalyzed by biomimetic heterogeneous metalloporphyrin catalytic systems. Cubebin was 
isolated by us directly from Piper cubeba. (Powdered seeds of Piper cubeba L., bought from the 
market, were exhaustively extracted by maceration with 96% ethanol. The concentrated 
crude extract was partitioned between the hexane and methanol/water (9:1) phases and 
purified by liquid chromatography and crystallization). 
The genus Piper has over 700 species distributed in both hemispheres. Piper cubeba, 
belonging to the Piperaceae family, is one of the folkloric plants used as a spice in many 
countries, including Indonesia, India, Europe in the middle ages, and Morocco. It has also 
been used for the treatment of dysentery, syphilis, abdominal, pain, diarrhea, enteritis, and 
asthma (Usia et al., 2005).  P. cubeba has been investigated by our research group, too, aiming 
to evaluate the biological activities of extracts, isolated compounds, and 
dibenzylbutyrolactone semi-synthetic derivatives.  
Similarly to what was reported previously by our group in the case of the epoxidation of 
alkenes ( De Lima et al., 2001), the immobilization of ironporphyrin on alumina prepared by 
the non-hydrolytic sol-gel route (NHG) is a very interesting and efficient method for the 
construction of selective catalysts for cubebin oxidation. The ironporphyrin was efficiently 
supported on the matrix and it did not leach from the support in the employed reaction 
conditions.  
The oxidation of (-)-cubebin (a), catalyzed by the heterogeneous FeTFPP-NHG system, was 
performed with two oxidants, namely iodosylbenzene or H2O2, at atmospheric pressure and 
room temperature (Figure  13). 
 

 
Fig. 13. Schematic representation of cubebin oxidation to (-)-hinokinin catalyzed by 
ironporphyrin.  

The oxidation of (-)-cubebin was efficiently catalyzed in the case of both oxidants, leading to 
the sole production of (-)-hinokinin (b). Higher yields of this product and 100% selectivity 
were obtained when PhIO was used as the oxygen donor, compared with H2O2 (70%) 
(Figure 13). It is noteworthy that the catalytic activity of the FeTFPP-

(a) 
(b) 
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NHG/acetonitrile/PhIO system was similar to the oxidizing activity of PCC (98 % hinokinin 
yield). Considering that the formation of (-)-hinokinin catalyzed by ironporphyrins was 
performed under mild and environmentally-friendly conditions, the results obtained here 
are better than those achieved using PCC. These results are quite interesting and, to our 
knowledge, there are no similar works reported in the literature. 
The great advantage of the heterogeneous catalyst is its reuse, and the high efficiency and 
stability of a catalytic system can be confirmed via catalyst reuse. To this end, the solid 
catalysts were separated from the reaction mixture after each experiment by simple filtration 
and dried before being used in a subsequent run. In the case of our system, the catalyst was 
reused in five consecutive runs, without loss in terms of selectivity. So it can be claimed that 
the non-hydrolytic sol-gel method allowed for contruction of an economically viable catalyst 
that can be successfully reused. SEM techniques revealed that catalyst structure was 
preserved after the five reuse experiments, a clear indication of the stability and robustness 
of the catalytic system prepared by the non-hydrolytic sol gel process.  
The results obtained here give strong evidence that the active catalytic species responsible for 
the oxidation of cubebin is the metal-oxo complex (high-valent iron(IV)-oxo intermediate, 
FeIV(O)P +), so it can be said that an efficient catalyst bioinspired on P450s was built. 
Licarin-A, a neolignan obtained from the oxidative coupling of isoeugenol, displays 
significant antiparasitic activity against the adult forms of Schistosoma mansoni.  
Taking into account the antiparasitic potential and the possible production of derivatives 
from licarin-A, such as (-)-hinokinin, a dibenzylbutyrolactone lignan, there is great interest 
in the search for new approaches that will enable the oxidation of these lignans to be carried 
out, since the oxidized products are probably biologically active.  
Our group has also examined the oxidation of licarina-A, Figure 14, by a system bioinspired 
on the P450s, more specifically the second-generation ironporphyrin FeTFPP+ immobilized 
on silica and the oxidants iodosylbenzene, or hydrogen peroxide.  
The licarin-A was obtained by oxidative coupling, using (E)-isoeugenol (10.5 mmol), 
dissolved in methanol (50 mL), citrate-phosphate buffer (450 mL, 20 mM, pH 3) and 
horseradish peroxidase (HRP, 20 mL, 2500U) (Nascimento et al., 2001). The mixture was 
stirred while H2O2 30% (0.57 mL) was added dropwise over 10 min. Licarin-A (a white 
solid) was purified by column chromatography (silica gel 60 0.040-0.063 mm) with hexane-
ethyl acetate (8:2 v/v). 
Initially, FeTFPP+ was covalently bound to the silica support by means of the sol-gel 
method, which consisted in reacting the metalloporphyrin with 3-
aminopropyltriethoxysilane (APTES), as previously described by Ciuffi et al (Ciuffi, et al., 
2000). The oxidation of licarin-A catalyzed by silica-FeTFPP occurred in mild conditions, 
and the products were isolated by high performance liquid chromatography.  
The ironporphyrin was efficiently supported on the matrix and did not leach from the 
support under the employed reaction conditions.  
As in the case of cubebin, the oxidation of licarin A catalyzed by the heterogeneous FeTFPP-
silica was performed by using one of the following oxidants: PhIO or H2O2, at atmospheric 
pressure and room temperature (Figure 5). Although the studies using the oxidant H2O2 are 
only preliminary, the oxidation was efficiently catalyzed in the case of both oxidants, but high 
selectivity was obtained only with iodosylbenzene (100 %), compared with 30% selectivity 
achieved with H2O2, since in the latter case other products (alcohols) were also detected.  
The loss of selectivity in the reactions carried out with hydrogen peroxide as oxidant could 
be a strong indication of the involvement of free radical mechanisms, a consequence of the 
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homolytic cleavage of the peroxide. Therefore, as already done in an earlier work by our 
group, tests in the presence of radical trap were accomplished, since these traps would 
eliminate the occurrence of any free radical mechanisms in this type of reaction. 
As in the case of cubebin oxidation, the results obtained for licarin A oxidation strongly 
suggest that the active catalytic species responsible for the oxidation is the metal-oxo 
complex (high-valent iron(IV)-oxo intermediate, FeIV(O)P +) . 
Because our studied on licarin A oxidation are in the initial stage, recyclability of the catalyst 
has not yet been investigated. 
It is noteworthy that metalloporphyrin catalysts are able to oxidize the products directly 
extracted from plants or previously purified. 
 It is also worth mentioning that the experiments were repeated at least three times in the 
case of both substrates, and total reproducibility was achieved.  
 

 
Fig. 14. Schematic representation of cubebin and licarin oxidation by iroporphyrin 
heterogeneous catalysts and possible products. 

5. Conclusions  
Natural products, especially those found in medicinal plants, have great importance for the 
development of new drugs for use in human and animal medicines. 
On account of the biological activities of natural products, including anticancer, antitumoral, 
trypanocidal, antimicrobial, and anti-inflammatory activities, some alternatives that 
promote and improve their production are necessary and many attempts have been made in 
order to oxidize natural plant compounds and produce target components that are not 
easily obtained by conventional routes. 
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The use of metalloporphyrin catalysts, biomimics of P450s, is very promising. However, a 
lot of work remains to be done regarding the use of the clean oxidant hydrogen peroxide 
and catalyst reuse. One approach to overcoming the latter difficulty is immobilization of the 
synthetic metalloporphyrins on solid supports. 
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1. Introduction 
The Cu2( - 2: 2-O2) species has attracted attention in the model studies of type III copper 
proteins because this structure is suggested as an important motif in biological systems 
(Karlin and Tyeklár, 1993; Kitajima and Moro-oka, 1994). Although oxyhemocyanin (oxyHc) 
and oxytyrosinase (oxyTy) have this species in the active site, they show different functions: 
oxygen transport and oxygen activation, respectively (Cooksey et al., 1997; Cuff et al., 1998; 
Holm et al., 1996; Solomon et al., 1992). 
Synthetic modeling approaches have greatly developed our understanding of the chemical 
characters of the Cu2( - 2: 2-O2) species (Cahoy et al., 1999; Funahashi et al., 2008; Hu et al., 
2001; Kitajima et al., 1992; Kitajima et al., 1989; Kodera et al., 2004; Kodera et al., 1999; Lam et 
al., 2000). Kitajima et al. succeeded in synthesizing [(HB(3,5-iPr2-Pz)3)Cu]2(O2) (HB(3,5-iPr2-
Pz)3 = hydrotris{3,5-diisopropyl-pyrazolyl}borate (Trofimenko, 1999)) (1), which showed 
remarkable physicochemical similarities to oxyHc and oxyTy, and determining the crystal 
structures of the complex, which first characterized a Cu2( - 2: 2-O2) structure for the active 
site of oxyHc, before the X-ray crystallographic studies of Hc were reported (Kitajima et al., 
1989). Tolman and his collaborators synthesized [(iPr3TACD)Cu]2( - 2: 2-O2) (iPr3TACD = 
1,5,9-triisopropyl-1,5,9-triazacyclodecane (2) to understand how the nature of the tridendate 
macrocyclic supporting ligand influences the relative stability of the isomeric - 2: 2-
peroxo- and bis( -oxo)dicopper complexes (Lam et al., 2000). They showed that low-
temperature oxygenation of [(iPr3TACD)Cu]2(CH3CN)]SbF6 yielded a - 2: 2 product with 
no trace of the bis( -oxo) isomer and concluded that the size of the ligand substituents and 
the ligand macrocycle ring size are key factors in controlling the relative stabilities of the 

- 2: 2-O2-peroxo and bis( -oxo) forms. Kodera et al. reported the reversible dioxygen 
binding by the room-temperature-stable complex, [(L1)Cu]2( - 2: 2-O2) (L1 = 1,2-bis[2-(1,1-
bis(6-methyl-2-pyridyl)ethyl)-6-pyridyl]ethane) (3), and showed that the long Cu�–O bonds 
and the strong O�–O bond of 3 are favorable for easy release of O2 since the O�–O stretch of 3 
is the strongest for Cu2( - 2: 2-O2) complexes including oxyHc from the resonance Raman 
spectrum (Kodera et al., 2004). Masuda and his coworkers synthesized a new 
Cu2( - 2: 2-O2) complex formed with -isosparteine and benzoate (4) and determined the 
novel coordination structure of a carboxylate-bridged butterfly type - 2: 2-peroxide 
dicopper core (Funahashi et al., 2008). It was shown that the butterfly core is supported by 
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benzoate in the axial position, losing its planarity despite the Jahn�–Teller effect on the Cu(II) 
d9-configuration. Fig. 1 illustrates the coordinating ligands to the Cu2( - 2: 2-O2) core of the 
biomimetic models 1�–4, and Fig. 2 shows the X-ray crystallographic structures of 1�–4. 
 

 
Fig. 1. Coordinating ligands utilized for the biomimetic model of Hc 1�–4. 

Several theoretical investigations have also been performed on models of the dicopper 
active site (Aullón et al., 2006; Benson et al., 2002; Cramer et al., 2003; Cramer and Pak, 2001; 
Gresh et al., 2002; Siegbahn, 2006; Siegbahn and Wirstam, 2001). Siegbahn studied the 
catalytic mechanisms of tyrosinase and catechol oxidase using Cu2O2 complex coordinated 
by six imidazole ligands at the UB3LYP level of theory (Siegbahn, 2006; Siegbahn and 
Wirstam, 2001). Cramer et al. investigated the mechanism of the intramolecular C-H bond 
cleavage in [LCu]2( -O)2 (L = 1,4,7-tribenzyl-1,4,7-triazacyclononane) (Cramer et al., 2003; 
Cramer and Pak, 2001) using the integrated molecular orbital molecular mechanics (Maseras 
and Morokuma, 1995) with DFT and universal force field (Rappe et al., 1992). Aullón et al. 
performed UB3LYP calculations on binuclear [(Tp)Cu]2( -O)2 complexes (Tp = 
tris(pyrazolyl)borate) to examine the effect of the substituents of the Tp ligands on dioxygen 
activation and stabilization (Aullón et al., 2006). 
Previously, we investigated the magnetic couplings and the potential energy surface for the 
reversible binding process of the model of Hc using unrestricted Hartree�–Fock and spin-
polarized density functional theory (DFT) (Becke's half and half LYP (UBHandHLYP), 
UB3LYP, and UBLYP) (Takano et al., 2009; Takano et al., 2001; Takano and Yamaguchi, 
2007). In this model, each Cu ion is coordinated by three methylimidazole. We concluded 
that the superexchange interaction via the bridging dioxygen causes a strong 
antiferromagnetic couplings between the two copper ions of the model of oxyHc and that 
the structural conversion from oxy to deoxyHc controls the reversible binding of dioxygen 
for Hc.   
To comprehend the chemical character of the Cu2( - 2: 2-O2) complexes, we have 
investigated the magnetic interaction and the nature of the chemical bond of the biomimetic 
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models of oxyHc and oxyTy, 1�–4, from the viewpoint of the shape and symmetry of the 
natural orbitals and chemical indices. We compared the geometries, magnetic couplings, 
and nature of chemical bonds of the optimized structures to those of the X-ray structures. 
 

 
Fig. 2. X-ray crystallographic structures and optimized structures of 1�–4. Site numbers Cu1, 
Cu2, O3, and O4 are also illustrated. 

2. Theoretical background 
2.1 Magnetic coupling constant (Jab) 
Since a large number of transition metal complexes have unpaired d electrons, magnetic 
properties of transition metal complexes have been investigated in order to understand the 
molecular structures and the electronic structures. Magnetic coupling constants (Jab) can be 
experimentally determined by the measurement of magnetic susceptibility. Recent 
development of computational techniques of quantum chemistry has made theoretical 
calculations of Jab values possible (Takano et al., 2001). Let us consider the superexchange 
interactions between Cu(II)L3 (L: ligand) fragments via peroxide. Cupric ion, Cu(II), has the 
d9 configuration with half spin (S = 1/2). If each spin is mainly localized on one site (a or b 
site), as illustrated in I of Fig. 3, we can estimate Jab values between magnetic sites on the 
basis of the Heisenberg model (Onishi et al., 2001; Salem, 1982; Soda et al., 2000; Takano et 
al., 2008; Takano et al., 2002a; Takano et al., 2001; Takano et al., 2000; Takano and 
Yamaguchi, 2007) using the energy gap by spin-polarized DFT calculations between the 
highest spin (HS) and lowest spin (LS) states,  

    H 2 JabSa Sb , (1) 

where Sa and Sb represent the spins at sites a and b, respectively. However, spin-polarized 
DFT solutions in the LS states usually exhibit the broken symmetry problem (Isobe et al., 
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2002; Mitani et al., 2000a; Onishi et al., 2001; Salem, 1982; Takano et al., 2008; Takano et al., 
2002a; Takano et al., 2001; Takano et al., 2000; Takano and Yamaguchi, 2007). Spin projection 
of the broken symmetry solutions should be carried out to eliminate the spin 
contaminations. 

   

Jab

LSEX
HSEX

HS
S2

X

LS
S2

X

, (2) 

where YEX and Y<S2>X denote the total energy and total angular momentum of the spin state 
Y by spin-polarized DFT, respectively. 

2.2 Natural orbitals 
The molecular orbital picture is also feasible for elucidation of the origin of the magnetic 
interaction between the Cu(II) ions. In order to obtain molecular orbital-theoretical 
explanation of the magnetic interactions, the natural orbitals of the spin-polarized DFT 
solutions were determined by diagonalizing their first-order density matrices (Onishi et al., 
2001; Salem, 1982; Takano et al., 2008; Takano et al., 2002a; Takano et al., 2001; Takano et al., 
2000; Takano and Yamaguchi, 2007) as  

    r ,r ni i
* r i r  (3) 

where ni denotes the occupation number of the natural orbital i. The occupation numbers of 
the bonding and anti-bonding natural orbitals were almost 2.0 and 0.0, respectively, except 
for the two singly occupied natural orbitals (SONOs), for which the occupation numbers 
were close to 1.0. The broken symmetry bonding orbitals are generally given by the in- and 
out-of phase combinations of the bonding  and antibonding 

 *  DFT natural orbital  

   i cos i sin i  (4) 

where  is the orbital mixing coefficient (Onishi et al., 2001; Salem, 1982; Takano et al., 2008; 
Takano et al., 2002a; Takano et al., 2001; Takano et al., 2000; Takano and Yamaguchi, 2007). 
 

 
 

Fig. 3. Valence bond description of the Cu2O2 bond.  
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The orbital overlap 
 Ti i i  between magnetic orbitals is a measure of the SE 

interaction, namely Ti = 0 for pure metal diradical and Ti = 1 for the closed-shell pair. The 
occupation numbers of the bonding and antibonding DNO are expressed by the Ti value; 

   ni 1 Ti , ni
* 1 Ti  (5) 

The total spin angular momentum for the BS solution is given by 

  LS<S2> = Smin(Smin+1) +  (1- Ti2)  (6) 

2.3 Chemical indices 
In theoretical and coordination chemistries, an important issue is to understand the nature 
of the chemical bonds in transition metal complexes. Chemical indices are useful criteria for 
the nature of chemical bonds. Since the broken symmetry solutions are employed in this 
study, several chemical indices, which are equally defined by the symmetry-adapted CASCI 
and CASSCF, are expressed in terms of the occupation numbers of DFT natural orbital 
(Isobe et al., 2003; Mitani et al., 2000a; Yamaguchi, 1990). These indices are used as common 
criteria for the nature of the chemical bonds of the Cu2( - 2: 2-O2) core. 
The effective bond order (Isobe et al., 2003; Yamaguchi, 1990) is defined by 

   
bi

ni ni
*

2  
(7) 

The effective bond order is a measure of the superexchange interaction; that is, bi = 0 for 
pure metal diradical and bi = 1 for the closed-shell pair.  
Classical and quantum information theories and generalized entropies are now well-defined 
in several different fields to extract information. In chemistry, information entropy (I) is 
employed to express the characteristic of chemical bonds (Ramirez et al., 1997). The Jaynes 
information entropy is defined by the occupation number of SONOs to express electron 
correlation 

   I ni lnni  (8) 

The Jaynes information entropy for the spin-restricted DFT solution of closed-shell systems 
is given by 

   IC 2ln2 (9) 

Then, the normalized Jaynes information entropy is defined as a measure of correlation 
correction as   

   
In

IC I
IC

0 In 1
 

(10) 

The In  value increases with the decrease of Ti in this definition, and it is parallel to the 
decrease of the effective bond order   b 1 b 1 T  (Isobe et al., 2002). The In and b values 
are, therefore, responsible for loss of bond information or covalent bonding. 
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The unpaired electron density U is defined as the deviation of the post HF and CI 
wavefunctions from the single Slater determinant (Takatsuka et al., 1978), and it is also 
expressed by the occupation number as 

   U ni 2 ni  (11) 

Very recently, the U-value is utilized as a measure of electron correlation by Staroverov and 
Davidson (Staroverov and Davidson, 2000).   
The CASCI and CASSCF methods (Roos et al., 1982) are well-accepted approaches to open-
shell species. Therefore, it is desirable to clarify mutual relations between the CI and BS 
methods.  The diradical character (Y) is defined by the weight of doubly excited 
configuration (WD) involved in the projected BS solution in comparison with CASCI and 
CASSCF (Isobe et al., 2002; Mitani et al., 2000b) as 

   
Y 2WD 1 2Ti

1 Ti
2

ni
2 4ni 4

ni
2 2ni 2  

(12) 

Thus, all the chemical indices introduced here are related each other through the occupation 
numbers of natural orbitals, which can be calculated by both symmetry-adapted solutions 
such as CASSCF and broken-symmetry solutions. These indices are used as common 
criterion for chemical bonds of biomimetic complexes 1�–4. 

3. Computational details 
3.1 Computational procedure 
All quantum chemical calculations were carried out on the synthetic Cu2O2 complexes 1�–4 
with Gaussian03 program (Frisch et al., 2003).  
In DFT calculations, exchange-correlation potentials are generally defined by 

   EXC C1EX
HF C2EX

Slater C3 EX
Becke88 C4EC

VWN C5 EC
LYP

 (13) 

where     EX
HF  is the Hartree�–Fock exchange,   EX

Slater  is the Slater exchange,   EX
Becke88  is the 

gradient part of the exchange functional of Becke (Becke, 1988),   EC
VWN  is the correlation 

functional of Vosko, Wilk, and Nusair (Vosko et al., 1980), and   EC
LYP  is the correlation 

functional of Lee, Yang, and Parr (Lee et al., 1988) which includes the gradient of the 
density. Parameters, Ci (i = 1�–5), are the mixing coefficients.  The parameter sets (C1, C2, C3, 
C4, and C5 ) are taken as (0.00, 1.00, 1.00, 1.00, and 1.00) for BLYP, (0.20, 0.80, 0.72, 1.00, and 
0.81) for B3LYP (Becke, 1993), and (0.50, 0.50, 0.50, 1.00, and 1.00) for BHandHLYP (Becke, 
1993). Since we showed that UBHandHLYP (referred to as UB2LYP in the previous papers 
(Takano et al., 2001; Takano and Yamaguchi, 2007)) can be regarded as a reliable method to 
examine the magnetic couplings and the dioxygen binding process of Hc and the nature of 
chemical bonds of the biomimetic complexes in the previous papers (Takano et al., 2009; 
Takano et al., 2001; Takano and Yamaguchi, 2007), we used the UBHandHLYP exchange-
correlation functionals to investigate the magnetic couplings and the chemical indices: it is 
noteworthy that UBHandHLYP is much more reliable than conventional UB3LYP for 
strongly correlated electron systems such as CuO plane in oxide superconductors (Onishi et 
al., 2001).  
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Basis sets employed in all the calculations were Tatewaki�–Huzinaga MIDI 
(533(21)/53(21)/(41)) (Tatewaki and Huzinaga, 1979) plus Hay's d diffuse function (  = 
0.1491) (Hay, 1977) for Cu(II) ions, Pople's 6-31G(d) (Hariharan and Pople, 1973) for C, O, N, 
and B atoms, and 6-31G (Hehre et al., 1972) for H atoms. 

3.2 Geometrical parameters for 1�–4 
The geometrical parameters of 1�–4 were taken from the X-ray crystallographic data of 
Cambridge Structural Database (Allen, 2002) as shown in Fig. 2 (Refcode for 1: KECZEX, 
Refcode for 2: NAPGEQ, Refcode for 3: BEMNIR, and Refcode for 4: QOSRAS). Full 
geometry optimizations of 1�–4 were also performed in highest- and lowest-spin states in the 
gas phase by using the UBHandHLYP functionals with the basis sets mentioned above. The 
optimized structures were characterized by using harmonic frequency calculations.  

4. Comparison between X-ray structures and optimized structures 
The geometrical parameters of the X-ray and optimized structures for 1�–4 in the most stable 
state are listed in Table 1. In the geometry optimizations, models 1�–3 preferred the lowest 
spin state to the highest spin state, while model 4 favored the highest spin state over the 
lowest spin state. The differences between the X-ray and optimized bond distances were 
within 0.1 Å except for the Cu1�–Cu2 , O3�–O4, and Cu2�–O3 parts of 2 (0.11, 0.11, and 0.15 Å, 
respectively) and the Cu�–N part of 3 (0.12 Å). In the optimization, the changes of the 
dihedral angles of the Cu2O2 core were less than 10 except for the d(O3-O4-Cu1-Cu2) and 
d(Cu1-O3-O4-Cu2) of 1 (21.3 and �–17.4) and d(Cu1-O3-O4-Cu2) of 4 (�–10.3). These 
differences between the optimized geometries and the X-ray structures would be due to the 
effects of crystal packing and the spin contamination errors during the optimization as 
shown below. 
 

 1 2 3 4 
 X-raya Optb X-raya Optb X-raya Optb X-raya Optb,c 

Cu1-Cu2d 3.56 3.58 3.52 3.63 3.52 3.61 3.27 3.24 
O3-O4d 1.41 1.48 1.37 1.48 1.49 1.47 1.46 1.46 

Cu1-O3d 1.90 1.95 1.96 1.96 1.92 1.93 1.98 2.08 
Cu1-O4d 1.93 1.96 1.92 1.97 1.91 2.00 1.87 1.92 
Cu2-O3d 1.93 1.94 1.81 1.96 1.96 1.98 1.91 1.92 
Cu2-O4d 1.90 1.98 1.89 1.96 1.90 1.94 1.98 2.05 

Cu-N(O)d,e 2.08 2.11 2.11 2.17 2.05 2.17 2.03 2.09 
d(O3-O4-Cu1-

Cu2)f 0.0 21.3 10.37 5.30 �–15.8 �–19.6 48.2 53.7 

d(Cu1-O3-O4-
Cu2)f 180.0 162.6 171.9 176.0 �–168.2 �–164.7 132.3 122.0 

a The parameters are taken from the X-ray structures. b The parameters were fully optimized at the 
UBHandHLYP level of theory. c Geometry optimization was performed in the highest spin state. d 
Distances are given in angstroms. e Average value for bond distances between Cu ion and N or O atom 
coordinating to Cu2( - 2: 2-O2) core. f Dihedral angles are given in degrees. 

Table 1. Selected Geometrical Parameters for 1�–4 in the most stable state at the 
UBHandHLYP level of theory. 
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In the biomimetic model 1, the large changes of the dihedral angles mean that the structure 
of the Cu2O2 core converts from the planar structure to the butterfly one in the geometry 
optimization. The geometry optimization of 2 kept the core structure planar but expanded 
the Cu2O2 core, indicating that the coordinating ligand of 2 weakly suppresses the Cu2O2 
core compared to the other ligands. As opposed to 1, though the dihedral angles of the 
Cu2O2 core of 3 hardly changed in the optimization, the Cu1�–Cu2 distance elongated to 0.09 
Å, the O3-O4 length slightly shrank, the mean bond distance between the coordinating 
ligands and the Cu2O2 core increased to 0.12 Å. These results imply easy release of oxygen 
molecule from 3. The core structure of 4 is the most distorted of all the models 1�–4. 
Optimization made the Cu2O2 core of 4 to be distorted more. It causes the strongly mixing of 
the character of triplet oxygen molecule, resulting in the stabilization of the highest spin 
state more than the lowest spin state because triplet oxygen molecule is much more stable 
than singlet oxygen molecule. 

5. Magnetic couplings of the biomimetic model complexes 1-4 
5.1 Magnetic coupling constants (Jab) 
Table 2 summarizes the Jab values for 1�–4. All Jab values calculated with the X-ray structures 
show strong antiferromagnetic couplings between the Cu(II) ions. The absolute values of the 
Jab are in the order |Jab(2)| >> |Jab(1)| > |Jab(3)| >> |Jab(4)|. This result is mainly brought 
from the distortion of the Cu2O2 core structure because the discrepancies from the planar 
structure (d(O3-O4-Cu1-Cu2) = 0 and d(Cu1-O3-O4-Cu2) = 180) for the Cu2O2 core of 1�–4 
are in the order: 1  2 < 3 << 4. The Jab values are sensitive to the change of the Cu2O2 
structure because the Cu2O2 core lies in the labile bonding region (Takano and Yamaguchi, 
2007), and the core structure strongly affects the strength of the symmetry-allowed orbital 
interactions between the symmetric (S) dxy�–dxy orbital of the dicopper site and the * and v* 
orbitals of O2 and between the antisymmetric (A) dxy+dxy orbital and the h* orbital, as 
shown in Fig. 4.  
 

 
Fig. 4. Orbital diagram of the Cu2O2 bond. 

The magnetic couplings weakened after full geometry optimization, and, in particular, the 
Jab value for 4 became positive, indicating a ferromagnetic coupling. This is because of the 
elongation of the Cu�–O�–Cu lengths (Cu1�–O3 + Cu2�–O3 and Cu1�–O4 + Cu2�–O4) and the 
change of the dihedral angles. Geometry optimization of 1 remarkably changed the Cu2O2 
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structure from the planar form to the butterfly form. The structural conversion affects the 
orbital interactions between the Cu(II) ions via peroxide, leading to drastic reduction of the 
Jab values in magnitude. The larger elongation of the Cu�–O�–Cu lengths in 2 (0.15 Å for Cu1�–
O3�–Cu2 and 0.12 Å for Cu1�–O4�–Cu2) and 3 (0.13 Å for Cu1�–O4�–Cu2) made the magnetic 
coupling weak, though the shape of the Cu2O2 core kept almost planar during geometry 
optimization. During geometry optimization of 4, the Cu�–O bond lengths elongated by 
about 0.1 Å, showing that the dioxygen part tends to dissociate from the dicopper core and 
that the spin crossover from the lowest spin state to the highest spin state occurs (Takano 
and Yamaguchi, 2007). However, this spin crossover during geometry optimization might 
be attributed to the spin contamination error (Kitagawa et al., 2007; Saito et al., 2010; Saito et 
al., 2008). These indicate that the ligands that can hold the Cu2O2 core planar lead to the 
strong antiferromagnetic complexes.  
 

Model Jaba 
 X-rayb Optc 

1 �–1902 �–678.1 
2 �–1967 �–1363 
3 �–1508 �–1020 
4 �–247.5 35.17 

a Jab is shown in cm�–1. b The parameters are taken from the X-ray structures. c The parameters were fully 
optimized at the UBHandHLYP level of theory. 
Table 2. Magnetic Coupling constants (Jab)a Calculated for 1�–4 at the UBHandHLYP level of 
theory. 

5.2 Charge and spin density distributions 
We have investigated the charge and spin density distributions for 1�–4 to understand the 
characteristics of the magnetic couplings. As listed in Table 3, the charge density on the O�–O 
group varies from the formal charge (�–2.0) in I to 0.0 in the valence bond configuration II in 
Fig. 3, indicating the back charge transfer from peroxide to cupric ions. The back charge 
transfer implies that the superexchange interactions are responsible for the strong 
antiferromagnetic coupling of the biomimetic models.  
In Table 3, the spin densities on Cu(II) ions were about 0.7 for 1�–4. The spin density 
populations indicate the resonance state between the one-electron transfer valence bond 
configurations III and IV in Fig. 3. The spin densities on the O�–O group are cancelled out in 
this resonance state V; that is, intermediate valence state. 
The broken symmetry orbitals in Eq. (4) are approximately expressed by the fragment 
orbitals responsible for these valence bond configurations in Fig. 3.  

   cos h sin dxy
Cu2

 (14) 

   cos h sin dxy
Cu1  (15) 

where  is the orbital mixing parameter and   dxy
Cu1 or   dxy

Cu2 denote the localized dxy orbital at 
Cu1 or Cu2, respectively. The broken symmetry solution is approximately given by 

    dxy
Cu1d xy

Cu2 . The spin density at Cu1 is calculated by 
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Model   Cu1a Cu2a O3a O4a 
1 X-ray Charge 1.082 1.082 �–0.594 �–0.594 
  Spin 0.709 �–0.708 0.006 �–0.007 
 Opt Charge 1.023 1.075 �–0.591 �–0.572 
  Spin 0.726 �–0.727 0.000 �–0.000 
2 X-ray Charge 0.985 1.044 �–0.641 �–0.612 
  Spin 0.661 �–0.651 �–0.009 �–0.008 
 Opt Charge 0.929 0.937 �–0.604 �–0.601 
  Spin 0.689 �–0.676 �–0002 �–0.005 
3 X-ray Charge 1.127 1.107 �–0.594 �–0.611 
  Spin 0.701 �–0.713 0.022 �–0.013 
 Opt Charge 1.071 1.063 �–0.610 �–0.586 
  Spin 0.715 �–0.712 0.025 �–0.029 
4 X-ray Charge 0.873 0.887 �–0.584 �–0.601 
  Spin 0.688 �–0.687 �–0.034 0.030 
 Opt (HS)b Charge 0.841 0.841 �–0.545 �–0.545 
  Spin 0.666 0.667 0.215 0.215 

a The site numbers are shown in Fig. 2. b Geometry optimization was performed in the highest spin 
state. 

Table 3. Charge and Spin Densities of 1�–4 at the UBHandHLYP level of theory. 

   QCu1 1 sin 2 0.7  (16) 

The -parameter was determined to be 0.58 rad. The broken symmetry solution after spin 
projection, namely the resonance state V, is obtained by  

   
1 spin projected + dxy

Cu1d xy
Cu2 N CX

1
VB X  (17) 

where 
 
1

VB X  denotes the pure singlet valence bond wavefunction responsible for the 
valence bond structure X (= I�–IV), and N is the normalizing factor. The configuration mixing 
parameters CX are defined by the orbital mixing parameter .  

    CI 1 cos2  (18) 

    CII 1 cos2  (19) 

    CIII CIV sin2  (20) 
These values are determined as  

 CI = 1.4, CII = 0.6 CIII = CIV = 0.9 (21) 

The ratios of the valence bond configurations were 5 (I) : 1 (II) : 2 (III = IV) under the drastic 
approximation. The antiferromagnetically coupled singlet state (V) in Fig. 3 is expressed by 
the superposition of the four valence bond structures I�–IV. However, the broken symmetry 
molecular orbitals partly involve the contribution from v* orbital as illustrated in Fig. 4. 
This implies that much more valence bond configurations are required to express the spin 
projected broken symmetry state, quantitatively. Judging from the charge and spin densities 
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on the Cu2O2 core, the copper ion lies in the intermediate oxidation (IO) state (I < IO < II), 
while dioxygen in turn exists in the intermediate reduction (IR) state (O21�– < O2m�– < O22�–; 1 < 
m < 2) as shown in V of Fig. 3. The intermediate valence structure V expresses the coupling 
between Cu(IO) and O2(IR) anion.  
In the models 1�–4, the total charge densities on the Cu sites (Cu1 and Cu2) estimated with 
the X-ray structures were 2.16, 2.03, 2.23, and 1.76, respectively, showing that the back 
charge transfer from the peroxide to the Cu(II) sites in 4 is much stronger than those in 1�–3. 
This tendency is attributable to the conversion from peroxide to oxygen molecule due to the 
distorted Cu2O2 core, which causes the strong mixing of the character of triplet oxygen 
molecule to the electronic structure of the Cu2O2 core. After geometry optimizations of 1�–4, 
the charge densities on the Cu sites reduced, namely the oxidation number of the Cu ions 
become close to monovalent cation. It indicates the decrease of the magnetic couplings 
between the Cu ions as shown above. 

6. Natural orbitals and chemical indices 
6.1 Natural orbitals 
The orbital correlation diagram is exhibited in Fig. 4. Fig. 5 illustrates the SONOs of 1�–4 in the 
LS state. The bonding symmetric (S) dxy�–dxy orbital of the dicopper site interacts with S-type 
orbitals ( *, v*, etc) of peroxide in SONO�–1, while SONO+1 consists of the antisymmetric (A) 
dxy+dxy orbital and the h* one. The h* orbital is stabilized by the symmetry-allowed orbital 
interactions to afford HOMO as shown in Fig. 4. The SONOs delocalize on the whole Cu2O2 
core. The delocalized orbital on the xy-plane can be attributable to the antiferromagnetic 
superexchange interactions between the Cu(II) ions via dioxygen. The SONO�–1 of 1 was 
composed of the dxy�–dxy and * orbitals because of the planar Cu2O2 core structures. On the 
other hand, that of 4 consisted of the dxy�–dxy and * orbitals because the butterfly core 
structure allows the d orbitals to interact with * orbitals. In 2 and 3, both the * and * orbitals 
of peroxide was involved in the formation of the SONO�–1. These results indicate that the 
architecture of the Cu2O2 core strongly influences the d-p orbital interaction, attributing to the 
magnetic couplings and the chemical bond characters. 

6.2 Occupation numbers and chemical indices 
The natural orbital analysis clearly demonstrates that the Cu2O2 bonds exhibit intermediate 
bonding. Chemical indices such as effective  bond order should be a useful index for the 
investigation of bond character (Isobe et al., 2003; Takano et al., 2008; Takano and 
Yamaguchi, 2007; Yamaguchi, 1990). Using the occupation numbers of SONOs (Table 4), 
these indices for 1�–4 can be estimated with Eqs. (7), (10), (11), and (12).  
The b values for 1�–4 are summarized in Table 5. The bSOMO values indicate that the Cu sites 
intermediately interact with each other through the binding dioxygen. The Cu2O2 bond is 
not a closed-shell type molecular orbital configuration (bSOMO = 1.0), but an open shell 
configuration, where electrons partially occupy the antibonding SONO+1. This open-shell 
molecular orbital configuration ensures the strong antiferromagnetic superexchange 
interactions. The bHOMO values for 1�–4 were 0.997, showing the very weak spin polarization 
effect. The bSOMO values increases as 4 << 3 < 1 < 2, indicating the same tendency of the |Jab| 
values. Judging from the charge densities and the bSOMO values, 4 estimates much smaller 
superexchange interaction between Cu(II) ions via peroxide than 1�–3, showing the smaller 
absolute value of Jab. On the other hand, the bHOMO values in models 1�–4 are close to each 
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other, indicating that the spin polarization effects are insensitive to the ligand coordination. 
The natural orbital analysis clearly demonstrates that the antiferromagnetic couplings of 
these Cu2O2 system are dominated by the superexchange interaction and that the Cu(II) ions 
and the peroxide ion show an intermediate orbital interaction (0 < bSOMO < 1.0). 
 

 
Fig. 5. Singly occupied bonding (SONO�–1) and antibonding (SONO+1) natural orbitals 
(SONOs) obtained from UBHandHLYP calculations in the LS state with the X-ray 
crystallographic structures of 1�–4. 
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Model  HOMO SOMO�–1 SOMO+1 LUMO 
1 X-ray 1.997 1.277 0.723 0.003 
 Opta 1.997 1.236 0.764 0.003 

2 X-ray 1.997 1.304 0.696 0.003 
 Opta 1.997 1.253 0.747 0.003 

3 X-ray 1.997 1.243 0.757 0.003 
 Opta 1.997 1.222 0.778 0.003 

4 X-ray 1.997 1.127 0.873 0.003 
 Opta 1.998 1.091 0.909 0.002 

a Geometrical parameters were fully optimized. 

Table 4. Occupation Numbers of HOMO and SOMOs (SONOs) of 1�–4 by UBHandHLYP in 
the LS State.  
  

Model  bHOMO bSOMO 
1 X-ray 0.997 0.277 
 Opta 0.997 0.236 
2 X-ray 0.997 0.304 
 Opta 0.997 0.253 
3 X-ray 0.997 0.243 
 Opta 0.997 0.222 
4 X-ray 0.997 0.127 
 Opta 0.998 0.091 

a Geometrical parameters were fully optimized. 

Table 5. Effective bond orders of HOMOs and SOMOs (SONOs) of 1�–4 by UBHandHLYP in 
the LS State. 
The information entropy (I), unpaired electron density (U), and diradical character (Y) are 
also useful indices for the investigation of the character of the chemical bond (Soda et al., 
2000). Using the occupation numbers of the SONOs, the indices were estimated with Eqs. 
(10)�–(12). In Table 6, the I values express the loss of the covalency of the chemical bonds. The 
U values are equivalent to the deviation from exact singlet value LS<S2> = 0 for the broken-
symmetry solution. The Y values, which characterize the double excitation of electrons 
occupying the bonding NOs, indicate how much the unoccupied electrons can localize on 
the spin sites. They can be regarded as useful indices to diagnose the bond nature and 
measures of the strength of orbital interactions. Previously, we investigated the nature of the 
chemical bonds of organic systems, showing that intermolecular radical character of organic 
radicals, phenalenyl radical dimeric pair, were represented as 0.65 of the I value, 0.838 of the 
U value, and 0.30 of the Y value (Takano et al., 2002b, c). Comparing to the organic system, 
we found that the biomimetic complexes, 1�–4, show strong radical character, that is, rather 
weak orbital interactions; however, the weak bond character is sufficient for the cooperative 
intramolecular (through-bond) charge transport for the oxygen trapping, namely the 
dioxygen binding in the biomimetic complexes, 1�–4. The estimated effective bond orders 
and information entropies exhibit similar behavior responsible for the bond formation via 
electron delocalization. On the other hand, the evaluted unpaired electron densities are 
responsible for the electron correlation effects, and therefore they are about 1.0 for all the 
complexes, indicating an important role of the electron correlation effect. The electron 
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delocalization and electron correlations are competitive in the copper�–oxygen systems. This 
is the reason why we must use UBHandHLYP instead of UB3LYP and UBLYP as discussed 
in detail in our previous paper (Takano et al., 2001; Takano and Yamaguchi, 2007). The 
optimized structure provided the larger chemical indices for 1�–4 than the X-ray structure 
due to the relaxation of the Cu2O2 core. It indicates that crystal environment strengthens the 
orbital interactions of the dicopper core of the biomimetic complexes, 1�–4. The evaluated 
information entropies, unpaired electron densities, and diradical characters show the 
following tendency: 4 >> 3 > 1 > 2, qualitatively corresponds to the order of the magnetic 
coupling: Jab(4) >> Jab(3) > Jab(1) > Jab(2).  
 

Model In U Y 
1 X-ray 0.775 0.923 0.485 

Opta 0.811 0.944 0.553 
2 X-ray 0.75 0.908 0.443 

Opta 0.796 0.936 0.524 
3 X-ray 0.805 0.941 0.541 
 Opta 0.823 0.951 0.577 

4 X-ray 0.903 0.984 0.75 
Opta 0.931 0.992 0.819 

a Geometrical parameters were fully optimized. 

Table 6. Information entropies (I), unpaired electron densities (U), and diradical characters 
(Y) of SOMOs (SONOs) of 1�–4 by UBHandHLYP in the LS State. 

7. Concluding remarks 
The magnetic couplings and the nature of the chemical bonds of the Cu2( - 2: 2-O2) core of 
the biomimetic models 1�–4 were investigated by hybrid DFT calculations such as 
UBHandHLYP calculations.  
We estimated the magnetic coupling constants and examined the electronic structures for 1�–
4 from the viewpoint of the shape and symmetry of the natural orbitals and chemical 
indices. Analysis of natural orbitals and effective bond orders provide us useful insights that 
the antiferromagnetic couplings of the Cu2O2 systems are dominated by the superexchange 
interaction, that Cu(II) ions and peroxide show an intermediate orbital interaction (0 < b < 
1.0), and that the distortion of the Cu2O2 core from a planar structure to a butterfly structure 
and elongation of the Cu�–O bonds cause the reduction of orbital interactions between the 
symmetric dxy�–dxy orbital of the dicopper site and the v* orbital of O2 and between the 
antisymmetric dxy+dxy orbital and the h* orbital, weakening the magnetic coupling between 
the Cu sites via - 2: 2-peroxide. The information entropy, unpaired electron density, and 
diradical character exhibited the useful information about the chemical bonds in the 
dicopper core of biomimetic complexes, 1�–4. Especially, the evaluted unpaired electron 
densities indicates the reason why we must use UBHandHLYP instead of UB3LYP and 
UBLYP. Thus, natural orbitals and chemical indices such as effective bond order, 
information entropy, unpaired electron density, and diradical character are useful  
for elucidation of the nature of chemical bonds based on the broken symmetry DFT 
calculation.   
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1. Introduction  
Hydroxyapatite (Ca10(PO4)6(OH)2, HA) and bioactive glass-ceramic (SiO2-CaO-P2O5-MO 
(M=Na, Mg, etc.)) both exhibit good bioactivity. Unfortunately, these bioactive ceramic 
materials are not suitable for load-bearing conditions on account of their poor mechanical 
properties (Liu et al., 2004; Morais et al., 2007). As compared to these brittle ceramics, metal 
materials such as titanium and its alloys exhibit excellent mechanical toughness and 
strength (Liu et al., 2004). However, they have poor osteoinductive properties because of 
their bioinert feature. Thus, to prepare bioactive coatings on titanium and its alloys is an 
approach to resolving the disadvantages of ceramic and metal biomaterials. Many surface 
modifying techniques (e.g., plasma spraying (Zheng et al., 2000), sol-gel method (Wen et al., 
2007; Balamurugan et al., 2007), biomimetic and electrochemical deposition (Zhang et al., 
2005)) have been developed to deposit bioactive coating on titanium and its alloys.  
Microarc oxidation (MAO) is a relatively convenient and effective technique to deposit 
bioceramic coatings on the surfaces of Ti and its alloys (Yerokhin et al., 1999). This technique 
can introduce various desired elements into titania-based coatings and produce various 
functional coatings with a porous structure (Yerokhin et al., 1999). Additionally, MAO 
coatings usually exhibit good interfacial bonding to substrates (Wang et al., 2009). 
Moreover, it is very suitable to modify various substrates with complex geometries. Most of 
MAO coatings mainly contained anatase, rutile and amorphous or crystalline calcium 
phosphate phase (at high applied voltage). It is difficult to form HA phase during MAO 
process because of a high temperature and a rapid cooling rate at anodic surfaces. And the 
apatite-forming ability of the MAO coatings is not very good. Thus, the subsequent 
modifications have been developed such as sol-gel, ultraviolet (UV) irradiation and 
hydrothermal treatment (Li et al., 2005; Han et al., 2008; Ishizawa et al., 1995). Authors have 
developed a simple method of chemical-treatment to modify the surfaces of the MAO 
coatings for improving the inducation ability for the formation of biomimetic apatite (Weia 
et al., 2007; Wei et al., 2008). 
In addition, the formation process of biomimetic apatite on the bioactive surface has been 
noted for long time. However, some important problems were also not solved until now. 
Thus, systematic thermodynamic and kinetic calculations of Gibbs free energy ( G) and 
nucleation rate (logJ) for the formation of various calcium phosphates (CaPs) in different 
simulated body fluids (SBFs) was conducted by authors. The structure and formation 
process of biomimetic apatite were reported.  
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2. Formation bioactive MAO coatings on titanium and its alloys for inducing 
biomimetic apatite 
Using MAO technique to deposit bioactive ceramic coatings on titanium and its alloys has 
received much attention in recent years (Fini et al., 1999; Zhu et al., 2001; Zhu et al., 2002; 
Zhu et al., 2002; Han et al., 2003; Frauchiger et al., 2004; Li et al., 2004; Song et al., 2004; Li et 
al., 2005; Zhang et al., 2004; Rodriguez et al., 2003). To prepare the bioactive coatings on 
titanium and its alloys, introductions of Ca and P elements into MAO were taken into 
account. In previous studies, various calcium salts such as calcium acetate, -
glycerophosphate disodium salt pentahydrate, calcium glycerophosphate and calcium 
dihydrogen phosphate were used in MAO process.  
In the previous research, titania-based coatings on titanium were prepared by MAO at 
various applied voltages (250-500V) in an electrolytic solution containing -
glycerophosphate disodium salt pentahydrate and calcium acetate monohydrate (Song et al. 
2004). Ca- and P-containing titania-based coatings were formed on the titanium substrates. 
The phase, Ca and P content, morphology and thickness of the coatings were strongly 
dependent on the applied voltage. In particular, Ca- and P-containing compounds such as 
CaTiO3, Ca2P2O7 and Ca3(PO4)2 were produced at higher voltages (>450 V). Besides the -
glycerophosphate disodium salt pentahydrate, calcium glycerophosphate was also used. In 
the electrolyte of calcium glycerophosphate and calcium acetate, the titanium anodic oxide 
coating is porous, highly crystalline, and rich in Ca and P. The optimum condition is that the 
concentration of the electrolyte is 0.02M calcium glycerophosphate and 0.15M calcium 
acetate, and current density and final voltage are 70 A/m2 and 350 V, respectively (Zhu et 
al., 2001). To achieve high amounts of Ca, researchers (Frauchiger et al., 2004) used a new 
electrolyte containing Ca-EDTA chelate complex to prepare MAO coating.  Based on the 
previous researches, authors have developed the MAO coatings only containing P. The 
MAO coating formed at 300 and 350 V after oxidizing for 5 min show good surface 
properties.  
In addition, as mentioned above, to achieve high amounts of Ca, EDTA was used to add into 
the electrolyte. Authors further investigated the effects of applied voltage and electrolyte 
composition and concentrations on the structures of the MAO coatings (e.g., phase 
composition, surface morphology, micropore number and size, element distribution on the 
surface and cross-sectional characters, etc) (Weib et al., 2007). In the MAO coating formed on 
Ti6Al4V, TiO2 nanocrystals were randomly distributed in Ca- and P-doped matrix, and their 
crystal size was 30-40 nm. With increasing the applied voltage, the surface toughness, 
micropores size, Ca and P concentrations, coating thickness are increased. High applied 
voltage promoted the formation of rutile. However, besides the TiO2 and amorphous phase 
were observed, no other phase were detected at different applied voltages, not similar the 
previous researches. In this electrolyte, the EDTA impeded the crystallization of TiO2 
crystals during the MAO process. Besides the above electrolyte, the similar electrolyte with 
addition of HA was also investigated. It was found that the addition of HA promoted the 
formation of anatase (Weic et al., 2007). 
Recently, bioactive glass components (BGC) doped MAO coatings on titanium were noticed 
by authors. This electrolyte was composed of Ca(CH3COO)2·H2O, Na2SiO3, EDTA-2Na and 
NaOH. And the results indicated that the surface morphology, phase composition and 
elemental concentrations are highly depended on the applied voltages. And BGC doped 
TiO2-based coatings exhibit good interface bonding with titanium, showing a graded 
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structure in elemental concentrations of Si, Ca, Na, O, Ti, etc.. Moreover, these elements 
were distributed uniformly on the surface of BGC doped TiO2-based coatings. During the 
MAO treatment process, Ti could not be oxidized sufficiently, thus the TiO phase was also 
formed according to XPS resutls.  
Based on the above researches, generally speaking, the structures such as phase 
composition, surface morphology and elemental composition of the MAO coatings are 
highly dependent on the MAO process parameters such as the applied voltage, oxidizing 
time, frequency, duty cycle and electrolyte composition, etc., especially the applied voltage 
and electrolyte composition. 

3. The improvement of bioactivity of MAO coatings by surface modifications 
Most of MAO coatings mainly contain anatase, rutile and amorphous or crystalline calcium 
titanate and calcium phosphate phase, etc. (at high applied voltage). It is difficult to form 
HA phase during MAO process because of a high temperature and a rapid cooling rate at 
anodic surfaces. In fact, MAO coating may possess specific surface structures such as 
amorphous phase, nonequilibrium solid, complex mixed-compounds, etc, since complex 
plasma physical and chemical reactions such as ionization and plasma condensation, etc 
occur at electrode surfaces. Based on the previous researches (Han et al., 2008), the apatite-
forming ability and bioactivity of most of MAO coatings are not very good. Thus, 
subsequent activation methods such as sol-gel, ultraviolet (UV) irradiation and 
hydrothermal treatments have been investigated to improve the surface bioactivity of MAO 
coatings, as mentioned above.  
In the previous research (Song et al., 2004; Han et al., 2003), the MAO coating containing Ca 
and P formed at higher voltages (>450 V) was immersed in a simulated body fluid for 28 
days, a carbonated hydroxyapatite was induced on the surfaces. This MAO coating 
contained CaTiO3, Ca2P2O7 and Ca3(PO4)2, which play key roles for the formation of the 
biomimetic apatite (Han et al., 2003). 
Researchers have sought the methods to improve the ability of the MAO coatings to induce 
the formation of biomimetic apatite. The hydrothermal treatment is the common method to 
change the surface structure of the MAO coatings to formation of hydroxyaptite/titania 
composite coatings. Regarding to the hydrothermal treatment of the MAO coatings, 
researches have been extensively reported in the past. As reported, a MAO coating 
containing Ca and P was formed on commercially pure titanium which was anodized in an 
electrolytic solution of dissolved -glycerophosphate and calcium acetate. HA crystals were 
precipitated by hydrothermally treating the MAO coating at 300°C. The morphology, 
composition, and amount of HA crystals were significantly dependent on the electrolytes 
composition (Ishizawa et al., 1995).  
In the previous research (Huang et al. 2004), surface modification of titanium implant is 
processed by microarc oxidation and hydrothermal treatment. A porous surface with a 
biologically active bone-like apatite layer was formed. The apatite layer consists of very fine 
crystals and high crystallinity and is integrated with the titanium alloy substrate with a 
graded structure without a distinct interface. Such a bioactive layer is expected not only to 
enhance the bone ingrowth into the porous structure, but also to improve the interlocking 
between implant and bone.  
The Ca-doped MAO coating without addition of P was also investigated (Song et al., 2005). 
This MAO coating showed no apatite-formation during the testing process. However, after a 
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hydrothermal treatment at 250oC, apatite was formed on the surfaces of the CaTiO3-
embedded titania after 28 days, which was closely related to the formation of amorphous 
Ca(OH)2 and presumably surface Ti-OH groups.  
The other treatment method is using UV irradiation to modify MAO titania coating. Based 
on the previous researches (Han et al., 2008), an enhanced bioactivity and cell response to 
titania after UV irradiation was achieved. Compared to the MAO coating, the UV-irradiated 
MAO coatings do not exhibit any obvious change in surface roughness, morphology, grain 
size and phase component; however, they have more abundant basic Ti-OH groups and 
become more hydrophilic because the water contact angle decreases significantly. In SBF, 
bonelike apatite-forming ability is significantly stronger on the UV-irradiated coatings than 
the MAO coating.  
Sol-gel was also used to change the bioactivity of the MAO coatings. Thin HA layers could 
be deposited on MAO coatings by sol-gel method (Li et al., 2005). The bioactivity of the 
MAO coating was improved further by the sol-gel HA coating on the MAO treated Ti. The 
porous morphology and roughness of the MAO coatings was changed slightly after sol-gel 
treatment.  
Based on the above researches, authors have developed a simple chemical-treatment to 
modify the surface of the MAO coatings (Weia et al., 2007; Wei et al., 2008). In this process, 
the MAO coatings were treated by NaOH aqueous solution with different concentrations. 
After alkali-treatment, the surfaces of the MAO coatings containing Ca and P become rough, 
and the Ca and P concentrations decrease with increasing the concentration of NaOH 
solution. When 5 mol/L NaOH solution was used, amorphous calcium titanate hydrogel 
was formed on the surface, showing a nanoflake-like morphology with an approximately 
oriented structure. During the alkali-treatment process, Ca and P on the surface of the MAO 
coating show a process of dissolution. At the same time, negatively charged HTiO3- ions are 
formed on the MAO coating surface due to the attack of OH- on the TiO2 phase of the MAO 
coating. Then, the negatively charged ions could incorporate sodium from the alkali 
solution and calcium from the alkali solution and MAO coating to form the titanates 
hydrogels.  
In the case of MAO coatings containing P after alkali-treatment (Wei et al., 2008), ribbon-like 
products with an interlaced morphology were found on the surface. During the chemical 
etching process, P of the surface of the MAO coating dissolved into the NaOH aqueous 
solution. Negatively charged HTiO3- ions are formed on the MAO coating surface due to the 
attack of OH- ions on TiO2 phase of the MAO coating. The negatively charged HTiO3- ions 
could incorporate sodium ions from the NaOH aqueous solution to form sodium titanate.  

4. Structure and formation of biomimetic apatite on the surface of chemical-
treated MAO coatings  
4.1 The composition of biomimetic apatite 
Apatites have been used in medicine and dentistry for long time. The interest in one group 
member, HA, arises from its similarity to bone apatite, the major component of the inorganic 
phase of bone, which plays a key role in the calcification and resorption processes of bone. 
Different phases of calcium phosphate ceramics such as HA and Ca3(PO4)2 (TCP) can be 
used in medicine, depending on whether a bioactive or a resorbable material is desired. 
Apatite is the name given to a group of crystals of the general chemical formula M10(RO4)X2, 
where R is most commonly phosphorus, M could be one of several metals, although it 
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usually calcium, and X is commonly hydroxide or a halogen such as fluorine or chlorine. 
Hydroxyapatite belongs to the apatite family, which is the most commonly used calcium 
phosphate in the medical field, as it possesses excellent biocompatibility and is 
osteoconductive. 
The apatite structure is very hospitable in allowing the substitutions of many other ions, 
which makes people to bethink of biological apatites. The biological apatites constitute the 
mineral phase of calcified tissues such as bone, dentine and enamel in the body. They are 
similar to synthetic HA, but they differ from HA in composition, stoichiometry, and 
physical and mechanical properties. Biological apatites are usually calcium-deficient as a 
result of various substitutions at regular HA lattice points. The general chemical formula for 
biological apatites is (Ca, M)10(PO4, CO3, Y)6(OH, F, Cl)2. Where M represents metallic 
elements such as Na, K, and Mg, and Y represents functional groups such as acid 
phosphate, sulfates, etc.. 
As well known, the bones and teeth of all vertebrates are natural composite materials, where 
one of the components is an inorganic solid, carbonate hydroxyapatite. Thus, the formation of 
the carbonate hydroxyapatite in vitro by biomimetic method is worthy to be noticed. 
According to the previous researches [Müller et al., 2006; Weia et al., 2007; Wei et al., 2008], the 
biomimetic apatites of A-type slightly substituted carbonated-HA (SCHA-A) and B-type 
slightly substituted carbonated-HA with HPO42- group (HPO4-SCHA-B) have been reported 
extensively. At the same time, Na, K, Mg and Cl elements could be also introduced into these 
apatites, however, the concentrations of these elements are very small. In addition, it is 
interesting that the induced biomimetic apatite presented two-level porous structure on micro- 
and nano-scales, which has less been reported according to authors�’ studies [Wei et al., 2009]. 

4.2 The formation of Ti-OH group and its induction for biomimetic apatites 
During the SBF immersion process, a variety of reactions such as dissolution, ion exchange 
and precipitation occur on the surface of the chemical-treated MAO coatings. The Ca could 
release from the surface of the MAO coating. An ionic exchange between Ca2+ of the 
chemical-treated MAO coatings and H3O+ of the SBF takes place during SBF immersion 
process. As a result, abundant Ti-OH groups are formed on the surface of the chemical-
treated MAO coating. Also, the Na+ ions on the chemical-treated MAO coating could 
participate in the ionic exchange process, promoting the formation of Ti-OH groups. 
Generally, substrates with functionalized surfaces such as -OH, PO4H2, COOH, SO3H, and 
CONH2 groups facilitate the formation of bonelike apatite in SBF or solutions containing 
various ions with respect to apatite [Toworfe et al., 2006; Liu et al., 2002].  
The nucleation and growth of biomimetic apatite generate from an interfacial molecular 
recognition between functionalized surface and ions with respect to apatite in solutions. The 
interfacial molecular recognition involves certain aspects such as electrostatic potential 
interaction [Toworfe et al., 2006]. According to the previous researches [Weia et al., 2007; 
Wei et al., 2008; Toworfe et al., 2006], the electrostatic potential interaction is that the Ti-OH 
groups incorporate calcium ions, and then absorb the phosphate and carbonic acid ions in 
the SBF. The absorbed negative ions such as phosphate and carbonic acid ions could further 
attract the calcium ions etc.. With increasing the immersion time, the supersaturation degree 
of solution with respect to apatite near the vicinity of the Ti-OH group occurs, which 
triggers the apatite nucleation. Once the apatite nuclei are formed, they grow spontaneously 
by assembling the remaining calcium, phosphate and carbonic acid ions around apatite 
nuclei in the SBF.  



 Biomimetic Based Applications 

 

206 

5. Theoretical calculation and understanding the mechanism of biomimetic 
apatite formation in SBF on the surfaces of bioactive coatings 
In order to understand the formation of various calcium phosphates (CaPs) thoroughly, 
theoretical calculations were conducted by many researchers. In the previous results, 
thermodynamic analyses of CaPs have been reported in the solutions including 
CaCl2+NaCl+NaH2PO4+NaOH [Boistelle et al., 1990], HA powder+HCl+KOH+NaCl [Feng 
et al., 2000], NaCl+CaCl2+KH2PO4[Wu et al., 1997] CaCl2+KH2PO4+KOH [Koutsoukos et al., 
1980; Koutsoukos et al., 1981], Ca(NO3)2+KH2PO4+NaOH [aHeughebaert et al., 1984; 
bHeughebaert et al., 1984], CaCl2+KH2PO4+NaCl+KOH [Koutsopoulos et al., 1994; 
Koutsopoulos et al., 2000;]. In fact, understanding the formation of CaPs in SBF is very 
important and valuable, since SBFs were widely used to obtain biomimetic apatite or 
evaluate the apatite-inducing ability of biomaterials. Thus, the thermodynamics and kinetics 
for the fomation of various CaPs in SBF are necessary. Based on this purpose, researchers 
[Boistelle, et al., 1990; Lu et al., 2005] have conducted the thermodynamic and kinetics of 
Ca4(HPO4)(PO4)2 (OCP), CaHPO4 (DCPD) and HA, etc..  
Besides OCP, DCPD and HA, researches indicated that biomimetic apatites such as 
carbonated HA containing HPO42- group were formed on the samples after SBF immersion 
[Müller et al., 2006; Weia et al., 2007; Wei et al., 2008;]. In addition, the relationships among 
the ions concentration, supersaturation, Gibbs free energy, critical nucleation are not very 
clear. We feel that there lacks an overall and systematic thermodynamic and kinetic 
guidelines for various CaPs such as DCPD, OCP, Ca3(PO4)2 (TCP), HA, Ca9(HPO4)(PO4)5OH 
(DOHA), A-type slightly substituted carbonated-HA (SCHA-A) and B-type slightly 
substituted carbonated-HA with HPO42- group (HPO4-SCHA-B), etc. formation in SBF. In 
this work, authors calculated the thermodynamic and kinetic processes of common CaPs 
mentioned above. According to the calculated results, the apatites induced by bioactive 
coatings were explained. 

5.1 Analytical model 
In this work, various SBFs with different ion concentrations were considered as shown in 
Table 1, because the composition, concentration, pH, etc. of the SBFs could affect the phase 
composition, crystallinity and crystal growth rate of biomimetic apatites. In the text, if no 
other explanation, the used SBF for calculation is referred to the c-SBF.  
 

Ion concentration (mmol/L) Blood plasma and SBF 
Na+ K+ Mg2+ Ca2+ Cl- HCO3- HPO42- SO42- 

Blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 
c-SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 
r-SBF 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 
i-SBF 142.0 5.0 1.0 1.6 103.0 27.0 1.0 0.5 
m-SBF 142.0 5.0 1.5 2.5 103.0 10.0 1.0 0.5 
HBSS 142 5.81 126 0.898 146 4.17 0.779 0.406 

Table 1. Composition of different SBFs and blood plasma 

If the supersaturation regarding to apatites of the SBFs is high enough, the formation of the 
apatites in the SBFs is possible on thermodynamically. The classical equation of Gibbs free 
energy change in supersaturated sultions was shown below [Mullin et al., 2001]: 
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where G is the Gibbs free energy per mole of ionic units that compose CaPs in solution, R 
is the gas constant (8.314 JK-1 mol-1), n is the number of ion units in a CaPs molecule, T is the 
absolute temperature and S is the supersaturation that is defined by the ratio of the activity 
product of ion units composing precipitates (Ap) to the corresponding solubility product 
(Ksp). 
In this work, the G for the formation of the CaPs including DCPD, OCP, DOHA, TCP, HA, 
SCHA-A-0.5, SCHA-A-1, SCHA-B-1 and HPO4-SCHA-B-0.5 were investigated, as shown in 
Table 2.  
 
Calcium 
phosphates 

Reactions Ksp Reference Equ. 

DCPD Ca2++HPO42-=CaHPO4 10-6.622 [Lu et al., 2005] (2) 
OCP 4Ca2++HPO42-+2PO43-= Ca4(HPO4)(PO4)2 10-36.48 [Lu et al., 2005] (3) 
DOHA 9Ca2++5PO43-+HPO42-+OH-

=Ca9(HPO4)(PO4)5OH 
10-85.1 [Lu et al., 2005] (4) 

TCP 3Ca2++2PO43-= Ca3(PO4)2 10-117.2 [Müller et al., 2006] (5) 
HA 10Ca2++6PO43-+2OH-= Ca10(PO4)6(OH)2 2.83×10-30 [Koutsopoulos et 

al., 2000] (6) 

SCHA-A-0.5 10Ca2++6PO43-+1/2CO32-+OH-

=Ca10(PO4)6(OH)(CO3)0.5 
10-115.6 [Lu et al., 2005] (7) 

SCHA-A-1 10Ca2++6PO43-+CO32-=Ca10(PO4)6CO3 10-85 [Ito et al., 1997] (8) 
SCHA-B-1 9Ca2++5PO43-+CO32-+OH-

=Ca9(PO4)5(CO3)(OH) 
10-73.7 [Ito et al., 1997] (9) 

HPO4-
SCHA-B-0.5 

9Ca2++1/2HPO42-+5PO43-+1/2CO32-

+OH-=Ca9(HPO4)0.5(PO4)5(CO3)0.5(OH) 10-115.4 
[Lu et al., 2005; 
Koutsopoulos et 
al., 2000] 

(10) 

Table 2. Kinds of calcium phosphates and their synthesized reactions 

For examples, the supersaturation S of OCP and SCHA-A-0.5 were calculated by the 
following equations: 
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The S of the other CaPs could be calculated by similar method. 
In these equations, [Ca2+], [PO43-], [CO32-], [OH-] and [HPO42-] are the equilibrium 
concentrations of the corresponding ions in the SBF. The Ca2+, PO43-, CO32-, OH- and HPO42- 
are the activity coefficients of the corresponding ions in the SBF. In order to obtain the 
equilibrium concentrations, the possible chemical association/dissociation reactions 
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regarding to CaPs were should be taken into account firstly as shown in Table 3 [Oyane, et 
al., 2003].  
  

Chemical reaction K 
H2CO3(aq.)  H+ + HCO3- 10-6.31 
HCO3-  H+ + CO32- 10-10.25 
HPO4(aq.)  H+ + H2PO4- 10-2.196 
H2PO4-  H+ + HPO42- 10-7.185 
HPO4-  H+ + PO43- 10-12.19 
Ca2+ + HCO3-  CaHCO3+ 101.16 
Ca2+ + CO32-  CaCO3(aq.) 103.38 
Ca2+ + OH-  CaOH+ 25.12 
Ca2+ + H2PO4-  CaH2PO4+ 31.9 
Ca2+ + HPO42-  CaHPO4(aq.) 6.81×102

Ca2+ + PO43-  CaPO4- 3.46×106

Table 3. The possible chemical association/dissociation reactions in SBF [Oyane, et al., 2003] 

Based on these association/dissociation reactions, three mass balance equations are used to 
calculate the ions equilibrium concentration in SBF: 

 CCa2+=[Ca2+]+[CaOH+]+[CaCO3]+[CaH2PO4+]+[CaHPO4]+[CaPO4-]+[CaHCO3+] (13) 

 CHCO3-=[HCO3-]+[CO32-]+[H2CO3]+[CaHCO3+]+[CaCO3] (14) 

 CHPO42-=[HPO42-]+[HPO4]+[PO43-]+[CaH2PO4+]+[CaHPO4]+[H2PO4-]+[CaPO4-] (15) 

Where the CCa2+, CHCO3- and CHPO42- is the initial addition concentration shown in Table 1 
and the [] is the equilibrium concentration. 
According to the equation of Debye-Hückel, the i can be calculated by the following 
equations [Mullin et al., 2001]: 

 
1/2

2
1/2lg A [ 0.3 ]

1i i
Iz I

I
 (16) 

 21
2 i i

i
I c z  (17) 

where A is the Debye-Hückel constant dependent on temperature A=0.5211(37oC), I is the 
total ionic strength of the SBF, zi is the charge number of ions and ci is the molar 
concentration of each ion unit. 
According to the previous results [Weia et al., 2007; Wei et al., 2008], the apatite formation on 
the surface of the bioactive coatings is a heterogeneous nucleation process. And the 
heterogeneous nucleation energy ( Ghet) is calculated by the following equation [Mullin et 
al., 2001]:  

 
3 2

het 2
16 ( )

3(k ln )
v fG

T S
 (18) 



Bioactive Microarc Oxidized TiO2-based Coatings for Biomedical Implication   

 

209 

Where  is the surface energy of per unit area (surface tension), v is the molecule volume of 
crystal, k is the Boltzmann constant and T is the absolute temperature, the f( ) is a function 
of contacting angle, , between crystal body and substrate, and was calculated by the 
following equation [Mullin et al., 2001]: 

 4
cos1cos2 2

f
 (19)                       

In the Equ. 19, the cos  was calculated by the following equation [Mullin et al., 2001]: 

 L

L
cos  (20) 

where L  is the interface tension between liquid phase and substrate,  is the interface 
tension between nuclear and substrate and L is the interface tension between liquid phase 
and nuclear. In this work, the  was assumed as 90o based on the previous researches [Weia 
et al., 2007; Wei et al., 2008; Lu et al., 2005]. 
In this work, the critical nucleus, rc, of various CaPs were calculated by the following 
equation [25]: 

 c
2

k ln
vr

T S
 (21)                          

Based on the above data, the nucleation rates of various CaPs were calculated by the 
following equation [Mullin et al., 2001]: 

 
2 3

23 3

16 ( )exp exp
k 3k ln

v fGJ K K
T T S

 (22) 

In this equation, K is a kinetic factor, which is independent of the substrates and not a 
constant. For different chemical reactions, the K value is different. Boistelle et al. [Boistelle, 
et al., 1990] proposed a mathmatics mode to calculate the K, as shown in the following 
equation: 

 'KK P  (23) 

where K�’ is a constant (13.64×10-24cm-3s-1) and P is nucleation probability. When the 
molecular formula of CaP is A1(n1)A2(n2)�…Ai(ni) (where Ai is atom species/molecule and 
ni is the amount of the Ai atom/molecule), P was calculated by the following equation 
[Boistelle, et al., 1990]: 

 
1 n1 2 n2 n

(n1 n2 n )1 2

(n1 n2 n )! [A1 ] [A2 ] [A ]

n1!n2! n ! [A1 ] [A2 ] [A ]

z z zi i

iz z zi

i iP
i i

 (24) 

Where, the [Aizi] denoted the ion concentration corresponding to the Ai atom/molecule. 
For example, P of the HPO4-SCHA-B-0.5 was calculated by the following Equ. 25: 
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2 9 2 0.5 3 5 2 0.5 1

4 4 3
(9 0.5 5 0.5 1)2 2 3 2

4 4 3

(9 0.5 5 0.5 1)! [Ca ] [HPO ] [PO ] [CO ] [OH]

9!0.5!5!0.5!1! [Ca ] [HPO ] [PO ] [CO ] [OH]
P  (25) 

Boistelle et al. used this equation to calculate the P of DCPD, OCP and HA [Boistelle, et al., 
1990]. Leng et al. [Lu et al., 2005] used this mode to further calculate the P of DOHA and 
SCHA-A-0.5. In this work, the P of TCP, SCHA-A-1, SCHA-B-1 and HPO4-SCHA-B-0.5 were 
calculated by this equation.  
In the previous researches [Lu et al., 2005], the measurements could affect the value of  of 
the apatite. Even different researchers provided different  values using same measurement 
[Lu et al., 2005]. Thus, it brought out the difficulty to obtain the accurate value of . In 
addition, there has no available data for SCHA-A-0.5 and HPO4-SCHA-B-0.5 et al.. Thus it 
was considered to obtain the  value by theoretical calculation. 
In 1990s, Mersmann et al. [Mullin et al., 2001] proposed an equation to calculate the  value: 

 
2/3

c S

L

N0.414k ln cT
M c

 (26) 

where k is boltzmann constant (1.38×10-23JK-1), N is Avogadro constant (6.02×1026kmol-1), M 
is molar mass (kgkmol-1), c is the crystal density (kgm-3), cs and cL are the solute 
concentrations (kmolm-3) in the solid and liquid phases. 
In order to calculate conveniently, the above equation was deduced further. The following 
two equations were introduced into the Equ.26. 

 c N
M

v
 (27) 

 c
S

1
N

c
M v

 (28) 

And the Equ.26 was rewritten as shown below: 

 2/3
L0.414k ln( N )Tv v c  (29) 

where k is boltzmann constant (1.38×10-23JK-1), T is absolute temperature, v is molecular 
volume, N is Avogadro constant (6.02×1026kmol-1) and cL is the solute concentrations 
(kmolm-3) in the liquid phase. 
When the molecular formula of the products is written as A1(n1)A2(n2)�…Ai(ni) (where Ai is 
atom/molecule and ni is the number of the Ai atom/molecule), cL was calculated by the 
following equation: 

 

1
n1 n2 nsp

L n1 n2 nn1 n2 n

i

i

K
c

i
 (30) 

According to the previous researches, there has no available data of the v value of the 
SCHA-A-0.5, SCHA-A-1, SCHA-B-1 and HPO4-SCHA-B-0.5. Thus it was an assumption that 
the v values of the SCHA-A-0.5, SCHA-A-1, SCHA-B-1 and HPO4-SCHA-B-0.5 are same to 
that of HA. The values of v and cL of various apatites were shown in Table 4.  
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Apatite v(m-3) cL(mol/L) 
DCPD 3.09E-28 4.88652 E-04
OCP 3.106E-28 2.28312E-06 
DOHA 5.31E-28 8.43452E-07 
TCP 1.48E-28 4.82695E-07 
HA 5.3E-28 4.09944E-08 
SCHA-A-0.5 5.3E-28 3.66998E-08 
SCHA-A-1 5.3E-28 1.37127E-06 
SCHA-B-1 5.3E-28 4.35071E-06 
HPO4-SCHA-B-0.5 5.3E-28 1.96054E-08 

Table 4. The values of v and cL of various apatites 

5.2 Calculated results 
Fig. 1 shows that the G of various CaPs decrease with increasing the pH (4~10), except of 
DCPD, of which the G decreased when pH<8 and increased when pH>8 always being 
higher than zero, agreeing with the previous study [Lu et al., 2005]. At pH=7.4, the G of 
various CaPs increased as the following sequence: HPO4-SCHA-B-0.5 < SCHA-A-0.5 < HA 
< TCP < OCP < DOHA < 0 < DCPD < SCHA-A-1 < SCHA-B-1. And the G of HPO4-SCHA-
B-0.5 and SCHA-A-0.5 are always lower than that of HA with increasing pH.  
 

 
Fig. 1. G for the formation of various CaPs provided by the SBF 

This result suggested that the formation of HPO4-SCHA-B-0.5 and SCHA-A-0.5 is 
thermodynamically easier than the other CaPs. The theoretical calculation results are agreed 
with the previous experimental result [Weia et al., 2007; Wei et al., 2008]. In Fig. 1, it was also 
noticed that the G increased obviously when the content of the CO32- ions in the CaPs is 
high by comparison of the G of the HA and SCHA-A-1. Similar result was also observed by 
comparison of HA and SCHA-B-1.  
Fig. 2 shows the change in G with raising the concentrations of Ca2+, HPO42- and HCO3- 

ions and SBF at pH=7.4. The G of various CaPs increased as the following sequence: HPO4-
SCHA-B-0.5 < SCHA-A-0.5 < HA < TCP < OCP < DOHA < DCPD < SCHA-A-1 < SCHA-B-1 
at different ions concentration. Increasing the concentrations of Ca2+ and HPO42- ions leaded 
to the drop of G of various CaPs as shown Fig. 2a and b, because the augment of Ca2+ and 
HPO42- ions concentration improve the lnS of various CaPs according to Equs.11,12. The 
increase of the HCO3- ions seemed to increase the G of various CaPs slightly, as shown in 
Fig. 2c. 
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Fig. 2. Change in the G with increasing the multiple of Ca2+, HPO42- and HCO3- ions 
concentrations and SBF at pH=7.4: (a) Ca2+, (b) HPO42-, (c) HCO3- and (d) SBF 
concentrations. 
Fig. 2d shows the decrease in the G with increasing the multiple of SBF concentrations at 
pH=7.4. The decrease of G is also owing to the increase of lnS as result of the increase in 
SBF concentration according to Equs.11,12. At pH=7.4, the G of the various CaPs always 
ascend as the following sequence: HPO4-SCHA-B-0.5 < SCHA-A-0.5 < HA < TCP < OCP < 
DOHA < DCPD < SCHA-A-1 < SCHA-B-1 when changing the SBF concentration.  
Besides of Ca2+, HPO42- and HCO3- ions, the effect of other ions in SBF on the G was also 
taken into account (The figures not shown here). According to the calculated results, when 
Na+ ions increased from 0 to 20 multiples, a maximum of the G was observed at the Na+ 
ions concentration increasing to about 4 multiples. In the cases of the K+ and Mg2+ ions, the 

G of the various CaPs increased slightly with increasing concentration. These results 
suggested that the augment of the K+ and Mg2+ ions is not suitable for the formation of the 
CaPs, agreeing the previous experimental results [Lu et al., 2005]. The effect of Cl- ions 
concentration on the G of various CaPs is similar to that of Na+ ions. And the effect of SO42- 
ions concentration on the G of various CaPs is not obviously.  
Based on the calculation of the S (Equs. 11,12), the values of the S is greatly dependent on 
the i corresponding ions in the CaPs, since these CaPs did not contain Na+, K+, Mg2+, Cl- 
and SO42- ions. According to the calculated results, it was found that the change of the i is 
basically contrary with the change of G with increasing the concentrations of Na+, K+, Mg2+ 
and Cl-. According to the Equs. 16 and 17, the i is related with the I. In other words, the 
change in the concentrations of Na+, K+, Mg2+, Cl- and SO42- ions could result in the 
alteration of I, thus eventually, affect the value of i. Based on the Equs. 11,12, i is larger, 
and S is higher. Thus the G is lower according to the Equ. 1. In the case of SO42- ions, the 
effect of its concentration on the i is not obvious, thus the G did not alter basically.  
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Here, two events were also to be noticed. One is that i has a minimum when changing the 
ions of the SBF. In Equ. 16, it was set that: 

 
1/2

1/2Y 0.3
1

I I
I

 (31) 

if i has a minimum, thus the Y should has a maximum with increasing the I. In fact, Y 
exactly has a maximum based on the calculation of the Equ. 31. When I is at 0.3~0.4, the Y 
shows a maximum about 0.25. 
The other event is that the augment of K+ and Mg2+ ions concentration leaded to a very 
slight increase of G of the various CaPs, unlike changing the Na+ and Cl- ions. The reason 
for this is mainly that the I corresponding to K+ and Mg2+ ions did not change greatly, 
because the concentrations of K+ and Mg2+ ions is greatly lower compared to the Na+ and Cl- 
ions in the SBFs. Thus the slight change in the I, as result of the change of K+ and Mg2+ ions 
concentration, is insufficient for alter the Y value. In fact, if the concentrations of K+ and 
Mg2+ ions increased to about 1.25 mol/L and 0.3 mol/L, respectively, the G of the various 
CaPs became to decrease apparently. 
Fig. 3 shows that the G of CaPs in the c-SBF, r-SBF, i-SBF and m-SBF are at similar level at 
pH=7.4; while G of CaPs in HBSS are higher than in the other SBFs. In all SBFs, the CaPs 
always increased as the following sequence: HPO4-SCHA-B-0.5 < SCHA-A-0.5 < HA < OCP. 
 

 
Fig. 3. G for the formation of OCP, HA, SCHA-A-0.5 and HPO4-SCHA-B-0.5 in the 
different SBFs at pH=7.4. 
Fig. 4a shows effect of the pH on the logJ of various CaPs. Because the G of DCPD, SCHA-A-
1 and SCHA-B-1 is higher than zero in SBF at pH=7.4, the logJ of these CaPs did not taken into 
account. The logJ of various CaPs increased as the following sequence: OCP < HA < HPO4-
SCHA-B-0.5 < SCHA-A-0.5 at pH=7.4. This result revealed that the formation of SCHA-A-0.5 
and HPO4-SCHA-B-0.5 is kinetically favorable. In fact, the previous experimental results also 
found the trace of A-type substituted carbonated-HA and B-type substituted carbonated-HA 
containing HPO42- group [Müller et al., 2006; Weia et al., 2007; Wei et al., 2008].  
Totally, the logJ of various CaPs ascended firstly and then descended when increasing pH. 
And the maximum was observed at pH=9~10, except of OCP, whose maximum occurred at 
about pH=8.5. When pH<9.5, logJ of HA, HPO4-SCHA-B-0.5 and SCHA-A-0.5 increased as 
following sequence: HA < HPO4-SCHA-B-0.5 < SCHA-A-0.5. In general, the logJ of the three 
kinds of CaPs is higher than that of other CaPs. 
To understand the effect of various factors on logJ, the following Equation was used 
according to Equ. 22: 
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Thus, the logJ is determined by the P and M based on the Equs. 22 and 32, neglecting the 
exact value of K�’. Fig. 4b and c shows the effect of the pH on the logP and lnM of various 
CaPs. With increasing the pH, the logP of TCP, HA, HPO4-SCHA-B-0.5 and SCHA-A-0.5 
increased firstly when pH<9~10 and then decreased when pH>9~10; while that of OCP and 
DOHA increased slightly. According to Fig. 4c, the lnM of HA, HPO4-SCHA-B-0.5 and 
SCHA-A-0.5 did not change with increasing pH; while that of other CaPs increased firstly 
when pH<9 and then decreased when pH>9, especially OCP. These results indicated that 
the logJ of TCP, is mainly dependent on the logP when pH was changed; while that of OCP 
and DOHA is highly determined by the lnM.  
From Fig. 4d, the lnM value changed greatly when lnS ranged from 0 to 0.5, and did not 
alter basically when lnS>0.5. According to the calculated results, the lnS of HA, HPO4-
SCHA-B-0.5 and SCHA-A-0.5 is basically higher than 40 when pH>7; while that of the OCP 
and DOHA is just near zero when pH>7. Thus the lnM of OCP and DOHA is sensitive to the 
change of pH according to Fig. 4d. 
Fig. 5 shows the change in the logJ with increasing the ions concentrations at pH=7.4. The 
logJ of HA and HPO4-SCHA-B-0.5 and SCHA-A-0.5 has a tendency to decrease with 
increasing Ca2+ concentrations; while that of OCP, DOHA and TCP increased, especially 
OCP as shown in Fig. 5a. However, the logJ of HPO4-SCHA-B-0.5 and SCHA-A-0.5 is 
always higher than that of other CaPs when Ca2+ ions concentration changed in the range of 
0~10 multiples. The descent in the logJ of HA and HPO4-SCHA-B-0.5 and SCHA-A-0.5 
mainly resulted from the decrease of logP according to calculated results (not shown here), 
because the lnM of these CaPs did not alter basically due to the high lnS (>20) compared to 
OCP, DOHA and TCP. The lnS of OCP, DOHA and TCP near zero caused a great variety of 
lnM value, which further brought out the augment of logJ of these CaPs since the logP did 
not alter basically according to calculated results (not shown here). 
Fig. 5b shows the change in the logJ with increasing the concentrations of HPO42- ions in SBF 
at pH=7.4. Except of HPO4-SCHA-B-0.5 showing a tendency to decrease, the logJ of other 
CaPs mounted up with increasing the concentrations of HPO42- ions. And the logJ of SCHA-
A-0.5 and HPO4-SCHA-B-0.5 is higher than that of other CaPs when changing 
concentrations of HPO42- ions. According to calculated results (Figures not shown here), the 
change of logP of OCP, DOHA and HPO4-SCHA-B-0.5 are similar due to the presence of 
HPO42- ion in their structures and showed a slight decrease. Furthermore, the logP of other 
CaPs increased slightly. The effects of the HPO42- ions on lnM and lnS are similar to those of 
Ca2+ ions. The logJ of OCP, DOHA and TCP is highly dependent on the lnM; while those of 
HA and SCHA-A-0.5 is mainly determined by the logP. 
Fig. 5c shows that the change in the logJ with increasing the concentrations of HCO3- ions in 
SBF at pH=7.4 is not obviously. Also, the change in the logP, lnM and lnS are not evident 
according to the calculated results (Figures not shown here). 
Fig. 5d shows the change in the logJ with increasing the SBF concentrations at pH=7.4. The 
logJ of OCP, TCP and DOHA increased and those of other CaPs did not alter basically. 
Compared to logJ, a similar result of the effect of SBF concentrations on lnM was observed 
according to the calculated results (not shown here). When the multiple of SBF 
concentration is larger than four, the logJ of OCP is higher than those of other CaPs. In 
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Fig. 4. Effect of pH on the logJ, logP and lnM of various CaPs with increasing pH: (a) logJ, 
(b) logP, (c) lnM and (d) the relation between the lnS and lnM. 
 

 

Fig. 5. Change in the logJ with increasing the concentrations of various ions and SBF at 
pH=7.4: (a) Ca2+, (b) HPO42-, (c) HCO3- and (d) SBF. 
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addition, the effect of the SBF concentrations on the logP is not obvious (not shown here). 
The calculated results demonstrated that the lnS of HA, SCHA-A-0.5 and HPO4-SCHA-B-
0.5 is higher than 20; while that of OCP, DOHA and TCP varied near the zero, leading to a 
great variation of lnM. 
The effect of Na+, K+, Mg2+, Cl- and SO42- ions concentration on the logJ of HA, SCHA-A-0.5, 
SCHA-A-1, SCHA-B-1 and HPO4-SCHA-B-0.5 is not apparent. However, these ions have 
effect on the logJ of OCP, DOHA and TCP, where the logJ of OCP and TCP decreased firstly, 
and then increased. And the logJ for DOHA increased with increasing Cl- ions 
concentration. With increasing K+, Mg2+ and SO42- ions concentration, the logJ of OCP and 
TCP lowered slightly. 
The logJ of DOHA, OCP and TCP is sensitive for the change of Na+ and Cl- ions. The reason 
for this is that the change of Na+ and Cl- ions also has a great effect on the lnM of the DOHA, 
OCP and TCP (not shown here). The change in lnM is associated with the lnS at here. 
According to the calculated results, the change of lnS of DOHA, OCP and TCP nearby the 
zero, resulting in the great variation in lnM, and lnS of the other CaPs is greatly higher than 
zero, which leaded to an unobvious change in lnM. 
Fig. 6 shows the relationships between logJ and v of CaPs. In Fig. 6a, with increasing the v 
from 200 to 1200 Å3, the logJ of OCP and TCP increased slowly. The change of v did not alter 
the logJ of other CaPs significantly. At the same time, the logJ increased as the following 
sequence: TCP < OCP < HA < HPO4-SCHA-B-0.5 < SCHA-A-0.5 as increasing v. This result 
suggested that the hypothesis of the v of carbonated-HA being equal to that of HA was 
feasible. In fact, the difference of the v between the carbonated-HA and HA is not significant 
[Fleet et al., 2004; Kumar et al., 2000]. Further calculating on logJ of CaPs with different v as 
increasing pH was considered as shown in Fig. 6b. With increasing pH, the change of v did 
not alter the logJ of HA, HPO4-SCHA-B-0.5 and SCHA-A-0.5. While in the case of OCP, the 
increase of v improved the logJ slightly. 
 

 
Fig. 6. The relationships between logJ and v of CaPs: (a) change in the logJ with increasing 
the v of apatites at pH=7.4 and (b) change in the logJ with increasing pH at vaious v of 
apatites. 
The change in the logJ with increasing the  at pH=7.4 is shown in Fig. 7a. It was evident 
that the logJ of the CaPs decreased with increasing the , especially of OCP and TCP. The 
reason for the great decrease in logJ of OCP and TCP is that the change of  has a great effect 
on the lnM as shown in Fig. 7b, which can further influence the logJ of these CaPs. In fact, 
the previous calculated results also indicated that the effect of  variation on the logJ was 
greatly [Lu et al., 2005]. 
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On the other hand, it was difficult to obtain the accurate  values of the CaPs based on the 
previous studies [Lu et al., 2005]. Wu and Nancollas summarized the  of HA, OCP and 
DCPD acquired by various measurement methods such as contact angle, crystal growth 
kinetics, dissolution kinetics, etc. [Wu et al., 1999]. Their results showed  of HA in the range 
of 9.3~87 mJm-2, and those of OCP and DCPD in the ranges of 3~45 and 0.4-70 mJm-2, 
respectively. In this work, the calculated values of  are basically in these ranges. 
 

 
Fig. 7. The relationships between logJ and lnM and  of CaPs: (a) change in the logJ with 
increasing the multiple of  at pH=7.4 and (b) relation between lnM and  at pH=7.4. 
 

 
Fig. 8. The relationships among logJ,  f( ), lnM and pH of CaPs: (a) change in the logJ with 
increasing the f( ) at pH=7.4, (b) relation between lnM and f( ) at pH=7.4 and (c) change in 
the logJ with increasing pH as using different f( ). f( )0.1 and f( )0.5 means the value of the 
f( ) used at here is 0.1 and 0.5, respectively. 
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Fig. 8a shows the change in the logJ with increasing f( ) at pH=7.4. The logJ of OCP and TCP 
decreased obviously with increasing f( ). However, the logJ of other CaPs did not change 
basically. The reason for this is that the change of f( ) has a great effect on the lnM of OCP 
and TCP as shown in Fig. 8b, which can further influence the logJ of these CaPs. The results 
shown in Fig. 8c indicated that the logJ of OCP is highly dependent on the f( ) with 
increasing pH, and change of f( ) has no obvious effects on the logJ of the other CaPs. 
Fig. 9 shows that the SBFs species did not markedly affect the logJ of HA, SCHA-A-0.5 and 
HPO4-SCHA-B-0.5 at pH=7.4. Fig. 10a shows the logJ of OCP is highly dependent on the 
SBF species with increasing pH, and change of SBF species has no obvious effects on the logJ 
of HA (Fig. 10b). 
 

 
Fig. 9. logJ of HA, SCHA-A-0.5 and HPO4-SCHA-B-0.5 in the different SBFs  
 

 
Fig. 10. logJ of various apatites in different SBFs with increasing pH: (a) OCP, (b) HA, (c) 
SCHA-A-0.5 and (d) HPO4-SCHA-B-0.5. 
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In the case of OCP, the logJ increased in the four SBFs as the following sequence: i-SBF < r-
SBF < m-SBF < c-SBF (Fig. 10a). For SCHA-A-0.5 and HPO4-SCHA-B-0.5, the effect of SBF 
species on the logJ is not obvious when pH<9; while distinction was presented when pH>9, 
where the logJ increased as the following sequence: i-SBF  r-SBF < m-SBF  HBSS < c-SBF 
(Fig. 10c and d). 
In order to understand the change of logJ of OCP, the effect of pH on the logP, lnM and lnS 
were considered. Based on the calculated results, the logJ is mainly determined by the lnS, 
which determined the change of lnM here. And the curve of lnM is similar to the logJ of 
OCP. 
In the case of HA, the pH has no significant effect on logP and lnM, thus the logJ of HA did 
not alter obviously. 
However the distinguish of logJ of SCHA-A-0.5 and HPO4-SCHA-B-0.5 in various SBFs 
appeared when pH >9. The reason for this is that the change of logP caused by the SBF 
species, where the SBF species has no apparent effects on the lnM. The change of logP is 
mainly resulted from the different concentrations of HCO3- ions of SBFs. As shown in the 
Table 1, the concentrations of HCO3- ions in various SBFs decreased as following sequence: 
i-SBF = r-SBF > m-SBF = HBSS > c-SBF, which is just contrary to the change of logJ. 

5.3 Structure of the bone apatite and biomimetic apatite 
As well known, the bones and teeth of all vertebrates are natural composite materials, where 
one of the components is an inorganic solid, carbonate hydroxyapatite. Thus the formation 
of the carbonate hydroxyapatite in vitro by biomimetic method is worthy to be noticed. 
These results indicated whether the induced apatite is A-type or B-type carbonated-HA, the 
high concentration of CO32- ions in carbonated-HA deter its formation. In other words, the 
dissolution of highly carbonated-HA could be serious relatively. In fact, the previous results 
indicated that CO32- ions concentration in carbonated-HA is higher, the dissolving of 
carbonated HA is faster [Okazaki, et al., 1999].  
Besides CO32- ions, HPO42- ions also is one component of the bone apatite. The carbonated-
HA of bones ranges between 4% and 8% in carbonate content, which increases with age 
while HPO42- ions decreases. In this work, the theoretical calculation results indicated that 
the introduction of HPO42- ions lowered the G of carbonated HA. In fact, biomimetic 
apatite containing HPO42- ions have been reported. 
Also, Na+, K+, Mg2+ and Cl- ions can incorporate the structure of apatite. Thus, the chemical 
composition of apatite could be more complex. If Na+, K+, Mg2+ and Cl- ions were 
considered, more equations regarding to calculating their equilibrium concentrations were 
needed. Thus mathematic method and computer language are needed to solve the high 
order equation such as quintic equation. In addition, no details parameters of these CaPs in 
the thermodynamic and kinetic calculations such as Ksp, v, , f( ) etc. can be available. 
According to these, it was difficult to conduct the thermodynamic and kinetic calculations of 
apatite formation when the chemical compositions of apatite become more abundant. 

5.4 Nuclear and growth 
Due to SBF with high concentration, the apatite body was formed at the early stage of the 
SBF immersion process as shown Fig. 11a. With increasing the SBF immersion time, the 
apatite body grew, resulting in a decrease in SBF concentration (red line). When the size of 
apatite body reached rc, and the SBF concentration is higher than cc. Thus the apatite nuclear 
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was formed, which could further grow due to the high concentration of SBF. And the SBF 
concentration continuously decreased due to the growth of the apatite nuclear. When the 
SBF concentration reached an equilibrium concentration, the sized of the apatite particle did 
not increase.  
During total process of apatite formation, the apatite grew by consuming calcium ions and 
phosphate radicals, et al.. At the same time, the apatite could was dissolved, releasing 
calcium ions and phosphate radicals, et al.. When SBF concentration is higher than 
equilibrium concentration, the deposition rate of apatite is greater than dissolution rate of 
apatite. When SBF concentration is equal to equilibrium concentration, the deposition rate of 
apatite is equal to the dissolution rate of apatite. 
If the initial concentration of SBF is lower than cc, thus the apatite nuclear can not be formed. 
Even if the apatite body (its size less than rc) was formed, it usually disappeared due to no 
superfluous ions to supply the deposition of apatite body. Thus, the apatite formation is 
highly dependent on the ions concentration near the surface of bioactive coatings based on 
the above discussion. Just the attraction of functionalized surfaces for other ions caused the 
increase in ions concentration near the local surface. Based on the above equation, the rc of 
CaPs was calculated. It was observed that the rc decreased as the following sequence: OCP > 
TCP >> HA > SCHA-A-0.5 > HPO4-SCHA-B-0.5. These results suggested that the formation 
of SCHA-A-0.5 and HPO4-SCHA-B-0.5 is easier compared with other CaPs. 
 

 
Fig. 11. Nuclear and growth of apatites in SBF: (a) schametical diagram for the formation 
and growth of apatite nuclear during the SBF immersion process and (b) rc of various CaPs 
nuclear in the SBF. 

5.5 Phase transformation of biomimetic apatite 
The previous results indicated that the gel-like matter was formed on the surface of the 
chemical-treated MAO coatings at the early stage of the SBF immersion process. The gel-like 
matter mainly contained Ca and P elements with an amorphous structure. After further 
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In fact, the formation of apatite on the surface of substrates is a very complex process, since 
various factors have effect on the apatite nucleation and growth such as supersaturation or 
the solution compositions, interface energy and contacting angle of apatites and substrates, 
etc..  
The precipitation of apatite from SBF or the supersaturated calcium phosphate solution 
(differing from SBF in composition containing higher Ca and P concentrations) has been 
widely investigated in the past [Feng et al., 1999; Li et al., 2002; Barrère et al., 1999; Lu et al., 
2004; Lu et al., 2007; Horváthová et al., 2008; Xie et al., 2006]. Experimental observation 
indicated that some important characteristics of the initial behaviors of apatite formation. 
Feng et al. [Feng et al., 1999; Li et al., 2002] observed various apatites such as DCPD, OCP 
and HA phases on the surfaces of alkali-treated titanium when the samples were immersed 
in supersaturated calcification solution. Leng [Lu et al., 2004] used transmission electron 
microscopy (TEM) to investigate the formation of calcium phosphate on alkali- and heat-
treated titanium surfaces in a revised SBF. In their results, electron diffraction of the 
precipitates revealed that OCP, instead of HA, directly nucleates from amorphous CaP. The 
OCP crystals continuously grew on the titanium surfaces rather than transforming into 
apatite. Lu et al. [Lu et al., 2007] found that amorphous CaP coatings were formed on the 
surfaces by immersing the nitric acid treated Ti specimens in SBF, while OCP coatings were 
formed in the supersaturated calcium phosphate solution after 3 days of immersion. And, 
OCP could further transfer into carbonated-HA in SBF [Horváthová et al., 2008].  
Based on the this investigation, compared to HA and carbonated-HA, the formation of OCP 
is highly dependent on f( ),  and local ions concentration near substrate surfaces. This 
probably is the main reason for forming OCP and sometimes not during the immersion 
process in Ca- and P-containing solutions. In other words, OCP is not the necessary 
intermediate phase for the formation of HA or carbonated-HA, and the formation of OCP is 
associated with the circumstance, especially the contacting angle between OCP and 
substrate and local ions concentration. 

6. Conclusion 
MAO is a relatively convenient and effective technique to deposit bioceramic coatings on 
the surfaces of Ti and its alloys. The structures such as phase composition, surface 
morphology and elemental composition of the MAO coatings are highly dependent on the 
applied voltage, oxidizing time, frequency, duty cycle and electrolyte composition, etc., 
especially the applied voltage and electrolyte composition. 
The apatite-forming ability and bioactivity of most of MAO coatings are not very good. 
Thus, subsequent activation methods such as sol-gel, UV irradiation and hydrothermal 
treatments have been investigated to improve the surface bioactivity of MAO coatings. 
Authors have developed a simple chemical-treatment to modify the surface of the MAO 
coatings. A variety of reactions such as dissolution, ion exchange and precipitation took 
place on the surface of the chemical-treated MAO coating during the SBF immersion process 
to form Ti-OH groups, which greatly improved the apatite-forming ability of the MAO 
coatings.  
The induced biomimetic apatites were SCHA-A and HPO4-SCHA-B. At the same time, Na, 
K, Mg and Cl elements could be also introduced into these apatites, however, the 
concentrations of these elements are very small. In addition, the induced biomimetic apatite 
presented two-level porous structure on micro- and nano-scales. 
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The theoretical calculated result indicated that the formation of A-type slightly substituted 
carbonated-HA and B-type slightly substituted carbonated-HA containing HPO42- ions is 
thermodynamically and kinetically easier than other CaPs, consistent with the experimental 
results. The pH, ions concentrations and species of SBFs greatly affected the G and logJ of 
CaPs. Totally, the G of CaPs descend with increasing pH and concentration multiple of SBF 
and Ca2+ and HPO42- ions concentrations. Moreover, other factors such as surface tension, 
contacting angle and molecular volume can affect the logJ of CaPs, especially 
Ca4(HPO4)(PO4)2, Ca3(PO4)2 and Ca9(HPO4)(PO4)5OH. 
The surface topography, surface energy and wetting properties etc. are important factors to 
affect the osteoblast adhesion and proliferation. The current results indicated that MAO 
coatings and modified MAO coatings show good biocompatibility according to the cell 
proliferation tests in vitro. 
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1. Introduction      
A vast territory for research is open from mimicking the behaviour of microorganisms to 
defend themselves from competitors. Antibiotics secreted by bacteria or fungi can be copied 
to yield efficient molecules which are active against infectious diseases. On the other hand, 
nanotechnology provides novel techniques to probe and manipulate single atoms and 
molecules. Nanoparticles are finding a large variety of biomedical and pharmaceutical 
applications, since their size scale can be similar to that of biological molecules (e.g. proteins, 
DNA) and structures (e.g. viruses and bacteria). They are currently being used in imaging 
(El-Sayed et al., 2005), biosensing (Medintz et al.,2005), biomolecules immobilization 
(Carmona-Ribeiro, 2010a), gene and drug delivery (Carmona-Ribeiro, 2003; Carmona-
Ribeiro, 2010b) and vaccines (O´Hagan et al., 2000; Lincopan & Carmona-Ribeiro, 2009; 
Lincopan et al., 2009). They can also incorporate antimicrobial agents (antibiotics, metals, 
peptides, surfactants and lipids), can be the antimicrobial agent or used to produce 
antimicrobial devices. Antimicrobial agents found in Nature can sucessfully be copied for 
synthesis of novel biomimetic but synthetic compounds. In this review, synthetic cationic 
surfactants and lipids, natural and synthetic peptides or particles, and hybrid antimicrobial 
films are overviewed unraveling novel antimicrobial approaches against infectious diseases. 

2. Biofilms, antimicrobial films and surfaces 
2.1 Impregnation of materials and coatings with antimicrobials 
The minimal conditions required for life on a given material are the presence of water or wet 
air, with a little dissolved gas, mineral salts and organic molecules so that  in natural 
environments, biofilms can form on surfaces of materials (Lejeune, 2003). A biofilm is a 
structured consortium of bacteria embedded in a self-produced polymer matrix consisting 
of polysaccharide, protein and DNA. For human societies, the most detrimental property of 
surface-associated contaminants as biofilms is probably the expression of specific characters, 
such as increased resistance to detergents, disinfectants, antibiotics and immunological 
defenses (Hoiby et al., 2010). Many nosocomial infections are considered consequences of 
surface contaminations, since biofilms can be formed in indwelling medical devices and 
biomaterials, or even in equipments such as air conditioning and water-distribution 
networks (Mah & O´Toole, 2001; Hoiby et al., 2010). Besides, contaminated common hospital 
surfaces, such as door handles (Oie et al., 2002), stethoscopes (Cohen et al., 1997) and ward 
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fabrics and plastics (Neely & Maley, 2000) can act as reservoirs of potentially harmful 
microbes. Upon being touched, these contaminated surfaces could lead to the spread of 
infection and propagate the contamination to other surfaces and patients in the vicinity 
(Page et al., 2009). Moreover, the device-related infections are usually associated with 
increased morbidity, mortality and additional hospital cost to patient (Tamilvanan et al., 
2008). Antimicrobial films are required for packaging of food products, since microbial 
contaminations are responsible for enormous losses in food safety, conservation and shelf 
life (Cha & Chinnan, 2004; Dutta et al., 2009). Much effort has been devoted to the design of 
antimicrobial materials in form of particles, coatings or surfaces able to prevent surface 
contamination and/or erradicate the biofilm consortia (Tiller et al., 2001; Francolini et al., 
2004; Furno et al., 2004; Zivanovic et al., 2007; Pereira et al., 2008; Ye et al., 2008; Caro et al., 
2009; Avila-Sosa et al., 2010). 
The first combinations of dental cements and resins with antibiotic drugs were described in 
the fifties (Colton & Ehrlich, 1953) whereas resorbable or soluble polymeric carriers which 
could deliver active drugs directly at the site of infection started to be described in the late 
seventies (Kopecek, 1977; Arai et al., 2010; Campoccia et al., 2010; Feng et al., 2010; Noel et 
al., 2010). Control, eradication or inhibition of biofilms and surface-related contaminations 
included development of novel materials, ranging from synthetic (Park et al., 1998; Hirota et 
al., 2005; Jampala et al., 2008; Pereira et al., 2008; Bryaskova et al., 2010) to natural and 
biodegradable compounds (Zhang et al., 1994; Cha & Chinnan, 2004; Pranoto et al., 2005; 
Maizura et al., 2007; Noel et al., 2010). Local antibiotic delivery systems have been proposed 
as alternative therapies to typical prophylactic antibiotic dosing (Frank et al., 2005). The 
most common  drug carrier has been polymethylmethacrylate (PMMA) (McLaren, 2004; 
Nelson, 2004) but other materials could also be used as a local drug delivery system, 
especially in orthopaedic area, such as calcium sulfate (Heijink et al., 2006), collagen 
(Diefenbeck et al., 2006) and chitosan (Khor & Lim, 2003; Noel et al., 2010). 
Different strategies for producing active films or surfaces have been described as 
summarized in Figure 1. The layer-by-layer (LbL) deposition consists in a LbL assembly of 
multiple thin films based on intermolecular electrostatic, hydrogen bonding, and/or 
covalent interactions between film components (Decher, 1997; Cui et al., 2008; Picart, 2008; 
Dvoracek et al., 2009; Agarwal et al., 2010; Shukla et al., 2010; Kharlampieva et al., 2009). 
Among other coating techniques, LbL assembly has the advantage of being a gentle, 
aqueous assembly process with nanometer level control over the composition of the layers. 
For example, Shukla et al. (2010) assembled films on silicon substrates which were plasma 
etched and immediately immersed in a solution containing a cationic polyelectrolyte, then 
water rinsed and then submerged in the polyanion of choice for the particular architecture 
being constructed also followed by water rinse step. After this the substrate was immersed 
in water solution containing the cationic antimicrobial amine-terminated ponericin G1 
peptide and water rinsed again. Four deposition steps produced a tetralayered film with 
sucessive layers: (polycation/ polyanion/ ponericin G1/ polyanion)n, where n represents 
the number of deposited tetralayer repeats (Shukla et al., 2010). Another approach to 
produce antimicrobial films and coatings is the spin-coating technique (Pereira et al., 2008; 
Jausovec et al., 2008), which is based on the solubilization of polymer and antimicrobial 
compound in a volatile solvent, e.g. chloroform, followed by spin-coating of the solution on 
the surface of a glass slide or silicon wafer. The hybrid film is obtained from spinning and 
solvent evaporation (Pereira et al., 2008) (Figure 1). Graftings or covalent attachments of 
certain antimicrobial chemical moieties, such as pyridinium groups (Tiller et al., 2001) or 
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lysozyme (Caro et al., 2009) to surfaces can also be used to prepare antimicrobial materials. 
In an example of the plasma-enhanced method (Jampala et al., 2008), stainless steel 
substrates were pretreated with oxygen plasma and received a hexamethyldisiloxane layer.  
Residual gases were then pumped out and ethylene diamine plasma films deposited before 
substrate immersion in a hexyl bromide solution for deposition of the antimicrobial layer 
(Figure 1). 
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Fig. 1. Methods for casting antimicrobial films on surfaces. Adapted from Tiller et al., 2001; 
Pereira et al., 2008. Adapted with permission from Jampala et al., 2008. Copyright 2008 
American Chemical Society. Reprinted from Biomaterials, Shukla, A.; Fleming, K.E.; 
Chuang, H.F.; Chau, T.M.; Loose, C.R.; Stephanopoulos, G.N. & Hammond, P.T., 
Controlling the release of peptide antimicrobial agents from surfaces, 31, 2348-2357, 
Copyright (2010), with permission from Elsevier. 

Surfaces modified by liposomes have already been recognized as an interesting and 
promising delivery vehicle for active and passive drug targeting purposes (Catuogno & 
Jones, 2003; Pinto-Alphandary et al., 2000; Jones, 2005). Liposomes can either disrupt on 
adsorption or adsorb intact, or a combination of both processes can occur (Carmona-Ribeiro, 
1992; Carmona-Ribeiro & Lessa, 1999; Carmona-Ribeiro, 2003; Carmona-Ribeiro, 2010a,b). 
Hence, systems based on vesicles deposited on the surface of a biomedical device could limit 
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drug delivery to the area immediately surrounding the device, avoiding side effects in the 
rest of the organism (Vermette et al., 2002). Various strategies of liposome deposition on 
surfaces are available such as  immobilization by hydrophobic interactions, covalent linkage 
and specific binding (Brochu et al., 2004). Pasquardini et al. (2008) reported the prevention 
of bacterial adhesion and colonization of polymeric surfaces through the immobilization of 
liposomes on polystyrene material. The surface was functionalized based on the deposition 
of covalently coupled lipid structures from antibiotic loaded vesicles, using either 
deposition of cationic vesicles on negatively charged surfaces or formation of covalent 
linkages between functionalized lipids and amines enriched surfaces. The lipid film, which 
was deposited on the polymeric surface, was used for loading and delivering a specific 
active agent, which was rifampicin, in a cationic liposome, to Staphylococcus epidermidis 
(Pasquardini et al., 2008). An artificial bone scaffold combined with liposomes was recently 
developed for therapy and prevention of refractory bacterial infections (Zhu et al., 2010). 
The porous -tricalcium phosphate ( -TCP) was combined with liposomal gentamicin to 
form a complex drug carrier, which could release an initial high dose of antibiotic from the 
matrix, and a further sustained release of free gentamicin from the liposome allowing 
treatment and prevention of post-operative osteomyelitis (Zhu et al., 2010). 
Pathogenic bacteria secrete virulence factors such as toxins and lipases that actively damage 
cell membranes and tissues around infected wounds, while nonpathogenic bacteria do not 
(or not at high concentration) (DiRita et al., 1991; Zhang & Austin, 2005). On this basis a 
�‘smart�’ wound dressing system modified with antimicrobials encapsulated on lipid vesicles 
was developed, which only released an encapsulated antimicrobial agent in the presence of 
pathogenic bacteria, without responding to commensal/harmless bacteria (Zhou et al., 
2010). The specificity towards pathogenic bacteria is particularly desirable given the 
importance of the normal microflora in providing a natural defense against infection (Tagg 
& Dierksen, 2003). Importantly, this would minimize the evolutionary pressure for the 
selection of antibiotic resistant microorganisms and prolong the efficacy and shelf life of the 
encapsulated antimicrobial (Hecker et al., 2003). Figure 2 illustrates this responsive 
antimicrobial system.  
 

   
Fig. 2. Responsive antimicrobial system based on liposomal encapsulation of antimicrobials 
and drug release triggered by toxin secretion from pathogenic bacteria. Adapted with 
permission from Zhou et al., 2010. Copyright 2010 America Chemical Society. 

Hydrogel matrices such as carbopol 940 or poly(ethylene glycol) gelatin incorporated 
liposomes improving the viscosity of the topical formulation and its retention time at the 
site of administration (Hosny, 2010). The bioadhesive properties of the gel ensured a 
sustained release of antibiotics from the liposomes. Alternatively, plain broad-spectrum 
antimicrobials, without any carriers, have been incorporated into devices (Tebbs & Elliott, 
1993; Bach et al., 1999; Donelli et al., 2002; Zalewska & Ginalska, 2009; Francolini & Donelli, 
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2010). The coating of device surfaces with one or two antimicrobial substances or entrapping 
of these agents within the device material are approaches often used to obtain devices with 
different antimicrobial spectra and durations of the antimicrobial effect (Donelli & 
Francolini, 2001; Darouiche, 2008; Zilberman & Elsner, 2008). These are eluted with the aim 
of preventing biofilm formation by killing early colonizing bacteria. However, sufficient 
antibiotic must be incorporated for the �“user-lifetime�” of the device, and such incorporation 
must not damage the properties of the material (Danese, 2002). The technique of delivery 
must guarantee a rapid release of the antibiotic from the carrier and local drug levels well 
above the minimal inhibitory concentration (MIC). The drug release must be restricted to a 
limited period of time to prevent development of resistant bacterial strains and bactericidal 
should be favoured over bacteriostatic antibiotics (Schmidmaier et al., 2006). One of the 
main drawbacks of most available antimicrobial-coated devices is the burst release of the 
adsorbed antibiotics in the first few hours, followed by a long-lasting phase of slow release 
at low concentrations (Munson et al., 2004). This behaviour can develop antimicrobial 
resistance (Danese, 2002).  
Antimicrobial polyurethane systems were developed containing two antibiotics, cefamandole 
nafate and rifampicin (RIF), selected by their action spectrum and their  functional groups to 
interact with the suitably functionalized polymer (Ruggeri et al., 2007). In other similar 
instances, polyethylene glycol (PEG) was used as a pore forming agent (Kim et al., 2000; Meier 
et al., 2004). Although PEG is biologically inactive, the channels formed inside the polymeric 
matrix facilitated drug flow. Hence antibiotics released from these antimicrobial polyurethane 
systems inhibited the bacterial growth and exhibited a synergistic action when both 
cefamandole nafate and rifampicin antibiotics were present. In particular, PEG10000-
containing polymer was active against the RIF-resistant Staphylococcus aureus strain up to 23 
days. These results suggest that the combined entrapping of antibiotics and pore formers in 
these novel polymer systems could be promising to prevent bacterial colonization (Ruggeri et 
al., 2007). Figure 3 illustrates the prevention of microbial colonization on such surfaces.  
 

 
Fig. 3. Colonization of cocci (in yellow) and bacillus (in blue) on bare (A) or antibiotics-
coated polyurethane surface (B). Adapted with permission from Ruggeri et al., 2007, Journal 
of Biomedical Materials Research, and from Francolini & Donelli, 2010, FEMS Immunology 
and Medical Microbiology. Copyright 2007 and 2010 John Wiley & Sons.   

Hybrid antimicrobial biomaterials with potential to be applied as orthopaedic implants were 
recently prepared through immobilization of aminoglycoside antibiotics (amikacin or 
gentamicin) on hydroxyapatite ceramics (HAp), showing activity against S. aureus, S. 
epidermidis, Pseudomonas aeruginosa and resistance to biofilm formation (Zalewska & 
Ginalska, 2009). In fact, polymeric materials from both natural and synthetic origins are 
widely recognized as carriers for effective delivery of antimicrobial agents to treat the 
infections associated with  orthopaedic implants. Resorbable polymeric materials such as 

BA
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polylactides (Mader et al., 1997; Schmidmaier et al., 2006), copolymers of lactide and 
glycolide (Mader et al., 1997; Ambrose et al., 2003), polycaprolactone (Burd et al., 2001; Le 
Rey et al., 2003), hydroxyapatite and glass ceramics (Saito et al., 2002; Makinen et al., 2005; 
Zalewska & Ginalska, 2009), calcium sulfate (Nelson et al., 2002), and fibrin sealant implants 
(Mader et al., 2002) have already been investigated for use as antibiotic delivery systems. 
Prevention and treatment of osteomyelitis, particularly associated with orthopaedic implant 
surgery, have been the focus of many studies, since in most surgical procedures that include 
the incorporation of implants, the tissue-implant surface is especially prone to microbial 
contamination. Degradable polymer implant coating with antibiotics have been developed 
(Schmidmaier et al., 2006). For local antibiotic therapy, titanium K-wires to be implanted 
into the medullary canals of rat tibiae were coated with poly(D,L-Lactide) (PDLLA) loaded 
with gentamicin. Thereby, the onset of infections was prevented in 80-90% of animals thus 
treated (Schmidmaier et al., 2006). Since the PDLLA coating degrades by hydrolysis within 
3 6 months of implantation with the products of degradation metabolized in the citric acid 
cycle (Hutmacher et al., 1996; Schmidmaier et al., 2001; Park et al., 2009), this local 
application of gentamicin from PDLLA-coated implants might support systemic antibiotic 
prophylaxis  preventing implant-associated osteomyelitis. 
Usnic acid as an alternative antimicrobial agent for device coating or impregnation has been 
loaded on polymer surfaces since it has the desirable properties of poor solubility in 
biological fluids and is not recomended for use in clinics for therapy. Polyurethanes 
adsorbed usnic acid and thereby there was inhibition of S. aureus biofilm formation 
(Francolini et al., 2004). Antiseptics have also been used to develop catheter materials (Brun-
Buisson et al., 2004; Ostendorf et al., 2005; Rupp et al., 2005). A hydrophilic catheter 
incorporated with iodine, leading to a polyvinylpyrrolidone-iodine complex on the inner 
and outer surfaces of the catheter inhibited adhesion of Staphylococcus spp., Escherichia coli, 
Pseudomonas aeruginosa and Candida albicans, during the time of iodine release (Jansen et al., 
1992). Catheters incorporated with benzalkonium chloride also demonstrated a long-lasting 
antimicrobial activity against Staphylococcus spp., Gram-negative bacteria and C. albicans 
(Tebbs & Elliott, 1994). A polyurethane-based catheter impregnated with minute amounts of 
the antiseptic chlorhexidine and silver sulfadiazine was developed (Heard et al., 1998). This 
catheter was firstly coated only on the external surface and exhibited antimicrobial 
properties for nearly 15 days. A second generation of chlorhexidine-silver sulfadiazine was  
coated both internally and externally, and exhibited enhanced chlorhexidine activity, with a 
marked decrease in the colonization on these catheters (Brun-Buisson et al., 2004; Ostenford 
et al., 2005; Rupp et al., 2005).  
Advantages of polymeric antimicrobial agents, when compared to conventional 
antimicrobial agents of low molecular weight, are their nonvolatile character, chemical 
stability, and low permeation through the skin of a man or animal. Thus, they may enhance 
the efficacy of some existing antimicrobial agents and minimize the environmental problems 
accompanying the residual toxicity of the agents, in addition to prolonging their lifetime 
(Akashi et al., 2001; Chen & Cooper, 2002; Gottenbos et al., 2002). Synthetic polymers with 
functional groups, especially when the functional group is a antimicrobial, active group, 
such as the quaternary nitrogen, are receiving considerable attention (Kenawy & Mahmoud, 
2003; Li et al., 2006; Pereira et al., 2008; Melo et al., 2010).  
Quaternary ammonium salts are commonly employed as disinfectants, and effective against 
a wide variety of Gram-positive and Gram-negative bacteria (Tapias et al., 1994; Campanhã 
et al., 1999; Gilbert & Moore, 2005; Carmona-Ribeiro et al., 2006). Various cationic and 
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antimicrobial architectures have been tested such as polyelectrolyte layers (Tiller et al., 2001; 
Thome et al., 2003; Codling et al., 2003; Cen et al., 2003; Li et al., 2006; Vieira & Carmona-
Ribeiro, 2008), hyperbranched dendrimers (Chen & Cooper, 2000; Chen & Cooper, 2002; 
Abid et al., 2010) and long-chained amphiphiles (Abel et al., 2002; Haldar et al., 2005). The 
deposition of organic monolayers onto solid surfaces containing quaternary ammonium 
groups has been shown to prevent deposition and growth of bacterial biofilms (Kugler et al., 
2005). Molecules with a net positive charge are able to kill microorganisms both in solution 
(Fidai et al., 1997; Friedrich et al., 2000) or upon attachment or adsorption to surfaces 
(Isquith et al., 1972; Endo et al., 1987; Tiller et al., 2001; Thome et al., 2003; Kugler et al., 2005; 
Pereira et al., 2008) or particles (Vieira et al., 2003; Vieira & Carmona-Ribeiro, 2008). 
Particularly interesting were the cationic liposomes (Tapias et al., 1994; Sicchierolli et al., 
1995; Campanhã et al., 1999) or cationic bilayer fragments composed solely of 
dioctadecyldimethylammonium bromide or DODAB due to their intrinsic microbicidal 
property  (Vieira & Carmona-Ribeiro, 2001; Lincopan et al., 2003; Lincopan et al., 2005).  
Polymeric bactericides are more potent than their monomeric counterparts (Kenawy et al., 
2007). Surfaces with cations deposited on them were shown to kill microbes upon contact in 
the 1980s (Speier & Malek, 1982) especially when treated with hydrophobic polycations 
(Klibanov, 2007). These cationic materials electrostatically attract a microorganism cell 
towards the treated surface, resulting in the puncturing of microbial cell envelope and 
subsequent cell death (Klibanov, 2007). Impregnation of polymers with quaternary 
ammonium compounds (QAC) was also achieved from deposition of alternate anionic and 
cationic polyelectrolyte layers where cetyltrimethylammonium bromide (CTAB) was the 
antimicrobial agent included in the cationic layer (Dvoracek et al., 2009). Films exposure to 
humidity allowed CTAB diffusion out of the film and bacterial growth inhibition in 
neighbouring regions. On silicon wafers, hybrid films, produced from spin-coating of a 
chloroformic solution of poly(methylmethacrylate) (PMMA) polymer and DODAB cationic 
lipid, exhibited remarkable antimicrobial activity against E. coli (Pereira et al., 2008). 
Antimicrobial PMMA/DODAB  films  are illustrated in Figure 4. 
 

 

 

 

Fig. 4. PMMA films impregnated with a quaternary ammonium (QAC) lipid DODAB kill E. 
coli  upon contact. In green, live, and in red, dead E. coli cells. Adapted with permission from 
Pereira et al., 2008. Copyright 2008 American Chemical Society. 
Polymers of pyridinium derivatives were highly effective against Gram-positive bacteria 
(Kawabata & Nishiguchi, 1988). Pyridinium derivatives with alkyl bromides were 
covalently attached to glass slides and designed to create surfaces that kill airborne bacteria 
on contact (Tiller et al., 2001). These surfaces were able to kill more than 90% of deposited S. 
aureus cells and more than 99% of deposited S. epidermidis, P. aeruginosa and E. coli cells in a 
dry state. The bacteria cells were sprayed onto the surfaces to simulate the deposition of 
airborne bacteria. These tethered amphipatic polycations, as well as polimyxin B and soluble 
cationic antimicrobials, probably share a similar mechanism of attacking bacteria, by 
displacing the divalent cations that hold together the negatively charged surface of the 
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lipopolysaccharide network, thereby disrupting the outer membrane of Gram-negative 
bacteria. It is also possible that after destroying the outer membrane permeability barrier, 
the cationic groups of the tethered polymers further penetrate into the inner membrane, 
producing leakage (Vaara, 1992). Regarding Gram-positive bacteria, the action of 
immobilized polycations probably requires penetration of the cationic groups across the 
thick cell wall to reach the cytoplasmic membrane (Friedrich et al., 2000). Bromide salts of 
quaternized polyvinylpyridine (QPVP) with linear aliphatic chains of 2 and 5 carbon atoms 
were adsorbed onto silicon wafers, and lyzozyme molecules were adsorbed onto these 
polycations (Silva et al., 2009). The antimicrobial effect of lyzozyme bounded to the 
pyridinium derivative layers or to silicon wafers was evaluated with enzymatic assays using 
Micrococcus luteus. After 15 min of interaction with bacteria, pure QPVP with 5 carbons 
presented the best antimicrobial action, followed by pure QPVP with 2 carbons, mixtures of 
lyzozyme and QPVP with 5 carbons, pure lyzozyme and mixtures of QPVP with 2 carbons 
and the enzyme. When quaternary ammonium salts are linked to the polymer backbone by 
longer spacers, as in the case of QPVP with 5 carbons, their larger mobility favoured the 
biocidal effect. After one hour of interaction, all systems yielded 100% of death.  
Antimicrobial silver particles alone or in combination with other metals or elements, such as 
carbon or platinum (Ranucci et al., 2003) or copper (Mclean et al., 1993)  were also used to 
impregnate biomaterials (Davenas et al., 2002). Thin polymeric films prepared by the LbL 
method assembled oppositely charged polyelectrolytes, loaded with silver nanoparticles 
and presented differential cytotoxicity representing a good approach to manage microbial 
burden in wounds without impairment of wound healing (Agarwal et al., 2010). 
Impregnation of biodegradable polymer matrix with silver nanoparticles showed strong 
bactericidal effect against E. coli, S. aureus and P. aeruginosa (Bryaskova et al., 2010).  
Silver has also been extensively used for the development of infection-resistant catheters. 
Polyurethane catheters in which carbon, silver and platinum particles are incorporated led to 
an electrochemically driven release of silver ions in the outer and inner vicinities of the 
catheter surface, demonstrating low catheter-related bloodstream infections (Ranucci et al., 
2003). Silver-containing zeolite compounds received approval of Food and Drug 
Administration (FDA) for being used as food contact surfaces (Joerger, 2007). Silver-zeolites 
have already been incorporated into polymeric films yielding antimicrobial properties 
(Kamisoglu et al., 2008; Zampino et al., 2008; Fernández et al., 2010). Polymer composites of 
plasticized poly(vinylchloride) pellets with silver zeolites demonstrated activity against S. 
epidermidis and E. coli (Zampino et al., 2008), while  polyurethane composites with silver 
zeolites showed antimicrobial action against E. coli (Kamisoglu et al., 2008) and polylactid acid-
polylactide (PLA)/silver zeolite composites also presented activity against S. aureus and E. coli, 
with silver being effectively released from the films (Fernández et al., 2010). The silver-
containing materials usually rely on the diffusion of Ag+ ions from the material and their 
subsequent action on adherent microbes as broad spectrum antimicrobials (Lansdown, 2006). 

2.2 Coatings with covalent modifications   
The surfaces of medical devices can be simply modified with the application of external 
coating substances onto them. Thereby, alterations of material surfaces may lead to changes 
in specific and non-specific interactions with microorganisms and, thus, reduce microbial 
adherence. Medical devices made out of a material that would be antiadhesive or at least 
colonization resistant would be the most suitable candidates to avoid colonization and 
subsequent infection (Duran, 2000; Chandra et al., 2005; Hou et al., 2007).  
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One possible approach to inhibit microbial contamination of surfaces is to prepare a surface 
to which microbes find it hard to become attached. This is a preventive strategy, where the 
aim is to prevent microbial adhesion to the surface in the first place (Page et al., 2009). One 
well established method for preventing the adhesion of microbes, proteins and mammalian 
cells to surfaces is to coat them with a layer of poly(ethylene glycol) (PEG) (Page et al., 2009). 
PEG modification of polyurethane surfaces inhibited microbial adhesion (Park et al., 1998; 
Ostuni et al., 2001; Hou et al., 2007). The current method involves the deposition of a self-
assembled monolayer, over a substrate, followed by functionalization of the monolayer with 
PEG. PEG polymeric surfaces are antimicrobial firstly because of the steric repulsion 
between PEG and the microbial cell envelope. The dynamic movement of PEG chains 
tethered to the surface, coupled with their lack of binding sites further hamper microbe 
adhesion (Page et al., 2009). For protecting stainless steel surfaces against protein and/or 
bacterial adhesion, thin films including the glycosidase hen egg white lysozyme (HEWL) 
and/or PEG were covalently bound to flat substrates pretreated with poly(ethylene imine) 
(PEI) (Caro et al., 2009). The ability of these modified surfaces to prevent protein adsorption 
and bacterial adhesion together with their biocide properties were tested employing bovine 
serum albumin (BSA), and the bacteria Listeria ivanovii and Micrococcus luteus. The cografting 
of PEG and HEWL resulted in a surface with both antiadhesive and antibacterial properties 
(Caro et al., 2009). Figure 5 illustrates these antiadhesive and antibacterial surfaces grafted 
with HEWL and PEG. 
 

 
Fig. 5. Antiadhesive and antibacterial surfaces on stainless steel (SS) with graftings of 
poly(ethylene glycol) (PEG) or hen egg white lyzozyme (HEWL). Adapted with permission 
from Caro et al., 2009. Copyright 2009 American Chemical Society. 

Inhibition of C. albicans biofilm formation was achieved by adding 6% polyethylene oxide 
(PEO) to polyurethane surfaces (Chandra et al., 2005). Similarly, biofilm formation by C. 
albicans and Candida tropicalis was inhibited on a silicone rubber voice prosthesis treated 
with a colloidal palladium/tin solution (resulting in a thin metal coat) (Dijk et al., 2000). On 
similar surfaces of hydrophobic polyurethanes modified with hydrophilic polyethylene 
oxide, adhesion of S. epidermidis was abolished (Patel et al., 2003; Patel et al., 2007). These 
modified surfaces significantly inhibited S. epidermidis biofilm formation over 48 h in vitro 
(Patel et al., 2007). 
Polymers with zwitterionic head groups were also applied as surface coatings, preventing 
microbial contamination on surfaces. The zwitterionic nature of the polymer head group 
mimics that found in the lipid bilayer of biological membranes imparting biocompatibility 
and non-thrombogenic character to these materials. Several examples of this concept are 
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available from the literature such as polymers based on phosphorylcholine (Lewis, 2000; 
Rose et al., 2005; Hirota et al., 2005), sulfobetain and carboxybetaine (Cheng et al., 2007). The 
zwitterionic head groups increased hydrophilicity of the material, leading to reversible 
interactions between incident microbes and the surface and discouraging adhesion of cells, 
both mammalian and microbial (Cheng et al., 2007). Similarly, surfaces containing 
immobilized long-chain N-alkylated polyvinylpyridines and structurally unrelated N-
alkylated polyethylenimines were reported to be lethal to S. aureus, S. epidermidis, P. 
aeruginosa and E. coli  (Lin et al., 2002). The structure-activity analysis revealed that for 
surfaces to be bactericidal, the immobilized long polymeric chains have to be hydrophobic, 
but not excessively so, and positively charged. 
Grafted or smeared on the surface, surfactants or polymers carrying electric charges could 
also modify the physico-chemical properties of the interface and decrease the binding ability 
of the colonizing organisms (Mireles et al., 2001). Synthetic vascular grafts such as 
polytetrafluoroethylene (PFTE) prostheses are easily accessible to pathogens after inserted 
into the patient. The lipophilicity of these PTFE grafts has been modulated with 
benzalkonium chloride (Harvey & Greco, 1981; Greco et al., 1982) or 
tridodecylmethylammonium chloride (Harvey et al., 1982), or incorporating drugs into 
biodegradable polymer carriers (Gollwitzer et al., 2003). Recently, new lipid-based 
formulations to incorporate antibiotics for anti-infective action in grafts were developed. In 
this case, PFTE grafts were coated with lipophilic agents such as poly-lactid acid or 
tocopherol acetate as carriers for gentamicin and teicoplanin, in order to release high drug 
concentrations locally and completely inhibit bacterial colonization on the implant (Matl et 
al., 2008). A recent study also reported the covalent attachment of quaternary ammonium 
groups to stainless steel and porous filter paper (cellulose) surfaces, through low-pressure 
plasma-enhanced functionalization (Jampala et al., 2008). The grafting of quaternary 
ammonium groups on these surfaces yielded stable and very efficient bactericidal 
properties, with activity against S. aureus and Klebsiella pneumoniae. 
Another different and recent approach is the concept of modifying a surface with 
bacteriophages, in order to produce an antimicrobial surface (Curtin & Donlan, 2006). 
Bacteriophages are viruses that infect prokaryotic cells, which contain a core nucleic acid, 
usually double-stranded DNA (dsDNA), within a protein or lipoprotein capsid (Guttman et 
al., 2004; Hanlon, 2007). As obligate parasites of bacteria, the bacteriophages bind to 
microbial surfaces, injecting their genetic material and replicating within the bacterial host. 
If phage replication is a lytic process, it will result in the lysis of the host cell (Sulakvelidze et 
al., 2001). The characteristics of lytic phages, such as target specificity, rapid bacterial killing, 
and amplification at the site of infection, make them  possible candidates as antimicrobial 
therapeutic agents (Deresinski, 2009). A phage-modified surface is certainly an interesting 
antimicrobial approach, especially because microorganisms currently resistant to antibiotics 
do not show resistance to phages. However, a few problems have to be considered. Firstly, 
the inherent specificity of phages to bacterial species, and further, bacteria can become 
resistant to phages (Stone, 2002). Thus, phage-treated surfaces should constantly be 
monitored. One study demonstrated the successful use of a developed wound dressing, 
containing lytic bacteriophages, to treat some skin infections that were not responding to 
conventional antimicrobial therapy (Stone, 2002). A biodegradable polymer wound dressing 
impregnated with ciprofloxacin, benzocaine, chymotrypsin, bicarbonate, and 6 lytic phages 
(Pyophage) with activity against P. aeruginosa, S. aureus, E. coli, Streptococcus spp. and Proteus 
spp. was also reported (Markoishvili et al., 2002). Another research showed the action of 
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catheters pre-treated with a coagulase-negative staphylococci phage reducing significantly 
S. epidermidis biofilm formation (Curtin & Donlan, 2006). Finally, the use of bacteriophages 
has been recently reported as a promising approach in the control of S. epidermidis and P. 
aeruginosa biofilm formation when catheters are pretreated with a cocktail of bacteriophages, 
thus reducing the 48-h mean biofilm cell density by 99.9%, even if few biofilm isolates were 
reported to be resistant to these phages (Fu et al., 2010). Approximate 90% reduction in both 
Proteus mirabilis and E. coli biofilm formation on bacteriophage-treated catheters when 
compared with untreated controls followed impregnation of hydrogel-coated catheter 
sections with a lytic bacteriophage (Carson et al., 2010). 

2.3 Biodegradable antimicrobial materials 
There has been a growing interest over the past few years in applications of biopolymers 
due to their renewable, sustainable and biodegradable properties (Zivanovic et al., 2007). 
One of the most popular biopolymers is chitosan. Chitosan is a cationic biopolymer obtained 
by N-deacetylation of chitin, which is known to be the second most abundant biopolymer in 
nature and is the major component of exoskeleton of crustaceans (Roberts & Wood, 2000). 
This biopolymer has been found to be nontoxic, biodegradable, biocompatible in addition to 
having antimicrobial characteristics (Park et al., 2002; Jayakumar et al., 2007). In view of 
these qualities, chitosan films have been used as a packaging material for the quality 
preservation of a variety of food products (Park et al., 2004). Blending of chitosan and 
polyethylene oxide (PEO) produced films with  good antimicrobial effect against E. coli 
(Zivanovic et al., 2007). Chitosan-based films have the potential to be used in the food 
industry as active packaging materials to inhibit food-borne pathogens and in the 
pharmaceutical industry for controlled release of active compounds (Zivanovic et al., 2007; 
Noel et al., 2010).  
Different theories have been put forward to explain the antimicrobial mode of action of 
chitosan such as chitosan interaction with intracellular targets, eg DNA (Rabea et al., 2003), 
chitosan chelating activity (Rabea et al., 2003) or chitosan perturbation of the cell membrane 
(Helander et al., 2001; Zakrzewska et al., 2005; Je & Kim, 2006). Others considered that a 
sequence of rather �“untargeted�” molecular events would take place simultaneously or 
successively. The initial contact between the polycationic chitosan macromolecule and the 
negatively charged cell wall polymers driven by electrostatic interaction between chitosan 
and teichoic acids in the cell wall would disrupt the equilibrium of cell wall dynamics, and 
cause ultimate cell death (Raafat et al., 2008). 
Bioactive chitosan films can incorporate other antimicrobial agents, enabling to improve its 
antimicrobial efficacy (Quintavalla & Vicini 2002). A degradable chitosan sponge was  
loaded with the antibiotics amikacin or vancomycin for therapy after a traumatic injury or 
surgery with sustained release of the antibiotics for 72 hours, representing very high release 
levels needed for preventing early-stage infection (Noel et al., 2010). Chitosan-coated plastic 
films, alone or loaded with antimicrobial agents, were evaluated for their effect against 
Listeria monocytogenes, a food-borne pathogen with ability to survive and grow at 
refrigeration temperatures, tolerant to relatively high concentrations of salt and able to cause 
high fatality rate associated with listeriosis (Ye et al., 2008). These chitosan-coated films 
inhibited this pathogen growth in a concentration-dependent manner whereas chitosan-
coated films impregnated with antibiotics were considerably more effective against L. 
monocytogenes. The antimicrobial activity of chitosan film proved against food pathogenic 
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bacteria (E. coli, S. aureus, Salmonella typhimurium, L. monocytogenes and Bacillus cereus) has 
also been enhanced by incorporation of garlic oil, potassium sorbate and nisin (Pranoto et 
al., 2005). Edible films or coatings are prepared from proteins, polysaccharides and lipids 
(Cagri et al., 2004) and reduce the risk of pathogen growth on food surfaces (Quattara et al., 
2000; Pranoto et al., 2005; Seydim & Sarikus, 2006; Maizura et al., 2007). As chitosan is a 
potentially edible material, it has been used as a coating material for different types of foods 
(Coma et al., 2002; Coma et al., 2003; Zivanovic et al., 2005; Fernandez-Saiz et al., 2006). 
Incorporation of natural spices such as oregano, rosemary, garlic and lemongrass essential 
oils into edible films has been used to inhibit the growth of microorganisms (Quattara et al., 
2000; Pranoto et al., 2005; Seydim & Sarikus, 2006; Maizura et al., 2007). Addition of essential 
oil of Mexican oregano (Lippia berlandieri Schauer) as antimicrobial agent to edible films of 
chitosan or starch inhibited Aspergillus niger and Penicillium spp. growth at low 
concentrations in the films hampering mould growth (Avila-Sosa et al., 2010).  
Polymeric bioactive films laced with an assortment of antimicrobial agents, such as nisin (Kim 
et al., 2002; Lee et al., 2003; Mauriello et al., 2005; Nguyen et al., 2008), essential oils (Pranoto et 
al., 2005; López et al., 2007; Avila-Sosa et al., 2010) and bacteriocins (An et al., 2000; Mauriello 
et al., 2004; Ercolini et al., 2006; Ghalfi et al., 2006) have been described. Addition of the 
antimicrobial peptide nisin efficiently inhibited growth of L. monocytogenes in films of gelatin 
and corn zein (Ku & Song, 2007). Several reviews are available on preparation, characterization 
and determination of antimicrobial  activity of these films and novel materials (Cutter, 2002; 
Quintavanalla & Vicini, 2002; Cagri et al., 2004; Cha & Chinnan, 2004; Cutter, 2006; Joerger, 
2007; Dutta et al., 2009). Nisin has been the antimicrobial most frequently found in films for 
food packaging (Kim et al., 2002; Lee et al., 2003; Mauriello et al., 2005; Nguyen et al., 2008). Its 
small molecular size allows the production of films that release this peptide upon contact with 
food or liquid (Gill & Holley, 2000; Cutter et al., 2001). A self-assembled bacterial cellulose film 
containing nisin prevented L. monocytogenes and total aerobic bacteria growth on the surface of 
vacuum-packaged processed meat products (Nguyen et al., 2008). These cellulose pellicles 
were produced by Gluconacetobacter xylinus K3 and then impregnated with nisin, yielding 
active cellulose films with potential applicability as antimicrobial packaging films. 
Biodegradable polylactid acid (PLA) polymeric films impregnated with nisin also killed 
foodborne L. monocytogenes, E. coli O157:H7 and Salmonella enteritidis and was proposed as a 
good material to make bottles or films, or coatings for use in liquid or solid food packaging (Jin 
& Zhang, 2008). Similarly to nisin, some antimicrobial films have also been prepared from 
bacteriocins to prevent food contamination with L. monocytogenes (Mauriello et al., 2004; 
Ercolini et al., 2006; Ghalfi et al., 2006). 
The desire for natural ingredients and the realization that plants harbour antimicrobial 
compounds have led to the production of a number of films with extracts from plants 
(Pranoto et al., 2005; Kim et al., 2006; Seydim & Sarikus, 2006). In fact, plants have 
exceptional ability to produce cytotoxic agents and there is an ecological rationale that 
antimicrobial natural products should be present or synthesized in plants following 
microbial attack to protect the producer from pathogenic microbes in its environment 
(Gibbons, 2005). Moreover, natural products are both fundamental sources of new chemical 
diversity and integral components of today's pharmaceutical compendium and more than 
300 natural metabolites with antimicrobial activity have been reported in the period 2000-
2008 (Saleem et al., 2010). As such, there has been an increase in the use of essential oils as 
an alternative to conventional synthetic antimicrobial agents. Essential oils that contain 
higher concentrations of phenolic compounds, such as carvacrol, eugenol, and thymol also 
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possess strong antibacterial properties against foodborne pathogens and display a wide 
range of other biological effects, including antioxidant and antimicrobial properties. The 
mode of action is considered to be the disturbance of the cytoplasmic membrane, disrupting 
the proton motive force, electron flow, and active transport, and/or coagulation of bacteria 
cell contents (Burt, 2004). López et al. (2007) prepared flexible films of polypropylene and 
polyethylene/ethylene vinyl alcohol copolymer added of the essential oil of cinnamon 
(Cinnamomum zeylanicum), oregano (Origanum vulgare) and clove (Syzigium aromaticum) and 
determined their activity against a wide range of microoganisms such as Gram-negative or -
positive bacteria, moulds and yeasts showing specially more pronounced antifungal 
activities that persisted for more than two months after films preparation (López et al., 
2007). Oregano and cinnamon essential oils were recently incorporated on the same 
polymeric material completely inhibiting  L. monocytogenes, Salmonella choleraesuis, C. albicans 
and Aspergillus flavus growth (Gutiérrez et al., 2010).  
The enzyme lysozyme has been another natural choice for the preparation of antimicrobial 
films (Park et al., 2004; Souza et al., 2010). Lysozyme is a food grade antimicrobial enzyme 
with bacteriostatic, bacteriolytic and bactericidal activity, particularly against Gram-positive 
bacteria, and efficient in controlling the growth of a great number of food pathogens (Souza 
et al., 2010). In humans, lysozyme is found in a wide variety of fluids, such  as  tears,  breast  
milk,  and  respiratory  and  saliva secretions, as well as in cells of the innate immune 
system, including neutrophils, monocytes, macrophages, and epithelial cells participating of 
the innate defense response against invading microorganisms (Jolles & Jolles, 1984). This 
enzyme acts on bacteria by hydrolyzing the ß-1,4 glycosidic bonds between N-
acetylmuramic  acid  (MurNAc)  and  N-acetylglucosamine (GlucNAc), resulting in 
degradation of peptidoglycan (PG), and  subsequent microbial cell  lysis  (Schindler et al., 
1977). The effective incorporation and release of lysozyme in chitosan films was used to 
reinforce the antimicrobial activity of chitosan (Park et al., 2004). Lysozyme has already been 
embodied in several biodegradable matrices yielding antimicrobial films and surfaces (Park 
et al., 2004; Fernández et al., 2008). In films of sodium caseinate lysozyme was released in a 
controlled manner so that sustained antimicrobial activity against S. aureus and Micrococcus 
lysodeikticus could be achieved (Souza et al., 2010). 

3. Antimicrobial particles 
3.1 Inorganic, metal and composite particles  
The use of geological nanomaterials to heal skin infections has been known since the earliest 
recorded history, and specific clay minerals may prove valuable in the treatment of bacterial 
diseases, including infections for which there are no effective antibiotics, such as Buruli 
ulcer and multidrug-resistant infections (Williams & Haydel, 2010). A French green clay 
(rich in Fe-smectite) has been used in clinics for healing Buruli ulcer, a necrotizing fasciitis 
('flesh-eating' infection) caused by Mycobacterium ulcerans (Falkinham et al., 2009). However, 
little is known about the physicochemical properties involved in the antibacterial activity of 
many minerals.  
The mineral CsAg02 demonstrated broad bactericidal activity against pathogenic Escherichia 
coli, extended-spectrum beta-lactamase (ESBL) E. coli, Salmonella enterica serovar 
Typhimurium, Pseudomonas aeruginosa and Mycobacterium marinum, and a combined 
bacteriostatic/bactericidal effect against Staphylococcus aureus, penicillin-resistant S. aureus, 
methicillin-resistant S. aureus (MRSA) and Mycobacterium smegmatis, whereas another 
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mineral with similar structure and bulk crystal chemistry, CsAr02, had no effect on or even 
enhanced bacterial growth (Haydel et al., 2008). This mineral particulate heated to 200 or 500 
oC still retained bactericidal activity, whereas heated or nonheated cation-exchanged CsAg02 
no longer killed E. coli. Natural mineral mixtures were recently identified with antibacterial 
activity against a broad-spectrum of bacterial pathogens (Cunningham et al., 2010). Mineral-
derived aqueous leachates also exhibited antibacterial activity, revealing that chemical, not 
physical, mineral characteristics were responsible for the observed activity. Chelation of 
these minerals with EDTA or desferrioxamine eliminated or reduced antibacterial action 
suggesting a role of an acid-soluble metal species, particularly Fe(3+) or other sequestered 
metal cations, in mineral toxicity. Testing the bactericidal effect of the heated product, many 
toxins were eliminated from consideration (e.g., microbes, organic compounds, volatile 
elements) and several redox-sensitive refractory metals that are common among 
antibacterial clays were identified (Williams & Haydel, 2010).  
Inorganic active agents with antimicrobial activity can be based on a variety of inorganic 
nanostructured materials, such as titanium dioxide (Fu et al., 2005), silver (Jeong et al., 
2005a; Rai et al., 2009) and silver-based nanostructured materials (Nishino & Kanno, 2008; 
Kittler et al., 2009), zinc oxide (Li et al., 2007), copper (Cubillo et al., 2006), gallium (Valappil 
et al., 2008) or gold (Park et al., 2006; Zhang et al., 2008) plus their composites (Sambhy et al., 
2006).  
Metallic and inorganic particles can be loaded into different organic carriers, like liposomes 
(Park et al., 2005), nano- and micro-capsules (Shim et al., 2002) or dendrimers (Raveendran 
et al., 2006) finding many applications in the industry of fabrics (Gorensek et al., 2010; 
Dastjerdi & Montazer, 2010), plastic (Roe et al., 2008; Xu et al., 2010) or biomaterials for drug 
delivery (Sharma et al., 2004; Pandey & Khuller, 2004; Hardi-Ianderer et al., 2008). 
Titanium dioxide nanoparticles have antibacterial (Fu et al., 2005; Daoud et al., 2005) and 
self-cleaning properties (Bozzi et al., 2005). Copper nanoparticles embedded into submicron 
particles of sepiolite (Mg8 Si12 O30 (OH)4 (H2O)4·8H2O) also demonstrated strong bactericidal 
properties (Cubillo et al., 2006) despite the lower antibacterial activity of  copper when 
compared to silver nanoparticles (Pape et al., 2002). Grace & Pandian (2007) have used gold 
nanoparticles as carriers core coated by antibiotics like streptomycin, gentamycin and 
neomycin showing that gold nanocomposites have an intense antibacterial efficiency against 
various Gram-negative and Gram-positive bacteria, like E. coli, P. aeruginosa, S. aureus and 
Micrococcus luteus. They concluded that metal nanoparticles may change the metabolite 
pathway and the release mechanism of bacterial cells. Therefore, Au/drug nanocomposites 
were more efficient than drug alone. Park et al. (2006) loaded gold nanoparticles inside lipid 
liposomes, reporting an increased fluidity and permeability of barrier of the lipid and 
provided a kind of thermally sensitive liposome. Consequently, these systems showed 
potential as controlled release delivery system at particular temperatures (Park et al., 2006). 
Silver has been employed since ancient times to fight infections and control spoilage 
(Tokumaru et al., 1984). Silver nanoparticles are antibacterial and multi-functional 
displaying low toxicity to human cells (Jeong et al., 2005a; Rai et al., 2009; Dastjerdi et al., 
2009). Its antimicrobial effect at low concentrations is therapeutic against over 650 disease-
causing organisms in the body (Jeong et al., 2005a,b; Lok, 2006). The ability of silver to 
prevent biofilm formation has also been demonstrated (Stobie et al., 2008). The most 
common synthesis of silver nanoparticles is the chemical reduction of a silver salt solution 
by a reducing agent such as NaBH4, citrate, or ascorbate (Nickel et al., 2000; Leopold & 
Lendl, 2003; Khanna & Subbarao, 2003; Sondi et al., 2003).  
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Nanocomposites from polymers and silver particles have also been described; silver 
introduction into poly(styrene-co-acrylic acid) copolymer  enhanced antibacterial activity by 
increasing ionic mobility (da Silva Paula et al., 2009). Silver nanoparticles inside phosphate-
based, biodegradable ceramic particles were released in the presence of a growing 
microorganism (Loher et al., 2008). This effect was based on the microorganism 
requirements for mineral uptake during growth, creating a flux of calcium, phosphate and 
other ions to the microorganism. The growing microorganism dissolved the carrier releasing 
the silver nanoparticles. These biodegradable silver carriers in materials and polymer 
coatings enabled the creation of self-sterilizing surfaces (Loher et al., 2008). Metal 
nanoparticles with bactericidal effects can be affixed on various surfaces for prevention or 
protection purposes in specific applications, such as infirmaries, clothing, different surfaces, 
food protection and packing and water treatment (Ruparelia et al., 2008). Contrary to effects 
of ionic silver, the antimicrobial activity of colloidal silver particles is influenced by particle 
dimensions: the smaller the particles, the greater the antimicrobial effect due to its larger 
surface area to get in contact with the bacterial cells (Morones et al., 2005; Panacek et al., 
2006; Pal et al., 2007). 
In spite of several reports on the antimicrobial activity of silver nanoparticles (Sondi & 
Salopek-Sondi, 2004; Pal et al., 2007; Kim et al., 2007; Travan et al., 2009; Li et al., 2010), the 
mechanism of inhibitory effects of Ag ions on microorganisms is not yet fully elucidated. Some 
studies reported that the positive charge on the Ag ion would be crucial for antimicrobial 
activity (Dragieva et al., 1999; Hamouda et al., 1999; Dibrov et al., 2002). However, negatively 
charged silver nanoparticles also killed Gram-negative bacteria in a nanoparticle concentration 
�–dependent manner (Sondi & Salopek-Sondi, 2004). The activity was also closely associated 
with the formation of �“pits�” in the cell wall of bacteria plus nanoparticles incorporation, 
accumulation and permeability increase of the bacterial cell membrane (Sondi & Salopek-
Sondi, 2004). Damage of bacterial cell membrane with observations of pits and gaps on the 
cells was related to reduction of activity of some enzymes, leakage of sugars and proteins and 
cell death (Li et al., 2010). Silver nanoparticle shape also affected antibacterial effect against E. 
coli: truncated triangular silver nanoplates displayed stronger biocidal action than spherical or 
rod-shaped nanoparticles (Pal et al., 2007). 
The use of microbial cells for the biosynthesis of nanosized materials has emerged as a novel 
approach for the synthesis of metal nanoparticles, particularly based on the main reaction of 
reduction/oxidation, where microbial enzymes with reducing or anti-oxidant properties are 
usually responsible for reduction of metal ions compounds into their respective metalic 
particles (Gericke & Piches, 2006a; Prathna et al., 2010). Metal particles can be obtained from 
biosynthesis by microorganisms and plants (Durán et al., 2005; Mohanpuria et al., 2008). 
Bacteria are known to produce inorganic materials either intra- or extracellularly. 
Microorganisms are considered as a potential biofactory for the synthesis of gold (Ahmad et 
al., 2003a; Ahmad et al., 2003b; Sastry et al., 2003; Gericke & Piches, 2006b), silver (Fu et al., 
2000; Fu et al., 2006; Gericke & Piches, 2006a) and cadmium sulphide nanoparticles (Fu et 
al.,1999).  
Silver nanoparticles were biosynthesized by Klebsiella pneumoniae (Shahverdi et al., 2007), 
Staphylococcus aureus (Nanda & Saravanan, 2009), Escherichia coli (Gurunathan et al., 2009) or 
Brevibacterium casei (Kalishwaralal et al., 2010). In combination with antibiotics, such as 
vancomycin and clindamycin, silver nanoparticles biosynthesized by K. pneumoniae 
exhibited enhanced activities against S. aureus (Shahverdi et al., 2007). Curiously, silver 
particles synthesized by S. aureus exhibited activity against resistant strains of Staphylococcus 
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sp. such as the methicillin-resistant S. aureus (MRSA) and methicillin-resistant S. epidermidis 
(MRSE) (Nanda & Saravanan, 2009). 
Fungi have also been widely studied for the biosynthesis of nanoparticles, and when 
compared to bacteria, they could be used as a source for the production of large amounts of 
nanoparticles. This is associated with the fact that fungi secrete large amounts of proteins, 
which directly translate to higher productivity of nanoparticle formation (Mohanpuria et al., 
2008).  Several fungus species have been employed to synthesize silver nanoparticles:   
Phaenerochaete chrysosporium (Vigneshwaran et al., 2006), Phoma glomerata (Birla et al., 2009), 
Trichoderma viride (Fayaz et al., 2010) and Aspergillus clavatus (Saravanan & Nanda, 2010; 
Verma et al., 2010). The biosynthesized nanoparticles showed antimicrobial activities alone 
(Verma et al., 2010; Saravanan & Nanda, 2010) or combined with antibiotics (Birla et al., 
2009; Fayaz et al., 2010). Several plants have also been investigated for their role in the 
synthesis of nanoparticles (Torresday et al., 2002; Bali et al., 2006). The advantage of using 
plants to synthesize nanoparticles is that they are easily available, safe to handle and possess 
a broad variability of metabolites that may act in reduction reactions (Prathna et al., 2010). 
Gold (Torresday et al., 2002; Song et al., 2009), silver, nickel, cobalt, zinc and copper 
nanoparticles were obtained from biosynthesis by plants (Bali et al., 2006). Antibacterial 
properties of silver nanoparticles synthesized by plants like Azadirachta indica (Tripathi et al., 
2009) or Acalypha indica (Krishnaraj et al., 2010) were recently reported. These particles were 
incorporated onto cotton disks, showing activity against E. coli. Leaf extracts were also used 
to synthesize silver nanoparticles with antimicrobial activity against water born pathogens 
such as E. coli and Vibrio cholerae.  

3.2 Polymeric, lipid-based and hybrid particles 
Biocompatible and biodegradable polymers have been extensively used in clinics for 
controlled drug release. Polymeric nanoparticles can be formed through self-assembly of 
copolymers, consisting of hydrophilic and hydrophobic segments or through linear 
polymers, such as poly (alkylacrylates) and poly (methylmethacrylate). A variety of 
biodegradable polymers have been used to form nanoparticles, including poly(lactic acid) 
(PLA), poly(glycolid acid) (PGA), poly(lactide-co-glycolide) (PLGA) and polyethylene 
glycol (PEG) (Sharma et al., 2004; Pandey & Khuller, 2004; Hardi-Ianderer et al., 2008; Zhang 
et al., 2010). Antimicrobial drugs can be adsorbed to the nanoparticles during 
polymerization or covalently conjugated to the nanoparticles surface after they are formed 
(Zhang et al., 2010).  Polystyrene (PS) and poly(styrene-co-styrene sulfonate) particles coated 
with silver nanoparticles by gama-irradiation induced reduction of Ag ions yielding 
microbicidal composite particles against S. aureus (Oh et al., 2006). Another study described 
PS particles coated with poly(ethylene-co-butylene) copolymer containing a 
polymethacrylate block activated with amino or octyl bromide bactericidal moieties (Lenoir 
et al., 2005). The antimicrobial activity was directly related to the concentration of coated PS 
particles. Amphotericin B (AmB)-loaded poly( -caprolactone) nanospheres have  therapeutic 
efficacy against Leishmania donovani (Espuelas et al., 2002) and C. albicans (Espuelas et al., 
2003), when compared to free drug. Rifampicin-loaded polybutylcyanoacrylate 
nanoparticles have also shown enhanced antibacterial activity both in vitro and in vivo 
against S. aureus and Mycobacterium avium due to an effective delivery of drugs to 
macrophages (Skidan et al., 2003). Chitosan, a natural biopolymer, has antimicrobial and 
antifungal activity (Sudarshan et al., 1992; Jeon et al., 2001). Chitosan nanoparticles prepared 
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and loaded with antimicrobials or antibiotics (Portero et al., 2002) or metals (Qi et al., 2004) 
further enhance their antimicrobial action. Chitosan nanoparticles themselves or with 
adsorbed copper ions inhibited bacterial growth, with copper-loaded ones exhibiting higher 
activity due to higher surface charge density enhancing the affinity with the negatively 
charged bacteria membrane (Qi et al., 2004).. Polymeric particles of poly(4-vinyl pyridine), 
synthesized and chemically modified to become positively charged, were used for in situ 
silver and copper metal nanoparticle synthesis and presented antimicrobial action against S. 
aureus, P. aeruginosa, E. coli and Bacillus subtilis  (Ozay et al., 2010).   
Charged polymers or polyelectrolytes have often been used to produce nanostructured 
particles (Vieira & Carmona-Ribeiro, 2008; Melo et al., 2010). Cationic polymers can be 
potent antimicrobial agents (Codling et al., 2003; Kuegler et al., 2005). Cationic poly(arylene 
ethylene) conjugated polyelectrolytes have recently been reported as potent dark biocidals 
against P. aeruginosa, due to its high lipophilicity and the presence of accessible quaternary 
ammonium groups (Corbitt et al., 2009). The layer-by-layer (LbL) procedure (Decher & 
Hong, 1991) was used to produce hybrid antimicrobial and cationic particles from 
dioctadecyldimethylammonium bromide (DODAB) bilayer fragments (BF) supporting 
consecutive layers of the anionic polymer carboxymethylcellulose (CMC) and the cationic 
polyelectrolyte poly(diallyldimethylammonium) chloride (PDDA) (Melo et al., 2010). Both 
cationic microbicides, DODAB and PDDA, were combined in a single supramolecular 
assembly. These assemblies in form of small or large particles were obtained from small or 
large DODAB BF concentrations, respectively. The assemblies DODAB BF/CMC/PDDA 
exhibited potent antimicrobial activity against P. aeruginosa and S. aureus. The antimicrobial 
effect was similar for particles with 100 or 500 nm of mean diameter and dependent only on 
the amount of positive charges on particles (Melo et al., 2010). These hybrid particles also 
delivered AmB to C. albicans (Vieira & Carmona-Ribeiro, 2008). Cationic lipid, antibiotic and 
cationic polyelectrolyte nanostructured in each particle effectively attacked the fungus. 
Figure 6 shows these assemblies which were microbicidal with or without drug. 
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Fig. 6. Antimicrobial particles of cationic lipid (DODAB) and polyelectrolytes (CMC and 
PDDA), with or without amphotericin B (AmB). Adapted from Vieira & Carmona-Ribeiro, 
2008 and adapted with permission from Melo et al., 2010. Copyright 2010 American 
Chemical Society. 

Other interesting approaches were immobilization of bacteriophages active against a variety 
of food-borne bacteria by physisorption to modified, cationic silica particles (Cademartiri et 
al., 2010) or use of  low-density lipoproteins (LDLs) from human plasma for delivering 
drugs inside the cells and treat intracellular infections (Hu et al., 2000). Biopolymer particles 
from lipoproteins can readily be obtained from human plasma by density gradient 
ultracentrifugation (Kader et al., 1998). A lipid core is surrounded by a monolayer of 
phospholipids, in which cholesterol and apolipoprotein-B are present.  Other human plasma 
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lipoproteins, the high-density lipoproteins (HDLs) particles, have also been related with 
antimicrobial properties against Staphylococcus epidermidis, due to apolipoprotein A1 (Tada 
et al., 1993) or related with protection against trypanosome infection, due to native human 
HDLs containing haptoglobin-related protein (Hpr), apolipoprotein L-I (apoL-I) and 
apolipoprotein A-I (apoA-I) (Shiflet et al., 2005). 
Dendrimers also possess several unique properties that make them a good nanoparticle 
platform for antimicrobial drug delivery. They are highly ordered and regularly branched 
globular macromolecules, with a core, layers of branched repeat units emerging from the 
core and functional end groups on the outer layer of repeat units (Grayson & Frechet, 2001). 
The branched nature of dendrimers provides huge surface area to size ratio, allowing great 
reactivity with microorganisms and drug loading capacity (Florence, 2005). Moreover, using 
antimicrobial drugs to synthesize dendrimers, they can become a potent antimicrobial for 
themselves. Dendrimer biocides may contain quaternary ammonium salts as functional end 
groups displaying greater antimicrobial activity against bacteria than small drug molecules, 
due to a high density of active antimicrobials on the dendrimer surfaces. The polycationic 
structure of dendrimer biocides facilitates the initial electrostatic adsorption to negatively 
charged bacteria, increasing membrane permeability and allowing more dendrimers to enter 
the bacterial cell (Chen et al., 2000; Chen & Cooper, 2002). Dendrimers have also been used 
as a vehicle to develop antimicrobial properties in textile fabrics (Ghosh et al., 2010; 
Klaykruayat et al., 2010). The poly(amidoamine) (PAMAM) dendrimer was modified to 
obtain quaternary ammonium groups as antimicrobial moieties or loaded with silver 
compounds. Both modified PAMAM structures were applied to cotton and nylon fabrics, 
exhibiting significant biocidal activity against S. aureus for each type of modified dendrimer 
(Ghosh et al., 2010). Cotton fabrics were impregnated with chitosan modified with 
antimicrobial PAMAM dendrimers, which imparted good activity against S. aureus to the 
fabrics when compared to fabrics with unmodified chitosan (Klaykruayat et al., 2010). 
Dendrimeric structures were effective against mature biofilms, completely inhibiting E. coli 
(Hou et al., 2009) or P. aeruginosa (Johansson et al., 2008) biofilm formation and inducing 
complete dispersion of both bacterial established mature biofilms, in a clear advantage with 
the majority of antimicrobial agents that are ineffective against already formed biofilms. 
Furthermore, dendrimers design can mimick the active conformation of linear antimicrobial 
peptides (Janiszewska & Urbanczyk-Lipkowska, 2007; Bruschi et al., 2010). The synthesis of 
a family of these peptidic dendrimers also showed antimicrobial properties against S. aureus, 
E. coli and C. albicans (Janiszewska & Urbanczyk-Lipkowska, 2007). Pini et al. (2005) 
reported the synthesis of an antimicrobial peptide in monomeric and dendrimeric form, 
obtaining activity against E. coli of the dendrimeric peptide much higher than that of the 
monomeric form. In fact, multimeric peptides offer several advantages with respect to their 
monomeric counterparts, due to improved stability in the presence of degrading enzymes as 
peptidases and proteases (Bruschi et al., 2010). A recent review reported the current state of 
therapeutic potential of the dendrimer systems in wound healing, bone mineralization, 
tissue repair, anticoagulant, anti-inflammatory and anticancer therapy (Gajbhiye et al., 
2009). 
Among the classical cationic surfactants, quaternary ammonium compounds (QACs) are the 
most useful antiseptics and disinfectants (Merianos, 1991; Frier, 1971). Since 1935 the 
antibacterial activity of the long-chained quaternary ammonium salts has been disclosed 
(Domagk, 1935). The fourth generation of quaternary antimicrobials included several mono- 
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and dialkyl dimethylammonium and polymeric quaternary ammonium salts (Petrocci et al., 
1979). QACs are membrane active agents (Hugo & Frier, 1969; Furhop & Wang, 2004) that 
can cause lysis of spheroplasts and protoplasts suspended in sucrose (Salton, 1968; Davies & 
Field, 1969; Denyer, 1995; Russel et al., 1999). The cationic agents hypothetically react with 
phospholipid components in the cytoplasmic membrane, thereby producing membrane 
distortion and protoplast lysis under osmotic stress (Cabral, 1992; Russel & Chopra, 1996). 
Another possible mechanism for QACs action might be their inhibition and blockade of 
potassium channels in Gram-negative bacteria (Raja & Vales, 2009). The positive charge on 
microbial cells has been often correlated with the biocidal action (Isquith et al., 1972; Endo et 
al., 1987; Tapias et al., 1994; Sicchierolli et al., 1995; Fidai et al., 1997; Friedrich et al., 2000; 
Campanhã et al., 2001; Kugler et al., 2005). Dioctadecyldimethylammonium bromide 
(DODAB) (Tapias et al., 1994; Campanhã et al., 1999; Pereira et al., 2008; Melo et al., 2010), 
cetyltrimethylammonium bromide (CTAB) (Vieira & Carmona-Ribeiro, 2006; Dvoracek et 
al., 2009) and benzyldimethyldodecylammonium chloride (BDMDAC) (Ferreira et al., 2010) 
are some examples of quaternary ammonium compounds used to prepare antimicrobial 
particles. 
Supramolecular assemblies of cationic lipid such as the bilayer fragments (BF) or the large 
bilayer vesicles have already been established as antimicrobial agents (Tapias et al., 1994; 
Sicchierolli et al., 1995; Martins et al., 1997; Campanhã et al., 1999; Carmona-Ribeiro, 2000; 
Campanhã et al., 2001; Lincopan et al., 2003; Carmona-Ribeiro, 2003; Carmona-Ribeiro et al., 
2006; Vieira & Carmona-Ribeiro, 2008). In particular, DODAB is a cationic bilayer-forming 
synthetic lipid with a high chemical stability and well-described anti-infective properties 
(Carmona-Ribeiro et al., 2006). Adsorption of DODAB cationic bilayers onto bacteria cells 
changes the sign of the cell surface potential from negative to positive, with a clear 
relationship between positive charge on bacterial cells and cell death (Campanhã et al., 
1999). DODAB BF also affected viability of Candida albicans (Campanhã et al., 2001; Vieira & 
Carmona-Ribeiro, 2006). Simultaneous determination of C. albicans viability and 
eletrophoretic mobility as a function of DODAB concentration also yielded good correlation 
between yeast surface charge and cell viability. Micromolar DODAB concentrations 
effectively killed bacteria, but DODAB concentrations required to kill yeast cells were much 
higher than those required to kill bacteria. Mammalian cells in culture were still more 
resistant to DODAB than fungi (Carmona-Ribeiro et al., 1997). DODAB indeed exhibits 
differential cytotoxicity, an important property for therapeutic uses. DODAB bilayer 
fragments (BF), by themselves or combined with particles, can produce lipid-based 
biomimetic assemblies or particles with antimicrobial activity. Synthetic amphiphile bilayers 
prepared from DODAB or other synthetic lipid, sodium dihexadecyl phosphate (DHP), 
were deposited onto oppositely charged polystyrene microspheres, forming bilayer covered 
lattices (Carmona-Ribeiro & Midmore, 1992). These homodisperse, DODAB bilayer-covered 
polystyrene sulfate (PSS) particles were combined with DNA, yielding supramolecular 
assemblies of PSS/DODAB/DNA (Rosa et al., 2008). Over a low concentration range of 
DNA, PSS/DODAB/DNA assemblies were cationic, colloidally stable and highly cytotoxic 
against E. coli cells, while from DNA concentration corresponding to charge neutralization, 
neutral or anionic assemblies, PSS/DODAB/DNA exhibited low colloid stability, high 
polydispersity and low antimicrobial activity. 
Other important application of lipid based biomimetics refers to formulation of hydrophobic 
drugs. Aqueous miconazole (MCZ) aggregates were solubilized and/or colloidally 
stabilized by bilayer-forming synthetic lipids such as DODAB or DHP dispersions (Pacheco 
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& Carmona-Ribeiro, 2003). Drug particles became colloidally stable in the presence of 
charged bilayer fragments. At high drug to lipid molar proportion (P), when bilayer 
fragments covered drug particles, formulations were stable and highly effective. At low P,  
the drug became soluble in its monomeric form at the borders of the bilayer fragments 
(Vieira & Carmona-Ribeiro, 2001; Pacheco & Carmona-Ribeiro, 2003; Lincopan et al., 2003). 
The formulations were also effective and stable despite the toxicity due to the large 
concentration of cationic lipid (Lincopan et al., 2005; Lincopan et al., 2006). The results 
showed that synthetic bilayer fragments offered extra solubilization sites useful as receptive 
surfaces at their hydrophobic borders. The MCZ particles covered with DODAB BF showed 
a synergistic action between lipid and drug against C. albicans (Lincopan & Carmona-
Ribeiro, 2006). At high P, addition of chaotropic K2HPO4 converted MCZ aggregates into 
negatively charged particles with affinity for cationic lipid, which then surrounded each 
drug particle with a cationic layer. In these formulations DODAB and MCZ acted 
synergistically against yeast. Biomimetic PSS/DODAB/DNA and MCZ drug particles are 
illustrated in Figure 7. 
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Fig. 7. Biomimetic particles: PSS/DODAB/DNA against E. coli (A); MCZ/DODAB against 
C. albicans (B). Adapted with permission from Rosa et al., 2008. Copyright 2008 American 
Chemical Society. Adapted with permission from Lincopan & Carmona-Ribeiro, 2006. 
Copyright 2006 Oxford University Press. 
Lipids such as fatty acids, triglycerides, steroids, partial glycerides and waxes can also be 
used to produce solid nanoparticles (Zhang et al., 2010). As in oil-in-water nanoemulsions 
where a dispersed oil phase is stabilized in a water phase by an emulsifying layer of 
surfactant, nanoparticles composed of solid lipids such as stearic acid or solid lipid 
nanoparticles (SLN) (Müller et al., 2000) have been stabilized with polymers or surfactants 
such as poloxamer 188, polysorbate 80, lecithin, polyglycerol methylgluco distearate, 
sodium cocoamphoacetate or saccharose fatty acid esters and used to carry drugs, peptides 
or proteins (Martins et al., 2007). Advantages of SLN are their composition (biocompatible 
compounds), the fast and effective production process, including the possibility of large 
scale production, the avoidance of organic solvents in the production procedures, and the 
possibility to produce concentrated lipid suspensions. However, the drug loading capacity 
of conventional SLN is limited because of the formation of a perfect lipid crystal matrix and 
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other colloidal structures such as micelles, liposomes, mixed micelles and drug nanocrystals 
might be also present in the aqueous dispersion (Wissing et al., 2004). The preparation of 
SLN involves a first step of emulsification in hot water by stirring 10% of melted solid lipid 
such as stearic acid, 15% of surfactant and up to 10% of co-surfactant via microemulsions. 
Next, the warm microemulsion is dispersed under stirring in excess cold water. Finally, 
ultrafiltration or liophylization remove water excess and increases the SLN concentration 
(Fundaro et al., 2000; Igartua et al., 2000; Mehnert & Mäder, 2001).   
SLNs are considered good drug carriers to obtain sustained release of antibiotics (Faustino-
Vega et al., 2009; Han et al., 2009). SLNs can act as promising carriers for sustained 
ciprofloxacin release in infections (Jain & Banerjee, 2008) or to enhance the bioavailability of 
tobramycin from antibiotic-loaded SLN in the aqueous humor for topical ocular delivery 
(Cavalli et al., 2002). SLNs also represent a good carrier for intracerebral delivery of drugs, 
since these nanocarriers can not only mask the blood brain barrier limiting characteristics, 
but may also protect the drug from chemical and enzymatic degradation (Tiwari & Amiji, 
2006). Besides, reduction of toxicity of drugs to peripheral organs can also be achieved with 
the SLN delivering the drugs directly to the central nervous system. Another possible 
application of SLNs is to deliver azole antifungal drugs to superficial fungal infection 
patients (Gupta et al., 2008).  SLNs can also facilitate the delivery of anti-tuberculosis drugs 
such as rifampicin, isoniazid and pyrazinamide to the lungs as well as to the lymphatic 
system (Pandey & Khuller, 2005). Nimje et al. (2009) reported the selective delivery of 
rifabutin, another antituberculosis drug, to alveolar tissues, using drug-loaded solid lipid 
nanoparticles, increasing the therapeutic margin of safety and reducing side effects.  

4. Liposomes in antimicrobial chemotherapy 
Many infections are localized within phagocytic cells in the reticuloendothelial system (liver 
and spleen), in the blood stream, or in granuloma in various tissues and are possibly targets 
for liposomal drug delivery and therapy (Richarson, 1983). Examples of such infectious 
diseases are brucellosis, leprosy, tuberculosis, and listeria, all of them caused by intracellular 
bacteria. 
Liposomes have been extensively used as carriers of antimicrobial and antineoplastic 
drugs (Lopez-Berestein, 1987). They are usually produced from naturally occurring, 
biodegradable and non-toxic phospholipids (Furneri et al., 2000). Liposomes have been 
designed to release drugs into an extracellular or intracellular compartment to reach their 
site of action (Fielding, 1991). The ability of liposomes to alter drug distribution depends 
largely on their size and surface properties (Fielding, 1991). Thus, liposomal 
encapsulation of antibiotics helps to increase their therapeutic index with mode of action 
related to increasing the drug concentration at the site of infection and/or reducing its 
toxicity (Schiffelers et al., 2001a). Organs rich in cells from the reticuloendothelial system 
(RES) preferentially take up liposomes, e.g. liver, spleen, lung and bone marrow 
(Gregoriadis, 1976a; Gregoriadis, 1976b). Targeting of liposomal antibiotic to bone 
marrow might achieve a high concentration of the drug in bone tissues. For extracellular 
bacteria, the enhanced antibacterial effect may be due to a fusion mechanism of the 
liposomal formulation with bacteria. The phagocytosis of antibiotic-loaded liposomes 
yields therapeutic intracellular drug concentrations and consequently enhanced killing of 
intracellular microorganisms, such as S. aureus, E. coli, Brucella abortus and Mycobacterium 
avium (Schiffelers et al., 2001a).  
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Most studies regarding liposomal antibiotics deal with aminoglycosides, quinolones, 
polypeptides, and -lactams (Drulis-Kawa & Dorotkiewicz-Jach, 2010). The many 
advantages of liposomes as antibiotic carriers are improved pharmacokinetics and 
biodistribution, decreased toxicity, enhanced activity against intracellular pathogens, target 
selectivity, enhanced activity against extracellular pathogens, and efectiveness in 
overcoming bacterial drug resistance. The variety of liposomal formulations allows the 
design of effective antibiotic formulations and subsequent therapeutic success (Abeylath & 
Turos, 2008; Jia et al., 2008). 
Traditional antibiotic therapy of staphylococcal osteomyelitis by a single drug or a drug 
combination is ineffective in producing complete sterilization of infected bones. 
Ciprofloxacin and vancomycin were encapsulated in a cationic, anionic or neutral liposomal 
formulation (Kadry et al., 2004). Cationic liposomes entrapped the highest percentage of 
antibiotics, and enhanced antibacterial activity above that of the free antibiotics; they were 
used for therapeutic trials to treat chronic staphylococcal osteomyelitis induced in rabbits.  
These liposomal formulations showed much lower nephrotoxicity than that induced by free 
drugs. Several other papers describe liposomal formulations against pathogenic 
microorganisms such as P. aeruginosa (Okusanya et al., 2009), K. pneumoniae (Gubernator et 
al., 2007), E. coli and S. aureus (Beaulac et al., 1998). The antibiotics chosen for encapsulation 
were mostly fluoroquinolones and aminoglycosides. 
Encapsulation of gentamicin in liposomes can be used to achieve intracellular delivery and 
broaden the clinical utility of this drug.  pH-dependent liposomal fusion with cells could be 
achieved due to the presence of phosphatidylethanolamine (PE) and the pH-sensitive lipid 
N-succinyldioleoyl-PE (Cordeiro et al., 2000). The pharmacokinetics and biodistribution of 
the free and liposomal gentamicin were examined in mice bearing a systemic Salmonella 
enteric serovar Typhimurium infection. Encapsulation of gentamicin in pH-sensitive 
liposomes significantly increased the concentrations of the drug in plasma compared to 
those of free gentamicin.  
Liposomes of DMPC/CHOL (molar ratio 2:1) containing gentamicin showed better activity 
against P. aeruginosa than the free drug (Rukholm et al., 2006). For a highly resistant P. 
aeruginosa strain there was a 16-fold reduction in MIC for the liposomal gentamicin. Similar 
results in MIC reduction were obtained for liposomes of DPPC/CHOL (molar ratio 2:1) 
containing amikacin, gentamicin, and tobramicin (Mugabe et al., 2006). Long-circulating 
liposome encapsulated gentamicin demonstrated superior antibacterial activity over the free 
drug in a single-dose study of immunocompetent rats with K. pneumoniae pneumonia 
(Schiffelers et al., 2001b). Multilamellar liposomes carried gentamicin for treatment of mice 
lethally infected with Brucella abortus (Vitas et al., 1997).   The use of free or liposomal 
gentamicin in liposomes with a negative net charge did not produce a protective effect. Only 
the cationic liposomes had a therapeutic effect against infection. Pulmonary delivery of 
rifampicin encapsulated in liposomes was reported (Deol & Kuller., 1997; Vyas et al., 2004; 
Zaru et al., 2007; Changsan et al., 2009). Lung-specific Stealth liposomes made of 
phosphatidylcholine, cholesterol, dicetylphosphate, O-steroyl amylopectin and 
monosialogangliosides/ distearylphosphatidylethanolamine-poly (ethylene glycol) 2000 for 
the targeted delivery of anti-tuberculosis drugs to the lung have been described (Deol & 
Kuller, 1997). Modification of surface of stealth liposomes by tagging O-stearylamylopectin 
resulted in the increased affinity of these liposomes towards lung tissue of mice. Regarding 
tissue distribution, these liposomes showed more accumulation in lungs than in 
reticuloendothelial system of the normal and tuberculous mice. Isoniazid and rifampicin 
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encapsulated in liposomes were less toxic to peritoneal macrophages than the free drugs. 
The same formulations administered at one-third of the recommended doses showed a 
sustained release of the drugs in the plasma (5 days), lungs, liver and spleen (7 days) 
(Labana et al., 2002). Vyas et al. (2004) formulated aerosolized liposomes incorporating 
rifampicin via a cast-film method employing egg phosphatidylcholine- and cholesterol-
based liposomes. Liposomes coated with alveolar macrophage-specific ligands 
demonstrated preferential accumulation in alveolar macrophages, maintaining high 
concentrations of rifampicin in the lungs even after 24 h after inhalation. Other 
tuberculostatic drugs such as pyrazinamide (El-Ridy et al., 2007) and rifabutin (Gaspar et al., 
2008) were also formulated in liposomes stressing the great versatility and potential of the 
nanocarriers. Rifampicin-encapsulating liposomes were nontoxic to respiratory associated 
cells, including bronchial epithelial cells, small airway epithelial and alveolar macrophages 
(Changsan et al., 2009). Furthermore, the liposomes did not activate alveolar macrophages 
to produced interleukin-1, tumor necrosis factor- , or nitric oxide at a level that would 
cascade to other inflammatory effects. The MIC against Mycobacterium bovis was smaller for 
liposomes containing rifampicin than for free rifampicin. 
Liposomal formulations for important antifungal drugs such as amphotericin B (AmB) were 
first described by Lopez-Berestein and coworkers (Lopez-Berestein, 1987). Systemic fungal 
infections are often the cause of mortality in patients with hematological malignancies and 
certain other conditions associated with profound immunosuppression. The majority of 
such infections are caused by Aspergillus and Candida species (Potter, 2005). Voriconazole 
and lipid-associated AmB have been shown to be effective in the first-line therapy (Potter, 
2005). Nebulized liposomal AmB formulations are effective, safe, and convenient for the 
prevention of Aspergillus infection in lung transplant patients (Monforte et al., 2010). A novel 
method was developed to incorporate polyene antibiotics, nystatin and AmB, into 
liposomes prepared from the mixture of phosphatidylcholine and cholesterol (7: 3) or 
phosphatidylcholine, cholesterol, and cardiolipin (7: 3: 1) plus the amphiphilic polymer N-
vinylpyrrolidone showing higher antifungal activity than non-immobilized antifungal 
antibiotics (Yamskov et al., 2008). Other water-soluble complexes of AmB and 
polyvinylpyrrolidone were compared with AmB for antifungal activity, and were less 
haemolytic and cytotoxic than AmB showing cytotoxicity similar to AmBisome (Charvalos 
et al., 2006). AmB-loaded cationic liposome gels were formulated with 1, 2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), 1, 2-dioleoyl-3-trimethylammonium-propane 
(DOTAP), and cholesterol (CH) at a molar ratio of DOPE: DOTAP: CH  of 4:5:1 in 
thermosensitive gel composed of poloxamer 407 and poloxamer 188. AmB-loaded cationic 
liposome gels were more stable and less toxic than free AmB. These gels containing cationic 
liposome may become useful for vaginal delivery of AmB (Kang et al., 2010). 
Disadvantages of liposomal antibiotics are associated with chemical and physical instability 
mainly due to the hydrolysis of ester bonds or the oxidation of unsaturated acyl chains of 
the lipids used to construct the liposomal vesicles (Sharma & Sharma, 1997; Storm & 
Crommelin, 1998; Carmona-Ribeiro, 2003). Besides hydrolysis, peroxidation of unsaturated 
acyl chain bonds is also possible (Storm & Crommelin, 1998). Oxidation and/or hydrolysis 
can be prevented by adding antioxidant components or by freeze-drying or by storage at 
low temperature (Storm & Crommelin, 1998). The physical instability of liposomal drugs 
leads to drug leakage from the lipid vesicles. Under physiological conditions, stability is 
usually low and depends on the interaction of the liposomal membranes with components 
of body fluids (Gregoriadis, 1995). This is a very unfavourable situation, especially as the 
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best results of antibacterial activity of liposomal drugs in vitro are observed for positively 
charged or fluid liposomes (Drulis-Kawa et al., 2006). The presence of anionic lipids in 
liposomal vesicles also favours the binding of serum proteins to the vesicle surface (Briones 
et al., 2008).  
Encapsulation efficiency depends on the type of lipids and on the hydrophobic-hydrophilic 
character of the drug. There are several instances of low encapsulation efficiency of 
antibiotics depending on type of the lipid. Gubernator et al. (2007) obtained meropenem and 
gentamicin (hydrophilic drugs) encapsulation efficiency in the range of 2.7�–5.7% for a 
cationic fluid formulation. Lutwyche et al. (1998) showed that 25�–33% of total gentamicin 
was associated with the outer surface of anionic liposomes composed of DOPE lipid, so a 
gentamicin encapsulation capacity of 2.8% was obtained in the anionic formulation 
DOPE/DOPS/PEG. Low encapsulation efficiency was also obtained by others (Lutwyche et 
al., 1998; Omri & Ravaoarinoro, 1996) making liposomal formulations much more expensive 
than conventional antibiotic treatment (Kshirsagar et al., 2005). 
Since the major requirement to form a supramolecular assembly of the bilayer type is a 
cylindrical molecular geometry (Israelachvili et al., 1977), bilayer vesicles and liposomes can 
be obtained not only from expensive phospholipids but also from several other synthetic 
amphiphiles  such as dialkyldimethylammonium bromide or chloride (Kunitake et al., 
1977), sodium dihexadecylphosphate (Mortara et al., 1978, Carmona-Ribeiro et al., 1991) and 
many other molecules (Furhhop & Fristch, 1986; Segota & Tezak, 2006). For synthetic lipids 
such as dioctadecyldimethylammonium bromide (DODAB), chemical stability is superior to 
the one exhibited by the phospholipids since the hydrocarbon chains are saturated and ester 
functionalities are absent from DODAB chemical structure. The properties and applications 
of vesicles and bilayer fragments composed solely of synthetic lipids have been reviewed in 
the literature (Carmona-Ribeiro, 1992; Carmona-Ribeiro, 2001; Carmona-Ribeiro, 2003; 
Carmona-Ribeiro, 2006; Carmona-Ribeiro, 2007; Carmona-Ribeiro, 2010a; Carmona-Ribeiro, 
2010b).  
DODAB bilayers adsorb or become adsorbed onto negatively charged biomolecules such as 
proteins (Carvalho & Carmona-Ribeiro, 1998; Lincopan & Carmona-Ribeiro, 2009), DNA 
(Kikuchi & Carmona-Ribeiro, 2000; Rosa et al., 2008), biological structures such as 
microorganisms (Martins et al., 1997; Campanhã et al., 1999; Campanhã et al., 2001; Pacheco 
et al., 2004; Carmona Ribeiro, 2006) or mammalian cells (Carmona-Ribeiro et al., 1997) or 
drugs (Vieira & Carmona-Ribeiro, 2001; Lincopan et al., 2003; Pacheco & Carmona-Ribeiro, 
2003; Lincopan et al., 2005; Carmona-Ribeiro, 2006; Lincopan & Carmona-Ribeiro, 2006; 
Vieira et al., 2006; Vieira & Carmona-Ribeiro, 2008). In antimicrobial chemotherapy, DODAB 
revealed excellent microbicidal properties (Vieira & Carmona-Ribeiro, 2001; Pacheco & 
Carmona-Ribeiro, 2003; Lincopan et al., 2003; Lincopan et al., 2005; Vieira et al., 2006; 
Carmona-Ribeiro, 2006; Lincopan & Carmona-Ribeiro, 2006; Vieira & Carmona-Ribeiro, 
2008) besides outstanding versatility to formulate several antimicrobial drugs (Vieira & 
Carmona-Ribeiro, 2001; Lincopan et al., 2003; Pacheco & Carmona-Ribeiro, 2003; Lincopan et 
al., 2005; Vieira et al., 2006; Lincopan & Carmona-Ribeiro, 2006; Carmona-Ribeiro, 2006; 
Vieira & Carmona-Ribeiro, 2008). AmB and MCZ self-assemble and solubilize at 
hydrophobic sites of DODAB bilayer fragments in water solution exhibiting in vivo 
therapeutic activity (Vieira & Carmona-Ribeiro, 2001; Pacheco & Carmona-Ribeiro, 2003;  
Lincopan et al., 2003; Lincopan et al., 2005; Vieira et al., 2006; Carmona-Ribeiro, 2006). In 
order to formulate hydrophobic drugs with the DODAB lipid at high drug-to-lipid molar 
ratios, the �“sticky�” property of chaotropic dihydrogen phosphate anion converted MCZ or 
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AmB drug particles into negatively charged particles (Figure 7). Thereafter, anionic drug 
particles could be coated by the DODAB cationic lipid (Lincopan & Carmona-Ribeiro, 2006; 
Vieira et al., 2006). These formulations were tested against Crytpococcus neoformans and 
Candida albicans and were very effective. Coalescence of bilayer fragments around drug 
granules encapsulated drug particles at high drug-to-lipid molar ratios (Pacheco & 
Carmona-Ribeiro, 2003; Lincopan & Carmona-Ribeiro 2006; Vieira et al., 2006; Vieira & 
Carmona-Ribeiro, 2008). In vivo activity of the DODAB/AmB formulation against systemic 
candidiasis was evaluated from survival and tissue burden experiments in comparison to 
the classical drug formulation Fungizone (Lincopan et al., 2003). Effective AmB dose in the 
novel DODAB/AmB formulation was lower than AmB dose in Fungizone but gave the 
same therapeutic result: 100% survival (Lincopan et al., 2003). From tissue burden 
experiments, DODAB/AmB efficacy was also equivalent to the one exhibited by Fungizone 
regarding elimination of Candida albicans colonization in spleen and kidneys. In contrast to 
Fungizone, which is the traditional AmB formulation using deoxycholate, the novel 
formulation exhibited low nephrotoxicity (Lincopan et al., 2005). Synthetic and charged 
bilayer fragments are opening new perspectives for delivery of water insoluble drugs. In the 
specific case of the synthetic cationic lipid DODAB, bilayer fragments present antimicrobial 
activity, solubilize fungicides such as AmB and MCZ, stabilize hydrophobic drug particles, 
are therapeutically effective in vivo, and sometimes exhibit synergism with the drug carried. 

5. Antimicrobial peptides 
Antimicrobial peptides (AMPs) are widely distributed in nature, being produced by 
bacteria, plants, and a wide variety of animals �– both vertebrates and invertebrates (Zasloff, 
2002; Brogden, 2005; Pereira, 2006; Rossi, 2008). These compounds are also considered to be 
key players in innate immunity against microorganisms (Devine et al., 2002; Song et al., 
2005). Although AMPs produced by animal and plants and those produced by bacteria 
certainly function in entirely different settings, the production of bacterial AMPs may also 
be thought of as a type of defense, since the peptides kill invading bacteria that compete 
with the AMP-producer for nutrients. The AMPs produced by bacteria seem overall to be 
more potent than the ones produced by eukaryotes, the former peptides being active at pico- 
to nanomolar concentrations and the latter at micromolar concentrations (Fimland et al., 
2005). AMPs are generally small peptides consisting of 5-50 amino acid residues and are 
highly positively charged (Hancock, 1998) amphipathic molecules with well defined 
hydrophobic and hydrophilic regions (Zasloff, 2002; Toke, 2005). AMP´s found in nature 
exhibit a wide variety of structures and amino acid sequences with amphiphilic nature and 
positive charge as the only common factors between them (Melo et al., 2009). These 
properties permit the peptide to fold into an amphiphilic structure in three dimensions, 
often upon contact with membranes, so they form separate patches rich in positively 
charged and hydrophobic amino acids. Folded peptides fall into four broad structural 
groups: -sheet peptides stabilized by two to four disulfide bridges (for example, human - 
and -defensins, plectasin or protegrins); -helical peptides (for example, LL-37, cecropins 
or magainins); extended structures rich in glycine, proline, tryptophan, arginine and/or 
histidine (for example, indolicidin); and loop peptides with one or disulfide bridge (for 
example, bacteriocins) (Hancock & Sahl, 2006). Among the bacteriocins of Gram-positive 
bacteria, there is a particular group, the lantibiotics (lanthionine-containing peptide 
antibiotics), which are characterized by thioether-based intramolecular rings resulting from 
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post-translational modifications of serine (or threonine) and cysteine residues (for example, 
nisin and mersacidin) (McAuliffe et al., 2001). Lanthionine rings, some of which represent 
conserved binding motifs for recognition of specific targets, create segments of defined 
spatial structures in the peptides (Hsu et al., 2004). These ring structures also provide 
stability against proteases and against the antigen-processing machinery, since antibodies 
against highly cross-bridged antibiotics are very difficult to obtain. 
Hundreds of peptide antibiotics have been described in the past half-century (Perlman & 
Bodansky, 1971; Kleinkauf & Dohren, 1988; Hancock et al., 1995). AMPs belong to two 
classes. They can be nonribosomally (gramicidins, polymyxins, bacitracins, glycopeptides, 
etc.) or ribosomally synthesized peptides. The former are often drastically modified and are 
largely produced by bacteria, whereas the latter are produced by all living species 
(including bacteria) as a major component of the natural host defense molecules of these 
species (Perlman & Bodansky, 1971; Kleinkauf & Dohren, 1988). 
Non-ribosomally synthesized peptides can be described as peptides elaborated in bacteria, 
fungi, and streptomycetes that contain two or more moieties derived from amino acids 
(Perlman & Bodansky, 1971; Kleinkauf & Dohren, 1988). By definition even the longer peptidic 
molecules in this class are made on multienzyme complexes rather than being synthesized on 
ribosomes. Many of the antibiotics used in our society are peptide derived. For example, the 
natural penicillins can be dissected into residues of mono substituted acetic acid, L-cysteine 
and D-valine, while cephalosporin C, the basic building block of many semi synthetic 
cephalosporins comprises D-a-aminoadipic acid, L-cysteine, a,b-dehydrovaline, and acetic 
acid. The glycopeptides class of antibiotics including vancomycin and teicoplanin have sugar-
substituted peptide backbones (Hancock & Chapple, 1999). Another example is daptomycin 
lipopeptide, an important reserve antibiotic against multiple resistant Gram positive bacteria. 
Cationic peptides such as polymyxin B (net charge of +5) and gramicidin S (net charge of 
+2) exhibit different selectivities. The first is selective  to Gram-negative bacteria whereas the 
second exhibited activity against  Gram-positive and Gram-negative bacteria plus Candida 
albicans (Kondejewski et al., 1996). The cationic antimicrobial peptides act on cells by self-
promoting their uptake across the cytoplasmic membrane interfering with the cytoplasmic 
membrane functionality as a barrier. In contrast, the gram-positive-specific antibiotic 
bacitracin works by inhibiting the transfer of cytoplasmically synthesized peptidoglycan 
precursors to bactoprenol pyrophosphate. Other antibiotic peptides of nonribosomal origin, 
the streptogramins, are protein synthesis inhibitors (Hancock & Chapple, 1999). 
Ribosomally synthesized peptides are produced by eukaryotes and represent crucial 
components of their defense systems against microorganisms, being widely distributed in 
nature and produced by mammals, birds, amphibians, insects, plants, and microorganisms. 
Although they form a diverse group of peptides as judged by their primary structures, they 
are often cationic, amphiphilic and most of them kill bacteria by permeabilizing their cell 
membranes. Their positive charge presumably facilitates interactions with the negatively 
charged bacterial phospholipid-containing membranes and or acidic bacterial cell walls, 
whereas their amphiphilic character enables membrane permeabilization. Classification 
from chemical functionalities may be used for these AMPs from a high content of a certain 
amino acid, most often proline, intramolecular disulfide bridges, and content of -helical 
structure (Hancock & Chapple, 1999; Papagianni, 2003). 
Antibiotics primarily generated by bacteria and fungi have led to dramatic improvement in 
the ability to treat infectious diseases and significant increase in food animal production. 
They represent one of the major scientific and medical advances of the 20th century (Gordon 
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et al., 2005; McPhee & Hancock, 2005). Although antibiotic therapy is still the first choice to 
combat microbial infections in humans and animals, the prevalence of bacterial resistance to 
conventional antibiotics is a growing public health concern. This has driven the search for 
new antimicrobials that are broadly effective and less likely to induce antimicrobial 
resistance (Sang & Blecha, 2008). While conventional antibiotics are active only against 
bacteria and/or fungi, AMPs have a broader range of applications against bacteria, fungi, 
parasites, enveloped viruses and cancer. A large variety of AMPs synthesized by bacteria 
belong to the group of bacteriocins which are not ribosomally synthesized (Papagianni, 
2003). Bacteriocins are small, heat stable peptides that bacteria use to compete against other 
bacteria of the same species (narrow spectrum) or against bacteria of other genera (broad 
spectrum) (Cotter et al., 2005). The majority of Class I and Class II bacteriocins are active in 
the nanomolar range against Gram-positive bacteria in closely related species or in a broad-
spectrum manner for many species. The most promising bacteriocins as antibiotics are 
produced by lactic acid bacteria (LAB) with the core genera including Lactobacillus, 
Lactococcus, Leuconostoc, Pediococcus and Streptococcus. Examples of such peptides are nisin 
(Cotter et al., 2005; Dufour et al., 2007), mersacidin (pre-clinical test to treat Gram-positive 
infections) (Hancock & Sahl, 2006) and lacticin (against mastitis infections) (Gardiner et al., 
2007). Table 1 illustrates AMPs diversity. 
 

 Origin Class Examples Antimicrobial activity Reference 
Lactic Acid 
Bacteria LAB 

Class I and II 
Bacteriocins 

Lantibiotics 
Class I: nisin, mersacidin; 
non-lantabiotics 
Class II: pediocin, PA1, 
enterocin AS48 

Nanomolar range, activity against 
closely related or broad-spectrum 
Gram-positive bacteria 

Willey et al.,2007 
Field et al.,2008 

Bacteria 
(E.coli) 

Bacteriocins Colicins, microcins Nanomolar range, activity against 
Enterobacteriaceae 

Duquesne et al.,2007 
Nes et al.,2007 

Fungi Fungal Defensins Plectasin Activity multiple resistant Gram-
positive 

Mygind et al.,2005 

Plants Plant Defensins Ib-AMP1-4 and cyclotides Micromolar range: antifungal, 
anti-HIV, anti parasites 

Colgrave et al.,2008 
Ireland et al.,2008 
Marcos et al.,2008 

Insects/ 
amphibians 

Insect/ 
amphibian 
cationic 
peptides 

Cecropin A, mellitin, 
magainins, temporins 

Micromolar range 
active against 
multidrug-resistant 
bacteria 

Bechinger, 1997; 
Giacometti et al.,2003 

Arachnida/ 
vertebrates 

Venom toxins/ 
b-defensins 

Defensin-like toxins 
(DLTs) 
in venom, and b-defensins

Micromolar range, 
active against 
multidrug-resistant 
bacteria mostly in a 
salt-dependent 
manner 

Yeaman & Yount, 2007;  
Warren et al.,2008 

Mammals -Defensins 
q-Defensins 
b-Defensins 

Human neutrophil 
defensins, 
enteric and epithelial 
defensins 

Micromolar range 
active against 
multidrug-resistant 
bacteria, and fungi and viruses 

Selsted & Ouellette, 2005; 
 Lehrer, 2007 

Higher 
vertebrates 

Cathelicidins Human LL-37, porcine 
PR-39, bovine indolicidin 

Micromolar range 
active against 
multidrug-resistant 
bacteria, and fungi and viruses 

Zanetti, 2005 

Humans 
 

Others Lactoferricin, and 
antimicrobial domain of 
lysozyme 

Micromolar range 
active against 
multidrug-resistant 
bacteria 

Brogden, 2005 

Table 1. Antimicrobial peptides diversity of origin, class and antimicrobial activity. Adapted 
from Sang & Blecha, 2008. 
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Bacillus species are efficient AMPs factories. Their AMPs are active against Gram-positive 
microorganisms, with some presenting broader activity against Gram-negative bacteria and 
fungi (Katz & Demain, 1977). The soil isolate B. cereus 8A produces an antibacterial 
substance, cerein 8A, which inhibits several Gram-positive bacteria including Bacillus spp., 
Streptococcus spp. and Listeria monocytogenes (Bizani & Brandelli, 2002). Iturins are 
lipopeptides produced by Bacillus subtilis that show antifungal activities against various 
pathogenic yeasts and molds. The antifungal activity of iturin is related to their interaction 
with the cytoplasm membrane of target cells leading to an increase in K+ permeability 
(Maget-Dana & Peypoux, 1994). Another antifungal lipopeptide complex produced by the 
Bacillus subtilis, the fengycin, was found inhibitory to filamentous fungi but not yeast 
(Vanittanakom et al., 1986). The mechanism of fengycin action was revealed as a two-state 
transition controlled by the lipopeptide concentration �– one state being monomeric, not 
deeply anchored and nonperturbing lipopeptide and other burried, aggregated form 
responsible for membrane leakage and bioactivity (Deleu et al., 2008).    
A soil microorganism identified as Bacillus megaterium was found to produce several 
antibiotics (Pueyo et al., 2009). Analysis both by electron spray ionization (ESI) and matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) 
identified these substances as lipopeptides. Predominant peaks at m/z 1,041 and m/z 1,065 
revealed ions which were compatible with surfactins and lichenysins, respectively. Two 
other ions m/z 1,057 and m/z 1,464 were further studied by collision-induced dissociation 
(CID) unveiling an iturin A at the first and fengycins A and B at the second m/z peaks. The 
CID spectrum of the m/z 1,464 ion also suggested the existence of fengycins A and B 
variants in which Ile was changed to Val in the position 10 of the peptide moiety. This 
mixture of lipopeptides isolated from B. megaterium was very effective against B. cereus. The 
culture did not grow after the exposure to 12 µg/mL of the lipopeptides mixture for 30 
minutes.  
Many AMPs are produced by fungi. The most widely used and historic antibiotic to date, 
penicillin, was from the fungus Penicillium chrysogenum, previously named Penicillium 
notatum. Plectasin is the first identified fungal defensin derivated from Pseudoplectania 
nigrella, a black saprophytic asomycetes. This defensin was active against antibiotic-resistant 
strains of Streptococcus pneumoniae with rates similar to penicillin and vancomycin 
presented, efficacy in treating peritonitis and pneumonia in mice, and showed therapeutic 
potential as antifungal compound (Mygind et al., 2005). Anafp, another antifungal peptide 
obtained from the culture supernatant of Aspergillus niger inhibited various yeast strains as 
well as filamentous fungi at low concentrations (Lee et al., 1999). A novel antifungal peptide 
named �‘AcAFP�’ from Aspergillus clavatus exhibited thermostability and is promising due to 
its thermostability at 100°C for 1 h and strong inhibitory activity against mycelial growth of 
several molds including Fusarium oxysporum, Fusarium solani, Aspergillus niger, Botrytis cinera 
and Alternaria solani (Skouri-Gargouri & Gargouri, 2008). A 6.0-kDa antimicrobial peptide 
from Aspergillus clavatus ES1, designated as AcAMP, was isolated by a one-step heat 
treatment, was sensitive to proteolytic enzymes, stable between pH 5.0 and 10.0, and heat 
resistant (15 min at 100°C) (Hajji et al., 2010). AcAMP exhibited antibacterial activity against 
several Gram-positive and -negative bacteria. Based on all these features, AcAMP can be 
considered as a promising new member of the restraint family of ascomycete antimicrobial 
peptides that might be used in biological control of plant diseases and also for potential 
applications in food preservation.  
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The mode of action of the cationic and amphiphilic AMPs has been associated with their 
electrostatic attraction to the microbial cell surfaces, which contain negatively charged and 
acidic polymers, such as lipopolysaccharides (Gram negative bacteria), and wall-associated 
teicoic acids (Gram-positive bacteria). They transit the outer membrane of the Gram 
negative bacteria via self-promoted uptake (Hancock & Lehrer, 1998). Subsequently these 
peptides contact the anionic surface of the cytoplasmic membrane and insert in a manner 
such that they initially straddle the interface of the hydrophilic head groups and the fatty 
acyl chains of membrane phospholipids. After insertion into the membrane, antimicrobial 
peptides act by either disrupting the physical integrity of the bilayer, via membrane 
thinning, transient poration and/or disruption of the barrier function, or translocate across 
the membrane and act on internal targets (Hancock & Sahl, 2006). 
Several complex and controversial models describe these subsequent events, including the 
reorientation of peptide molecules perpendicular to the membrane to form either barrel-stave 
or toroidal channels, the breakdown of membrane integrity as a result of the swamping of 
membrane charge by a �‘carpet�’ of peptides at the interface, the detergent-like dissolution of 
patches of membrane and the formation of peptide-lipid aggregates within the bilayer (Jenssen 
et al., 2006). Each of these successfully predicts the ability of cationic antimicrobial peptides to 
break down the cytoplasmic membrane, but only the toroidal channel and aggregate models 
explain the action of certain peptides on cytoplasmic targets. Indeed, the action of many 
peptides cannot be explained by disruption of membrane permeability barriers, as discussed 
in several reviews (Yeaman & Yount, 2003; Jenssen et al., 2006; Peschel & Sahl, 2006). Figure 8 
shows mechanisms of action for conventional antibiotics and AMPs. 
 

 
Fig. 8. Mechanism of action for conventional antibiotics and AMPs. Reproduced with 
permission from Sang, Y. & Blecha, F., Antimicrobial peptides and bacteriocins: alternatives 
to traditional antibiotics, Animal Health Research Reviews, 9, 2, 227-235, 2008. Copyright 
2008 Cambridge Journals. 
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Bacitracin, -lactams and glycopeptides action is related to the inhibition of cell wall 
synthesis whereas trimethoprim, quinolones, nitrofurantoin, rifampin, aminoglycosides, 
macrolides and tetracyclines inhibit DNA, RNA or protein synthesis. However, recent 
observations suggest that AMPs besides insert and damage of the cytoplasmatic membranes 
of target cells, peptides may also interact with intracellular targets such as DNA and RNA, 
presumably interfering with their metabolic functions and thus leading to cell death 
(Brogden, 2005; Hale & Hancock, 2007). They can alter cytoplasmic membrane septum 
formation; inhibit cell wall synthesis; inhibit nucleic acid and protein synthesis; or inhibit 
enzymatic activity (Brogden, 2005). 
Antibiotics and AMPs have a mixed history so does the development of their applications. 
Polymyxin B and gramicidin S have been used in the clinic and as topical over-the-counter 
medicines for a long time, and the cationic lantibiotic nisin has been used as an antimicrobial 
food additive. In contrast, despite several series of clinical trials, only one of the new 
generation (designer) cationic antimicrobial peptides has demonstrated efficacy in phase 3 
clinical trials. Nevertheless, given their exceptionally broad activity spectra, which for a 
single peptide can include activity against Gram-negative and Gram-positive bacteria, fungi 
as well as viruses and parasites, still substantial interest remains in exploiting the potential 
of these molecules (Hancock & Sahl, 2006). 
Some AMP-based antibiotic formulations are at preclinical stages with some proceeding to 
clinical trials (Andrès & Dimarcq, 2005; Gordon et al., 2005; McPhee & Hancock, 2005; 
Hancock & Sahl, 2006). Nisin, a LAB lantibiotic, is one of few examples of AMP-based 
antibiotic therapies that have been commercialized. AMP-based drugs derived from insect 
cecropin B and bovine indolicidin have progressed to clinical trials to treat wounds or skin-
related infections in humans, applications that may also be used in veterinary medicine 
(Hancock & Sahl, 2006; Scott et al., 2007). Some drugs under testing are derivatives of AMPs 
that have been modified to improve their antimicrobial activity. These modifications include 
introducing non-natural residues like D-amino acids, addition of C-terminal amidation and 
catalysis of cyclic formation, which are believed to improve stability and activity against 
targeted micro-organisms as shown in natural bacteriocins, plant cyclotides and primate q-
defensins (Lehrer, 2007; Bansal et al., 2008; Ireland et al., 2008). Optimized design of 
synthetic peptides based on knowledge from natural AMP studies (the concept of �‘designer 
AMPs�’) may provide a feasible way to increase novel drug development (Scott et al., 2007; 
Jenssen et al., 2008). Short antimicrobial peptides with nine and eleven residues were 
developed against several clinically important bacterial and fungal pathogens such as E. coli, 
P. aeruginosa, S. aureus, C. albicans and Fusarium solani (Qi et al., 2010). Twelve analogues of 
previously reported peptides BP76 (KKLFKKILKFL) and Pac-525 (KWRRWVRWI) were 
designed, synthesized, and tested for their antimicrobial activities. Two of eleven amino acid 
peptides, P11-5 (GKLFKKILKIL) and P11-6 (KKLIKKILKIL), have very low MICs of 3.1�–12.5 
µg/mL against all five pathogens. The MICs of these two peptides against S. aureus, C. 
albicans and F. solani are four to ten times lower than the corresponding MICs of the 
reference peptide BP76. P9-4 (KWRRWIRWL), newly designed nine-amino acid analogue, 
also has particularly low MICs of 3.1�–6.2 microgram/mL against four of the tested 
pathogens; these MICs are two to eight times lower than those reported for Pac-525 (6.2�–50 
micrograms/mL). These new peptides (P11-5, P11-6 and P9- 4) also exhibit improved 
stability in the presence of salts, and have low cytotoxicity as shown by the haemolysis and 
MTT assays. From the results of field-emission scanning electron microscopy, membrane 
depolarization and dye-leakage assays, were propose that these peptides exert their action 
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by disrupting lipid membranes. Molecular dynamics simulation studies confirm that P11-6 
peptide maintains relatively stable helical structure and exerts more perturbation action on 
the order of acyl tail of lipid bilayers (Qi et al., 2010). A series of AMP´s incorporating the 
un-natural amino-acids Tic-Oic have been developed. Herein the in vitro activity of these 
peptides, including ten new compounds, against eight potential bio-terrorism bacteria 
agents and three other bacterial strains were tested. These peptides exhibit a wide range of 
organism potency and selectivity (Venugopal et al., 2010). 
Endogenous antibiotics are antimicrobial peptides called host defense peptides and 
participate in multiple aspects of immunity (inflammation, wound repair, and regulation of 
the adaptive immune system) as well as in maintaining homeostasis (Auvynet & Rosestein, 
2009; Pathan et al., 2010). The possibility of utilizing these multifunctional molecules to 
effectively combat the ever-growing group of antibiotic-resistant pathogens has intensified 
research aimed at improving their antibiotic activity and therapeutic potential, without the 
burden of an exacerbated inflammatory response, but conserving their immunomodulatory 
potential. Because of their wide involvement in inflammatory response and the emerging 
role of inflammation in atherosclerosis, antimicrobial peptides have been proposed to 
represent an important link between inflammation and the pathogenesis of atherosclerotic 
cardiovascular diseases (Li, 2009). The synthesis of AMPs and the development of analogues 
is an option for their use in humans. Another interesting approach was to induce the 
endogenous production of these peptides, which would avoid the possible toxicity and 
adverse systemic reactions, as well as the difficulty to deliver them in integral form to the 
desired sites of action (Guani-Guerra et al., 2010). The increasing incidence of antibiotic-
resistant bacterial infections is one of the greatest challenges faced by modern medicine with 
an obvious need for new effective and safe treatments. Thanks to AMPs multifunctional 
properties, the development of resistance by microorganisms towards AMPs is more 
difficult. Eventually, AMPs may become useful therapeutic tools. 

6. Conclusion 
Antimicrobial films and surfaces have been produced from impregnation of materials and 
coatings with antimicrobials, deposition of coatings with antimicrobial covalent 
modifications and biodegradable materials. These films prevent adhesion and colonization 
of pathogenic microorganisms and are important for designing biomedical devices and food 
packaging. Antimicrobial particles have been obtained from inorganic, metal and composite 
materials, polymers, lipids and a variety of hybrid combinations. They are important in 
disinfection, sterilization and in impregnation of materials to become antimicrobials. In 
therapy against infectious diseases, antimicrobial particles, liposomes and antimicrobial 
peptides provided several instances of improvement of the therapeutic index for a variety of 
formulations. The future will probably witness important novel developments in applied 
research regarding antimicrobial hybrid and composite systems by themselves or in efficient 
combinations with drugs.   
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1. Introduction                                                                 
The purification of the wastewater containing trace amounts of organic contaminants 
(TAOCs) is a very challenging subject in the field of environmental engineering. Although 
the concentration of TAOCs in wastewater is extremely low (in the range of mg/L-ng/L), 
the mutagenic and carcinogenic effects of TAOCs (e.g. PCBs, PAHs, PCDDS, EDCs, etc.) are 
non-negligible. Traditional technologies, such as biological degradation, chemical 
oxidation/reduction and coagulation, are less effective for this kind of wastewater both 
technically and economically owning to the low concentration of the contaminants. The 
adsorption technique has been found to be not only effective, but also practical in 
application for this kind of wastewater due to the high enrichment capacity of the 
adsorbents towards the contaminants. By the enrichment of adsorbents, the subsequent 
decomposition and detoxification of the contaminants become possible using other 
biological and chemical methods. Therefore, development of the adsorbents with high 
enrichment capacity to TAOCs is highly necessary. 
It is well known that TAOCs in natural water body can be greatly enriched by the aquatic 
oragnism such as fish and shellfish, namely bioaccumulation. This is a very interesting 
phenomenon because it motivates the idea of developing biomimetic adsorbents originated 
from aquatic animals for removing TAOCs. The tissues of aquatic animals which enrich the 
maximum amount of organic contaminants are found in brain which mostly consists of 
lipid. This suggests that materials of biological lipid possess an excellent adsorption capacity 
towards TAOCs. TAOCs normally exhibit low water solubility but high compatibility with 
organic matters, as evidenced from a high logKow value (octanol �– water partition 
coefficient). Hence, TAOCs can be enriched in the lipid through an interaction like the �“solid 
phase extraction�”. The binding force between the solids and TAOCs is neither the covalent 
binding nor the electrostatic force, but a kind of hydrophobic bond. This type of adsorption 
does not have an obvious selectivity for the functional groups located at the molecules of 
TAOCs. Indeed, the molecular hydrophobility plays an important role in the adsorption 
process. In order to achieve an efficient enrichment, we need to find out the suitable 
biomimetic adsorbent which has a high organic compatibility towards TAOCs. In our 
previous studies (Zhang et al., 2010b), a biomimetic adsorbent prepared by poly-3-
hydroxybutyrate (PHB) exhibited high enrichment ability for trace amounts of 
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chlorobenzene and o-chloronitrobenzene at a low level of specific surface area (8.5 m2/g), 
confirming the assumption of the adsorption mechanism. 
This chapter provides a review of this new type of adsorbents and their application in the 
removal of various organic pollutants. The fundamental processes involved in the technique 
are elaborated with a discussion of some recent novel concepts in biomimetic adsorbents. 
The preparation and characterization of biomimetic adsorbents and the evaluation of their 
adsorption capacity are subsequently described. 

2. Organic micro pollutant and control technology 
2.1 Organic micro pollutant 
1. Source and generation mechanism 
Organic micro pollutants have a wide range of wastewater sources produced from chemical, 
pharmaceutical and pesticide industries. Most of these pollutants are petroleum pollutants, 
phenols, ketones and hydrocarbon, etc. Although their solubility is very low, they can be 
stable in water for decades (Díaz-Cruz and Barceló, 2008). 
As a representative of the industrial production, chemical industry is an important source of 
TAOCs. Many types of trace non-degradable organic compounds remaining in the tail water 
are discharged into the natural water. For example, polycyclic aromatic hydrocarbons 
(PAHs) are common pollutants, mainly from coal-based chemical production, garbage 
incineration and sudden oil leakage (Khim et al., 2001). In addition, naphthalenedisulfonates 
are widely-used chemical intermediates in the production and are detected both in 
industrial wastewater and domestic sewage (Díaz-Cruz and Barceló, 2008). TAOCs can not 
only be detected in industry wastewater but also in municipal wastewater, which main 
sources are chemical commodities such as cosmetic, cleaner and drug. Alkylphenol 
ethoxylates (APEOs), as a kind of common household and industrial cleanser as well as, and 
one of the main components of plastic products and prophylactic, can often be detected in 
the natural waters. APEOs and their degradation products have also become the common 
organic pollutants in water (Kolpin et al., 2002). Corcia et al. pointed out that APEOs could 
be partially decomposed in water treatment process, since approximately 40% of APEOs 
were discharged to water body as intermediate products (Corcia et al.2000).  
As herbicides, insecticide and phytocide are widely used in modern agriculture, the pesticide 
residues are found to spread into the river, ground water and ocean with the rainfall. Postle et 
al. (2004) randomly tested chlorine acetanilide phytocide and its metabolites�’ from of 336 well 
in Wisconsin, America. They found that 38±5.0% of the wells were detected of these herbicides 
and the average concentrations of acetochlor ESA and alachlor OA are 0.15 ± 0.082 g/L and 
1.8 ± 0.60 g/L, respectively. The widely use of organochlorine pesticides in the last century 
causes an extensive ubiquitous distribution of them in the natural environment. For example, 
7.06 mg/kg DDT was detected in the Antimora rostrata (found at 200 m depth of the Atlantic) 
fish liver and DDT concentration in the same order was detected in Atlantic cod (found in the 
shallow water of Canada Atlantic coast) (Barber et al., 1979). 
In addition to the above direct sources of organic pollutants, TAOCs also can be produced 
during disinfection of drinking water as disinfection by-products (DBPs). The disinfection 
by chlorine which was initiated in the early of 20th century has such advantages as low cost 
and high efficiency. However, chlorine can react with the natural organics in water, leading 
to the formation of DBPs during the disinfection. Since the first discovery of trihalomethanes 
(THMs) by Rook at 1974, many studies on the generation mechanism and toxicity of DBPs 
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have been conducted (Richardson et. al, 2002). The production of DBPs has an intimate 
connection with concentrations of bromide, iodide and natural organic matter (NOM) in 
water. Furthermore, the pH value of water affect the generated type of DBPs (Richardson et. 
al., 2002). In order to prevent the formation of THMs and haloacetic acids (HAAs), new 
disinfectants such as ozone, chlorine dioxide and chloramine have been used to instead 
chlorine. However, some new problems appeared. When using ozone as the disinfectant,   
bromate (a strong carcinogen) forms in spite of significant reduction of the formation of 
THMs and HAAs. (Richardson et al., 2002). Therefore, how to effectively reduce DBPs is a 
long-term consideration during the wastewater treatment. 
2. Solution property 
The wastewater containing organic micro pollutants is very different with common organic 
wastewater. The total organic matter content is much less than common organic wastewater 
which likes the lean phase solution. Such features of organic micro pollutants affect their 
conversion in the environment and the selection of the treatment technologies. Moreover, 
TAOCs are normally featured with high hydrophobility. For some organics such as dioxin, it is 
very difficult to test their solubility in water and is even difficult to be measured by 
experiments (Yang et al., 2006) ,but only calculated by theory methods. TAOCs also are 
normally lipophilic. When an organic solid is present in wastewater, the pollutants 
predominantly exist in the solid phase rather than in the water phase. Typically, the fat of 
aquatics (e.g., fish) usually has a high concentration of TAOCs. It is widely , although organics 
are hydrophobic and lipophilic, hydrophobility and lipophilia are conspicuous for TAOCs 
with complex molecular structures. The treatment technology for wastewater containing 
TAOCs should be adjusted according to their great change in solution. Therefore, it is worthy 
of consideration and investigation on how to treat such kind of wastewater efficiently. 
3. Typical pollutants 
There are a variety of typical organic micro pollutants,  such as persistent organic pollutants 
(POPs), environmental endocrine disputing chemicals (EDCs), and DBPs. 
POPs are a group of organic substances, which are toxic, persistent, bioaccumulative and 
prone to long-scale migration (Lohmann et al., 2007). POPs mainly include halogenated 
aromatic compounds (polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins 
and-furans (PCDD/Fs)), polybromodiphenyl ethers (PBDEs) and organochlorine insecticide 
(such as dichlorodiphenyltrichlorothane (DDT) and its metabolites). Most of POPs are 
hydrophobic, lipophilic, and easily to bioaccumulate at he top of the food chain. There is a 
large number of literature concerning POPs hazard on organism (Armitage and Gobas, 2007; 
Lohmann and Muir, 2010; Gioia et al., 2007; Kellyn et al., 2005). POPs are generally 
carcinogenic, environmental hormonal and immune system nocuous. Currently, the harm of 
POPs to human body is still under investigation. The hazard mechanism of POPs will be 
revealed by the further study. 
EDCs present in environment can disrupt the procreation for human and animals, the 
metabolism and growth of embryo or children and the function of nerves (Kandarakis et al., 
2009). PCBs, organo-chlorine pesticide, unpersistent pesticide, phthalate, bisphenol A, nonyl 
phenols, brominated flame retardant and some other new pollutants are all included in the 
category of EDCs. Natural or artificial-synthesized estrogens, male hormone, cortisol and 
organotin are widely detectable in the drainage basins. Previous studies have shown that, 
not only the procreation problem and abnormal rate of embryo, but also the deterioration of 
male sperm and testosterone are related to EDCs. Besides, it may lead to spermary cancer 
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and thyroid cancer. Thus the harmful effect of EDCs on male health becomes a concerned 
environmental problem. 
DBPs are mainly generated from reaction of disinfectant and natural organic pollutants or 
man-made pollutants (e.g., bromine and iodine) (Hebert et al., 2010). Most of the pathology 
studies concern with the two main kinds of DBPs: THMs and HAAs. Because chlorine 
disinfection increases the risk of urinary bladder and colon cancer, World Health 
Organization (WHO) and some developed countries have made strict criteria to limit the 
discharge of DBPs to minimize the harm to human beings. 
4. Effect on drinking water safety 
For human beings, TAOCs have the greastest threat on the drinking water safety. These 
TAOCs dissolve in drinking water during water migration. Many countries have established 
a lot of strict criterions to control the content of TAOCs. U.S. EPA made a list of 120 kinds of 
priority pollutants in water quality standard, 115 belonging to among them are TAOCs. 
However, drinking water in many countries are still facing tremendous risks due to the high 
transitivity and stability of TAOCs. By analyzing the micro pollutants in the sediment of 
Seine in France, Carpentier et al. (2002) found that, the concentrations of PCB and PAHs 
reached moderate level of pollution. Götz et al. (1996) analyzed 145 kinds of pollutants in 
water of Elbe in Hamburg and found that the concentrations of 1,2-dichloroethane, 1,4-
dichlorobenzene, hexachlorobenzene (HCB) and nitrobenzene were greater than those 
depicted in the water criteria of Germany. The improper disposal of hospital sewage 
containing large amounts of disinfectant, drugs and organic solvents also cause the potential 
threat to drinking water safety (Laber et al., 1999). In developing countries, septic tanks are 
generally used for storing hospital sewage, which increases the risk of the pollution to 
groundwater. Emmanuel et al. (2009) evaluated the pollution risk of the hospital sewage 
collection device (as shown in Fig.1) by monitoring COD, chloroform, dichloromethane, 
dibromochloromethane, dichlorobromomethane and tribromomethane. Results showed that 
the concentrations of organic pollutants in groundwater of the hospitals using these devices 
were greater than those in others. This implies a high security risk of directly drinking 
water. 

2.2 Biological enrichment 
In the polluted natural water, aquatic animals�’ adipose tissues act as the �“natural sorbent�” 
due to the high hydrophobic characteristic of TAOCs. The relationship of TAOCs migration 
behavior and aquatic animals enrichment (See Fig.2) indicates that, aquatic animals are the 
important site were micro pollutants are enriched during the food chain transmission. 
PCBs are important species of POPs, and have been widely studied on enrichment behaviors 
with respect to many kinds of aquatic animals. Magnusson et. al. (2006) studied 
accumulation of 29 nonplanar and 11 coplanar congeners of PCBs in 9 seabed mollusks and 
found that the accumulation of PCBs in different aquatic animals didn�’t have linear 
correlation with concentrations of pollutants, but strongly dependent on the specific kind, 
figure and longevity of animals. Ribeiro et al. (2008) studied the residual concentration of 
PCBs in eel living in Nature Camargue Reserve and found that 10 out of the 70 detected 
PCBs were dioxin-like PCBs. PCBs had a high concentration that was up to 29.6 pg/g (dry 
weight) with 22% and 29% of PCBs consisted in liver and fat of eels, respectively, which 
suggested that it has potential risk for eating these eels. Pierce et al. (2008) studied PCBs 
concentrations in the fat of living dolphins in coast of Western Europe and their effect on 
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Fig. 1. Graphic representation of the scenario studied. (Emmanuel et al., 2009  

 

 
Fig. 2. Consistent exposure and effect assessment is possible if processes in the 
environmental system and in the organisms (biological system) are treated with the same 
modeling structure and tools. (Schwarzenbach et al., 2006) 
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reproduction and death of dolphins. PCBs concentrations were found to exceed the safe 
level in fat of every Atlantic dolphins and porpoises analyzed. Concentrations of PCBs in 
porpoises died of disease or parasitic were be higher than that of normal porpoises. 
Many previous studies (Ikemoto et al., 2008; Voutsas et al., 2002; Liu et al., 2007) indicated 
that contents of many micro pollutants in aquatic animals were much greater than normal, 
and that these micro pollutants were considered to affect the metabolism. It can be 
concluded from micro pollutants enrichment behavors of aquatic animals. Concentrations of 
pollutants in animals are not only much greater than that of normal environment, but also 
greater than that adsorbed by other substrates. In nature, many organisms have 
extraordinary abilities, such as high hydrophobility self-cleaning lotus leaves, and adhesive 
forces of lizards. These all can be considered as bionic behaviour and are being under 
investigation. The super enrichment ability for aquatic animals to absorb organic pollutants 
is not a natural phenomenon but appears after exposure to the increasing pollutants in 
water. Nevertheless, that is also a hint for organic pollutants control: novel absorbents 
imitated from the super absorbing behaviors of aquatic animals will provide a new 
approach for pollutant treatment. 

2.3 Control technology 
1. Adsorption technology 
Adsorption technology plays an important role in the wastewater treatment process. In 
recent years, adsorption technology has been developed rapidly and concentrated on the 
protection and recycling of water resource. For TAOCs, carbonaceous adsorbents are the 
most used materials due to their abundant micropore structure and hydrophobic surface. 
There are various kinds of carbonaceous adsorbents such as activated carbon, activated 
carbon fiber, carbon nanotube. Zhang et al. (2010) studied the adsorption of three TAOCs by 
four types of carbonaceous adsorbents [a granular activated carbon (HD4000), an activated 
carbon fiber (ACF10), two single-wall carbon nanotubes (SWNT, SWNT-HT), and a 
multiwalled carbon nanotube (MWNT)] with different structural characteristics but similar 
surface polarities. Isotherm results demonstrated that the molecular sieving and micropore 
effects played an important role in the adsorption of TAOCs onto carbonaceous porous 
adsorbents. ACF10 and HD4000 with greater microporous volumes exhibited higher 
adsorption affinities to low molecular-weight TAOCs than SWNT and MWNT with greater 
mesopore and macropore volumes. The adsorption behavior of organic pollutants onto 
activated carbons has been widely studied. The amount of adsorption not only depends on 
the properties of pollutants (hydrophobility, polarity, aromaticity, etc, but also has a strong 
relation with the surface properties of activated carbon (Ridder et al., 2010). Furthermore, 
the particle size of activated carbon has an important effect on the removal ability, especially 
in the practical use. Crowin et al. (2010) investigated the effect of particle size on the 
reduction of granular activated carbon (GAC) adsorption capacity for trace organic 
contaminants by dissolving organic matter and demonstrating the lower adsorption 
capacity per mass of adsorbent in relation to the larger GAC particles. On the preparation of 
activated carbons, many novel methods have been developed in order to optimize the 
surface properties for better performance regarding pollutant removal and their 
regeneration. Ji et al. (2009) synthesized a microporous carbon with very high specific 
surface area and narrow pore size distribution using Y zeolite as a template. The 
synthesized - microporous carbon showed extraordinarily high adsorption affinity 
(comparable or higher than activated carbons and carbon nanotubes) for phenol, 1,3-
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dichlorobenzene, and 1,3-dinitrobenzene, and very fast adsorption/desorption kinetics. 
These adsorption properties were attributed to the large hydrophobic surface area and the 
regular-shaped, open and interconnected three-dimensional pore structure of the 
synthesized microporous carbon. In the case of practical treatment, the effect of NOM on 
adsorption is important. Yu et al. (2009) investigated preloading effects of NOM on 
adsorption capacity and kinetics under conditions and concentrations relevant to drinking 
water treatment. The isotherms demonstrated that all compounds were significantly 
negatively impacted by NOM fouling.  
Although activated carbon has a good adsorption capacity for organic pollutant, the 
expensive price and relatively weak affinities for trace amount pollutants limit its wide 
application. Many studies have been conducted to search the substitutes of activated carbon 
including agricultural wastes, natural and modified clays, organic polymer, etc. Nowadays, 
these new adsorbents can not readily replace activated carbon but the development of 
adsorbents with greater cost performance for TAOCs adsorption has become a new trend. 
2. Membrane technology 
Membrane technology has gained interest in the last decades in water purification 
applications. In addition to their use for desalination of seawater and brackish water, the 
technologies such as nanofiltration and reverse osmosis membrane offer good removal 
efficiencies (Verliefde et al., 2009). The treatment efficiency of membrane is related to the 
molecular size directly but not the molecular weight. The non-polar molecule has better 
removal efficiency than polar molecules. Agenson et al. (2003) compared the removal of 
DBPs, EDCs, and plastics additives by nanofiltration and reverse osmosis at low pressure 
(100-300 kPa). Their results indicated that reverse osmosis exhibited better removal 
capability to VOCs than nanofiltration membrane which removal rate  was 20% only. By the 
multiple linear regression, they predicted that larger molecular size and higher 
hydrophobility favored the removal. In the treatment of membrane, the control factors 
include diffusion, adsorption, partition and desorption (Ducom et al., 1999; Chellam et al., 
2001; Nghiem et al., 2004; Lee et al., 2001). Due to the close relationship between the removal 
rate and the physicochemical properties of pollutants, some pollutants can not be treated 
well (Bellona et al., 2004). Especially, for the large-scale production such as drinking water 
purification, the poor performance for TAOCs will bring about a series of problems 
(Verliefde et al., 2009). Moreover, the high cost of membrane and its regeneration restrict its 
large scale application. 
3. Membrane bioreactor (MBR) 
MBR is considered as the next-generation technology of wastewater treatment, which is 
expected to replace the traditional activated sludge process. MBR possesses such advantages 
as small footprints and a superior effluent quality (Wever et al., 2007). Wever et al. (2007) 
compared MBR and conventional activated sludge systems (CAS) for micro pollutant 
degradation in laboratory-scale experiments with synthetic and real domestic wastewater. 
MBR treatment can significantly enhance the removal of the micro pollutants, and reduce 
the lag phases for degradation, implying that they may respond quicker to variable influent 
concentrations. Nghiem et al. (2009) conducted laboratory-scale experiments to investigate 
the removal mechanisms of MBR system for trace organic contaminants. Results indicated 
that removal efficiency of specific trace organic contaminants strongly depended on their 
physicochemical properties. Approximately 90% of bisphenol A was removed, while, the 
removal efficiency of sulfamethoxazole was only about 50%  under the same condition.. 
Both biodegradation and adsorption to the sludge were thought to be responsible for the 
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removal of bisphenol A, which is a relatively hydrophobic organic compound. In contrast, 
the latter mechanism was absent for sulfamethoxazole as this compound is rather 
hydrophilic. Chu et al. (2010) investigated the feasibility of treating micro polluted surface 
water for drinking water production with a bio-diatomite dynamic membrane reactor 
(BDDMR) at a laboratory-scale-discontinuous-flow mode. Results indicated that the 
BDDMR was effective in removing trihalomethanes�’ formation potential (THMFP) at a 
hydraulic retention time (HRT) of 3.5 h due to its high concentrations of mixed liquor 
suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS).  
4. Other technologies 
Because of the great difficulty in treating TAOCs, single technology can not meet the 
purification purpose. Thus the combination of different technologies is employed. Reungoat 
et al. (2010) assessed the removal of organic micro pollutants and the concurrent reduction 
of their biological activity in a full-scale reclamation plant treating secondary effluent. The 
treatment consists of 6 stages: denitrification, pre-ozonation, coagulation/flocculation/ 
dissolved air flotation and filtration (DAFF), main ozonation, activated carbon filtration and 
final ozonation for disinfection. The process is shown in Fig. 3. Results showed that, among 
the 54 micro pollutants quantified in the influent water, 50 were removed to below their 
limit for quantification (0.01 g/L)which represents that more than 90% of  pollutants were 
removed. The key processes responsible for the plant�’s performances were the 
coagulation/flocculation/DAFF, main ozonation and activated carbon filtration. Hollender 
et al. (2009) studied the removal efficiency for 220 micro pollutants from a municipal 
wastewater treatment plant (WWTP) upgraded with post-ozonation followed by sand 
filtration. During post-ozonation, compounds with activated aromatic moieties, amine 
functions, or double bonds such as sulfamethoxazole, diclofenac, or carbamazepine with 
second-order rate constants for the reaction with ozone>104 M-1 s-1 at pH 7 (fast reacting) 
were eliminated to concentrations below the detection limit for an ozone dose of 0.47 g O3/g 
dissolved organic carbon (DOC). Compounds more resistant to oxidation by ozone such as 
atenolol and benzotriazole were increasingly eliminated with increasing ozone doses, 
resulting in >85% removal for a medium ozone dose (~0.6 g O3/g DOC). Only a few micro 
pollutants such as some X-ray contrast media and triazine herbicides with second-order rate 
constants <102 M-1 s-1(slowly reacting) persisted to a large extent. With a medium 
ozonedose, only 11 of micro pollutants 55 detected in the secondary effluent were found at 
>100 ng/L. The energy requirement for the additional post-ozonation step was about 0.035 
kWh m-3, which corresponded to 12% of a typical medium-sized nutrient removal plant (5 g 
DOC/m3). 
In comparison with the ordinary municipal sewage and industrial wastewater, organic 
micro polluted wastewater has the characteristics of low load and poor nutrient. Thus, some 
energy-effective eco-treatment technologies have been adopted. Among them, the 
constructed wetland is one of a representative technology. An engineered constructed 
wetland, fed with wastewater effluent, was investigated with respect to the control of 
organic micro pollutants (Park et al., 2009). The levels of 30 different micro pollutants, 
including pharmaceuticals, endocrine disruptors and personal care products, were 
measured using solid phase extraction, followed by liquid chromatography/tandem mass 
spectrometer. Only 9 out of the 30 chemicals exhibited relatively high concentrations in the 
effluent samples. Furthermore, analyses of the removal efficiencies and two characteristic 
parameters (logKow and pKa) showed no evidence supporting hydrophobic and 
electrostatic interactions for the control of micro pollutants. 
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Fig. 3. South Caboolture Water Reclamation Plant. S1 to S7: sampling locations. HRT: 
hydraulic retention time. SRT: sludge retention time. (Reungoat et al., 2010) 

3. Biomimetic adsorbent   
3.1 Definition of biomimetic adsorbent 
The study of biomimetic phenomena has a long history. Plenty of knowledge through 
imitating nature  is available. For example, the pot experiments showed that the peanut 
(Arachis hypogaea), soybean (Glycine max) and sesame (Sesamum indicum) had great 
bioaccumulativity for DDT. The order of DDT concentration in each grain was: peanut > 
sesame > soybean, which indicated that the concentration of DDT had a positive correlation 
with the oil contents of grains (Wei et al., 2006). More generally, the water plant with large 
rich fat skin can adsorb lipophilic OCPs (Ockenden et al., 1998). The concentration of PCBs 
in blubber of neonate Delphinapterus leucas, Orcinus orca, adult Delphinapterus leucas and 
Balaena mystice was 17563, 78000, 59000 and 354 ng/g, respectively, which was 1-3 orders of 
magnitude higher than that in other tissues (Liu et al., 2008). Also, the concentration of DDT 
in blubber was 1-2 orders of magnitude higher than that in other tissues, and was 2230, 
98600, 56000 and 377 ng/g, respectively (Liu et al., 2008). The measured concentrations of 
PCBs and DDT in different organs were in the ascending order: blubber, liver, kidney, brain 
and muscle (Liu et al., 2008). BCFlipid (bioconcentration factor based on lipid content) of 13 
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OCPs in 18 fish species from Qiantang River in China ranged from 1000 to 251189, and the 
bioaccumulation capacity of fish organ was high when the lipid content of organ was high 
(Zhou et al., 2007). The methods of POPs entering organism body contained breathing in 
from air, inhaling by skin and feeding food. The POPs eliminating processes included 4 
methods. The first one was breathing out, but the discharged amount of method was very 
small and can be ignored. The second one was discharge by dejecta. Breathing in from air, 
inhaling by skin and feeding food are the main ways of POPs entering organism body. The 
third one was metabolism. Youth biology can metabolize POPs in some extent, but the 
metabolic function may become slow with the increasing age. The fourth one was 
transference. For example, POPs in fat of mammals can be transferred to milk. The 
absorption rate is much higher than the elimination rate, so that some special pollutants 
transfer to and accumulate in lipid and protein tissues of plants and animals. The process 
that people simulate these natural phenomena to prepare adsorbent to remove pollutants is 
biomimetic adsorption, and therefore the adsorbent is denoted as biomimetic adsorbent. 
Triolein has a high accumulation ability for trace POPs in water (Chiou, 1985). People design 
and prepare biomimetic adsorbents through imitating the cell structure and using the 
accumulation ability of lipid for POPs. The biomimetic fat cell (BFC) was synthesized with a 
hydrophobic nucleolus-triolein and hydrophilic membrane-polyamide (Song et al., 2007). 
CA-triolein was prepared by embedding triolein in the cellulose acetate (CA) spheres (Liu et 
al., 2007). Zhang et al. (2010b) found that the lipophilic poly-3-hydroxybutyrate (PHB) 
produced by many microorganisms contains the same functional groups of the lipid. They 
prepared PHBBMA with PHB to enrich the trace chlorobenzene and o-nitrochlorobenzene 
from water and found that all these biomimetic adsorbents had a good enrichment effect for 
low-concentration POPs. 
The adsorption materials prepared by the molecular imprinting technology represent 
another kind of biomimetic adsorbents. According to the principle of the interaction force or 
template structure between two kinds of molecule or group, a selective adsorbent was 
prepared with a template of adsorbate or analogue. For example, imprinting polymer 
prepared with dibenzothiophene sulphone (DBTS) as the template can separate 
organosulfur compound such as dibenzothiophene (DBT) and benzothiophene (BT) from 
the mixture (Castro et al., 2001). Researchers also used mimetic antibody and enzyme as the 
template to prepare adsorption materials which adsorbed special pollutants according to the 
interaction between antibody and antigen, and the interaction between enzyme and 
substrate (Cormack and Mosbach, 1999). 
As can be seen from the above materials, the whole or part of some plants and animals in 
nature can enrich specific substances. Their characters, such as the structure, group 
interaction and principle of enrichment, are simulated to design and prepare adsorbents. 
This biomimetic adsorbent can quickly and effectively realize the adsorption/enrichment 
function of organisms in nature. 

3.2 Adsorption principles of biomimetic adsorbent 
The adsorption principle of biomimetic adsorbent is the same or similar as the enrichment 
mechanism of organisms. The enrichment process is a balance process of adsorption, 
absorption, metabolism and storage. For example, the processes of algae enriching trace 
element include physical adsorption, biosorption, surface deposition, active transport and 
passive diffusion. Biosorption and active transport are the main ways of bioconcentration, 
accounting for 80% and 20% of the total enrichment amount, respectively. Biosorption is a 
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process that organisms adsorb metal ions, non-metallic compounds and solid particles from 
the solution by complexation and ion exchange. The complexation is the combination of 
metal ions and the negative function groups of biological ligands. For example, the strong 
complexation is favorable between carboxyl, sulfonic, thiol, amino, hydroxyl, etc. and 
different metal ions, such as Cu2+, Al3+ (Li et al., 1998). Some metal ions are adsorbed by algae, 
while other ions are released. The charge number of released ions such as Ca2+, Mg2+, H+ is 
approximately equal to that of adsorbed ions, making the biosorption as an ion exchange 
process. For most algaes, carboxyl and sulfonic are the main groups involved in the ion 
exchange process, as alginate and sulphate polysaccharide have a significant ion exchange 
capacity (Li et al., 1998). Active transport is an intracellular active absorption process related to 
metabolism, which need energy and some specific enzyme. This is a unique way of enriching 
trace elements by live organisms. The process, however, is very complicated and associated 
with the algae fat, sugar, protein, inorganic salt, etc. Irgolic et al. (1971) showed that arsenic are 
actively involved in the lipid metabolism in some algaes. It can replace the phosphorus atom 
or nitrogen atom in phosphatidylethanolamine (PE) and phosphatidylcholine (PC) to enter 
phospholipid biosynthesis process and form some arsenic fats, such as arsenic-
phosphatidylethanolamine (As-PE) and arsenic-phosphatidylcholine (As-PC). Arsenic in 
algaes is also involved in glucose metabolism, resulting in the formation of arsenic sugar. 
Edmonds and Francesconi (1983), Pillips and Depledg (1985) considered that arsenic sugar 
was transformed from S-adenosylmethionine, and the latter thought the translation occurred 
in the process of As-PC synthesis by the As-PE. According to the mechanism of the formation 
of selenoprotein, selenium can be combined with lipid, polysaccharide and protein in the 
algae. Selenate and sulfate have the same assimilation pathway in the algal. Selenite enteres 
the algae and replaces the sulphur atom in cysteine (Cys) and methionine (Met) to form 
selenocysteine ([Se]Cys) and selenomethionine ([Se]Met). The process allowed toxic selenate 
transfer to a large number of non-toxic selenium compounds. 
Biomimetic adsorption is inspired from nature system. The mechanisms of BFC, CA-triolein 
absorbent and PHBBMA are their dissolution for adsorbates. Triolein-embedded sorbent 
consists of the supporting materials and the surrounding triolein-embedded cellulose 
eacetate membrane by embedding triolein into CA spheres. Triolein has a high dissolution 
capacity for trace lipophilic pollutants in water. A cellulose acetate polymer can be easily 
molded into different forms such as membranes, fibers and spheres, and its hydrophilicity 
improves the accessibility of aqueous solutions to the surface of the film. PHB is analogous 
to the lipid with strong affinity for organic pollutants, so PHBBMA has excellent 
compatibility with lipophilic chemicals. At the same time, the porous structure of PHBBMA 
can be regarded as an uptake process of fish. For biomimetic adsorbents, the role forces 
include strong affinity between adsorbent and adsorbate, hydrophobic force, van der Waals 
force and principle of �“like dissolves like�”. In the nature system, lipophilic chemicals are 
always accumulated in the lipid of organism because the pollutants are absorbed by 
organisms through skin, gill, and feeding, while they are difficult to depurate by 
metabolism. Therefore, TAOCs are found in almost all plants, animals and human, 
especially in lipid organs. This phenomenon can inspire people to prepare biomimetic 
adsorbents to eliminate the pollutants. An important adsorption mechanism of imprinting 
adsorbent is the strict chimeric structures between adsorbent and adsorbate. 

3.3 Evaluation of biomimetic adsorption 
The principle of biomimetic adsorption is different from that of traditional adsorption. The 
traditional adsorption only happens on the interface of adsorbent and water. The surface 
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area, namely active site, plays most important role in such adsorption. The biomimetic 
adsorption, however, occurs not only on the interface but also in the inner of adsorbent, 
because pollutants can be dissolved in the lipid phase. The adsorption isotherms like 
Langmuir, Freundliuch are useful for predicting the interface adsorption processes, but may 
not be suitable to interpret the biomimetic adsorption processes. 
Adsorption quantity and adsorption rate are two important parameters for evaluating the 
efficiency of adsorption. The adsorption amount highly depends on the surface area, pore 
size distribution and properties of surface groups. In nature, the bioconcentration of 
pollutants that includes surface infiltration and food intake, is also influenced by 
environment, metabolism and growth of aquatic organisms. The discharge of pollutants 
from animal bodies.  
The models of bioconcentration of pollutants in aquatic animals include steady-state model, 
two-compartment model and biodynamic model. The steady-state model is based on the 
balance between biology and water. The biology grows for long time in water, so that many 
processes approximately reach balance. However, concentrations of some heavy metals are 
difficult to reach a steady state. Therefore, the steady-state model cannot be applicable for 
this case. The bioconcentration of heavy metals can be depicted by the mass transfer model. 
According to conservation of mass, bioaccumulation and metabolism of heavy metals are 
expressed as: 

Enrichment rate of substances in individual = individual input rate - output rate + net 
generation (conversion) rate 

Heavy metals cannot be formed and transformed by life activities, giving rise to the 
simplified model of the bioaccumulation of heavy metals: 

Enrichment = input - output 

As a consequence, the interaction process of biology and water can be described by two-
compartment model (Croisetiere, 2005). Assuming the accumulation of pollutants in vivo is 
approximated as two-phase distribution process of pollutants between biology and water, 
the enrichment and discharge processes can be described by the first-order dynamics (Kahle 
et al., 2002). Compared with the steady-state model, the two-compartment model afford the 
calculation of the dynamics parameters of heavy metals at the theory equilibrium before 
reaching the balance. The biodynamic model includes the absorption process of heavy 
metals from water and food, the discharge process of heavy metals from organisms, and the 
dilution due to organisms growing (Luoma et al., 2005). This model includes comprehensive 
consideration, but the parameter measurement is complex and the practical application is 
inconvenient. 
Biomimetic adsorbent is designed based on the enrichment process of pollutants. The 
process is similar to that related to the two-compartment model. In order to evaluate the 
accumulation ability of biomimetic adsorbent, we propose a concept of enrichment factor 
(EF) which is a dimensionless ratio of the concentrations of adsorbate on biomimetic 
adsorbent and those in the solution at equilibrium: 

e

e
EF q

c
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where qe (mg/g) and ce (mg/L) are the concentrations of adsorbate on biomimetic adsorbent 
and in the solution at equilibrium, respectively. , solution density, is about 1000 g/L. 
Although biomimetic adsorbents have been well developed, there is a lack of effective 
evaluation method as conventional adsorption isotherms and adsorption kinetics are widely 
applied to describe this adsorption process. The principle of POPs adsorbed on biomimetic 
adsorbent is �“like dissolves like�”, and POPs concentrations are usually very low. This urges 
to develop the new evaluation method for biomimetic adsorption.  

4. Application of biomimetic adsorbent 
4.1 Preparation and application of biomimetic adsorbent 
Polyhydroxyalkanoates (PHAs) are biodegradable polyesters as carbon and energy sources, 
which are sorted in microorganisms in the form of granules. Zhang et al. (2010a; 2010b) 
successfully prepared a new biomimetic adsorbent with high porosity named as PHBBMA 
using PHB, a representative compound of PHAs, produced  from microorganism degrading 
pollutants. As shown in Fig. 4, a modified double emulsion solvent evaporation technique 
was used for preparing this adsorbent. 
 

 
Fig. 4. Diagram of PHBBMA preparation. 1, 2, 3, 4, and 5 express the operation order. 
(Zhang et al., 2010a) 

The textural and surface characteristics of PHBBMA were shown in Fig.5. The results 
indicated that PHBBMA was composed of spherical particles with rough surface and 
micropores. The diameter of the particles was 100�–200 m. The BET surface area, total pore 
volume, and average pore diameter were 8.45 m2/g, 0.0105 cm3/g, and 4.9 nm, respectively. 
PHBBMA has a wide pore distribution with diameter ranging from 2 to 90 nm. Few particles 
were collapsed because the thin PHB walls broke up at the pressure when the big cavities 
were produced by big water particles (W1). PHBBMA particle size and pore diameter were 
affected by many factors including the concentrations of oil phase and extra-water 
 



 Biomimetic Based Applications 

 

298 

 
Fig. 5. Scanning electron micrographs of PHBBMA .(a) whole particles (×70) and (b) surface 
of particle (×8000). ( Zhang et al., 2010b) 

phase (W2), the volume ratio of W1 and oil phase, the volume ratio of oil phase and W2, and 
the stirring speed. 
Among the organochlorine compounds (OClCs), chlorobenzene (CB) is structurally similar 
to o-nitrochlorobenzene (o-NCB). It is always released to the environment during 
manufacturing and application processes as a carrier, a solvent and/or an intermediate 
(Adebusoye et al., 2007). In addition, CB and o-NCB with low concentrations are easily 
enriched in lipid in organisms owing to their strong hydrophobic and lipophilic properties. 
Zhang et al. (zhang (b) et al., 2010) evaluates the adsorption capacity of PHBBMA using CB 
and o-NCB as target compounds in their extreme low concentration. 
Adsorption isotherms of CB and o-NCB on PHBBMA under different temperature are shown 
in Fig.6. It was clear that the adsorption amount of CB was always greater than that of o-NCB 
under the same conditions. This is because that the adsorption amount has a positive 
correlation with the affinity between PHBBMA and the compounds. CB had stronger affinity 
than o-NCB due to the absence of a hydrophilic group (-NO2). Furthermore, the adsorption 
capacity decreased when the temperature increased for both CB and o-NCB. The acting force 
between the PHBBMA and CB or o-NCB is van der Waals Force and hydrophobic force, 
suggesting that the process of PHBBMA adsorption is a physical adsorption. 
 

 
Fig. 6. Langmuir adsorption isotherms for CB and o-NCB onto PHBBMA. (Zhang et al., 
2010b) 
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EF was employed as a criterion for the evaluation of the adsorption ability for different 
pollutants. The EF of PHBBMA for CB and o-NCB was calculated by equilibrium data from 
experiments and Sips model fitting curves. Fig. 7 presents the variety of EF as a function of 
different equilibrium concentrations. For both CB and o-NCB, EF showed a pattern that 
increased at first and then decreased with the increasing equilibrium concentrations. It can 
be interpreted by the fact that there are enough available active adsorption sites at the 
surface of PHBBMA in the case of low equilibrium concentrations. The value of qe increased 
faster than ce, indicating that EF increased with the increase of ce. In the case of high 
concentrations, however, adsorbent was gradually saturated, resulting in a slow increase in 
qe and a decrease in EF with the increase of ce. The change of EF versus temperature for CB 
and o-NCB had the same trends, i.e. EF20°C (EF at 20°C) > EF30°C > EF40°C because the 
increasing temperature significantly increases aqueous solubility, although it causes a 
decrease in Kow (Finizio et al., 2001). High Kow and low aqueous solubility imply strong 
lipophilic and hydrophobic properties, causing the easy adsorption of compounds for 
PHBBMA. 
 

  
Fig. 7. EF variety of PHBBMA for CB and o-NCB with equilibrium concentrations at 
different temperatures. (Zhang et al., 2010b) 

4.2 Preparation and application of lipoid adsorbent  
Triolein is one of the most important lipid components and the main materials for soap 
preparation. According to the principle of similarity and intermiscibility, triolein has a 
strong absorbability for trace level of hydrophobic organic pollutants. Previous studies (Liu 
et al., 2007; Liu et al., 2009; Huo et al., 2005; Ru et al., 2007; Qu, 2008) showed the preparation 
of a biomimetic adsorbent by embedding triolein into cellulose acetate (CA) spheres. The 
section structure is shown in Fig. 8. Triolein was wrapped entirely into CA spheres through 
optimizing the preparation method, and thus it can not be expelled during the adsorption 
process. The hydrophilicity of (CA polymer improved the accessibility of trace organic 
pollutants to the surface of the adsorbent. In addition, the formation of mesh structures of 
CA (Fig. 9) provided enough channels for organic pollutant molecular transfer through CA. 
This design weakens the diffusion and the mass transfer obstacle between the lipid phase 
and the water phase  by providing a hydrophilic and porous film at the top surface of the 
obtained biomimetic adsorbent. 
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Fig. 8. Designed structure of triolein-embedded sorbent. (1) cellulose acetate membrane, (2) 
triolein and (3) supporting materials. (Qu, 2008  
 

 
(a)                                                             (b) 

 
(c)                                                             (d) 

Fig. 9. SEM micrographs of cross-sections of CA and CA-triolein adsorbents. (a) CA 
adsorbent (×500), (b) CA adsorbent (×2000), (c) CA-triolein adsorbent containing 2.0% 
(w/w) triolein (×500), and (d) CA-triolein adsorbent containing 2.0% (w/w) triolein (×2000). 
(Liu et al., 2007) 
Liu et al. (2007) investigated the adsorption efficiency for selected POPs (e.g. aldrin, dieldrin, 
endrin and heptachlor epoxide) by this biomimetic adsorbent. The comparison of CA-triolein 
and granular activated carbon (GAC) for dieldrin removal was also performed. Results 
showed that the adsorption capacity of CA-triolein was larger than that of GAC, although 
GAC had high removal rate in the first 4 h of adsorption. Adsorption isotherms of the 
selected POPs exhibited linear isotherms, which indicated that the POPs were mainly 
adsorbed onto CA-triolein by a partition mechanism. Partitioning of organic compounds 
between water and triolein may be similar to that between organic solvent and water. The 
partition coefficient of POPs was closely related to their hydrophobicity. The higher the 
hydrophobicity of POPs was, the larger the adsorption amount was. Furthermore, the 
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reusability of the biomimetic absorbent was tested. Although the CA-triolein was regenerated 
five times, the removal efficiencies were almost unchanged.  
Due to the particular adsorbed amount and bioaffinity, layer by later (LBL)-assembled 
hydrogel films have been applied in the research of sustained release of medicines and 
genetic science. Ding et al. (2009) loaded alginate sodium (ALG) and chitosan to weakly 
cross-link melamine formaldehyde (MF) colloidal particles, preparing a kind of saccate 
biomimetic adsorbent. 2,4-dichlorophenol and salicylic acid were adsorbed by this 
adsorbent. Fig. 10 shows the SEM pictures the adsobents before and after adsorption. The 
gap between two shells was filled after adsorption. This phenomenon indicated that the 
organic componds entered into the internal of bursa. The cliff of bursa was gradually 
uplifted with the increase of adsorption, making the adsorbent like a balloon filled with gas. 
Fig. 11 shows that the adsorption isotherms of DCP and SA cpmpiled with the Langmuir 
equation.  
 

 
Fig. 10. SEM images of the (ALG/CHI)5 hollow shells (a) and shells upon incubating the 
preformed shells in various organic solutions in pure water medium: (b) DCP; (c) SA. Scale 
bars are 5 mm for a, 5 mm for b and 3 mm for c. (Ding et al., 2009) 

There are a lot of materials that can serve as the biomimetic adsorbents are in nature. If these 
materials are successfully used to manufacture the commercial adsorption materials, they 
will have such a distinct advantage as high performance-to-price ratio. Baruch-Teblum 
(2010) used the -cyclodextrin as the basic material and adopted the method of 
miniemulsion polymerization to produce a series of controlled-size nanoparticles under the 
link of isophorone diisocyanate (Fig.12). In the molecular structure of cyclodextrin, there 
was hydrophobic channels (as shown in Fig.13), which could adsorb organic pollutants 
especially for the pollutants with benzene ring in the interface of water-nanoparticle. 
Toluene and phenol were tested as the model pollutants to evaluate adsorption capacity. 
Results indicated that the nanoparticles exibited good adsorption. Compared with inorganic 
adsorbents, biomass materials can be made into different shapes such as granule, powder 
and membrane depending on the used conditions needed.  

In addition to the nature polymer, super hydrophobic and lipophilic adsorption materials 
were synthesized in the laboratory. Although some materials did not have large specific 
surface area, their adsorption capacities were much higher than the porous materials, 
showing unique advantages of biomass adsorbents in adsorption principles and mechanism. 
Zhang et al. (2009) produced a super hydrophobic polydivinylbenzene with high specific 
surface area and pore volume, controllable pore size distribution, super hydrophobicity and 
super lipotropy. The adsorption capacity for organic pollutants was compared with 
activated carbon and Amberlite XAD-4 resin, as illustrated in Fig 14. It could found that the 
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adsorption capacity of polydivinylbenzene was much higher than that of activated carbon 
and Amberlite XAD-4 resin, suggesting good potential for applications. 
Activated carbon is dominant in the field of adsorption materials. However, activated 
carbon can not meet the requirement of purification of wastewater containing TAOCs. 
Biomimetic adsorption materials are now reported frequently owing to their higher 
adsorption capacity than activated carbon. With the development of bionics and material 
science, the biomimetic adsorbents can see more applications to remove TAOCs on a large 
scale.  
 
 

 
 

 

Fig. 11. Loading isotherms of DCP and SA into ALG/CHI shells: experimental equilibrium 
uptakes and the Langmuir model fitting (pH 7; 25°C). (Ding et al., 2009) 

 
 

 
 

Fig. 12. HR-SEM images of (a) sample A, (b) sample B, and (c) sample D. (Baruch-Teblum et 
al., 2010) 
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Fig. 13. Copolymerization of cyclodextrine�–isophoronecarbamate copolymer. (Baruch-
Teblum et al., 2010) 

 
 

   
 

Fig. 14. Dependence of adsorptive capacity for benzene on adsorption time over various 
samples. (b) Saturated adsorptive capacity of probing molecules in liquid phase over 
various samples. (Zhang et al., 2009) 
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5. Biomimetic adsorption and advanced treatment 
Although pollutants can be effectively separated from the aqueous phase by adsorbents, an 
improper treatment of saturated adsorbent will result in secondary pollution. Biological 
treatment is one of the most common technique for wastewater treatment, as evidenced 
from the fact that 65% of wastewater all over the world is treated by biological process (the 
percentage is up to 95% particularly for the municipal sewage). However, biodegradation is 
affected by two factors: the solubility and concentration of pollutants. Organic compounds 
with higher solubility are more easy to be degraded by biomass than those with lower 
solubility. This is why PCB compounds with high chlorine content and with lower solubility 
are more difficultly to be degraded than those with low chlorine content. Furthermore, if the 
concentration of pollutant is too low, there will be a lack of nutrients needed for the biomass 
and the enzyme will not work efficiently. In general, the low concentration of contaminants 
can not make full use of the degradation ability and satisfy the growth requires of 
microorganisms. In contrast, the microorganism will be toxic damaged if the concentration 
of pollutant is too high. In the low concentration range, the degradation rate is linearly 
enhanced with the increase of contaminants concentration until the maximal concentration 
value is reached. Therefore, the coupling of adsorption and microbiological degradation for 
the treatment of POPs will break the balance constantly, thus the contaminants will be 
removed constantly by the new dynamic process. 
Vogt et al. (2004) reported that chlorobenzene can be adsorbed by granular active carbon 
from ground water and then degraded by biomass. The adsorptive capacity of 
chlorobenzene on granular active carbon is up to 450 mg/g and permineralization of 
chlorobenzene was achieved through biomass. The amount of the lipophilic POPs on active 
carbon and bentonite is limited, but can be significantly improved by addition of PHBBMA 
and other lipoid adsorbents. The treatment efficiency of refractory wastewater is not 
satisfactory by the way of biological technique owing to two issues. On the one hand, many 
pollutants (e.g. POPs) are foreign substances for environment, thus the microorganism is 
lack of corresponding enzyme system to produce degrading enzyme. On the other hand, the 
amount of functional microorganism in sludge is not enough to degrade the pollutants. The 
first issue can be resolved by long-time acclimation because this allows the formation of 
proper enzyme secreted from microorganism to degrade POPs. To overcome the second 
problem, polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) 
technique can be explored to isolate functional microorganisms bacteria in sludge, and 
therefore higher efficiency will be obtained by the introduction of functional microbial into 
the biological treatment system. The conception of PHBBMA, a kind of biomimetic 
adsorbent, combines the adsorption technology for TAOCs and immobilized cell technology 
of microorgnism, which use PHAs as the main material and cyclodextrin, tween, polyving 
alcohol as the excipient. This adsorbent is the immobilized cell support with adsorption 
capacity, which can embed single or hybrid functional bacteria. TAOCs can be enriched on 
the surface of PHBBMA, which not only impulses the process of microbial degradation, but 
also improves the adaptability and resistance of functional bacteria. Furthermore, it is also 
easy to separate biomass from the aqueous solution. With the pre-enrichment of biomimetic 
adsorbents for POPs, followed by the enhanced biodegradation of functional bacteria, 
TAOCs can be detoxificated rapidly and thoroughly. This coupling technology, namely 
biomimetic adsorption-functional microbial degradation technology, is proved to be a 
possible practical technology.  
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Moreover, the combination of adsorption and chemical degradation such as adsorption-
catalytic wet oxidation/reduction process and, adsorption-catalytic supercritical water 
oxidation/reduction may be effective in removing various contaminants with different 
concentrations. During the control of industrial wastewater, the advanced oxidation/ 
reduction often served for the pretreatment process, advanced treatment and emergency of 
highly toxic and non-biodegradable pollutants. It includes photocatalytic oxidation, wet 
(supercritical) oxidation, Fenton oxidation, hydrogenation reduction and metal reduction, 
etc. Photocatalytic oxidation that utilizes the power of ultraviolet or visible light and 
semiconductor catalyst can produce ·OH radical, which possesses high oxidation capacity 
for degrading of many organic pollutants. Wet oxidation, especially the condition of 
supercritical water, can mineralize organic compounds to CO2 and H2O with in a very short 
time (~5 min), which is an efficient advanced technology in treating the wastewater 
containing concentrated, toxic and non-biodegradable contaminants. Fenton technique is 
based on the reaction of Fe2+ and H2O2, which can produce ·OH radical to oxidize the 
organic pollutants. In contrary, advanced reduction technology is able to remove the 
functional groups such as halogene and nitryl by the reductive substance, which can 
significantly decrease the toxicity of the organic pollutants. Based on the above principles, to 
prepare the composite materials combined with biomimetic adsorbents and catalysts, and 
coupled with the mentioned advanced oxidation or reduction processes is capable of 
achieving the transform and degradation of the TAOCs. Furthermore, the adsorbents can be 
regenerated automatically without special treatment, thus a development route of 
biomimetic adsorbents which integrates multi-coupling technologies needs to be 
constructed.   
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1. Introduction 

The ubiquinol-cytochrome c oxidoreductase (bc1 complex), also denoted complex III of the 
respiratory chain, is present in the inner mitochondrial membrane of eukaryotic organisms 
and many aerobic bacteria. It catalyzes electron transfer from ubiquinol to cytochrome c 
coupled to the electrogenic translocation of protons across the membrane. The proton 
electrochemical gradient thus generated is used for the synthesis of ATP. The crystal 
structure of the bacterial and the mitochondrial bc1 complex was determined by X-ray 
diffraction.(Xia, Yu et al. 1997; Hunte, Koepke et al. 2000; Lange and Hunte 2002; Palsdottir, 
Lojero et al. 2003; Berry, Huang et al. 2004; Solmaz and Hunte 2008) Both are present as a 
dimer, the mitochondrial complex differs from the bacterial one by a larger number of 
subunits extending into the aqueous phase. The elements essential for the function of the 
enzyme such as the location and orientation of the redox centers, however, are very similar. 
Three of the four prosthetic groups of the bc1 complex, heme bl and bh and cytochrome c1, 

are metalloporphyrins.. Vibrational modes of metalloporphyrins have been extensively 
studied by Resonance Raman (RR) spectroscopy, since specific modes are very sensitive to 
the redox state of the heme structure.(Kitagawa, Kyogoku et al. 1975; Spiro 1975; Kitagawa, 
Ozaki et al. 1978; Spiro 1978) RR spectra were obtained mostly from B-band (Soret) 
excitations,(Spiro 1988) whereas Q-band excited spectra are less intensive and informative at 
low protein concentrations.(Le Moigne, Schoepp et al. 1999) Soret excitation and Q-band 
resonance was applied for investigations of the bacterial (Hobbs, Kriauciunas et al. 1990; Le 
Moigne, Schoepp et al. 1999) and mitochondrial bc1 complex (Gao, Qin et al. 1998), 
respectively. In these cases the redox state of the hemes was altered by adding soluble redox 
compounds such as ascorbate and sodium hydrosulphite to the protein, which was present 
in the detergent-solubilized form. By contrast in the present investigation we use 
electrochemistry to direct electron transfer (ET) into the enzyme reconstituted into a lipid 
bilayer, a method that we had introduced successfully in the case of cytochrome c  
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Fig. 1. Ubiquinol-cytochrome c oxidoreductase . (A) Cytochrome bc1 complex from the 
yeast Saccharomyces cerevisiae (Lange and Hunte 2002) adsorbed onto a cysteamine 
functionalized electrode and reconstituted into a bilayer lipid membrane.The protein is 
assembled with the intermembrane side directed  toward the electrode. Ubiquinone Q10 
(dark red) is incorporated into the bilayer lipid membrane. (B) Electrostatic surface of the 
monomer of the yeast bc1 complex(Lange, Nett et al. 2001) in the equivalent orientation.  The 
intermembrane side comprises a negatively charged surface (red) whereas the matrix site 
comprises a positively charged surface (blue). 
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oxidase.(Friedrich, Robertson et al. 2008; Nowak, Schach et al. 2009; Schach, Nowak et al. 
2010) For this purpose the bc1 complex from the yeast Saccharomyces cerevisiae was adsorbed 
on a monolayer of cysteamine (CA) self assembled on template stripped gold (TSG) and 
alternatively the top plane of a silver rod modified with silver nanoparticles (Fig. 1A). This 
way the bc1 complex is immobilized in a preferred orientation due to electrostatic 
interaction between the negatively charged surface of the protein and the positively charged 
CA layer (Fig. 1B shows the electrostatic surface charge distribution). The silver rod works 
at the same time as an electrode and due to the modification with the nanoparticles as the 
active surface for purposes of Surface Enhanced Resonance Raman Spectroscopy 
(SERRS).(Grosserueschkamp, Nowak et al. 2009) After immobilization the protein is 
reconstituted into a protein-tethered bilayer lipid membrane (ptBLM) using in-situ dialysis 
of micelles prepared from a lipid with the help of a detergent. The formation of the ptBLM is 
controlled by surface plasmon resonance (SPR) and electrochemical impedance 
spectroscopy (EIS) (Fig. 2A, B, C, respectively). Cyclic voltammetry (CV) measurements (Fig. 
3) as well as potentiometric titrations are performed, i.e. SERR spectra of the biomimetic 
membrane system are measured at different potentials applied to the electrode (Fig. 4-6). 
Spectra are analyzed on the basis of previous investigations of the bc1 complex in different 
oxidation states obtained by adding reducing compounds in solution.(Hobbs, Kriauciunas et 
al. 1990; Le Moigne, Schoepp et al. 1999) These data are used to find out whether or not 
electrochemical reduction/oxidation of the bc1 complex can be accomplished under the 
experimental conditions described above.    

2. Materials and methods 

Electrochemical measurements (EIS and CV) were performed on template stripped gold 
(TSG) electrodes, whereas potentiometric titrations followed by SERRS were conducted on 
the top plane surfaces of silver rods modified with AgNPs. 
Modification of the silver electrodes was done as described.(Grosserueschkamp, Nowak et 
al. 2009) The top planes of 12 mm thick silver rods were polished down to an rms roughness 
of 3-5 nm.(Grosserueschkamp, Friedrich et al. 2009) Self-assembled monolayers (SAMs) of 
cysteamine (CA) were formed on the silver rods by immersion into an aqueous solution of 
CA (10 mM/l) for 1 h. After thorough rinsing with water the modified silver surfaces were 
immersed for two hours into a suspension of silver nanoparticles of 40 nm diameter. 
Thereafter the silver rods were again rinsed with water.  
Immobilization of the protein and reconstitution into a lipid bilayer:  Either TSG 
electrodes or the above mentioned silver electrodes modified with nanoparticles were 
immersed for 1 h into a solution of CA 10 mM/L. The excess CA was removed by rinsing 
the surfaces with water. The bc1 complex from the yeast Saccharomyces cerevisiae was 
expressed and purified according to the method of H. Pálsdóttir and C. Hunte.(Pálsdóttir and 
Hunte 2003)  The protein was adsorbed by exposing either the gold electrode or the silver 
surfaces for 1h to a solution of bc1 complex (0.1 µM/l) in phosphate / dodecyl-D-maltoside 
(DDM) buffer (K2HPO4 0.05 M/l, KCl 0.1 M/l, pH = 7, 0.1% DDM). The protein solution was 
removed by cautious rinsing with PBS / DDM buffer. The detergent solution was then 
replaced by a lipid-containing PBS / DDM buffer (K2HPO4 (Sigma Aldrich) 0.05 M/l, KCl 
(Sigma Aldrich) 0.1 M/l, pH = 7, 0.1% DDM (Sigma Aldrich), DiPhyPC (Avanti Polar 
Lipids) 0.05 mg/ml). Ubiquinone Q10 (Fluka) was added if mentioned in the text to the lipid-
containing PBS at a concentration of 0.025 mg/ml. Biobeads (Bio-Rad Laboratories GmbH, 
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Munich, Germany) were added to initiate dialysis. Membrane formation was finished after 
24 hours. Thereafter the excess lipid buffer and the biobeads were removed by rinsing with 
fresh PBS buffer.  
Surface Plasmon Resonance (SPR): SPR was performed in a custom-made setup using the 
Kretschmann-configuration. The glass slide (LaSFN9 glass from Hellma Optik, Jena, 
refractive index n = 1.85 at 633 nm) was optically matched to the base of a 90° glass prism 
(LaSFN9). Monochromatic light from a He/Ne Laser, (Uniphase, San Jose, CA,  = 632.8 
nm) was directed through the prism and collected by a custom made photodiode detector. 
Reflectivity at a fixed angle of incidence transferred into a thickness yields the time course of 
protein binding and reconstitution. 
Electrochemistry:  Electrochemical measurements were performed using an Autolab 
instrument (PGSTAT302) equipped with an FRA2-Module for electrochemical impedance 
measurements, an ECD-module amplifier for low-currents, an ADC750 module for rapid 
scan measurements and a SCAN-GEN module for analog potential scanning. 
Electrochemical impedance spectroscopy (EIS) data were recorded in a frequency range of 
50 kHz �– 3 mHz with an excitation amplitude of 10 mV and a bias potential of 0 V against an 
Ag|AgCl,KClsat reference electrode. Data were analyzed by the complex nonlinear fitting 
algorithm supplied in the data processing software ZVIEW (Version 2.6, Scribner 
Associates, Inc.). Cyclic voltammetry experiments were conducted with IR drop 
compensation. Measurements under anaerobic conditions were performed in a buffer 
solution containing K2HPO4 0.05 Mol/l, KCl 0.1 Mol/l, pH = 7 and the oxygen trap 
consisting of glucose (0.3% w/w) (Sigma Aldrich), glucose oxidase (75 µg/ml) (Sigma 
Aldrich) and catalase (12.5 µg/ml) (Sigma Aldrich). This solution was flushed with Ar 
purged from oxygen by bubbling through the oxygen trap containing buffer solution.  All 
electrochemical measurements were taken in a three electrode configuration with gold as 
the working electrode, an Ag|AgCl,KClsat reference and a platinum wire as the counter 
electrode. All electrode potentials are quoted versus SHE. 
Spectro-electrochemical Raman measurements: The measurements were performed under 
anaerobic conditions as described above for electrochemical measurements. The spectra 
were recorded at room temperature. The setup, used for the Raman measurements was 
described in detail in a previous publication.(Grosserueschkamp, Friedrich et al. 2009) The 
413 nm emission line of a Kr+ laser (Innova 90C, Coherent) was used for the Soret excitation. 
After passing a premonochromator (Laserspec III, Spectrolab Research Laboratory, 
Newbury, England) the laser beam was coupled into a confocal Raman microscope 
(LabRam, HR800, HORIBA Jobin Yvon) equipped with a water immersion objective 
(Olympus LUMPLFL, 100 XW, WD = 1.5, NA = 1, BFOBJ). By this means the laser beam 
with a power of 3 mW was focused on top of the prepared plane of the silver rod. The 
scattered light was filtered by a holographic notch filter and guided to an 1800 grooves/mm 
grating providing spectral resolution. The spectra were imaged onto a liquid nitrogen 
cooled back-illuminated CCD detector (Symphony, Jobin Yvon). Spectro-electrochemical 
measurements were taken in a three electrode configuration with silver as the working 
electrode, an Ag|AgCl,KClsat reference and a platinum wire as the counter electrode. 
Potentials were applied by using a software controlled (GPES, Autolab) potentiostat 
(Autolab, PGSTAT302, Eco Chemie, B.V., Utrecht, Netherlands). All electrode potentials are 
quoted versus SHE. 
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3. Results 
3.1 SPR/EIS measurements 
Adsorption of the bc1 complex solubilized in DDM on the monolayer of CA was recorded by 
SPR (Fig. 2A). The kinetic trace shows a thickness increase due to bc1 complex adsorption, 
however, saturation was not attained indicating unspecific adsorption. In order to avoid too 
much unspecific binding, the adsorption process was cut short at about the beginning of the 
saturation and the excess protein was washed off with DDM containing PBS buffer. In-situ 
dialysis initiated by adding biobeads was indicated by a further increase of the reflectivity 
definitely reaching saturation after a period of 20 hrs. This is characteristic for the exchange of 
detergent by lipid molecules in the protein monolayer as we had observed in the case of 
proteins specifically adsorbed using the his-tag technology. The thickness of the protein layer 
obtained from fitting the angle scans of 10 nm (inset of Fig. 2A) indicates a submonolayer of 
bc1 complex considering a thickness of the protein of 18 nm according to X-ray data (Chase 
and Parkinson 1991; Feng and Tachikawa 2008) (Table 1). A further thickness increase by 2 nm 
after dialysis characterizes the formation of lipid bilayer patches between immobilized 
proteins. These findings are confirmed by electrochemical impedance spectroscopy showing a 
decrease of the capacitance and an increase of the resistance after dialysis (Fig. 2B, C). The 
sealing resistance in the order of magnitude of several M cm2 is well in the range of 
resistances, that we had found in the case of ptBLMs based on his-tagged proteins (Table 1). 
The decrease of the capacitance and the increase of the resistance can be explained in terms of 
the difference in the dielectric constants of the protein ( = 20) and lipid ( = 2). The capacitance 
decreases since detergent and water are replaced by lipid molecules. We conclude that a 
densely packed mixed protein/lipid bilayer had been formed on the surface.  

3.2 Cyclic voltammetry  
Cyclic voltammograms were performed at pH = 7 under anaerobic conditions. They showed a 
slow process at around -400 mV vs. SHE (Fig. 3), which was attributed to the uptake of two 
electrons and two protons by ubiquinone Q10 to form ubihydroquinone. Midpoint potentials 
from +265 mV to +300 mV and from +190 mV to +290 mV were reported for heme c1 and the 
Rieske center, respectively, whereas -30 mV to +100 mV, and -90 mV to -30 mV were found for 
heme bH and bL, respectively.(Hobbs, Kriauciunas et al. 1990; Le Moigne, Schoepp et al. 1999) 
So obviously, the b-type hemes do not exchange electrons directly with the electrode. In order 
to find out about ubiquinone Q10, we added this coenzyme to the lipid/DDM buffer solution 
used for dialysis. Ubiquinone is thus incorporated into the mixed protein-lipid layer, as shown 
by two well defined cathodic peaks at about -0.35 V and -0.55 V in the CV. These peaks were 
attributed to the stepwise electrochemical reduction of ubiquinone Q10 to ubisemiquinone and 
ubihydroquinone, respectively. The cathodic peaks decrease with successive scans, which is 
considered as an indication of the reduced species of ubiquinone Q10 being consumed by the 
enzyme (see Fig. 3, inset). The cathodic peaks are accompanied by a couple of small peaks at 
+250 mV and +350 mV, which are tentatively attributed to the heme c1.  It should be noted that 
ubiquinone Q10 neither in the oxidized nor reduced form added to the aqueous buffer solution 
gives rise to any response in the CVs. Hence the presence of these peaks in the CV alone are a 
clear indication of a lipid layer around the proteins. Ubiquinone Q10 dissolved in the lipid 
phase can thus exchange electrons with the electrode to form ubisemiquinone and 
ubihydroquinone. The formation of the reduced forms of ubiquinone Q10 opens the possibility 
of the hemes being reduced electrochemically mediated by ubihydroquinone.  
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Fig. 2. Immobilization of bc1 complex and reconstitution into the ptBLM. (A) Kinetic trace 
of the SPR spectrum at a fixed angle of incidence = 54° showing the adsorption of the bc1 
complex in solubilized form before (a) and after (b) addition of the protein and the 
reconstitution of a lipid bilayer (c) after the addition of biobeads to the lipid-detergent 
containing buffer solution. (B) Bode plot and (C) frequency normalized admittance plot of 
electrochemical impedance spectra after adsorption of bc1 complex (solid triangles) and after 
reconstitution (solid circles). 
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 C/µF cm-2 R/M  cm2 d / nm 
(theory) 

d / nm 
(exp.) 

spacer molecule   0.6 0.5 

bc1 complex 17.1+/- 0.1 1.5+/- 0.2 
18.0 

(Hunte, Koepke 
et al. 2000) 

10.0 

lipid bilayer 14.2 +/- 0.1 3.1+/- 0.4 2.0 2.0 

Table 1. Data from EIS and SPR measurements of the different layer structures 
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Fig. 3. Cyclic voltammograms of bc1 complex adsorbed onto a functionalized electrode and 
reconstituted into a bilayer lipid membrane (see Fig.1) with additional ubiquinone Q10 
(dashed line and inset) and without additional ubiquinone Q10 (solid line) taken under 
anaerobic conditions (2nd scans at scan rate 0.05 Vs-1 for either CV). The inset shows 
evolution of the CVs after insertion of ubiquinone Q10 to the protein-lipid layer. 1st scan 
(open circles), 2nd scan (solid circles), 3rd scan (open triangles) and 4th scan (solid triangles). 

3.3 Resonance Raman study 
SERR spectra were recorded at 250 mV for the oxidized heme species and at -400 mV for the 
reduced heme species (Fig. 4A-D). At these potentials the enzyme was found to be in the 
fully oxidized and reduced form, respectively, see below for the details. The spectra were 
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sub-divided into different ranges for better interpretation. Tentative band assignments were 
performed according to SERR spectra obtained from two different sources both using the 
bacterial bc1 complex (Hobbs, Kriauciunas et al. 1990; Le Moigne, Schoepp et al. 1999) from 
Rhodospirillum rubrum under conditions mentioned above (Table 2).  
In general, frequency modes observed upon B-band excitations over the entire frequency 
range showed band profiles with higher intensities at the negative potential than at the 
positive potential (Fig. 4). This phenomenon is associated with the potential dependent 
surface enhancement effect, which is well known to result from two main effects: an 
electromagnetic effect and a chemical effect.(Chase and Parkinson 1991; Feng and 
Tachikawa 2008) On the basis of intensity versus potential profiles measured in 
electrochemical environments, it has been shown, that the charge transfer mechanism 
dominates the intensity of SERR spectra of molecules adsorbed on a silver electrode. 
(Lombardi, Birke et al. 1986; Osawa, Matsuda et al. 1994) 

Low Frequency Region (250 �– 450 cm-1) 

SERR spectra of the bc1 complex measured in this region are shown in (Fig. 4A).  Distortion 
of the heme groups effect the majority of bands occurring at these frequencies.(Hu, Morris et 
al. 1993)  In general the region below 1000 cm-1 comprises modes with less enhancement 
since these are stronger coupled to ring deformations and stretching of bonds to the central 
metal iron than to * excitations, as it is the case in the high frequency region. 
Furthermore a natural falloff of Raman intensity with decreasing frequency is noted in 
literature.(Choi and Spiro 1983) 
 The mode, a (C Cm) sym vibration, (Spiro, Czernuszewicz et al. 1989) is displayed in the 
measured spectra at 263 cm-1 for the oxidized state and at  265 cm-1 for the reduced state. The 

mode is a peripheral heme mode that occurs distinctly for b-type hemes. 
 For the reduced heme species five prominent overlapping bands arise between 343 cm-1 and 
416 cm-1, whereas two bands of this profile, at 343 cm-1 and 407 cm-1 only persist in the 
spectra recorded for the oxidized state.  The band at 343 cm-1 appears for either of the redox 
states. In both cases it can be assigned to the mode of b- and c-type cyt. The mode, a 
skeletal in-plane heme mode, is known to be the strongest low-frequency band in 
metalloporphyrin spectra. (Hu, Smith et al. 1996) This was confirmed by the present 
investigation.  
Either the  or the mode consist of a combination of iron-N (pyrrole) stretching and Cb-
pyrrole-substituent deformation.(Hu, Morris et al. 1993) Previous measurements taken at 
different excitation wavelengths show three neighboring bands between 344 cm-1 and 356 
cm-1, that are assigned respectively to the modes of the heme bH, heme c1 and heme bl.(Le 

Moigne, Schoepp et al. 1999) The spectrum presented here comprises only two bands at 344 cm-1 and 
356 cm-1. So a distinction between the hemes was not possible.  
 Additionally we propose to assign the shoulder of the band referring to the mode at 356 
cm-1 to the mode, a heme skeletal mode of the reduced cyt c1. It seems to be not existent 
in the spectra for the oxidized state. The region between 377 cm-1 and 416 cm-1 is dominated 
by deformation modes of peripheral heme groups. For the reduced species we find three 
bands at 377 cm-1, 403 cm-1 and 416 cm-1, that have been assigned to CPr of heme b, CCaCb2,4 
of heme c1 and  CCVn of heme b, respectively.  In the oxidized state there is one band at 407 
cm-1 left, which we assigned to CCVn of heme b.(Le Moigne, Schoepp et al. 1999) 
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 In general peripheral heme modes show sensitivity to vibrations of peripheral groups, 
therefore they can be considered as fingerprint vibrations identifying the heme types.  The 
assignment of bands particularly in the low frequency region demonstrates that we can 
distinguish between signals originating from b- or c-type hemes. We can also conclude that 
reduction and oxidation of both types of hemes are reduced and oxidized in this particular 
potential window. 
Mid Frequency Region (450 �– 1250 cm-1) 

The mid frequency region (Fig. 4B and C) can be sub-divided into two parts. The part 
between 450 cm-1 and 920 cm-1 is dominated by heme skeletal modes, whereas the spectrum 
between 920 cm-1 and 1250 cm-1 comprises mostly peripheral heme modes. The region 
between 600 cm-1 and 850 cm-1 is remarkably rich due to narrow overlapping bands with 
strong intensities and good signal-to-noise ratio.  
A notably large band particularly for the reduced state was displayed at 681 cm-1. This band 
was assigned to the mode exclusively of b-type hemes.(Le Moigne, Schoepp et al. 1999) It 
is clearly distinguished from the mode of heme c1, which appears with less intensity at 
697 cm-1 and is only existent for the reduced species.(Le Moigne, Schoepp et al. 1999) This 
was confirmed by a comparative measurement of the bc1 complex with cytochrome c both 
in the reduced state (Fig. 5, spectrum a, b, respectively).  The mode of the c- type heme in 
cyt c produces a band at a higher frequency, 693 cm-1, however, with less intensity. The 

mode, an in-plane skeletal mode, originates from a symmetrical pyrrole deformation. 
The further deconvolution of the envelope in the reduced state reveals strongly 
overlapping bands originating from heme skeletal modes. Two signals at 650 cm-1 and 663 
cm-1 can be allocated to A second shoulder of the envelope appears at 635 cm-1, which 
can be assigned to Other shoulders are found at higher frequencies, such as 716 cm-1, 
747 cm-1   and 783 cm-1  are induced respectively by  and The modes and  are 
both pyrrole breathing modes.(Spiro, Czernuszewicz et al. 1989) A slight signal in the lower 
frequency region at 460 cm-1 was assigned to 
The region between 850 cm-1 and 1250 cm-1 contains few bands of higher intensity.  We find 
low signals at 920 cm-1, 1147 cm-1 and 1170 cm-1. The first two frequencies can be assigned to 
the heme skeletal modes of reduced cytochrome c1,  and , respectively. The latter 
frequency was assigned in the reduced and the oxidized state to the heme skeletal mode 

of cytochromes b and c1. The  mode originates from an asymmetrical deformation of 
the pyrrole half ring, whereas the mode corresponds to  (pyrrole)asym and the mode is 
effected by a C Y stretching mode C Y)sym.(Spiro, Czernuszewicz et al. 1989)  Peripheral 
modes of b- and c-type hemes,  CPr, and give rise to bands at 968 cm-1 (red.state)/ 972 
cm-1 (ox. state), 1113 cm-1 (red. state) and 1130 cm-1 (red. and ox. state), respectively. Two 
peripheral modes of b-type hemes produce bands at 1006 cm-1 (ox. state) according to CVn 
and at 1222 cm-1(reduced and oxidized state) according to . We assign a slight signal 
occuring at 1087 cm-1 in the reduced state to another peripheral heme mode, CCH3 of the c-
type heme.(Le Moigne, Schoepp et al. 1999) 
More bands were observed in the present investigation, that were not observed in previous 
studies of the bc1 complex, e.g. in the paper of Moigne et al.(Le Moigne, Schoepp et al. 1999)  
These are the bands at 503 cm-1, 560 cm-1, 715 cm-1, 741 cm-1, 785 cm-1 and 885 cm-1 , which 
appear in the spectrum of the oxidized species and the bands at 518 cm-1, 546 cm-1, 562 cm-1, 
602 cm-1, 734 cm-1, 1020 cm-1 and 1052 cm-1  in the spectrum of the reduced state.  
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We conclude from the results presented in this section that we have isolated a band at 681 
cm-1, which selectively demonstrates the reduction of the b-type hemes.  
High Frequency Region (1250 �– 1700 cm-1) 
SERR spectra of the bc1 complex measured in this region are shown in (Fig. 4D). In 
agreement with spectra of other metalloporphyrins and heme proteins they comprise 
particularly modes, which are strongly enhanced and resonant with dominant Q- and B 
electronic transitions. Mainly in-plane ring modes coupled to * excitations generate these 
bands.(Choi and Spiro 1983) They are produced by heme skeletal vibrations and they are 
barely assignable distinctly to the b- or c1-type hemes applying Soret excitation. 
Contrary to the lower frequency regions the high frequency region comprises modes, which 
are sensitive to oxidation or spin state, such as the heme skeletal modes and . A 
small general lowering of some frequencies is caused by reduction from Fe(III) to Fe(II).  
This process can be explained in terms of changes in back donation, which can be 
understood as an electronic transition. Larger shifts of some frequencies are induced by 
conversion from low- to high-spin state.(Spiro and Strekas 1974) As in previous studies the 

mode serves as an oxidation state marker, whereas the mode is rather sensitive to the 
spin state. Either, the  and the mode are sensitive to both, the oxidation and the spin 
state.(Spiro and Strekas 1974)  The frequency according to the mode is located at 1374 cm-1 

in the oxidized state. Reduction gives rise to a discrete shift in frequency from 1374 cm-1 to 
1358 cm-1. From the intensity of either band one can read out the concentration of reduced or 
oxidized species. A residual contribution of the reduced species is still apparent in the 
spectrum of the fully oxidized protein due to photoreduction of a fraction of the heme sites. 
Laser intensity dependent photoreduction has been observed before.(Hobbs, Kriauciunas et 
al. 1990) The band originating from the mode is the strongest in the high frequency 
region, especially in the reduced state. Calculations predict, that the mode consists of 36% 
of (C C ) stretching and deformation of the pyrrole half ring, the latter plays a crucial role 
for the sensitivity to the oxidation state.(Kozlowski, Bingham et al. 2008) Likewise the 
modes 2, 3 and 10 originate from C C stretching, namely (C C ) , (C Cm) sym and 

(C Cm) asym , respectively.(Spiro, Czernuszewicz et al. 1989; Hu 1993) 
4In comparison to the mode the contribution of the mode is rather small. For the 
correspondent frequency a discrete shift from 1502 cm-1 in the oxidized state to 1492 cm-1 in 
the reduced state can be observed.  
 Contrary to the modes and , by reducing the potential the frequency according to 
the mode underlies a shift to a higher value in terms of spin state transitions, which has 
already been observed previously.(Grosserueschkamp, Friedrich et al. 2009)  In our spectra 
the corresponding band observed at 1581 cm-1 and 1589 cm-1 account for oxidized and 
reduced species, respectively.   
 For the reduced species we assigned three shoulders of the band referring to  at 1559 cm-

1, 1606 cm-1 and at 1620 cm-1 to the 38 mode, a C C  stretching, to the 37 mode, an asym. 
C Cm  stretching, and to the mode, respectively.(Spiro, Czernuszewicz et al. 1989) In the 
oxidized state there is no contribution from the 38 and the 37 mode. The 10 mode however 
generates a slight signal, which is discretely shifted to 1631 cm-1 for the oxidized species. A 
shoulder of the band assigned to   at 1390 cm-1 in the reduced state can be assigned to the 

29 mode, originating from a pyrrole quarter ring deformation. A small band occurring for 
the reduced state at 1466 cm-1 was assigned to the mode, a symmetrical C Cm  stretching 
mode.(Spiro, Czernuszewicz et al. 1989)  
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Fig. 4. SERR spectra of the bc1 complex adsorbed onto a functionalized electrode and 
reconstituted into a bilayer lipid membrane (see Fig.1) with  ubiquinone Q10 added,  
recorded under anaerobic conditions at oxidizing potential 250 mV (a) and reducing 
potential -400 mV (b) in the low- (A), the mid- (B,C) and high frequency region (D). 
Deconvoluted spectra (dashed lines) and envelope (solid line). 
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frequency mode assignment redox state

343 '8(bH+c1), 8(bH+c1) red, ox
356 '50(c1) red
635 '48(c1) red
650 '20(c1) red
663 '20(c1) red
681 '7(b), 7(b) red, ox
697 '7(c1) red
716 '5(b+c1) red, ox
747 '15(b+c1) red, ox
783 '6(c1) red, ox
920 '46(c1) red

1147 '43(c1) red
1170 '30(bH+c1), 30(bH+c1) red, ox
1358 '4(b+c1) red, ox
1374 4(b+c1)  ox
1390 '29(b+c1) red
1466 '28(b+c1) red
1491 '3(b+c1) red
1502 3(b+c1) ox
1559  '38(b+c1) red
1581 '2(b+c1), 2(b+c1) ox
1589 '2(c1), 2(c1) red
1606 '37(b+c1) red
1620 '10(c1) red
1631 10(b+c1) ox

frequency mode assignment redox state

263 '9(b) ox
265 '9(b) red
377 'CPr(b), 'CPr(b) red
403 'CCaCb2,4(c1) red
407 'CCVn(bL), CCVn(bL) ox
416 'CCVn(bH), CCVn(bH) red

681 / 696 'CS(c1), CS(c1) red, ox
968 'CPr(b+c1), CPr(b+c1) red
972 'CPr(b+c1), CPr(b+c1) ox

1006 'CVn(b), CVn(b) ox
1087 'CCH3(c1) red
1113 '5(b+c1) red
1130 '14(b+c1), 14(b+c1) red, ox
1222 '13(b), 13(b) red, ox
1308 'CHVn(b) red, ox
1429 'CH2Vn(b) red, ox

  
 
 

Table 2. Frequency (cm-1) of Heme Skeletal Modes (left) and Peripheral Heme Modes (right) 
observed in SERRS of electrochemically reduced/ oxidized bc1 complex. �’x, �’x, �’x, x x  x 

correspond to the reduced and oxidized state, respectively. 

Only two bands at 1308 cm-1 and at 1429 cm-1 occur in the high frequency region, which 
originate from peripheral heme modes of the b hemes, CHVn and CH2Vn, respectively.  We 
found only one band at 1269 cm-1 in the high frequency region, which was not considered in 
previous studies.(Le Moigne, Schoepp et al. 1999) 
In summary, the high frequency region contains bands, which originate from all types of 
hemes. Of particular significance are the marker bands at 1374 cm-1 and at 1358 cm-1 

indicating the redox state of all of the hemes. We conclude therefrom that the bc1 complex is 
fully reduced within this particular potential window. However, applying Soret excitation 
in this particular region it is hard to distinguish between signals from different cytochromes. 
Nevertheless some modes of this region, such as the 2, 3, and mode give useful 
information on oxidation and spin state.  
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Fig. 5. Comparison between SERRS in the low frequency region of reduced cytochrome c 
(a) and reduced bc1 complex (b) under anaerobic conditions recorded at -400 mV vs. SHE. 
Potentiometric titration  

Based on these results, potentiometric titrations were conducted followed by SERRS, i.e. the 
potential was altered stepwise between +200 mV and -400 mV. Fig. 6 shows the spectra as a 
function of potential, in the spectral range 1200 - 1770 cm-1 (A) and 250 - 970 cm-1 (B). The 
most prominent band refers to the 4 mode, a skeletal heme mode of all the hemes, bL, bH 
and c1, present in the bc1 complex. The discrete shift from 1374 cm-1 to 1357 cm-1 indicates 
that the oxidized form is progressively transformed into the reduced form, respectively. At 
+200 mV and -300 mV the hemes seem to be completely oxidized and reduced, respectively. 
Closer inspection of the spectra even at slightly higher and lower potentials, show small 
contributions of the reduced form at the positive edge of the potential window, whereas the 
oxidized form seems to be completely removed at -400 mV (compare Fig. 4D spectra a and b 
showing the deconvoluted SERR spectra in the fully oxidized and reduced state of the 
enzyme, respectively). We can conclude that the reduction of all the hemes does take place 
under our experimental conditions.  
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Fig. 6. SERR spectra of the bc1 complex adsorbed onto a functionalized electrode and 
reconstituted into a bilayer lipid membrane (see Fig.1) with additional ubiquinone Q10 

recorded under anaerobic conditions  as a function of  potential taken at  200 mV (a), 100 mV 
(b), 0 mV(c), -130 mV (d), -150 mV (e), -170 mV (f) and -300 mV (g) for the lower- (A) and the 
higher frequency region (B).  
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Fig. 7. Normalized concentration versus potential plots derived from the 4 (A) and '4 

mode (B)  and  the '7 mode (C). 
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The intensities of the bands referring to '4 and 4 correspond to the relative concentration of 
reduced and oxidized species. Based on this relation we plotted the normalized 
concentrations of each species as a function of potential (Figure 7). The sigmoid function  

red

ip

1rel c =
nFexp E-E 1
RT

 

was fitted to the data, where rel cred is the relative concentration derived from the intensity 
ISERRS of the bands at 1359 and 1374 cm-1, respectively. Eip is the potential of the inflection 
point, which reflects the midpoint potential Em of the redox center, and  is a scaling factor. 
Ideally,  = RT/F  26 mV, and Eip = Em in accordance with the Nernst equation. Evaluating 
the band of '4 revealed a midpoint potential of Em = -211 mV and a scaling factor of  = 38 
mV (see Fig. 7B). The evaluation of the band according to 4 resulted in Em = -62 mV and a 
scaling factor of  = 61 mV (see Fig. 7A). The sigmoid functions obtained as a function of 
potentials clearly indicate that electrochemical ET into the enzyme does take place. 
However, we see different Em values depending on the the band used for the evaluation. 
This can be explained in terms of different contributions of the three different heme species 
to the two marker bands.  
This assumption is consistent with the potential dependence of a band that is truely 
selective, such as the band at 681 cm-1, which had been shown above to represent only the b 
hemes.  In this case equation 2  

1 2 1 2
red

ip,1 ip,2

1 c crel c
nF nFexp E E 1 exp E E 1
RT RT

 

had to be used to be fitted to the data, showing a  two-step process (Fig. 7C) with two 
inflection points, Em1 = -275 mV and Em2 = -111 mV. c1-2 denotes the relative concentration of 
reduced species at the first reduction step. Em1 and Em2 correspond roughly to the two 
different Em values found for the overall marker bands 4 described above. Concerning the 
different heights of the steps, they have to be considered in terms of the sensitivity of the 
band amplitude from the electric field, rather than in terms of  different concentrations. 
Other bands gave a similar result (not shown), e.g. the bands at 343 and 403 cm-1.  One could 
speculate about a stepwise reduction, for example of the b hemes. The two Em values, 
however, are still within the potential window comprising ubisemiquinone rather than 
ubihydroquinone. This had been shown above (see the CVs Fig. 3) to be reduced at more 
negative potentials.       

4. Conclusion 

In general, SERR spectra obtained by electrochemical reduction/oxidation of the bc1 
complex adsorbed to the SERR-active surface correspond to the spectra of the solubilized 
enzyme.(Le Moigne, Schoepp et al. 1999) Therefore we feel entitled to conclude from our 
results that electrochemical reduction/oxidation of all of the hemes of the bc1 complex does 
take place. However, direct electron transfer to one of the hemes, for example cytochrome c1, 
which is nearest to the surface, seems to be excluded. Instead the hemes appear to take up 
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the electrons via ubiquinone. Q10, on the other hand, seems to exchange electrons with the 
electrode, even though the lipid phase is separated from the surface by about 3 nm as 
deduced from the dimensions of the hydrophilic and hydrophobic domain of the bc1 
complex. However, Q10 will distribute between lipid and protein matrix where it may find a 
tunnel pathway to the electrode, possibly via c1 which is closest to the electrode (Fig. 1). This 
would explain the electrochemical reduction of Q10 taking place in two steps at around �–350 
mV and -550 mV. The two steps are considered in terms of the ubisemiquinone and 
ubihydroquinone species, respectively. As deduced from these potentials, ubisemiquinone 
alone appears to mediate electron transfer into the hemes. Potentials as highly negative as �–
600 mV required for the reduction to ubihydroquinone are obviously not needed to reduce 
the hemes. However, within the potential window investigated the hemes are possibly also 
reduced in two steps at around -90 mV and around -200 mV each. The first value 
corresponds quite nicely to midpoint potentials reported for the b hemes, whereas the 
second one was not reported so far. In this context, we have to bear in mind that we are 
dealing with the electrochemical situation where reduction/oxidation may take place far 
from the thermodynamic potential due the kinetic limitations.  This applies in particular to 
the reduction ubiquinone (Q) to ubisemiquinone (Q ) and later to ubihydroquinone (Q ) 
the peak potentials of which are highly likely shifted to negative potentials. A large variety 
of midpoint potentials of the Q/Q  and the Q /Q  couple were reported in biochemical 
literature varying from -600 mV to -160 mV for Q/Q  and +800 mV to +280 mV for 
Q /Q (Osyczka, Moser et al. 2005; Grammel and Ghosh 2008).  In these cases the 
Q /Q couple is considered to be at a higher (more positive) potential than the Q/Q  
couple. This is highly unlikely not only in the light of the present results, but also with 
respect to standard potentials known from electrochemical literature. For example the 
standard potential of BQ/BQ and the BQ /BQ  couples of benzoquinone are given in a 
textbook as -540 mV and -140 mV, respectively, however, in a non-aqueous solution (Bard 
and Faulkner 2001). Irrespective of the absolute values, the Q/Q is always at a higher 
potential than the Q /Q  couple, consistent with thermodynamics. The uptake of the first 
electron requires less energy than that of the second electron. We deduce from this 
consideration that the peak at around -350 mV corresponds to the  Q/Q couple whereas 
the peak at -550 mV corresponds to the Q /Q couple of ubiquinone Q10 at pH = 7.  
Unfortunately, midpoint potentials cannot be deduced from these data since a scan rate 
study is not feasible due the disappearance of the peaks with time. We can conclude, 
however, that under our experimental conditions, ubisemiquinone alone is sufficient to 
reduce the hemes and consequently also cyt c1, which has a more positive potential anyway. 
The occurrence of the ubisemiquinone is consistent with the corrected version of the Q cycle 
brought forward by the group of Dutton.(Osyczka, Moser et al. 2005) In this version the 
bifurcation of the electron pathway to FeS and cyt c1 on the one hand and the b hemes on the 
other occurs simultaneously at the Q0 site, with ubisemiquinone having a negligible lifetime. 
Interestingly, we observe the ubisemiquinone only with the bc1 complex immobilized by 
electrostatic attraction as described above. In this case we consider the cyt c1 side directed 
towards the electrode, bearing in mind that speculations regarding orientation are merely 
tentative. Anyhow, bifurcation is prevented because cyt c1 is in the reduced state together 
with ubiquinone Q10. Hence the Q species can be observed in the CV. This could be 
considered as an indication of the Q0 site, particularly since ubisemiquinone is quickly 
consumed by the enzyme, see the evolution of the CVs with time (Fig.3, inset). In the case of 
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the bc1 complex immobilized via a his-tag attached to the side opposite to c1 we observe 
only the two-electron uptake directly to ubihydroquinone at around -550 mV (data not 
shown) without the intermediate step to the ubisemiquinone. This is consistent with data 
from the Jeuken group, who investigated ubiquinone Q10 incorporated in a tethered bilayer 
lipid membrane. They also observe the two-electron uptake at potentials of -400 mV to -500 
mV depending on protonation states.(Jeuken, Bushby et al. 2006) 
Summarizing hemes bL, bH and c1 are reduced via QH  under electrochemical control. 
However, catalytic currents were not observed, which is not surprising considering that cyt 
c is also reduced at the same potential together with the b hemes. 
As regards the SERR spectra, that we observe under these conditions, they show a much 
improved resolution and sensitivity as compared to the spectra in solution. This can be 
explained in terms of the surface enhancement effect described earlier for a silver electrode 
modified with Ag nanoparticles.(Grosserueschkamp, Nowak et al. 2009) Different 
mechanisms contribute to the enhanced Raman scattering of molecules adsorbed on rough 
metal substrates. The electro-magnetic enhancement effect (Jeanmaire and Van Duyne 1977)   
(EMEE) and the chemical enhancement effect (CEE)(Albrecht and Creighton 1977), the latter 
also known as charge transfer effect, are of great interest in this context. The EMEE is based 
on collective electron oscillations in resonance with the exciting laser wavelength yielding 
high electromagnetic field enhancement in the proximity of the metal surface.(Moskovits 
1985) In the literature such electron oscillations are often referred to as localized surface 
plasmons (LSP), particularly if they are excited within nanoscopic metal structures such as 
colloids or rough surface bumps. The EMEE is capable of enhancing the intensity of Raman 
spectra of all molecules in close proximity to the metal substrate. Contrary to the EMEE the 
CEE only occurs if the probed molecules are adsorbed on the surface. The underlying 
mechanism is a charge-transfer resonance between the metal substrate and the adsorbed 
molecule. Assuming the Fermi level of the metal is located between the ground state and an 
excited state of the molecule, charge transfer transitions from the Fermi level to the excited 
state, as well as transitions from the ground state to the Fermi level, can contribute to the 
CEE.(Lombardi, Birke et al. 1986; Lombardi and Birke 2008) 
Even though these effects are well understood, it is difficult to differentiate between 
contributions from EMEE and CEE. EM enhancement has to be considered particularly if the 
molecules are adsorbed to a metal substrate modified with nanoparticles. The Ag surface used 
in the present study had been optimized with respect to the enhancement factor using 
cytochrome c as a benchmark system.(Grosserueschkamp, Nowak et al. 2009) The good 
enhancement could be confirmed in the case of the bc1 complex. In this case, the enhancement 
is further reinforced by externally applied electric fields. This is clearly demonstrated by the 
comparatively high amplitude of the bands, particularly in the negative range of potentials. 
This is due to electrochemical properties of the Ag surface, which is sensitive to anodic 
dissolution at the positive edge of the potential window. Therefore, the potential window 
extends much more into the range below zero than above zero.   In addition chemical 
enhancement may also play a role, particularly since the molecules are arranged on the surface 
in a strict orientation due to electrostatic interaction. This orientation is further supported by 
the lipid molecules inserted in between the protein entities. These effects taken together seem 
to overcome the traditionally poor signal-to-noise ratios in Raman spectra which are an 
inherent problem of the weak scattering process, particularly since in spectro-electrochemistry 
we are probing merely a monolayer of molecules.  



  
Biomimetic Based Applications 

 

330 

As a further advantage of spectro-electrochemistry, the redox state of the protein can be 
easily manipulated, so that a titration can be conducted. The regular changes recorded in 
this case further highlight the quality of the spectra which can be presented without any 
additional treatment.  
 Since the marker band for the 4 mode shows sensitivity to the redox state, we conclude, 
that the potential dependent changes in intensity of the displayed bands are not exclusively 
generated by the charge transfer mechanism but also by a genuine reduction and oxidation 
of the hemes.  
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1. Introduction    
Polymer gel is a research field of polymer science which has made rapid progress during the 
past 20-30 years.  Since the discovery of �“volume phase transition�” phenomena (Tanaka, 
1978) as a turning point, many researchers have developed several kinds of stimuli-
responsive polymer gels that exhibit reversible swelling-deswelling change in response to 
environmental changes such as solvent composition, temperature, pH change, etc.  
Especially, from the late 1980�’s or early 1990�’s, new functional gels which sense an external 
signal (sensor function), judge it (processor function) and take action (actuator function), 
have been developed as �“intelligent gels�” or �“smart gels�”, and their applications have been 
demonstrated.  As typical examples, many biomedical applications to actuator (artificial 
muscle), drug delivery systems (DDS), tissue engineering, purification or separation 
systems, biosensor, shape memory materials, molecular recognition systems, etc., have been 
extensively studied (Yoshida, 2005; Ottenbrite, et al., 2010; Miyata, 2002; Osada & Khokhlov, 
2002).  And also, the gels has used in the field of micromachines and nanotechnology [9,10].  
In addition to new synthetic methods to give unique functions by molecular design in nano-
order scale including supramolecular design, the design and construction of micro or nano 
material systems with the biomimetic functions have been attempted. 
One of the characteristic behavior in living systems is autonomous oscillation, that is, 
spontaneous changes with temporal periodicity (called �“temporal structure�”) such as 
heartbeat, brain waves, pulsatile secretion of hormone, cell cycle, and biorhythm.  Although 
several stimuli-responsive polymer systems have been studied from the standpoint of 
biomimetics, polymer systems undergoing self-oscillation under constant condition without 
any on-off switching of external stimuli are still undeveloped. If autonomous polymer 
systems resembling living organisms can be realized by using completely synthetic 
polymers, unprecedented biomimetic materials may be created. 
The author developed a novel polymer gel that cause autonomous mechanical oscillation 
without an external control in a completely closed solution. In order to realize the 
autonomous polymer system, the Belousov-Zhabotinsky (BZ) reaction, which is well-known 
for exhibiting temporal and spatiotemporal oscillating phenomena (Field, et al., 1985; 
Epstein & Pojman, 1998), was focused.  The BZ reaction is often analogically compared with 
the TCA cycle which is a key metabolic process taking place in the living body, and it is 
recognized as a chemical model for understanding several autonomous phenomena in 
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biological systems. The overall process of the BZ reaction is the oxidation of an organic 
substrate, such as malonic acid (MA) or citric acid, by an oxidizing agent (bromate ion) in 
the presence of a strong acid and a metal catalyst.  In the course of the reaction, the catalyst 
undergoes spontaneous redox oscillation. When the solution is homogeneously stirred, the 
color of the solution periodically changes, like a neon sign, based on the redox changes of 
the metal catalyst. When the solution is placed as a thin film in stationary conditions, 
concentric or spiral wave patterns develop in the solution. The wave of oxidized state 
propagating in the medium at a constant speed is called a �“chemical wave�”. The significance 
of the BZ reaction has been recognized as a chemical model for understanding some aspects 
of biological phenomena, such as glycolytic oscillations or biorhythms, cardiac fibrillation, 
self-organization of amoeba cells, pattern formation on animal skin, visual pattern 
processing on retina, etc. 
The author attempted to convert the chemical oscillation of the BZ reaction into a 
mechanical change in gels and generate an autonomous swelling-deswelling oscillation 
under non-oscillatory outer conditions. A copolymer gel consisting of N-
isopropylacrylamide (NIPAAm) and ruthenium tris(2,2�’-bipyridine) (Ru(bpy)3) was 
prepared.  Ru(bpy)3, acting as a catalyst for the BZ reaction, is pendent to the polymer 
chains of NIPAAm.  Poly(NIPAAm) is a well known thermosensitive polymer which 
exhibits a lower critical solution temperature (LCST) of approximately 32°C, and the 
homopolymer gel undergoes a volume phase transition at that temperature.  For the 
poly(NIPAAm-co-Ru(bpy)3) gel, the oxidation of Ru(bpy)32+ moiety caused not only an 
increase in the swelling degree of the gel, but also a rise in the volume phase transition 
temperature.  As a result, it is expected that the gel undergoes a cyclic swelling-deswelling 
change when the Ru(bpy)3 moiety is periodically oxidized and reduced under constant 
temperature.  When the gel is immersed in an aqueous solution containing the substrates of 
the BZ reaction (malonic acid, nitric acid, and sodium bromate) except for the catalyst, the 
substrates penetrates into the polymer network and the BZ reaction occurs in the gel.  
Consequently, periodic redox changes induced by the BZ reaction produce periodic 
swelling-deswelling changes in the gel (Fugure 1). 
Since being first reported in 1996 as a �“self-oscillating gel�” (Yoshida et al., 1996; 1997), the 
author have been systematically studying the self-oscillating polymer and gel as well as 
their applications to biomimetic or smart materials (Figure 2).  In fact, as applications to 
autonomic biomimetic actuators, ciliary motion actuators (Tabata et al., 2002, 2003) and self-
walking gels (Maeda et al. 2007), etc. were realized.  As an autonomic microconveyor, mass 
transport surface by utilizing peristaltic motion of the self-oscillating gel was also designed 
(Murase et al., 2009, 2010).  In the case of the uncrosslinked linear polymer, the polymer 
undergoes spontaneous cyclic soluble-insoluble changes and the transmittance of the 
polymer solution oscillates autonomously (Yoshida et al., 2002a).  In addition, submicron-
sized self-oscillating microgel beads were prepared by a precipitation polymerization 
method (Suzuki et al., 2008, 2009; Suzuki & Yoshida, 2008a, 2008b, 2010; Taniguchi et al., 
2010).  In order to realize nano-actuators that exhibit autonomous oscillation on a nanometer 
scale (nano-oscillator) by utilizing the linear polymer chain or the microgels, their oscillating 
behavior were investigated through the optical transmittance or viscosity changes (Suzuki et 
al., 2009; Taniguchi et al., 2010; Hara & Yoshida, 2008) of the polymer solution or microgel 
dispersions. 
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Fig. 1. Mechanism of self-oscillation for poly(NIPAAm-co-Ru(bpy)32+) gel coupled with the 
Belousov-Zhabotinsky reaction. 

 
Fig. 2. Development of self-oscillating polymers and gels. 
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2. Self-oscillating behavior of the gel 
2.1 Self-oscillation of gel with smaller size than chemical wavelength and control of 
oscillating behavior 
Figure 3 shows the observed oscillating behavior under a microscope for the small cubic 
poly(NIPAAm-co-Ru(bpy)32+) gel (each length of about 0.5mm).  In miniature gels 
sufficiently smaller than the wavelength of the chemical wave (typically several mm), the 
redox change of ruthenium catalyst can be regarded to occur homogeneously without 
pattern formation (Yoshida et al., 2000).  Due to the redox oscillation of the immobilized 
Ru(bpy)32+, mechanical swelling-deswelling oscillation of the gel autonomously occurs with 
the same period as for the redox oscillation.  The volume change is isotropic and the gel 
beats as a whole, like a heart muscle cell.  The chemical and mechanical oscillations are 
synchronized without a phase difference (i.e., the gel exhibits swelling during the oxidized 
state and deswelling during the reduced state). 
 

 
Fig. 3. Periodic redox changes of the miniature cubic poly(NIPAAm-co-Ru(bpy)32+) gel 
(lower) and the swelling-deswelling oscillation (upper) at 20°C.  Color changes of the gel 
accompanied by redox oscillations (orange: reduced state, light green: the oxidized state) 
were converted to 8-bit grayscale changes (dark: reduced, light: oxidized) by image 
processing.  Transmitted light intensity is expressed as an 8-bit grayscale value.  Outer 
solution: [MA] = 62.5mM; [NaBrO3] = 84mM; [HNO3] = 0.6M. (Yoshida et al., 2000) 

Typically, the oscillation period increases with a decrease in the initial concentration of 
substrates.  Further, in general, the oscillation frequency (the reciprocal of the period) of the 
BZ reaction tends to increase as the temperature increases, in accordance with the Arrhenius 
equation.  The swelling-deswelling amplitude of the gel increases with an increase in the 
oscillation period and amplitude of the redox changes.  Therefore the swelling-deswelling 
amplitude of the gel is controllable by changing the initial concentration of substrates as 
well as temperature. 
As inherent behavior of the BZ reaction, the abrupt transition from steady state (non-
oscillating state) to oscillating state occurs with a change in controlling parameter such as 
chemical composition, light, etc. By utilizing these characteristics, reversible on-off 
regulation of self-beating triggered by addition and removal of MA was successfully 
achieved (Yoshida et al., 2003).  We showed the oscillating behavior of the gel when the 
stepwise concentration change in MA was repeated between lower concentration (10mM) in 
steady state and higher concentration (25mM) in oscillating state. At 10mM, the redox 
oscillation does not occur and consequently the gel exhibited no swelling-deswellng 
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changes. Then the concentration was quickly increased to 25mM. Immediately after 
increasing concentration, the gel started self-beating. The beating stopped again as soon as 
the concentration was decreased back to the initial value. In these ways, reversible on-off 
regulation of self-beating triggered by MA was successfully achieved.  Since there are some 
organic acid which can be the substrate for the BZ reaction (e.g., citric acid), the same 
regulation of beating is possible by using those organic acid instead of MA. As the gel has 
thermosensitivity due to the NIPAAm component, the beating rhythm can be also 
controlled by temperature. By utilizing the thermosensitivity, on-off control of the self-
oscillation is also possible. At lower temperature, the oscillation does not occur because 
there is no remarkable difference in hydrophilicity of the polymer between the redox states, 
but the difference becomes remarkable at higher temperature and cause self-oscillation (Ito 
et al., 2003). 
It is well known that the period of oscillation is affected by light illumination for the 
Ru(bpy)32+-catalysed BZ reaction.  Therefore we can intentionally make a pacemaker with a 
desired period (or wavelength) by local illumination of laser beam to the gel, or we can 
change the period (or wavelength) by local illumination to a pacemaker which already exists 
in the gel (Yoshida et al., 2002b). Optical on-off control of the self-oscillating motion of the 
gel were demonstrated (Takeoka et al., 2003; Shinohara et al., 2008a, 2008b). 

2.2 Peristaltic motion of gels with propagation of chemical wave 
When the gel size is larger than chemical wavelength, the chemical wave propagates in the 
gel by coupling with diffusion of intermediates. Then peristaltic motion of the gel is created.  
Figure 4 shows the cylindrical gel which is immersed in an aqueous solution containing the 
three reactants of the BZ reaction. The chemical waves propagate in the gel at a constant 
speed in the direction of the gel length (Maeda et al., 2008a). Considering the orange (Ru(II)) 
and green (Ru(III)) zones represent simply the shrunken and swollen parts respectively, the 
locally swollen and shrunken parts move with the chemical wave, like the peristaltic motion 
of living worms. 
The tensile force of the cylindrical poly(NIPAAm-co-Ru(bpy)32+) gel with oscillation was 
also measured (Sasaki et al., 2003). Further, swelling behavior of the gel during self-
oscillation was observed using CCD camera and the force due to the BZ reaction was 
evaluated using semiconductor gauge (Aoki et al., 2007). Self-oscillating swelling-deswelling 
behavior in samples with different swelling ratio was evaluated by this apparatus, and 
mechanical parameters such as Young�’s modulus, stress amplitude and oscillating period 
were quantitatively estimated. Dependency of initial length in samples on Young�’s modulus 
seems to be related to the propagation of chemical wave in the samples. 

3. Design of biomimetic actuator using self-oscillating polymer and gel 
3.1 Ciliary motion actuator using self-oscillating gel 
Recently, microfabrication technologies such as photolithography are also attempted for 
preparation of microgels.  Since any shape of gel can be created by these methods, 
application as a new manufacturing method for soft microactuator, microgel valve, gel 
display, etc. is expected. Microfabrication of gel has also been attempted by 
photolithography for application to such micro-devices (Yoshida et al., 2006a, 2006b). 
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Fig. 4. Time course of peristaltic motion of poly(NIPAAm-co-Ru(bpy)32+-co-AMPS) gel in a 
solution of the BZ substrates at 18°C. The green and orange colors correspond to the 
oxidized and reduced states of the Ru moiety in the gel, respectively (Maeda et al., 2008). 

One of the promising fields of the MEMS is micro actuator array or distributed actuator 
systems.  The actuators, which have a very simple actuation motion such as up and down 
motion, are arranged in an array form.  If their motions are random, no work is extracted 
from this array. However, by controlling them to operate in a certain order, they can 
generate work as a system.  A typical example of this kind of actuation array is a ciliary 
motion micro actuator array. There have been many reports on this system. Although 
various actuation principles have been proposed, all the previous work is based on the 
concept that the motion of actuators is controlled by external signals.  If a self-oscillating gel 
plate with a micro projection structure array on top were realized, it would be expected that 
the chemical wave propagation would create dynamic rhythmic motion of the structure 
array. This proposed structure could exhibit spontaneous dynamic propagating oscillation 
producing a ciliary motion array (Figure 5)(Tabata et al., 2002, 2003). 
A gel plate with micro projection array was fabricated by molding. First, moving mask 
deep-X-ray lithography was utilized to fabricate a PMMA plate with a truncated conical 
shape microstructure array.  This step was followed by evaporation of a Au seed layer and 
subsequent electroplating of nickel to form the metal mold structure. Then, a PDMS mold 
structure was duplicated from the Ni structure and utilized for gel molding.  The formation 
of gel was carried out by vacuum injection molding. A structure with a height of 300 m and 
bottom diameter of 100 m was successfully fabricated by the described process.  The 
propagation of chemical reaction wave and dynamic rhythmic motion of the micro 
projection array were confirmed by chemical wave observation and displacement 
measurements.  Motion of the top with 5 m range in both lateral and vertical directions, 
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and elliptical motion of the projection top were observed.  The feasibility of the new concept 
of the ciliary motion actuator made of self-oscillating polymer gel was successfully 
confirmed.  The actuator may serve as a micro-conveyer to transport objects on the surface. 
 

 
Fig. 5. Fabrication of ciliary motion actuator (artificial cilia) using self-oscillating gel (Tabata 
et al., 2002, 2003). 

3.2 Self-walking gel 
Further, we successfully developed a novel biomimetic walking-gel actuator made of self-
oscillating gel (Maeda et al., 2007). To produce directional movement of gel, asymmetrical 
swelling-deswelling is desired. For these purposes, as a third component, hydrophilic 2-
acrylamido-2�’-methylpropanesulfonic acid (AMPS) was copolymerized into the polymer to 
lubricate the gel and to cause anisotropic contraction.  During polymerization, the monomer 
solution faces two different surfaces of plates; a hydrophilic glass surface and a hydrophobic 
Teflon surface.  As the thickness of the spacer is thin (0.5mm), the surface property of the 
plate may affect the distribution of the monomer in the solution. Since Ru(bpy)32+ monomer 
is hydrophobic, it easily migrates to the Teflon surface side. As a result, a non-uniform 
distribution along the height is formed by the components, and the resulting gel has 
gradient distribution for the content of each component in the polymer network.   
In order to convert the bending and stretching changes to one-directional motion, we 
employed a ratchet mechanism.  A ratchet base with an asymmetrical surface structure was 
fabricated. On the ratchet base, the gel repeatedly bends and stretches autonomously 
resulting in the forward motion of the gel, while sliding backwards is prevented by the teeth 
of the ratchet.  Figure 6 shows successive profiles of the �“self-walking�” motion of the gel like 
a looper in the BZ substrate solution under constant temperature.  The walking velocity of 
the gel actuator was approximately 170 m/min. Since the oscillating period and the 
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propagating velocity of chemical wave change with concentration of substrates in the outer 
solution, the walking velocity of the gel can be controlled. By using the gel with gradient 
structure, other type of actuator which generates a pendulum motion is also realized 
(Maeda et al., 2008b). 
 

 

 
Fig. 6. Time course of self-walking motion of the gel actuator.  During stretching, the front 
edge can slide forward on the base, but the rear edge is prevented from sliding backwards.  
Oppositely, during bending, the front edge is prevented from sliding backwards while the 
rear edge can slide forward.  This action is repeated, and as a result, the gel walks forward.  
Outer solution: [MA] = 62.5mM, [NaBrO3] = 84mM, [HNO3] = 0.894M, 18°C (Maeda et al., 
2007). 

3.3 Mass transport surface utilizing peristaltic motion of gel 
Further, we attempted to transport an object by utilizing the peristaltic motion of the self-
oscillating gel (Murase et al., 2009a, 2009b, 2010).  In order to control the transportability, it 
is necessary to enhance the driving force as a conveyer.  It is effective to copolymerize 
AMPS to poly(NIPAAm-co-Ru(bpy)32+) gel network to generate large amplitude of volume 
change of the self-oscillating gel.  For the design of mass transport surface, the influence of 
the AMPS�’s feed ratio on the swelling-deswelling properties of poly(NIPAAm-co-
Ru(bpy)32+-co-AMPS) gels and mass transportability of the gels were investigated. 
The gel had a microphase-separated structure when the AMPS�’s feed ratio was less than 5 mol 
% due to the effect of the poor solvent in the polymerization process.  On the other hand, when 
the AMPS�’s feed ratio is more than 10 mol %, the gel had a homogeneous structure.  The 
microphase-separated structure highly improved the swelling-deswelling kinetics and 
generated swelling-deswelling amplitude more than 10 % of the gel thickness, that was 
approximately 10 times larger than that of the gel with a homogeneous network structure. 
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As a model object, a cylindrical poly(acrylamide) (PAAm) gel was put on the gel surface.  It 
was observed that the PAAm gel was transported on the gel surface with the propagation of 
the chemical wave as it rolled (Figure 7) when the AMPS�’s feed ratio was low (less than 2.5 
mol %).  It was found that the cylindrical PAAm gel was not transported if the inclination 
angle of the wave front was less than approximately 0.05 rad. The mass transportability 
does not depend on the velocity of the chemical wave but on the diameter of the cylindrical 
PAAm gel and the inclination angle of the wave front. We have proposed a model to 
describe the mass transport phenomena based on the Hertz contact theory, and the relation 
between the transportability and the peristaltic motion was investigated for the cases that 
the loaded gel cargos were gel bead and cylindrical gel (Murase et al., 2010).  It was found 
that the surface design to form grooves was efficient to increase contact areas when the 
wave front of the peristaltic motion reaches the loaded cargo and useful to transport not 
only cylindrical cargos but also spherical cargos in desired directions. 
The functional gel surface generating autonomous and periodic peristaltic motion has a 
potential for several new applications such as a conveyer to transport soft materials, a 
formation process for ordered structures of micro- and/or nanomaterials, a self-cleaning 
surface and so on. 
 

 
Fig. 7. Schematic illustration of mass transport on the peristaltic surface (left) and observed 
transport of cylindrical PAAm gel on the poly(NIPAAm-co-Ru(bpy)32+-co-AMPS) gel sheet 
in a solution of the BZ substrates (MA, NaBrO3 and HNO3) (right) (Murase et al., 2009). 

3.4 Control of chemical wave propagation through gap junction in self-oscillating gel 
array 
A chemomechanical actuator utilizing a reaction-diffusion wave across gap junction was 
constructed toward a novel mircoconveyer by micropatterned self-oscillating gel array 
(Tateyama et al., 2008).  Unidirectional propagation of the chemical wave the BZ reaction 
was induced on gel arrays. In the case of using a triangle-shaped gel as an element of the 
array, the chemical wave propagated from the corner side of the triangle gel to the plane 
side of the other gel (C-to-P) across the gap junction, whereas it propagated from the plane 
side to the corner side (P-to-C) in the case of the pentagonal gel array. Numerical analysis 
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based on theoretical model was done for understanding the mechanism of unidirectional 
propagation in triangle and pentagonal gel arrays. By fabricating different shapes of gel 
arrays, control of the direction is possible.  The swelling and deswelling changes of the gels 
followed the unidirectional propagation of chemical wave. 
 

 
Fig. 8. Propagating behavior of the chemical wave on the (a) triangle gel array and (b) 
pentagonal gel array (Tateyama et al., 2008). 

4. Self-oscillating polymer chains and microgels as �“nano-oscillator�” 
4.1 Self-oscillation of polymer chains with rhythmical soluble-insoluble changes 
In self-oscillating gel, redox changes of Ru(bpy)32+ catalyst are converted to conformational 
changes of polymer chain by polymerization. The conformational changes are amplified to 
macroscopic swelling-deswelling changes of the polymer network by crosslinking. Further, 
when the gel size is larger than chemical wavelength, the chemical wave propagates in the 
gel by coupling with diffusion. Then peristaltic motion of the gel is created. In this manner, a 
synchronization process exists from microscopic to macroscopic level in the self-oscillating 
gel. 
The periodic changes of linear and uncrosslinked polymer chains can be easily observed as 
cyclic transparent and opaque changes for the polymer solution with color changes due to 
the redox oscillation of the catalyst (Yoshida et al., 2002a).  Figure 9(a) shows the oscillation 
profiles of transmittance for a polymer solution which consists of linear poly(NIPAAm-co-
Ru(bpy)32+), MA, NaBrO3 and HNO3 at constant temperatures. The wavelength (570nm) at 
the isosbestic point of reduced and oxidized states was used to detect the optical 
transmittance changes based on soluble-insoluble changes of the polymer, not on the redox 
changes of the Ru(bpy)3 moiety.  Synchronized with the periodical changes between Ru(II) 
and Ru(III) states of the Ru(bpy)32+ site, the polymer becomes hydrophobic and hydrophilic, 
and exhibits cyclic soluble-insoluble changes. 
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By grafting the polymers or arraying the gel beads on the surface of substrates, we have 
attempted to design self-oscillating surfaces as nano-conveyers.  The self-oscillating polymer 
was covalently immobilized on a glass surface and self-oscillation was directly observed at a 
molecular level by AFM (Ito et al., 2006).  The self-oscillating polymer with N-succinimidyl 
group was immobilized on an aminosilane-coupled glass plate. While no oscillation was 
observed in pure water, nano-scale oscillation was observed in an aqueous solution 
containing the BZ substrates.  The amplitude was about 10�–15 nm and the period was about 
70 sec, although some irregular behavior was observed due to no stirring.  The amplitude 
was less than that in solution, as observed by DLS (23.9 and 59.6 nm). This smaller 
amplitude may be because the structure of the immobilized polymer was a loop-train-tail: 
the moving regions were shorter than that of the soluble polymer.  The amplitude and 
frequency were controlled by the concentration of reactant, as observed in the solution.  
Here nano-scale molecular self-oscillation was observed for the first time. The oscillation 
polymer chain may be used as a component of a nano-clock or nano-machine. 
 

 
Fig. 9. (a) Oscillating profiles of optical transmittance for poly(NIPAAm-co-Ru(bpy)32+) 
solution at several temperatures (Yoshida et al., 2002).  (b) Self-oscillating profiles of optical 
transmittance for microgel dispersions at several temperatures.  The microgels were 
dispersed in aqueous solutions containing MA (62.5mM), NaBrO3 (84mM), and HNO3 
(0.3M).  Microgel concentration was 0.25 wt% (Suzuki et al, 2008). 

4.2 Self-flocculating/dispersing oscillation of microgels 
We then prepared submicron-sized poly(NIPAAm-co-Ru(bpy)32+) gel beads by surfactant-
free aqueous precipitation polymerization, and analyzed the oscillating behavior (Suzuki et 
al., 2008, 2009; Suzuki & Yoshida, 2008a, 2008b, 2010; Taniguchi et al., 2010; Sakai & Yoshida, 
2004). Figure 9(b) shows the oscillation profiles of transmittance for the microgel 
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dispersions. At low temperatures (20�–26.5 °C), on raising the temperature, the amplitude of 
the oscillation became larger. The increase in amplitude is due to increased deviation of the 
hydrodynamic diameter between the Ru(II) and Ru(III) states. Furthermore, a remarkable 
change in waveform was observed between 26.5 and 27 °C. Then the amplitude of the 
oscillations dramatically decreased at 27.5 °C, and finally the periodic transmittance changes 
could no longer be observed at 28 °C.  The sudden change in oscillation waveform should be 
related to the difference in colloidal stability between the Ru(II) and Ru(III) states.  Here, the 
microgels should be flocculated due to lack of electrostatic repulsion when the microgels 
were deswollen. The remarkable change in waveform was only observed at higher 
dispersion concentrations (greater than 0.225 wt.%).  The self-oscillating property makes 
microgels more attractive for future developments such as microgel assembly, optical and 
rheological applications, etc. 

4.3 Viscosity oscillation of polymer solution and microgel dispersion 
In the case of the self-oscillating polymer solution or the mircogel dispersion, the solubility 
changes or the swelling-deswelling changes can be measured as viscosity changes as well as 
optical transmittance changes of the solution or the dispersion. Actually, we succeeded in 
observing the viscosity self-oscillation for the polymer solution induced by the BZ reaction 
at the constant temperature (Hara & Yoshida, 2008). The viscosity self-oscillation was 
originated by the difference between solubilities of the polymer chain in the reduced and 
oxidized states. The effects of the polymer concentration and the temperature of the 
viscosity self-oscillation were investigated.  As a result, the viscosity self-oscillating behavior 
significantly depended on the polymer concentration and the temperature of the polymer 
solution.  The period of the viscosity self-oscillation decreased with increasing temperature 
in accordance with the Arrenius equation. 
Recently, we have achieved autonomously oscillating viscosity in a microgel dispersion 
using autonomously oscillating microgels (Suzuki et al., 2009; Taniguchi et al., 2010).  We 
found out that viscosity oscillation occurs in two different manners, exhibiting a simple 
pulsatile waveform or a complex waveform with two peaks per period (Figure 10(a)).  It was 
suggested that the difference in waveform is due to the difference in oscillating manner of 
the microgels: swelling/deswelling or dispersing/flocculating oscillation as mentioned 
before.  We can control rhythm and amplitude of the oscillation using these two phenomena 
of the microgels.  In order to characterize the viscosity oscillation, two types of the microgels 
were synthesized by changing the feed ratio of Ru(bpy)3 and cross-linker.  Viscosity of the 
microgel dispersions at high salt concentrations could be controlled by changing 
concentrations of the microgels. Autonomously oscillating viscosity was only measured 
when concentration of the microgels was high.  The amplitude of the oscillation became 
bigger with increasing concentrations of the microgels.  By adjusting the concentration of the 
substrates for the BZ reaction, we could achieve the constant oscillation for a long time.  
Moreover, with increasing Ru(bpy)3 and decreasing the cross-linker, microgels showed a 
high degree of swelling/deswelling oscillation, resulting in bigger amplitudes of 
autonomously oscillating viscosity (Figure 10(b)). 
This technology could be applied in many applications as electro- or magnetic- rheological 
(ER or MR) fluids have been done. In particular, the dispersion with autonomously 
oscillating viscosity may be used as a micropump, which could realize novel microfluidics 
devices. 
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Fig. 10. (a) Two different types of oscillating waveforms observed at 20°C and 23°C.  The 
numbers in each oscillating profiles refer to the corresponding cartoons (Suzuki et al., 2009).  
(b) Autonomously oscillating profiles of viscosity in the microgel dispersions measured at 
15 ºC. for NIPAAm:Ru(bpy)3:BIS = 95:1:4 (black line) and 96:2:2 microgels (red line).  The 
microgels (5.0wt%) were dispersed in aqueous solutions containing MA (100mM), NaBrO3 
(150mM), and HNO3 (500mM).  Both data were taken at constant shear rate of 132 s-1 
(Taniguchi et al., 2010). 

4.4 Fabrication of microgel beads monolayer 
As discussed in the previous section, we have been interested in the construction of 
micro/nano-conveyers by grafting or arraying self-oscillating polymer or gel beads.  For this 
purpose, a fabrication method for organized monolayers of microgel beads was investigated 
(Sakai et al., 2007).  A 2D close-packed array of thermosensitive microgel beads was 
prepared by double template polymerization.  First, a 2D colloidal crystal of silica beads 
with 10 mm diameter was obtained by solvent evaporation.  This monolayer of colloidal 
crystal can serve as the first template for preparation of macroporous polystyrene.  The 
macroporous polystyrene trapping the crystalline order can be used as a negative template 
for fabricating a gel bead array.  By this double template polymerization method, functional 
surfaces using thermosensitive PNIPAAm gel beads were fabricated.  It was observed that 
topography of the surface changed with temperature.  The fabrication method demonstrated 
here was so versatile that any kind of gel beads could be obtained.  This method may be a 
key technology to create new functional surface.  Actually, monolayer of self-oscillating 
microgel beads was fabricated by this method and the chemical wave propagation on the 
monolayer was observed. 
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5. Attempts of self-oscillation under physiological conditions 
5.1 Self-oscillation of polymer chains under acid-free conditions 
So far, the author had succeeded in developing a novel self-oscillating polymer (or gel) by 
utilizing the BZ reaction.  However, the operating conditions for the self-oscillation are 
limited to conditions under which the BZ reaction occurs. For practical applications as 
functional bio- or biomimetic materials, it is necessary to design a self-oscillating polymer 
which acts under biological environments. To cause self-oscillation of polymer systems 
under physiological conditions, BZ substrates other than organic ones, such as malonic acid 
and citric acid, must be built into the polymer system itself.  Therefore, we took the two 
steps; the first step is to design a novel self-oscillating polymer chains with incorporated 
pH-control sites, that is, the polymer chains which exhibit rhythmic oscillations in an 
aqueous solutions containing only the two BZ substrates, without using acid as an added 
agent. For this purpose, 2-acrylamido-2-methylpropanesulfonic acid (AMPS) was 
incorporated into the poly(NIPAAm-co-Ru(bpy)32+) chain as the pH control site (Hara & 
Yoshida, 2005a, 2005b). 
The self-oscillating transmittance change for the solutions of poly(NIPAAm-co-Ru(bpy)32+-
co-AMPS) (20 : 10 : 70 wt% in feed) at three constant temperatures (18, 21 and 24°C) were 
demonstrated.  Under acid-free conditions and in the presence of only two BZ substrates 
(malonic acid and sodium bromate), we succeeded in causing soluble-insoluble self-
oscillation of a polymer solution.  Oscillating behavior were remarkably influenced by the 
temperature, polymer concentration, and composition. 

5.2 Self-oscillation under oxidant-free conditions 
As the next step, we attempted to introduce the oxidizing agent into the polymer.  
Methacrylamidopropyltrimethylammonium chloride (MAPTAC), with a positively charged 
group, was incorporated into the poly(NIPAAm-co-Ru(bpy)32+) as a capture site for an 
anionic oxidizing agent (bromate ion) (Hara et al., 2005).  The bromate ion was introduced 
into the MAPTAC-containing polymer through ion-exchange.  Under the conditions in 
which only two BZ substrates (malonic acid and sulfuric acid) were present, soluble-
insoluble self-oscillation of the polymer was observed.  
In the self-oscillating polymer solution system induced by the BZ reaction, self-oscillation 
was achieved without addition of oxidizing agent by utilizing the MAPTAC-containing 
polymer which included sodium bromate as a counter ion.  The self-oscillating behavior was 
controllable by temperature.  The polymer has two advantages because of the higher LCST; 
one is self-oscillation around body temperature, and the other is oscillation for a longer time 
without intermolecular aggregation among the polymer chains in the reduced state. 

5.3 Self-oscillation under acid- and oxidant-free condition 
Further, we have synthesized a quarternary copolymer which includes both pH-control and 
oxidant-supplying sites in the poly(NIPAAm-co-Ru(bpy)3) chain at the same time (Hara & 
Yoshida, 2008b). In the polymer, AMPS was incorporated as a pH-control site, and 
MAPTAC with a positively charged group was incorporated as a capture site for an anionic 
oxidizing agent (bromate ion). By using the polymer, self-oscillation under biological 
conditions where only the organic acid (malonic acid) exists was actually achieved (Figure 
11).  Other than malonic acid, citric acid or malic acid, which is biorelated organic acid, can 
be a substrate of the BZ reaction.  For practical medical use, however, it would be necessary 
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to avoid exchange of toxic ion such as bromate to outside of the gel.  In addition, working 
temperature must be improved. The design of gel for biomedical application is under 
investigation. 
 

 
Fig. 11. Chemical structure of poly(NIPAAm-co-Ru(bpy)32+-co-AMPS-co-MAPTAC) (upper) 
and the oscillating profiles of the optical transmittance for the polymer solution at 12°C 
when only MA (0.7M: fine dotted line, 0.5M: rough dotted line, 0.3M: solid line) is added to 
the solution (lower) (Hara & Yoshida, 2008). 
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1. Introduction 
It has been extensively reported that organic molecules, i.e. biological molecules (Crookes-
Goodson et al, 2008) and polymers (Xu et al, 2007), could function as structural templating 
and/or selective adsorption at certain crystal faces, which may control and mediate the final 
crystal morphology. However, most of literatures are concentrated on the mediation ability 
of soluble free organic molecules in solutions. For practical applications, for example, tissue 
engineering, biomaterials fabrication and organic/inorganic hybrid film, a more 
straightforward way is to investigate such work on surfaces, that means, explore the 
mediation ability of surface-immobilized organic molecular template. 
Until now, most of attentions are paid on the calcium-based inorganic material fabrication 
by such surface-immobilized organic molecular template (Tugulu et al, 2006; Kumar et al, 
2010). However, besides calcium mineral, natural system also provides good 
biomineralization models for other kinds of useful inorganic materials such as silicate, 
barite, copper, iron and gold. The researches on the fabrication of these non-calcium 
materials by surface-immobilized organic molecular template have been not extensively 
investigated (Coffman et al, 2004; Kim et al, 2004 & 2005; Morin et al, 2007). Therefore, our 
aim is to extend the content of the biomineralization mediated by surface-immobilized 
organic molecular template from classical calcium to a wide range of inorganic and metal 
materials through rationally engineering surface molecular template from small functional 
groups to macromolecules. We for the first time initiated this program in 2005 (Zhang et al, 
2005) for the synthesis of silver nanoparticles mediated by surface-immobilized peptides, 
and after that, a series of researches in this field were reported to exploit the mediation 
ability of surface-immobilized organic molecule at different molecular scale, including small 
functional groups for the synthesis of titanium, zinc and silicon oxide films (Yang et al, 2007 
and 2008; Gan et al, 2010), oligomer-grade peptides for the synthesis of gold, silver, platinum 
nanoparticles and superstructures (Zhang et al, 2006 and 2008; Wang et al, 2007; Li et al, 2007) 
and macromolecular brush for the fabrication of zinc oxide quantum dot and 
organic/inorganic hybrid nanocomposite film (Zou et al, 2009).  
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In this chapter, we will systematically summarize the data obtained from our group. 
Engineered surface organic molecular template from our group could be categorized into 
three levels, depends on the size of surface immobilized molecule on substrates (Figure 1): 
level (1). small functional groups-mediated inorganic oxide deposition, growth and 
assembly; level (2). biomolecules such proteins, enzymes and peptides could be 
immobilized on small functional group-functionalized surface and these surface-
immobilized biomolecules (i.e. inorganic-binding peptide) are further used as organic 
template to mediate noble metal deposition and growth; level (3). macromolecular 
(polymer) brush-mediated formation of semiconductor quantum dots in polymer matrix to 
fabricate organic/inorganic hybrid nanocomposites.   
 

 
Fig. 1. Inorganic material fabrication mediated by surface-immobilized organic molecular 
template from our group. These templates could be categorized into three types: small 
molecules, peptide and polymer brush. 

2. Results and discussion 
2.1 Level 1: Small molecule-mediated inorganic oxide film formation  
Firstly, surface-grafted small functional group is introduced. This is the smallest functional 
organic template for directing inorganic material deposition and growth on surfaces. 
Nevertheless, their mediation ability is not compromised by their tiny size and often very 
useful in advanced material and devices fabrication process. In 2003-2010, we continuously 
reported three novel confined photochemical reaction systems on polymer surface (Yang et 
al, 2003-2008; Gan et al, 2009 and 2010), which are eligible to convert directly C-H on 
polymer surface to well-defined reactive sulfate, hydroxyl and carboxyl monolayers. These 
organic functional groups are further used as molecular template to direct the nucleation 
and micro/nano-scale assembly of inorganic and metal oxides including silicon oxide (SiOx), 
titatnium dioxide (TiO2) and zinc oxide (ZnO). The resulting TiO2 and ZnO deposition could 
form isolated array (positive pattern) or continuous micronetwork (negative pattern, 
supported macroporous film). The latter is especially promising for preparation of high-
efficient solar cells because nanoparticles, photosensizers or complex salts could be 
conveniently incorporated into the holes of macroporous film from negative pattern. 
Moreover, this macroporous negative film has enough mechanical strength that supports its 
free transfer from original deposited support to any other substrates by simple adhesion 
technique. The resulting SiOx deposition not only could form order array but also could 
form a transparent, ultraflat and continuous film on polymer substrate with widely tunable 
thickness and strong bonding strength.   
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2.1.1 Methods and chemistry to introduce functional small molecular monolayer on 
polymer surface 
In 2003, we for the first time found that when a very thin persulfate salt aqueous solution layer 
( m) was sandwiched between two polymer films and strong UV light irradiated the assembly 
from the side transparent to UV light, a fast surface hydrophilic modification method for most 
of commercial polymeric materials was developed (Figure 2) (Yang et al, 2003). For example, 
irradiating for 90 s and using 30 wt% ammonium persulfate, the static surface water contact 
angles of polymeric substrates decreased from 100º to 44º for low-density polyethylene 
(LDPE), from 107º to 34º for high-density polyethylene (HDPE), and from 73º to 15º for 
poly(ethylene terephthalate) (PET). The increases in surface hydrophilicity came from the 
formation of a sulfate salt group (SO4-NH4+)-ionized surface, which was characterized by X-ray 
Photoelectron Spectroscopy (XPS) and Attenuated Total Reflection Fourier Transform Infrared 
spectroscopy (ATR-FTIR). The surface topography of the modified polymer substrates were 
observed by Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM), and 
no visible etching effects to original surface were found.  
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Fig. 2. The possible reaction model for surface oxidation by persulfates: the conventional 
and the �“sandwich�” methods. Reproduced from (Yang et al, 2003). Copyright from Elsevier. 
Reproduced with permission. 

A possible reaction model named by �‘confined photo-catalytic oxidation�’ (CPO) was put 
forward to interpret the above results. Conventional photooxidation route of persulfate is 
that water (H2O) molecules are firstly oxidized by persulfates to form hydroxyl radicals, 
which undertake further oxidization to organic substances. However, in such sandwiching 
setup, due to the role of CPO, a new reaction route is achieved where persulfates dissociate 
directly to form sulfate anion radicals under UV irradiation, the resulting sulfate radicals 
quickly oxidize polymer surface by abstracting hydrogen atoms from polymer surface, and 
then the formed surface radicals couple with other sulfate anion radicals to fabricate an 
array of sulfate anion groups covalently attached on the outmost surface. This strategy 
provides an effective surface hydrophilic and functionalization method suitable for most of 
commercial polymeric materials with the advantages of fast, mild (to environment and 
substrate), facile and low cost technological process. Based on CPO, we further develop a 
very simple method to create hydrophilic/hydrophobic hybrid polymer surface, through 
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�“CPO�” under the regional control by a photomask (Figure 3). The resulting wettability or 
surface molecular template patterns have been used to fabricate polyaniline (PANI) (Yang et 
al, 2006), TiO2 and ZnO micropatterns. 
 

  
Fig. 3. The wettability pattern obtained by CPO method. The left image is a photomask used 
in CPO reaction to control the irradiation/non-irradiation areas: the white bars are UV 
transparent regions which will result in the corresponding UV-exposed regions (i.e. CPO 
reaction occurred) on polymer surface, producing a hydrophilic region, as shown in parallel 
water condensation lines in right image; in contrast, the black regions in the photomask are 
metallic parts which will shield UV light and thereby result in non-irradiated parts on 
underlying polymer substrate, producing original hydrophobic surface, as shown in right 
image (the spaces between hydrophilic lines).  Reproduced from (Yang et al, 2006). 
Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.  

Moreover, the formed sulfate groups on surfaces could be readily hydrolyzed to form 
hydroxyl monolayer, which has been demonstrated by XPS, contact angle (CA) 
measurement (Figure 4) and ATR-FTIR (Figure 5). As shown in Figure 4, when sulfated 
surface was soaked in water, the surface contact angle increased gradually and reached a 
plateau after about 10 hours. It has been known that polymer surfaces hydrophilized by 
oxidizing treatments should not decay when store in water or high-energy media. The 
conflict between present results and this theory revealed that surface sulfate groups actually 
converted to hydroxyl groups during this soaking process because of the difference in 
surface free energy between the sulfate anion and hydroxyl groups. The conversion of 
sulfate to hydroxyl group-implanted surfaces resulted in the continuous increase of the CA 
on the treated surface and became constant when the hydrolysis reached equilibrium. This 
judgment was further strongly supported by ATR-FTIR (Figure 5). We used a classical 
reaction to tell the existence of hydroxyl groups on the surface, that is, allowed the sulfated 
surface after soaking in water to be incubated in trifluoroacetic anhydride (TFAA) solution 
under certain conditions. If there are a plenty of hydroxyl groups on the surface, such 
incubation would result in an effective reaction between surface hydroxyl group and TFAA 
in the solution, producing characteristic ester and C-F signals in ATR-FTIR spectra. The 
results were as we expected. The spectrum of the sample after soaking (c) displayed an ester 
carbonyl bond at 1789 cm-1 and a C-F bond at 1222 cm-1, both of which could not be found in 
the spectra of the samples before soaking (b, d) and the sample for the untreated LDPE (a). 
XPS (data not shown here) was also consistent with ATR-FTIR results, and both of them 
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Fig. 4. Surface hydrophilicity changes upon soaking modified surface in water. Reproduced 
from (Yang et al, 2007). Copyright from American Chemical Society. Reproduced with 
permission.  
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Fig. 5. ATR-FTIR spectra: (a) LDPE: unirradiated; (b) LDPE: irradiated; (c) the derivation of 
modified LDPE: irradiated, soaked into water for 14h, and then treated with TFAA at 30°C, 
dried under reduced pressure at 20°C for 24h; (d) the derivation of modified LDPE: 
irradiated, and then treated with TFAA at 30°C, dried under reduced pressure at 20°C for 
24h. (Irradiation conditions: LDPE films; irradiation time is 90s; the conc. of (NH4)2S2O8 is 
30%, UV-intensity is 6500µw/cm2). Reproduced from (Yang et al, 2007). Copyright from 
American Chemical Society. Reproduced with permission.  
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Fig. 6. Hydrolysis reaction scheme of grafted sulfate groups on polymer surface. 
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plus CA measurements indicated strongly that the polar sulfate groups on the CPO-treated 
surface converted to hydroxyl groups after slow hydrolysis in water (Figure 6).  
After successfully introducing anion sulfate and neutral hydroxyl groups on surfaces, we 
also developed two novel approaches to introduce amine groups on surfaces, because these 
amine groups could potentially provide positive charge and reactivity towards proteins and 
silanes. The chemistry and methods used to fabricate such aminated surface are based on 
newly-developed UV-induced Surface Aminolysis Reaction (USAR) and silanization on  
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Fig. 7. A plausible reaction mechanism of USAR to introduce positive amine on PET surface. 
Reproduced from (Yang et al, 2005). Copyright from Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission. 

hydroxyl-modified surface by CPO. In the former reaction, a thin film of N, N-
dimethylformamide (DMF) liquid is sandwiched between two polyester films, and then 
transferred to UV field for irradiation. It has been known that dimethylamine and 
formaldehyde would be released very slowly when DMF is irradiated by visible light. 
However, in such confined reaction setup, this reaction is obviously accelerated largely. 
Systemic investigations reveal that after UV irradiation for short time (2-16min), DMF 
undergoes photodissociation to give out amine molecules (dimethylamine), which could in-
situ attack ester bond along PET chains to incorporate tertiary-amine functional groups at 
PET chain end (Figure 7). With additional photomask, the region to be aminated could be 
designed and controlled with micron-meter precision, as shown in Figure 8b by selective 
staining from Sumikaron red dye. After positive amines incorporation, we further 
demonstrated that peptides, enzymes and proteins could be immobilized on such surface 
with keeping their biological activity for catalysis and biomineralization. For example, as 
shown in Figure 8c, when the enzyme, horseradish peroxide (HRP), was immobilized on 
aminated surface (circular regions), the enzyme could effectively catalyze the reaction with 
the standard substrate, 3-amino-9-ethylcarbazole (AEC) to produce precipitations which 
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was deposited on circular aminated regions (line-type particles). Besides this direct 
aminolysis on polyester surface, a more general approach is also developed by us to 
introduce primary amine groups on most of polymer surface. This is a derivation reaction 
on hydroxyl-modified surface by CPO, that is, when hydroxyl monolayer is formed on 
surfaces by CPO, the further silanization reaction with any other silane reagent could give 
us a well-defined functionalized surface (Gan et al, 2009). We have used this kind of surface 
to immobilize antibody effectively.  
 

 
Fig. 8. (a). Micrograph of metallic(Cr) photomask. the diameter of circle hole is 40 m. (b). 
Micrograph of Sumikaron red stained microprocessing surface. Irradiation time for USAR is 
16min, and aminated film was stained by a water solution of Sumikaron red, followed by 
ultrasonic washing. (c). Micrograph of patterned aminated surface after electrostatic self-
assembling HRP. (d). Fluorescent micrograph of patterned aminated surface after 
electrostatic self-assembling IgG. Irradiation time for USAR is 16min. The inset in Figure 
8(d) was the line profile of fluorescence intensity of the FITC-IgG pattern in Figure 8(d). 
Reproduced from (Yang et al, 2005). Copyright from Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission. 

2.1.2 TiO2 film fabrication on sulfated and hydroxylated polymer surface by 
biomimetic nucleation and growth in aqueous solution. (Yang et al, 2007) 
For plastic electronics and optics, the fabrication of smooth, transparent and stable crack-
free inorganic oxide films (and patterning) on flexible polymeric substrates with strong 
bonding strength and controllable thickness from nanometers to micrometers is a key but 
still remains a challenge. From this section, we will continuously introduce a series of novel 
approaches developed by us to fabricate high quality TiO2, ZnO and SiOx films on polymer 
substrate by a mild biomimetic interface-directed nucleation and growth process.  
The fabrication of TiO2 films on substrates especially flexible polymers is extremely 
important due to their great potential in photocatalysis, energy conversion, and 
electrooptical techniques. Such films are often fabricated by sol-gel method where gelation 
at high temperature is needed to ensure the quality of crystals. In contrast, low-temperature 
biomimetic nucleation and growth in aqueous solution by surface-immobilized functional 
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groups could provide an alternative way to fabricate high quality TiO2 film on weak 
polymer substrate where high temperature annealing must be avoided.  
For this aim, we firstly fabricated a wettability-patterned polypropylene surface by CPO. As 
shown in Figure 9, after CPO modification, the biaxially oriented polypropylene (BOPP) film 
surface was incubated in a mixture solution of (NH4)2TiF6 and H3BO3 at certain low 
temperature, molar ratio and incubation time. Under deposition condition (c), an anatase TiO2 
film could be selectively deposited on a hydrophilic region with keeping original hydrophobic 
regions being undisturbed (no deposition). Figure 10 presented an optical microscope image of 
this positive pattern. AFM analysis indicated that the thickness of such film under deposition 
condition (c) was 350 nm. A 3D AFM profile image further showed that the obtained TiO2 film 
consisted of crystal fusions from dense column arrays. Such column-type crystal growth 
implied that the deposition process was dominated by a preferential c axis (normal line 
direction on the surface) oriented crystallization growth. (Masuda et al, 2003; Dutschke et al, 
2003; Strohm et al, 2005). The resulting patterned TiO2 film possessed significant bonding 
strength with underling substrates and good line edge acuity. Actually, when standard 3M 
adhesive tape peeling experiment was applied on this positive pattern film, the film could 
sustain very well. Such selective deposition could be attributed to the preferential nucleation 
and growth on sulfate group implanted (i.e. irradiated hydrophilic) regions. This functional 
group-mediated inorganic oxide deposition has been observed and developed in self-
assembled monolayer (SAM) on inorganic and metal substrates, and our approach provided 
an alternative way to do this on polymer substrate where SAM is difficultly constructed. 
Obviously, this biomimetic approach provided an effective solution toward the 
microfabrication on various inert polymer substrates. 
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Fig. 9. The schematic process of TiO2 micropattern on BOPP film. (a). A thin layer of 
ammonium persulfate (APS) aqueous solution was sandwiched between two BOPP films, 
and selective UV irradiation was conducted by using a photomask; (b). CPO took place in 
the irradiated region, and the resulting wettability-patterned surface was utilized to 
fabricate positive (I) pattern under positive condition (c) and negative (II) pattern under 
negative condition (d) respectively. Reproduced from (Yang et al, 2007). Copyright from 
American Chemical Society. Reproduced with permission. 
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Fig. 10. Optical and AFM images of positive pattern on BOPP surface obtained by condition 
(c). (a). Optical image of positive pattern, the inert picture in (a) showed a detailed circle 
TiO2 deposition layer by AFM; (b). 3D profile AFM image of positive pattern (a), the upper 
picture in (b) showed the schematic column growth of TiO2 crystalline particle along c-axis, 
this column-pattern could be found clearly in the lower 3D profile AFM picture. 
Reproduced from (Yang et al, 2007). Copyright from American Chemical Society. 
Reproduced with permission. 

 

  
Fig. 11. SEM images of the negative TiO2 pattern on BOPP surface obtained by condition 
(d): (a). SEM image of negative pattern; (b). an enlarged image in circle region in (a). 
Reproduced from (Yang et al, 2007). Copyright from American Chemical Society. 
Reproduced with permission. 
More surprisingly, we also found, for the first time, that under deposition condition (d), 
instead of deposition on hydrophilic regions, the deposition of TiO2 film would take a phase 
inversion process, that is, the deposition was only selectively retained on the hydrophobic 
region with keeping hydrophilic regions being undisturbed (no deposition) to form a 
negative pattern. Figure 11 presented a typical negative pattern obtained by such method. 
This is a very interesting and novel phenomenon found firstly by us, and further 
investigation on the mechanism showed that the hydrolysis reaction of active sulfate groups 
and the resulting affinity change towards TiO2 crystals during this process played a key role 
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(Figure 12). Such negative patterns refute the conventional opinion that only hydrophilic 
regions favor the formation of TiO2 films and could be used to fabricate large areas (mm2) of 
interconnected TiO2 micronetworks, which are obviously difficult to obtain by conventional 
metallic masks. Such negative pattern also could be freely transferred to any other substrate 
by adhesive tape peeling (Figure 13) and could be used as a flexible photomask for 
photochemical reactions (Figure 14).  
To summary, the present method that surface functionality mediated TiO2 deposition is 
expected to provide new strategies in the fabrication of flexible positive TiO2 array and 
negative macro/mesoporous TiO2 interconnected films on flexible organic substrates, 
without the use of complex photolithography procedures. We further found that this 
method is also suitable for fabrication of other inorganic oxide films such as ZnO and SiO2, 
as described below. Further exploration on other kinds of inorganic oxide film fabrication by 
such method and incorporation of functional molecules into the positive film and the pores 
formed in negative film for functional device fabrication may be suggested as the next 
direction of this research.    
 

 
Fig. 12. The chemical change of functional groups on oxidized surface by hydrolysis 
reaction. It was found that sulfate groups had poor affinity to titanium layer (TiO2), while 
hydroxyl groups had good affinity to TiO2. Reproduced from (Yang et al, 2007). Copyright 
from American Chemical Society. Reproduced with permission. 
 

  
Fig. 13. Negative TiO2 pattern formed on BOPP substrate and subsequent peeling for 
transferring such pattern onto an adhesive tape. (a). optical images of the negative TiO2 

micropattern formed on BOPP surface by condition (d) (using a photomask with parallel 
line pattern). (b). optical images of the negative TiO2 micropattern on the 3M Scotch@ 
adhesive tape after peeling the TiO2 pattern in (a) from BOPP substrate. Reproduced from 
(Yang et al, 2007). Copyright from American Chemical Society. Reproduced with 
permission. 
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2.1.2 ZnO film fabrication on sulfated, hydroxylated and caroxylated polymer surfaces 
by biomimetic nucleation and growth in aqueous solution. (Yang et al, 2008) 
Similar to patterned TiO2 deposition, patterned ZnO deposition on polymer substrates has 
also received great attentions because of its promising potential in photocatalysis, energy 
conversion, and electro-optical techniques. Our research indicated the functionality pattern 
formed by CPO method could be also used to mediate the growth of ZnO crystals on 
polymer substrates under mild conditions, giving positive and negative patterns on BOPP 
and PET substrates respectively (Figure 15). The fabrication was achieved by incubating 
functionalized polymer film in a mixture solution of Zn(NO3)2 and hexamethylenetetramine 
(HMT) at suitable temperature and concentration (Yang et al, 2008). 
 

 
Fig. 14. Micropatterning of a BOPP surface with patterned photograft polymerization 
products of acrylic acid (AA) by using the negative TiO2 pattern on the BOPP film as a 
photomask. (a). Phase contrast microscope image of the negative TiO2 pattern on the BOPP 
film. (b). Optical microscope image of the patterned poly(AA) (PAA) grafts on the BOPP 
surface after staining with toluidine blue. (c). Phase contrast microscope image of the 
patterned PAA grafts on the BOPP surface. (d). 3D AFM image of a circle from the PAA 
grafted region on the BOPP surface. The scale bars in (a)-(c) are 80 m. Reproduced from 
(Yang et al, 2007). Copyright from American Chemical Society. Reproduced with 
permission. 

Similar to the column-type growth behavior observed in TiO2 deposition system, ZnO film 
also grew along c-axis from the surface. However, fusion among these columns is not 
observed in ZnO material, and separated ZnO rods are obtained in the resulting ZnO film. 
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We found that the rods having the typical size around 500�–750nm in diameter and 2.5 m in 
length, was selectively obtained on sulfated and hydroxylated regions of BOPP substrate, 
resulting in a positive ZnO pattern which was corresponding to the irradiated regions by 
UV (Figure 16 and 17). In contrast, for reactive polyesters such as PET, the ZnO rods 
selectively remained on the unmodified original regions, creating negative patterns which 
were corresponding to the unirradiated regions (Figure 18 and 19). X-ray Diffraction (XRD) 
pattern was further used to characterize the crystal morphology of ZnO rods obtained on 
sulfated and hydroxylated BOPP as well as PET surfaces (Figure 20). Interestingly, different 
dominating crystal direction was found on four kinds of surfaces. On BOPP-OH surface, 
preferential c-axis direction was found since (002) plane had the maximum intensity. When 
this substrate was changed to BOPP-SO4-, this c-axis orientation was lowered and as a result, 
both of c-axis direction as (002) and nearly parallel directions to the substrate as (100), (101) 
co-dominated in the crystal morphology. When the substrate was further changed to PET 
from BOPP, dominated crystal direction was found around the direction parallel to the 
substrate since the planes as (100) and (101) had the higher signal intensity. The detailed 
reason for this substrate-dependent crystal morphology change is needed to be investigated 
in the future, and different crystallization orientation on original BOPP and PET films may 
become a possible reason.   
 

 
Fig. 15. The growth scheme of the ZnO layer on patterned functionalized polymer surfaces: 
(a) UV rays transported selectively through a photomask with circular holes; (b) a sandwich 
setup consisting of two polymer films with a persulfate ammonium solution in the middle, 
irradiated by UV light whose route was controlled by the photomask; (c) following the 
patterned irradiation, the sulfate groups could be selectively grafted onto the irradiated 
regions, which could be further transformed into hydroxyl groups by a hydrolysis reaction; 
(f) the ZnO layer selectively remained on the sulfated and hydroxylated regions of the BOPP 
film (d, g), whereas for PET, the growth of the ZnO layer selectively remained on the 
unirradiated regions (e, h). Reproduced from (Yang et al, 2008). Copyright from Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission. 
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Moreover, the photoluminescence property of a ZnO crystal was also investigated. Near UV 
and visible luminescence from ZnO crystals were detected by fluorescence spectroscopy 
(Figure 21). Strong UV and visible-light luminescence originated from band edge emission 
(395 nm) and the oxygen vacancy (450-600 nm) respectively (Masuda et al, 2006; Wu et al, 
2001; Kang et al, 2003), showing a potential for polymer-based display devices. The 
mechanism for the above-mentioned pattern formation also involves in the mediation ability 
of surface functional monolayers. On BOPP substrates, functionalized sulfated and 
hydroxylated regions were found to favor the formation of a ZnO layer through possible 
electrostatic and hydrogen coordination between functional groups and ZnO crystals 
(Chaudhary et al, 2004; Zubkov et al, 2005; Saito et al, 2001). As mentioned above, the sulfate 
groups on the surface were not stable species which would undertake a slow hydrolysis to 
give hydroxyl groups. This process also released protons as byproduct (H+) (Yang et al, 
2003; House et al, 1962; Wilmarth et al, 1962; Bamford et al, 1994). This newly formed H+ 

 
 

   
Fig. 16. (a-c) SEM and (d) AFM images of a patterned ZnO deposition on a sulfated BOPP 
surface via ultrasonic washing. (a) The resulting film showed a regular circle pattern where 
the ZnO layer could be found solely on the irradiated region. The magnifications (b, c) 
showed that the diameter of the deposited region and a single ZnO pillar was about 40 m 
and 680 nm, respectively. The cross-sectional shape of the ZnO pillar was typically 
hexagonal (inset picture in (c)). (d) An AFM image of a single circular pattern indicated a 
thickness of the ZnO layer on the sulfated area of about 2.5 m. Reproduced from (Yang et 
al, 2008). Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission. 
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would decrease the extent of supersaturation of the solution as a result of neutralization 
with OH- formed by the hydrolysis of HMT. Accordingly, during the same time scale, the 
extent of deposition reaction for ZnO growth on the sulfated BOPP surface would be lower 
than that on the hydroxylated BOPP surface. This analysis was well demonstrated by the 
following experiment: under equivalent conditions (0.1 M, 90ºC, 48h), the density of the 
ZnO rods on a sulfated BOPP surface was 0.8/ m2, whereas this value increased to 1.3/ m2 
on the hydroxylated surface.  
For the negative patterns on PET substrates, Koumoto et al (Masuda et al, 2006) suggested 
the reason for this was because the ZnO crystal surface could become hydrophobic by the 
adsorption of certain hydrophobic organic molecules used in the solution, and then the 
hydrophobic ZnO crystallites naturally preferred to be deposited on the hydrophobic 
unirradiated PET surface. We analyzed this phenomenon from another point of view, that 
is, the effect of surface functional group plays an important role on this pattern formation. 
 
 

 
Fig. 17. (a) A SEM micrograph of a patterned ZnO deposition on a hydroxylated BOPP 
surface and (b) a magnification of one circular region. By ultrasonic washing, the ZnO pillar 
became selective to the hydroxylated BOPP region whereas a few particles dispersed into 
the unirradiated region. The average diameter of the ZnO rods was 500 nm. Reproduced 
from (Yang et al, 2008). Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission. 

Not like inert BOPP, PET is a relatively reactive substrate containing abundant ester bonds, 
which are capable to undergo hydrolysis reactions in aqueous environments (Karayannidis 
et al, 2007). Similar to our consideration, Pizem et al (Pizem et al, 2005) also pointed out that 
during the solution deposition process of a titanium film on polyimide substrates, reactive 
imide groups could be partially hydrolyzed and thereby influence the acidic oxide 
deposition solution. In our work, we found that the existence of polar sulfate and hydroxyl 
groups on irradiated PET regions would facilitate the alkaline hydrolysis to release more 
COOH groups in a weak base environment than unirradiated regions, because grafting of 
sulfate and hydroxyl groups onto the  site of the glycol ester (COOCH2CH2OOC) along 
PET chains would effectively increase the rate constant of the alkaline hydrolysis (Schmeer 
et al, 1990; Bruice et al, 1961 and 1962), whereas this effect was not obvious on unirradiated 
regions without such polar groups. The existence of COOH groups on substrates would 
weaken the deposition of the ZnO layer (Hsu et al, 2005) because these COOH endgroups 
on polymer surface could firstly be deprotonated and negatively charged, and then 
preferentially bonded with HMT molecules to create electrostatic and/or steric screening for 
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Fig. 18. SEM micrographs of ZnO deposition on patterned sulfated PET surface and the 
magnification displaying the detailed deposition on sulfated (the dark regions in (a)) and 
unirradiated regions ((b) and the bright regions in (a)). Very little deposition was found on 
the sulfated regions represented by a circular pattern. Rather, the deposition was mainly 
found to form a continuous network on the unirradiated regions. The average diameter of 
the ZnO rods was about 750 nm. Reproduced from (Yang et al, 2008). Copyright from 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 
 
 

 
 
 
Fig. 19. SEM micrographs of the ZnO deposition on a patterned hydroxylated PET surface 
and the magnification displaying the detailed deposition on hydroxylated (the dark regions 
in (a)) and unirradiated regions ((b) and the bright regions in (a)). The average diameter of 
ZnO rods was about 750 nm. Reproduced from (Yang et al, 2008). Copyright from Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
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Fig. 20. XRD patterns of ZnO rods deposited on substrates of (a) sulfated BOPP (lower curve 
in (a), BOPP-SO4-), hydroxylated BOPP (upper curve in (a), BOPP-OH), and (b) sulfated PET 
(lower curve in (b), PET-SO4-) and hydroxylated PET (upper curve in (b), PET-OH). 
Reproduced from (Yang et al, 2008). Copyright from Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission. 
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Fig. 21. A photoluminescence image of a patterned ZnO deposition on a sulfated BOPP 
substrate under UV light illumination (365 nm). The corresponding emission spectra of ZnO 
deposition layer is shown in right picture (the excitation wavelength is 325 nm). Reproduced 
from (Yang et al, 2008). Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission. 

inhibiting the ZnO nucleation. However, this statement is still not fully confirmed because 
recently Morin et al reported a reverse phenomenon that COOH-enriched PET surface 
actually induced the formation of ZnO nanorods patterning (Morin et al, 2007). 
To summarize this section, surface functional small molecule-mediated ability is 
demonstrated again to be used for the fabrication of positive and negative ZnO film on 
polymer substrates. Such patterned ZnO deposition is very sensitive to the surface 
functional group changes. Patterned ZnO films made up of vertical arrayed rods typically 
500-680 nm in diameter, were found to form on sulfated and hydroxylated BOPP surfaces. 
When the substrate was changed from BOPP to polyester, the ZnO deposition with vertical 
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ZnO rods typically 750 nm in diameter would selectively grow on unirradiated regions 
because of the transformation from sulfated or hydroxylated to carboxylated regions on PET 
substrate during the deposition process, the latter group was considered as a suppressing 
moiety for hindering the ZnO deposition.  The present results gave us the ZnO film with 
microrods array. Since ZnO nanorods and their array have found great applications in laser 
and photo-energy devices, the next possible direction for this research is to optimize the 
reaction condition to fabricate ZnO nanorods array on polymer substrates by such surface 
functional group-mediated growth. Morin et al has presented such an approach on flexible 
polymer substrates. (Morin et al, 2007) 

2.1.3 SiOx film fabrication on hydroxylated polymer surfaces by biomimetic interface-
directed sol-gel. (Gan et al, 2010) 
Among versatile inorganic oxides, silica oxide film as SiOx is especially important because 
this semiconductor material could provide crucial properties in devices or serve as a base 
layer for further multilayer construction. In this section, we describe a new interface-
directed sol-gel method to fabricate flexible high quality silicon oxide film onto commodity 
plastics (Figure 22). Such fabrication strategy relies on CPO process described above. Firstly, 
CPO reaction was used on BOPP surface to introduce a hydroxyl monolayer. We found that 
this kind of hydroxyl monolayer could serve as nucleation and growth site for subsequent  
 

 
Fig. 22. The schematic process to fabricate SiOx and its patterning on BOPP-OH surface. 
Reproduced from (Yang et al, 2010). Copyright from Science in China Chemistry. 
Reproduced with permission. 
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sol-gel reaction on the surface. Different from commonly used sol-gel technique where bulk 
sol-gel reaction occurs simultaneously, surface hydroxyl-directed sol-gel reaction in this 
work presents the unique character as surface-initiating cascade growing. Surface hydroxyl 
groups were capable of capturing silanol groups to initiate surface gelation. Such interface 
condensation reaction was possibly catalyzed by trace water and acidic molecules adsorbed 
onto hydrophilic hydroxyl-modified surface. The latter physisorption could become 
energetically favorable through the possible formation of hydrogen bond and/or 
protonation between trace water/acid and surface hydroxyl groups. This kind of surface 
condensation reaction seemed to express higher reactivity than the condensation in the Si-
sol, because the preferential surface growth was observed at the early deposition stage to 
form 4-6 nm silica layer. As a result, the deposition on the surface proceeded along a more 
controlled two-step way. In the first step, the deposition was initiated by the surface 
hydroxyl groups which could be reflected by the thin thickness data (4-6 nm) detected in the 
early stage (10-40 min). This process would last at least 40 min to form enough reactive sites.  
 

 
Fig. 23. A typical cross-sectional FE-SEM image (a) of SiOx deposition on BOPP-OH surface 
(BOPP-OH/SiOx), and the controlling on the deposition thickness was facilely achieved by 
changing TEOS concentration, as plotted in (b) and visualized in (c). Reproduced from 
(Yang et al, 2010). Copyright from Science in China Chemistry. Reproduced with 
permission. 
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After 40 min, the mature thin silica layer served as nucleation and growth templates to 
gradually thicken the silica layer. Similarly, Hozumi and coworkers (Hozumi et al, 2003) 
also found an ultrathin SiOx layer (~1 nm), termed as �“nanoskin�”, could form on 
photosensitive polymer surface during vacuum UV enhanced vapor deposition, which 
facilitated further deposition of solid and ultraflat inorganic oxide. 
The resulting silica was crack-free with strong covalent bonding with underlying polymer 
substrates, and also had homogeneous morphology with ultralow roughness, highly optical 
transparency, tunable thickness from nm to m, and easy patterning ability. As shown in 
Figure 23, a typical cross-sectional image of BOPP-OH/SiOx film indicated that a clear and 
even interface between SiOx and BOPP phases. Homogeneous SiOx surface also could be 
partially revealed from this side-view observation. Accordingly, the thickness of SiOx layer 
could be directly obtained from these cross-sectional pictures. We further found that the 
thickness could be flexibly tuned by simply changing the sol-gel condition [e.g.  
tetraethylorthosilicate (TEOS) concentration and gelation time] from nanometer to 
micrometer, and this ability is very crucial for practical applications. The effect of TEOS 
concentration on the thickness increase was not a linear relationship, but a typical one 
observed in inorganic oxide sol-gel process. 
The smooth surface morphology of resulting silica film was further revealed by AFM 
(Figure 24). Comparing with pristine BOPP and BOPP-OH films, the BOPP-OH/SiOx 
surface showed very even and homogeneous morphology in large scale. The defects such as 
cracks, pinholes commonly observed in other methods did not appear under the observation 
field. Further measurement illustrated that ultra-smooth surface with extremely low root 
mean square (RMS) (~8Å) over large area (25 µm2) was obtained after SiOx layer formed 
onto BOPP-OH surface. The RMS value on such ultraflat surface was lower than BOPP and 
BOPP-OH surfaces before the deposition and even better than that on commercial quartz 
surface (around 10 Å). Because the fabrication of such ultrasmooth surface only utilized the 
well-developed sol-gel technique and universal CPO reaction on polymer surface, this 
method provided us with a very simple and scalable approach to quickly fabricate ultraflat 
oxide film on polymeric materials. The resulting film also possessed superior optical 
transparence (Figure 25). Comparing with blank BOPP film, BOPP-OH/SiOx film with 
different thickness only had very little decrease (<3%) in the transmittance at 600 nm, even 
in the case that the thickness of SiOx increased to 300 nm. As a result, no discernible 
difference could be told between pristine BOPP and BOPP-OH/SiOx films, after direct 
observation by eyes on the characters (�“BUCT�”) behind two kinds of films. 
 

 
Fig. 24. Surface roughness evaluation by AFM on BOPP-OH before/after SiOx deposition. 
Reproduced from (Yang et al, 2010). Copyright from Science in China Chemistry. 
Reproduced with permission. 
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Fig. 25. The optical image after putting a BOPP-OH or BOPP-OH/SiOx film on a paper with 
�“BUCT�” characters on it. The two pictures presented the contrast between optical 
micrograph of BOPP-OH (left) and BOPP-OH/SiOx film (right). The clear observation on 
underlying characters (�“BUCT�”) proved excellent optical transparency in visible light could 
be obtained on BOPP-OH/SiOx film. Reproduced from (Yang et al, 2010). Copyright from 
Science in China Chemistry. Reproduced with permission. 
The film could be easily patterned by applying ultrasonic or adhesive tape peeling on the as-
deposited film, because the big coating adhesion difference existed between hydroxylated 
(covalent bonding) and unmodified regions (physisorbed). For this aim, patterned 
hydroxylated surface was firstly fabricated by CPO under a control of a photomask. After the 
same SiOx sol-gel deposition on such patterned hydroxylation surface, the pattern was finally 
formed through mechanical destabilization from either ultrasonic washing or 3M adhesive 
tape peeling to remove weak deposition on unmodified regions. As shown in Figure 26, either 
adhesive tape peeling (left) or ultrasonic agitation (right) could give us clear circular or stripe 
patterns with extremely low line edge variation, presenting good copies from the photomasks 
used. The feature size of such patterns was also homogeneous with few defects. Moreover, a 
large-area homogeneous pattern (cm2) could be also obtained with good fidelity by such a 
process. The cracking of inorganic layer under the deformation of organic substrates is a 
common problem when preparing hybrid composite film, however, no discernible cracks were 
observed on SiOx layer when mechanically bending BOPP-OH substrate because of strong 
interfacial bonding and low internal stress buried in SiOx layer. 
 

  
Fig. 26. Optical images of patterned SiOx layer on BOPP-OH surface fabricated by adhesive 
tape peeling (left) and ultrasonic agitation (right). Reproduced from (Yang et al, 2010). 
Copyright from Science in China Chemistry. Reproduced with permission. 
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To summarize this section, our strategy provides a simple and effective way to fabricate 
ultraflat silica film on polymer substrate with strong bonding strength and easy patterning 
ability, excluding the requirements of clean room and vacuum devices so as to fulfill low-
cost and fast fabrication demands. Future research along this direction may be suggested as 
follows: 1). Explore the possibility to extend this method for other oxide material fabrication. 
For example, we have successfully achieved TiO2 film fabrication by such method (Figure 
27). 2). Explore the possibility to prepare hybrid multilayer structure by using silica film as a 
base layer. 3). Explore the possibility to develop the applications of this material. Herein, 
two application examples from such high quality SiOx layer onto plastics are given but 
should not be limited within these. One is that oxygen permeation rate of SiOx deposited 
polymer film decreases 25 times than pristine polymer substrate, which is good for the  
 

    
Fig. 27. Cross-sectional Field Emission (FE)-SEM image of BOPP-OH/TiO2 film (left) and 
fluorescent image (under UV excitation) of TiO2 micropatterning on BOPP-OH surface 
(right) fabricated by our interface-directed sol-gel. Reproduced from (Yang et al, 2010). 
Copyright from Science in China Chemistry. Reproduced with permission. 
 

      
Fig. 28. Two application examples on BOPP-OH/SiOx samples. On the left, oxygen 
permeability of BOPP-OH film with only 150 nm thick SiOx could get 25 times decrease than 
that of pristine BOPP. On the right, fluorescence microscope image demonstrated that 
patterned FITC-IgG immobilization could be easily achieved on patterned BOPP-OH/SiOx 
through the decoration of amine-terminated silane, 3-aminopropyltriethoxysilane (APTES) 
and further activation by glutaraldehyde on the surface. The profile intensity on selected 
region (inset picture) showed around 3:1 signal-to-background ratio could be obtained by 
this type of protein immobilization. Reproduced from (Yang et al, 2010). Copyright from 
Science in China Chemistry. Reproduced with permission. 
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potential packaging materials (Figure 28 left). The other one is that silanization monolayer, 
for example, 3-aminopropyltriethoxysilane (APTES), could be successfully constructed onto 
the resulting silica layer through classical silanization reaction, which is applicable for many 
potential purposes, for instance, proteins could be accordingly immobilized onto plastic 
support with effective signal-to-background ratio (Figure 28 right).  

2.2 Level 2: Peptide-mediated nanocrystal and superstructures formation 
Following the researches performed by small functional groups, a larger molecule, that is, 
inorganic-binding peptide (IBP) with oligomer grade was further used to mediate metal and 
inorganic material growth. IBP belongs to one kind of functional biomolecules which is 
capable to function as biomimetic template for material synthesis. Recently, Naik et al 
extenstively reviewed this field on biomolecules-mediated biomimetic material fabrication 
(Dickerson et al, 2008). The IBP is a short polypeptide capable to selectively reduce certain 
inorganic ions from solutions to form nanoparticles. In our work, four types of peptides, 
NPSSLFRYLPSD (AG4), AYSSGAPPMPPF (AG3), MHGKTQATSGTIQS (MS14) and 
DRTSTWR (PT2) have been successfully immobilized on aminated polymer surface formed 
by USAR method and utilized to direct the formation of shape-controlled noble metals (Pt, 
Ag, and Au) micro/nano assemblies on flexible polymer substrates. Triangle, square, 
sphere, and hexagon as well as superamolecular assembly structure of particles have been 
observed in these peptide-directed inorganic material synthesis. 
Firstly, silver nanoparticles were synthesized by AG3 and AG4 peptides (Zhang et al, 2005, 
2006 and 2008). Among various IBPs, AG3 (AYSSGAPPMPPF) is a special peptide sequence 
that specifically and selectively binds to silver (Naik et al, 2002) in a solution. Inspired by 
this pioneering research, we immobilized AG3 on aminated PET film surface modified by 
USAR. As mentioned above, the biomolecule immobilized by USAR could keep its 
biological activity after immobilization on the aminated surface through electrostatic 
coordination. After that, the substrate with AG3 immobilized was incubated directly in 
silver nitrate solution without any other reducing regents added. Silver crystallites with the 
size being 1-4 m were found on the film surface after finishing the incubation (Figure 29). 
The shape of silver microcrystals was diverse including hexagonal, triangle and cubic. 
Hexagonal and triangular crystallites were commonly observed in such IBP-mediated 
biomimetic synthesis in a solution, while the cubical shape is seldom reported in the 
literatures so far. The possible in-plane confinement from the substrate on the nucleation 
and growth of the crystal may be attributed to the formation of this novel morphology. 
Although AG3-mediated silver synthesis is effective, the size and morphology of silver 
crystals are quite broad. In order to narrow the size and morphology distribution for better 
controlling on this synthesis, we switched from the use of AG3 to AG4, because the latter 
also expressed strong biomineralization effect on silver (Naik et al, 2002). After similar 
peptide immobilization and incubation procedures, silver microcrystals with the size being 
1-2 m were found on PET film (Figure 30). Besides these big particles, AFM scanning on 
the surface (Figure 31) also revealed the existence of some nanoparticles with the size being 
around 40 nm on the surface. The shapes of these crystals mainly included triangular and 
square. Accordingly, based on our results, it seems difficult to obtain uniform silver 
particles if only peptides were used in this biomimetic synthesis system.   
For addressing this challenge, we developed a new approach that combines an organic 
matrix with IBP to perform such synthesis. This idea is actually inspired by organic matrices 
in some life systems which can operate as templates for biosynthesis of various materials  
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Fig. 29. Silver crystallite morphologies observed under SEM. (a) There was not any 
crystallite on the blank PET film (control, bar length 40 m). (b) Various silver crystallites 
(white dots, bar length 40 m). (c) Triangular silver crystallite (bar length 2 m). (d) 
Hexagonal silver crystallite (bar length 2 m). (e) Cubic lattice crystallite (bar length 2 m). 
Reproduced from (Zhang et al, 2005). Copyright from Elsevier. Reproduced with 
permission. 

 

 
Fig. 30. SEM images of silver particles formed on (A) control (original PET without the 
peptide AG4 immobilized); (B). PET with AG4 immobilized. (C) and (D) are enlarged 
images from (B) to show two typical types of silver crystals formed in (B). Reproduced from 
(Zhang et al, 2006). Copyright from Chemical Journal of Chinese Universities. Reproduced 
with permission. 

 
Fig. 31. AFM image on silver particle formed on PET substrate with AG4 immobilized. 
Reproduced from (Zhang et al, 2006). Copyright from Chemical Journal of Chinese 
Universities. Reproduced with permission. 
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with uniform size and morphology. In our experiment, chitosan was chosen to serve as this 
kind of matrix. Chitosan is found to function as the main cell wall constitution of some fungi 
in the nature and made of 3D gridding structures from the self-organization of linear 
polymers. Such 3D grid texture is expected to provide good host spaces for metal ions and 
their in situ reduction reaction, and thereby induces the formation of uniform crystals with 
well controlled size and morphology (Huang et al, 2004). Based on this design, the chitosan 
and peptide AG4 solutions were firstly mixed well before adding silver nitrate solution. The 
composition in chitosan is a linear polysaccharide chain consisting of randomly distributed 
copolymer from D-glucosamine and N-acetyl-D-glucosamine. Therefore, abundant amines 
along chitosan chain are considered to form coordination bonding with silver ions, which 
can serve as nucleation sites in the reducing environment provided by AG4. As shown in 
Figure 29, the resulting silver crystals expressed low polydispersity on morphology and 
size. This control from chitosan was concentration-dependent. When the concentration of 
chitosan was in the range of (0.01%�–0.1%), the size change of silver nanoparticles was not 
obvious, with nanoparticles being about 20 nm in average size (Figure 32a, b). With further 
increase of chitosan concentration above 0.1%, the size of silver nanoparticles became 
smaller with the diameter being around 5 nm (Figure 32c, d). When the chitosan 
concentration is changed, the host space volume and nucleation sites for silver growth is 
correspondingly changed, which could be responsible for the size change of the silver 
nanoparticles.  
Besides silver, we also extended this surface-immobilized IBP-based reaction to other 
peptide system for other material synthesis. For example, the polypeptide sequence MS14 
(MHGKTQATSGTIQS) (Brown et al, 1997 and 2001; Braun et al, 2002; Kulp et al, 2004; 
Tamerler et al, 2006) was used for biomimetic preparation of gold nanoparticles and their 
aggregates (Wang et al, 2007). As shown in Figure 33, MS14-mediated reduction of HAuCl4 
on PET surface resulted in single-crystallite formed on the surface, presenting hexagonal, 
triangular and quadrangular morphology with 1�–3 m in size. There were also small 
spherical particles, approximately 200 nm in size found on the same substrate. Further effort 
to combine organic matrix with MS14 for controllable preparation of uniform gold 
nanoparticles could be suggested as the next future work. After successful preparation of 
gold and silver crystals, another kind of important noble metal, platinum crystals were also 
prepared by the peptide PT2(DRTSTWR) (Sarikaya et al, 2003) immobilized on PET surface. 
Platinum microparticles with the size being 1-2 m were observed on PT2-functionalized 
PET surface (Li et al, 2007).  
To summarize this section, surface-immobilized peptides have expressed certain potential to 
in situ reduce and fabricate metal nanocrystals on the film surface. However, some questions 
and problems must be addressed: 1). Exact biomimetic reaction mechanism must be 
elucidated; 2). The size and morphology of the resulting crystals must be well controlled. 
Some organic compounds such as chitosan, PAA have showed certain potential for this 
controlling ability. In this aspect, we actually found that the size and morphology of 
particles obtained by surface-immobilized peptide was often much wider than that of 
particles obtained by same peptide but freely dissolved in a solution. For example, in the 
case that the synthesis of Pt crystals, instead of the use of surface immobilized PT2, simple 
use of a mixture solution of free PT2 and PtCl4 could give us much smaller Pt nanoparticles 
ranging from 1.5-2 nm. The question that whether the surface immobilization process would 
affect the biological mediation ability of peptides and nucleation as well as growth process 
of crystals needs to be clearly anwered. 
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Fig. 32. Transmission Electron Microscope (TEM) images of silver nanoparticles prepared 
with various chitosan concentrations (wt.%) without adjusting silver ion concentration. (a) 
0.05%; (b) 0.1%; (c) 0.5%; (d) 1%. Reproduced from (Zhang et al, 2008). Copyright from 
Elsevier. Reproduced with permission. 

2.3 Level 3: Polymer brush-mediated quantum dot formation (Zou et al, 2009) 
Finally, we reached the macromolecular grade for this kind of research. In this aspect, we 
utilized photo-initiated surface grafting systems to construct large-area functional acidic 
polymer brush, PAA on arbitrary polymer substrate, and further test for inorganic material 
growth showed that surface-immobilized polymer brush was able to mediate the formation 
of ZnO quantum dots (QD) (Figure 34) and patterning within polymer brush regions. To our 
best of knowledge, before our report, the formation of ZnO quantum dot mediated by 
surface-immobilized polymer brush is never reported. In our experiment, a typical two-step 
biomimetic procedure was employed: firstly, the film with PAA brush (BOPP-g-PAA) was 
soaked in zinc chloride solution and achieved a saturated complexation between zinc ions 
and carboxyl groups in PAA chains. After that, the film with zinc complexed was incubated 
in HMT solution under suitable temperature and time, and finally, ZnO QDs were in situ 
formed within PAA brush on BOPP surface, resulting in an organic/inorganic hybrid 
nanocomposite film (BOPP-g-PAA/ZnO).  
As shown in Figure 35, FE-TEM directly demonstrated the formation of ZnO QD after 
incubating polymer brush-grafted film in HMT solution. The size of these nanoparticles 
ranging from 4-5 nm was in the regime of quantum size of ZnO. For single ZnO QD, a 
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Fig. 33. SEM image and schematic illustration. (a) Various (including triangular, hexagonal 
and cubic lattice) single crystallites formed on PET and not moved away with ddH2O. (b) 
Schematic illustration of (a). (c) Spherical particles deposited on blank PET film. (d) Control: 
there were no particles on the blank PET film after washing with ddH2O. Reproduced from 
(Wang et al, 2007). Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced 
with permission. 

  
 

 
Fig. 34. The schematic process of ZnO QD formation mediated by surface immobilized PAA 
brushes. PAA chains grafted surface (white tree-like structures) was soaked in Zn(NO3)2 
aqueous solution (0.1 M) for 1 hr to achieve the complex between carboxylic groups (from 
grafted PAA chains) and Zn2+ (symbolized by dark blue spheres). After washing, the surface 
with complexed Zn2+ was incubated in HMT aqueous solution (0.1 M) for 2 days at 90°C. 
HMT provided OH- source for the hydrolysis and precipitation of ZnO to transform 
complexed Zn2+ to ZnO QD (light blue spheres). Reproduced from (Zou et al, 2009). 
Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
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Fig. 35. FE-TEM, High-resolution (HR)-TEM images (a, b), and SAED pattern (c) of ZnO QD 
obtained by our method. Inset picture in (a) showed clearly an enlarged ZnO QD with 
hexagonal wurtize-type lattice. Reproduced from (Zou et al, 2009). Copyright from Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

 
Fig. 36. (a) XRD pattern of BOPP-g-PAA/ZnO QD nanocomposite film and (b) the 
corresponding fitting curve by 5-point FFT smoothing. The (002), (101) and (102) diffraction 
patterns could be matched with the standard pattern of a wurtzite ZnO crystal from the 
JCPDS database. A preferred orientation was observed to be the (002) orientation. The peak 
at 528 is ascribed to organic component (PAA). Reproduced from (Zou et al, 2009). 
Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

uniform hexagonal lattice structure was observed, which signified a single crystal nature 
without defects. This single crystal nature was also supported by the dotted Selected Area 
Electron Diffraction (SAED) pattern. (002) direction was found to be the brightest spots in 
SAED pattern, which revealed that the preferential growth direction for this ZnO QD was 
(002) direction (c-axis). The spacing distance between two diffraction planes in single QD 
was estimated as 0.262 nm from high-resolution(HR)-TEM image, this value was a typical d 
spacing of the (002) planes in a wurtize-type ZnO. This wurtize type was further supported 
by XRD pattern of BOPP-g-PAA/ZnO film (Figure 36), where three characteristic diffraction 
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Fig. 37. ZnO particles grew on the surface without PAA biomimetic mediation. BOPP-g-
PAA film was directly placed into the mixed solution of Zn(NO3)2 and HMT (0.1 M). The 
growth took place at 90°C for 48 h. The lower two images are the amplification of the upper 
image to show two typical kinds of microcrystallites (flowers and rods), which are found on 
such a surface. Reproduced from (Zou et al, 2009). Copyright from Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission. 

peaks at (002), (101) and (102) were observed. The highest intensity at (002) plane reflected 
again that the resulting ZnO QD had dominated c-axis direction. 
It should be noted that the above-mentioned two-step biomimetic procedure was extremely 
necessary for the formation of ZnO QDs. As a control experiment, we deliberately used the 
same PAA grafts without pre-doping of Zn2+ for incubation in a mixture solution of zinc 
chloride and HMT. We found that in such a system, the mediation ability of PAA brush was 
diminished and only large rod-like microcrystallines on the underlying film were obtained 
(Figure 37). Therefore, we inferred that the effective separation of heterogeneous nucleation 
and growing process by two-step protocol in our method gave enough time and space to 
PAA, and thereby the coordination and mediation ability of PAA brushes could be fully 
reserved. In nature, biofabrication in organisms also often utilize this kind of process where 
carboxylate groups from biomolecules induce minerals formation within organic matrix 
through interacting with mineral ions (Estroff, 2008).  
The resulting hybrid material from ZnO QD and PAA expressed interesting 
photoluminescence property. Two excitation peaks at 323 and 339 nm in the spectrum of 
BOPP-g-PAA/ZnO film were observed (Figure 38a). These excitation peaks took an obvious 
blue shift compared with the band gap of bulk ZnO crystal at 365 nm (Abdullah et al, 2003; 
Mikrajuddin et al, 2002; Dijken et al, 2000; Brus, 1986), indicating the quantum effect of ZnO 
particles in the composite film. By using 325 nm as excitation light, we further investigated 
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emission spectra of this composite film. An intensive emission in the range of 350-500 nm 
was found for the composite film, which was 5-fold higher than those from blank BOPP and 
BOPP-g-PAA films (Figure 38b). A slight split in the present emission was also observed at 
the near UV range as 380 and 400 nm. Bound-excitation and vacancy-related transitions are 
responsible for the UV emission around 390 nm (Huang et al, 2001; Saito et al, 2002), and the 
splitting could be attributed to a consequence of the interfacial interaction of ZnO 
nanoparticles with the surrounding PAA material (Vollath et al, 2004). This interaction is 
facilitated by the formation of ester like linkage: -(C=O)-O-(ZnO) (Ravindran et al, 2005; Wu 
et al, 1997; Hu et al, 1991). Our XPS data also gave the evidence for the formation of this 
kind of ester like linkage. Such ester like linkage could facilitate highly efficient electron  
 

 
Fig. 38. Excitation (a) and emission spectra (b) of several films. In excitation spectra, the 
emission wavelength was settled as 385 nm. For BOPP-g-PAA/ZnO, two maximum peaks 
are at about 323 and 339 nm. In emission spectra, excitation wavelength was 325 nm. Three 
much higher maximum peaks at about 380 nm, 400 nm and unconspicuous shoulder at 450 
nm were found in the curve for BOPP-g-PAA/ZnO composite film. Reproduced from (Zou 
et al, 2009). Copyright from Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission. 

transportation, resulting in the split on the emission peak. We also noticed that defect-
related transition usually observed at long wavelength like 600 nm was not observed in our 
composite film, indicating ZnO QD in our nanocomposite film had high quality with few 
defects. This judgment was also consistent with HR-TEM observations (Figure 35). The 
slight shoulder peak at 450 nm implied that such composite film had the ability for blue 
light emission devices (Figure 39).  
Our hybrid nanocomposite film also possessed excellent optical transparency (Figure 40). 
Comparing with pristine and BOPP-g-PAA films, the introduction of ZnO QDs in PAA just 
got a little decrease in the transmittance percent. Actually, high transmittance percent (about 
90%) in the wavelength between 400 to 900nm could be obtained on BOPP-g-PAA/ZnO 
films. This reason why high transmittance could be kept after ZnO QD introduced was 
because of a homogeneous dispersion of ZnO QDs in the polymer matrix with a mean 
diameter of no more than 5nm (as revealed by TEM), therefore possible light scattering and 
diffraction from large particles and aggregates was effectively eliminated. This highly 
optical transparence is very important for advanced opto-electrical devices. Another 
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important requirement for opto-electrical device is the ability to large scale patterning/array 
of functional nanocomposite film. This is easily achieved by our method because of the use 
of photo-initiated polymerization. A photomask which can effectively control irradiation 
path on the surface was simply applied during the photografting polymerization of AA on 
the surface. As a result, patterned PAA polymer brush could be obtained (Wang et al, 2005) 
and then region-selective fabrication of the above ZnO QD/PAA nanocomposite hybrid 
could be easily achieved. As shown in Figure 41, the pattern of PAA/ZnO QD composite 
film could form on the underlying substrate in a large area (5 mm2), which is especially 
appealing in macroelectronics (Morin et al, 2007; Forrest, 2004; Henzie et al, 2006; Reuss et 
al, 2006). The circular nanocomposite film array distributed evenly across the surface with 
few defects and good size homogenous. The thickness of the composite film was revealed as 
2.8 m by AFM profile analysis, only a little higher than pure PAA film before ZnO 
incorporation (2.5 m). This fact reflected that instead of simply adding upon PAA layer, the 
newly formed ZnO QDs mainly filled into the free spaces inside PAA film, because simple 
adding upon PAA layer would result in an obvious thickness increase.  
 

 
Fig. 39. The fluorescence microscopy image of patterned PAA/ZnO QD arrays on BOPP 
surface. Using UV exciting light, every circle area as PAA/ZnO QD hybrid represents a 
composite region emitting blue light. Reproduced from (Zou et al, 2009). Copyright from 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

We also found that PAA was not an exclusive template for this biomimetic fabrication. 
When PAA was replaced by other similar acidic polymers with the same carboxyl groups, 
similar enhanced fluorescent emission was observed. In contrast, control experiments 
showed that switching the use of polymer brush from these carboxyl-contained acidic 
polymers to ester polymers (i.e. deactivation of carboxyl to ester) would result in very weak 
fluorescent enhancement or even lowered fluorescent emission compared with pristine 
polymer films before ZnO introducing. Such contrast strongly implies that carboxyl group 
plays a key role for the formation of ZnO QD in our biomimetic synthesis design, and any 
acidic polymers having carboxyl groups could become candidates for this synthesis.  This 
finding agrees with the common accepted assumption that carboxyl group (and other 
functional groups)-based interaction on inorganic surface would be basic and central 
molecular tailoring mode in biomineralization process. 
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Fig. 40. The UV-vis transmittance spectra of three samples: BOPP (a), BOPP-g-PAA (b) and 
BOPP-g-PAA/ZnO QD (c). The thickness of BOPP, BOPP-g-PAA and BOPP-g-PAA/ZnO is 
around 25.7, 28.2, 28.5mm respectively. Reproduced from (Zou et al, 2009). Copyright from 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

 
Fig. 41. FE-SEM micrograph (a) and AFM profile (b, c) of patterned PAA/ZnO arrays on 
BOPP surface. Reproduced from (Zou et al, 2009). Copyright from Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission. 

In conclusion, our results finally demonstrated that polymer brush grown on polymer 
substrate for example PAA used in this work had great potential to fabricate ZnO QD by a 
biomimetic chemical approach. The resulting ZnO QD was in situ embedded into acidic 
polymer templates, giving rise to the formation of a hybrid nanocomposite film. Such 
mediation ability came from surface photografted acidic polymer where the complex 
interaction between carboxyl groups in PAA and Zn2+ played a key role. Because the ZnO 
QD was homogeneously dispersed in polymer matrix, the final polymer/ZnO QD 
nanocomposite was a highly transparent inorganic/organic hybrid film which could be 
constructed on arbitrary inorganic and organic substrates. Patterning of such nanocomposite 
film could be also very easily achieved by simply applying a photomask in this 
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photopolymerization process. The resulting patternable array of nanocomposite film had 
good quality and large area. Possible next work along this direction may be suggested to 
explore other kinds of polymer brushes for biomimetic material fabrication, since the field 
about polymer brush-mediated biomineralization, especially non-calcium material 
biomineralization is still in the early developing stage. 

3. Summary and outlook 
All of the above research results could produce inorganic and metal oxide micropatterning 
as well as organic/inorganic hybrid film array on soft matter surface, which would 
contribute to the current fast development of flexible polymer-based biomedical, energetical 
and optical sensors. We believe that our systematical explorations on non-calcium inorganic 
material fabrication mediated by surface-immobilized organic molecular template could 
find its potential in the fundamental and engineering researches on polymer-supported 
advanced technologies, biomineralization, inorganic nanocrystals and macroelectronics 
realms. Obviously, the future development direction in this field should be located at 
extensive investigation and engineering of the mediation ability of various functional 
groups, polypeptide, polymer brush immobilized on surfaces for the inorganic and metal 
materials fabrication and patterning achieving.  
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1. Introduction 
It is well established that a number of metal ions are essential to life (Fraústo da Silva & 
Williams, 2001; Bertini et al., 2006). A major determinant of their functional relevance in 
living systems is that a substantial fraction of enzymes requires metal for its catalytic 
activity. A wide variety of metal-dependent enzymes is found in nature which acts in 
fundamental biological processes, including photosynthesis, respiration and nitrose fixation 
(Bertini et al., 2001). Over the years, a wealth of knowledge on enzymes has been 
accumulated, including data on three-dimensional structures, kinetic and biochemical 
properties, and reaction mechanisms (Andreini et al., 2008). As metalloprotein chemistry is 
governed by the environment close to the metal center(s), a fertile field of investigation is 
concerned with the preparation of low molecular weight complexes that mimic the 
structural or functional features of protein active sites. The synthetic analogue or model 
approach provides insights into bioinorganic systems through the synthesis and study of 
closely related �‘model�’ compounds. It garners structural, electronic, spectroscopic, and 
chemical information crucial to a complete understanding of enzyme behavior. Scorpionates 
have been extensively used in biomimetic chemistry as �“spectator ligands�” but are not 
directly involved in the metal-based reactivity. A common approach for obtaining synthetic 
analogs of the type [{XYZ}M-L] (M = metal; L = OH, H2O, Cys, etc.) involves the application 
of tridentate ligands which incorporate the requisite X, Y, and Z donor groups to mimic the 
protein residues that bind metals at the active site. In particular, tripodal ligands in which 
the X, Y, and Z groups are attached to a common tetrahedral (or trigonal pyramidal) center 
have proven to be of particular benefit for several reasons: a) tripodal ligands enforce the 
�“facial�” binding that is required to create a tetrahedral metal center, b) tripodal ligands 
typically possess only a single relevant binding conformation, c) as a consequence of the 
directional nature of tripodal ligands, it is possible to incorporate substituents that directly 
influence the steric environment about the metal center, and d) the substituents on these 
ligands can be readily modified to provide a mean to influence both the size of the 
coordination pocket and the electronic properties of the metal center. One of the most 
versatile tripodal ligand typology that can be utilized for biomimetic purposes is 
represented by the scorpionates. The azole rings of these ligands can in fact be considered as 
good models of the histidine residues of proteins, and their spatial disposition provides the 
steric arrangements found in many active sites. In addition, from a synthetic point of view, 
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the steric and electronic properties of these ligands can be easily modulated by placing 
appropriate substituents in close proximity of the N donor atoms. In recent years, complexes 
of scorpionate ligands were successfully used to mimic the activity of enzymes containing 
metals. With this ever-growing wealth of scorpionate-supported coordination and 
bioinorganic chemistry, this issue would provide a valuable resource for chemists and 
biologist, clarifying the properties of metal complexes with scorpionate ligands with 
biological activity or used as models for active sites of enzymes and proteins.  
This Chapter analyzes the chemical diversity exhibited by some metal complexes (such as 
copper and zinc complexes) supported by scorpionate ligands and the overall progress on 
synthetic analogs of enzyme centers, focusing primarily on systems in which coordination 
spheres contain poly(pyrazolyl)borate ligands. 

2. Poly(pyrazolyl)borate ligands 
Since poly(pyrazolyl)borate ligands were discovered in 1966 by Trofimenko (Trofimenko, 
1966), their coordination chemistry has been extensively developed with particular interest 
arising out of the ability of this class of ligands to modify or control the steric and electronic 
environment about the metal center by variation of the pyrazolyl groups (Trofimenko, 1999). 
Apart Trofimenko�’s papers (Trofimenko, 1971; Trofimenko, 1972; Niedenzu & Trofimenko, 
1986; Trofimenko, 1986; Trofimenko, 1993), a number of reviews and chapters were devoted 
to chemistry of poly(pyrazolyl)borate ligands (Edelmann, 2001; Ward et al., 2001; Webster & 
Hall, 2003; Pettinari & Santini, 2004; Dias & Fianchini, 2007; Spicer & Reglinski, 2009; Pellei 
et al., 2010; Santini et al., 2010) and related metal complexes. In 2003 the scorpionate ligands 
and their father Trofimenko were guests of honor at a symposium to celebrate 35 years of 
chemistry with poly(pyrazolyl)borates and related ligands (Ritter, 2003). The special issues 
2-3 (Vol. 23, 2004) of Polyhedron were dedicated to this topic, the first paper being presented 
by Trofimenko on development of scorpionate ligands system from its genesis (Trofimenko, 
2004). In 2008 a book dedicated to Swiatoslaw Trofimenko has been published by the 
Imperial College Press (Pettinari, 2008). The special issue 12 (Vol. 362, 2009) of Inorganica 
Chimica Acta was dedicated to Dr. Swiatoslaw Trofimenko to honour and remember his 
strong contribution to chemistry and 40 years of work accomplished with the 
poly(pyrazolyl)borates and related tripodal ligands. 

2.1 Poly(pyrazolyl)borate properties 
The fundamental feature in all poly(pyrazolyl)borate complexes is the six-membered ring 
within a more general structure RR'B( -pz)2M(L)n (Fig. 1). For these ligands and their 
constituents we adopt an extensive nomenclature based on the abbreviation proposed in ref. 
(Pellei et al., 2010). 
Because of the bond angles and distances involved, the B( -pz)2M ring has almost nearly a 
boat conformation. In Fig. 1a, R and R�’ are different: the pseudoequatorial R�’ is pointing 
away from the metal roughly along the B-M axis, but the pseudoaxial R is directed towards 
the metal, and may bond to it, interact with it, or simply screen it towards other ligands. R 
may be H, alkyl, aryl, OR, SR, NMe2 or another pyrazolyl group with unspecified 
substituents (pzx). It was this feature that prompted Trofimenko to coin the term 
�“scorpionates�” for polypyrazolylborates, as the coordination behavior of the RR'B( -pz)2 
ligands closely resembles the hunting habits of a scorpion: this creature grabs its prey with 
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two identical claws (coordination of M through the two 2-N atoms of the B( -pz)2 groups), 
and then may, or may not, proceed to sting it with its overarching tail (the R�’ group). 
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Fig. 1. General structure of: a) poly(pyrazolyl)borate complexes RR�’B(pzR3,R4,R5)2M(L)n; b) 
[HB(pzR)3]2M complexes; c) [HB(pzR)3]M(L)n complexes 

Tris(pyrazolyl)borates generally coordinate as tridentate ligands 3-N,N�’,N�” (Fig. 1b and 1c), 
through three nitrogen atoms of the pyrazole rings thereby providing effective steric 
shielding of the metal center. In a M[HB(pzR)3] fragment the R substituents protrude in 
space past the metal, enveloping it, and forming a protective pocket of varying size and 
shape. The evaluation of the size of the variously substituted [HB(pzR)3]- ligands is more 
important for developing an understanding the influence of pyrazolyl ring substituents on 
the chemistry of their metal complexes. Ligand size can be evaluated by the concept of cone 
angle ( ), which was originally introduced for phosphine ligands (Tolman, 1977). The 
smaller the cone angle, and the larger the wedge angle, the easier it is for other ligands 
coordination to the metal. Because of this feature, the proper choice of 3-R substituents does 
adjust the steric accessibility of the coordinated metal, in this fashion controlling the 
coordination chemistry of the [HB(pzR)3]M species (Trofimenko, 1999). All of the  [HB(pzR)3]- 
ligands have a cone angle ( ) larger then 180°, and the trends in the values of these angles 
were consistent with the trends in the coordination chemistry of the [HB(pzR)3]- ligands. 
Indeed, the ligands of small cone angle (i.e. [HB(pz)3], [HB(pzMe)3], etc.) are characterized by 
a strong tendency to form [HB(pzR)3]2M (Fig. 1b) complexes with divalent first row 
transition metals, and the inability to form stable [HB(pzR)3]M(L)n species (Fig. 1c) 
(Trofimenko, 1999; Pettinari & Santini, 2004; Pellei et al., 2010; Santini et al., 2010). 
Ligands having an intermediate cone angle (i.e. [HB(pziPr)3], [HB(pzPh)3], etc.) are capable of 
forming both [HB(pzR)3]2M and [HB(pzR)3]MX species. The most sterically demanding 
ligands (i.e., [HB(pztBu)3], [HB(pzMs)3], etc.) inhibit formation of [HB(pzR)3]2M and heavily 
favour four-coordinate compounds [HB(pzR)3]MX with C3v-distorted tetrahedral geometries 
(Trofimenko et al., 1992). The cone angles depend not only on the ligand itself, but also on 
the length of the N-M bond. The combined results from experimental studies in which the 
structures, spectroscopic properties, and reactivity of a number of metal complexes were 
examined and in some cases directly compared, were summarized in a series according to 
effective steric bulk at a complexed metal center. Analougosly, comparison of the structure, 
physical and spectroscopic properties of similar compounds with homologous ligands 
provides insight into the relative electron-donating or electron-withdrawing capabilities of 
[HB(pzR)3]- ligands (Kitajima & Tolman, 1995). 
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3. Biomimetic chemistry of Scorpionates 
In the last decades the comprehension of the molecular mechanisms behind crucial 
enzymatic reaction has considerably advanced. The increasing number of available protein 
structures has allowed to elucidate many metal-based catalytic sites responsible of specific 
enzymes activity. In parallel with this, the employment of synthetic analogues (Holm & 
Solomon, 2004), such as small molecular weight complexes that reproduce not only the 
structural aspects of the metals sites, but also their functioning, has permitted a better 
understanding of many biological processes. In addition, this has resulted also in the 
potential exploitation of these models in stoichiometrically simple but fundamental catalytic 
reactions such as nitrogen activation (Yandulov & Schrock, 2003) or oxygen-evolving from 
water (Kanan & Nocera, 2008). The design and synthesis of specific ligands that confer to the 
resulting complex desired structural and, possibly, functional properties is therefore of 
fundamental importance, and many new ligand systems were produced with this specific 
intent. 
Scorpionate ligands have been extensively used in biomimetic chemistry as spectator ligands, 
which modulate the electronic and steric properties of the metal ion and of the co-ligands or 
actor ligands, but are not directly involved in the metal-based reactivity. 
Poly(pyrazolyl)borates can in many ways mimic histidine nitrogen ligation, so, it is possible 
to synthesize simple models for active sites of bio-organic macromolecules such as enzymes 
(Parkin, 2004). In addition, from a synthetic point of view, the steric and electronic 
properties of these ligands can be easily modulated by placing opportune substituents in 
close proximity of the N donor atoms. Different steric hindrance produces in some cases 
complexes that exhibit different nuclearity.  

3.1 Copper biomimetic systems 
The biological role of copper is made evident by its involvement in many crucial biological 
functions. These can be classified as follows: dioxygen activation and transport (Solomon et 
al., 1994; Solomon et al., 1996; Solomon et al., 2001), electron transfer (Colman et al., 1978; 
Durley et al., 1993; Hart et al., 1996; Shibata et al., 1999), nitrite reduction (Wasser et al., 
2002) and copper delivery, storage and detoxification (Henkel & Krebs, 2004; Calderone et 
al., 2005). In most cases copper exerts its function by means of its redox properties, i.e., the 
ability to cycle between +1 and +2 oxidation states. The geometry and the type of donor 
atoms surrounding the metal are fundamental in determining the functional properties of 
the Cu-proteins (Holm et al., 1996). The copper centers can be classified according to their 
geometry, donor set and nuclearity. At present, at least seven structural motives have been 
recognized (Koval et al., 2006), among which are the classical T1 (plastocyanin), T2 (copper 
nitrite reductase), and T3 (oxy-hemocyanin, oxy-Hc) arrangements (Fig. 2). 
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Fig. 2. Some examples of T1, T2 and T3 copper sites. 
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Model chemistry has been decisive in identifying the mode of peroxide coordination in oxy-
hemocyanin (oxy-Hc). Better spectroscopic models of oxy-Hc were obtained by using 
sterically encumbered tris(pyrazol-1-yl)borates as supporting ligands in Cu(I) complexes 
that can bind dioxygen. The peroxo complex [HB(pziPr,iPr)3]2Cu2(O2) represents the first X-
ray characterized model of the oxy-Hc metal site that mimics well the spectral properties of 
the protein (Kitajima et al., 1989; Volbeda & Hol, 1989; Hazes et al., 1993; Magnus et al., 
1994; Cuff et al., 1998) (Fig. 3a).  
 

 
Fig. 3. Structure of: a) [HB(pziPr,iPr)3]2Cu2(O2); b) [HB(pztBu,iPr)3]Cu(O2). 

The complex displayed an unprecedented coordination mode of the bridging peroxo anion, 
with a planar arrangement of the Cu-O2-Cu moiety and with the peroxo group bridging 
side-on two metal centers ( - 2: 2-O22- or SP coordination mode). It is notable that the 
reaction between [HB(pziPr,iPr)3]2Cu2(O2) and NaN3.H2O gave [HB(pziPr,iPr)3]2Cu2( -OH)( -
N3), a dinuclear copper(II) complex containing ( -hydroxo)( -1,3-azido) bridges (with the 
bridging hydroxide originating from water) (Kitajima et al., 1993), which mimics the 
physico-chemical properties of metazido-hemocyanin (Himmelwright et al., 1980; Pate et al., 
1986). As for the functional properties of hemocyanin, the Cu-site allows a reversible and 
fast O2-binding that renders O2-transport possible, while the Cu(I) model complexes with 
tris(pyrazolyl)borates bind O2 irreversibly to yield the SP species (Kitajima et al., 1988; 
Kitajima et al., 1989; Hu et al., 2000). On the other hand, O2-reactivity is modified when 
employing neutral tris(pyrazolyl)methanes ([HC(pzR,R�’)3]) as supporting ligands in Cu(I) 
models. For example, the pseudo-tetrahedral complex [HC(pzMe,Me)3]Cu(MeCN) + binds O2 
as a SP species in a reversible manner (Cvetkovic et al., 2001).  
Oxytyrosinase (oxy-Tyr) has an active site very similar to oxy-Hc (Matoba et al., 2006). Models 
of oxy-Hc (SP peroxo complexes) have been tested as models for tyrosinase activity, in order to 
verify whether they are able to incorporate an oxygen atom into a substrate such as phenol. 
The model compound [HB(pzMe,Me)3]2Cu2(O2) reacts with hindered phenols, but yields 
diphenoquinones instead of benzoquinones (Kitajima et al., 1990). However, this behavior is 
not in contrast with tyrosinase biomimetics, because this enzyme also gives primarily 
diphenoquinones when hindered phenols are used as substrates (Pandey et al., 1990). Two 
mechanisms can explain this reactivity of [HB(pzMe,Me)3]2Cu2(O2): 1) the spontaneous O-O 
bond cleavage of the peroxide to give a Cu(II)-O-.species that abstracts a hydrogen atom from 
phenol; 2) the acid/base substitution between the acidic phenol and the basic peroxide, 
affording a Cu(II)-phenoxo species (equivalent to a Cu(I)-phenoxy one) that undergoes 
reductive Cu-O bond cleavage. In both the cases a phenoxyl radical is generated, which easily 
reacts to yield diphenoquinones. The alkylperoxo complex [HB(pziPr,iPr)3]Cu(tBuOO) models 
the supposed hydroperoxo intermediate (Kitajima et al., 1993). 
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A successful strategy to isolate Cu(II)-O2-. complexes has been developed by employing 
sterically hindered tris(pyrazolyl)borates as supporting ligands. The steric hindrance and 
the anionic character of these ligands contribute to diminish the oxidizing ability of the 
mononuclear species towards the second equivalent of Cu(I), such that 1:1:1 
[HB(pzR,R�’)3]:Cu:O2 complexes could be isolated. In particular, by reacting the mononuclear 
complex [HB(pztBu,iPr)3]Cu(DMF) with dioxygen, a diamagnetic mononuclear side-on 
superoxo complex (SS) (Fig. 4) [HB(pztBu,iPr)3]Cu(O2), was crystallized (Fujisawa et al., 1994). 
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Fig. 4. a) Diamagnetic mononuclear side-on superoxo complex (SS); b) dioxygen in an end-
on coordinated superoxo form (ES). 

A more hindered t-butyl group in place of a i-propyl group was decisive in defining the 
nuclearity of the product of oxygenation (Kitajima & Tolman, 1995). As shown by 
spectroscopic measurements, solutions of [HB(pztBu,iPr)3]Cu(O2) (Fujisawa et al., 1994) (Fig. 
3b) contain small amounts of the corresponding binuclear SP species. When a bulkier R 
substituent such as an adamantyl group was introduced on the pyrazolic arms of the 
scorpionate, in place of t-butyl, only the SS species [HB(pzAd,iPr)3]2Cu2(O2) was detected, 
without any trace of the SP form (Chen et al., 2003). 
Fungal galactose oxidase (GOase) is an extracellular copper enzyme that catalyzes the 
oxidation of various primary alcohols to aldehydes (Whittaker & Whittaker, 1998; 
Whittaker, 2003; Whittaker, 2005). The crystal structure of the protein (Ito et al., 1994) reveals 
a mononuclear copper site, with two N-donor histidines, two O-donor tyrosines (one axial 
and one equatorial) and an exogenous ligand (water or acetate) in a distorted square-
pyramidal coordination. The catalytically active group is the modified tyrosine in the 
equatorial position (cofactor), which is covalently linked to a cysteine residue. Three 
oxidation levels of the metal site are involved in the mechanism of the enzyme: 1) the 
oxidized Cu(II)-tyrosyl radical (GOaseOX), which is responsible for the two-electron 
oxidation of the substrate, 2) the Cu(I)-tyrosine form (GOaseRED) that reduces O2 to H2O2, 
and 3) the Cu(II)-tyrosine form (GOaseSEMI), which is considered as an intermediate between 
the previous states. The related enzyme glyoxal oxidase, which catalyzes the oxidation of 
aldehydes to carboxylic acids, has a similar reactivity and active site composition 
(Chaudhuri & Wieghardt, 2001). Modeling the Cu(II)-phenoxo state (GOaseOX) in order to 
improve our understanding of the mechanistic details of the first rate-determining step of 
the catalytic cycle has been a challenge for biomimetic chemists (Wang et al., 1998; Thomas, 
2007). Chelate effect, sulfur involvement and steric shielding have been employed to mimic 
the stability of the Cu(II)-phenoxo moiety. In this context, tris(pyrazolyl)borates were used 
as supporting ligands in ternary complexes to mimic the diradical Cu(II)-phenoxo state. The 
complex [HB(pzCum,Me)3]Cu(O(MeS)C6H4) (Cum = cumenyl, C6H4(SMe)OH = 2-
(methylsulfanyl)phenol) of Fig. 5a, is a structural model of GOaseSEMI (Ruf & Pierpont, 
1998). The irreversible behavior of the phenoxo/phenoxy radical couple in 
[HB(pzCum,Me)3]Cu(O(MeS)C6H4) is attributed to sulfur decoordination during the oxidative 
process. Also the complex [HB(pzPh)3]Cu(L) (L = 2-hydroxy-3-methylsulfanyl-5-
methylbenzaldehyde, Fig. 5b) can be considered as a model of GOaseSEMI, wherein the co-
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ligand L mimics the thioether-substituted Tyr272 of the enzyme (Halcrow et al., 1998; 
Halcrow et al., 1999). 
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Fig. 5. Molecular structure of: a) [HB(pzCum,Me)3]Cu(O(MeS)C6H4); b) [HB(pzPh)3]Cu(L) (L = 
2-hydroxy-3-methylsulfanyl-5-methylbenzaldehyde); c) [HB(pzPh,Ph)3]Cu(L) (HL = 2-
hydroxy-5-methyl-1,4-benzoquinone). 

Other [HB(pzPh)3]CuII complexes containing chelate phenolates exhibit a similar 
arrangement around the copper center (Halcrow et al., 1999). [HB(pzPh)3]Cu(L) was 
electrochemically oxidized to [HB(pzPh)3]Cu(L) +, which is a good spectroscopic model of 
the diradical Cu(II)-phenoxo moiety of GOaseOX, being EPR silent and presenting 
comparable visible-NIR features (Whittaker et al., 1996). The electrochemical reversibility of 
the phenoxo/phenoxy radical redox process, not observed in the aforementioned 
[HB(pzCum,Me)3]Cu(O(MeS)C6H4) model, probably implies conservation of the square 
pyramidal geometry also in the oxidised form [HB(pzPh)3]Cu(L) +, even though there is no 
structural evidence to support this hypothesis. Interestingly, by introducing bulky 
substituents such as t-butyl group in the para position of the phenolic co-ligand, a decrease 
in the kinetic stability of the electrochemically generated diradical Cu(II)-phenoxo species is 
observed (Sylvestre et al., 2005). The heteroscorpionate ligand (2-hydroxy-3-t-butyl-
methylphenyl)bis(3,5-dimethylpyrazolyl)methane (L1O) gave the ternary complex 
[Cu(L1O)(OAc)] where the acetate ion is bound to the metal with both oxygen atoms. It has 
been proposed that the N2O donor set provided by L1O ligand serves as a mimic for two 
histine and the tyrosine residues (Warthen & Carrano, 2003). 
Copper amine oxidases (CuAOases) catalyze the aerobic oxidation of primary amines to 
aldehydes in some bacteria, yeasts, plants and mammals (Klinman, 1996; Mure et al., 2002). 
The catalytic site contains a T2 copper center, [Cu(His)3(OH2)n]+/2+ (n = 0 or 2), and the 
organic cofactor 2-(1-amino-1-carboxyethyl)-5-hydroxy-1,4-benzoquinone (TPQ). CuAOases 
were crystallized in two forms, TPQ-on (Parsons et al., 1995) and TPQ-off (Li et al., 1997) 
exhibiting the TPQ cofactor bound to the metal or 3-5 Å distant from it, respectively. The 
complex [HB(pzPh,Ph)3]Cu(L) (HL = 2-hydroxy-5-methyl-1,4-benzoquinone, Fig. 5c) (Foster et 
al., 2000) was synthesized and electrochemically characterized in order to model Cu/TPQ 
interactions in CuAOases. In the structure of [HB(pzPh,Ph)3]Cu(L), copper adopts a distorted 
square-pyramidal geometry, with a longer Cu-N interaction in axial position, as was 
previously found for similar complexes (Li et al., 2000) and in TPQ-on CuAOases 
(Nakamura et al., 1992; Speier et al., 1994). 
Model complexes have been reported to reproduce the peculiar structure and spectroscopic 
features of blue copper proteins (Kitajima et al., 1990; Kitajima et al., 1992; Holland & 
Tolman, 1999; Holland & Tolman, 2000; Randall et al., 2000), or the function of these 
biological electron carriers (Rorabacher, 2004). The major synthetic challenges to yield 
structural/spectroscopic models have been: 1) obtain Cu(II)-thiolate species, without the 
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concomitant formation of disulfides and Cu(I) (Mandal et al., 1997), and 2) provide 
complexes exhibiting distorted tetrahedral coordination of Cu(II), which mostly prefers a 
tetragonal environment. Substituted tris(pyrazolyl)borate ligands were originally employed 
in order to fulfil these requirements (Kitajima & Tolman, 1995), since they are tetrahedral 
enforcers and furnish enough electron density to copper to disfavor oxidation of thiolate co-
ligands (Bruce & Ostazewski, 1973; Churchill et al., 1975). Moreover, steric hindrance on 
[HB(pzR,R�’)3]- prevents (a) the formation of [HB(pzR,R�’)3]2Cu complexes and (b) the 
occurrence of direct Cu(II)-thiolate-Cu(II) bridges, which may be involved in the mechanism 
of disulfide formation (Lappin & McAuley, 1978).  
The complexes [HB(pzMe,Me)3]CoII(SR) (SR = p-nitrobenzenethiolate or O-ethylcysteinate), 
which are stable in solution only at low temperatures, represent the first spectroscopic 
models of the Co(II)-substituted blue Copper proteins active site (Thompson et al., 1979). 
Cu(II) complexes with N,N�’,S(SR�’) coordination motif, as commonly found in T1 sites, were 
isolated by using the N,N�’,S-donor scorpionate ligand [H(SPhp-Me)B(pzMe,Me)2]- instead of 
[HB(pzMe,Me)3]- (Thompson et al., 1980). The complexes exhibit similar spectroscopic features 
to the aforementioned [HB(pzMe,Me)3]Cu(SR) species. An increase in the steric bulk of the 
scorpionate substituents (i-propyl groups in place of methyl groups) allowed for the 
crystallization of a model of an oxidized T1 site in the form of the complex 
[HB(pziPr,iPr)3]Cu(SR) (SR = SC6F5, Fig. 6a) (Kitajima et al., 1992). 
The [HB(pziPr,iPr)3]Cu(SR) complexes (SR = SC6F5, SCMe3, SCPh3, S-tBu) are good 
spectroscopic models for the oxidized T1 sites (Kitajima et al., 1990; Kitajima et al., 1992; Qiu 
et al., 1994). Spectroscopic measurements and DFT calculations on [HB(pziPr,iPr)3]Cu(SCPh3) 
have led to the following observations (Randall et al., 2000): 1) there is a stronger and more 
covalent thiolate-Cu donor interaction in [HB(pziPr,iPr)3]Cu(SCPh3) than in the T1 site of 
plastocyanin; 2) there is a weaker ligand field in the model, consistent with a more regular 
tetrahedral geometry around the metal; 3) an increase in the effective nuclear charge of 
copper from plastocyanin to [HB(pziPr,iPr)3]Cu(SCPh3), which implies a weaker donor set in 
the model (N,N,N from [HB(pziPr,iPr)3]) relative to the N(His)2S(Met) donor set in 
plastocyanin. 
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Fig. 6. Molecular structure of: a) [HB(pziPr,iPr)3]Cu(SC6F5); b) [HB(pziPr,iPr)3]Cu(timMe). 

A further Cu(II) complex with the [HB(pziPr,iPr)3]- supporting ligand was synthesized, using 
a thioxo-imidazole (timMe) as co-ligand (Basumallick et al., 2002). The resulting complex 
[HB(pziPr,iPr)3]Cu(timMe) exhibits a square-pyramidal geometry around the copper ion, with 
a N4S donor set (Fig. 6b). [HB(pziPr,iPr)3]Cu(SMeIm) can be considered a structural model of 
some mutant azurins (Canters & Gilardi, 1993; Den Blaauwen & Canters, 1993; den 
Blaauwen et al., 1993) and nitrosocyanin (a red copper protein) (Whittaker et al., 2000; 
Lieberman et al., 2001), both involving a pentacoordinated Cu(II) ion. The effect of the 
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increase of the coordination number was investigated by comparing the 
structural/spectroscopic properties of [HB(pziPr,iPr)3]Cu(SMeIm) with those of 
[HB(pziPr,iPr)3]Cu(SCPh3). 
The metalloenzyme copper nitrite reductase (CuNIR) plays a key role in the nitrogen cycle 
since it reduces nitrite ions (NO2-) to nitric oxide (NO). The resting state active site of CuNIR 
consists of a Cu(II) ion tetrahedrally coordinated by three N-donor histidines and a water 
molecule (T2 site) (Godden et al., 1991). This site is connected to a T1 electron transfer site by 
a His-Cys bridge. A first hypothesis of the enzyme�’s catalytic mechanism, proposed by 
Averill (Hulse et al., 1989; Averill, 1996), contemplates the initial reduction of the metal 
center (with electrons shuttled from the T1 site) and subsequent binding of nitrite to Cu(I) 
by means of the N atom ( 1-N coordination). This 1-N coordination is supported by 
experimental evidence on model complexes (Halfen & Tolman, 1994; Mahapatra et al., 1996). 
Subsequent protonation of the substrate would give water and a copper-nitrosyl complex, 
presumably an unstable {CuNO}10 species (Enemark & Feltham, 1974), wherein NO is 
reasonably considered to be 1-N end-on coordinated to the metal. The copper-nitrosyl 
intermediate is crucial for the catalytic mechanism of CuNIR, and for this reason some 
mononuclear Cu-NO complexes were prepared to model this species. Copper complexes as 
models for nitrite reductase were examined in ref. (Wasser et al., 2002). The complex 
[HB(pztBu)3]Cu(NO) is the first structurally characterized mononuclear copper-nitrosyl 
complex (Fig. 7a) (Carrier et al., 1992; Ruggiero et al., 1993). 
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Fig. 7. Molecular structure of: a) [HB(pztBu)3]Cu(NO); b) [HB(pztBu)3]Cu(NO2). 

The metal presents a pseudotetrahedral geometry and a 1-N end-on NO coordination, 
supporting indirectly the 1-NO end-on hypothesis for the {CuNO}10 species of CuNIR. 
Nitric oxide binding is reversible, since it is lost upon application of a vacuum or when 
purging with argon. Two other Cu-nitrosyl complexes with scorpionates as supporting 
ligands, namely [HB(pztBu,iPr)3]Cu(NO) and [HC(pztBu,iPr)3]Cu(NO), have been characterized 
in the solid state (Fujisawa et al., 2008). Both these species are structural analogues of 
[HB(pztBu)3]Cu(NO), exhibiting tetrahedral coordination of the metal, with a 1-N end-on 
NO. Spectroscopic evidence and ab initio calculations have revealed that all the three 
complexes have a {CuNO}11 electronic structure, better described with a Cu(I)-NO. radical 
interaction characterized by a significant covalency. The sterically hindered scorpionate 
ligand [HB(pztBu)3]-, as well as being a pseudotetrahedral enforcer, has the important role of 
stabilizing NO coordination, by protecting it from possible disproportionation into N2O and 
NO2-. A similar NO decomposition pathway occurs even in the enzyme, under conditions of 
high NO concentration (Jackson et al., 1991). NO dismutation in model complexes is 
strongly influenced by the nature of the substituents R and R�’ on the [HB(pzR,R�’)3]- ligand. 
Interesting, not only steric bulk (e.g., tBu group), but also the electron withdrawing 
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character (e.g., CF3 group) of the [HB(pzR,R�’)3]-substituents tends to slow the rate of NO 
disproportionation. Mechanistic investigations suggest that the process occurs by an 
electrophilic attack of a second NO molecule on the initial Cu-NO adduct, thus yielding a 
[HB(pzR,R�’)3]Cu(NO)2 adduct. Following N-N coupling and O-atom transfer, N2O and 
Cu(II)-(NO2-) are generated.  
The Cu(II)-nitrito form of CuNIR, which exhibits 2-O,O�’ coordination of NO2- to copper 
(Murphy et al., 1997; Veselov et al., 1998), is stabilized by hydrogen bond interactions with 
the protein-matrix side chains. A few Cu(II)-nitrito model complexes with 
hydrotris(pyrazolyl)borate co-ligands have been structurally characterized, showing either a 
symmetric or asymmetric 2-O,O coordination mode of NO2-, depending on the pyrazolyl 
substituents. Bulky R substituents, such as t-butyl groups, favor an asymmetric array as 
found in the active site of CuNIR. This is observed in the complexes [HB(pztBu)3]Cu(NO2) 
(Fig. 7b) (Tolman, 1991) and [HB(pztBu,iPr)3]Cu(NO2) (Lehnert et al., 2007), whereas 
[HB(pziPr,iPr)3]Cu(NO2) (Lehnert et al., 2007), [HB(pzCF3,Me)3]Cu(NO2) and 
[HB(pzMe,Me)3]Cu(NO2) (Schneider et al., 1998) show a symmetric bidentate nitrite 
coordination. When using a neutral tris(pyrazolyl)methane as a co-ligand, two NO2- ions are 
coordinated to Cu(II): one nitrite is 1-O and the second one is 1-N bound (Lehnert et al., 
2007). 
Recently it has been discovered that the nitrite ion is bound in a tridentate fashion in the 
reduced form of CuNIR, with its oxygen atoms coordinated to Cu(I) and an additional weak 
Cu-N interaction (Antonyuk et al., 2005). This binding mode would allow minimal 
structural rearrangements between the reacting 2-O,O�’ NO2- and the incipient side-on 
coordinated NO ({CuNO}10 species). The spectroscopic properties of the model complexes 
[HB(pztBu,iPr)3]Cu(NO) and [HC(pztBu,iPr)3]Cu(NO), in which NO is end-on bound to the 
metal, were compared to those of CuNIR (Usov et al., 2006). This has allowed for the 
determination of the binding mode of the {CuNO}11 species in protein solutions as strongly 
bent end-on but not side-on (Fujisawa et al., 2008). 
Comprehensive reviews describing structural and functional aspects of copper dioxygen 
models have been reported (Kitajima & Moro-oka, 1994; Lewis & Tolman, 2004; Mirica et al., 
2004). The employment of scorpionate ligands in copper biometics (Kitajima, 1992; Kitajima 
& Tolman, 1995; Gennari & Marchiò, 2009) and to understand copper protein active-sites 
chemistry (Tolman, 2006) was reviewed in the past.  

3.2 Zinc biomimetic systems 
Zinc is essential to all forms of life and it is probably the most bio-relevant metal. Human 
beings contain an average of approximately 2 to 3 g of zinc and it has been found that 3% of 
the human genome contain the code for zinc finger proteins (Klug, 1999). There are about 
400 three-dimensional structures for zinc proteins, representing all six fundamental enzyme 
classes: oxidoreductases (alcohol dehydrogenase family), transferases, hydrolases 
(carboxypeptidase family), lyases (carbonic anhydrase family), isomerases, and ligases 
(Auld, 2006). Thus, zinc is involved in a wide variety of metabolic processes including 
carbohydrate, lipid, protein, and nucleic acid synthesis and degradation. Mononuclear zinc 
enzymes were currently studied by several bioinorganic research groups with biomimetic 
complexes. Recent and substantial reviews by G. Parkin (Parkin, 2000; Parkin, 2004; Parkin, 
2007), H. Vahrenkamp (Vahrenkamp, 2007) and N. Burzlaff (Fischer et al., 2009) cover 
almost all aspects of synthetic zinc enzyme analogues. Thus, here we will summarise some 
aspects of synthetic analogues of zinc enzymes that feature scorpionate ligands. 
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The molecular characterization of zinc sites in biological systems came first through 
replacing the spectroscopically silent zinc with the chromophoric metal cobalt. In particular, 
Co(II) substitution has been widely employed as a tool for conversion of spectroscopically 
silent Zn(II)-containing proteins into still-functioning enzymes, but for which optical 
(absorption, magnetic circular dichroism (MCD)) and magnetic resonance (nuclear magnetic 
resonance (NMR), electron paramagnetic resonance (EPR), electron nuclear double 
resonance (ENDOR)) spectroscopic techniques all can be productively applied to 
understand enzyme structure and function (Maret & Vallee, 1993; Bertini et al., 2001). Recent 
examples involved high-frequency and -field electron paramagnetic resonance (HFEPR) 
investigation of cobalt-substituted zinc enzymes (Krzystek et al., 2010), EPR/ENDOR 
studies of a Co-substituted Zn finger protein, TF IIIA (Walsby et al., 2003), MCD studies of a 
variety of Co-substituted Zn enzymes and model compounds (Larrabee et al., 1997). In the 
past the substitution of zinc in enzymes by cadmium was also attempted, in an effort to take 
advantage of 113Cd NMR spectroscopy in gaining structural and mechanistic information 
(Coleman, 1992). These efforts were abandoned because it became too obvious that 
cadmium and zinc have essentially nothing in common in terms of ligand preferences, 
coordination numbers or stabilities. 
Zinc enzymes in the resting state almost without exception contain zinc-bound water (Vallee 
& Auld, 1993). The tetrahedral [{XYZ}Zn-OHn] zinc centre is the most common structural 
feature found for the active site of zinc enzymes. In these enzymes zinc is bound to the 
protein by three amino acid residues. The zinc binding residues X, Y and Z are either 
histidine, glutamate, aspartate or cysteine.  
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Fig. 8. Coordination motifs in mononuclear zinc enzymes: a) carbonic anhydrase, matrix 
metalloproteases; b) thermolysin, carboxypeptidase A; c) plant peptide deformylases 
(PDFs); d) alcoholdehydrogenase, cobalamine independent methionine synthase; e) 5-
aminolevulinate dehydratase; f) Ada DNA repair protein.  

Almost all triple combinations of these residues are found in zinc enzymes. During the 
resting state, the fourth position of the [{XYZ}Zn-OHn] active site is usually occupied by 
water or a hydroxido ligand (Fig. 8) (Parkin, 2004; Kraatz & Metzler-Nolte, 2006). In many 
cases, characteristically in the alcoholdehydrogenase (ADH) and cobalamine independent 
methionine synthase (CAIMS) group, the water molecule only represents the vacant 
coordination site which during catalysis is occupied by the substrate. More importantly, 
though, and exclusively in the carbonic anhydrase (CA) and matrix metalloproteases (MMP) 
group, the water ligand is the functional reagent which is deprotonated to become the 
powerful Zn�–OH nucleophile which is responsible for the efficiency of the hydrolytic zinc 
enzymes. Infact, during their catalytic cycle the tetrahedral or pseudotetrahedral geometries 
of these zinc enzymes are quite flexible and change between a tetra-coordinated and a 
penta-coordinated zinc centre. Especially the coordination of a carboxylate donor e.g. a 
glutamate can easily vary in the so called carboxylate shift between a monodentate and a 
bidentate coordination. This flexibility is thought to be essential for the hydrolytic activity of 
many of the zinc enzymes. 
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Bioinorganic coordination chemists who are trying to model such active sites by simple 
ligands and zinc complexes are therefore facing several problems: a) the flexibility 
mentioned above is difficult to mimic without a surrounding protein pocket; b) amino acids 
on their own coordinate zinc ion not only via the amino acid residue but also via the N- or 
C-terminus of the sequence; c) protected amino acids or small oligopeptides are often not 
bulky enough to prevent the formation of bisligand complexes or hydroxido bridged 
dinuclear zinc complexes, this is also the case for imidazoles or thiols, which tend to form 
oligo- or poly-nuclear complexes. During studies by coordination chemists aimed at the 
modelling of zinc enzymes, many polydentate ligands have been designed which leave 
room for just one water ligand in the coordination sphere of zinc (Parkin, 2004). In those 
cases where the acidities of these complexes have been determined they provide evidence 
for the coordination number/pKa relationship. In particular, LZn(OH2) complexes with L 
being a tetradentate ligand have pKa values at or above 8 (Mareque-Rivas et al., 2004). But, 
most strikingly, all attempts to prepare LZn(OH2) complexes with tripodal scorpionates 
ligands have resulted in the isolation of their deprotonated derivatives, the LZn�–OH 
complexes.  
Tripodal scorpionate ligands have been applied successfully in zinc model complexes. Their 
key advantages are a �“facial�” binding causing tetrahedral to octahedral zinc centre and a 
rather rigid geometry compared to the often very flexible macrocyclic ligands. As Figure 9 
shows, they can form 4-, 5-, or 6-coordinate zinc complexes depending on the counteranions 
present (Rombach et al., 1999). 
Basing on borderline properties of zinc, mixed hard and soft ligand environments make for 
perfectly stable complexes, purely hard or soft ligand environments making zinc unwilling 
to accept the ligand thiolate. This is one of the most important properties governing the 
biological chemistry of zinc (Vahrenkamp, 2007). Modifications regarding the sterical 
hindrance can easily be employed to many scorpionate ligands to prevent dimer formation 
e.g. by attachment of bulky residues (R groups) to the ligands. In recent studies functional 
groups are attached to the ligands to mimic the enzyme pockets more closely. This allows 
the stabilisation of coordinated substrates, water or hydroxido ligands by hydrogen bridges. 
Similar interactions are found in enzymes. 
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Fig. 9. Pyrazolylborate zinc complexes with 4-, 5-, and 6-coordinated zinc: a) with non 
coordinating anions; b) with hard coligands X; c) with soft coligands Y. 

Most models for mononuclear zinc enzymes described so far consist of tripod ligands with 
three or four N donors to mimic mononuclear zinc enzymes with three zinc binding 
histidine residues (e.g. the matrix metalloproteases or carbonic anhydrase) (Parkin, 2000; 
Parkin, 2004). Often sterically hindered hydrotris(pyrazol-1-yl)borate ligands are used to 
mimic this tris(histidine) motif by three pyrazol-1-yl donors. Especially the works of H. 
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Vahrenkamp and G. Parkin have helped to elucidate several biocatalytic mechanisms with 
poly(azolyl)borate-zinc models. Scorpionate zinc complexes have been recognised by 
various research groups as versatile tools in the quest for new zinc binding groups suitable 
for enzyme inhibitors. The synthesis of such structural enzyme (inhibitor) models usually 
starts from the hydroxido complexes.  
The most difficult task, which is not fully achieved as yet, is the isolation of a 
[HB(pzR)3]Zn(OH2) + cation (Ruf et al., 1996; Bergquist & Parkin, 1999) ([HB(pzR)3] denotes 

any one substituted tris(pyrazolyl)borate ligand), the main reason for which is the 
hydrolytic destruction of the [HB(pzR)3]- ligands in acidic media. In all cases studied, the 
[HB(pzR)3]Zn�–OH complexes are the easiest to prepare (Alsfasser et al., 1993; Ruf et al., 1996; 
Ruf & Vahrenkamp, 1996). In just a few cases they could be induced to release water and 
form the dinuclear complexes [HB(pzR)3]Zn�–OH�–Zn[HB(pzR)3] + (Ibrahim et al., 2006); full 
deprotonation with formation of the neutral molecular species [HB(pzR)3]Zn�–O�–
Zn[HB(pzR)3]  have been achieved in one case (Ruf & Vahrenkamp, 1996).  
The [HB(pzR)3]Zn�–OH complexes owe their stability both to the fact that the sterically laden 
[HB(pzR)3]- ligands enforce a low coordination number and that they create a hydrophobic 
pocket and an encapsulation of the Zn�–OH unit. Increasing the polarity (hardness) near zinc 
(e.g. by a pyridyl substituted ligand) allows the coordination number to be increased; as a 
result, observed in the enzyme-substrate model complex [HB(pzPy,Me)3]Zn(OH2)OPO(OPh)2 
(Weis et al., 1998), the hydrolytic agent water and the organophosphate (employed to model 
the substrate) are attached to zinc at the same time.  
The [HB(pzR)3]Zn�–OH complexes were shown to be able to perform, in a stoichiometric 
way, all hydrolytic reactions catalyzed by zinc enzymes (Vahrenkamp, 1999; Parkin, 2004). 
Bearing voluminous organic substituents, they suffer from two limitations with respect to 
catalytic action. They are hydrophobic and do not dissolve in water, thereby rendering the 
reagent H2O unavailable, and they form very stable complexes with the carboxylates and 
phosphates resulting from hydrolysis. On one hand this is unfavourable and still requires 
efforts in order to overcome it, but on the other hand it has provided important compounds 
for the structure correlation based mechanistic findings. 
The [HB(pzR,R�’)3]Zn(OH) complexes (R = tBu, Ph, Cum, R�’ = H, Me, tBu) (Fig. 10a) (Alsfasser 
et al., 1991; Kitajima et al., 1993; Looney et al., 1993; Ruf & Vahrenkamp, 1996), including 
[HB(pzR)3]- incorporating hydrogen bonding accepting ester substituents, react as functional 
models according to the carbonic anhydrase mechanism (Looney et al., 1993; Rombach & 
Vahrenkamp, 2001; Hammes et al., 2002; Bergquist et al., 2003; Lipton et al., 2003; Lipton & 
Ellis, 2007) and form bicarbonate from CO2. Hydrogensulfido, thiolato, phenolato and 
alcoholato [HB(pzR)3]- complexes are accessed by substitution reactions with H2S, thiols, 
phenols or alcohols (Ruf & Vahrenkamp, 1996; Bergquist et al., 2000; Brand et al., 2001).  
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The complex [HB(pzPh,Me)3]2Zn2(H3O2) ClO4 (Puerta & Cohen, 2002) is important for the 
relevance of its structure in terms of hydrolytic zinc enzymes, that use hydrogen-bond 
stabilized water nucleophiles to perform peptide bond cleavage. 
With dialkyl carbonate the hydroxido complexes form monoalkyl carbonato complexes (Fig. 
10b) (Ruf et al., 1996; Vahrenkamp, 1999). These are also accessible by a reaction of 
alcoholato complexes with CO2, a reaction that is analogous to the carbonic anhydrase 
catalysis. This even allows the catalytic formation of dialkyl carbonate from alcohols and 
CO2 under pressure (Vahrenkamp, 1999). Binding studies with sulfonamide inhibitors have 
also been described (Hartmann & Vahrenkamp, 1994; Brombacher & Vahrenkamp, 2004). 
The protective pocket provided by the pyrazolylborate ligands [HB(pzCum,Me)3]- and 
[HB(pzPh,Me)3]- has made it possible to obtain stable and inert zinc complexes [HB(pzR)3]Zn-
base of the anionic nucleobases (i.e. thymine, uracil, dihydrouracil, cytosine, adenine, 
guanine, diaminopurine, xanthine, hypoxanthine) in their deprotonated forms (Badura & 
Vahrenkamp, 2002) and to investigate the reactivity of aminoacids toward zinc (Rombach et 
al., 2002). The complex [HB(pzCum,Me)3]Zn(OH) has been reported to cleave activated amides 
and esters (Ruf & Vahrenkamp, 1996). Other hydroxido complexes, e.g. 
[HB(pzCum,Me)3]Zn(OH), are able to hydrolyse amides (Vahrenkamp, 1999; Parkin, 2004). 
This indicates that such model complexes are also structural and functional models for 
matrix metalloproteases (MMPs). Therefore, matrix metalloproteases model properties are 
also utilised for binding studies with protease inhibitors (Ruf et al., 1996; Vahrenkamp, 
1999). In these binding studies the coordination properties of the zinc binding groups of 
MMP inhibitors are investigated. In particular the pioneering work of Cohen (Puerta & 
Cohen, 2002; Puerta & Cohen, 2003; Jacobsen & Cohen, 2004; Puerta et al., 2004; Puerta et al., 
2005; Puerta et al., 2006; Jacobsen et al., 2007) and Vahrenkamp (Ruf et al., 1996; Tekeste & 
Vahrenkamp, 2006; Tekeste & Vahrenkamp, 2006) in this field has to be highlighted. 
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Fig. 11. a) Model complex for MMPs with bound hydroxamate inhibitor; b) Bidentate k2-
coordination of pyridinethione in biomimetic zinc complex [HB(pzPh,Me)3]ZnL; c) structure 
of [HB(pzCO2Et,Me)3]Zn(H2O)(OAc). 
Common zinc binding groups applied successfully in peptidase inhibitors have been either 
a carboxylic acid, a hydroxamic acid or a thiol functionality. Reactions of 
[HB(pzR,R�’)3]Zn(OH) complexes with carboxylic acids, hydroxamic acids or thiols yield 
carboxylato, hydroxamato (Fig. 11a) and thiolato complexes (Ruf et al., 1996; Parkin, 2004). 
These complexes may be understood as biomimetic complexes that model the coordination 
environment of these zinc binding groups bound to the catalytic zinc ion in the matrix 
metalloproteases. Cohen and coworkers first utilized coordination complexes to model 
drug-protein interactions of inhibitors to MMPs of which the binding mode was not known 
so far. The focus of this work was to predict the drug-protein interaction of non-
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hydroxamate inhibitors without the need for elaborate drug synthesis or protein structure 
determination. They reported the binding of -mercaptoketone and -mercaptoamide drugs 
in a bidentate fashion, while -mercaptothiols bound exclusively in a monodentate manner, 
contrary to prior expectations (Puerta & Cohen, 2002). A whole series of publications by the 
same authors extended this concept to four different groups of chelators: 
hydroxypyridinones, pyrones, hydroxypyridinethiones and thiopyrones (Puerta & Cohen, 
2003; Puerta et al., 2004; Puerta et al., 2005; Puerta et al., 2006; Jacobsen et al., 2007). Each of 
the tested small molecules was able to displace the hydroxide ligand in the 
[HB(pzPh,Me)3]ZnOH model complex of the active site and to coordinate the zinc(II) in a 
bidentate fashion (Puerta & Cohen, 2003; Puerta et al., 2004; Puerta et al., 2006; Jacobsen et 
al., 2007) (Fig. 11b). These compounds represented the zinc chelating portion of new MMP 
inhibitors (MPIs), lacking the critical peptidomimetic backbone. The zinc binding groups 
(ZBGs) listed above were found to have a greater affinity than acetohydroxamic acid (AHA) 
for the zinc(II) ion the model complex. Furthermore, the inhibitory activity of these ZBGs 
was compared with that of AHA (Puerta et al., 2006). All the new compounds were found to 
be more potent inhibitors of MMP-3 than AHA (Puerta et al., 2004). This finally resulted in 
the development of potent and selective pyrone-based inhibitors (Puerta et al., 2005).  
Other binding studies by the Cohen group reported on 1-coordination for zinc complexes 
[HB(pzPh,Me)3]ZnL bearing 2-thenylmercaptan, salicylamide and thiosalicylic acid, but on 2-
coordination in case of methyl salicylate, methyl thiosalicylate or 2-hydroyacetophenone 
ligands. Thus, it was possible to reveal the mode of binding of many ZBGs (Jacobsen & 
Cohen, 2004). Interesting, Cohen and coworkers applied the [HB(pzPh,Me)3]ZnOH-fragment 
to identify ZBGs for the lethal factor of anthrax (Jacobsen et al., 2006). Vahrenkamp and 
coworker observed both, a bidentate and a monodentate coordination to a 
[HB(pzPh,Me)3]ZnOH fragment, in case of 2-mercaptophenol (Tekeste & Vahrenkamp, 2006). 
Vahrenkamp also reported on further studies regarding the coordination manner of -keto 
carboxylic acids, - and -diketones, -mercapto amines and alcohols as well as 
mercaptopropionic acid (Tekeste & Vahrenkamp, 2006). 
Recent studies try to attach functional groups to the scorpionate ligands of the zinc models, 
in order to mimic the catalytically important glutamic acid of the HExxH zincin sequence. In 
some examples, the carboxylate complex [HB(pzCO2Et,Me)3]Zn(H2O)(OAc) and the amidate 
complex [HB(pzFu,Me)3]Zn(H2O)(NHCOCF3), ester or furyl functionalities form hydrogen 
bridges to water or an amidate, respectively (Fig. 11c) (Hammes et al., 2002; Maldonado 
Calvo & Vahrenkamp, 2006). 
Chelating ligands belonging to the poly(pyrazolyl)borates can be regarded as relatively hard 
donor ligands having two or three azole nitrogen atoms that can be involved in metal 
coordination. The analogous poly(methimazolyl)borate anions (methimazole = 1-methyl-
1H-imidazole-2(3H)-thione) have recently been reviewed by Reglinski and Spicer (Spicer & 
Reglinski, 2009) in order to explore the properties of a softer coordination environment in an 
anionic ligand, provided in this case by thione sulfur atoms of the methimazole rings. The 
two ligand systems also differ fundamentally in the number of atoms linking the central 
boron atom to the donor atoms. The structural consequences of this difference are displayed 
in the dimensions of the chelate rings formed upon metal complex formation and the 
molecular symmetry generated as a consequence of the conformations adopted by these 
rings. Thus, complexes of the tris(pyrazolyl)borates contain three six-membered chelate 
rings and the resulting complexes exhibit a local coordination environment of C3v symmetry, 
while poly(methimazolyl)borates complexes contain three eight-membered chelate rings, 
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thus generating a more flexible twisted or propeller-like ligand conformation and local C3 
symmetry. 
The [HB(timR)3] ligand systems (Fig 12a) provide a useful platform for obtaining synthetic 
analogues of zinc enzymes and proteins that have sulfur rich active sites such 5-
aminolevulinate dehydratase (ALAD) and the Ada DNA repair protein (Penner-Hahn, 2007) 
(Fig 8f). 
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Fig. 12. Structure of: a) [HB(timR)3] ligands; b) [HB(timPh)3]ZnOH complex, synthetic 
analogue of ALAD. 

The three sulfur donors of the [HB(timR)3] ligand system may be used to emulate the three 
cysteine residues in ALAD. In particular, the zinc hydroxide complex [HB(timPh)3]ZnOH 
complex (Bridgewater & Parkin, 2001) (Fig 12b) is the first tetrahedral zinc hydroxide complex 
supported by a [S3] donor ligand to be structurally characterized by X-ray diffraction. 
The mechanism of action of ALAD involves displacement of the aqua ligand by the substrate 
5-aminolevulinic acid (ALA). A simple indication that displacement of the aqua ligand in such 
a coordination environment is facile is provided by protonation of [HB(timPh)3]ZnOH with 
HClO4 in acetonitrile, in which the incipient aqua ligand is displaced by MeCN to give 
{[HB(timPh)3]Zn(NCMe)}+ (Bridgewater & Parkin, 2000; Bridgewater & Parkin, 2001).  
Simple synthetic analogues for the [(Cys)4Zn] motif of the Ada protein (Penner-Hahn, 2007) 
are provided by the thiolate complexes [HB(timR)3]ZnSPh (R = Ph or tBu), in which the 
[HB(timR)3] ligand serves the role of the three cysteine residues that remain bound to zinc 
during the course of the alkylation reaction (Bridgewater et al., 2000; Ibrahim et al., 2005; 
Melnick et al., 2006). The thiolate complexes [HB(timR)3]ZnSCH2C(O)N(H)Ph (R = Ph, tBu), 
which incorporate an N�–H hydrogen bonding functionality, provide a more refined 
structural analogue for the Ada protein (Morlok et al., 2005).  
Alkylation of a zinc�–cysteine thiolate residue is the key step in the mechanism of action of 
the Ada DNA repair protein and may be modeled by the reactivity of [HB(timR)3]ZnSR 
towards alkylating agents such as MeI. Indeed, [HB(timR)3]ZnSR complexes react rapidly 
with MeI to yield [HB(timR)3]ZnI and RSMe (Bridgewater et al., 2000; Ibrahim et al., 2005; 
Melnick et al., 2006). A comprehensive evaluation of the reactivity of a series of zinc thiolate 
complexes, namely [HB(pzR,R�’)3]ZnSR, [HB(pz)2(timR)]ZnSR, [HB(pzR)(timR)2]ZnSR, and 
[HB(timR)3]ZnSR, in which the supporting ligand presents [N3], [N2S], [NS2] and [S3] donor 
arrays, demonstrates that the reactivity towards thiolate alkylation increases by four orders 
of magnitude across the series (Rombach et al., 2006). 
In addition to the widespread use of tris(pyrazolyl)hydroborato ligands, their 
bis(pyrazolyl)hydroborato counterparts, [H2B(pzR,R�’)2]-, were employed to prepare three-
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coordinate derivatives, e.g. [H2B(pzR,R�’)2]ZnR, (Gorrell et al., 1990; Looney et al., 1995) that 
may be functionalized by insertion of unsaturated molecules (e.g. R2CO, CO2 and R2CS) into 
the B�–H group to obtain compounds that feature new facially tridentate [N2O] and [N2S] 
donor ligands that have potential for modeling certain zinc enzymes (Gorrell et al., 1990; 
Dowling & Parkin, 1996; Ghosh & Parkin, 1998). Vahrenkamp synthesized the 
bis(pyrazolyl)(thioimidazolyl)borate ligands, as [N2S] donor ligands namely 
[HB(pzx)2(timx)]- (Fig. 13a) (Benkmil et al., 2004). 
The [NS2] donor bis(thioimidazolyl)(pyrazolyl)borate ligands (Santini et al., 2010), 
[HB(pzx)(timx)2]-, can be prepared essentially by the same procedure used for the species 
[HB(pzx)3]- and [HB(timx)3]-, which consists of the high-temperature reaction between KBH4 
and a stoichiometric amount of the pyrazole and/or thioimidazole. The ligand 
Li[HB(pz)(timMe)2] (Fig. 13b) has been prepared by Parkin and applied successfully for 
modeling aspects of the bioinorganic chemistry of zinc enzymes. The molecular structure of 
[HB(pz)(timMe)2]ZnI was determined by X-ray diffraction, thereby demonstrating that the 
complex is indeed mononuclear with a distorted tetrahedral coordination geometry that 
resembles the active site of LADH (Kimblin et al., 1997; Kimblin et al., 1999; Kimblin et al., 
2000). 
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Fig. 13. Structure of a) [HB(pz)2(timR)]-, b) [HB(pz)(timMe)2]- and c) [HB(SeimR)3]- ligands. 

An important development with respect to the use of this class of [NS2] donor ligands was 
provided by isolation of the ethanol complex, {[HB(pzPh,Me)(timo-An)2]Zn(HOEt)}ClO4.EtOH 
(Seebacher et al., 2001; Shu et al., 2003; Ibrahim et al., 2005) (timo-An = 1-(o-anisyl)-2-
thioimidazole) which provides the best structural model to date for LADH. Interestingly, the 
sulfur rich coordination environment provided by poly(thioimidazolyl)borate ligand stabilizes 
coordination of the alcohol to zinc, thereby suggesting that one of the reasons why LADH 
utilizes a sulfur rich coordination environment is to promote coordination of the alcohol 
relative to that of water. A recent and substantial review by J. Reglinski and M. D. Spicer 
(Reglinski & Spicer, 2009) covers almost all aspects of chemistry of methimazole based soft 
scorpionate ligands with special refererence to their use in biomimetic chemistry (alc. 
dehydrogenase, Ada repair proteins, 5-aminolevulinate dehydratase, sulfite oxidase, 
hydrogenase, MerB) and their emerging use as radiopharmaceuticals (rhenium, technetium). 
Since the poly(thioimidazolyl)borate ligands (Garner et al., 1996) have proven to be 
versatile, with a large variety of [HB(timR)3]- derivatives having been prepared, Parkin et al. 
envisioned that a similar series of ligands that features an Se3-donor or Se2-donor array 
should be accessible and thereby provide a set of ligands with modified electronic 
properties (Minoura et al., 2006). Indeed, the tris(2-seleno-1-R�–imidazolyl)borate ligands, 
[HB(SeimR)3] (Guziec & Guziec, 1994) (R = Me, Mes), have been obtained (Fig. 13c) and used 
to synthesize a variety of metal (zinc, cadmium and mercury) complexes (Landry et al., 
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2007). The related [Se2]-donor bis(2-seleno-1-methylimidazolyl)hydroborato ligand, 
[H2B(SeimMe)2]-, has also been synthesized and investigated (Landry et al., 2007; Landry & 
Parkin, 2007). Interesting, whereas {[H2B(SeimMe)2]ZnI}2 exists as a dimer, the sulfur 
counterpart [H2B(timMe)2]ZnI is a monomer (Kimblin et al., 1997; Kimblin et al., 2000). 
Another interesting aspect of {[H2B(SeimMe)2]ZnI}2 is that the bridging entity is one of the 2-
seleno-1-methylimidazolyl groups rather than the halide ligands. 
Several attempts to model the mononuclear active site with small biomimetic zinc complexes 
ended either in bisligand complexes [ZnL2] or the formation of oligo- or poly-nuclear 
complexes (Parkin, 2004). C. J. Carrano and B. S. Hammes applied bulky tert-butyl groups in 
ortho position to a phenolate donor to overcome these problems. With their anionic tripodal 
N,N,O ligand (3-tert-butyl-2-hydroxy-5-methylphenyl)bis(3,5-dimethylpyrazol-1-yl)methane, 
[HC(pzMe2)2(C6H2OH(tBu)Me)], they obtained several tetrahedral zinc complexes with 
halogeno, acetato or thiolato ligands (Fig. 14a) (Hammes & Carrano, 1999). With two nitrogen 
donors and an oxygen donor this ligand is well suited to mimic the active sites of thermolysin 
or carboxypeptidase A, although the zinc(II) in these models is bound by a phenolato donor 
instead of a carboxylato donor (Smith et al., 2003; Smith et al., 2005). 
 

 
Fig. 14. a) Structure of [HC(pzMe2)2(C6H2O(tBu)Me)]ZnX complexes; b) 1/ 2 equilibrium in 
hydroxamato complexes. 

Alkyl zinc complexes bearing various bis(pyrazol-1-yl)acetato ligands (HC(pzR,R�’)2(COO)-) 
offer an easy access to better structural model complexes for zinc peptidases with a 2-His-1-
carboxylate motif. Starting from methyl complexes [(HC(pzR,R�’)2(COO)ZnCH3] so far several 
complexes with carboxylato-, thiolato- and also hydroxamato-ligands have been obtained by 
methane releasing reactions with carboxylic acids, thiols and hydroxamic acids (Beck et al., 
2001; Hegelmann et al., 2003; Smith et al., 2003; Smith et al., 2005). According to the NMR 
spectra these complexes often exhibit a 1/ 2 equilibrium (Fig. 14b).  
Thiolates, carboxylates and hydroxamates are the most common zinc binding groups used 
in zinc peptidase inhibitors such as ACE inhibitors. Most of these models for 
carboxypeptidases have been characterised by X-ray structure determinations (Beck et al., 
2001; Hegelmann et al., 2003; Smith et al., 2003; Smith et al., 2005), the model complexes 
helping to develop new zinc binding groups for potential peptidase inhibitors. 

3.3 Other relevant biomimetic metal systems 
In recent years complexes of scorpionate ligands were successfully used to mimic the 
activity of enzymes containing various metals such as vanadium, manganese, iron, cobalt, 
nickel, molybdenum and tungsten. 
Vanadium. An important aim of the vanadium chemistry is to model vanadium histidine 
interactions thought to be present in the enzyme haloperoxidase (Butler, 1999). The 
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occurrence of vanadium in living systems and the relevant chemistry have been reviewed 
(Etienne, 1996). Recently, the vanadium complexes of general type VO(O2)[HB(pz)3](Hpz)  
and VO(O2)[pzB(pz)3](Hpz)  were synthesized, characterized and indicated as model for 
haloperoxidase (VHPO) enzymes (Holmes & Carrano, 1991; Xing et al., 2007), that are able 
to catalyze the oxidation of halides to corresponding hypohalous acids, which readily 
undergo halogenation of organic substrates or conversion of hydrogen peroxide to singlet 
oxygen and generation of halides. The pseudooctahedral V(IV) complexes with 
tris(pyrazolyl)borate ligands, [HB(pz)3]V(O)Cl .DMF and [HB(pzMe,Me)3]V(O)Cl .DMF 
were found to exhibit potent biological activity (Ghosh et al., 1999). 
Manganese. Mimicking the activity of manganese superoxide dismutase and of various 
binuclear manganese enzymes active in redox functions- was approached with 
[HB(pziPr,iPr)3]Mn(OBz) and related binuclear complexes (Sheats et al., 1987; Kitajima et al., 
1991; Kitajima et al., 1993) such as [HB(pziPr,iPr)3]Mn2( -FOBz)3(HpziPr,iPr)2 (Singh et al., 2006). 
Dehydrative condensation of the dinuclear Mn(III)-bis( -oxo) complex [HB(pziPr,iPr)3]Mn( -
O) 2 with H2O2 in the presence of 2-methylimidazole yielded the imidazole-containing 
peroxomanganese(III) complex [HB(pziPr,iPr)3]Mn( 2-O2)(HimMe). This complex may mimic 
the essential role of the �‘�‘distal�’�’ histidine residue in the hemoglobin/myoglobin (Singh et 
al., 2006). 
Iron. In the area of iron-containing enzymes, the behavior of the oxo-bridged di-iron 
enzyme hemerythrin was approximated with complexes such as {[HB(pz)3]Fe}2(µ-O)(µ-
OOCR) and {[HB(pz)3]Fe}2(µ-OH)(µ-OOCR) (Armstrong & Lippard, 1984; Armstrong et al., 
1984; Czernuszewicz et al., 1987), while the complex [HB(pziPr,iPr)3]Fe(OBz)(CH3CN) was 
regarded as a synthetic model for the dioxygen binding site of nonheme iron proteins 
(Kitajima et al., 1990). The aliphatic -keto carboxylate [HB(pzPh,Ph)3]FeII(O2CC(O)CH3) and 
the carboxylate complexes [HB(pzPh,Ph)3]FeII(OBz) and HB(pzPh,Ph)3]FeII(OAc)(HpzPh2)] were 
synthesized and studied to clarified the key role that the -keto functionality plays in 
oxygen activation by -keto acid-dependent iron enzymes (Mehn et al., 2003). The complex 
[HB(pziPr,iPr)3]Fe(OOPtn)] (Ptn = Pterinperoxo) has been described as a relevant model for 
potential intermediates in pterin-dependent hydroxylases (Lehnert et al., 2003). Other 
related complexes were regarded as structural and functional models of catechol 
dehydrogenases (Ogihara et al., 1998) and as peroxo intermediate in the methane 
monooxygenase hydroxylase reaction cycle (Kim & Lippard, 1996). The complex 
[HB(pzMe,Me)3]Fe(catecholate)(HpzMe,Me) has been prepared and its reactivity toward oxygen 
investigated as model for the catechol dioxygenases (Yat et al., 2003). 
Cobalt. The cobalt complexes [HB(pzR)3]Co(X) (X = N3, NCS; [HB(pzR)3] = [HB(pzMe,Me)3] or 
[HB(pzPh)3]) have been used as catalysts in the bicarbonate dehydration reaction in the 
presence of inhibitors (Sun et al., 2004; Sun et al., 2004). 
Nikel. Monomeric five-coordinate Ni-cysteine complexes of tris(3,5-disubstituted 
pyrazolyl)borates ([HB(pzMe,Me)3]- and [HB(pzPh,Me)3]-) and L-cysteine (diethyl ester and 
amino acid forms) were studied as being of relevance to the nickel component of the active 
site in several hydrogenase enzymes, which participate in the bio-generation of hydrogen 
and methane, as well as in nitrogen fixation (Desrochers et al., 1999). Hydrotris(3-phenyl-5-
methylpyrazoyl)boratonickel(II) complexes with organoxanthate or dithiocarbamate 
coligands equilibrate between 2- and 3-chelation modes of the scorpionate ligand in 
solution, connecting N2S2 square-planar and N3S2 pyramidal ligand fields and a spin 
crossover. The complexes also exhibit quasi-reversible oxidations at low anodic potentials, 
thus modeling the structure, dynamics, and redox reactivity of the reduced nickel 
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superoxide dismutase (NiSOD) active site (Ma et al., 2008). The use of analogous sterically 
less demanding hydrotris(3,5-dimethylpyrazolyl)borate ligands allow to obtain 
paramagnetic pentacoordinate N3S2 structures for both xanthate and dithiocarbamate co-
ligands in the solid state (Ma et al., 2009). However, these structures exhibit variable 
distortion towards a trigonal bipyramidal geometry due to enhanced rotation of the 
dithioacid chelates relative to the scorpionate face. Evidence was found nonetheless for 
retention of the spin equilibrium and one-electron redox couples in solution. These 
observations allow to consider steric effects arising from a pattern of 3-pyrazole ring 
substitution on the structure and dynamics of the biomimetic complexes. 
Molybdenum and tungsten. The group 6 elements molybdenum and tungsten are the only 
second and third row transition metals essential to all forms of life on Earth. Molybdenum is 
found at the active sites of nitrogenase and all of the more than 50 known Mo-MPT enzymes 
(MPT = �‘molybdopterin�’ or Metal-binding Pterin ene-1,2-diThiolate) that play vital roles in 
plant, animal, and human health, the carbon, sulfur, and nitrogen cycles, biofeedback 
systems, and the control of global climate (Hille, 1996; Tunney et al., 2004). The Mo-MPT 
enzymes feature active sites composed of a single (mononuclear) Mo atom coordinated by 
one or two MPT-based ligands; tungsten is also associated with MPT-based ligands in all its 
known biological manifestations. Chemical approaches to molybdenum enzyme sites have 
been directed toward mimicking a portion of the structural center in order to ascertain the 
role of that particular feature of the center on the chemical reactivity and the spectroscopic 
properties of the center. Existing sources (Holm, 1987; Holm, 1990; Enemark & Young, 1994; 
Stiefel, 1997; Young & Wedd, 1997; Young & Young, 1997; Hille et al., 1998; Fischer & 
Burgmayer, 2002; Enemark et al., 2004) provide background to earlier work in this area. The 
enzymology and other aspects of molybdenum biochemistry have been extensively 
considered elsewhere (Hille, 1996; Hille, 2002; Moura et al., 2004; Brondino et al., 2006; 
Schwarz & Mendel, 2006). The action of oxygen-atom transfer enzymes which contain 
tris(pyrazolyl)borate-based molybdenum and tungsten pterin enzyme models centres was 
discussed in a review of Young and Wedd (Young & Wedd, 1997). In a recent review we 
analyzed the overall progress on synthetic analogues of these enzyme centers and dissected 
the contributions of systems in which coordination spheres contain poly(pyrazolyl)borate 
ligands (Pellei et al., 2009).  

3.3.1 Nitrogenase and related synthetic models having pyrazolylborate anions 
The most extensively studied nitrogenase enzyme contains iron and molybdenum metals, 
and is called molybdenum nitrogenase (Burgess & Lowe, 1996; Smith, 1999; Christiansen et 
al., 2001; Igarashi & Seefeldt, 2003). In growth conditions where molybdenum concentration 
is low, a nitrogenase depending on iron and vanadium is expressed (Eady, 1996; Eady, 2003; 
Rehder, 2003; Crans et al., 2004). When both molybdenum and vanadium are unavailable, a 
third type of nitrogenase is expressed that contains iron as the only transition metal (Eady, 
1996; Krahn et al., 2002; Siemann et al., 2002). Mo-nitrogenase is the only one for which both 
detailed structural and mechanistic data are available (Howard & Rees, 1996; Mayer et al., 
1999; Einsle et al., 2002). The enzymatic complex comprises two proteins: the iron-protein 
(Fe-protein) and the molybdenum iron-protein (MoFe-protein). There are three catalytically 
necessary metal�–sulfur clusters in iron�–molybdenum nitrogenase: the Fe4S4 cluster in the Fe-
protein, the FeMo-cofactor and the P-cluster. The iron�–molybdenum cofactor (FeMo-co) of 
nitrogenase (Kim & Rees, 1992; Chan et al., 1993; Peters et al., 1997; Mayer et al., 1999; Einsle 
et al., 2002) is one of the most fascinating exhibits in bioinorganic chemistry, because it is 
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here that the enzyme somehow catalytically cleaves the strong triple bond of N2 to give 
ammonia (Lowe et al., 1993). The FeMo-co has been observed in three redox states (Peters et 
al., 1997; Mayer et al., 1999; Schmid et al., 2002). Two different structures are known for the 
P-cluster and are assigned to different cluster core oxidation states. In the reduced or PN 
(fully reduced) state, the Fe8S7 cluster can be described as two Fe4S4 cubes sharing one 
common hexacoordinate sulfur atom, the iron atoms being linked to the protein by 
cysteinate ligands, two of them bridging the subcubes (Fig. 15a). In the oxidized state POX 
state (P2+), oxidized by two electrons relative to PN, the central sulfur atom loses two bonds 
with two iron atoms in one of the subcubes, thus becoming more open. The tetrahedral 
coordination of these two iron atoms is then completed by extra ligations from neighboring 
cysteine or serine residues (Peters et al., 1997; Mayer et al., 1999; Einsle et al., 2002). 
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Fig. 15. a) Structure of the P-clusters of nitrogenase in the reduced state [Fe8(µ2-SCys)2(µ3-
S)6(µ6-S)] core, (P-Cluster, PN state); b) molybdenum- or vanadium-containing PN-cluster 
topological analogue of the PN cluster of nitrogenase. 
Synthetic chemists have created iron�–sulfur clusters that mimic the unusual distribution of 
iron atoms in PN (Huang et al., 1997; Osterloh et al., 1999; Osterloh et al., 2001; Zhang et al., 
2002; Zhang & Holm, 2003; Zuo et al., 2003; Lee & Holm, 2004; Zhang & Holm, 2004). In 
particular monomeric clusters [HB(pz)3]2M2Fe6S9 n-; (M = Mo, n = 3; M = V, n = 4) are 
stabilized by the tris(pyrazolyl)borate ligand, showing that the cluster topology found in PN 
can exist as a free entity in solution (Zhang et al., 2002).  
The species in Fig. 15b, is an example of a topological analog of the Fe8S7 P-cluster with the 
[Mo2Fe6S7]5- core, isolated as the crystalline Et4N+ salt (Zhang et al., 2002; Zhang & Holm, 
2003). 
The P-cluster structure could be stabilized in other molecules, and in particular the 
vanadium-containing PN-cluster topological analogue is reported (Hauser et al., 2002; Zhang 
et al., 2002; Zuo et al., 2003) (Fig. 15b). The clusters have a crystallographically imposed two-
fold axis which contains atom 6-S and is perpendicular to the Fe4 plane in the center of the 
molecule. The 6-S atom and its associated interactions constitute the most extraordinary 
part of the structures of the clusters reported in Fig. 15b. Sextuply-bridging sulfur atoms are 
not unprecedented in synthetic clusters, but they are rarely encountered. A best-fit 
superposition of the V2Fe6S9 core of V-species in Fig. 15b with the core atoms of the PN 
cluster of nitrogenase (K. pneumoniae MoFe protein) (Mayer et al., 1999) leads to an rms 
deviation of 0.33 Å in atom positions (Lee & Holm, 2004). The corresponding deviation for 
Mo-species is 0.38 Å. One source of the deviation between synthetic clusters and the PN 
cluster is the significantly larger Fe ( 6-S) Fe angle of 158° and its attendant effect on atom 
positions in the native cluster. The differences of a Mo2Fe6 or a V2Fe6 instead of an Fe8 metal 
content and two 2-S atoms instead of two 2-SCys bridges notwithstanding. Therefore, 
clusters reported in Fig. 15b are the excellent examples of molecular topological analogues 
of the PN cluster of nitrogenase. 
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High-nuclearity metal-sulfur clusters may function as precursors to other clusters related in 
structure to the P-cluster (Fe8S9) and FeMo-cofactor cluster (MoFe7S9) of nitrogenase (Zhou 
et al., 2002; Berlinguette et al., 2006). In particular, the double cubane 
[HB(pz)3]2Mo2Fe6S8(PEt3)4 system has been investigated as model for the reactivity of the 
nitrogenase PN cluster (Zhang et al., 2002; Zhang & Holm, 2003; Zuo et al., 2003); the 
complex sustains terminal ligand substitution with retention of the Mo2Fe6( 3-S)6( 4-S)2 core 
structure and rearrangement to the Mo2Fe6( 2-S)2( 3-S)6( 6-S) topology of the nitrogenase PN 
cluster (Peters et al., 1997; Mayer et al., 1999) upon reaction with certain nucleophiles. 
Distinct processes for the conversion of double cubanes to PN-type clusters are documented, 
affording the products [HB(pz)3]2Mo2Fe6S9(SR)2 3- (Zhang & Holm, 2004), 
[HB(pz)3]2Mo2Fe6S9(SH)2 3- (Berlinguette & Holm, 2006), [HB(pz)3]2Mo2Fe6S8(OMe)3 3- 

(Zhang & Holm, 2004), [HB(pz)3]2Mo2Fe6S7(OMe)4 2- (Zhang & Holm, 2004), 
[HB(pz)3]2Mo2Fe6S9(OH)2 3- (Hlavinka et al., 2007), [HB(pz)3]2Mo2Fe6S9(OMe)2(H2O) 3- 

(Hlavinka et al., 2007), {[HB(pz)3]2Mo2Fe6S9(µ2-O)}2 5- and [HB(pz)3]2Mo2Fe6S8Q(QH)2 3- 
(Q = S, Se) in which HQ- is a terminal ligand and Q2- is a µ2-bridging atom in the core 
(Hlavinka et al., 2007). The reverse transformation of a PN-type cluster to an edge-bridged 
double cubane has been demonstrated by the reaction of [HB(pz)3]2Mo2Fe6S8(OMe)3 3- with 
Me3SiX to afford [HB(pz)3]2Mo2Fe6S8X4 2- (X = Cl-, Br-) (Zhang & Holm, 2004). 
In biomimetic research, many fewer heterometal MFe3S4 cubane-type clusters have been 
synthesized with vanadium or tungsten than with molybdenum because of the well-
established structural relationship of the latter to the molybdenum coordination unit in the 
nitrogenase MoFe-protein (Lee & Holm, 2003; Lee & Holm, 2004). A structural relationship 
appears to exist between VFe3S4 clusters and the vanadium site in VFe-proteins (Eady, 1996; 
Eady, 2003). Far fewer vanadium than molybdenum single cubanes (SC) clusters, containing 
the [VFe3( 3-S)4] core of idealized trigonal symmetry, have been prepared since their 
inception in 1986-1987 (Kovacs & Holm, 1986; Kovacs & Holm, 1987; Kovacs & Holm, 1987), 
and the first and only examples of vanadium edge-bridged double cubanes (EBDC), with 
the core [V2Fe6S( 3-S)6( 4-S)2] of idealized centrosymmetry, were obtained in 2002 (Zhang et 
al., 2002). The two cluster types may be generalized as [HB(pzR)3]VFe3S4X3 z and 
[HB(pzR)3]2V2Fe6S8X4 z of variable oxidation level z with diverse scorpionate ligands 

(hydrotris(pyrazolyl)borate or tris(pyrazolyl)methanesulfonate) bound to the octahedral 
heterometal site and ligands X (X = phosphine, thiolate, or halide) at the tetrahedral iron 
sites. These matters are best pursued with clusters in which [HB(pzR)3]- is constant, 
facilitating the isolation of clusters of either heterometal with the same charge z. Infact, the 
tris(pyrazolyl)borate ligand conforms to the trigonal symmetry of the SC core and in 
synthesis generally affords SCs with z = -2 and EBDCs with z = -3 or -4 in species carrying 
monoanionic ligands X (Fomitchev et al., 2002; Hauser et al., 2002; Zhang & Holm, 2003; Zuo 
et al., 2003; Berlinguette et al., 2006; Pesavento et al., 2007).  
Recently, a series of single cubane and edge-bridged double cubane clusters containing the 
cores [VFe3( 3-S)4]2+ and [V2Fe6( 3-S)6( 4-S)2]2+ have been prepared (Scott & Holm, 2008) by 
ligand substitution of the phosphine clusters [HB(pz)3]VFe3S4(PEt3)3 + and 
[HB(pz)3]2V2Fe6S8(PEt3)4. The single cubanes [HB(pz)3]VFe3S4L3 2- and double cubanes 
[HB(pz)3]V2Fe6S8X4 4- (X = F, N3, CN, PhS) are shown by X-ray structures to have trigonal 

symmetry and centrosymmetry, respectively. Single cubanes form the three-member 
electron transfer series [HB(pz)3]VFe3S4X3 3-,2-,1-. The ligand dependence of redox potentials 
and electron distribution in cluster cores as sensed by 57Fe isomer shifts ( ) have been 
determined (Scott & Holm, 2008). 
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Examples of WFe3S4 clusters, nearly all in the form of tungsten-bridged double cubanes, 
were prepared nearly simultaneously with molybdenum containing clusters in the early 
development of M�–Fe�–S cluster chemistry (Wolff et al., 1980; Armstrong et al., 1982; Palermo 
et al., 1982). Few others have been prepared since that time (Coucouvanis et al., 1992; 
Raebiger et al., 1997). The structures of tungsten�–iron�–sulfur clusters have been explored 
using reactions based on [HB(pzMe,Me)3]WS3 - as precursor, which reacts with FeCl2, NaSEt 
and S affording the cubane cluster [HB(pzMe,Me)3]WFe3S4Cl3 -, which with NaSEt is 
converted to [HB(pzMe,Me)3]WFe3S4(SEt)3 -. Treatment of [HB(pzMe,Me)3]WFe3S4Cl3 - with 
Et3P yields the edge-bridged double [HB(pzMe,Me)3]2W2Fe6S8(PEt3)4 with the [W2Fe6(µ3-S)6(µ4-
S)2] core. The cubane cluster [HB(pzMe,Me)3]WFe3S4Cl3) - reacts also with an excess of Et3P, 
BH4- and HS- leading a mixture of products, from which 
[HB(pzMe,Me)3]2W2Fe5S9Na(SH)(MeCN) 3- was identified. This cluster, as closely related 
[HB(pz)3]2Mo2Fe6S9(SH)2 3-, exhibits a core topology [W2Fe5Na( 2-S)2( 3-S)6( 6-S)] very 

similar to the PN cluster of nitrogenase (Hong et al., 2005). 

3.3.2 Hydrogenase and related synthetic models 
Hydrogenases comprise a fundamental group of bacterial enzymes that catalyze the 
reversible oxidation of dihydrogen to protons in aerobic and anaerobic microorganisms and, 
thus, play a key role in molecular bioenergetics (Fontecilla-Camps & Ragsdale, 1999; Adams 
& Stiefel, 2000; Matias et al., 2001; Carepo et al., 2002). Two classes of hydrogenases, [Fe]-
only H2ases (Pandey et al., 2008) and [NiFe] H2ases (Higuchi et al., 1999), have been studied 
widely, each containing their metals in a high sulfur density environment. The X-ray 
crystallographic studies of the active-site structure of [NiFe] H2ases isolated from 
Desulfovibrio gigas, Desulfovibrio Vulgaris, Desulfovibrio fructosovorans, and Desulfovibrio 
desulfuricans ATCC27774 in combination with infrared spectroscopy have revealed an active 
site comprised of a heterobimetallic (Scys)2Ni( -Scys)2( -X)Fe(CO)(CN)2 (X = O2-, HO2-, OH-) 
cluster (Volbeda et al., 1995; Rousset et al., 1998; Garcin et al., 1999; Ogata et al., 2002; Chiou 
& Liaw, 2008) (Fig. 16a). The bridging ligand X was proposed to be an oxide, hydroxide, or 
hydroperoxide in the oxidized state and was found to be absent in the reduced state. 
 

 
Fig. 16. a) Representation of the active site in the [NiFe] hydrogenase extracted from 
Desulfovibrio gigas showing the vacant coordination site (A) and the additional bridging oxo 
or hydroxo ligand (X) present only in the oxidized (inactive) form of the enzyme; b) 
structure of the boratrane [{B(timtBu)3}Fe(CO)2]. 
These enzymes have become excellent targets within biomimetic chemistry. Modelling of 
hydrogenase enzymes requires the efficient synthesis of half-sandwich complexes of the 
form [HB(timR)3]NiX or [H2B(timR)2]NiX. The chemistry of nikel is driven by the formation 
of bis-ligand complexes such as [HB(timR)3]2Ni (Garner et al., 2003; Senda et al., 2006) and 
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[H2B(timR)2]2Ni (Alvarez et al., 2001; Alvarez et al., 2004). The [H2B(timR)2]2Ni complexes, 
having [NiS4H2] cores and slightly distorted octahedral geometries resulting from the 
unexpected presence of two Ni�…H�–B interactions, constitute unprecedented structural 
mimics that resemble the nickel coordination environment in the active form of [NiFe] 
hydrogenases. With [HB(timMe)3]2Ni it is possible to obtain the oxidised Ni(III) species 
[HB(timMe)3]2Ni + albeit in very low yield. By contrast, a Ni(III) species has not been 

isolated from studies of the analogous [H2B(timR)2]2Ni complex (Alvarez et al., 2001).  
The use of a starting material containing a chelating diphosphine such as 1,2-
bis(diphenylphosphino)ethane (dppe) may prevent the addition of a second [HB(timR)3]- 
group to nickel and plausibly generate useful complexes such as [HB(timR)3]NiX or 
[H2B(timR)2]NiX, all while preserving the required soft donor ligand set around the metal 
center. Recently, using nickel phosphine complexes it was possible to obtain the species [ 3-
H,S,S-HB(timTol)3]Ni(dppe)Cl, [HB(timTol)3]Ni(NO) and [ 3-H,S,S-H2B(timMe)2]Ni(PPh3)(NO) 
(Alvarez et al., 2004; Maffett et al., 2007). 
The simple chemistry of iron is also driven by the formation of bis-ligand species 
[HB(timMe)3]2Fe (Senda et al., 2006). Although [HB(timMe)3]- produces an octahedral S6Fe 
species [ 3-S,S,S-HB(timMe)3]2Fe (Senda et al., 2006), the [HB(timPh)3]- ligand generated a 
different isomer namely [ 3-H,S,S-HB(timPh)3]2Fe (Kimblin et al., 2001). By altering the 
stoichiometry and reaction conditions it was possible to produce half sandwich 
[HB(timMe)3]FeCl complexes and chloro bridged [HB(timMe)3]Fe( -Cl) 2 dimers of iron (Senda 
et al., 2006). The iron centres in hydrogenase are organometallic in nature, containing Fe-C O 
moieties. Although carbonyl complexes of manganese can be produced (Bailey et al., 2003) as 
yet we have been unable to directly and simply produce the analogous iron complexes. Parkin 
et al. used a circuitous route to these species, which pass through a boratrane [{ 4B,S,S',S�”-
B(timtBu)3}]Fe(CO)2 species (Fig. 16b). The molecular structure of [{ 4B,S,S',S�”-
B(timtBu)3}]Fe(CO)2 has been determined by X-ray diffraction, which clearly reveals the 
presence of an Fe BX3 -interaction. Significantly, [{ 4B,S,S',S�”-B(timtBu)3}]Fe(CO)2 exhibits 
novel reactivity towards a variety of reagents that results in eradication of the Fe-B bond via a 
formal 1,2-addition process and the formation of B-functionalized 
tris(mercaptoimidazolyl)borate derivatives, [XB(timtBu)3]FeY (Figueroa et al., 2006).  
It is noted that the reports generated which related to hydrogenase chemistry are thus far 
fragmented.  However, if they can be linked a viable model of hydrogenase could 
potentially be generated. For example, species such as [ 3-H,S,S-HB(timTol)3]Ni(dppe)Cl 
contain a metal (boro)hydride interaction (Alvarez et al., 2001; Alvarez et al., 2004). 
Furthermore the hydride can be induced to leave the boron and a metal mediated hydride 
transfer can be initiated. As with much bio-mimetic chemistry, modelling reactions parallel 
the respective enzymes to a point (e.g. replacement of NAD+ by benzylnicotinamide 
chloride in zinc alcohol dehydrogenase studies) and the manner in which the electrons are 
managed in the hydrogenase model reaction is unlikely to mimic that of the enzyme as there 
is no pathway for them to be sequestered. In this case it is likely that they will be stored in a 
bond such as the B-H bond (Reglinski & Spicer, 2009). 
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1. Introduction    
For more than twenty-five years, the bionics community (and particularly the VLSI 
engineering community) has been performing extensive research to understand, model and 
design in silicon the biological auditory system and specifically the inner ear or cochlea. The 
aim of this on-going effort is not only towards building the ultimate artificial speech 
processor or implant, but also to develop systems that can contribute towards a deeper 
understanding of the underlying engineering strategies that nature chose to espouse. For 
these reasons, certain parts of the VLSI engineering community believe that trying to mimic 
certain biological operations will, in principle, yield systems that are somewhat closer to 
nature�’s power-efficient computational ability. 
However, engineers must identify what they should and what they should not directly 
replicate in an artificial system inspired from biology. As for example, it does not make sense 
to create commercial aircraft wings to flap like those of birds (even though unmanned 
flapping-wing aircrafts are currently being developed �– check NASA�’s flapping solar aircraft) 
it is equally meaningful to argue that not all operations of the cochlea can or should be 
replicated in silicon in an exact manner. Abstractive operational or architectural simplifications 
dictated by logic and the available technology have been crucial for the successful 
implementation of useful hearing-type machines. Moreover, the biological cochlea is a three-
dimensional electro-hydro-mechanical system, whereas most electronic systems are one-
dimensional systems. Based on these thoughts, it would be wise to try and clarify three terms 
that are commonly used in the (bio-) engineering literature. Namely, these are: 
 Neuromorphic: the system level architecture is designed in such a way in order to 

replicate �‘exact�’ basic anatomical identified operations which embody several key 
features encountered in the biological system. The term �‘neuromorphic�’ was introduced 
by Carver Mead in (Mead, 1989;Mead, 1990) . 

 Bio-inspired: the design and/or operation are based on (inspired from) the engineering 
principles underlying its biological counterpart.  

 Biomimetic: the behaviour/operation/response resembles the one directly observed 
from the biological system, applying completely, partially or not at all the engineering 
principles encountered in the biological system. 

It should be therefore evident that a neuromorphic design is also bio-inspired and 
biomimetic, whereas a biomimetic (or bio-inspired) design is not necessarily neuromorphic. 
We shall provide tangible examples on this fact as the chapter unfolds. 
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Since the late seventies, there we numerous attempts from several research laboratories to 
capture the main attributes of the biological cochlea in a way that are conveniently (i.e. 
computationally efficiently) replicated in silicon. This chapter attempts to present a rather 
detailed historical retrospective of nearly twenty-seven years of analogue VLSI cochlea 
development.  The chapter is organized in ascending chronological in order to unravel the 
chain of events in order to appreciate how the research direction changed through time. If 
the reader wishes to skip all the details, s/he can refer to Table 1 and Fig. 32 at the end 
which summarizes the performances of the most important efforts. 

2. The early years: 1982 - 1992 
1982: The first to sow the seeds for the coming generations of VLSI engineers was Richard F. 
Lyon who in 1982, while in Fairchild Artificial Intelligence Research Laboratory, proposed a 
VLSI-compatible computational model of filtering, detection and compression in the cochlea 
(Lyon, 1982), even though it seems that he had conceived the idea earlier �– check one of his 
unpublished efforts circa 1978 (Lyon, 1978). His work made a clear link to the early Wegel 
and Lane (Wegel and Lane, 1924) and Fletcher (Fletcher, 1930) model of micromechanics 
(the one-dimensional passive transmission line model) and to the more recent model of non-
linear differential equations by Kim and his associates (Kim et al.,  1973). In this pioneering 
work, the proposed model (which was later given the name: �‘The Lyon�’s Cochlear Model�’ 
by Malcolm Slaney (Slaney, 1988)) cleanly separated the effects of mechanical filtering in the 
BM into time-invariant linear filtering based on a simple cascade/parallel filterbank 
network of second-order sections (or biquad filters). Lyon apart from BM filtering also 
discussed that detection and compression should be incorporated in the final model by 
means of half-wave rectification and a coupled nonlinear AGC network. Lyon�’s cochlea 
model can be described briefly as follows:  
Wave propagation in distributed non-uniform media like the BM can �– in principle �– be 
modelled by a cascade of filters. Such a cascade will give rise to overall transfer functions 
with sharp roll-off slopes corresponding to higher-order structures. This kind of BM 
modelling relies upon the approximation that for a short BM section x, the parameters 
change only slightly and thus it behaves just as a short section would in a uniform medium. 
In other words, the non-uniform medium can be discretised with each portion assumed to be locally 
uniform. Each of these uniform portions can be modelled by a filtering stage which alters the 
magnitude and phase of excitation. The parameters of each successive filter (corresponding 
to a different x segment) will scale accordingly so that the collective response of the whole 
cascaded structure approximates the behaviour of the non-uniform medium.  
In this first attempt, each BM segment was approximated as a lowpass notch (LPN) transfer 
function with the resonance frequencies, that determine the notch locations, changing 
approximately exponentially (modelling how the properties of the BM change lengthwise) 
from 20kHz at the input end (base) to 50Hz at the output end (apex). The cascaded LPN 
filters conspired to create a collection of lowpass filters (LPF) with very steep high-
frequency roll-off slopes. A resonator transfer function, a simple bandpass filter (BPF) was 
added at the output of each LPN output (tap) to convert BM displacement to BM velocity. 
The overall effect was a BM cochlea �‘tuning curve�’ which qualitatively had an asymmetric 
BP shape much like the one Rhode observed in the early 70s. 
This cascade/parallel filterbank architecture constitutes part of a single-input, multi-output 
system with a very useful property: the sum of the orders of the transfer functions from the 
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input to each output (tap) greatly exceeds the sum of the orders of the component sections, 
thus achieving an economy of computation by using the same low-order section in many 
high-order transfer functions. The filter-cascade also enforces uni-directionality of energy 
(not allowing the introduction of reflections which could lead to instability) and achieves a 
high-gain pseudo-resonance by coupling the individual low-gain stages forming the 
cascade. A block diagram of the cascade/parallel architecture is shown in Fig. 1, whereas 
Fig. 2 shows the frequency responses of its constituent transfer functions. 
 

 
Fig. 1. Block diagram of the cascade/parallel filterbank for modelling travelling wave 
propagation in the BM; adapted from Lyon (Lyon, 1982). 
 

 
Fig. 2. Indicative transfer functions of the LPN, resonator and their combined response 
resembling the one obtained from a particular output tap. 

1988: Even though Lyon�’s 1982 paper provided a very useful insight on how BM wave 
propagation could be modelled using basic second-order building blocks, his proposed 
AGC scheme, while carefully thought, seemed quite underdeveloped regarding a real-time 
neuromorphic circuit implementation. In his 1982 effort, all the filters forming the BM where 
linear time-invariant transfer functions with the AGC providing a straight gain variation at the 
output of each tap. Moreover the gain control responded to the system�’s measured output level and 
not the input level. This AGC scheme was quite different from what is really happening in 
reality since the peak gain of the cochlea filters changes dynamically with input level and 
not by providing  separate amplification after the filtering stage. It took almost six years for 
the big contribution to arise. In 1988 the very first CMOS cochlea was presented. The paper 
�‘An Analog Electronic Cochlea�’, co-authored with Carver Mead, won an IEEE best paper 
award and cemented the current views on how the basic functions of BM together with its 
vestibular apparatus can be modelled in silicon (Lyon and Mead, 1988a;Lyon and Mead, 



 Biomimetic Based Applications 

 

432 

1988b). Even though the cornerstone was placed in 1982, it was this work that presented 
Lyon�’s modelling ideas in a more complete and unified way.  
In this particular design effort, each BM segment was modelled as a LP biquad (although the 
initial 1982 model used LPN biquads) with no resonator stages connected to each of the 
outputs. The LP biquad (generally easier to design in silicon than a transfer function 
containing zeros) was a natural choice for modelling BM filtering, because it is passive and 
linear for low frequencies and provides gain near the peak or centre frequency (CF) while 
attenuating high frequencies.  
Although, the frequency selective properties of the BM were modelled as a collection of 
linear, time-invariant transfer functions, sufficient evidence shows that the cochlea is highly 
nonlinear. The filtering architecture presented in this paper did not differ conceptually from 
the one presented in 1982. However, a scheme for a possible neuromorphic circuit 
implementation of the coupled AGC network was presented here for the first time. Lyon 
understood that for the purposes of speech analysis, the nonlinear behaviour of the cochlea 
could be adequately accounted for by lumping it in the compression mechanism of the 
AGC. Contrary to what he had shown in 1982, here he proposed that by adaptively varying the 
quality factors (Q) of the individual filter stages in response to the input intensity level, overall large 
gain variations could be achieved for the combined response. Since the whole cascade structure is 
essentially a very high-order system, the Q of the individual filters only need to vary by 
little in order to achieve large gain variations. In other words, the effect of the OHC-based 
AGC was modelled as a local fast-acting adaptation of the Q for each BM stage: as a signal 
of particular frequency and amplitude travels along the cascade, each filter section will 
adjust its Q value so that the collective pseudo-resonant transfer function tunes in 
accordance to the particular input excitation. In this way a large detected signal at one place 
could reduce the gain at nearby places and give rise to outstanding scale-invariant and 
matching properties along the cascade.  
Lyon suggested at the time, that the actual local feedback for each stage would involve a 
half-wave rectifier connected directly after the stage�’s output tap (modelling the operation 
of the IHC, since IHC fire when they are bend in one direction and cease firing when they 
are bend in the other), a strength detector to extract the intensity of the input signal and 
some kind of a Q-decision circuit that will map that intensity level to an appropriate biasing 
value for setting the Q of the particular filter stage.  From all the above, it should be easy to 
see that Lyon�’s model is neuromorphic since the BM structure and its associate transducers 
are directly mapped onto circuit blocks that emulate their behaviour and operation. 
The paper, apart from the thorough discussion on biological cochlea operation and 
mathematical modelling of wave propagation in non-uniform media, also discussed 
practical details on the circuit implementation of the biquad section. The LPF was designed 
in voltage-mode based on simple transconductance amplifiers (OTA) and capacitors (i.e. gm-
C) with all MOS devices operating in their weak inversion (WI) regime (see Fig. 3). Since in a 
WI MOS device a linear change in voltage corresponds to an exponential change in current, 
the exponential tapering of the cut-off frequencies was easily achieved by using a linear 
voltage gradient (through a resistive line) on the transistor gates. Finally, measured results 
from a 480-stage fabricated chip were provided showing LP constant-Q (i.e. the individual Q 
values were manually set off-chip) AC responses (see Fig. 4); no detailed discussion or 
results from an AGC or from an overall adaptively regulated system were provided. Even 
though Lyon proposed the architecture behind the aforementioned AGC scheme, he did not 
implement it, probably because of certain stability problems they were facing at the time. 
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Detailed results on power consumption, linearity, noise, dynamic range (DR) etc., were also 
not given. 
 

 
Fig. 3. The lowpass biquad circuit. The o and Q control inputs set the OTA bias currents for 
controlling the pole frequency and quality factor (and hence the peak gain) of the filter 
response. Amplifiers A1 and A2 have the same transconductance gm (left). The basic CMOS 
OTA circuit used for realizing amplifiers A1, A2 and A3 (right). The implemented relations 
are shown beneath each circuit. Parameters VT and n denote the thermal voltage and 
subthreshold slope parameter, respectively; adapted from Lyon (Lyon and Mead, 1988a). 
 

 
Fig. 4. Measured log-log frequency responses to two output taps (i.e. at particular BM 
locations) placed 120 stages apart. The stages Q were manually adjusted to 0.79; from Lyon 
(Lyon and Mead, 1988a). 

1989&1990: One year later in Japan, Tatsuya Hirahara published a conference paper on a 
computational nonlinear model with adaptive Q circuits (Hirahara and Komakine, 1989). 
Even though the word �‘circuits�’ was used both in the title and numerous times in the text, 
no circuits or indications of how to build them were presented. The paper reported on 
system level ideas by showing the equations and basic transfer functions of the blocks 
comprising a 61-stage cascade. Hirahara�’s main idea was based on Lyon�’s cascade/parallel 
1982 model, but included a model on the actual decision block that specified which input 
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amplitude corresponded to which Q for each filter stage of the cascade. In other words, it 
specified the law with which the filter stages adapted their gains at the presence of an input 
signal, essentially modelling the effect of OHC (see Fig. 5). To this author knowledge, this 
effort was one of the very first to elaborate on the Q-control law. 
 

 
Fig. 5. Block diagram of the adaptive Q function (middle), frequency response of a biquad 
LPF left) and input-output relationship of the Q decision block which calculates the LP Q 
values according to (input or output) signal strength. For a large control signal ( max), the Q 
value is minimum and the LP response becomes passive providing no gain at the peak 
frequency. On the other extreme ( min), the Q value is maximum and the LP response 
becomes selective providing maximum gain for frequencies near the peak frequency. The 
relationship between the two extremes is linear; adapted from Hirahara (Hirahara and 
Komakine, 1989). 

Around the same time John Lazzaro from Carver Mead�’s group at Caltech, continued 
Lyon�’s work and proposed silicon integrated circuits that modelled sensory transduction in 
the cochlea (Lazzaro and Mead, 1989a). His cochlea chip (based on filter-cascades and using 
the same gm-C filters as the ones Lyon had used earlier) was neuromorphic because once 
again it captured the structure as well as the function of the cochlea with all the proposed 
subcircuits having anatomical correlates. In this effort, the very first CMOS IHC circuit 
model was presented consisting of a hysteretic differentiator that performed both 
logarithmic compression (proposed by Mead in (Mead, 1989)) and half-wave rectification. 
The function of the hysteretic differentiator was to convert BM displacement to BM velocity 
while enhancing the zero-crossings of the input waveform, thereby emphasizing its phase 
information. The input of the IHC was attached at each BM section tap, whereas the output 
was connected to a spiral-ganglion-neuron (SGN) circuit (a slightly modified version of the 
neuron circuit also proposed by Mead in (Mead, 1989)) that converted the (uni-directional) 
half-wave rectified current waveform into fixed-width, fixed-height voltage pulses (see Fig. 
6). The average pulse rate and the temporal placement of each pulse reflected the average 
value and shape of the IHC half-wave rectified waveform, respectively. The pulsed output 
was then delayed by a time matched to the resonant frequency of its associated cochlea tap 
and consequently correlated (through a simple CMOS AND gate) with the initial pulsed 
waveform to create the final output. The resulting matched filter operation resembled in 
frequency a sharply tuned BP response with the maximum spike rate corresponding to the 
CF of the particular tap.  
Lazzaro inserted pure sinusoidal tones to his cochlea chip and measured the rate (in spikes 
per second) from the output of each silicon auditory nerve. His results were useful additions 
to Lyon�’s initial BM frequency-response measurements because he managed to faithfully 
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reproduce a variety of physiological auditory nerve responses. His integrated circuit model 
captured many essential features of data representation in the auditory nerve, in real-time 
and over a 60dB of input DR. Indicative results are shown in Fig. 7. Nevertheless, as with 
Lyon�’s effort, Lazzaro still did not implement the OHC circuits to obtain responses from an 
adaptively regulated system. 
 

 
Fig. 6. The IHC (left) and SGN circuit models (right). The input Vi from the BM filtering 
stage is a time-varying voltage waveform. The hysteretic differentiator, biased with a 
voltage Vy performs time-differentiation and logarithmic compression. The output from the 
hysteretic differentiator goes to a half-wave current rectifier circuit. The uni-directional 
output current from the IHC circuit goes to the SGN circuit which converts it into fixed-
width, fixed-height voltage pulses at the output Vo. The bias voltage Vp sets the pulse width 
with Vo pulsating between the supply and ground; adapted from Lazzaro (Lazzaro and 
Mead, 1989a).   
 

 
Fig. 7. (a) Measured chip plots showing the mean spike rate of a silicon auditory fibre as a 
function of pure tone frequency. (b) Physiological plots showing the number of neural 
discharges of an auditory fibre in the squirrel monkey in response to a 10sec pure tone. Tone 
amplitudes in dB are indicated on each plot; from Lazzaro (Lazzaro and Mead, 1989a). 
Lazzaro�’s work did not stop there. He was also the first to apply his and Lyon�’s circuit 
modelling ideas for sound source localization (based on the passive localization system of 
the barn owl) (Lazzaro and Mead, 1990;Lazzaro, 1991) and for pitch perception (Lazzaro 
and Mead, 1989b). With the aid of Fig. 8, the operation of Lazzaro�’s localization system can 
be briefly described as follows: 
Lazzaro integrated two cochlea cascades on the same chip which represented the left and 
right ears of the barn owl. The chip received its inputs from two separate signal generators 



 Biomimetic Based Applications 

 

436 

and the two 62-stage gm-C cascades performed frequency decomposition causing a 
maximum excitation at a tap corresponding to the frequency of the input waveforms. The 
previously presented IHC and SGN circuitry consequently rectified and converted the 
output signals at each tap into pulses. Each pulse from the SGN circuit propagated down a 
silicon axon circuit; the direction of propagation being from left-to-right from the SGN of the 
left cochlea and from right-to-left from the SGN of the right cochlea. Thus, when a sound 
appeared at both chip inputs, action potentials counter-propagated across the chip. Circuit-
wise, the axon was nothing more than a discrete delay line with the input being a fixed-
width, fixed-height pulse which travelled along its length, section by section, at a 
controllable velocity. At any point in time, only one section of the axon was firing. 
Correlator circuits laid in between each pair of antiparallel axons and at every discrete 
section that connected directly to both axons. The simultaneous appearance of pulses at both 
inputs of the correlator initiated a maximum output response. If only one input was present, 
the correlator generated no output. In this way, interaural time differences could map into a 
neural place code. The final section of the chip was a circuit that performed a winner-take-
all-function (a modified version of the circuit was used by Misha Mahowald and Tobi 
Delbrück in (Mahowald and Delbriick, 1989)), producing a new map of interaural time 
differences in which only one neuron had significant energy. The chip then multiplexed this 
final map on a single wire for display on an oscilloscope. 
 

 
Fig. 8. Floorplan of the silicon model for sound localization of the owl. The square blocks 
marked with a �‘ �’ represent the discrete delay elements forming the silicon axons, whereas 
the square blocks marked �‘C�’ in between every antiparallel axon are the correlators or 
coincidence detectors which take two inputs from the upper and lower axons; adapted from 
Lazzaro (Lazzaro and Mead, 1990). 
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Lazzaro�’s contributions to the neuromorphic community were important because he managed to steer 
research towards a more application-specific direction. In the following years, quite a few 
researchers did significant work on the (re-)design and optimization of sound localization 
systems (using either neuromorphic or bio-inspired approaches) in an attempt to create 
artificial systems that could not only hear but also detect azimuthally or horizontally sound 
source locations. Applications were localization plays an important role include sound-
guided robots and automatic camera orientation in teleconference systems. 
1991: Two years later, an interesting paper was published by Lyon which addressed for the 
first time the key problems they were facing at Caltech with the first generations of cochlea 
chips (Lyon, 1991). Lyon understood that the inherent exponential behaviour of MOS transistors in 
WI led �– in general �– to nonlinear filter circuits in which the small-signal and large-signal behaviours 
could be quite different. He proposed that in order to overcome problems like poor DR, 
excessive noise (accumulating naturally in a long cascade) and instability, they would need 
to come up with the design of inherently compressive filter stages. Quoting Lyon: �‘Tests on 
early second-order filter stages, including a low-noise version based on the MOSIS low-
noise analogue BiCMOS process, revealed a problematic nonlinear effect related to the 
saturation of the tanh nonlinearity of the transconductance amplifiers. The filter stages 
ended up with more gain for large signals than for small signals (i.e. they were 
�“expansive�”), and the result was that a given periodic input could lead to a pair of distinct 
periodic attractors. In a cascade of such filter stages, when the input became large enough to 
kick any stage into its large-signal mode, the final result was a chaotic output waveform 
resembling fractal mountains�’. That was quite an interesting observation, firstly because 
identifying this kind of misbehaviour was non-trivial at a time where simulation tools (let 
alone accurate WI MOS transistors models) were not as developed as they are now, and 
secondly because the first paper on filters which perform signal compression to increase 
their DR and lower their power consumption (the so called companding signal processors) 
was published around that same year (Seevinck, 1990;Tsividis et al., 1990). A systematic 
formulation for the design of companding filters followed almost two years later (Frey, 
1993).  
In this paper, Lyon explored two different biquadratic architectures (based on cascades of 
two- and three-OTA topologies, called DIFF2 and DIFF3 respectively in (Lyon, 1991)) and 
incorporated source degeneration and capacitive division to widen the linear range of the 
OTA comprising the filters. However, contrary to the implementation of Fig. 3, these 
designs had their Q and pole-frequency voltages interdependent leading to generally more 
difficult tuning schemes. Nevertheless, with these improvements, he managed to get a 40dB 
pseudo-resonance gain in the cochlea response, rather than the 12dB previously shown in 
Fig. 4 with a useable DR of about 40dB. 
1992: After Lazzaro, the lead in the Caltech group was passed on to Lloyd Watts who was 
responsible for creating the first advancement in cochlea chip design since Lyon�’s original 
chip. Watts�’s overall design was based on a model of a passive (i.e. without an AGC 
network) 2-D cochlea (the first of its kind) (Watts, 1992). That model differs considerably 
from Lyon�’s 1-D filter-cascade, because it tries to replicate BM filtering together with the 
cochlea fluid. The fluid was modelled using a 2-D resistive network while the BM was 
modelled using gm-C circuits which could mimic the BM impedance. Although the resulting 
system had ten times larger area than its 1-D equivalent, it had the advantages of exhibiting 
more realistic responses, being bi-directional (essentially modelling fluid reflections), fault-
tolerant and having a continuum limit. A conceptual diagram of his proposed 2-D cochlea 
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model is shown in Fig. 9. Moreover, Watts was actually the first to propose a model for 
�‘closing the loop�’ with OHC circuits, but his investigation ended prematurely. Quoting 
Watts: �‘At the present time, the correct behaviour of the OHC circuit has not been verified at 
the system level, so we must leave the project as it is. Since there is still confusion in the 
auditory community about the form and sign of the mechanical feedback from the motile 
OHC�…�’. 

 
Fig. 9. The 2-D cochlea model. The cochlea fluid was modelled as a 2-D resistive network; 
adapted from Watts (Watts, 1992). 

Apart from his 2-D contribution, Watts also thoroughly explored Lyon�’s 1-D cochlea. In 
(Watts et al.  1992), he not only discussed in detail the stability problems that Lyon had 
mentioned in his 1991 publication, but also elaborated on DR, matching and compactness; 
issues that were very superficially treated up to that point in time. Watts�’ improvements 
revolved around: 
1. DR and stability: He found that by using one diode per side to degenerate the OTA, he 

could increase the input DR of the filter stage by 7.6dB. Moreover, by degenerating only 
the OTAs of the feed-forward path in Fig. 3, while keeping the feedback OTA narrow, 
he could eliminate the large-signal stability problem firstly addressed by Lyon one year 
earlier. 

2. Improved Layout: Apart from applying obvious layout techniques like: a) making 
devices generally larger, b) placing match-sensitive devices close to each other and c) 
using common-centroid geometries, Watts realized that for a massively cascaded 
system such as the cochlea, one should work with the available chip area and mainly 
focus on the matching of critical devices. One example of his well-thought approach 
was the layout of the three transistors responsible for biasing the three OTAs in Fig. 3. 
Instead of duplicating each of the biasing transistors, laying them out in a hexagonal 
arrangement around a central point and connecting the pairs together in parallel, he 
realized that for equal capacitances in the filter, it was important only for the 
transconductance gmQ to match the sum of the two feed-forward gm  transconductances 
and not the individual transconductances (see transfer function in Fig. 3). Thus, he 
duplicated only the feedback biasing transistor and juxtaposed that pair with the feed-
forward biasing transistors in a �‘pseudo-quad�’ formation as shown in Fig. 10. In 
addition, the initial Lyon cochlea relied on identical tilts on two resistive (polysilicon) 
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lines which set the voltages V  and VQ to achieve uniform Q at each stage. In Watts�’ 
design, he used only one resistive line for both the  and Q biasing transistors and 
controlled the actual Q value by changing externally the source voltage of the Q biasing 
transistor. In this way he was able to eliminate the mismatch for the case where two 
resistive lines were used and simplify considerably the actual testing procedure. 

 

 
Fig. 10. The �‘pseudo-quad�’ structure, formed by duplicating the Q bias transistor and 
juxtaposing the resulting pair with the  bias transistors (left). Q-source control by externally 
providing a voltage VQ to scale the feedback amplifier current IQ with respect to I  (right); 
adapted from Watts (Watts et al., 1992). 

3. Compactness: Apart from the careful layout, Watts also considered how to save space. 
In particular, he noticed that the first feed-forward OTA shared a common output node 
together with the feedback OTA. Thus, he eliminated two redundant transistors by 
sharing a single current mirror between the two OTAs. Lastly, he observed that while 
the output V3 was a LP version of the input V1, the output current of the feed-forward 
OTA was related to V3 by IOUT = sCV3. Thus, there was no need to devote extra circuitry 
for the differentiator circuit to convert BM displacement to BM velocity (i.e. from LPF to 
BPF response). 

As a final point, Watts was actually one of the first to comment on the overall power 
consumption of his chip (7.5mW/11µW for a 51-stage cascade with/without the circuits for 
making the results of the computation externally observable). Indicative measurements from 
his chip are shown in Fig. 12.  
 

 
Fig. 11. Frequency response at each voltage tap. (a) Early layout. (b) Improved layout; from 
Watts (Watts et al., 1992). 
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Up to that point, it seemed that most of the development of analogue VLSI cochlea design 
was undertaken by the people at Caltech. From 1992 onwards, research contributions from 
other university groups started to arise. For example, a journal paper was published in 1992 
by Weimin Liu and Andreas Andreou from Johns Hopkins University (Liu et al.  1992), 
where he presented an analogue CMOS implementation of a model of the auditory 
periphery; his neuromorphic effort was heavily influenced by Lyon�’s and Lazzaro�’s 
previous efforts and in certain aspects extended and improved their modelling work. Liu 
designed a complete system that included, apart from the BM and its transducers, the 
filtering effect of the middle ear. His BM model was Lyon�’s cascade/parallel model but the 
actual arrangement of the transfer functions was slightly different: he used simple (passive) 
first-order LP filters to form a 30-stage cascade with a BP biquad connected at each tap; all 
filters were gm-C operating in WI. As with Lyon�’s initial chip, tuning was achieved by using 
two polysilicon resistive lines. Liu also built a separate chip containing the circuits of IHC 
and synapses (based on the neurotransmitter substance reservoir model (Smith and 
Brachman, 1982)) and provided similar measured results to Lazzaro�’s (i.e. BM-tap frequency 
response and auditory-nerve firing rates). Although Liu�’s effort was important in its own 
right, it did not advance the field by presenting results from a system with AGC or from a 
detailed performance assessment (he only reported on the 15µW power consumption). 
An interesting circuit contribution came from Jyphong Lin the same year, who used switch-
capacitor (SC) techniques to design the biquad filters employed in his cochlea model. As far 
as we know, that was the first non gm-C-based cochlea design effort. Lin published two 
separate conference papers in 1992 (the first dedicated solely on the design of the SC cochlea 
filters (Lin et al., 1992b) and the second on the design of a SC filterbank (Lin et al., 1992a)) 
and a complete Journal article with measured results in 1994 (Lin et al., 1994). The designs of 
his SC biquads were area-efficient, because they were synthesized using the charge-
differencing technique in which the time constants are controlled by both the product of 
capacitor ratios and  the differences of the capacitor values, thus making the capacitor 
spread ratio small. His overall transfer function consisted of a cascade of two biquad filters; 
a LP together with a highpass (HP) response. The end result was an asymmetric BP shape 
similar to the one depicted in Fig. 2, with the added benefits (high precision and reliability) 
offered by the SC technique.  
In his second conference paper, he designed a 32-channel filterbank to model BM filtering 
with each channel employing a 6th-order asymmetric BP response. In filterbank architectures 
the input is applied to all channels simultaneously, whereas in a filter-cascade the input is 
applied serially and gets successively filtered before reaching each output tap (see Fig. 12). 
For this reason, Lin�’s particular choice of modelling BM filtering together with his chosen 
asymmetric BP response may be classified as bio-inspired and bio-mimetic but not 
neuromorphic. What made his contribution interesting is that he used a biquad sharing 
technique (Chang and Tong, 1990) to achieve an efficiency of computation without the 
associate disadvantages of the filter-cascade architecture (like instability, sensitivity to 
mismatch, noise and offset accumulation etc.). In his dilating-biquad filterbank, each channel 
output was formed by the addition and scaling of three BP biquad responses from three 
separate channels, thus facilitating considerable area savings. In other words, instead of 
using 192 biquads, he used 34 biquads and 32 sum-gain amplifiers; 66 in total (see Fig. 13). 
The only problem with this scheme is that the three dilated biquads must have constant Q 
values in order for the resulting higher-order response to maintain its shape and since all 
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biquads are inter-connected, the whole filterbank must be of constant Q. This is a significant 
drawback for applications where a realistic, OHC-based, AGC needs to be incorporated. 
 

 
Fig. 12. Modelling BM filtering via neuromorphic (filter-cascade) and bio-inspired 
(filterbank) architectures. 
 

 
Fig. 13. Dilating-biquads filterbank; adapted from Lin (Lin et al., 1992a). 
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3. Increasing the performance: 1993 - 1998 
1993 & 1994: After Lazzaro�’s work, the second sound localization systems were presented in 
1993 and 1994 by Neal Bhadkamkar from Stanford University (Bhadkamkar and Fowler, 
1993;Bhadkamkar, 1994). The 1993 effort was based on a design that was an architectural 
duplicate of the biological system (i.e. neuromorphic), whereas the 1994 effort was not, 
because it tried to duplicate some of the functions of the real system without relying on 
strict architectural analogies.  
The neuromorphic system consisted of two fabricated chips; one chip contained the circuitry 
to model the left and right side cochleae, IHC and auditory neurons, whereas the other chip 
contained circuitry to model the binaural cross-correlation activity of neurons in the 
superior olive of the brainstem. Even though the system-level ideas were identical to 
Lazzaro�’s and Lyon�’s, Bhadkamkar�’s 1993 circuit design choices were slightly different. For 
example, Bhadkamkar�’s 1993 design included separate voltages to control the propagation 
delays and cut-off frequencies of the stages, respectively. This fact, together with his choice 
of a more complex transfer function for each BM section, resulted in a multiresolution BM 
design where the frequency resolution could be increased without excessively increasing the 
propagation delay1 (Bhadkamkar, 1993). Similarly, the differentiator used for the IHC was 
different than Mead�’s hysteretic differentiator because it was designed to pump current into 
the SGN circuit during the discharge time of the capacitor. At low frequencies this occurred 
approximately half of every input cycle that it saw. At high frequencies, current was 
pumped in for a much smaller portion of the cycle. Thus, at these high frequencies, increases 
in the amplitude of an input sinusoid caused a sudden but temporary increase in the current 
that pumped into the SGN circuit. His SGN circuit was identical to Lazzaro�’s and Mead�’s 
but included a refractory period control i.e. freedom to control the time needed to elapse 
before permitting the SGN input current to have any effect. Moreover, his correlator chip 
was similar to that presented by Lazzaro, but his axons (delay-lines elements) received 
pulses in parallel and not serially to eliminate the accumulation of errors. Finally, no 
winner-take-all circuit was used; each output was summed together with the other 
corresponding outputs along all frequency channels and integrated using a leaky integrator. 
On the other hand, his 1994 bio-inspired system was designed using two separate parallel 
banks of simple gm-C BP filters. As mentioned previously this is not an accurate cochlea 
model but improves localization accuracy by removing the accumulation errors inherent in 
the cascade structure. The design of the IHC was based on a half-wave rectification, LP 
filtering and pulse-width modulation, with the pulse-width being a monotonic function of 
the amplitude of the LP-filtered, half-wave rectified signal. Thus, in this case he chose a 
pulse-width-modulation scheme for the neural encoding as opposed to the pulse-frequency-
modulation used in his 1993 effort.  
That same year the first current-mode cochleae designs arose; one from Christopher Abel 
(Abel et al., 1994) and one from Christofer Toumazou and Tor Sverre Lande (Toumazou et 
al.  1994). The former effort presented a novel implementation of a silicon cochlea based on 

                                                 
1 One of the disadvantages of the cascade approach is that the propagation delay of the travelling wave 
from the input to a particular output tap is controlled by the same parameter that controls the cut-off 
frequency of the filters. This leads to the problem that the accumulated delay increases as a function of 
the number of filters per given frequency range, i.e. the larger the frequency resolution, the more the 
accumulated delay. 
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discrete-time, switch-current biquads. Since the equivalent continuous-time cut-off frequency of a 
discrete-time filter is proportional to the sampling rate, reducing the sampling rate by a factor of two 
lowers the cut-off frequency by one octave. Abel exploited this fact and realized that a set of 
filters designed to cover one octave may be used again at a reduced sampling rate to cover a 
lower octave. This technique allowed the entire range of audio spectrum to be covered by 
one repeated set of filters, thereby avoiding the need of a wide-range of integrator time 
constants and allowing for great area savings.  
Abel�’s architecture is shown in Fig. 14. In addition, unlike SC, the switch-current technique 
does not require linear capacitors and produces filters that are thus compatible with 
standard CMOS digital processes. Abel�’s contribution was really interesting because he not 
only used a totally different circuit technique (let alone signal representation) to design his 
system, but also he showed preliminary simulation results from a very simple Q-control 
circuit. To avoid any confusion, Abel�’s Q-control circuit was not intended to close-the-loop 
between each stage of his cascade. By Q-control circuit he meant a circuit where adjustment 
of his biquads Q values could be possible, but this adjustment did not happen automatically 
according to signal strength.  
 

 
Fig. 14. The system level block-diagram of Abel�’s proposed design. A single D flip-flop acts 
to divide the clock frequency by two after each stage. This allows one set of four filters to 
cover multiple octaves; adapted from Abel (Abel et al., 1994). 

Toumazou�’s contribution was quite substantial at the time. To this author�’s knowledge, his 
effort was the first true continuous-time current-mode implementation of a BM segment that 
employed the aforementioned companding technique (check Lyon�’s quote in 1991) to 
achieve high-DR and low-power dissipation. The companding strategy was based on the 
pioneering contributions of Douglas Frey (Frey, 1993;Frey, 1996)on the systematic synthesis 
of the so called log-domain filters published only a year before. The rationale behind this is 
that the signal is firstly compressed to an intermediate nonlinear voltage according to the 
logarithmic I-to-V relationship of WI MOS devices. The compression generally leads to 



 Biomimetic Based Applications 

 

444 

voltage swings that are small thereby allowing low-power operation. Also, through the 
application of the particular nonlinear compressive law, a wide range of signals could be 
accommodated at the input without needing to spend additional power (like in 
conventional gm-C designs). After compression, the intermediate nonlinear voltage signal 
gets filtered and subsequently expanded at the output, using the exponential V-to-I 
relationship of WI MOS devices and thus maintaining overall input-output linearity. 
Because of the fact that the compression law is based on the natural logarithm, the resulting 
filters were called log-domain filters. Toumazou�’s design demonstrated a simulated input 
DR of 80dB, while dissipating a mere 125nW/pole. Toumazou�’s contribution was quite 
valuable at the time, because a) it revealed the potential of current-mode design within the 
particular cochlea application and b) it showed results from the 1st ever CMOS log-domain 
biquadratic filter. 
1995 & 1996: Around 1995, papers that focused more on performance started to arise. Paul 
Furth and Andreou from Johns Hopkins University published three papers spaced one year 
apart. His 1995 effort (Furth and Andreou, 1995a) detailed the design of a multiresolution 
analogue filterbank with the primary engineering constraint being power consumption. He 
presented a design strategy for hardware cochlea filterbank models addressing issues both 
at architectural- and circuit-design level. Architecture-wise, Furth used a slight variation of 
Liu�’s filterbank (see 1992). In particular, Furth added two cascaded identical BP biquads at 
the output of each of the 16 taps to increase the per-tap selectivity much like what Liu did in 
his PhD dissertation (Liu, 1992). Furth was actually one of the first to address in more detail 
the DR problem with gm-C designs. Instead of designing a linearized OTA (with a tanh I-V 
transconductance characteristic), he resorted to a CMOS Class-AB stage (with a sinh I-V 
transconductance characteristic) due to the facts that: a) it uses minimal number of 
components, b) it has a wide tunability range by tuning its supply voltages or substrate 
terminals and c) it contains no biasing elements, thereby rendering it the less noisy from all 
CMOS transconductor configurations at a given bias current (see Fig. 15). Furth 
consequently derived and numerically computed the maximum DR of a LP integrator 
employing two Class-AB transconductors. He showed that for a pure tone input, the 
maximum distortion-free DR (i.e. in which the distortion components equal the noise floor) 
is 44.3dB, whereas the maximum distortion-limited DR (for an output THD of 2%) is 49.4dB. 
He then estimated the distortion-limited DR at the output of each tap to be 28.2dB. The 
power supply of his circuits was 1.5V and the total power dissipation of a 16-tap filterbank 
was 355nW; the lowest reported up to that point. 
 

 
Fig. 15. a) the CMOS Class-AB transconductor, b) its symbol and c) the topology of a LP 
integrator; adapted from Furth (Furth and Andreou, 1995a). 
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In his 1996 effort (Furth and Andreou, 1996a), Furth took a different approach. He compared 
two differential-pair OTA employing respectively the single and double diffusive source 
degeneration technique (Boahen and Andreou, 1992). Circuit-wise the diffusor is a floating 
active MOS resistor placed in between the sources of a differential-pair. The diffusivity or 
conductivity of this resistor depends on the aspect ratio and it could be electronically 
controlled by varying the gate voltage. He found that the DR was 56.8dB for the single 
diffusion OTA (a 13.2dB improvement over the basic differential-pair) but extra common-
mode circuitry was required. On the other hand, the double diffusor OTA exhibited 3dB less 
DR but without adding power or needing extra common-mode circuitry. Furth built the two 
OTA in a 2µm CMOS process using large device areas (1377µm/4.8 µm) and measured their 
relative DR performances, which came out being 10% lower than the aforementioned 
theoretical values. The diffusor source degenerated OTA with their corresponding I-V 
transconductance relations are depicted in Fig. 16. All parameters have their usual 
meanings, while m denotes here the aspect ratios of the diffusors. 
 

 
Fig. 16. Linearized OTA by means of single and double diffusive source degeneration; 
adapted from Furth (Furth and Andreou, 1996a). 

In 1996, Jenn-Chyou Bor adopted the previous practice of other authors on SC filters and 
presented a SC cochlea cascade of 32 sections based on the transmission-line model of 
Zwislocki (Zwislocki, 1950). In essence, Bor resorted to the 2-D nonlinear partial differential 
equation describing the transmission-line cochlea model and by applying the principles of 
discrete-time signal processing and variable transformation, he reduced it into several 1-D 
equations that could be realized using circuits designed through the multiplexing SC 
technique. In his paper (Bor and Wu, 1996), he demonstrated through measurements a 
neuromorphic BM-cascade cochlea with very low sensitivity to process variations (see Fig. 
17). The resulting filters operated from a ±3V supply and the single filter stage DR at 1KHz 
and 1% THD was measured 67dB (the highest reported up to that date). Bor also provided a 
table with the errors from the measured peak gains and peak frequencies (i.e. CF) from 
theoretical values. Yet, no IHC, neuron or OHC-based AGC circuits were designed. 
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Fig. 17. Measured a) amplitude and b) phase responses from 8 taps of a 32-section SC filter-
cascade; from Bor (Bor and Wu, 1996). 

Within Carver Mead�’s group, Rahul Sarpeshkar, the successor of Watts, took the rather 
challenging direction of designing a high performance neuromorphic cochlea cascade.  As 
mentioned previously, the group�’s prior gm-C biquad designs had their large-signal stability 
limit smaller than their small-signal stability limit. This misbehaviour forced them to set the 
gains, for each stage of the cascade, at conservatively small values (i.e. having very low Q) in 
order to ensure that each stage remained stable at large signal levels. Consequently, this 
resulted in small pseudo-resonant peak gains (around 12dB in (Lyon and Mead, 1988a)) and 
input DRs between 20 �– 40dB at best. Initially, Sarpeshkar focused on the careful design of 
the OTAs comprising the biquads and in (Sarpeshkar et al., 1996) he designed a wide linear 
range OTA (named the WLR) through the use of four linearization techniques extending the 
linear range from 75mV to 1 �– 1.75V. With Fig. 18 as a reference, these linearization 
techniques were: 
 

 
Fig. 18. The WLR OTA. The devices marked S and GM denote the source and gate 
degeneration transistors, whereas the devices W and M denote the well-input and mirror 
transistors. The B transistors perform bump linearization. In addition, the voltage Vbias sets 
the bias current of the amplifier, whereas Voffset allows fine adjustment of the amplifier�’s 
output offset if necessary; adapted from Sarpeshkar (Sarpeshkar et al., 1996). 
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1. Instead of using the gates of the W devices as inputs he used their wells due to the 
well�’s lower transconductance. To avoid latch-up he used large common-mode voltages 
in the range 1 �– 5V. 

2. Devices S lower the transconductance of the W devices further through the common 
technique of source degeneration. 

3. Devices GM lower the transconductance of the W devices even further through gate 
degeneration. An increase in current in either of the two differential pair branches 
causes an increase in voltage of the GM devices that is fed-back to the gate of the W 
transistor and turns it off. 

4. Bump linearization. The bump circuit was proposed by Delbrück in (Delbruck, 1991) 
and the way it linearizes the tanh function of an OTA is qualitatively similar to Katsuji 
Kimura�’s triple-tail technique (Kimura, 1995). The basic idea of the bump transistors is 
that they steal current from the two branches of the differential pair at low differential 
voltages, thereby reducing the transconductance. Moreover, by appropriately choosing 
their aspect ratios, odd-order harmonic distortion gets suppressed as compared to the 
tailor expansion of the standard tanh characteristic.  

Sarpeshkar then incorporated the WLR to create biquad filters forming a 45-stage BM 
cascade. His filter design (a block diagram of which is shown in ) was based on that of Fig. 3 
but with the following three modifications: 
1. Since the well was used as the input, there were no explicit capacitors in the filter 

topology; he used the well capacitance. In addition, since the well-to-bulk reverse bias 
voltage was of the order of 3V, this capacitance was fairly constant without introducing 
excessive distortion at the output. 

2. The feedback OTA (amplifier A3 in Fig. 3) now implemented a non-monotonic function 
with a fuse-like characteristic. Recall that Watts was the one who linearized OTAs A1 
and A2 while leaving A3 narrow to eliminate the large signal instability. Sarpeshkar, on 
the other hand, linearized OTAs A1 and A2 and made the characteristic of A3 to as such 
so that positive-feedback amplification shunts-off completely instead of simply 
saturating at large signal levels. Thus, at high-levels it effectively reduces the gain of the 
stage resembling the compressive mechanisms attributed to OHC operation. In essence, 
the fuse-like OTA performed static nonlinear compression. Note that OTAs with fuse-
like characteristics where presented earlier in (Kimura, 1994). 

3. Finally, he followed Watts�’ ideas on compactness and realized that the feedback fuse-
like OTA shared the same differential inputs as the output feed-forward OTA and the 
same output as the first feed-forward OTA. Thus, he shared their differential pair and 
output mirror circuits, allowing the fuse-like OTA to be implemented by only four 
transistors. 

Sarpeshkar�’s 1996 effort formed the basis of his forthcoming complete design presented two 
years later. His architectural and topological choices gave rise to biquad filters that exhibited 
input DR in excess of 60dB i.e. an order of magnitude larger from the group's previous gm-C 
efforts. However the topology shown in Fig. 19 had a very specific drawback; the noise per 
unit bandwidth increased with Q. This was because in that particular biquad topology, the Q 
was obtained through the addition of positive-feedback currents (marked Ifb in Fig. 19) 
which contributed additional shot noise. As it will be shown later on, his 1998 effort 
employed a different biquad topology (based on the DIFF2 structure which was discussed 
by Lyon in 1992 (Lyon, 1991)), although the WLR topology remained the same. 
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Fig. 19. A schematic block diagram of the fuse biquad. The dotted components indicate that 
they are not explicitly implemented in the actual circuit topology. The voltages V  and VQ set 
the pole frequency o and quality factor Q of the filter; adapted from Sarpeshkar 
(Sarpeshkar et al., 1996). 

In the same year, Andre Van Schaik from EPFL�’s MANTRA Center for Neuromimetic 
Systems, together with Eric Vittoz addressed in detail the problem of matching in CMOS 
WI for the second time since Watts�’s 1992 effort (A.Van Schaik et al., 1996). Van Schaik used 
Compatible Lateral Bipolar Transistors (CLBTs) in a 104-stage cochlea cascade, to create the 
exponentially scaled currents when biased with a resistive line with a linear voltage gradient 
between its two ends. CLBTs can easily be made in a CMOS substrate and contrary to 
simple WI MOS devices, their collector current is independent of the CMOS technology�’s 
threshold voltage. The remaining mismatch is due to the geometry mismatch of the devices, 
but this parameter is much easier controlled than the variance of the threshold voltage. A 
CMOS CLBT can be obtained if the drain or source junctions of a MOS device gets forward-
biased in order to inject minority carriers to the local substrate. If the gate voltage is negative 
enough (for an n-channel MOS) then no current flows at the surface and the operation is 
purely bipolar (Vittoz, 1983). A diagram showing the carrier flow and bipolar operation of a 
MOS transistor is shown in Fig. 20. 
 

 
Fig. 20. Bipolar operation of a MOS device; adapted from Van Schaik (A.Van Schaik et al.,  
1996). 

Much like Watts, Van Schaik identified that the biquad�’s biasing transistors (i.e. those that 
set the pole frequency and Q) had to be precisely matched. In prior designs, these transistors 
were simple MOS, thus a small variation in their threshold voltage would result in a large 
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variation in their output current due to the (inherent in WI) exponential V-to-I relationship. 
CLBTs offered a considerable improvement in the regularity of the frequency spacing of the 
cochlea filters which is of significant importance to long filter-cascade models, since one 
filter can distort the input signal for all the subsequent stages. Results showing the cascade�’s 
improved frequency response and spacing regularity are shown in Fig. 21. Finally, in 1996 
Van Schaik published together with Ray Meddis an article describing preliminary designs of 
IHC and SGN circuits (van Schaik and Meddis, 1996) which were used later by the author in 
forthcoming publications.  
 

 
Fig. 21. Comparison between the 1992 design of Watts (left) with the improved design 
employing CLBTs (right); from Van Schaik (A.Van Schaik et al., 1996). 

1997: As mentioned previously, Furth published his third paper in 1997 (Furth and 
Andreou, 1996b). Following Sarpeshkar�’s 1996 work on increasing the OTA linear range, 
that particular effort varied along the same lines and presented a new wide linear range 
OTA. Furth�’s OTA topology was based on the initial BiCMOS design of Liu and Andreou 
(Andreou and Liu, 1992) which incorporated an OTA operating in strong inversion, a 
bipolar Gilbert multiplier cell and a WI MOS current buffer. Liu claimed that the choice of 
the two different modes of operation together with the individual optimization of each 
block could lead to an increased overall performance regarding power consumption, DR, 
tuning range and area. In this effort, Furth made some modifications to Liu�’s and Andreou�’s 
design by linearizing the OTA by means of a double diffusor and by replacing the Gilbert 
multiplier cell by a WI MOS equivalent. In this way the problems associated with beta 
reductions, beta mismatch and/or large leakage currents of the bipolar devices could be 
alleviated. His simulations yielded a linear range of ±260mV and an estimate (based on an 
empiric choice of noise floor value) for the DR of 66dB. His OTA design is shown in Fig. 22. 
One of the better contributions in analogue VLSI cochlea modelling came the same year 
from Eric Fragniére with Van Schaik and Vittoz (Fragniere et al., 1997). Together they 
proposed an analogue VLSI model of an active cochlea based on Lyon�’s silicon BM filtering 
implementation. Circuit modelling-wise they exploited the same gm-C biquad design as the 
one proposed by Lyon and Watts in 1992 (i.e. the one with the two feed-forward OTAs 
degenerated with one-diode per side, while keeping the feedback OTA narrow), but they 
also provided a thorough analysis (with CMOS WI circuit implementations) on an adaptive 
AGC scheme for regulating the stages Q values that was never reported before. 
They implemented a feedback closed-loop AGC scheme, where the signal at an output tap is 
used to regulate the Q of a specific preceding stage according to a square-root level 
compression law (and not a linear one like Hirahara presented in 1989). From their study they 
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Fig. 22. Furth�’s wide linear range OTA implementation. The voltage VGo sets the gain of the 
Gilbert Multiplier Cell, Vsat is the biasing of the level shifter transistor, whereas Vcas is the 
biasing of the low-voltage current mirror; adapted from Furth (Furth and Andreou, 1996b). 

realized that in order to locally control the pseudo-resonant gain at the output of a particular 
stage, only the Q of the stages participating to the build up of that pseudo-resonance had to 
be controlled. Their findings can be summarized in the following sentence: �‘The output from 
any stage in the cascade must control the Q of a stage located at a basal distance corresponding to a 
CF increase between one sixth and one third of an octave from that particular stage�’s output�’. This 
conclusion was supported by physiological evidence which revealed that afferent fibres of 
IHC are paired with the afferent fibres of OHC located at one seventh to one third of an 
octave higher CF (Kim, 1986). In other words, they not only specified the law with which the 
output-tap�’s signal level was mapped to the stage Q values, but they also provided a design 
framework for distributing the gains along the cascade. Fragniére�’s per stage local feed-back 
AGC scheme is shown in Fig. 23. The Vdin is the voltage output from the previous stage, 
whereas Vdout is the output voltage representing BM displacement of the current stage. 
Following Watts observation on compactness (see 1992), Ivout is a current signal representing 
BM velocity (i.e. it is the differentiation of Vdout) which consequently passes through a half-
wave rectifier representing the action of the IHC. The output from the rectifier goes to a 
mean spiking rate (MSR) lossy integrator that computes the mean value of the half-wave 
rectified IIHC; the output of the MSR (iIHC_DC) is a quasi-DC signal that represents signal 
strength. The final stage is the Q decision block (implemented by means of a simple WI 
translinear loop) that maps IIHC_DC to the correct It  and IQ values that set the o and Q of the 
filter. With Fig. 3 as a reference, the Q decision circuit implements the following control law:  

max

_

mQ Q Q

m IHC DC o

g I I
Q

g I i I
, 

where IQmax corresponds to the maximum Q value for zero input, Io is a DC level ensuring 
loop stability for zero input and with IQ varying geometrically with signal strength implying 
a logarithmic compression-type mapping. 
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Fig. 23. Analogue model of one stage of the active cochlea cascade; adapted from Fragniére 
(Fragniere et al., 1997). 

Finally, it should be mentioned that all the results shown in this work were simulated using 
mathematical software tools like MatLab and not from detailed circuit simulations or 
measurements. For this reason, Fragniére�’s contributions are considered significant but from 
the overall system-level modelling perspective and less from a circuits or performance 
evaluation perspective. 
1998: Even though seventeen years had passed from Lyon�’s initial 1981 paper, still no 
publications detailing measured results from an �‘active�’ silicon cochlea existed. Fragniére�’s 
efforts were indeed influential, but still his modelling ideas had to be demonstrated in an 
actual analogue hardware realization. The most complete single-piece of work on a neuromorphic 
silicon cochlea came in 1998 by Rahul Sarpeshkar from Carver Mead�’s lab. In (Sarpeshkar et al.,  
1998), he described an 117-stage, 100Hz-10kHz, silicon cochlea that attained a DR of 61dB (at 
4% THD) at the CF of a typical stage while dissipating 0.5mW of static power, by using the 
following techniques: 
1. A modified version of the previously described WLR. Here he did not use source 

degeneration as in the design of Fig. 18, but used cascode circuitry to increase the DC 
gain and prevent low-frequency attenuation in the cochlea. 

2. An improved biquad filter topology that is low-noise by overcoming the problem of his 
previous 1996 topology where the output noise scaled with Q. 

3. DR gain control through a local, fast-acting feed-forward AGC. Architecture-wise 
Sarpeshkar�’s AGC loop is the same as Fragniere�’s but acts on the level of the stage�’s 
input and not output.  

4. Automatic offset-compensation circuitry in each cochlea stage prevented offset 
accumulation along the cochlea cascade. 

5. The architecture of three, overlapping 39-stage cochlea cascades (see Fig. 24). In this 
architecture the input is fed in parallel to tiny cochlea cascades whose corner 
frequencies overlapped by 1 octave. This particular architecture may be viewed as a 
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hybrid of an architecture that has many parallel filters in a filterbank and one that has 
one filter-cascade with all filters in serial. Even though he partly deviated from a purely 
neuromorphic BM structure, he showed that by adopting this scheme he could reduce 
the group delay of his silicon cochlea and limit the accumulation of the 1/f noise. 

 

 
Fig. 24. Architecture of overlapping cascades. (a) In a standard filter-cascade the input is fed 
serially to all the stages, whereas in (b) the input is fed in parallel to tiny cochlea cascades 
that overlapped by one octave; adapted from Sarpeshkar (Sarpeshkar et al., 1998). 

Moreover, Sarpeshkar presented a thorough evaluation of his system by presenting an 
arsenal of performance-related results like: amplitude and phase frequency responses, 
adaptation with/without AGC, harmonic-distortion levels at various taps, noise and 
distortion spectrums, spatial characteristics, etc. Finally, he provided insightful discussions 
on the comparison between his analogue CMOS WI implementation with a custom digital 
ASIC and on filter-cascade versus bandpass filterbank architectures. Sarpeshkar was able to 
demonstrate in silicon a variety of physiologically obtained results: 
1. The frequency-to-place transformation as implemented by the amplification and 

propagation of travelling waves in the BM (much like the results of Fig. 4). 
2. A compressive nonlinearity at and beyond the CF of a cochlea tap due to the dynamic 

and compressive action of the AGC with asymmetric attack and release responses to 
transient inputs. 

3. Extension of the DR from 30dB to 60+dB due to adaptation and active amplification. 
4. Sharp roll-off slopes (corresponding to 10th- to 16th-order transfer functions), 

broadening of the frequency response and shift of the CF towards lower frequencies as 
input intensity is increased. 

5. Masking of adjacent frequencies and harmonics due to the distributed nature of his 
AGC and compressive nonlinearities. 

In conclusion, Sarpeshkar�’s 1998 effort remains to this day one of the most complete 
neuromorphic cochlea designs. His contributions demystified the silicon cochlea operation, 
made a clear link to all the modelling ideas Lyon had presented in the past and advanced 
the neuromorphic field with performance figures that serve to this day as benchmarks to 
future design efforts. 
The other two 1998 contributions came from Timothy Edwards and Nagendra Kumar from 
the Johns Hopkins group. Edwards�’ work presented the second log-domain biquadratic 
filter implementation for audio frequency applications since Toumazou�’s 1994 effort 
(Edwards and Cauwenberghs, 1998). The BP transfer function was realized by using two 
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integrators (one lossy and one lossless) with additional translinear loops to implement the 
feed-back gains. The overall design was BiCMOS and operated in Class-A. He also provided 
measured results regarding o and Q frequency response tunability from a 4th-order BP 
response. Yet, no noise or linearity results were reported. On the other hand, Kumar�’s work 
was one of the first attempts to apply a bio-inspired system to speech recognition 
experiments (Kumar et al., 1998). Kumar adopted Liu�’s proposed filterbank architecture and 
he consequently implemented it using Furth�’s linearized WI OTA presented in (Furth and 
Andreou, 1995b). In addition, due to its physiological plausibility, power signal processing 
capabilities and relative noise immunity, he used a zero-crossing-based signal 
representation for abstracting the auditory nerve fibre responses. Thus, his 15-channel 
filterbank chip essentially computed zero-crossing intervals and signal energies in 
frequency sub-bands. He consequently reported on speech recognition results using the TI-
DIGITS spoken digit database obtained from software simulation of the chip feature 
extraction algorithm. 

3. Recent years: 1999 - 2008 
1999: During 1999 there were two current-mode contributions; one from Todd Hinck and one 
from Timothy Edwards. Hinck�’s work was based on a current-mode implementation of the 
travelling-wave amplifier (TWamp) cochlea model. This model was proposed in 1993 by 
Hubbard (Hubbard, 1993) who hypothesized the existence of two separate wave-
propagation modes in the cochlea. The TWamp model was realized using two actively-
coupled transmission lines, each of which represented a different mode of energy 
propagation in the cochlea. The first transmission line was the same as in the classical 
travelling-wave model, whereas the second was composed of sections of a series inductor 
with a parallel shunt capacitor and resistor. Hinck�’s design strategy was quite similar to the 
one reported from Bor in 1996; He started from the transmission-line model of a BM 
segment x, he consequently converted it to a signal-flow-graph (SGF) and then replaced 
the SFG with current-mode equivalent blocks (i.e. gain and integrator blocks). In (Hinck et 
al.  1999), he showed simulation results from the frequency response of a 100-section cochlea 
with fixed Q and estimated the DR to be 54dB assuming a 100pA noise floor. 
Finally, Edwards outlined the design of a current-mode filterbank front-end with signal 
feature extraction for acoustic pattern recognition using his 1998 work on log-domain filters 
(Edwards and Cauwenberghs, 1999). His feature extraction algorithm was based on 
rectification followed by smoothing and peak detection and tracking for which he showed 
current-mode circuits. He provided measured results from a 15-channel (each channel 
comprising two cascaded log-domain BP biquads) chip built using the 1.2µm BiCMOS 
process with a measured DR of 35dB and a power dissipation of 200µW from a 5V supply. 
Moreover he was able to demonstrate that the action of the peak detector helped to increase 
the sharpening of the BP response (much like the difference in sharpening between the BM-
velocity and neural tuning curves observed in the biological cochlea), compensating for the 
swallow low-frequency roll-off slopes typical of Class-A log-domain BP filters (see Fig. 25). 
2000: In 2000, the first current-mode cochlea implant (CI) prosthesis system was presented 
by Walter Germanovix  and Toumazou from Imperial College London (Germanovix and 
Toumazou, 2000). The function of a CI is to bypass the natural transducers (i.e. the IHC) 
which are damaged or missing in a diseased cochlea and consequently excite the SGN (via 
electrical stimulation) leading eventually to hearing perception. The proposed CI design was 
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Fig. 25. Comparison between the measured transfer function of the BP filter of a single 
channel (dotted line), normalized to the current output of the peak detector and smoothing 
filter on the same channel (solid line); from Edwards (Edwards and Cauwenberghs, 1999). 

switchable into two modes of operation: the single-channel and multi-channel modes. Single-
channel CIs code frequency based on the rate of firing of electrical pulses, whereas multi-
channel CIs use the place theory for coding frequency (i.e. the fact that different frequencies 
map at different places along the BM). Also, single-channel CIs usually employ the CA 
(Compressed Analogue) stimulation strategy, whereas multi-channel CIs employ the CIS 
(Continuous Interleaved Sampling). In the latter, each of the channels BP filtered envelopes of 
the input signal are encoded into non-overlapping biphasic electrical current pulses in order to 
eliminate any overlap between channels so that only one electrode is stimulating at a time. 
Although multi-channel CIs are the prevailing devices around the world today, there are 
some arguments against the rational for their use. However, the cochleae of people with 
severe hearing impairment do not posses sufficient residual neuronal population to use 
tonotopic electrical stimulation through multiple electrodes. Therefore, there are arguments 
against the rational for using tonotopic stimulation strategies since multi-channel electrode 
systems aim to stimulate focal regions of dendrites along the BM, which might not exist in 
some/most cases (Namasivayan, 2004). For this reason, Germanovix attempted to create a 
versatile CI employing both aforementioned modes and stimulation strategies. The block 
diagram of his system is shown in Fig. 26. 
One important feature of Germanovix�’ CI was the tone control circuit that follows the 
transconductance amplifier (OTA) in Fig. 26. The OTA (a simple tanh characteristic) was 
used to provide compression and sensitivity by converting the (wide) input DR (by varying 
its tail current) into an appropriate DR for the specific individual. Consequently, the tone 
control circuit allowed boost/cut of low/high frequencies to compensate deficiency in the 
diseased auditory system. The tone control circuit output was formed by subtracting the 
outputs of two parallel LP log-domain filters; one with low-frequency cut-off to emphasise 
the bass and one with high-frequency cut-off to emphasise the tremble. The operation of the 
tone control circuit is essentially similar to the bass/treble control of a Hi-Fi system. Even 
though Germanovix�’ contributions were only preliminary at the time, implementation-wise 
all his circuits were designed in CMOS WI, they were operating in the current mode and his 
BP sections were Class-A log-domain filters with a measured THD of �–40dB (i.e. 1%) at a 
modulation index of 35%. No noise floor and power consumption figures were reported.  
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Fig. 26. Diagram of Germanovix�’ CI with switches between the CIS and CA modes of 
operation; adapted from Germanovix (Germanovix and Toumazou, 2000). 
2001: In 2001 there were two contributions from André Van Schaik. In the first one (Schaik, 
2001), he presented an electronic system that extracted the periodicity of a sound. The 
system was comprised from three analogue VLSI building blocks: a) an improved version of 
Watt�’s 1-D implementation utilizing 104 cascaded sections (the same gm-C ones that Watt�’s 
used in (Watts et al., 1992)) with CLBTs for generating the biasing currents (built on a 
4.77mm 3.21mm die chip), b) four IHC circuits (built on a 1mm2 chip) and c) two spiking 
neuron chips (each chip built on a 2.5mm2 and containing 32 neurons). Before explaining 
how his system performed periodicity extraction, let us briefly describe Van Schaik�’s IHC 
and neuron circuits, the initial versions of which were previously published by the author 
around 1996 (Van Schaik and Meddis, 1996).  
His IHC circuit is the most bio-plausible contribution to date because it did not solely rely 
on half-wave rectification (like in all previous efforts) but attempted to replicate several 
other IHC characteristics/functions like input-output function asymmetry, temporal 
adaptation to constant stimulation etc. To appreciate Van Schaik�’s modelling choices, recall 
four interesting features of the biological auditory neuron fibre:  
1. The spike rate of most auditory neuron fibres increase with increasing stimulus level 

but only over a narrow level of signal intensities (from 60 to 80 SPL). Above that level, 
the output saturates showing little or no further rate increase (see Fig. 27(left)). 
Moreover, the relation between the IHC cilia deflection and the percentage of open ion 
channels (or equivalently the IHC current to IHC membrane potential) has a sigmoidal 
form with a certain offset, so that only 20% of the channels are open at equilibrium. 

2. The rate of firing is known to adapt to a new stimulus. The high rate at onset is quickly 
adapted to a lower rate within 3msec of the initial stimulus onset. In addition, when a 
persistent stimulus is present, the rate reduces even further but at a much slower pace 
(see Fig. 27(middle)). 

3. IHC perform some kind of LP filtering with a cut-off frequency of 1kHz so that AC 
components of frequencies above about 4kHz are heavily attenuated and thus no 
information is available to the brain regarding the temporal properties of the input 
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waveform. At frequencies well below 4kHz, the IHC voltage has a noticeable AC 
component and its temporal structure can be extracted by the brain. 

4. At low frequencies (< 3kHz) the spike rate in an individual auditory neuron can be 
shown to be a half-wave rectified waveform (see Fig. 27(right)). In the absence of any 
input signal, the auditory neuron shows spontaneous action potential at a frequency 
almost as frequent as half of the maximum firing rate. 

 

 
Fig. 27. (left) IHC rate-intensity function, (middle) IHC post stimulus time histogram 
showing adaptation to a persistent stimulus and (right) IHC period histogram shown with 
stimulating sinusoid; from Van Schaik (Van Schaik and Meddis, 1996). 

Van Schaik�’s IHC model (shown in Fig. 28) consisted of three main processing stages that 
aim to model the four aforementioned features of an auditory neuron fibre: The first stage 
contained an asymmetric (sigmoid-like) compressive input-output function (realized by a 
simple OTA where one differential-pair transistor was 20% larger than the other �– thus only 
20% of the biasing current will flow through the smaller device when the input differential 
voltage is zero) followed by a bias circuit which adds bias to the membrane potential to 
guarantee spontaneous activity at the absence of any input (points 1 and 4). The second 
stage consisted of two first-order LP filters with a cut-off frequency of 1kHz or lower (point 
3) and the final stage introduced adaptation to constant stimulation by subtracting a 
weighted LP filtered copy of the IHC output with the IHC output itself. By using a larger 
capacitor in the second filter (i.e. C2 = 3C1), its output will react more slowly to an onset of 
Isig than I1 would do (point 2). The final output current is given by  Iout = I1 �– GI2 + Ispont, 
where G (< 1) is the gain of the current mirror that controls the ratio of the system�’s peak 
response to the sustained response and Ispont is a constant current level used to adapt the 
�‘spontaneous�’ rate of firing (point 4). 
 

 
Fig. 28. Circuit diagram of the IHC stage; adapted from Van Schaik (Van Schaik, 2003). 
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Implementation-wise, one of the main problems/challenges in modelling comparatively 
slow brain elements with analogue VLSl circuits is the realization of large time constants 
such as the ones for the IHC LP filtering. Van Schaik realized that since the linearity of the 
LP filter stage is not an important issue, large time constants could be realized using the 
current mirror arrangement of the two LP filter blocks in Fig. 28 (i.e. small capacitors appear 
larger via the Miller effect). This current mirror creates a non-linear LP filter for which Iup 

sets the maximum rise speed and Idown sets the maximum fall speed of the voltage on the two 
capacitors. This construction allowed Van Schaik to obtain programmable time constants in 
the order of several milliseconds using capacitors in the pico-Farad range while using bias 
currents in the 100pA range. Moreover the time constants varied with input signal level for 
both the LP filter and adaptation stages. Fig. 29 shows a comparison of the output responses 
from his artificial IHC circuit relative to the biological ones. Clearly, Van Schaik�’s 
neuromorphic IHC circuit is able to faithfully reproduce the responses of its biological 
counterpart.  
 

 
Fig. 29. Intracellular IHC voltage changes in (a) the biological IHC and (b) Van Schaik�’s 
circuit implementation for different frequencies of stimulation. For both cases, note the 
change of scale for the lower five traces; adapted from Van Schaik (van Schaik, 2003). 

The final circuit was a silicon neuron (depicted in Fig. 30 above) which was designed after 
its biological counterpart. Recall that in the real neuron an increased sodium conductance 
creates the upswing of spike (i.e. activation through depolarization) and the delayed 
blocking of the sodium channels plus delayed increase of potassium conductances create the 
downswing (i.e. de-activation through re-polarization). Here, the membrane of the neuron 
was modelled by the membrane capacitance Cmem and the membrane leakage current is 
controlled by the current Ileak. In the absence of any input (i.e. Iex = 0) the membrane (Vmem) 
potential is drawn to its resting potential controlled by V�–. Excitatory inputs add charge to  
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Fig. 30. (a) Circuit details of the VLSI neuron. (b) Example of the response of the membrane 
potential (Vmem) and the output signal (Vout) to a DC input current (Iex); from Van Schaik 
(Schaik, 2001). 

Cmem, whereas inhibitory inputs discharge Cmem. If the excitatory input (Iex) becomes larger 
than Ileak then Vmem will rise from its resting potential. Vmem is then compared with a 
controllable threshold voltage (Vthres), using an OTA driving a high-impedance load. If Vmem 
is larger than Vthres, then the output of the OTA (Vcomp) will be high and thus the output of 
the first inverter (Vinv1) will go low activating the PMOS TNA switch which injects �‘sodium�’ 
current to Cmem effectively pulling Vmem up (i.e. the upswing of a spike ). At the same time, a 
second inverter has it output voltage (Vinv2) high allowing the capacitor CK to be charged at a 
speed which is controlled by IKup. As soon as the voltage on CK goes high, the NMOS TK 
switch conducts allowing for the �‘potassium�’ current IK to discharge Cmem and bring Vmem 
down to its resting value. The values of the currents IKup and IKdown control the spike width 
and the neuron�’s refractory period respectively. 
Van Schaik consequently used his improved BM cascade, IHC and neuron circuits to model 
periodicity extraction much like what Lazzaro had proposed and demonstrated in (Lazzaro 
and Mead, 1990). A major disadvantage of Lazzaro�’s implementation was the fact that in 
order to perform the matched filtering operation at the output of each SGN, each delay 
associated with a BM tap had to be matched precisely to the inverse of the CF of that tap. 
That meant that for a BM cascade whose CF changed exponentially from 4kHz to 100Hz, 
delays from 0.25msec to 10ms had to be created. In the real cochlea these large variations in 
delay is unlikely to be provided by an axonal delay circuit because it would require a very 
large variation in axon length. Van Schaik observed that the phase of a pure tone of a given 
frequency on the BM increases from base to apex and the phase changes rapidly around the 
CF. Moreover, the filter cascade acts as a delay line and each filter adds a delay which 
corresponds to /2 at the cut-off of that stage. Thus, if one monitors the output of filter i and 
filter i �– 4, under the assumption that the cut-off frequency remains fairly constant between these four 
stages (i.e. for a high resolution BM cascade), then the delay would correspond to 2  at the cut-off 
frequency. In essence, Van Schaik used the inherent delay of the BM cascade to perform the 
matched filtering operation at the output of the SGN and not through an additional axon 
circuit like Lazzaro. Van Schaik demonstrated through measurements that detecting these 
coincidences can yield very selective filters, i.e., filters responding only to a very narrow 
range of periodicities, but at the same time still responding after a few periods of the input 
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signal. This turned out to be an advantage over traditional BP filters, where an increase in 
selectivity has to be traded off against a decrease in response time. 
Van Schaik�’s second 2001 contribution (together with Fragniére) detailed the analogue 
current-mode VLSI implementation of a 2-D cochlea model using a grid of transistors to 
model cochlea fluid mass (Van Schaik and Fragniere, 2001). That particular model was 
based on the initial 1992 2-D model of Watts that was thoroughly investigated by Fragniére 
in (Fragniere, 1998) few years later. The two dimensions that were taken into account were 
the longitudinal direction along the BM from base to apex and the vertical direction which 
accounts for the liquid movement perpendicular to the BM. In order to achieve a compact 
VLSI implementation of the dense resistive network modelling the 2-D cochlea, Van Schaik 
used a single transistor implementation of the resistors. That transistor was operating in the 
pseudo-voltage domain and its resulting pseudo-conductance has been proven efficient in a 
variety of signal processing systems (Vittoz, 1997). To introduce temporal processing, the 
pseudo-conductance was used with a reactive component (a pseudo-transcapacitor where 
its differential input current is integrated into an output pseudo-voltage) yielding filters 
which are close relatives to log-domain filters.  
2002 �– 2004: From 2002 onwards Sarpeshkar�’s auditory research interest seemed to focus on 
fully-implantable CIs based on simple BP filterbanks. Together with his group at MIT, he 
published several conference and journal articles detailing the designs of the basic building 
blocks comprising a CI processor. He reported on the designs of a new BP filter (Salthouse 
and Sarpeshkar, 2003), envelope detector (Zhak et al., 2003), microphone preamplifier (Baker 
and Sarpeshkar, 2003) and A/D converter (Sit and Sarpeshkar, 2004) that were consequently 
used to realise a CI channel (Lu et al., 2003) and a CI processor (Baker et al., 2003). In 2005, 
all these designs were integrated to create one of the most complete analogue VLSI CIs to 
date. Sarpeshkar approach in this work was slightly different from what he had adopted in 
his earlier attempts. Here, he tried to create circuits that would eventually lead to a practical 
bio-inspired design having the potential towards possible commercialization. For this 
reason, his architectural and circuit design choices did not solely rely on increasing the 
performance but also on reliability and robustness. An example of this strategy can be seen 
in the design of his new BP filters. Sarpeshkar realized that while the linearization 
techniques used in his prior designs (from 1996 to 1998) successfully met the design 
requirements, the linear range could not be easily increased above the achieved value 
because the techniques do not scale. Recall that much of the achieved increase in linear 
range was due to the well as the input terminal. That makes the linear range a strong 
function of the subthreshold body-effect parameter n which varies between processes and 
runs. Hence, Sarpeshkar tried to explore alternative strategies. 
The BP filters used in this work were based on the design of Christopher Salthouse who 
used a capacitive-attenuation technique to extend the input linear range beyond 1Vpp 
(Salthouse and Sarpeshkar, 2003). His design was based on two cascaded first-order 
sections; one LP and one HP built using the basic OTA. The linear range was increased by 
attenuating the input and feedback attenuating the output because the linear range of the 
OTAs is limited by their input swing rather than their output swing.  Salthouse 
consequently extended his design to a differential topology and measured a cascade of two 
BP filters. He reported a 230nW power consumption with an input DR of 67.5dB (5% THD) 
at 100Hz �– 200Hz range and a 6.36µW with a DR of 65dB (5% THD) at 5kHz �– 10kHz range. 
In 2002, David Graham with Paul Hasler from Georgia Tech presented a new very compact 
second-order section for cochlea modelling with high overall performance (Graham and 
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Hasler, 2002). Their design was based on the DIFF2 structure discussed by Lyon in 1992 and 
on the autozeroing second-order section presented by the authors in (Hasler et al., ). The 
basic building block of their design is a capacitively-coupled current-conveyor (C4) 
presented in (Hasler et al., 1999). In this paper, they presented only measured frequency 
response results from a 32-section C4 BP filterbank, whereas a thorough analysis and 
characterization of the C4 structure was presented five years later (Graham et al., 2007). 
There, they demonstrated an impressive five-orders of magnitude frequency tunability with 
passband SNR generally ranging between 50 �– 60dB. At 20kHz and with a Q of 4, the 
second-order C4 BP section dissipated a mere 0.11µW of static power from a 3.3V power 
supply and with a Q-programmability range of up to 9. The simple second-order section 
occupied 2100µm2 in a 0.5µm CMOS process, whereas a tenth-order structure occupied an 
area of 13200µm2. Because of the fact the C4 was so compact, a filterbank employing sixteen 
tenth-order BP filters occupied only 1.5mm×1.5mm including all biasing circuits. Finally, the 
authors were the first to use floating-gate transistors for the current-sources that set the time 
constants of the C4 BP filters. Since the floating-gate transistor currents can be programmed 
very precisely (< ±0.2% error), the responses of the BP filters were also set very precisely 
using a single calibration step. 
In 2003, ivid N�œss, a student of Tor Sverre Lande from the University of Oslo, presented a 
low-voltage, low-power second-order filter consisting of six pseudo floating-gate transistors 
operating in the WI (Naess et al., 2003). N�œss recalled that in 1998 Sarpeshkar used offset 
adaptation circuitry in between each stage to limit the skew in offset/DC voltages through 
his BM cascade. By employing the pseudo floating-gate technique, such offset adaptation 
circuitry would not be necessary due to the capacitive coupling of the floating-gate nodes. 
The term �‘pseudo�’ arises from the fact that the floating nodes are not truly floating but 
weakly connected. Nonetheless, the quiescent currents are still very low giving pseudo 
floating-gates the same advantage. Additional benefits of this technique include the 
possibility of operating them with very low-power, shifting the devices�’ threshold voltages 
as seen from their capacitive coupled input terminals and an easy 
initialization/programmability of their floating-gate voltages. Finally, N�œss provided 
preliminary frequency response simulation results from a cascade of six biquads and 
reported a 5nW power dissipation with a �–60dB suppression of the second harmonic at 
1kHz from a single second-order LP stage. 
The two last contributions came from Ivan Grech from the University of Surrey who 
published two journals with detailed measurements on a new low-power log-domain 
CMOS filterbank for extracting localization spectral cues from two audio signals (Grech et 
al., 2003; Grech et al., 2004). As far as we are aware, Grech�’s implementation is the first log-
domain realization of a front-end for 2-D sound source localization. Moreover, it is the first 
ever effort which employed high-performance log-domain biquads operating in Class-AB. 
All additional circuits were current-mode translinear loops used for performing 
mathematical operations like squaring, division and maximum value detection. The inputs 
to the system, which were left and right ear audio signals were converted to current signals 
and then splitted into complementary differential signals using the harmonic mean splitting 
law. These signals were then logarithmically compressed after having their level adjusted by 
a current-mode, open-loop AGC block which acted globally altering the Q values of the 
subsequent BP filters. Each path was then processed by a parallel bank of 24 fourth-order BP 
log-domain filters whose CF changed from 50Hz to 20kHz in an exponentially decreasing 
fashion. Envelop processing was realized at the outputs of each BP filter by squaring and LP 
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filtering. Envelopes for CFs below 1kHz were further processed off-chip to extract interaural 
phase delay (IPD)2 cues, whereas higher frequency envelopes were used to extract interaural 
envelope delays (IED)3 cues. Finally, interaural intensity difference (IID)4 cues were 
extracted by dividing the envelopes of the left- and right-channels, whereas monaural5 cues 
were extracted by dividing the envelopes of adjacent filters of the same channel. Grech�’s 
design has one of the highest performances reported to date with a measured BP stage input 
DR of 62dB at 1.8% THD (in excess of 80dB for the 4�–5% THD figures used by other 
authors), second-order intermodulation distortion products below �–40dB and an overall 
power dissipation of 890µW for the whole system. Moreover, he used on-chip, temperature 
independent biasing and a Q-value digital calibration memory for manually resetting a 
uniform peak response to all the BP stages. It should be noted that the maximum Q reported 
was 10.25 resulting in a measured passband gain of around 40dB. 
2005 & 2006: Five years after Germanovix�’ CI effort, Julio Georgiou, his successor in 
Toumazou�’s group at Imperial College London, was actually the first to validate a 16-
channel fully-implantable log-domain CI prosthesis system (Georgiou and Toumazou, 
2005a). Georgiou�’s system occupied an area of 3.4mm×6mm and consisted of a) a mixed-
signal chip that combined the speech processor (utilizing a 16-channel Class-A BP log-
domain filterbank) and CIS stimulator, b) a rechargeable battery and c) a second chip for 
power management and charging circuits. The whole system was encapsulated in a 
hermetically sealed platinum case for biocompatibility reasons. Georgiou reported on a total 
of 126µW power consumption (including an off-chip microphone but excluding the CIS 
stimulation) and an input DR (at the BP pole frequencies) between 51 �– 58dB for a 4% THD. 
His filters were Class-A log-domain filters with a state-elimination circuitry (to eliminate 
additional existing DC operating points (Fox and Nagarajan, 1999)) and a nominal power 
dissipation of only 40nW. It should be noted here that Georgiou performed rectification, 
compression and smoothing elegantly and with minimal power requirements by using a 
circuit that was identical to the nonlinear LP filtering stage used by Van Schaik in his IHC 
circuit model. Finally, Georgiou employed a digital AGC, in the form of saturation 
nonlinearity that acted globally on the input prior to being fed to the filterbank. In addition, 
it was also possible to externally program its attack and release time constants so that it 
responded more quickly to increasing amplitudes than to decreasing ones. On the other 
hand, Sarpeshkar�’s final CI was also reported in 2005 (Sarpeshkar et al.  2005). Their design 
achieved a total power consumption of 211µW (including microphone and stimulation 
circuits), a DR of 77dB and occupied an area of 9.58mm×9.23mm. The basic circuit building 
blocks comprising their design were: 
1. A build-in microphone front-end (using the commercial JFET-buffered FG3329) electret 

microphone to transduce sound into an electrical signal. The microphone front-end was 
designed to have an 80dB input DR and its total power consumption was at 100µW 
(almost half the power dissipation of the whole CI). 

                                                 
2 IPD represents the time delay between the left and right channels for actual input signals of 
frequencies below 1kHz.  
3 IED is the same as IPD only for higher frequencies. 
4 IID represent the difference in signal intensity between the left and right channels. 
5 Monaural cues are directly related to intensity differences between adjacent frequency bands of the 
same channel. 
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2. An AGC circuit that was implemented by regulating the transconductance of a single 
transconductance-resistance variable gain amplifier (VGA). The signal from the 
microphone front-end was passed through an envelope detector (a cascade of a rectifier 
and LP filter) and consequently fed to a translinear circuit used to create the 
compressed output current for controlling the gain of the VGA. Moreover, the envelope 
detector had an asymmetry in its attack and release time constants. Their AGC had an 
effective 60dB of DR and a power consumption of 30µW.  

3. A 16-channel filterbank employing Salthouse�’s fourth-order BP filters. 
4. A logarithmic A/D with 7-bit precision at 1kHz sampling rate with 3µW/channel. 
5. High PSRR and temperature independent current and voltage biasing with a total 

power dissipation of 3µW. 
6.  Digital I/O interface and CIS stimulator dissipating 32µW. 
The last 2005 contribution came from Christopher Galbraith who reported on a planar 
channelizer filter (i.e. a microwave multiplexer with a large number of output ports) based 
on a model of the mammalian cochlea operating at 20�–90MHz. Applications of such a bio-
inspired system could include wideband electronic warfare systems and radio astronomy 
and spectroscopy. The channelizer filter topology was derived from the transmission-line 
model of the cochlea and he reported measured results from a 20-channel prototype chip 
(Galbrdith et al., 2005;Galbraith et al., 2007). The second RF cochlea followed one year later 
from Sarpeshkar (Mandal et al., 2006). 
Finally, one of the most recent neuromorphic efforts came from Bo Wen and Kwabena 
Boahen from Stanford University, where they presented a 2-D nonlinear cochlea model 
utilizing a novel active mechanism that realizes the frequency-selective OHC-based AGC 
(Wen and Boahen, 2006). Their AGC is based on a model of OHC electromotility through 
active bi-directional coupling that was initially proposed by Geisler and Sang in 1995 
(Geisler and Sang, 1995) and later extended by the authors in (Wen and Boahen, 2003). Their 
hypothetical model includes both feed-forward and feed-backward interactions supported by the 
physiological evidence:  
1. The force resulting from OHC contraction and elongation is exerted onto adjacent 

downstream BM segment due to the OHC basal tilt. 
2. The OHC force is delivered onto adjacent upstream BM segment due to the apical tilt of 

the phalangeal process extending from the Deiter�’s cells�’ main trunk. 
Thus, the OHC motile forces, through the microanatomy of the cochlea partition, feed 
forward and backward, in harmony with each other, resulting in bi-directional coupling 
between adjacent stages in the longitudinal direction. More specifically, due to the opposing 
action of the OHC forces on the BM and reticular lamina, the ith �– 1 BM segment reinforces 
that of segment i, while the motion of segment ith + 1 opposes that of segment i.  
Their cochlea processor was built along the same lines with Watts�’ and Van Schaik�’s 2-D 
implementations. Wen�’s fluid network was implemented by an array of diffusors (i.e. 
simple NMOS transistors in WI), while each BM segment was realized using pseudo-
differential Class-AB log-domain filters. The active bi-directional coupling was achieved by 
exchanging currents between neighbouring second-order sections, thus realizing an AGC 
mechanism without needing to detect the signal amplitude and implement AGC loops. Wen 
reported results from a fabricated chip with 360 BM segments and two 4680-element fluid 
grids (360×13) occupying 10.9mm2 area in a 0.25µm CMOS technology. However, Wen�’s 
frequency responses seemed to be heavily affected by noise and mismatch resulting in quite 
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low DR performances (17 �– 42dB), which generally are not indicative of pseudo-differential 
Class-AB log-domain implementations.  
2007: In this year, most contriburions came from Van Schaik�’s group at the University of 
Sydney. The first one was a conference publication where his student Tara Julia Hamilton 
presented a BM resonator segment together with a feed-backward AGC control loop for 2-D 
cochlea implementations (Hamilton et al., 2007). The resonator stage was a Class-A log-
domain filter whereas the feedback AGC loop was comprised of a peak detector, a decision 
circuit, a ramp generator and Sarpeshkar�’s WLR. The output signal level from the BM 
resonator was measured using the peak detector (again a variation of the nonlinear LP filter 
Van Schaik and Georgiou used in (Schaik, 2001) and (Georgiou and Toumazou, 2005b), 
respectively) and then fed into the decision circuit. The decision circuit was consisted of two 
current comparators with some additional digital logic for setting the ceiling and thresholds 
of the signal amplitudes (i.e. essentially specifying the Q-control law). In addition, the 
decision circuit employed hysteresis to avoid errors due to oscillations. The Q value of the 
resonator stage was set by the WLR�’s output current whose value was controlled by the 
voltage from the ramp generator. A higher voltage generated a larger current and thus a 
larger Q value. When the ramp generator�’s output voltage was equal to the supply voltage, 
the WLR�’s output current was set to give the maximum Q value. Finally they reported 
preliminary simulated results on a) the manual Q adaptation of the BP log-domain 
frequency response, b) transient responses from the outputs of each AGC processing stages 
and c) the actual nonlinear input-output compressive function of their AGC. 
The final contributions came from Vincent Chan, Shih-Chii Liu and Van Schaik who 
presented a matched silicon cochlea pair with address event representation (AER) designed 
for sound localization applications (Vincent et al., 2007). In recent years, the AER interface 
has become the standard interface protocol for a plethora of neuromorphic (mostly vision) 
chips because it allows the use of discrete level (spikes), continuous-time events to convey 
information in a manner similar to the pulse code neural communication and processing 
schemes found in biological systems. The AER allows multiple devices to share a common 
data bus by using a hand-shaking protocol that arbitrates between transmitters to determine 
which transmitter can access the bus. The next transmission is not permitted unless an 
acknowledgment is returned from the receiver. This event-driven representation is ideal for 
communicating sparse events from many sources using a narrow channel, utilizing 
effectively the available power and bandwidth.  
One of the prior cochlea designs that utilized such a scheme is (Abdalla and Horiuchi, 2005). 
Their system was comprised of four main building blocks: a) two matched, 32-section, 
constant-Q and passive (Q = 0.75) silicon cochleae (identical to the one presented in [ ]), b) a 
new simplified version of Van Schaik�’s IHC circuit (due to the other�’s increased complexity 
and size), c) integrate-and-fire neurons for the AER and d) the AER interface circuitry to 
generate and communicate auditory nerve spikes. Thus, the output at each BM tap gets half-
wave rectified and LP filtered (effect of IHC), and consequently integrated on the membrane 
capacitance of the integrate-and-fire neuron which fired a spike. The neuron�’s operation is 
similar to the one presented in (Schaik, 2001) with two additional voltage lines: the request 
(req) and acknowledgement (ack) which set and reset it, respectively: When a spike is 
generated, the req line goes low. A high pulse in the ack line resets the neuron, after which it 
enters a refractory period for a controllable duration. When a neuron makes a request (by 
pulling its req signal low), an on-chip arbiter arbitrates between all neurons making a 
request and sending off each neuron�’s address in sequence through two external hand-
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shaking signals. Once the neuron�’s address has been communicated off-chip, the arbiter 
sends a signal to the ack line which in turns resets the neurons. 
The authors provided an analysis on the mismatch, offset and gain errors of their system 
with additional measured results on a sound localization experiment performed in a 
reverberant realistic environment. They placed a dummy head at the centre of a room facing 
a loudspeaker with two microphones inserted in its ears. The recorded sounds were played 
to the left and right cochleae through a soundcard. The dummy head was rotated from �–90o 
to +90o in 5o steps and interaural time delay (ITD) cues were extracted by performing cross-
correlation on the spike trains between all corresponding channels. Fig. 31 shows that the 
calculated delay had a sinusoidal shape with the maximum delays occurring close to the 
two 90o angle extremes as expected. 
 

 
Fig. 31. (a) Experimental setup. The source was fixed but the dummy is free to rotate from �– 
90o to +90o in 5o steps. Microphones were inserted into its ear to record the sound at each 
position. (b) ITD computed by cross-correlation of the spike trains from all channels of the 
two matched silicon cochleae; adapted from Chan (Vincent et al., 2007). 
2009: Our final contribution is from Andreas Katsiamis, who designed a very-high dynamic 
range and low-power cochlea channel with focus on biorealism and performance (Katsiamis 
A.G. et al.  2009). The design implements a recently proposed transfer function, namely the 
One-Zero Gammatone Filter (or OZGF), which provides a robust foundation for modeling a 
variety of auditory data such as realistic passband asymmetry, linear low-frequency tail and 
level-dependent gain (Katsiamis A.G. et al., 2007). Moreover, the OZGF is attractive because 
it can be implemented efficiently in any technological medium �– analogue or digital �– using 
standard building blocks. The channel was synthesized using novel, low-power, Class-AB, 
log-domain, biquadratic filters employing MOS transistors operating in their weak inversion 
regime. In addition, his work details the design of a new low-power automatic gain control 
circuit that adapts the gain of the channel according to the input signal strength, thereby 
extending significantly its input dynamic range. The performance of a 4th-order OZGF 
channel (equivalent to an 8th-order cascaded filter structure) was evaluated through both 
detailed simulations and measurements from a fabricated chip using the commercially 
available 0.35µm AMS CMOS process. The whole system was tuned at 3kHz, dissipated a 
mere 4.46µW of static power, accommodated 124dB (at <5% THD) of input dynamic range 
at the center frequency and  was set to provide up to 70dB of amplification for small signals. 
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4. Summary and conclusion 
This chapter has hopefully served two main purposes: a) to form  a detailed review of all the 
important developments on the modelling, design and experimental verification of CMOS 
VLSI cochlea processors, and b) to equip the reader with the general knowledge needed so 
that s/he can appreciate the design/modelling efforts presented in the following chapters.  
This chapter discussed in considerable detail most of the advancements on the modelling 
and design of CMOS VLSI cochlea systems from 1982 until recently. From Lyon�’s initial 
1982 and 1988 papers, there were numerous attempts from various research groups to 
extend and optimize the design of cochlea processors for applications including cue 
extraction for source localization, cochlea implants and general speech recognition front-
ends. In this chapter we reviewed the application of voltage mode (gm-C), discrete-time 
(switch-capacitor and switch-current), current-mode (switch-current, log-domain and 
current-conveyor-based) and even microwave-RF circuit design techniques in pursue of 
cochlea processors of an increased overall performance. We also saw several variations in 
the architecture of the BM filtering (1- and 2-D BM cascade, simple BP filterbanks, parallel 
banks of cascaded filters, dilating-biquads filterbanks and variable clock-frequency 
filterbanks) and bio-plausible designs of IHC and neuron circuits together with several 
versions of the OHC-based AGC (static compression, feedback, feed-forward or both). In 
conclusion, the design of artificial cochlea systems able to exhibit a high overall performance 
with a high degree of biological fidelity was and very much still is a perpetual objective.  
 

 
Fig. 32. Timeline of most important CMOS Cochlea Advancements. 
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Table 1. Summary of Developments of Analogue VLSI Cochlea Systems 
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One may be caught by surprise to realize the fact that the engineering principles the real 
cochlea is using are not conceptually far from what we had developed over the years to 
solve various engineering problems: Master/Slave architectures with automatic control for 
tuning and stabilization, compression for the accommodation of large inputs, gain 
adaptation to maintain signal integrity, rectification and filtering for strength detection, 
parallel processing (i.e. redundancy) to increase speed and robustness, to name just a few, 
are concepts that were developed by engineers who might had not �‘made the link�’ with 
biological correlates. Yet, nature had all these ideas for millions of years and had already 
optimized them to realise systems which are able to perform with astonishing reliability in 
the haziest of environments. The cochlea is just one of those systems and to this author�’s 
opinion this is exactly the scientific contribution of neuromorphic engineering. 
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1. Introduction    
Biology has produced extraordinary solutions for functions necessary for life. Sensing and 
movement appear to be two such necessary functions. For both of these, biology has 
developed extensions from the cell body called cilia (Sleigh, 1962). For movement �– either of 
the entire organism or for moving fluid and hence nutrients toward the stationary organism 
�– nature has evolved motile cilia (Satir, Mitchell, & Jekely, 2008). These remarkable 
structures, consisting of a highly organized collection of several hundred thousand proteins 
packed in a single 250 nanometer diameter cylinder 7 microns long, beat in regular bend 
shapes autonomously, fuelled by chemical energy (Nicastro, 2009; Satir & Christensen, 
2007). Cilia exist throughout biology, from single cell organisms to humans, and are 
essentially identical down to the protein level across this vast range of life forms. Within the 
human body, the literature on their significance to human health has exploded over the past 
decade (Cardenas-Rodriguez & Badano, 2009). Cilia have long been understood to be the 
critical mechanism for fighting lung infections through the propulsion of mucus (Antunes & 
Cohen, 2007; Boucher, 2007). More recently, cilia have been found to guide neurons within 
the brain and to be responsible for the left-right asymmetry of the human body (Okada & 
Hirokawa, 2009; Sutherland & Ware, 2009). Whether for organism propulsion or for its more 
complex physiological functions, the cilium is the primary manner in which the cell interacts 
with surrounding fluids (Cartwright, Piro, Piro, & Tuval, 2008; Smith, Gaffney, & Blake, 
2009). Each of these issues: the structure, operation and function of cilia remains a major 
challenge for biological physics. Difficult unanswered questions remain in the protein-level 
organization of the cilium, the coordination of 4000 molecular motors to produce bend 
shapes and the structure-fluid interaction of beating, slender bodies with Newtonian and 
viscoelastic fluids.  
From an engineering perspective, cilia present a challenge for replicating their function at 
the micrometer length scale. Applications of such structures may include microfluidics for 
pumping and mixing, sensing surfaces for measuring local fluid flows and active surfaces 
for energy applications and the inhibition of biofouling. We are far from having the ability 
to replicate the extraordinary, nanoscale architecture of the cilium. However, we have been 
successful recently at replicating the functional capability of cilia at the sub-micron length 
scale through a variety of advances in materials and fabrication strategies. We begin our 
discussion with magnetic materials as magnetic actuation offers flexibility in design and 
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application to arrays of moving structures. With candidate materials in hand, we then 
describe fabrication strategies that permit well defined, highly elongated structures in large 
area arrays. We need to actuate these structures with bend shapes appropriate for moving 
fluids. We therefore describe the physics of the magnetic actuation of extended structures, 
including specific field generation schemes and the bend shapes that result. Throughout 
these sections we present general guidelines for the design space within which an engineer 
would operate.  
While biology provides inspiration for engineering solutions, the resulting technology 
allows us to reflect an engineering understanding back onto biological design challenges. 
We therefore end this review with a discussion of the overall hydrodynamic, energy and 
force considerations that the biological cilia are designed to solve and compare our technical 
achievement with the remarkable molecular solution of biology. It will not surprise the 
reader that we remain in awe of the nanotechnology of life. 

2. Materials 
2.1 Introduction 
The ideal material for a magnetic microactuator must be both flexible and magnetic. In any 
single material, these qualities are generally mutually exclusive. Magnetic materials are with 
rare exception metallic, and therefore of high modulus while soft polymeric materials may 
exhibit only a slight diamagnetism. We can, however, combine the flexibility of a polymer 
with the magnetization of a metal by developing a composite material in which magnetic 
particles are suspended within a polymer matrix. Depending on their modulus, such 
materials are referred to as either ferrogels (soft) or magnetic elastomers (firm). In this work, 
we will use the latter term to refer to both. 

2.2 Nanoparticle candidates 
Magnetic elastomers first began to appear in the literature about 20 years ago, and a wide 
range of such materials have now been described. The vast majority of these materials use 
iron oxide nanoparticles as their magnetic component (either magnetite: Fe3O4, or 
maghemite: Fe2O3), since procedures for their fabrication are simple and well-established 
(Bee, Massart, & Neveu, 1995; Massart, 1981; Massart, Dubois, Cabuil, & Hasmonay, 1995; 
van Ewijk, Vroege, & Philipse, 1999). The room temperature saturation magnetizations of 
480 kA/m for magnetite and 380 kA/m for maghemite differ by a relatively small 
proportion (Dunlop & Ozdemir, 1997). While a few materials use cobalt nanoparticles or 
alloys of cobalt, iron, and nickel, saturation magnetizations of such materials are generally 
on par with those for iron oxides, and therefore the most significant factor in the 
magnetization of a composite material is not the choice of nanoparticle but the loading 
fraction of particles within the matrix. 
Magnetic elastomers containing magnetite or maghemite nanoparticles are by far the most 
prevalent in the literature, and therefore calculations in this work will generally consider the 
loading material to be maghemite. Magnetization of maghemite nanoparticles as a function 
of applied field is shown in Fig. 1, below. Synthesis of stable aqueous solutions of iron oxide 
nanoparticles under acidic or alkaline conditions was first described by Massart (Massart, 
1981), and such solvents are stable up to a concentration of about 5% nanoparticles by 
weight. These solutions can be made stable at higher concentrations at neutral pH with the 
addition of sodium citrate and tetramethylammonium hydroxide, or may be transferred to 
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an organic phase (Dubois, Cabuil, Boue, & Perzynski, 1999; van Ewijk et al., 1999). The 
former is particularly useful in the synthesis of hydrogel-based magnetic elastomers which 
are often crosslinked under conditions of controlled pH, while the latter renders particles 
suitable for a hydrophobic matrix. 

 
Fig. 1. Room-temperature magnetization of maghemite nanoparticles as a function of 
applied magnetic field, by our own SQUID measurements. 

2.3 Polymer candidates 
As for the polymer matrix, the most common choices by far are soft, hydrophilic magnetic 
elastomers such as those constructed of polyacrylamide (Caykara, Yoruk, & Demirci, 2009; 
Galicia et al., 2003; Mayer, Cabuil, Lalot, & Thouvenot, 2000), N-isopropylacrylamide (Xulu, 
Filipcsei, & Zrinyi, 2000), polyvinyl alcohol (Barsi, Buki, Szabo, & Zrinyi, 1996; Collin, 
Auernhammer, Gavat, Martinoty, & Brand, 2003; H. Lin, Watanabe, Kimura, Hanabusa, & 
Shirai, 2003; Mitsumata et al., 1999; Resendiz-Hernandez, Rodriguez-Fernandez, & Garcia-
Cerda, 2008; Szabo, Czako-Nagy, Zrinyi, & Vertes, 2000; Zrinyi, Barsi, & Buki, 1997), and 
their derivative copolymers (C. L. Lin, Chiu, & Don, 2006). Also prevalent are gelatin 
(Saslawski, Weingarten, Benoit, & Couvreur, 1988) and copolymers of polyethylene oxide 
(Qin et al., 2009; Wormuth, 2001). Significantly less attention has been given to hydrophobic 
magnetic elastomers, which include a few instances of polydimethylsiloxane (Evans et al., 
2007; Fahrni, Prins, & van Ijzendoorn, 2009; Jolly, Carlson, Munoz, & Bullions, 1996; Varga, 
Feher, Filipcsei, & Zrinyi, 2003) and polystyrene (Timonen et al., 2010). 
A material which is to be useful in the fabrication of a microactuator must be chemically and 
osmotically compatible with its target environment, contain a large volume fraction of 
magnetic nanoparticles, and have a low modulus. Since the target environment for most 
biological and biomimetic applications is aqueous, a hydrophobic matrix is helpful in 
meeting the first requirement. A hydrophobic magnetic elastomer resists swelling in an 
aqueous environment, and nanoparticles effectively encapsulated in the hydrophobic matrix 
are unlikely to leech into an aqueous environment. The lack of swelling, however, generally 
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gives hydrophobic elastomers a significantly higher modulus than their hydrophilic peers, 
which are usually fabricated in a swollen state and are able to remain so due to the presence 
of water as a good solvent. 
We will therefore explore two different materials as candidates for magnetic microactuators. 
The first is a hydrogel consisting of maghemite (Fe2O3) nanoparticles in a polyacrylamide 
matrix, and the second is a complex of maghemite nanoparticles in a hydrophobic siloxane 
matrix. 

2.4 Hydrogel-based composites 
Hydrogels are, by definition, any polymeric material which is swollen to a great degree, 
generally greater than 90%, with water (Mathur, Moorjani, & Scranton, 1996). They may be 
crosslinked, such as in an acrylamide gel or most polyvinyl alcohol hydrogels, or 
uncrosslinked, as in agarose. Although hydrogels are susceptible to osmotic effects while in 
an aqueous environment and are therefore likely to well or shrink unpredictably, they offer 
several advantages over silicone elastomers which make them attractive. Most intriguing is 
their affinity for water, which gives them an extremely low surface energy in an aqueous 
medium. This property has the potential to reduce the incidence of collapse due to self-
adhesion which is prevalent in high-aspect-ratio hydrophobic structures (Evans et al., 2007; 
Roca-Cusachs et al., 2005). In addition, aqueous ferrofluids mix readily into many 
hydrogels, simplifying synthesis and allowing for relatively high concentrations of magnetic 
material. Finally, most hydrogels have very low elastic moduli (1-100 kPa), resulting in very 
flexible structures, and in many cases the modulus may be tuned simply by adjusting the 
ratio of polymer to water. 
Incorporating nanoparticles into a hydrogel results in a magnetic elastomer. In the case of a 
hydrogel, the magnetic nanoparticles can either be precipitated directly within a crosslinked 
matrix (H. Lin et al., 2003) or the polymer and particles may be synthesized separately and 
mixed together prior to crosslinking (Galicia et al., 2003; Mayer et al., 2000; Szabo et al., 2000). 
A prime candidate for a hydrogel-based magnetic elastomer is a maghemite-impregnated 
polyacrylamide. In the fabrication of a polyacrylamide magnetic elastomer, a citrate-
stabilized pH 7 maghemite nanoparticle ferrofluid can be mixed directly into an aqueous 
solution of acrylamide monomer. The low viscosity and absence of long-chain polymers at 
this stage allows the ferrofluid to mix well even at very high concentrations, after which 
polymerization and crosslinking are performed simultaneously, forming a gel in which the 
maghemite particles are trapped. In this manner, materials have been produced with 
maghemite concentrations as high as 18% v. (50% wt.) and with elastic moduli as low as 104 
Pa (Galicia et al., 2003; Mayer et al., 2000). So stable is the ferrofluid that we have found that 
the upper limit on concentration results from a mechanical limitation �– the fluid becomes to 
pasty to be workable much above 18% v., yet shows no sign of flocculation. 
Following Galicia et al., a typical recipe for an acrylamide magnetic elastomer requires the 
acrylamide monomer (AM), a bisacrylamide crosslinker (N, N methylene bisacrylamide, or 
BA), catalyst (ammonium persulfate, APS) and an initiator (tetramethylethylenediamine, 
TEMED). Polymerization and crosslinking necessarily occur simultaneously, as the symmetric 
bisacrylamide forms crosslinks by becoming incorporated in adjacent polymer chains during 
polymerization. Synthesis of a representative sample of a ferrofluid-acrylamide material 
(FFAAm) which contains 6% wt. acrylamide in water would proceed as follows: 
The monomer (AM) and crosslinker (BA) are mixed in a ratio of 20 to 1 in a 20% wt. solution 
in deionized water (2.22 grams AM and 0.11 grams of BA into 10 mL H2O). This solution is 
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diluted with a citrate-stabilized ferrofluid of a given maghemite concentration to produce a 
ferrofluid-acrylamide solution of 6% wt. polymer (0.54 mL AM/BA mixture to 1.46 mL 
citrate-stabilized ferrofluid). Since oxygen is known to interfere with the free-radical 
decomposition products of the APS, the solution is degassed with argon for 10 minutes prior 
to crosslinking and the subsequent reaction is performed in a nitrogen environment. 
Crosslinking occurs upon the addition of 0.2% wt. APS (40 uL of 10% APS in H2O) and 0.2% 
TEMED, and is complete within a couple of minutes. 

2.5 Silicone-based composites 
Only a few instances of hydrophobic magnetic elastomers occur in the literature. These 
materials, however, have several advantages over their hydrophilic cousins when 
implemented in an aqueous environment: they are unlikely to interact chemically or 
osmotically with the environment and are less likely to leech nanoparticles. The scarcity of 
hydrophobic magnetic elastomers relative to their hydrophilic peers is likely the result of 
the additional complication of treating iron oxide nanoparticles to make them miscible in a 
non-polar matrix. (In-situ precipitation of nanoparticles within a crosslinked matrix has not 
been explored in this case, since current techniques precipitate nanoparticles in an aqueous 
solution.) 
While larger particles (> 1 micron) can be mixed directly into a siloxane polymer by brute 
force, this results in a material that is heterogeneous at the microscale and therefore likely 
unsuitable for application in magnetic microactuators. To achieve homogeneity at the 
micron scale, great care must be taken to ensure the colloidal stability of the nanoparticles. 
Such stability may be achieved through the use of surfactants (Evans et al., 2007) or by 
strong adsorption of a hydrophobic chemical species on the surface of the particle (Mefford 
et al., 2008; Rutnakornpituk et al., 2002; Stevenson et al., 2001; Wilson, Goff, Riffle, Harris, & 
St Pierre, 2005). A description of the preparation of the former follows. 
Magnetite nanoparticles are first prepared via the coprecipitation of iron salts (Massart, 
1981) and are further oxidized to form maghemite by heating in an acidic solution in the 
presence of iron nitrate. The particles are then grafted with oleic acid (van Ewijk et al., 1999). 
The presence of oleic acid serves to enhance the solubility of the nanoparticles in a non-polar 
solution; however, mixing directly with a silicone elastomer such as Dow Corning Sylgard 
184 results in flocculation of the nanoparticles and further action is required to achieve a 
homogenous solution. Before mixing, hexadecane is added in a 1:1 v/v ratio with the oleic 
acid nanoparticle suspension and the entire product is diluted 5:1 in toluene. Sylgard 184 
prepolymer is similarly diluted in toluene, and the two solutions are combined over the 
course of several minutes under the influence of immersion ultrasonication. The toluene is 
then removed by evaporation. After resting for several days, excess hexadecane and Sylgard 
184 will separate from the composite. Decantation yields a stable suspension of maghemite 
nanoparticles in a poly(dimethyl siloxane) matrix. This material is produced without any 
curing agent in order to extend its shelf life. 

3. Fabrication 
3.1 Template candidates 
The two primary strategies that have emerged for fabricating magnetic cila are self-assembly 
and template-based methodologies. In the first, an applied magnetic field is used to cause the 
material to assemble into an energetically-favorable arrangement. Minimization of magnetic 
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energy at the expense of surface energy can lead to elongated structures which are suitable for 
magnetic actuation applications. These self-assembled structures may consist of either an 
uncrosslinked magnetic polymer composite (Timonen et al., 2010) or a series of magnetic 
beads (Furst, Suzuki, Fermigier, & Gast, 1998; Singh, Laibinis, & Hatton, 2005; Vilfan et al., 
2010), which may or may not be crosslinked prior to the removal of the external field. 
The most common template-based fabrication strategy is soft lithography, in which soft 
polymeric structures are templated in a photolithographic mold, which is generally 
constructed of photoresist on a silicon substrate. However, while soft lithography is capable 
of producing structures of very high aspect ratio in a plane parallel to the surface (length >> 
width), it is not well-suited to producing high-aspect ratio structures in a plane 
perpendicular to the surface (depth >> width). This limitation may be attributed to photon 
scattering during the exposure of the resist. Furthermore, with soft materials such as 
silicones and hydrogels, photolithographic lift-off procedures may lead to structure collapse 
(Pokroy, Epstein, Persson-Gulda, & Aizenberg, 2009; Roca-Cusachs et al., 2005; Zhang, Lo, 
Taylor, & Yang, 2006). 
Another common template for high-aspect-ratio microstructures is anodized aluminum 
oxide (AAO) (Chik & Xu, 2004; McGary et al., 2006). AAO offers the advantage of a gentle 
removal of the template by dissolution and may be grown to a wide range of thicknesses, 
enabling the production of microstructures of various length. However, AAO imposes 
severe limits on both the diameter and the spacing of the microstructures, which may limit 
its application. 
Track-etched membranes have also been used in the synthesis of nanostructures (Huczko, 
2000; Hulteen & Martin, 1997) �– most notably metallic nanowires (Brumlik, Menon, & 
Martin, 1994; Schonenberger et al., 1997) �– and they present a third possibility for a template 
for the production of biomimetic cilia. These membranes generally consist of a very thin 
layer of polymer (most commonly polycarbonate) which is exposed to high-energy ions 
from a nuclear source or ion beam. As the ions travel through the polymer, they leave 
behind a track of broken bonds (about 10 nm diameter) surrounded by a halo of additional 
damage (10 �– 100 nm) (Fischer & Spohr, 1983). The particle tracks etch preferentially in a 
solution of sodium hydroxide to produce pores of a uniform and tunable diameter (Ferain & 
Legras, 1997; Fischer & Spohr, 1983). Polycarbonate track etched (PCTE) membranes are 
available in a variety of thicknesses and pore densities, allowing for the production of 
microstructures in a variety of lengths and inter-structure spacing. They are also soluble in 
organic solvents such as dichloromethane (DCM) and N-methylpyrrolidone (NMP), among 
others, allowing for the gentle removal of the membrane from the molded structures.  

3.2 Sample design considerations 
In its simplest manifestation, template-based fabrication of biomimetic cilia from one of the 
aforementioned materials would require filling the template with material, crosslinking the 
material, and then removing the membrane by dissolution. There are, however, several 
considerations which impose further requirements. For example, micro- and nanostructured 
materials are highly susceptible to collapse during drying due to surface tension forces. 
While such damage may be alleviated by the use of a critical point dryer, it is most 
convenient to process the samples in such a way that they remain submerged. We will 
present a fabrication method below which maintains a fluid environment at all times. 
In addition, completed cilia arrays will be actuated by a magnetic source which should be as 
close as possible to the cilia array to allow for the largest possible applied fields. Cilia arrays 
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should also be fabricated in such a way as to facilitate high-magnification optical 
microscopy. Fig. 2I presents a configuration which allows for both high-magnification 
optical microscopy and optimal placement of a magnetic source. In this configuration, the 
magnetic source is placed directly above the sample. This would block the light path in 
conventional transmission microscopy; however, a reflective gold-coated cover slip placed 
just above the sample allows for imaging in reflection. It should be noted that this is not 
traditional reflection microscopy as the incident light does not reflect directly off the sample 
itself, but is transmitted through the sample after reflecting from the gold coating. This 
configuration places an additional constraint on the sample configuration: in order to be 
close to both the magnetic source and the objective, the sample should be made as thin as 
possible.  
We will present a fabrication method below which can be used to produce samples as thin 
as 500 microns. In this example, we will assume that the cilia are fabricated of a silicone-
based magnetic elastomers templated in a polycarbonate track-etched membrane. 
Modifications are necessary, of course, for hydrogel-based magnetic elastomers such as 
acrylamide (see section 3.4), but the bulk of the processing remains the same. 

3.3 Fabrication of silicone-based microstructures 
Before beginning a discussion of the fabrication procedure, we should note that one critical 
element in the following is the adhesion of the silicone cilia to a glass substrate. Generally, 
silicone exhibits an affinity for glass �– even when submerged in water, silicone cured in 
contact with a glass cover slip will readily adhere to the glass surface. However, an organic 
solvent such as that used to dissolve a template will quickly swell the silicone and cause it to 
release from the glass surface. In addition, the same solvent will often render epoxies and 
other adhesives useless. It is best then to secure the silicone directly to a firm glass substrate 
via a covalent bond. This may be done by oxidizing the surfaces of both the glass and the 
silicone with an oxygen plasma, ultraviolet light, or corona discharge (Berdichevsky, 
Khandurina, Guttman, & Lo, 2004; Efimenko et al., 2005; Efimenko, Wallace, & Genzer, 2002; 
Makamba, Kim, Lim, Park, & Hahn, 2003), after which the surfaces will bond on contact via 
a condensation reaction. 
A typical fabrication procedure for silicone-based biomimetic cilia would then proceed as 
follows. A polycarbonate track-etched (PCTE) membrane is selected with an appropriate 
thickness and pore density, and is etched in a sodium hydroxide solution to achieve the 
appropriate pore diameter. We find that a solution of 4 M NaOH heated to 80º C will 
preferentially etch the pores of a PCTE membrane to increase pore diameter at a rate of 
about 15 nm/min. After etching, the membrane is impregnated with liquid magnetic 
elastomer, and the surface of the membrane is cleaned thoroughly with a lab wipe 
moistened with ethanol (Fig. 2A). 
A cover slip is prepared to receive the membrane by affixing a thin rectangular ring of 
silicone elastomer via the oxidation/condensation reaction described above. This ring will 
act as a spacer between the upper and lower cover slips in the final product, and should be 
sized accordingly. The impregnated membrane is then submerged in a small amount of 
uncured silicone elastomer containing curing agent and placed within the silicone ring (Fig. 
2B). Care should be taken to ensure that the uncured silicone is in good contact with the 
silicone well �– it is the well which is chemically bound to the glass; the encapsulating 
silicone is bound only to this well. The sample is then cured by heating to 80º C for one 
hour. While the silicone�–nanoparticle composite described in Section 2.5 will contain no 
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Fig. 2. A-F: Fabrication of silicone-based magnetic biomimetic cilia. I: Modified optical 
reflection microscopy for viewing biomimetic cilia under magnetic actuation. 

curing agent, we have found that the curing agent contained in the surrounding silicone 
diffuses sufficiently into the composite material, resulting in reliable crosslinking. Finally, 
the sample is prepared for dissolution by exposing the upper face of the membrane via the 
removal of the upper layer of cured, encapsulating silicone (Fig. 2D). This layer may be cut 
carefully with a scalpel and peeled away. 
The sample is quite robust only until the membrane is dissolved, and so after dissolution the 
exposed cilia should remain continually submerged in a liquid. The thin silicon spacer is not 
enough to reliably retain a liquid bath around the cilia, and so a larger temporary well is 
added just outside the small well (Fig. 2E). This well must be affixed via the 
oxidation/condensation reaction previously described to avoid release during dissolution, 
but will be removed with a razor blade later. 
The membrane is then dissolved by submerging the entire sample in a bath of solvent, such 
as dichloromethane. We have found that heating the solvent results in quicker dissolution 
and a greater number of viable cilia in the final product, so it is advantageous to heat the 
solvent to just below its boiling point (about 40º for dichloromethane) before dissolving the 
membrane. Since dichloromethane is immiscible with water, it is advisable to replace the 
solvent first with ethanol, after which it may be transferred to water. 
Finally, a piece of cover slip is cut to fit within the outer well and is placed on top of the 
inner well, as shown in Fig. 2G. Excess fluid is removed, and the outer well can be carefully 
cut free with a razor. This upper cover slip is not permanently attached, but evaporative 
effects will produce a small vacuum and fix the cover slip in place quite well. For longer 
term storage, the entire sample may be submerged in a fluid bath. The completed sample 
can be designed to be less than 500 microns thick; this dimension is limited mostly by the 
dimensions of the upper and lower cover slips. 

3.4 Process modifications for hydrogels 
The fabrication procedure for hydrogel-based biomimetic cilia is very similar, but requires a 
few modifications. The most significant of these is the manner in which the polymer is 
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Fig. 3. Biomimetic cilia fabricated of a maghemite-nanoparticle / polydimethyl-siloxane 
composite by the techniques described in this section. 

affixed to the glass substrate. The oxidation/condensation reaction that worked for the 
silicone materials is useless here, and it can be a challenge to find a suitable substitute.  
Sidorenko et al. have developed a method of bonding an acrylamide hydrogel to glass by 
first oxidizing the glass by plasma, corona, or UVO treatment and then using the available 
hydroxyl groups to bond poly(glycidyl methacrylate) (PGMA) to the surface. The epoxy 
groups of the PGMA are then functionalized with acrylic acid, which will become 
incorporated within in the polyacrylamide backbone upon polymerization, permanently 
bonding the polymer to the glass (Sidorenko, Krupenkin, Taylor, Fratzl, & Aizenberg, 2007). 
In addition, prepolymers of hydrogel-based magnetic elastomers generally have a much 
lower viscosity than silicon-based elastomers, and so it is uncertain whether the uncured 
magnetic elastomer material would remain within the pores of the PCTE membrane upon 
submerging the sample in the encapsulating hydrogel layer (as in Fig. 2B). For this reason, 
the membrane is submerged in a bath of magnetic elastomer and the entire bath is cured; the 
membrane is then removed and cleaned before submersion in the encapsulating hydrogel 
layer. 

4. Actuator design 
4.1 Introduction 
Since the advent of viable experimental models of cilia-like magnetic structures (Evans et al., 
2007; Furst et al., 1998), a number of works have been presented which propose detailed 
computational models describing their actuation (Alexeev, Yeomans, & Balazs, 2008; 
Downton & Stark, 2009; Evans et al., 2007; Gauger, Downton, & Stark, 2009; Shcherbakov & 
Winklhofer, 2004). In addition, a few authors have published on the energy of rotating 
magnetic droplet (Cebers, 2002; Morozov, Engel, & Lebedev, 2002). While many of these 
models take into account dynamics such as fluid-structure interactions and polymer 
viscosity, we will confine ourselves here to a quasi-static model. Such a model is 
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independent of the application of biomimetic cilia structures and is more than suitable for 
providing a set of guidelines for the design of magnetic cilia. 

4.2 Actuation in a uniform field 
4.2.1 A simple model 
We will assume the cilium is cantilevered perpendicular to the substrate, and the elastic 
energy therefore increases with displacement from the vertical (Fig. 4). Since magnetic 
elastomers are generally superparamagnetic and therefore have no remanence 
magnetization, any magnetic torque is the result of shape anisotropy. The shape anisotropy 
of a high-aspect-ratio cilium results in a demagnetizing field along its short axes, which 
affects both the direction and magnitude of the resulting magnetization. Specifically, the 
magnetic energy is minimized when the magnetization of the cilium lies along its long axis 
and this results in a torque which causes it to tend to align with an applied field. 
Thus, we can write down the energy of a magnetic cilium as the sum of elastic and magnetic 
energies: 
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where G and H are related by 
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Here, the elastic energy is described by the Kirchhoff model (Landau & Lifshitz, 1986) of a 
uniform elastic rod, where E is the Young�’s modulus of the cilium, I is the bending moment, 
and R is the radius of curvature of the cilium which is in general a function of s, the distance 
along the contour of the cilium from its base. In the magnetic energy term (Morozov et al., 
2002), G is the applied magnetic field (in A/m), M�’ is the magnetization of the cilium, which 
in general is a function of H, the internal field (in A/m). The angle between the cilium and 
the applied field is given by , and Nx and Ny are the demagnetization factors parallel and 
perpendicular to the axis of the cilium, respectively. V is the volume of the cilium. 
We have found that the magnetization of a magnetite-polymer composite is linear with 
respect to the volume fraction of magnetic particles even to very high loadings (90% wt.). 
Therefore to make explicit the effect of nanoparticle loading, we will henceforth write the 
magnetization of the composite material, M�’, in terms of the magnetization of the magnetic 
component, M, and the volume fraction of magnetic nanoparticles, f, or M�’ = Mf. 
Much of the complexity in equations (1) and (2) stems from the fact that shape anisotropy 
affects both the direction and magnitude of the magnetization, M. However, the influence of 
anisotropy on the total energy due to its effect on the magnitude of M is secondary to its 
effect on direction. If we therefore consider a simplification in which the magnitude of the 
magnetization is dependent only on the internal field, H and not on the orientation of the 
cilium, then we can describe the magnetic energy with the Stoner-Wohlfarth model (Stoner, 
1947), in which case the total energy becomes: 
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These two models converge for saturating fields, and in the case of small fields the Stoner-
Wohlfarth model will underestimate the calculated applied field magnitude by a factor of 

1 xN , where =M/H is the dimensionless magnetic susceptibility. This factor is greatest 
for highly permeable materials and very small fields. In the extreme limit of a material 
which consists of 100% iron oxide and for fields approaching 0 T, we find that the resulting 
error is approximately a factor of 2; in most cases the error is less than 10%. This is more 
than sufficient accuracy for an investigation of design considerations of magnetic cilia, and 
this simplification will enable us to derive several useful expressions to guide design 
considerations. 
 

 
Fig. 4. Angle definitions used in the model. An upright elastic cilium which is cantilevered 
from a horizontal surface bends through an angle of  due to the presence of a magnetic 
field, B, and/or a magnetic field gradient, B . 

4.2.2 Field requirements 
We would like to consider the necessary requirements for successful actuation of a magnetic 
cilia. Let us therefore define the lower limit of �‘successful�’ action as a 10º bend from the 
vertical, where the angle is defined to be between a line connecting the base of the cilium to 
the tip and the vertical (Fig. 4). In the case of a 10º bend, it is reasonable to approximate the 
radius of curvature of the cilium as constant along the length, in which case we can allow R 
= L/2  in Equation (3). In addition, in the limit of high aspect ratio (L/2r > 20), the difference 
between the demagnetization factors Nx and Ny approaches ½. Since a typical epithelial 
cilium has an aspect ratio of about 35, we will henceforth assume that this is the case. Taking 
a derivative to find the torque on the cilia, we see 
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where we have used  =  -  to make the angular dependencies more explicit (Fig. 4). One 
interesting thing to note in this expression is that the magnetic torque on the cilium is 
always maximized when  = 45º. Let us assume that the field is applied in this optimal 
orientation; then the magnetization required to achieve a bending of  is given by the simple 
expression: 
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The applied field can be mapped to magnetization via the full magnetization curve of the 
chosen nanoparticle. In Fig. 5, we show the magnetic field required to bend a cilium of 
radius 100 nm and length 10 microns (typical of epithelial cilia) through an angle of 10º.  
 

 
Fig. 5. The magnetic field in tesla (T) required to bend a 7-micron tall magnetic cilium of 100 
nm radius through an angle of 10º. The cilium is loaded with maghemite nanoparticles. 
Superimposed on the plot are instances of reported magnetoelastomers. Diamonds: 
maghemite/polyacrylamide (Galicia et al., 2003); Square: magnetite/polyvinyl alcohol 
(Barsi et al., 1996); Triangle: M-300/polyvinyl alcohol (Collin et al., 2003); Circle: 
maghemite/poly(dimethyl siloxane) (Evans et al., 2007).  
In Fig. 5, we have highlighted the regions of the parameter space which are feasibly 
accessible with current materials. The glyphs indicate reported magnetic elastomers, which 
also appear in Table 1. The shaded areas indicate the range of moduli of common hydrogel 
and silicon elastomers independently of whether they have been employed in a magnetic 
nanoparticle composites, and the range of magnetic nanoparticle loading in hydrogel and 
silicone composites independently of whether the composite has been crosslinked. Most 
notable in the latter group is a poly(dimethyl siloxane) �– magnetite composite fluid which 
contains nanoparticle loadings up to 28% v/v (Wilson et al., 2005). Similarly, 
polyacrylamide hydrogels with maghemite loading up to 18% have been described (Mayer 
et al., 2000), but moduli have not been reported for these materials.  
It is interesting to note that in the region above 2 T in the extreme upper-right of the plot 
represents an area of the parameter space in which it is impossible to bend a cilium through 
the required angle with any field magnitude. This occurs because the applied field has fully 
saturated the cilium at this point, and further contributions have no effect. This saturation 
effect is not an artifact of our simplified model; though not quite so explicit, the limitation 
also exists in Equation (1). 
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4.2.3 Material design 
We have thus far described the magnetic field required to actuate a cilium of known 
composition and aspect ratio. However, from the point of view of materials design, it would 
be useful to have a figure of merit which indicates how well suited a material is for magnetic 
actuation applications, regardless of geometry. Such a figure could be used to optimize a 
material with respect to tunable parameters such as modulus and magnetic content. In the case 
of an optimally-applied field, we can solve Equation (5) for the bend angle , in which case 
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The second part of this expression is the square of the aspect ratio, and contains all of the 
geometrical parameters of the cilium. The first contains only material properties, and is 
therefore useful in designing materials for use in magnetic actuation devices. In this work, 
therefore, we refer to the first term as the magnetoelastic ratio. It is important to note that the 
dependencies on magnetization M and Young�’s modulus E are not necessarily independent, 
since adding magnetic content to the composite material generally results in an increase in 
modulus. Measurements of the modulus of a particular material as a function of particle 
loading can therefore be used to determine an optimal loading for maximal actuation. 
 

 Magnetoelastic Ratio  
f E (kPa) Field 

Bending 
Gradient 
Bending 

Maghemite/Polyacrylamide* 0.01 �– 0.07 2-16 0.0650 1.680 
Magnetite / Poly(vinyl alcohol) �† 0.009 3 0.0078 0.072 
M-300 / Poly(vinyl alcohol) �‡ 0.005 25** 0.0003 0.048 
Maghemite / Poly(dimethyl siloxane) § 0.04 2500 0.0002 0.003 

Table 1. Magnetoelastic ratios for reported magnetic elastomers with nanoscale magnetic 
particles, for both field-dominated bending and gradient-dominated bending. *(Galicia et 
al., 2003); �†(Barsi et al., 1996); �‡(Collin et al., 2003); §(Evans et al., 2007); **estimated from 
reported shear modulus. 
The preceding table details the magnetoelastic ratios of extant composite materials for which 
both nanoparticle concentration and modulus were reported (Table 1). Magnetoelastic ratios 
as a function of particle loading for the first material on this table are shown in Fig. 7. 

4.3 Actuation by a field gradient 
4.3.1 Modeling 
We have thus far only considered the case of a constant magnetic field, in which the 
mechanism for actuation is the tendency for the long axis of the microactuator to align with 
the applied magnetic field due to shape anisotropy. However, another mode of actuation 
exists in the presence of a magnetic field gradient. Any paramagnetic material �– regardless 
of geometry �– will be attracted toward regions of higher field, i.e. along a magnetic field 
gradient. We can account for this type of bending in our energy model simply by adding a 
term for the energy of a magnetic moment in a magnetic field: cosU mB , where  is the 
angle between the magnetic moment and the applied field. It can be shown that for the vast 
majority of magnetic nanoparticle composite materials,  ~ 0º; that is, the magnetic moment 
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aligns with the applied field rather than with the easy axis of the rod (Evans et al., 2007). 
Thus, energy is minimized when an actuator bends toward a region of higher magnetic 
field, B. 
To first order, we will assume that m is constant with respect to a bend through an angle , 
and that the magnetic field B has a constant gradient. Then upon integrating this energy 
over length of the rod, we find that the total energy is given by 
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where the final term represents the contribution of the magnetic field gradient. In this term,  
�’ is the angle of the magnetic field gradient relative to the vertical (Fig. 4), and for 

consistency we have replaced the magnetic moment m with the magnetic moment per unit 
volume M multiplied by the volume of the actuator, V. 

4.3.2 Gradient requirements 
The net torque on the microactuator is then 
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where we have again assumed constant curvature and high aspect ratio. 
Bending within the field-dominated regime is described earlier in this document. In the case 
of gradient-dominated bending, we can turn off the magnetic field torque term in Equation 
(8) simply by requiring that the magnetic field direction align at all times with the axis of the 
actuator ( ). Solving for the condition of zero net torque, we find that the magnetic 
field gradient necessary to bend an actuator through an angle  in a gradient-dominated 
regime is given by 
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In Fig. 6 we show the magnetic field gradient, in T/m, required to bend a cilium of radius 
100 nm and length 7 microns (typical of epithelial cilia) through an angle of 10º. 

4.3.3 Materials design 
Furthermore, in the case of gradient-dominated bending we can develop a term analogous 
to the magnetoelastic ratio for field bending introduced in Section 4.2.3. To do so, we rewrite 
Equation (9) to solve for the bend angle : 
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The first term of this expression contains all of the material properties of the microactuator 
and is independent of geometrical considerations. As such, it serves as a figure of merit for 
the suitability of material for application in gradient-dominated magnetic microactuation 
applications. Magnetoelastic ratios of extant composite materials for gradient bending are 
reported in Table 1. 
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Fig. 6. The magnetic field gradient in tesla per meter (T/m) required to bend a 7-micron tall 
magnetic cilium of 100 nm radius through an angle of 10º. The cilium is loaded with 
maghemite nanoparticles, and is assumed to be magnetically saturated. Superimposed on 
the plot are instances of reported magnetoelastomers. Diamonds: maghemite / 
polyacrylamide (Galicia et al., 2003); Square: magnetite / polyvinyl alcohol (Barsi et al., 
1996); Triangle: M-300 / polyvinyl alcohol (Collin et al., 2003); Circle: maghemite / 
poly(dimethyl siloxane) (Evans et al., 2007). 
In Fig. 7, below, we plot the magnetoelastic ratios for both field bending and gradient 
bending for a maghemite / polyacrylamide magnetic elastomer reported by Galicia et al. 
Both curves show a clear optimization at a 4% nanoparticle loading; at higher nanoparticle 
concentrations, the increase in modulus due to the nanoparticle component outweighs the 
additional magnetization. Similarly, it is clear in Fig. 5 and Fig. 6 that the f = 0.04 sample of 
this material is predicted to bend at the lowest values of magnetic field and field gradient, 
respectively. 

5. Actuation strategies 
5.1 Introduction 
The biomimetic cilia in this discussion are designed to be actuated magnetically, and there 
are three possible means for producing a magnetic field: with a current-carrying wire, with a 
permanent magnet, and with an electromagnet. A current-carrying wire holds a certain 
amount of appeal, since such would provide a great degree of flexibility in producing a 
time-varying magnetic field. One can imagine an array of lithographed wires supplanted 
beneath the cilia array which might be individually addressed to produce a synchrony of 
temporally and spatially manipulated magnetic fields. While such an image is enticing, no 
one has yet achieved actuation of magnetic cilia with a current-carrying wire, although 
possibilities have been discussed in the literature (Fahrni, Prins, & van IJzendoorn, 2009). 
We will discuss difficulties and possibilities for this sort of actuation below. 
Permanent magnets, on the other hand, have been successfully used to actuate magnetic 
cilia arrays (Evans et al., 2007), and are attractive due to their relatively large fields and ease 
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Fig. 7. Magnetoelastic ratios as a function of maghemite nanoparticle loading for a 
maghemite / polyacrylamide magnetic elastomer reported by (Galicia et al., 2003). 
of implementation. A detailed discussion of actuation via permanent magnet will follow. 
Finally, electromagnets may be considered an extension of the prior two methods, 
combining the flexibility of the current-carrying wire with the strength of a permanent 
magnet. Excepting the case of superconductors, however, macroscopic wires or 
electromagnets can at best approach the field magnitudes generated by permanent magnets 
and will therefore not be considered in-depth in this work. To date no one has reported 
actuation with an electromagnet or electromagnet array, although such might be possible 
with an extant micromagnetic apparatus such as the 3DFM (Fisher et al., 2006).  

5.2 Field or gradient dominance 
Before we begin a discussion of these mechanisms, however, we first recognize that bending 
may occur in two distinct regimes �– field-dominated or gradient-dominated �– as previously 
described. To better understand the magnetic field geometries characteristic of each, we take 
the ratio of �‘gradient�’ torque to �‘field�’ torque, and find that 

 
0

2 BLR
M B f

 (11) 

Here we have written the magnetization as function of magnetic field in order to make the 
role of the magnetic field magnitude explicit. Fig. 8 displays in the parameter space of 
applied field and field gradient contours on which the ratio R is unity. Here we have 
selected a length L of 7 microns and maghemite as the loading material. We have chosen 
three representative values of particle loading f, which cover the gamut of extant materials. 
The region to the upper-left of each R=1 contour is field-dominated; the region to the lower-
right of each is gradient-dominated. 

5.3 Permanent magnets 
Perhaps the most straight-forward way to actuate a magnetic microstructure is by 
introducing a permanent magnet. Currently, rare earth magnets such as those constructed of 
neodymium-iron-boride (NIB) offer the largest fields of available magnets. With internal 
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Fig. 8. Field-vs.-Gradient dominance for a cilium of length 7 microns. Lines represent R = 1 
contours, on which the torque due to the magentic field and torque due to the magnetic field 
gradient are equal. R = 1 lines are shown for different values of maghemite nanoparticle 
loading, f. Regions to the upper-left of each of these lines is field-dominated; regions to the 
lower-right are gradient-dominated. Shaded regions indicate regions of the parameter space 
accessible by permanent magnets and lithographed wires. 

fields of approximately one tesla, the magnetic field available at the surface of such magnets 
is approximately 0.5 tesla. This is largely independent of the size of the magnet itself; 
however, the size of the magnet does determine how quickly the field decays with distance 
from the magnet �– i.e. the gradient. From our own measurements, we find that the field 
strength at a reasonable working distance of 3-mm from various sizes of NIB magnets 
ranges from about 0.15 �– 0.25 tesla, and the magnetic field gradients at similar distances 
ranges from 30 �– 60 T/m. Measurements were taken on 6-mm-thick cylindrical magnets 
with radii ranging from 25 - 50 mm. This region is highlighted in Fig. 8; it is clear from this 
plot that magnetic actuation of biomimetic cilia with permanent magnets will generally be 
field-dominated. However, in certain circumstances the magnetic field gradient from a 
permanent magnet can be locally enhanced by affixing a sharp pole tip (Evans et al., 2007). 

5.4 Current-carrying wires 
The magnetic field and field gradient generated by a current-carrying wire is given by 

 0 0
2;

2 2
I IB B
r r

 (12) 

where I is the current through the wire and r is the distance from its center. For the case of a 
single, macroscopic wire, both the field and field gradient generated are negligible in the 
context of magnetic actuation of biomimetic cilia. Constructions of multiple wires such as 
solenoids or Helmholtz coils certainly generate significantly larger magnetic fields; however 
these fields are similar in geometry and yet far weaker than those produced by permanent 
magnets, and will not be considered here. 
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In the realm of the microscopic, however, one might imagine an array of lithographed wires 
on a substrate immediately beneath the cilia. In this case, we find that both the magnetic 
field and the magnetic field gradient may be large enough to achieve actuation. In 
considering the case of a lithographed wire, we will assume a gold wire of square cross 
section deposited on a silicon wafer. While the expressions above for magnetic field and 
magnetic field gradient produced by these wires are simple, the amount of current I which 
such wires may carry is difficult to determine. In order to arrive at a reasonable estimate, we 
will assume that power is delivered to the wires via resistive heating and leaves the wire via 
conductive losses through the silicon substrate. In the steady-state these rates are equal, thus 

 2

T

AI R T
R

 (13) 

where the expression on the right is Fourier�’s Conduction Law, in which A is the contact 
area between the gold and the silicon, RT is the thermal resistance of the silicon, and T is 
the difference in temperature between the hot wire and the cold bath below the silicon 
wafer. Due to the high thermal conductivity of the silicon, we will assume all conductive 
losses occur through the silicon and not the other three sides of the wire. In addition, we 
assume that the thermal resistance of the gold wire is negligible, which is valid as long as 
the wire is thin compared to the thickness of the silicon substrate. Rewriting the resistance in 
terms of the resistivity of the wire and its geometrical properties, we find that the steady-
state current through the wire is given by 
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where d is the width of the square cross section of the gold wire and  is the resistivity of the 
gold. Complicating matters considerably is the fact that both the resistivity of the gold and 
the thermal resistance of the silicon are temperature-dependent. In short, the resistivity of 
gold is linear with respect to temperature over a wide range ( 50 1000T  K) and is given 
by 118.7 10Au T T m  (Lide, 1994). The thermal resistance is given by integrating the 
reciprocal of the thermal conductivity of silicon through its depth; this thermal conductivity 
is also dependent on temperature, and is 5 1.45 1 16.83 10Sik T T Wm K  for temperatures 
greater than 30 K (Glassbrenner & Slack, 1964). Assuming a constant thermal gradient 
through the silicon at steady-state and a minimal wafer thickness of 1 mm, we can find the 
current through the wire as a function of TH and take the maximum. The resulting field and 
field gradient are plotted in Fig. 8 for wires ranging in size from 10 to 100 microns, with 
larger wires at the upper-left of the range and smaller wires at the lower-right. The field and 
gradient are sampled at a distance of 10 microns from the wire. 
While no one has yet demonstrated actuation of biomimetic cilium with a current-carrying 
wire, the capability is enticing. However, certain considerations not yet presented must be 
taken into account. For example, the gradient bending calculations of Fig. 6 assume that the 
magnetic material is saturated; however, at the relatively low field magnitudes produced by 
lithographed current carrying wires, this is unlikely (see Fig. 1) and actuation will be 
significantly less than predicted. In addition, the direction of the gradient produced by a 
lithographed wire is unlikely to be optimal. Thoughtful design, however, and low-modulus, 
high-permeability materials may make such a system a reality. 
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6. Operation under a load 
6.1 Introduction 
Whether biological or biomimetic, an actuator may often be called upon to carry a load �– to 
pump a fluid or to transport a bacterial plaque �– and it is to such load-bearing operation that 
we now turn our attention. In the case of biological cilia, we will show that each cilium 
operates with a reserve of excess power which may be called upon to support an additional 
load. After tapping this reserve, the cilium operates at the expense of reduced amplitude. 
Magnetic biomimetic cilia have no such reserve available, and yet we show in Section 6.3 
that they may be designed to operate with a robustness similar to that of their biological 
peers. However, in order to compare the biological to the biomimetic, we must first develop 
an energy model for biological cilia. In this case, energy is expended in the form of elastic 
energy and work done against viscous drag forces, and energy is made available through 
the hydrolysis of ATP. 

6.2 Biological cilia 
6.2.1 Elastic energy 
The elastic energy of a bent cilium is shown as the first term in Equation (3), where R is the 
radius of curvature which in general is a function of distance along the length of the cilium. 
By assuming a constant curvature, we can rewrite the elastic energy in terms of the 
amplitude of the ciliary beat, A: 

 2
22E
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The flexural rigidity, EI, of a biological cilium has been measured in three-point bending 
(Okuno & Hiramoto, 1978) and stall-force experiments (Hill et al., 2010) to be approximately 
7 x 10-22 Nm2. A typical airway epithelial cilia is about 7 m long and beats with a similar 
amplitude, yielding an elastic energy at full extension of about 1 x 10-16 J. This is in good 
agreement with values given for cilia of sabellaria and mytilus (Sleigh & Holwill, 1969). 

6.2.2 Work done by viscous drag 
The energy lost to viscous drag during the effective stroke of a cilium has previously been 
shown to be (Sleigh & Holwill, 1969) 

 2 31 4;
2 13 ln

2

D N NU C L t C
L
d

 (16) 

where CN is the drag coefficient per unit length for flow normal to a cylinder. 
For a 7-micron cilium of diameter 200 nm actuating in water (  = 8.9 x 10-4 Pa s), the drag 
coefficient is 0.0015 Pa s. The time elapsed during the effective stroke has been shown to be 
about 33 ms, and the drag energy is therefore approximately 2 x 10-17 J. 
It is interesting to note that the energy lost to drag is an order of magnitude less than the 
elastic energy of a biological cilium. This tells us that the majority of the energy expenditure 
in a ciliary system goes toward bending the structure itself, rather than doing work on the 
fluid. 
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6.2.3 Available chemical energy 
Energy for a biological cilium is provided by the hydrolysis of ATP and converted into 
mechanical energy by dynein, a molecular motor. To estimate the total amount of chemical 
energy available to a biological cilium, we may begin with the assumption that the energy 
available from a single dynein during the effective stroke of the cilium is given by 

D ATP ATP ATP BU e E k t , where 191 10ATPE J  is the chemical energy available from the 
hydrolysis of one ATP, ATPe  is the efficiency with which dynein is able to convert this 
chemical energy into mechanical energy, ATPk  is the rate of hydrolysis of ATP per dynein, 
and Bt  is the time elapsed during one stroke. Values of ATPk  vary widely in the literature, 
but we will take 120 s-1 as an upper bound (Kon, Nishiura, Ohkura, Toyoshima, & Sutoh, 
2004), and the time elapsed during the effective stroke of a cilium is approximately 33 ms. 
To arrive at a reasonable value of the conversion efficiency ATPe , we note that given a stall 
force for a single dynein of 6 pN (Shingyoji, Higuchi, Yoshimura, Katayama, & Yanagida, 
1998) and a step size of 8 nm (Holwill, 2001), the mechanical energy of a single dynein step 
cannot be more than the product of the two, or 4.8 x 10-20 J. Since this is just less than half of 
the chemical energy made available by the hydrolysis of ATP, the conversion efficiency 

ATPe  can be at most 0.5. 
The number of dynein involved in the effective stroke of a cilium is a topic of active debate. 
However, most sources cite approximately 2000 outer arm dynein engaged in a 7-micron 
cilium (Holwill, 2001; Salathe, 2007), or a density of 2.9 x 108 dynein per meter. We can 
further refine this number by noting that since the dynein in a cilium are distributed among 
the nine microtubule doublets surrounding the center, not all are oriented to apply a 
maximum force toward the effective stroke. By geometrical considerations, we can estimate 
that 64% of the dynein are effective in any particular actuation1. The effective number of 
dynein involved in the ciliary beat is then D D DN R n L , where 0.64DR  is the fraction of 
dynein which are effective, 82.9 10Dn  is the number of dynein per meter, and L = 7 
microns is the length of the cilium. The total mechanical energy available to a cilium is then 
the number of dynein multiplied by the energy per dynein, or 

 M D D ATP ATP ATP BU R n Le E k t  (17) 

Using the numbers previously quoted, this total amount of chemical energy which is 
available for conversion to mechanical energy is about 2.6 x 10-16 J, which is significantly 
greater than the sum of elastic and drag energies for a biological cilium.  

6.2.4 Beat amplitude as a function of applied load 
It is interesting to note that a biological cilium has available approximately 2.6 x 10-16 J of 
useable chemical energy, yet expends only 1.2 x 10-16 J in a typical effective stroke. We 
speculate that this energy surplus is an adaptation which will allow a cilium to apply 

                                                 
1 Given that the microtubule doublets are spaced every 40º (or 2 /9 radians) around the axis of the 
cilium and their component in the direction of the effective stroke is proportional to the cosine of their 

angular position, the effective number of dynein can be written as 
8

0

2cos 0.64
9 9
DD D

n

n nn n  
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additional force in the case of an increased load. Such a load may occur due to bacterial 
infection or changes in the viscoelasticity of the mucus due to illness. In the case of an 
increased loading at the tip of the cilium, it would be reasonable to expect that the cilium is 
able to apply all of its available chemical energy to elastic energy and work done on the 
increased load: M E LU U W . Here we have considered drag forces to be negligible. The 
work done on the load is simply the force exerted by the load multiplied by the amplitude 
of the ciliary beat, or L LW F A , and so by incorporating the elastic energy term from 
Equation (3), we can show that the amplitude of the effective stroke under an applied 
loading LF  is given by 

 
3

2
3
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LA F EIU F
EI L

 (18) 

where UM is as described in Equation (17). The expected amplitude as a function of applied 
load is plotted in Fig. 9. The curved line (continued in dashes at the upper left) indicates the 
expected amplitude assuming all available chemical energy is used. Under normal conditions, 
however, a cilium works below capacity. This is indicated by the flat line at 7 microns. This 
reserve energy is fully expended at a load of about 30 pN, and so any additional efforts come 
at the expense of elastic energy and, hence, amplitude. The untapped chemical energy 
available an unloaded beat is given by the area of the grey box in Fig. 9. 
 

 
Fig. 9. Relative ciliary beat amplitude as a function of applied force at the tip of the cilium. 
Glyphs represent relative beat amplitude of human lung epithelial cilia taken from Hill (Hill 
et al., 2010). The dark black line indicates the beat amplitude of a biological cilium under an 
applied load predicted by Equation (18). Under 30 pN, the cilium has an additional energy 
reserve and beats as less than full capacity. This reserve (indicated by the area of the shaded 
box) is exhausted at about 30 pN. Dot-dashed lines represent relative beat amplitude of 
magnetic biomimetic cilia under applied load for various values of maghemite nanoparticle 
loading, f. 
This prediction is in good agreement with measurements by Hill of the relative beat 
amplitude of human lung epithelial cilia under an applied load (Hill et al., 2010). This data is 
reproduced in Fig. 9 above, in which each set of glyphs represents a single cilium. Each data 
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set is normalized by the unloaded amplitude and represented in the original work as a 
relative beat amplitude (right axis). 

6.3 Biomimetic cilia 
In the case of field-dominated bending, we can derive an expression similar to Equation (18) 
for biomimetic cilia by adding the torque due to an applied load at the tip of the cilium,  = 
FLL, to Equation (4). Solving for the amplitude in the case of zero net torque and 
normalizing with respect to unloaded beat amplitude, we find 

 
2 2 2

0
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Thus, the relative decrease in amplitude with applied load is independent of the modulus of 
the material and depends most significantly on nanoparticle loading. Relative beat 
amplitudes for biomimetic cilia of biological proportions (r = 100 nm) and loaded with 
various volume fractions f of maghemite are represented by the dashed lines in Fig. 9. It is 
clear that higher loadings result in more robust cilia, and loadings as low as f = 0.2 match the 
load-handling capabilities of biological cilia. 

7. Conclusion 
We have described in this work the current state in the development of magnetically 
acutated biomimetic cilia, including promising candidate materials and proven fabrication 
techniques. In addition, we have described a predictive analytical model to aid in the design 
of field-generation mechanisms, materials for magnetic actuation and actuator geometry, 
and provide guidelines for design within the relevant parameter space. Finally, we have 
compared the abilities of these biomimetic cilia with that of their biological peers. While we 
are far from replicating the intricacies of biological cilia, the framework presented in this 
work will facilitate advances in the vibrant future of this field. 
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1. Introduction    
Worldwide, the narrow bands of habitat between the tidemarks on coastal shores are 
inhabited by a variety of marine species which periodically have to cope with stressful 
terrestrial conditions during low tide (Raffaelli & Hawkins, 1996; Denny & Wethey, 2000; 
Harley, 2008). The interplay between biotic and abiotic factors acting over such small spatial 
scales results in outstandingly condensed and diverse communities, which are regarded as 
ideal natural models for studying the coupled role of physical and biological factors in 
determining the abundance and distribution of organisms (Raffaelli & Hawkins, 1996).  
Most intertidal invertebrates and algae are sessile or slow moving and cannot prevent being 
exposed to extreme stressful events, and thus are recognized as sensitive indicators of the 
effects of climate variability and climate change (Helmuth et al., 2006 and references within). 
Subsequently, temperature-driven mass mortalities of intertidal organisms such as limpets, 
mussels and barnacles have been observed in the field after exposure to periods of acute 
thermal stress (e.g., Lewis, 1954; Connell, 1961a; Crisp, 1964; Harley, 2008; Jones et al., 2010). 
Importantly, molecular and physiology studies have also recently shown the importance of 
sub-lethal stresses in shaping the distribution of intertidal species (e.g., Somero, 2002; 
Dahlhoff, 2004; Sorte & Hofmann, 2004; Helmuth et al., 2005). 
In addition to clines in thermal stress, the tidal cycle also generates steep gradients in light, 
oxygen and nutrient availability, wave force, salinity and desiccation. These abiotic factors 
have long been identified as drivers in the physiology and ecology of intertidal animals and 
plants (Broekhuysen, 1941; Smaldon & Duffus, 1984; Denny & Wethey, 2000; Santini et al., 
2001; Firth & Williams, 2009). Vertical clines in the strength of stressors, determined by the 
timing and duration of emersion/submersion (Foster, 1971) were firstly regarded as the 
main causative factors for the ubiquitous vertical substitution of species observed at scales 
of a few meters on rocky shores (Stephenson & Stephenson, 1949; Lewis, 1964). Soon after, 
results from experimental ecology began to demonstrate the importance of biotic, selective 
pressures related to competition, predation, grazing, and recruitment in setting zonation 
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patterns (Connell, 1961b; Hawkins et al., 1992). Connell (1972) suggested that the lower 
distributional limits of intertidal organisms were frequently set by biological interactions, 
while the upper limits were often set by desiccation and thermal factors. Later on, some 
authors showed that the strengths of some biotic interactions were themselves influenced by 
gradients in abiotic stress (Hodkinson, 1999; Wethey, 2002; Pincebourde et al., 2008; Yamane 
& Gilman, 2009). 

2. Monitoring the environment at the scale of the organisms 
Recent advances in remote sensing and information technology, allied to the creation of 
huge data repositories, have provided the large volumes of environmental data needed to 
feed bio-climatic or process-based models, and thus have fueled numerous large-scale 
studies relating biogeographic patterns of intertidal organisms with changes in climate (e.g., 
Lima et al., 2007a; Lima et al., 2007b; Wethey & Woodin, 2008; Berke et al., 2010; Jones, et al., 
2010). It has become apparent, however, that these large-scale studies may be missing key 
environmental features only observed at the scale of the organisms (Helmuth et al., 2010). 
For example, when intertidal organisms are submerged, their body temperatures are in 
equilibrium with the surrounding water, but during aerial exposure other factors such as air 
temperature, wind speed, solar radiation and relative humidity come into play, interacting 
with the physical characteristics of the organisms such as their thermal inertia (Spotila et al., 
1973), shape and color (Helmuth, 1999; Denny et al., 2006; Gilman et al., 2006) to determine 
the organism�’s body temperature. As a result, daily variations in body temperature can 
exceed 20ºC (Helmuth & Hofmann, 2001; Helmuth, 2002; Helmuth, et al., 2010), a range that 
is far greater than the yearly variation of coastal sea temperature at most locations. Daily 
variations in temperature may also be radically different between individuals just a few 
meters apart but located in surfaces facing different directions (Helmuth, 1998; 2002; 
Wethey, 2002; Helmuth, et al., 2005; Harley, 2008; Lima & Wethey, 2009), and can depart 
significantly from measurements of air and surface temperature. Topography interacts with 
daily and seasonal variation in the incidence of sunlight, tide and weather, modifying heat 
exchanges between organisms and the environment, leading to large-scale geographic 
mosaics of thermal and desiccation stress (Gilman, et al., 2006; Helmuth, et al., 2006). Such 
topographic variation in stress has dramatic consequences for the distribution of species and 
for the intensity of their interactions (Wethey, 1984; 2002). Local, small-scale topography 
also strongly influences wave exposure. Wave forces are one of the major sources of natural 
disturbance in rocky shores, by directly creating patchiness by dislodging organisms (Sousa, 
1984), by underpinning thermal regimes of organisms, by inducing behavioral responses 
that facilitate body temperature cooling (Fitzhenry et al., 2004), or by altering the timing of 
submersion (Harley & Helmuth, 2003). 
Thus, although it is clear that environmental data at the scale of the organisms should be 
explicitly used when describing, modeling and predicting biogeographic and ecological 
changes within these ecosystems, this requirement has been hindered by the lack of cost-
effective, self-contained instruments that can measure physiologically relevant aspects of the 
environment at the scale of the organisms. Here we describe four types of biomimetic 
sensors/loggers, specifically designed to capture different aspects of the coastal 
environment. These devices can be used to measure and log temperature, water loss 
(desiccation) and wave forces in the intertidal, as perceived by intertidal organisms.  
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3. Biomimetic temperature data loggers: robomussels and robolimpets 
In the intertidal environment, the most important abiotic determinant of organismal 
performance and distribution from micro to macroscales is indubitably temperature 
(Southward, 1958; Crisp, 1964; Lewis, 1964; Southward, 1995; Denny & Wethey, 2000; 
Helmuth & Hofmann, 2001; Gilman, et al., 2006; Wethey & Woodin, 2008).  
 

 
Fig. 1. Temperature logger mimicking a Mytilus californianus (robomussel). A: Onset TidbiT 
logger, B: Evercoat Everfix epoxy cast of a M. californianus, C: representation of a robomussel 
deployed in a mussel bed in the field.  

Until recently, measuring body temperatures in the intertidal zone was inefficient or even 
impracticable at large spatial or temporal scales, as temperature loggers were too expensive, 
large, and required frequent servicing. The harshness of the intertidal zone, associated with 
rapidly varying temperatures, tremendous wave forces and hard substrata, was also 
problematic, often causing the loss of sensors and data loggers. Recent advances in sensor 
miniaturization resulted in a series of commercially-available data loggers that were rapidly 
adopted by intertidal ecologists and physiologists. Unfortunately, little consideration was 
given to what these instruments were actually measuring. As is true for organisms, the 
color, morphology, and mass of a temperature logger can significantly affect the 
temperature that it records. As a result, without carefully considering the characteristics of 
the instrument being deployed, a datalogger may easily record temperatures that have very 
little to do with the organism of interest. Instead, one must use biomimetic sensors- 
instruments specifically matched to the physical characteristics of the organism, in this case 
case to the thermal characteristics. To overcome these problems, two types of biomimetic 
sensors/loggers have been developed: robomussels (Helmuth & Hofmann, 2001; Fitzhenry, 
et al., 2004) and robolimpets (Lima & Wethey, 2009). These are self-contained, rugged and 
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miniaturized devices that can be easily and inexpensively built to mimic the thermal 
characteristics of intertidal organisms and record their thermal trajectories over a broad 
variety of temporal and spatial scales. Robomussels and robolimpets are biomimetic in the 
sense that they feature the thermal characteristics and visually resemble real organisms, 
being inconspicuous in the intertidal environment and thus less likely to be intentionally 
destroyed. 
Robomussels (Fig. 1) are constructed following the methods described by Fitzhenry et al. 
(2004). Briefly, Evercoat Everfix epoxy resin (Fibre Glass-Evercoat Co. Inc., Cincinnati, OH) 
with a black coloring is poured into Smooth-Cast® 385 molds created from Mytilus 
californianus shells. For each robomussel, a TidbiT logger (part #UTBI-001, Onset Computer 
Corporation, Mass.) is embedded in the polyester resin, which after hardening is smoothed 
and shaped to that of a real mussel using a Dremel tool. TidbiT loggers have an accuracy of ± 
0.2°C over 0° to 50°C and a resolution 0.02°C at 25°C. The battery lasts for more than five years 
and the non-volatile memory stores approx. 42,000 12-bit temperature measurements, enough 
for more than 2.5 years with a sampling frequency of 30 min (which can be set from 1 second 
to 18 hours). Robomussels can be deployed in the field using A-788 Z-Spar Splash Zone 
Compound (Kop-Coat Inc, Pittsburgh, Pennsylvania, USA) to attach them to the rock or to any 
other substrata. Z-Spar sets in approximately 30 min and completely cures after a couple of 
hours (even underwater). TidbiT loggers are waterproof rated up to 300m, and thus no special 
care is needed to deal with immersion in seawater. Logger programming and data retrieval is 
done through the instruments�’ LEDs, which are exposed on the outside of the robomussel, 
using an USB optical communication cable and software from Onset Computer Corporation. 
 

 
Fig. 2. Robomussel validation data (Root mean square error: 3.64 ºC). Left: correlation 
between mussel body temperatures and robomussel measurements in a simulated mussel 
bed in the lab (276 pairs of measurements from 38 independent runs). The linear correlation 
(R= 0.89) is shown in blue and the reference dashed line y=x is depicted in gray. Right: 
Density plot of the differences (bias) between each robomussel measurement and the 
correspondent body temperature (mean bias: 0.82 ºC).  
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Robomussel loggers have a thermal inertia comparable to that of a real mussel 74 mm in 
length. Under most field conditions, robomussels display temperatures within 1.5 �– 2.0ºC of 
adjacent, living mussels (Helmuth & Hofmann, 2001). Notably, this compares very 
favorably to an unmodified Tibit logger, which displays an average error of 14°C to live 
mussels in the field (Fitzhenry et al. 2004). Fig. 2 shows some validation data acquired by 
comparing the body temperature of live mussels with robomussel measurements in a 
simulated mussel bed in the lab. In these conditions, loggers showed a linear correlation of 
0.89, with a root mean square error of 3.64 ºC and a mean bias of 0.82 ºC. 
One of the main shortcomings of the above described robomussels is a specific size size (~74 
mm) where the specific heat × mass relationship crosses that of a real animal. Therefore, 
robomussels cannot be easily modified to mimic smaller animals, which in practice means 
that it is not possible to use this design to study other species of mussels such as M. edulis, 
M. galloprovincialis or M. trossulus. Also, the ability of robomussels to thermally match M. 
californianus seems to drop significantly when these loggers are used outside of a mussel bed 
(i.e., isolated robomussels do not perform as well as the others, B Helmuth, unpub. data). 
Finally, robomussels need to be entirely removed from the mussel bed each time they are 
serviced, which creates gaps and weakens the mussel bed. Nevertheless, data have shown 
that it is possible to obtain reasonably reliable results with the robomussel design, and that 
the errors in measurement are within the variability of what is recorded in the field within 
beds of a fixed substratum angle (Helmuth et al. 2006). 
 

 
Fig. 3. Example of robomussel data from an exposed rocky shore in Seppings Island (SW 
Canada) taken between July 15th 2004 and July 25nd 2004. Times are in GMT. The black, 
orange and red lines show temperatures as measured by low-, mid- and high-intertidal 
loggers. Tidal heights are shown by the blue line. 

Fig. 3 shows a 10-day long excerpt of the thermal profiles of three robomussels deployed in 
the low-, mid- and high- intertidal levels at a rocky shore in Seppings Island (Vancouver 
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Island, British Columbia, Canada). The cyclic effect of the tide is quite clear, with maximum 
body temperatures occurring during low tide and minimum daily temperatures coinciding 
with high tides (e.g., in July 16th, the second high-tide peak caused a sudden drop in the 
temperature of the high-intertidal robomussel). It is even possible to observe how the daily 
tidal oscillations interact with solar radiation, influencing body temperatures. For instance, 
in the beginning of the data series, low tides were occurring early in the morning and so all 
three loggers showed a short delay before starting to heat, while towards the end of the plot 
low tides were happening later in the day, and thus robomussels�’ temperatures started to 
increase earlier. Also evident is the difference in temperature caused by the tidal height at 
which loggers were deployed. For example, the low-intertidal logger never exceeds 20 ºC, 
while temperatures from the high-intertidal robomussel routinely reach 30 ºC. 
Robolimpets can be built following the methodology described in Lima & Wethey (2009). 
Succinctly, these loggers consist of a lithium battery powering the circuit board from a 
DS1922L iButton (Dallas Semiconductor), embedded in a waterproof compound, inside an 
emptied real limpet shell (Fig. 4). Two exposed wires penetrating the shell serve as contacts 
for logger programming and subsequent data retrieval. 
 

 
Fig. 4. Exploded view of the different parts used for building a temperature logger 
mimicking a Patella sp. (robolimpet). A: DS1922L iButton circuit board, B: DS1922L iButton 
battery, C: constantan wires (larger diameter) connected to wirewrap wires, D: Patella sp. 
shell with two holes to allow the constantan wires to protrude, E: representation of a 
robolimpet deployed in a rocky shore during low tide.  
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The DS1922 iButton hardware can be programmed to record up to 8192 readings at 0.5°C 
(enough for more than 5 months with a sampling frequency of 30 min) or 4096 readings at 
0.0625°C resolution, measured at intervals from 1 s to 273 h, with an accuracy of ± 0.5°C. The 
first step in robolimpet assembly involves dissecting a DS1922L iButton. Using this procedure, 
even old, corroded iButtons can be recycled since the circuit board often remains perfectly 
functional despite deterioration of all other parts. iButtons have a stainless steel case that needs 
to be cut open with the help of a rotary tool fitted with an abrasive cutting wheel. For details 
on this procedure, see Lima & Wethey (2009). The circuit board is then separated from the 
battery clip and thoroughly washed with water and isopropanol if necessary. The original 
lithium battery (3V, 40 mAh) may be kept or may be replaced by a higher-capacity one (e.g., 
Panasonic BR1255-1VC). Two pieces of AWG 30 wirewrap wire (Digikey part K329-ND) are 
then soldered to the appropriate terminals, connecting the circuit board to the outside contacts 
in the shell. The external contacts are made of 1.6-mm-diameter non-corrodible constantan 
thermocouple wire (part EXPPT- 14, Omega Engineering), and are passed through holes 
previously drilled into the shell using a Dremel Rotary Tool fitted with a high-speed cutter 
(Dremel part 569). All electronic parts must be waterproofed to prevent corrosion. Thus, 3M 
Scotchcast 2130 Flame Retardant Compound is poured into shells previously fitted with the 
electronic parts and allowed to fully harden for at least 24 hours before deployment. This 
material has previously been shown to offer appropriate levels of waterproofing without 
compromising the match between temperature trajectories of live animals and temperature 
trajectories recorded by the loggers (Lima & Wethey, 2009).  
 

 
Fig. 5. Robolimpet validation data (Root mean square error: 0.94 ºC). Left: correlation 
between limpet body temperatures and robolimpet measurements in the field (25,355 paired 
measurements from 5 replicates taken between May 26th 2008 and June 2nd 2008 at Friday 
Harbor, San Juan Island, Washington, USA). The linear correlation (R=0.98) is shown in blue 
and the reference dashed line y=x is depicted in gray. Right: Density plot of the differences 
(bias) between each robolimpet measurement and the correspondent body temperature 
(mean bias: 0.16 ºC). 
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A connector cable can be made by stripping one end of a RJ-11 telephone cable and 
soldering two small alligator clips (Radio Shack, part 270-373) to the green and red wires 
(pins 3 and 4, respectively). These clips can then be connected to the robolimpet�’s negative 
and IO external contacts. The other end of the cable receives a RJ-11 telephone connector to 
be used with the 1-wire USB iButton adapter (Maxim IntegratedProducts part DS9490R - see 
Lima & Wethey (2009) for more details). Robolimpets can be programmed in the field with a 
laptop computer using free OneWireViewer software (www.maxim-ic.com). The alternative 
is to use a computer-independent, portable reader such as the NS-71 (Newshift Lda., Leiria, 
Portugal) to download data to a Secure Digital (SD) card. 
Robolimpets have been shown to mach very tightly the temperature profiles of live animals 
in the field. Fig. 5 shows some validation data on the relation between body temperature on 
five live Tectura persona and the corresponding robolimpet measurements over more than a 
week, in a rocky shore in San Juan Islands, Washington. The two datasets have a linear 
correlation of 0.98, with a root mean square error of 0.94 ºC and a mean bias of 0.16 ºC, 
which is smaller than the variability observed between live animals separated by a couple of 
meters (Lima & Wethey, 2009). It is worth mentioning that these values were recorded by 
calibrated iButtons. Off-the-shelf iButtons are factory-calibrated, but since their calibration 
coefficients are stored in a volatile section of the memory and because it is very easy to 
momentarily disconnect de power from the circuit board while dehousing the electronics, 
calibration coefficients are often lost (this is obviously problematic when replacing the 
original battery). Calibration loss can be fixed by performing a 3-point calibration of the 
final assembled loggers under lab conditions. In this case, loggers are placed in a constant 
temperature chamber along with the probe of a precise thermocouple. The chamber is 
programmed to reach three specific temperatures (ideally, encompassing the full range of 
temperatures that robolimpets will likely experience in the field). Upon temperature 
stabilization, readings of the thermocouple (Ref1, Ref2, Ref3) are compared with 
corresponding logs from the biomimetic sensors (Log1, Log2, Log3), and for each measured 
temperature T in the field, a corrected T�’ can be derived as follows: 

 Dif1 = Log1 �– Ref1 (1) 

 Dif2 = Log2 �– Ref2 (2) 

 Dif3 = Log3 �– Ref3 (3) 

  = (Dif1 �– Dif3) + ((Dif2 �– Dif1) × (Ref3 �– Ref1)/(Ref2 �– Ref1)) (4) 

  = (Ref3)2 �– (Ref2× Ref3) + (Ref2 × Ref1) �– (Ref3 × Ref1) (5) 

 c = �– /  (6) 

 b = (Dif2 �– Dif1 �– c × ((Ref2)2 �– (Ref1)2))/(Ref2 �– Ref1) (7) 

 a = Dif1 �– b × Ref1 �– c × (Ref1)2 (8) 

 T�’ = T �– a �– (b × T) �– (c × T2) (9) 

Fig. 6 shows three examples of temperature profiles from robolimpets deployed for ten days 
in the low-, mid- and high-intertidal at a rocky shore in Biarritz (SW France). It is worth 



Monitoring the Intertidal Environment with Biomimetic Devices   

 

507 

noticing that during spring low tides (in the first part of the plot), all loggers reached similar 
high temperatures peaks (exceeding 32 ºC), irrespectively of their vertical position on the 
shore. On the other hand, during the neap tides (in the last days), the low-shore logger was 
spending relatively longer periods immersed in the sea and consequently never reached 
temperatures as high as those measured by the high-tide robolimpet. This clearly illustrates 
that even low-shore inhabiting limpets can reach potentially stressful temperatures during 
spring low tides, but that that the frequency of stressful events experienced by each 
individual is highly dependent on its vertical position on the shore. 
 

 
Fig. 6. Example of robolimpet data from an exposed rocky shore in Biarritz (SW France) 
taken between March 12th 2009 and March 22nd 2009. Times are in GMT. The black, orange 
and red lines show temperatures as measured by low-, mid- and high-intertidal loggers. 
Tidal heights are shown by the blue line.  
In relation to their biomimetic characteristics, robolimpets outperformed robomussels in the 
sense that they not only show thermal profiles much closer to those displayed by live 
animals, but they also look more alike real animals (this is important because a higher 
mimetic capability makes them less likely to draw attention and thus less likely to be 
intentionally damaged). In addition, robolimpet electronics are much smaller and light-
weighted (the dimensions of the coupled circuit board/battery do not exceed 14 × 4 mm, 
weighing approximately 1.5 g). This allows for a much higher flexibility in the logger 
design, which can be adapted to mimic different limpet species or even other gastropods, 
bivalves, barnacles, and other groups (see, for instance, robobarnacles and small 
robomussels in Lima & Wethey, 2009). Robolimpets are relatively inexpensive (each unit 
costs approximately 45 USD, substantially less than the cost of a robomussel, ~130 USD) and 
thus for roughly the same cost it is possible to deploy 3× more loggers covering a much 
larger geographical area. Finally, data downloading/servicing in the field is easier to do 
with these loggers.  
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Robolimpets have, however, some disadvantages over robomussels, namely a more 
complex and thus more time-consuming manufacturing process, and much smaller memory 
meaning that servicing must be done more frequently which may be problematic from the 
logistically and budgetary perspectives. Also, in robolimpets data are stored in a volatile 
section of the memory and thus are lost in the event of power failure. These loggers are also 
much more prone to leaking (at every six months, approximately one fourth of the loggers 
are lost), which can also be limiting when performing large-scale studies. 
In sum, sensors/loggers mimicking the thermal characteristics of sessile intertidal species 
offer the opportunity to obtain data series with thousands of body temperatures along a 
wide range of microhabitats. Equally important is the ability to measure environments 
where these organisms do not occur, which may be extremely informative to understand the 
biogeographic patterns or the physiological requirements of a given species (Wethey, 2002; 
Lima et al., 2006).Taking measurements of body temperatures in areas where a given species 
does not occur is obviously problematic. The biomimetic loggers here described are a 
relatively easy way to overcome this problem and still measure temperatures that closely 
resemble those experienced by real organisms. They potentially allow building large-scale 
networks of sensors, obtaining fundamental data for ecological, physiological, 
biogeographical or even climate monitoring studies. 
New advances are being made in these technologies, including a version of the robomussel 
that uses RFID technology to transmit data, thus eliminating the need to remove loggers 
after each deployment. By using materials with a higher mass and/or specific heat capacity, 
it will also be possible to manufacture smaller versions of the instrument to mimic smaller 
congeners (~50mm). 

4. Biomimetic desiccation data loggers 
The dehydration, or desiccation, tolerances of an organism depend on the physiological 
response, whether it is the production of stress proteins (Benoit et al., 2010; Mizrahi et al., 
2010) or change in energy metabolism (Churchill & Storey, 1995; Santini, et al., 2001). These 
tolerances dictate how long an organism can survive without replenishing its water content, 
thus determining suitable habitat as a function of distance from a water source and also 
outlining appropriate organismal behavior. However, habitat cannot be generalized only by 
its proximity from water. Regardless of an organism�’s ability to combat or tolerate water 
loss, the severity of the desiccation it faces in any habitat is also dependent on 
meteorological factors. Air temperature, ambient humidity, substrate properties, and wind 
all affect evaporative water loss. In the intertidal zone, organisms face a choice of 
microclimates that can be restricted by vertical tidal height, maximizing feeding time 
(Borrero, 1987; Schneider et al., 2010), minimizing time vulnerable to predators and 
minimizing exposure to abiotic stresses (Petes et al., 2008; Smee et al., 2010).  
The biomimetic desiccation data loggers - BDDL (also known as desiccation robolimpets) 
described in this section are designed to serve as a relative measure of potential desiccation 
stress that intertidal limpets are exposed to in a particular microclimate. The functional unit 
of each BDDL is a DS1923 Hygrochon iButton (Dallas Semiconductor) with simultaneous 
relative humidity (RH) and temperature measuring capabilities. Thus, the sensors in these 
BDDL can record a relative measure of the change in water content of the soft tissue, as well 
as body temperature of the modeled organisms. Each DS1923 iButton was dissected, 
modified, and encased in a limpet shell following the general methodology used for the 
production of robolimpets (Lima & Wethey, 2009, see also previous section).  



Monitoring the Intertidal Environment with Biomimetic Devices   

 

509 

 
Fig. 7. Humidity logger mimicking a Patella sp. A: viscose pad, B: Tyvek polyethylene fiber 
paper, C: DS1923 iButton circuit board, D: DS1923 iButton battery, E: constantan wires 
(larger diameter) connected to wirewrap wires. F: Patella sp. shell with two holes to allow 
the constantan wires to protrude, G: Representation of a humidity sensor deployed in a 
rocky shore during low tide.  

The RH sensor of the DS1923 iButtons is a structurally delicate thermoset polymer 
capacitive sensing element (Pan et al., 2010) and therefore must be protected from physical 
abrasions, which was done by covering it with a single layer of Tyvek polyethylene fiber 
paper (DuPont, Wilmington, DE) adhered with super glue control gel (Loctite, Westlake, 
OH) around the edge of the humidity sensor casing. Tyvek polyethylene fiber paper is a 
tough, durable and tear-resistant material unaffected by contact with liquid water but 
permeable to water vapor. The coupled electronic circuit/battery from the DS1923 was 
encased in the limpet shell with the RH sensor on the ventral face (where the limpet would 
normally contact the substrate, see Fig. 7) and all the electronic parts waterproofed with 3M 
Scotchcast 2130 Flame Retardant Compound. Caution was taken to prevent the Tyvek and 
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RH sensor from being covered by the potting compound, facilitating the diffusion of 
ambient water vapor into the RH sensor. To mimic water-saturated soft tissues of the live 
organisms, a 1 × 1 cm piece of viscose (Boat Towl, Paddling.net, Caledonia, MI), a non-
biodegradable, highly absorptive fabric, was placed over the face of the humidity sensor and 
the cloth glued around its edges to the set Scotchcast Compound. Prior to sampling this 
fabric was saturated with freshwater and the evaporation of the water was monitored with 
the RH sensor. This design allows meteorological events (e.g., wind, solar radiation) to act 
on the soft tissue mimic just as those factors would act on the body of real limpets, and be 
measured by the RH sensor.  
In contrast to temperature robolimpets, desiccation loggers cannot be completely attached to 
the substrate surface because that would prevent water vapor transfer between the ventral 
face of the biomimetic logger and the surrounding environment. Desiccation loggers were 
therefore temporarily attached to the rocky surfaces using small amounts of modeling clay 
placed on the edge of the shell, leaving enough small gaps for water vapor exchange (Fig. 7 G).  
 

 
Fig. 8. Comparison between water loss measured in a live limpet (Patella vulgata - black line) 
and water loss as recorded by two biomimetic desiccation loggers (blue and orange lines) on 
a mid-intertidal crevice on a rocky shore at Le Croisic (NW France) on June 14th 2010. The 
temperature trajectory of the robolimpet is shown in red. A 45-minute rain storm occurred 
during period A, followed by sun at period B. 

The described BDDL were compared against live limpet desiccation rates, measured in vivo 
via relative humidity monitoring of the mantle cavity. Neither the BDDL nor the in vivo 
measurements provide a direct estimate of the quantity of water lost due to evaporation. 
Rather, the sensor and the live animals behave like �“a wet sponge that can lose some water 
but remain wet.�” As expected, both live limpets and the BDDL have fully saturated (100% 
RH) internal humidity when shaded or when there is no wind. However, abrupt peaks in 
humidity were recorded during deployments and were associated with the local weather 
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conditions, such as gusts of wind, sun radiation or precipitation (Figs. 8 and 9). It is 
important to note that these changes were synchronous between each BDDL and its 
respective live limpet measurement. Gradual, longer lasting changes in the recorded 
humidity of live limpets and BDDL were indicative of precipitation (Figs. 8) and the 
presence of solar radiation (Fig. 9), both of which could be dually verified by changes in the 
body temperature. In fact, during the field deployment at Le Croisic (SW France), changes in 
RH were inversely correlated with changes in body temperature (Fig. 8). 
 

 
Fig. 9. Comparison between water loss measured in a live limpet (Patella vulgata - black line) 
and water loss as recorded by two biomimetic desiccation loggers (blue and orange lines) on 
a supralitoral rocky surface at Lavra (NW Portugal) on June 23rd-24th 2010. The temperature 
trajectory of the limpet is shown in red. Period C corresponds to strong afternoon sun, 
which was followed by sunset at D. Temperatures decreased gradually during the night, but 
rose at sunrise (E), causing evaporative water loss in the live animal and in the biomimetic 
loggers. 

On the most basic level, BDDL can measure the frequency and relative magnitude of 
desiccation stress associated with wind and larger meteorological events as experienced by 
the study organism, in any possible microclimate. Wind, in combination with low humidity, 
has been suggested as a dominant physical stressor on some rocky shores (Bertness et al., 
2006; Bazterrica et al., 2007). The scope of quantifiable parameters is limited in this data 
logger, allowing several options for interpretation. A catalogue of the data loggers�’ 
behaviors referenced against real meteorological events, specific to any study site, can easily 
be compiled, allowing for a more accurate interpretation of data. The electronic basis of 
BDDL also presents an obstacle for long term and widespread field monitoring. The 
humidity sensor acts a gateway for salt to enter the electronics of the DS1923 iButton and 
thus salt water corrosion of the device is inevitable for long term field monitoring. The RH 
sensor has an accuracy of ± 3.5 % RH, but according to the manufacturer (Honeywell - 
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http://sensing.honeywell.com), a repeated exposure of the RH sensor to high humidity 
environments can cause a reversible 3% shift in the measurements. The DS1923 iButton also 
costs approximately 85 USD, making each data logger relatively expensive, especially when 
considering its susceptibility to corrosion and anticipated short field life. 
Employing BDDL in the study of intertidal ecology and climate change can provide insights 
into the importance of protection from desiccating physical stress for a specific organism. 
This tool, in combination with other biomimetic data loggers mentioned in this chapter, can 
provide a more refined representation of the effects of microclimate in the physical stress of 
organisms, a key to understand and forecast how long-term global climate change can 
influence the biogeography and ecology of intertidal species worldwide. 

5. Biomimetic wave force data loggers 
Disturbance by wave forces is a major factor influencing the distribution, abundance, 
activities and temporal dynamics of intertidal organisms. Such forces cause erosion of 
individuals, create patches of bare space, set limits to body size, and limit the foraging 
abilities of consumers (Lewis, 1964; Dayton, 1971; Koehl, 1976; Menge, 1976; Sousa, 1979; 
Paine & Levin, 1981; Denny et al., 1985; Denny, 1995; Gaylord, 2000; Wethey, 2002; Denny et 
al., 2003; Carrington et al., 2009).  
From the point of view of an organism in the shore, it is the total force which determines its 
ability to resist erosion, so direct measurements of both lift and drag components of force 
are essential for predicting survival or death. Still, there is relatively poor quantitative 
knowledge of these forces on the spatial and temporal scales over which they operate. 
Maximum forces have been estimated with spring-scale dynamometers since the 1970�’s 
(Jones & Demetropoulos, 1968; Denny, et al., 1985; Denny, et al., 2003; Helmuth & Denny, 
2003), but these measure maxima over time scales of days to weeks. Instantaneous forces on 
one or more axes have been measured on models of organisms (Denny, 1982; Denny, 1995), 
or live organisms (Boller & Carrington, 2006) but these have been limited to short 
deployments. A common approach has been to estimate or measure water velocities at the 
substratum and use equations for drag and lift to predict the forces that should have 
occurred during those conditions (Denny, et al., 1985; Denny, 1995; Denny & Wethey, 2000; 
Gaylord, 2000), but the extent to which the theoretical estimates of wave forces and wave 
heights actually represent conditions experienced by organisms in the surf zone is not 
known (e.g., Helmuth & Denny, 2003). Also, because big waves and correspondingly big 
forces are rare and difficult to measure, most authors calculate from probability 
distributions the maximum forces that organisms would likely experience in a year, rather 
than actually measuring them (e.g., Denny, et al., 1985; Denny, 1995). 
Therefore there is a clear need for instruments that would make continuous direct 
measurements of drag and lift forces, wave heights, and their rates of change, over a wide 
range of habitats, organisms, and hydrodynamic conditions from calm to extreme storms. 
Such instruments should be relatively cheap, and be capable of long-term deployments in 
the field. Here, we describe a three-axis force sensor designed to measure wave forces and 
wave heights on a time and size scale appropriate for organisms inhabiting the surf zone of 
rocky intertidal shores. The instrument is capable of continuous deployments of several 
months duration. The sensor/logger package consists of a three axis force transducer 
connected to a resin model of a mussel (Mytilus edulis), a custom-made data logger in a 
waterproof housing and respective communication cables (Fig. 10). 
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Fig. 10. Wave force logger mimicking a Mytilus edulis. A: polyester mussel model, B: copper 
pipe cap, C: sensor cable, D: printed circuit board with �“SurfStick�” sensor, E: polycarbonate 
plug with threaded rod for attachment. F: two wave force loggers deployed in musselbeds 
in the rocky intertidal together with an aluminum housing protecting the data logger.  

The three axis force transducer was based on the CTS Corp Series 109 SurfStik (CTS Corp, 
Berne, Indiana, USA), a surface mount device with four strain gauges arranged around a 
1.78 mm square ceramic post designed for use as the pointing device in notebook computer 
keyboards (Fig 10 D). These devices are rated to withstand forces of 200N and 40N in the 
vertical and horizontal directions, respectively. The SurfStick was soldered to a small 
circular printed circuit board, and embedded with epoxy within a standard copper cap for 
½�” (12.7 mm) ID copper water pipe, with the ceramic post protruding through a hole in the 
center of the flat face of the cap. A shielded signal cable was passed through a hole in the 
side of the cap. The base of the copper cap was sealed by a polycarbonate plastic plug 
including a slot for the cable, and a threaded hole on the exposed side.  
A polyester resin model of a blue mussel Mytilus edulis was molded with a square brass tube 
protruding from the ventral surface where byssal threads emerge from the shell of a live 
animal (Fig. 10 A). The brass tube was fitted over the ceramic post of the force sensor and 
secured with Devcon 2-ton epoxy (Devcon Corp, Danvers, Massachusetts, USA). The sensor 
was calibrated by hanging weights from the top edge of the shell in orientations parallel and 
perpendicular to the ceramic post.  
The strain gauges were arranged in 3 Wheatstone bridge circuits (Fig. 11), so that 3-axis 
forces could be measured. For x-axis forces, the east and west resistors were arranged as one 
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half of a bridge, sensed from a connection between E and W. For y-axis forces, the north and 
south resistors were placed in a half-bridge, sensed from a connection between N and S. The 
other half of these bridges were pairs of 10 K  1% metal film resistors on opposite sides of 
an 11-turn cermet 100  potentiometer (Fig 11, �“trm_x, trm_y�”). The zero point for each 
sensor was adjusted with the potentiometer. The z-axis measurement used all four strain 
gauges together configured as a single arm of another Wheatstone bridge. The other arms of 
the z bridge were 10 K  1% metal film resistors, and an 11-turn cermet 100  potentiometer 
was used to set the zero (Fig 11, �“trm_z�”). The bridges were excited with a precision voltage 
reference (Burr Brown INA125), and the signals were amplified by Burr Brown INA125 and 
INA2126 instrumentation amplifiers. The circuit (Fig. 11) was produced on a two-layer 
printed circuit card  (ExpressPCB Corp, Santa Barbara, California, USA). 
Water depth was measured with a stainless steel absolute pressure sensor (Sensym ICT 
Series19, 30 psi), excited and amplified by a Burr Brown INA125 instrumentation amplifier. 
The pressure sensor was mounted in the instrument housing. 
Analog signals were digitized at 40 Hz and recorded using a Persistor CF2 (Persistor 
Instruments, Bourne, Massachusetts, USA) microprocessor-based data logger, with a Burr-
Brown 16-bit analog to digital converter (ADS8344, on a Persistor R216 �“recipe card�”). Data 
were stored on 2GB compact flash cards (as used in digital cameras). The data logger is 5 cm 
x 7.5 cm, and the analog amplifier card is a similar size. In order to reduce power drain, the 
CF2 microprocessor (Motorola 68332) is run at 4 MHz, and awakened from sleep-mode by a 
programmable interrupt timer running at 40 Hz for data acquisition.  The system draws 
approximately 5 mA and is powered with three 3V lithium C-cells (5 ampere-hour), enough 
for deployments up to 90 days. The ability to make continuous measurement for several 
months is a great advantage over similar force loggers which are limited to less than 1-hour 
deployments by data storage capacity (Boller & Carrington, 2006). 
Analog and digital electronics boards and power supplies were mounted in a low profile 
aluminum housing (5 cm x 23 cm x 15 cm, including 1.3cm thick lid and 1.6 cm thick base). 
The sensor cable was attached to the housing with waterproof 4-pin connectors (Type 
9104.14 and 9104.54, Ikelite Corp, Indianapolis, Indiana, USA). The instrument package was 
designed to withstand impact from wave-borne rocks, and to resist drag and lift forces. It 
was attached to the rock by six 6.35 mm diameter stainless steel wedge anchors placed in 
holes drilled in the rock. The electronics package was attached approximately 0.5 m away 
from the sensor so that it would not disrupt fluid flow around the sensor to any greater 
extent than the variable topography in the intertidal zone. A sacrificial zinc anode was 
attached to the housing to prevent corrosion. In SW England, five housings were 
experimentally deployed in the surf zone of exposed to moderately exposed rocky shores 
for a total of 120 housing-days with no damage or failures. Wave heights on top of the 
housings ranged from 0.5m to 3m during the deployments. 
The sensor was attached to the rock by drilling a ¾�” diameter hole in the rock within a patch 
of mussels, filling the hole with Z-Spar Splash Zone Compound (Kop-Coat Inc, Pittsburgh, 
Pennsylvania, USA), screwing a 1 cm length of threaded rod into the base of the sensor, and 
pressing the threaded rod and base of the sensor cap into the Z-Spar until the mussel model 
was level with the height of the surrounding mussel bed. The cable was anchored to the 
rock with cable ties attached to stainless steel wedge anchors. During the deployment 
period, only 1 mussel sensor broke after being hit by a wave-borne object. 
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Fig. 11. Schematic Diagram of force sensor circuit. On the left hand side of the circuit is the 
CTS �“SurfStik�”, with strain gauge resistors on the four sides (N,S,E,W) of the ceramic post.  
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Fig. 12. Data from a mussel-shaped wave force sensor, acquired on an exposed rocky shore 
in Lansallos (SW England) in February 19th 2003. Top Panel: three axis force record and 
wave height during a 1 minute period. Red = x, orange=y, black=z (scale on left in newtons), 
blue= wave height (scale on right, in meters). Lift forces are displayed as negative on the 
force axis. Note that drag forces (red and orange) are smaller than lift forces, and that not all 
waves of equivalent height generate equivalent forces. Bottom Panel: vector plot of 
horizontal forces during the same 1 minute period. Note the rotational motion as waves 
cross the sensor.  
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The system has an effective resolution of 0.1N in the vertical direction and 0.05N in the 
horizontal, taking into account electrical noise. The maximum forces recorded were 55N 
impact (downward), 8N lift (upward), and 4N drag (horizontal). In order to detect the forces 
on a wave-by wave basis, a zero crossing detector was used to find the beginning and end of 
each wave in 1 min sections of the data stream. The maximum and minimum water heights 
in each wave were used to determine wave height. The maximum force along all three axes 
results from highly complex interactions between animals and waves in the surf zone.  Of 
particular note, lift forces tended to be 3 to 4 times larger than drag forces because the sensor 
was deployed within mussel beds, where individuals are sheltered from drag by their 
neighbors. 
Lift forces are significant in this circumstance because skimming flow of water moves 
rapidly over the surface of the bed, and water is stagnant at the bottom of the bed. The 
velocity difference between the top and the bottom of the bed is presumably responsible for 
generating lift. This result is consistent with the Pitot-tube observations of Denny (1987) on 
the pressure differences between the top and bottom of a mussel bed during flow. From the 
point of view of mussels compacted in extensive beds, therefore, lift is far more important 
than drag. Drag forces are probably important only for exposed individuals located outside 
from the mussel bed. 
Water velocities and accelerations were large when waves crossed over the sensor package 
(Fig. 12). In the figure, a 0.75 m wave had a vertical water velocity of 13 m s-1, and a vertical 
acceleration of 300 - 500 ms-2, all associated with flow reversals and acceleration reversals 
within less than a second. These directly measured values are similar to those calculated 
from surf-zone force records by Denny et al., (1985). In larger waves, accelerations on the 
order of 1000 ms-2 were observed.  
Not all waves of the same size and shape generate the same magnitude of forces on 
individuals. Thus two waves can be of the same size, and generate forces that differ by a 
factor of 5 or 10 (fig. 12). The reason for this is that the mussel is in a fixed location, so it is 
sensing the environment in an Eulerian manner. Hence, the exact size and trajectory of each 
wave determines how it will react with an individual point on the bottom. Waves with 
slightly different trajectories will sweep specific locations on the bottom with different 
velocities, creating different forces on the animal or sensor. The average of a large number of 
waves will be similar to the expected value of force or velocity, but the individual wave may 
generate much larger or much smaller forces. These results and those of Gaylord (1999; 
2000) and Helmuth & Denny (2003) indicate that there is a strongly probabilistic relationship 
between wave height and water velocity or wave force. For instance, among waves of height 
0.5 m to 0.6 m, the 50th median value of water velocity was 2.59 ms-1, whereas the 90th, 95th, 
and 99th percentiles of velocity were 3.98, 4.49, and 5.66 ms-1, respectively. Thus, 
calculations of average conditions or the use of regressions of wave height to velocity will 
estimate the conditions experienced only in the median wave in the overall distribution, and 
will underestimate the larger velocities and forces in half of the waves experienced by 
organisms in the surf zone. These velocities in the upper half of the distribution can be 2 to 5 
times greater than the median, and therefore forces that scale with the square of velocity can 
be 4 to 25 times greater than the median. These data reinforce the idea that it is necessary to 
have reliable measurements of the distributions of forces generated by waves in order to be 
able to fully understand their influence on intertidal communities.  
The described biomimetic wave force data logger provides an inexpensive method for 
directly measuring the distributions of lift and drag forces, wave heights, vertical water 
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velocities and accelerations on time and spatial scales appropriate for studies of the effects 
of disturbance on intertidal communities. This sensor system can be adapted to study the 
effect of waves on other sedentary intertidal organisms, by changing the geometry of the 
sensor head to mimic barnacles, gastropods, algae, and other groups. Because it measures 
wave height simultaneously with forces, it avoids the tenuous link between offshore 
measurements of waves, and extrapolation via theory to the environment of the surf zone.  
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1. Introduction   
Numerous microorganisms such as E-coli and yeast are capable of synthesizing inorganic 
micro- or nano-structures including gold, silver, CdS, ZnS and calcium/silicon-based 
materials in their intra- or extra-cellular matrix (Sanchez et al, 2005; Mandal et al, 2006; 
Bhattacharya et al, 2005). Even though the widespread speculations propose that a few 
enzymes or peptides present in the organic matrix (mainly in cell walls and periplasmic 
space) act as reducing and nucleation sites (Mukherjee et al, 2001; Ahmad et al, 2002; 
Dameron et al, 1989; Umetsu et al, 2005; Kröger et al, 2006; Naik et al, 2002), the molecular 
basis for the biosynthesis of these materials is not well established. Currently, there are two 
main directions of research in this field. The first one, as widely developed by Naik�’s group, 
for review see e.g. (Dickerson et al, 2008), is to use the technique of phage display library to 
screen potential peptide sequences which could selectively recognize inorganic and metal 
ions for material synthesis. Alternatively, the second direction is to directly perform 
chemical and physical structural analysis on biomolecules from biological organisms 
(Evans, 2008; Killian et al, 2008; George et al, 2008) and eventually mimic them by synthetic 
molecules (Kato et al, 2010; Meldrum and Cölfen et al, 2008; Sommerdijk et al, 2008). A 
progressive step along this second direction was recently reported by Nagasawa, Kato et al 
about calcium carbonate synthesis mediated by the Pif protein found in the pearl oyster 
Pinctada Fucata (Suzuki et al, 2009).  
Although the above-described in vitro studies have been extensively reported, in vivo tests of 
the material mediation abilities of the biological and synthetic molecules may offer a 
potential for biologically inspired material synthesis (Naik et al, 2008). For this purpose, 
another key focus besides functional templating molecules is how to encapsulate (envelop) 
these molecules in biological organisms for performing targeted mediation functions. 
Nature already gives us a good answer to this question, that is, the cell membrane provides 
a good encapsulation function of enveloping and microcompartmentalization of reactive 
and functional molecules (Sweeney et al, 2004; Kloepfer et al, 2005; Mukherjee et al, 2001). 
Thus, a desirable future research direction aims at encapsulating functional or reactive 
molecules in cell membranes and/or analogous model systems for evaluating their bio-
mimetic mediation ability for material fabrication in vitro and in vivo. For instance, Iverson et 
al reported an interesting finding that semiconductor CdS nanocrystals, around 2 - 5 nm in 
diameter could be formed intracelluarly by E-coli (Sweeney et al, 2004). However, direct use 
of the cell imposes obstacles, because of the following factors: First, cells, even the simplest 
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form, have complex supramolecular structure, which usually shields the desired reaction 
from direct observation. Second, their fragile body also makes it difficult to apply harsh 
characterization techniques on them, which otherwise are widely employed in artificial 
materials science. Therefore, a good approach to overcome these difficulties is to use 
simplified cell analogs as an alternative to perform such studies.  
Vesicles could be considered as an unique kind of �“a simplified cell�”, i.e. an artificial 
container enclosed by a self-assembled envelop (Dimova et al, 2006 and 2007; Smith et al, 
2007; Tang et al, 2006; Christensen et al, 2007; Hales et al, 2006; Venturolia et al, 2006; Jelinek 
et al, 2007; Luisi, 2007; Morigaki et al, 2007; Walde et al, 2010). This kind of self-assembled 
envelope mimics the basic skeleton of the cell membrane, while excluding many other 
complex functional blocks embedded in it. Accordingly, this kind of structure is very 
interesting and promising for biologically inspired research and future applications. It has 
been demonstrated that vesicles are able to provide a very flexible model for cell-based 
functional researches, such as photosynthesis, enzyme function profiling, gene synthesis 
and expression etc. (Tung et al, 2003; Walde et al, 2001; Yukito et al, 1996; Luisi 2007). 
Whereas direct research on material synthesis in cells is difficult and complex, performing 
similar reactions in vesicles could be expected to be much simpler and straightforward. 
Moreover, the construction of functional artificial cells becomes possible by performing 
bottom-up synthetic reactions in vesicles. In this chapter, we introduce one of the first 
attempts to construct such a model system for step-by-step investigation toward cell-based 
nanoparticle synthesis.  
The molecules to form such bilayer self-assembled vesicular structures are various including 
diblock copolymers, lipids, polypeptides and surfactants (Discher et al, 1999, Pochan et al, 
2004; Lorenceau et al, 2005; Angelova et al, 1986; Tangirala et al, 2007; González-Pérez et al, 
2007; Holowka et al, 2007; Bellomo et al, 2004). Here, we focus on lipid vesicles. Lipid 
bilayer vesicles can be multilamellar or unilamellar, with various sizes ranging from 
nanometers to micrometers. The difference between multilamellar and unilamellar vesicles, 
as the names suggest, is that the former consists of a cavity enclosed by a multi-layer 
structure, while the latter represents a container formed by a single bilayer. Multilayer 
vesicles could provide a good accommodation space for ions and other reactive solutes 
binding to their multilayer walls, while high quality unilamellar vesicles with a single 
bilayer structure provide a closer analogue to cells than multilamellar vesicles. Unilamellar 
vesicles could be further categorized according to their sizes into three types: small 
unilamellar vesicles (SUV), large unilamellar vesicles (LUV) and giant unilamellar vesicles 
(GUV). The former two categories have sizes up to hundreds of nanometers while the latter 
one has dimensions in the range up to hundred micrometers. Various methods such as 
hydration, extrusion and electroformation have been developed for vesicle preparation. The 
hydration method usually produces a mixture of multilamellar and unilamellar vesicles. 
Extrusion can be used to obtain SUV and LUV suspensions with a narrow size distribution 
and diameters in the hundred-nanometer range. Electroformation provides a convenient 
way to produce high quality and large amount of GUVs with diameters up to hundred 
micrometers (Angelova et al, 1986; Dimova et al, 2006; Walde et al, 2010).  
Material synthesis in lipid vesicles is inherently related to the properties of the lipid 
membrane. From the viewpoint of a cellular analogue, the lipid membrane in unilamellar 
vesicles has maximum structural proximity to the plasma membrane, thereby providing the 
most suitable type of simplified artificial cellular system for bio-inspired material synthesis 
research. However, some significant differences exist between pure lipid vesicles and the 
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cell membrane. For example, the cell membrane is a complex assembly including many 
glycoproteins, peptides, and enzymes. These biomolecules can be involved in particular 
biological functions such as stimuli-responsive ion transport and gating through ion 
channels with on/off control across the cell membrane (Swartz, 2008). In contrast, the pure 
lipid membrane in unilamellar vesicles is a simple permeation barrier. Because of the 
absence of regulating proteins, in its natural state and without extra physical or (bio) 
chemical stimuli, this kind of lipid membrane is impermeable to ions and macromolecules, 
while water can freely permeate through the membrane to ensure osmotic balance. This lack 
of permeability to ions and other solutes allows lipid vesicles to function as a new type of 
confined micro- or nano-biological reactors for micro- or nano-material synthesis.  
The synthesis in confined micro/nano-containers (Shchukin et al, 2004) can be divided into 
two main types: one involves exact templating where the product has the same shape and 
size as the container, and the other �– not. Exact templating is usually achieved in SUVs and 
LUVs, and until now, nearly most of the reported syntheses of particles in the nanometer 
range have been realized in this way (Korgel et al, 1996 and 2000; Rafaeloff et al, 1985; 
Khramov et al, 1993). However, in order to obtain a clear picture about bio-fabrication 
processes in cells with much bigger sizes e.g. in the micrometer scale, such synthesis in 
nano-reactors does not provide a suitable model. Certainly, an important factor affecting the 
reaction and the final product is the dimensions of the physical confinement in which this 
reaction is carried out. Thus, some significant features of the underlying mechanism of bio-
fabrication in cells may be lost when using LUV or SUV nanoreactors as a reaction model. 
On the contrary, performing inorganic synthesis reactions in GUVs should be expected to 
shed light on cell-based nanoparticle synthesis and the corresponding mechanism, since 
GUVs have dimensions in the cell-size scale (micrometer).  
Until now, the investigations on various biological activities using GUVs as prototypes of 
cells have been widely performed covering many aspects: preparation! (Angelova et al, 
1986; Larsen et al, 2003; Takakura et al, 2003; Mohanty et al, 2003; Pautot et al, 2003), 
membrane related processes like fusion, fission, budding (Walde et al, 2010; Wang et al, 
2010; Hanczyc et al, 2004), cellular processes and mechanisms like adhesion, 
communication, endocytosis, exocytosis (Marrink et al, 2003; Haque et al, 2001; Chen et al, 
2005; Rustom et al, 2004; Menger et al, 1992, 1997 and 2002; Hanczyc et al, 2003; Espinoza et 
al, 1999; Ichikawa et al, 2004; Davidson et al, 2003), structure and shape transformation 
(Suezaki, 2002; Sasaki et al, 2004; Boon et al, 2002; Lee et al, 2005; Hamada et al, 2005; Tom�šiè 
et al, 2005; Brückner et al, 2001), drug release (Menger et al, 1998; Barragan et al, 2001; Park 
et al, 2000; Sun et al, 2003; Vandenburg et al, 2002), micromanipulation (Karlsson et al, 2001; 
Marmottant et al, 2003), compartmentation (Jesorka et al, 2005; Bucher et al, 1998; Nomura et 
al, 2001) and microreactors (Vriezema et al, 2005; Tung et al, 2003; Walde et al, 2001; Morgan 
et al, 1997; Esch et al, 1986; Kang et al, 2003; Krafft et al, 2001; Moffitt et al, 1995; 
Kommareddi et al, 1996; Rassy et al, 2005; Regev et al, 2004; Faure et al, 2003; Nishikawa et 
al, 2004; Kim et al, 2000; Wu et al, 2005; Monnard et al, 2003; Fischer et al, 2002; Tsumoto et 
al, 2001; Nomura et al, 2003; Noireaux et al, 2004; Yu et al, 2001). The last application, 
namely GUVs as microreactors, has been developed in some realms such as enzyme-
catalyzed reactions (Walde et al, 2001; Yukito et al, 1996), photosynthesis reaction (Tung et 
al, 2003), biochemical reaction (Luisi, 2007), polymerization (Morgan et al, 1997; Esch et al, 
1986; Kang et al, 2003; Krafft et al, 2001), inorganic particle synthesis (Moffitt et al, 1995; 
Kommareddi et al, 1996; Rassy et al, 2005; Regev et al, 2004; Faure et al, 2003; Nishikawa et 
al, 2004; Kim et al, 2000; Wu et al, 2005),  gene (Monnard, 2003; Fischer et al, 2002; Tsumoto 
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et al, 2001) and protein synthesis (Nomura et al, 2003; Noireaux et al, 2004; Yu et al, 2001). 
The new research aspect of nanoparticle synthesis in GUVs described in this chapter 
pertains also to this category. The reaction volume for such bio/chemical reactions in GUVs 
is typically on the order of femto- or picoliters, depending on the sizes of the GUVs used. 
Obviously, the features of the tiny nanometer products of such reactions would depend on 
the overall shape of the container, and the reaction initiation and pathway. Syntheses in 
GUVs also have the unique exclusive advantage that the vesicle containers and the 
corresponding product inside them may be monitored in real time under a light microscope. 
This on-line monitoring enables us to capture in situ some important information about 
material growth and reaction kinetics relevant among others to cell-based synthesis and 
representing frontier research topics in current chemical and material sciences. 
The research based on the use of GUVs as microreactors for synthesis of inorganic 
nanoparticles inside GUVs was firstly initiated in 2006, and reported officially in 2009 (Yang 
et al, 2009). To the best of our knowledge, the studies introducing similar approaches are 
scarce. Namely, a proposal concerning the possibility of using electroporation of GUVs in 
order to synthesize inorganic nanoparticles in the vicinity of the lipid membrane was made 
by Schelly (Schelly 2007). Thus, the breakthrough reported in 2009 is the first report on the 
use of GUVs as confined containers for performing the synthesis of inorganic semiconductor 
nanocrystals. Briefly, we succeeded in inducing, controlling and directly observing the 
formation of CdS quantum dots and nanoparticles in GUV, an artificial cell system whereby 
the membrane container remains intact. Our study, for the first time, extended confined 
vesicular reactions to micrometer-scale cell-size reactors for the synthesis of nanomaterials. 
Differently from the drastic experimental conditions used previously for the synthesis of 
nanoparticles in vesicles, the processes we employed in this report are quite simple and 
mild, and effectively mimic intracellular mixing and membrane fusion, which naturally 
occur in cells. 
One of the implementation pathways is to induce the reaction between two reactants loaded 
in two different GUVs. One GUV contains a solution of CdCl2 and the other contains Na2S. 
The synthesis of CdS nanoparticles is then simply initiated by conducting electrofusion 
between these two kinds of vesicles. This electrofusion-based synthesis is a good model for 
cellular fusion-based reaction systems. Another pathway involves an attempt to mimic the 
cell culturing-based systems, often used in bacteria-based inorganic nanoparticle synthesis. 
GUVs are in-situ grown in electroformation chambers, where they remain attached to the 
substrate via lipid nanotubes. The initial solution contained in the GUVs is Na2S, and the 
synthesis reaction of CdS nanoparticles is initiated by gradually replacing the external 
solution with CdCl2 solution, which enters the GUVs via the nanotubes. This is a good 
mimic to bacteria culturing, however, with accelerated speed. Below, we describe these two 
protocols in details. We emphasize that they can be applied to arbitrary reactants (not 
necessarily CdCl2 and Na2S) provided suitable concentration conditions are selected. 

2. Experimental section 
Growing GUVs via Electroformation. Giant vesicles made of L- -phosphatidylcholine from 
egg yolk (Egg-PC, Sigma, St. Louis, MO) were grown using the electroformation method 
(Angelova et al, 1986, Dimova 2006). In principle, the choice for the lipid is not limited to 
this lipid and any phosphatidylcholine (or a mixture of phosphatidylcholines), which is in 
the fluid phase at room temperature may be employed. Egg-PC was our choice because it is 
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a natural and abundant lipid. The procedure for electroformation used here is described in 
detail elsewhere (Riske et al, 2005). Briefly, Egg-PC was dissolved in chloroform to form 2 
mg/ml lipid solution. For observation of the vesicles with fluorescence microscopy the 
following dyes were used: 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate 
(DiIC18) from Molecular Probes (Leiden, The Netherlands; excitation wavelength at 551 nm 
and emission wavelength at 569 nm) was added to the lipid solution at concentration 
0.1 mol %, and perylene from Sigma-Aldrich (Steinheim, Germany; with excitation 
wavelength at 440 nm and emission wavelength at 450 nm) was added at concentration 0.4 
mol %. Typically, for the CdCl2-loaded vesicles we used DiIC18 as fluorescence marker and 
for the Na2S-loaded vesicles we used perylene. A small drop (~ 50 l) of lipid solution was 
placed onto a glass slide coated with indium tin oxide (ITO) and spread evenly on the 
surface. Two such coated ITO glasses were placed in a vacuum desiccator at room 
temperature for at least 2 h to evaporate the organic solvent. For the vesicles grown in the 
presence of CdCl2, we found out that drying at higher temperature (60 C) yields more and 
bigger vesicles. A closed chamber was assembled from the two ITO glasses (the sides with 
conductive coating were facing each other) and a 1 mm thick rectangular Teflon spacer with 
two holes as solution inlet and outlet. The CdCl2- and Na2S-loaded vesicles for the 
electrofusion protocol were typically grown in parallel. The growing solutions of CdCl2 or 
Na2S in 100 mOsm sucrose were introduced through the inlet to fill the respective chamber. 
The chambers were connected in parallel to an alternating current (AC) field function 
generator (Agilent 33220A 20 MHz function/arbitrary waveform generator) and an 
alternating voltage with amplitude of 0.7 V (peak-to-peak) and frequency of 10 Hz was 
applied for 4 h. The magnitude of the AC voltage was a key parameter for the formation of 
CdCl2-loaded vesicles. In 0.03 mM CdCl2 solution, GUVs were formed at low voltage (< 1.7 
V). At higher voltages, the vesicles would start rupturing. However, for electroformation of 
Na2S-loaded vesicles, even in 3 mM Na2S solution, this effect was not observed. Presumably, 
CdCl2 affects the membrane properties making the bilayers either more fragile or inducing 
additional tension, as the binding of Cd2+ effectively impeded the separation of lipid film, 
which is an essential condition for electroformation of GUVs.  
Electrofusion Protocol for Synthesis of CdS Quantum Dots. After the completion of the 
electroformation process, the vesicles were detached from the ITO glass substrate by 
lowering the field frequency to 5 Hz and setting the voltage to 0.5 V for 20 min. Then, the 
vesicles were removed from the electroformation chamber, diluted up to 10-40 times with 
isotonic glucose solution, and transferred into an electrofusion chamber (Eppendorf, 
Germany). The effective dilution is important for lowering the concentration of CdCl2 or 
Na2S outside the vesicles and to ensure no interference of neighboring vesicles in the image 
when confocal imaging is performing. The glucose-sucrose asymmetry creates a refraction 
index difference between the interior and the exterior of the vesicles. The glucose-sucrose 
asymmetry also creates a density difference stabilizing the vesicles at the bottom of the 
chamber. The latter enhances the contrast of the phase-contrast microscopy images (vesicle 
images appear dark on a bright background). The electrofusion chamber consists of a Teflon 
frame with two cylindrical electrodes (500 m in diameter) with a gap distance of 200 m. 
The chamber was connected to a Multiporator (Eppendorf, Germany) to align the vesicles 
(AC field of 3 V, 2 MHz for 90 s applied a few times) and electrofuse them (direct current 
pulses of field strength 0.5-2 kV/cm and 150-300 s duration). The observation of the 
vesicles was performed with an Axiovert135 microscope (Zeiss, Jena, Germany) equipped 
with 20x and 40x phase-contrast objectives. The fusion process was also monitored by a 
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laser scanning confocal microscope (Leica, TCS SP5, Germany) with excitation at 458 nm (Ar 
laser) for perylene and 561 nm (DPSS laser) for DiIC18.  
Batch Electrofusion for Synthesis of CdS Quantum Dots in Large Scale. Before doing batch 
electrofusion, the vesicles swelled in CdCl2 solution were incubated with an ion-exchange 
resin (Amberlite IR-120, H+ form, Sigma-Aldrich, Germany) to remove the Cd2+ ions in the 
vesicle exterior media. The resin was carefully washed and activated according to the 
instructions of the manufacturer. Before use, the exchanging ability of the resin was checked 
by UV-Vis spectra to guarantee the highest performance of the resin. After removing the 
cadmium ions outside the GUVs, the vesicles solution with CdCl2 entrapped in the vesicles 
was mixed with the solution of vesicles loaded with Na2S. The mixture was then exposed 
several times to electric pulses in a helix fusion chamber (Eppendorf, Germany). 
Immediately after that, the solution was analyzed with a series of techniques including 
fluorescence spectra analysis (luminescence spectrometer LS50B with excitation at 400 nm, 
Perkin Elmer, Beaconsfield, England) and transmission electron microscopy (TEM) (Omega 
912 TEM, Carl Zeiss, Oberkochen, Germany, with 100 kV accelerating voltage). 
Slow Content Exchange Protocol for Synthesis of CdS Nanoparticles. A programmable syringe 
pump was used to slowly exchange the solution in the exterior of the vesicles in the 
electroformation chamber at a controlled rate. To ensure complete solution replacement, at 
least four times the volume of the chamber was flowed through it. We typically 
electroformed the vesicles in Na2S aqueous solutions and then replaced these solutions with 
CdCl2 solutions. The osmotic balance across the vesicle membranes, and thus the 
preservation of the vesicle volumes was ensured by the presence of e.g. 100 mM glucose in 
the salt solutions. Because the salt concentrations used were very low (on the order of 1 
mM), the osmolarity of the initial Na2S solution and the exchanging solution are nearly the 
same as confirmed by osmolarity measurements (Osmomat030, Gonotec, Berlin). During 
and after the exchange, the solution flown out of the chamber and the one inside the 
chamber were carefully collected and examined with fluorescent spectroscopy and TEM. 

3. Results and discussion 
3.1 Electrofusion protocol 
For the general interest, before reporting results from the electrofusion protocol, we will 
introduce a short discussion on the background about this protocol.  
For the simplest �“A+B�” type reaction (that is, the reaction is initiated when reactant A 
encounters reactant B), three models could be summarized to describe possible protocols 
when utilizing vesicles as microreactors (Figure 1). In Model 1, all reactants are incorporated 
into the vesicle interior or the membrane bilayer and the reaction occurs at the membrane or 
inside the vesicle. In Model 2, reactant A (such as an enzyme) is incorporated into the vesicle 
membrane or interior and reactant B (such as a substrate) is dispersed in the media 
surrounding the vesicles. The reaction is then initiated when reactant B diffuses across the 
membrane. Actually, nearly all of the work reported in the literature is based on these two 
approaches (Korgel et al, 1996 and 2000; Ralaeloff et al, 1985; Khramov et al, 1993). Up to 
now, there are only few reports on reactions realized via the fusion of two vesicles 
encapsulating reactant A and B, respectively (Model 3). The corresponding feature of this 
model is that the triggering mechanism for the reaction between A and B to occur is vesicle 
fusion.  
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Fig. 1. Three models for reactions taking place in vesicles. 

In nature, fusion is a spontaneous and important event, by which a myriad of physico-
chemical processes occur (Leabu et al, 2006; Chernomordik et al, 2006; Jahn et al, 2006, Wang 
et al, 2006; Tsaadon et al, 2006; Ogura et al, 1995; Wilmut et al, 1997) such as fertilization from 
egg�–sperm fusion, formation of multinucleated muscle cells from fusion of myoblasts 
during embryonic development, signaling cascades. Fusion has been also widely observed 
in artificial and natural colloidal systems from crystal growth via droplet condensation to 
lipid vesicle (Strömberg et al, 2000; Riske et al, 2006) or polymersome (Zhou et al, 2004 and 
2005; Yan et al, 2004; Vriezema et al, 2003) recombination.  
For fusion-initiated nanoparticle synthesis, the starting complementary reactants are 
separately loaded into different colloids, and then the reaction is triggered by the fusion of 
these reactive colloids to make the reactants meet each other. An instant benefit for this 
strategy is that the precise temporal and spatial control on the synthesis process could be 
easily achieved: these colloidal cartridges could be stored or transported to any place and 
then the reaction can be initiated at a desired time point or location. Successful examples of 
this approach have been reported for fabrication of semiconductor nanoparticles in 
microfluidic channels through the fusion of droplets containing the starting reactants 
(Shestopalov et al, 2004; Hung et al, 2006). Moreover, in a recent report, Beaune et al 
described potential bioimaging ability for tumor treatment when vesicles are entrapped 
with fluorescent magnetic nanoparticles and quantum dots (Beaune et al, 2007). 
An important condition for successful fusion-initiated reactions is to stimulate the vesicles in 
order to obtain an effective fusion event since vesicle fusion is inefficient in the absence of 
external stimuli. Fusion can be induced artificially by means of membrane stress (Cohen et 
al, 1982; Shillcock et al, 2005), ions or organic reagents (Estes et al, 2006; Neil et al, 1993; 
Lentz, 2007; Haluska et al, 2006; Kunishima et al, 2006), DNA (Stengel et al, 2007), proteins 
(Jahn et al, 2006; Peters et al, 1999 and summary by Walde et al, 2001), laser beams (Steubing 
et al, 1991; Weber et al, 1992; Kulin et al, 2003) or electric fields (Strömberg et al, 2000). The 
last one is termed electrofusion. Among these fusion methods, electrofusion becomes 
increasingly important due to its reliable, fast and easy handling procedure (Riske et al, 
2006). This method utilizes discrete intense electric pulses (kV/cm) of short duration (µs). 
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The electrical breakdown of the membranes of cells or vesicles which are in contact can lead 
to fusion. The process is completed within milliseconds. Due to its general applicability and 
mild conditions, electrofusion has been extensively used and the procedures further 
developed for many years (Strömberg et al, 2000) in a wide variety of biological experiments 
with cells and vesicles, from the creation of hybridomas and new cell lines to in vitro 
fertilization and the production of cloned offspring, like the sheep Dolly and her equals 
(Zimmermann et al, 1986). Genetic and biochemical reactions, such as DNA transcription, 
translation and gene expression, are often achieved by fusion. According to Zimmermann 
(Zimmermann et al, 1986), the electrofusion process could even have been an important step 
in evolution after the first simple cells had come into being. Therefore, it is expected that the 
research on electrofusion-based reactions and chemistry in vivo or in vitro, could have a great 
development potential in many fields such as origin of life and birth, biomineralization, 
bioengineering, cell science, tissue engineering, bio-inspired and new materials synthesis.  
Electrofusion-based reactions in GUVs strongly rely on the physical behavior (deformation, 
poration and fusion) of these vesicles subjected to either alternating current field or strong 
direct current (DC) pulses. In recent years, our group has systematically investigated this 
topic by experimental and theoretical modeling (Riske et al, 2005; Riske et al, 2006; Haluska 
et al, 2006; Dimova et al, 2007; Aranda et al, 2008; Riske et al, 2009; Vlahovska et al, 2009; 
Dimova et al, 2009; Yamamoto et al, 2010). Based on the findings from our and other 
research groups, successful electrofusion is based on four important features of the 
membrane and the vesicles: 1) The lipid membrane is impermeable to reactants (ions and 
macromolecules), while water can freely permeate through the membrane to assure osmotic 
balance; 2) Fast and effective fusion could be initiated with a short electric pulse with 
characteristics above the poration threshold of the membrane; 3) Leakage of reactants 
during the fusion process is negligible (Riske et al, 2005); 4) Vesicles with complementary 
reactants can be brought together to form a reactive couple for electrofusion. Features 1) - 3) 
stem from the intrinsic properties of lipid membranes, while the last one, feature 4), is 
inherent to giant vesicles and can be achieved either via micromanipulation or exposure of 
the GUV suspension to AC fields causing vesicle alignment due to dielectric screening. 
 

 
Fig. 2. Electrofusion of vesicles as a method for nanoparticle synthesis: vesicles containing 
reactant A or B are mixed (in A- and B-free environment) and subjected to an AC field to align 
them in the direction of the field and bring them close together. A DC pulse initiates the 
electrofusion of the two vesicles and the reaction between A and B proceeds to the formation 
of nanoparticles encapsulated in the fused vesicle. Reproduced from (Yang et al, 2009). 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

The concept of utilizing electrofusion of two GUVs to initiate a reaction was first proposed 
by Chiu, Zare et al (Chiu et al, 1999), who used a microelectrode to trigger electrofusion. The 
study showed that ultrafast reaction kinetics could be conveniently investigated because 



Nanoparticle Synthesis in Vesicle Microreactors   

 

531 

electrofusion takes place only within milliseconds and the mixing of reactants upon fusion 
could be very fast (µs). Kulin et al (Kulin et al, 2003) further pointed out that this method 
may be a useful tool for quantitative studies in combinatorial chemistry involving only 
femtoliters of reagents. In the latter report ultraviolet laser light was used to fuse two 
liposomes (10 µm in size) containing chemical reagents and the encapsulated materials 
could be accurately conserved without leakage to the external media. 
Different from the above-mentioned approaches, we used the electrofusion process to conduct 
nanoparticle synthesis. As shown in Figure 2, two couples of hybrid GUVs, a CdCl2-loaded 
GUV in red color (A, Cd-GUV) and Na2S-loaded GUV in green color (B, Na-GUV) could be 
effectively aligned by AC field and fused with a DS pulse. Similar to pearl-chain formation in 
cell suspensions subjected to an AC field (Zimmermann, 1986), the two types of vesicles are 
brought together and align along the direction of an exogenous AC field. This field-induced 
self-arrangement makes reactive vesicles match well for the CdS synthesis reaction: half of the 
aligned vesicle couples are A-B couples. After that, a strong DC pulse (typically pulses of 0.5 - 
2 kV/cm field strength and 150 - 300 s duration suffice) is applied to initiate electrofusion 
between A and B. Electrofusion proceeds smoothly to form one hybrid GUV where mixing of 
CdCl2 and Na2S occurs for the CdS nanoparticle synthesis. The product, in this case, quantum-
dot-like CdS nanoparticles, is visualized under laser excitation as a fluorescent bright spot in 
the fusion zone (Figure 3). Subsequent inspection of vesicle sections above and below the  
 

 
Fig. 3. a) �– c) Electrofusion of vesicles as a method for nanoparticle synthesis: confocal scans 
of vesicles loaded with 0.3 mM Na2S (green) and 0.3 mM CdCl2 (red) undergoing fusion. d) 
�– f) Intensity line profiles along the dash-dotted lines indicated by red arrows in a) �– c), 
respectively. The direction of the field is indicated in a) with an arrow. Before fusion, a), d), 
the vesicle interior shows only background noise similar to the external solution as indicated 
by the shaded zone in d). After fusion, b), c), e), f), fluorescence from the product is detected 
in the interior of the fused vesicle. The time after applying the pulse is indicated on the 
micrographs. The fluorescence signal was acquired in the ranges 565 - 765 nm (red channel) 
and 462 - 558 nm (green channel). Reproduced from (Yang et al, 2009). Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
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scanning plane showed no presence of membrane inclusions (free vesicles or membrane 
fractions) in the fusion zone. Therefore, the source of fluorescence is provided by the formed 
nanoparticles. The intensity from this spot increases gradually from 0 s (the starting time point 
of electrofusion), and reaches maximum around 10 s. We thus infer that the reaction begins at 
the electrofusion point and quickly reaches a balance around 10 s. This signal then decays over 
time (Figure 3 and 4). The mechanism behind the decay of the signal from the CdS product is 
still not clear at present and under investigation.  
During the investigation on this electrofusion approach, we also studied the effect of salt 
concentration on the process of vesicle electroformation and on the effectiveness of 
electrofusion. In the concentration range from 0.00003 mM to 3 mM, Na2S solutions showed 
weak effect on the electroformation of GUVs. In contrast, CdCl2 solutions showed obvious 
salt-related influence on the electroformation, particularly at concentrations above 0.03 mM. 
The total effect could be summarized as shrinking of the diameter of Cd-GUVs and decrease 
in the vesicle yield. The reason for this could be related to the binding of Cd2+ ions to the 
polar headgroups of the lipids in the membrane effectively impeding the separation 
(swelling) of the lipid film from the substrate, which is an essential condition for 
electroformation of GUVs. We further found that fusion of GUVs loaded with CdCl2 
solution at concentration above around 0.1 mM is not effective and was rather  inhibited 
(Figure 5).  On the other hand, GUVs loaded with Na2S at similar concentrations showed  
 

 
Fig. 4. Confocal scans of vesicles loaded with 0.3 mM Na2S (green) and 0.3 mM CdCl2 (red) 
undergoing fusion after being exposed to an electric pulse (excitation wavelengths: 458 nm 
and 561 nm). The fluorescence signal has been acquired in the ranges 565 - 765 nm (red 
channel) and 462 - 558 nm (green channel). The field direction is indicated by the arrow in 
the first snapshot. The acquisition time is indicated on every image, where t = 0 s 
corresponds to the last snapshot before applying the pulse. Several seconds after fusion, a 
fluorescence signal is detected from the product in the vesicle interior (note that only 
fluorescence from objects located in the focal plane is visible in the images; particles out of 
focus are not detected). The signal, both from the membrane and from the vesicle interior, 
decays with time, and the mechanism for  the latter decay is under investigation. 
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Fig. 5. Confocal scans of the electrofusion between two GUVs loaded with 3 mM CdCl2 
solution. As shown in this figure, the electrofusion between two GUVs- CdCl2 could not 
occur under high salt concentrations, e.g. 0.3 and 3 mM. However, the electrofusion of 
CdCl2 loaded vesicles could proceed under lower salt concentration such as 0.03 mM.  

 

 
Fig. 6. Confocal scans of the electrofusion between two GUVs loaded with 3 mM Na2S 
solution. As shown in this figure, the electrofusion between two GUVs encapsulating Na2S 
could proceed smoothly under high salt concentrations.  

normal electrofusion behavior (Figure 6). A possible interpretation for the inability of Cd-
GUVs to fuse is that Cd2+ ions could influence the mechanical properties of the membrane 
and in particular hindering the formation of a fusion pore (through its divalent binding to 
the pore surface), which is a necessary intermediate stage during electrofusion.  However, 
attempts for electrofusion between two hybrid GUVs (a Cd-GUV and a Na-GUV) loaded 
with 0.3 mM salt solutions, demonstrated that electrofusion could proceed smoothly. This 
showed that the commonly accepted fusion pore-mediated mechanism may not be 
necessarily valid for electrofusion. 
After successfully exploring single electrofusion events, we applied this method to batch 
electrofusion in order to achieve large-scale synthesis of nanomaterials. The latter is 
beneficial for practical applications. In addition, analytical methods like TEM, selected area 
electron diffraction (SAED) and fluorescence measurements are easier to apply to samples 
containing a large fraction of fused vesicles and thus a larger amount of the fusion product. 
In order to increase the yield from the electrofusion protocol we applied a special 
electrofusion chamber where a larger fraction of vesicles could be fused. This was achieved 
by increasing the volume of the concentrated vesicle solution located between the two 
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electrodes. For this purpose, we used a helix fusion chamber (Eppendorf, Germany) (Figure 
7), which consists of two coiled helical electrodes with a gap distance of 250 m and a total 
inter-electrode volume of 250 l. This volume is more than 20 times larger than the one 
between the two straight cylindrical electrodes used for the microscopy experiments, thus 
allowing higher yields.  
Another important prerequisite for the successful batch electrofusion is to remove the free 
Cd2+ ions from the exterior of the CdCl2-loaded vesicles before mixing them with the Na2S-
loaded ones. The reason is that the presence of reactive Cd2+ ions in the GUV exterior would 
result in an undesired reaction between Cd2+ and S2- outside the vesicles when mixing the 
two vesicle populations. Apart from that, this undesired reaction would further influence 
the osmotic balance across the vesicle membrane potentially leading to vesicle rupture. 
Therefore, the CdCl2-loaded vesicles were placed in contact with an ion-exchange resin 
(Amberlite). The resin was thoroughly washed beforehand to remove small molecular 
impurities (3 times in deionized water), then activated according to the instructions of the 
manufacturer (acid wash with 2N HCl, at least 3 times), and rinsed at least 10 times with 
deionized water to pH > 5. The vesicles electroformed in CdCl2 solution were then added to 
the resin at optimized condition (200 mg resin for 2 ml CdCl2-loaded GUV solution under 
very slow stirring for 1 hr). After the removal of the Cd2+ ions outside the vesicles, 1 ml 
solution of Cd-GUV was mixed with 1 ml solution of Na-GUV. Half of the mixture was used 
as a reference sample, while the rest was subjected to electrofusion in the helix fusion 
chamber in 4 portions of 250 l each. The AC field (9 V, 2 MHz) was applied to each portion 
for about 15 min, followed by one pulse of 300 V and 150 s duration. The 4 aliquots were 
then collected and subjected to further analysis using TEM and fluorescence spectroscopy. 
 

 
Fig. 7. The schematic illustration of the helix electrofusion chamber. Two populations of 
GUVs loaded with CdCl2 or Na2S are mixed and filled into the space of beaker (1). After 
sealing, the chamber is connected to an electronic function generator providing AC or DC 
fields. After setting the desired AC and DC programs, the helix electrode (2) in the beaker is 
used to apply AC and DC fields for GUV alignment and electrofusion. After the filed 
application, the solution in the beaker is gently taken out and subjected to further 
spectroscopy analysis. 

The TEM images from the mixed samples before applying a DC pulse showed that they 
contained only some irregular formless sediment (Figure 8), which is commonly found in 
samples produced by the direct mixing of CdCl2 and Na2S solutions without any 
confinements. The SAED pattern showed two polydisperse diffraction rings, which are due 
to multiple overlapping from the following CdS crystalline lines: (100), (002), (101) for the 
inner diffraction ring and (110), (103), (112) for the outer ring (Li et al, 2003). This implies 
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that the product was polycrystalline with poor crystalline orientation. Polycrystalline CdS 
products before electrofusion originate from the TEM sample preparation process: during 
the preparation process, Cd-GUVs and Na-GUVs break upon the evaporation of the water, 
and their CdCl2 and Na2S content is released so they can react with each other along 
common mixing ways. In contrast, in the samples to which a DC pulse was applied, we 
found only dispersed tiny particles (Figure 9). Their diameters are lower than 10 nm and 
their SAED pattern showed the unique feature of monocrystallines (dotted pattern). The 
diameter of these CdS nanocrystals is lower than the Bohr radius of a CdS particle, and 
therefore in the quantum dot size regime. As also observed in the above-described confocal 
microscopy experiments, the emerging fluorescent emission in the interior of the fused 
vesicle formed upon the electrofusion of a Cd-GUV and a Na-GUV is attributed to the 
formation of these monocrystallines with quantum confinement effect for fluorescence 
emission. The fluorescent spectra discussed below further supported the photoluminecent 
property from these CdS quantum dots.  
 

   
Fig. 8. A TEM image and a SAED pattern from a solution of mixed Na2S- and CdCl2-loaded 
vesicles not subjected to electrofusion. The reagent concentration in the vesicles was 0.3 mM. 
Only irregular sediments with pour crystalline structure are formed due to vesicle rupture 
upon deposition on the TEM grid and subsequent content mixing. 
Fluorescence spectra further demonstrated the formation of CdS nanocrystallines (Figure 
10). Before applying a DC pulse, the fluorescence signal showed only a very small peak 
around 460 nm, which is from the Na-GUV solution itself. After applying the DC pulse to 
the mixed solution, enhanced fluorescence signal was observed at 460 nm, which can be 
attributed to the band gap emission and suggests high quality of the nanocrystals (Korgel et 
al, 2000; Khramov et al, 1993; Gratt et al, 2003). The enhanced fluorescence signal confirmed 
that a reaction has occurred after applying the pulse. In addition, the peak site around 460 
nm demonstrated blue shift from the fluorescence peak of bulk CdS materials (600 nm), 
which further reflects quantum confinement effects by the 10 nm particles observed in TEM. 
It should be mentioned that this enhanced fluorescence had poor reproducibility when the 
vesicle solutions were not handled carefully. This could be attributed to the fragility of 
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Fig. 9. a) TEM image and b) SAED pattern from the product in the solutions after vesicle 
fusion. The salt concentration in the vesicles was 0.3 mM. Dispersed single-crystalline 
nanoparticles with diameter between 4 and 8 nm are detected. Reproduced from (Yang et al, 
2009).Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 
Fig. 10. Fluorescent spectra of the samples before (solid black curve) and after electrofusion 
(dashed red curve). As a control test, the fluorescence signal from Na2S-loaded GUV 
solution is also plotted (dash-dotted green curve). The excitation wavelength is 400 nm. The 
resulting fluorescent emission at around 460 nm is strongly enhanced after electrofusion. 

GUVs, which often results in undesirable breaking of the membranes and release of 
reactants. The absence of emission at higher wavelengths (up to 700 nm) associated with 
deep trapped states due to surface or core defects, indicates the high quality of the 
nanocrystals. It should be also noted that for the fluorescent spectra measurements, the 
excitation wavelength was 400 nm while the confocal scans in Fig. 3-4 were obtained by 
excitation with a laser at 458 nm. Therefore, the emission wavelength under confocal 
scanning exhibits a red-shift compared to that in the fluorescent spectra measurements. 
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Before we proceed with the second protocol for nanoparticle synthesis in GUVs, we will 
address some common features, advantages and application perspectives of the 
electrofusion approach.  
Obviously, this protocol provides us with a visualizing analytical tool to follow the reaction 
kinetics with high temporal resolution (Figure 3-4). Previously, we have demonstrated that 
fast fusion processes can be visualized at microsecond timescales using high-speed digital 
imaging (Haluska et al, 2006). This novel and facile electrofusion method is suitable not only 
for inorganic nanoparticle synthesis, but also for the online monitoring of ultrafast 
physicochemical processes such as photosynthesis, enzyme catalysis and 
photopolymerization, which at present requires complex and abstracted spectroscopy 
techniques. Our results also show that even without the mediation of biomacromolecules, 
nanoparticles can still be synthesized in biological compartments. This outcome provides a 
new insight in the developing research on biomineralization mechanisms. 
Theoretically, the electrofusion-initiated reaction could be extended to chemical reactions 
with any stoichiometric ratio, because a large amount of vesicles can be aligned in the 
electric field, so that chain or step-type reactions could be achieved by entrapping A1-An 
reactants into 1-n vesicles respectively. For this purpose, a key condition is the controlled 
vesicle arrangement to encode them at pre-designed pattern. As shown above, AC field-
induced alignment of GUVs shows the potential to control this prearrangement. However, it 
is difficult to control the number and the type of the aligned vesicles in the case where more 
than two vesicles need to be fused. Other methods have been already developed in this 
direction. For example, preliminary experimental and theoretical models have been reported 
based on vesicle recognition by biotin-avidin and electrostatic interactions (Farbman-Yogev 
et al, 1998; Walker et al, 1997 and Chiruvolu et al, 1994). We propose an alternative protocol, 
which may be more easily accessible, namely, first patterning the vesicles onto a planar 
surface and then fusing these pre-organized vesicles with a second vesicle population to 
complete the reactions (Lee et al, 2008; Christensen et al, 2007; Kim et al, 2008). The first step 
has been achieved by some smart designs, e.g. direct microcontact printing of vesicles (Liu 
et al, 2007) and ink-jet printing (Hauschild et al, 2005).  
A possibly problematic feature of the electrofusion-induced reaction which may hinder the 
wide application of this approach is that vesicles are difficult to prepare by the 
electroformation method if high reactant (salt) concentrations are required. The reason is 
that the ions in the solutions could bind to the lipid headgroups suppressing the inter-
bilayer separation and vesicle swelling. This effect was also observed in our experiments, 
showing that high concentrations of Cd2+ hinder electroformation and electrofusion of GUV-
Cd. To overcome the problem facing electroformation at high salt concentration, Estes and 
Mayer et al developed a two-step approach: first, electroforming vesicles in solutions of low 
ionic strength and second, exchanging the solution inside the vesicles with a high ionic 
strength solution (Estes et al, 2006). More recently, a modification of the electroformation 
method was reported where high frequency AC field (500 Hz) was used to achieve effective 
electroformation under physiological conditions with sodium salts. (Montes et al, 2007; Pott 
et al, 2008) Concerning the difficulty of achieving electrofusion when hindered due to ion 
binding to the membrane, other fusion protocols may be utilized such as those based on the 
use of fusogenic molecules and laser beams. Further possible improvement of the protocol 
and allowing a better control over the reaction involves the use of monodisperse vesicles 
rather than polydisperse GUV samples used at present. The procedures of micro-contact 
printing (Taylor et al, 2003; Liu et al, 2007) and extrusion (Tangirala et al, 2007) have shown 
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certain potential to prepare vesicles or droplet populations with low polydispersity. Other 
interesting and effective methods, which have emerged recently include ink-jet printing for 
small vesicles (50-200 nm) (Hauschild et al, 2005), double emulsion template made by glass-
capillary microfluidics (Shum et al, 2008; Kuroiwa et al, 2009) and direct pulsed microfluidic 
jetting (Stachowiak et al, 2008). 
Fusion-based synthesis is a highly multidisciplinary and open project, with the close 
interplay between chemistry (biological, polymer and inorganic) and physics (biomembrane 
and polymer physics). This field can be broadened by exploring systematically a series of 
reactions initiated by the fusion of vesicles containing separated reactants. Some unexplored 
reactions include, but are not limited to, the biosynthesis of genes (RNA and DNA), proteins 
and carbohydrates in vesicles; enzyme-catalyzed reactions; biomineralization processes; 
host-guest interactions. The above investigations may open new ways of biosynthesis and 
give fundamental and valuable information about cell bioactivity during life origin, growth, 
organ and tissue formation; mimic bioactivities of a living cell; provide fundamental 
information for the role of functional interfaces in biomineralzation in cells and some 
important aspects such as the detailed role of proteins in the synthesis of inorganic products, 
and finally, evaluate the biomineralization process in vivo. 

3.2 Solution exchanging protocol 
 

 
Fig. 11. Slow content exchange method for performing inorganic nanomaterial synthesis in 
GUVs: Vesicles formed in the presence of A (Na2S) are still connected via nanotubes to the 
glass substrate of the electroformation chamber (see also the Fig. 12). The thickness of the 
nanotubes (tens of nm) and the size of the vesicles (tens of m) are not in scale. Reactant B 
(CdCl2) is slowly injected in the chamber. After diffusing through the nanotubes into the 
vesicle interior, B reacts with A to produce nanoparticles. The approximate timescales of the 
events are indicated in the pictures. Reproduced from (Yang et al, 2009). Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
Another protocol we used is based on the solution exchange around Na2S-loaded GUV with 
a solution of CdCl2 (Figure 11). In this approach, a microreactor array was formed on an ITO 
surface where the GUVs in Na2S solution were attached to the substrate via nanotubes. The 
freshly prepared CdCl2 solution could be gradually introduced into these vesicles via the 
nanotubes connecting them to the ITO surface. These nanotubes or tethers provide a good 
bridge connecting the GUV interior and the external media. They are clearly visible from 
microscopy images (Figure 12). The visualization of the tethers is achieved by preparing the 
vesicles on cylindrical platinum electrodes where side view observation of the growing 
vesicles is possible with xy-scans (contrary to the case when the vesicles are grown on ITO 
plates where z-scans are necessary to observe the tethers; the latter was not possible due to 
the large thickness of the ITO substrates used). Typically, these tethers can be broken 
(releasing the vesicles) if during the vesicle electroformation the frequency of the applied 
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AC field is reduced to about 5 Hz for ten minutes. For the protocol used here, we did not 
apply this latter step. Instead, the electroformation chamber that contained the vesicles 
tether-bound to the substrate was connected to a polyvalent syringe pump (Lambda Vit-fit, 
the Czech Republic), which slowly injected CdCl2 solution into the chamber containing the 
Na2S-loaded GUVs without detaching the vesicles from the substrate. The injection speed 
influences the stability, shape and transformation of the attached GUVs (Estes et al, 2005 
and 2006). The optimal injection speed was about 1 ml/min. At this speed, the vesicles not 
connected to the ITO substrate via nanotubes flow out of the chamber. At the same time, the 
injection speed cannot be very quick in order to prevent the rupture of the surface-attached 
vesicles. As a result, the total amount of vesicles decreases. 
After the introduction of CdCl2 into the chamber, the cadmium ions slowly diffuse into the 
vesicle interior via the nanotubes. In this way, the CdS product is expected to form in the 
confined space inside the GUVs. Of course, the reaction proceeds also outside the GUVs 
because of the present Na2S in the vesicle exterior. Thus, the solution initially flown out of 
the chamber contains the CdS produced in the vesicle exterior. To ensure complete 
replacement of the external solution, the total injection volume was at least four times the 
volume of the chamber. Finally, an AC field with low frequency (5 Hz) was applied for 20 
min to detach the GUVs from the ITO substrate and this sample was collected separately for 
inspecting the product formed within the vesicles. 
 

 
Fig. 12. Confocal scan through a chamber with vesicles electroformed on cylindrical 
electrodes. At the end of the preparation procedure, the vesicles remain connected to the 
substrate (electrode) via nanotubes (indicated by arrows). Note that tethers, which are 
slightly behind or in front of this scanning plane, are not imaged. 

The fluorescence spectra of the solutions collected from the chamber (Figure 13) clearly 
indicated that after exchange, the solution in the chamber with GUV grafted to the surface 
showed an obvious increase of the fluorescence signal (red dashed line) compared to that 
from the solution flown out of the chamber before detaching the GUVs (black solid line). 
The fluorescent peaks emerged at two different sites: 460 and 570 nm. Compared with the 
fluorescent peak from bulk CdS material (600 nm), obvious fluorescent blue shift showed 
that certain quantum confinement effect existed in the samples from the chamber. This 
indicated that CdS nanocrystallines are present in the sample after the solution exchange. 
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We performed a parallel (reference) experiment to reflect the key role of the grafted GUVs. 
The same injection protocol was performed in a chamber containing no GUVs (i.e. using 
blank ITO glass without lipid coating). The obtained result showed that the solution in the 
chamber without GUVs present yields fluorescence signal (green dotted line) similar to that 
flown first outside the chamber. Both of these signals are also similar to the signal intensity 
obtained from the direct mixing of the two salt solutions.  
 

 
Fig. 13. Fluorescent spectra of the sample containing the vesicles and the one flown out of 
the chamber. The solution in the chamber with GUVs after the content exchange protocol 
(dashed red curve) has significant absorption in the range 460-600 nm due to the formed 
nanoparticles. This signal is not observed from the solution flown out of the chamber (solid 
black curve). For comparison, the fluorescence spectra from direct mixing of CdCl2 and Na2S 
solutions with the same concentration (0.3 mM) is also plotted (dash-dotted green curve). 

TEM images (Figure 15) provided further evidence for the formation of CdS nanoparticles 
by this solution exchange method. The nanoparticles had diameters around 50 nm and were 
polycrystalline as demonstrated by the two diffraction rings in the corresponding SAED 
pattern (Gorer et al, 1998). In contrast, the solution flown out of the chamber, which 
consisted of a mixture of the introduced CdCl2 and the reagent Na2S from the vesicle 
exterior, contained only irregular sediment with poor polycrystalline structure (Figure 15). 
For the slow content exchange protocol, our setup did not allow us to perform confocal 
microscopy scans and image analysis as in Fig. 3-4 because of the large thickness of the 
substrate. Thus we were not able to identify whether the nanoparticles were formed in the 
vesicle volume or in the nanotubes connecting them with the substrate. However, the drastic 
difference between the morphology of CdS material formed inside and outside the vesicles 
strongly suggested that templating role was present in this exchange system. 
Besides the chemical reaction discussed above, the solution exchange method also provides 
an alternative way to prepare GUVs with a desired salt entrapped at a high concentration. 
For example, one could first form GUV populations at a low salt concentration, and then 
slowly exchange the content of the tethered vesicles with a solution of high salt 
concentration. We further noticed that when high concentration of CdCl2 solution, e.g. 3 
mM, is used as an exchange solution, the vesicles tend to adhere to each other. This finding 
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supports our explanation for the observation that Cd-GUVs could not be effectively grown 
and self-electrofused at high Cd2+ concentration (e.g. 3 mM). Presumably, electrostatic 
interactions of cadmium ions with the zwitterionic headgroups of the lipids increased the 
inter-membrane interaction and stiffness. Similar behavior from other divalent ions such 
Ca2+, Mg2+ have been also previously found to induce tension on the membranes and 
accordingly, a marked increase in the membrane�–membrane interactions between adjacent 
GUVs (Akashi et al, 1996; Bockmann et al, 2004; Sinn et al, 2006; Pabst et al, 2007). 
 

   
Fig. 14. TEM images (two left images) and a SAED pattern (right) from polycrystalline CdS 
nanoparticles in the chamber after the slow solution exchange. The salt concentration in the 
exchange solution and in the vesicles was 0.3 mM. The diameter of the nanoparticles is 
around 50 nm. Reproduced from (Yang et al, 2009). Copyright Wiley-VCH Verlag GmbH & 
Co. KGaA. Reproduced with permission. 
 

   
Fig. 15. TEM image (left) and SAED pattern (right) from sediments with poor polycrystalline 
structure in the solution flown out of the chamber. The reagent concentration in the 
exchange solution and in the vesicles was 0.3 mM. 

4. Conclusion and remarks   
To summarize, our results suggest that the possible mechanism of cell-based nanoparticle 
synthesis, whether intra- or extra-cellular, may not necessarily be only peptide- or protein-
driven or regulated. Simple chemical mixing of subpicoliter volumes due to fusion of carrier 
vesicles with cell membranes or slow influx in the intracellular space may be the possible 
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pathway of these syntheses. With the two protocols discussed above, the sizes of 
synthesized CdS nanoproducts could be tuned from 4 to 50 nm in diameter using two 
different protocols. The application and further improvement of the protocols may be 
sought in the following directions: 1) enhancing the yield and product quality for the 
electrofusion protocol can be achieved by applying batch electrofusion in optimized 
chambers; 2) optimization of the chamber substrate used in the solute exchanging protocol 
may allow us to elucidate the location (nanotubes of GUVs) for nanoparticle formation; 
3) bio-organic/inorganic hybrid nanocomposite materials may also be prepared by our 
methods; 4) constructing GUV microreactor arrays on substrates can be employed for the 
construction of functional devices containing inorganic nano-functional blocks; 
5) unexplored reactions, besides nanoparticle synthesis in GUV, include but are not limited 
to: biosynthesis of genes (RNA and DNA), proteins and carbohydrates in vesicles; enzyme-
catalyzed reactions; biomineralization processes; host-guest interactions.  
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1. Introduction     
Gait generation is the formulation and selection of a sequence of coordinated leg and body 
motions that propel a legged robot along a desired path.  
Free gaits are the ones in which any leg is permitted to move at any time and fixed, or regular, 
gaits are those ones in which a specific pattern of leg movement is imposed. All animals move 
with fixed gaits (Pal & Jayarajan, 1991; Wettergreen & Thorpe, 1992; Pack & Kang, 1999).  
Online gait generation for robots with multiple degrees of freedom (DOF) is still a difficult 
problem, in particular for non-steady state locomotion, that is, when the robot has to move in 
non-structured environments with continuous variations of the speed, direction, and type of 
locomotor behavior (Crespi et al., 2008; Diedam et al., 2008). However, in nature, the motion of 
the legs follows stereotyped patterns with small variations from cycle to cycle related to the 
adaptation or entrainment with the environment (Taga, 1994; Forner-Cordero et al, 2006).  
This work addresses the problem of controlling a four legged climbing robot using a control 
architecture based on several coupled Central Pattern Generators (CPG). 
CPGs are neural circuits found in both invertebrate and vertebrate animals that can produce 
rhythmic patterns of neural activity even in the absence of excitatory inputs (Delcomyn, 
1980; Ijspeert, 2008). The term central indicates that sensory feedback from the peripheral 
nervous system is not necessary to generate the rhythmical patterns, nevertheless, sensory 
feedback is important for the modulation of these patterns and entrain with the 
environment (Brown, 1914; Grillner, 1985; Collins & Stewart, 1993; Duysens & Van de 
Crommert, 1998). 
CPGs are fundamental building blocks for the motion neural circuits which present several 
interesting properties including distributed control, the ability to deal with redundancies, 
fast control loops and disturbance rejection. They also allow modulation of locomotion by 
simple control signals (Fukuoka, Kimura, & Cohen, 2003; Ijspeert, 2008). 
The purpose of CPG models is to exhibit limit cycle behavior, i.e. to produce stable rhythmic 
patterns. When this is the case, the system rapidly returns to its normal rhythmic behavior 
after transient perturbations of the state variables, thus providing robustness against 
perturbations. 
The choice of CPG is justified by the cited robustness in the generation of patterns. In 
addition, the artificial CPG, like its biological counterpart, can produce coordinated patterns 
of rhythmic activity while being modulated by control parameters (Matsuoka, 1987).  
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These properties, when transferred to mathematical models, make CPGs interesting 
building blocks for locomotion controllers in robots and have been well studied by a 
number of researchers with possible applications to the control of walking machines 
(Inagaki, Yuasa & Arai, 2003; Ishii, Masakado, & Ishii, 2004; Inagaki, Yuasa & Suzuki, 2006; 
Liu et al, 2007; Ijspeert, Crespi & Ryczko, 2007; Aoi & Tsuchiya, 2007; Morimoto, Endo & 
Nakanishi, 2008). 

2. The four legged robot platform: Kamanbaré 
2.1 Overview of the platform 
Purporting the main goal of climbing trees for environmental research applications, a bio-
inspired robotic platform named Kamanbaré was designed and built (Bernardi & Da Cruz, 
2007). The project's main application is climbing trees for non-invasive research purposes, 
reaching points that may represent a risk to humans. 
The mechanical structure of the Kamanbaré platform consists of a central rigid body with 
four identical legs distributed symmetrically, Fig 1. Each leg comprises three links connected 
by three rotating joints and fixed to the central body. Each joint has 1 DOF. Identical motor 
and reduction groups are responsible by the rotary movements. Fig. 2 shows the kinematic 
configuration of a leg.  
 
 

  
 

Fig. 1. Kamanbaré robot. Left: CAD model. Right: prototype picture. 

2.2 Hardware architecture 
The computations of locomotion strategies, motion control algorithms, sensor information 
processing and communication with the base station must be done in real-time. This 
significant computer load requires an advanced architecture processor running a very 
efficient operating system, therefore the ARM9 core running a Real Time Linux were 
chosen. 
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Fig. 2. Kinematic configuration of a leg. 

Due to the control complexity present in this particular robotic platform, a main board for 
the execution of the highest hierarchical level control activities was considered. 
As a solution for the main board, the TS-7250 (Technologic Systems, USA) was selected. The 
main reasons for this choice were: it is compact, it contains different standard interfaces, and 
it is based on the EP9302 Cirrus Logic processor, with an ARM9 core, Fig. 3. The EP9302 
implements an advanced processor core: 200 MHz ARM920T with support for a memory 
management unit (MMU). This ensemble allows the use of a high-level operating system, in 
this case Linux. The ARM920T core has a 32-bit architecture with a 5-stage pipeline, offering 
high performance and low energy consumption levels. With a 200 MHz clock, the TS-7250 
module offers a performance approximately twice as fast as similar boards based on 586-
core processors. 
 

 
Fig. 3. Main board diagram. 

Other motor control boards were also developed using a Texas Instruments microcontroller 
of the MSP430 family and specific integrated circuits to implement the power actuation 
module, based on the so-called H-bridge technique. 
To implement the control systems for the Kamanbaré platform, an electronic architecture 
was defined. Initially only one joint was considered as represented in Fig. 4, where the main 
components are shown: a DC motor, a potentiometer and a micro switch. 
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Fig. 4. Schematic representation of a joint. 

Thus, for control purposes, the need for a PWM output (motor control), an analog input 
(potentiometer reading, indicating the joint angle), and a digital input (reading the limits of 
the joint course) was ascertained. One copy of the joint control system described above was 
built for each joint. 
As the robot has four legs, it was decided to distribute the  control to each leg. Thus, each leg 
control module needs four groups as mentioned, namely, three for the joints, and one for 
controlling the opening and closing of the claw. 
A motor control board was developed for this specific purpose, Fig. 5, based on the 
MSP430F149 Texas Instruments microcontroller and on the L298 integrated circuit (H-
bridge).   
 

 
Fig. 5. Motor control board diagram. 

Thus, the general hardware architecture for the Kamanbaré platform was deployed 
according to the diagram shown in Fig. 6.  

2.3 Control software architecture 
A control software architecture was implemented for local control of the Kamanbaré 
platform. This architecture corresponds to the robot's functional organization. 
Based on the hardware architecture presented above, the development of the following 
systems was accomplished according to Fig. 7. This model is based on the architecture 
implemented for the MARIUS robot (Pascoal et al., 1997) and has the following main 
components described below: 
 General Control System: this system receives trajectory reference information from the 

Mission Control System. It controls all the robot's movements, sending the appropriate 
commands to the Actuators Control System. Problems occurring in the path, such as 
obstacles or absence of support points for the paws, are handled by this system. 

 Mission Control System: this system is the main module, with the highest hierarchical 
level of the platform. It is responsible for receiving commands via the Communication 
System, and for distributing them to the systems involved. It also stores information on 
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the general status of the platform (battery voltage, position of the legs, angles of joints, 
etc.) keeping them available. This system gathers information from the Environmental 
Inspection System to be subsequently forwarded to a base station.  

 
 

 
Fig. 6. Hardware architecture of the Kamanbaré platform. 

 
 General Control System: this system receives trajectory reference information from the 

Mission Control System. It controls all the robot's movements, sending the appropriate 
commands to the Actuators Control System. Problems occurring in the path, such as 
obstacles and absence of support points for the paws, are handled by this system. 

 Mission Control System: this system is the main module, with the highest hierarchical 
level of the platform. It is responsible for receiving commands via the Communication 
System, and for distributing them to the systems involved. It also stores information on 
the general status of the platform (battery voltage, position of the legs, angles of joints, 
etc.) keeping them available. This system gathers information from the Environmental 
Inspection System to be subsequently forwarded to a base station. 

 Communication System: this system is the module in charge of the communication 
interfaces existing in the platform, managing communications and exchanging data 
with the Mission Control System. 

 Environmental Inspection System: this system is responsible for gathering data from 
the installed sensors and for controlling any additional hardware required for that 
purpose as well. All acquired data are sent to the Mission Control System. 
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Fig. 7. Kamanbaré�’s control software architecture. 

2.4 Kamanbaré Simulink models 
The CAD model of the Kamanbaré robotic platform, described in section 2, was designed 
using Solidworks® (Dassault Systèmes SolidWorks Corp). Thus a Simulink Kamanbaré 
model was generated using the SolidWorks®-to-SimMechanics (MATLAB®, Simulink®, The 
MathWorks Inc.) translator. This translation process is based on two major steps: 
exportation of the CAD assembly into a physical modeling XML format file and importation 
of the generated XML file into a SimMechanics model in Simulink®. 
For the translation procedure, some configurations like the name of the joints and legs were 
adopted as well the desired sense of movement, as shown in Fig. 8. 
The complete model obtained for the Kamanbaré platform is depicted in Fig. 9. For a better 
understanding and visualization the legs were represented as model blocks.   
Since all four legs are identical, one detailed leg model block, namely, the Front Left Leg, is 
described in Fig. 10. 
A Gait Generator was also implemented with the main function of providing the correct 
angle references for joints as functions of time. This block is presented and detailed in 
section 3.  

3. Gait 
A gait is a repetitive (quasi-cyclical: consider small variations from cycle to cycle to adapt to 
ground irregularities) pattern of foot placements (Forner-Cordero et al., 2006). It is usual to 
assume that each leg is sufficiently specified as a two-state device: on the ground and off it. 
The legs on the ground are supporting and propelling the robot, and those in the air are 
being retracted. 



Biologically Inspired Locomotion Control of a Climbing Robot   

 

559 

 
 
 
 

 
 
 
 
Fig. 8. Kamanbaré�’s configuration of joints: top view. 
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Fig. 10. Simulink Leg model: Front Left. 
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The concept of gait assumes a regular progression forwards or backwards and can be 
expressed as a function of time or distance. Fig. 10 presents a plan view of a walker´s 
footfalls at four successive times, t1, t2, t3 and t4, as it walks with a diagonal gait in which the 
front left (FL) and rear right (RR) legs move as a pair, and the front right (FR) and rear left 
(RL), as a second pair. At times t2 and t4 the walker alternates from one support pair to the 
other (Todd, 1985).  
 
 

 
 

Fig. 11. A walker´s footfalls at four successive times. A black circle represent a foot on the 
ground (adapted from Todd, 1985).  

Fig. 12 shows the gait as a function of time. Each bar represents the time during which a foot 
is on the ground. This is called a gait diagram. 
Another way normally used to represent a gait is shown in Fig. 13 where each wave 
represents the joint angles as a function of time for a set of corresponding joints, for 
example, all the four hips joints of a robot. 
Quadrupeds can adopt a number of different gaits, depending upon their speed of 
locomotion and the terrain. Three of the more common gaits are: Walk, Trot, and Bound 
(Collins & Richmond, 1994). These gaits are shown schematically in Fig. 14. In the Walk, 
which is a slow-speed gait, the limbs move a quarter period out of turn, in a figure-eight 
wave. In the Trot, which is a medium-speed gait, diagonal limbs, e.g., front right and rear 
left, move together and in phase, and pairs of diagonal limbs move half a period out of 
phase with one another. The Bound, which is a fast-speed gait, is similar to the trot, except 
that front and rear limbs, respectively, move together and in phase. 
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Fig. 12. Gait diagram (adapted from Todd, 1985).  
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Fig. 13. Gait represented in the form of joint angles as functions of time. 

 

 
Fig. 14. Phase relations for three common quadruped gaits: Walk, Trot and Bound (adapted 
from Collins & Richmond, 1994). 
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In the present work, a CPG model was considered to be a locomotion control for only the 
particular gait mode Walk.  

4. CPG controller architecture 
4.1 Matsuoka nonlinear neural oscillators 
The model of Matsuoka�’s nonlinear neural oscillator (Matsuoka, 1985, 1987; Liu et al, 2007) 
consists of two first-order coupled differential equations, one representing the membrane 
potential of the neuron and the other one, the degree of neuron fatigue, where the output of 
the neuron is nonlinear logic. 

 0
1

n
i

r i ij j i i
j

duT u w y u bv feed
dt

 (1) 

 i
a i i

dvT v y
dt

 (2) 

 ,n _mii i sat vy eu alu  (3) 

Which equation represents: 
1. Membrane potential; 
2. Rate of neuron fatigue; 
3. Non-linear output (saturation function). 
The mathematical neuron model has two state variables and a few constant parameters. The 
first state variable is the inner variable ui, corresponding to the membrane potential of the 
neuron. The second state variable is vi, representing the degree of adaptation or self-inhibition 
in the i-th neuron, b is the adaptation constant, and yi is the output of the i-th neuron. 
Subscripts i, j denote the neuron number. Tr is the time constant specifying the rise time for a 
step input and the frequency of the output is proportional to 1/Tr. Ta is the time constant 
specifying the adaptation time lag, wij denotes the inhibitory synaptic connection weight from 
the j-th neuron to the i-th neuron,  wij  0 for i  j, and wij = 0 for i = j. (wij yj) represents the total 
input from neurons inside a neural network, u0 is the constant drive input and feedi is an input 
feedback sensor signal to the i-th neuron representing internal sensory information and 
interaction between the robot and its environment; it is mainly used in a closed-loop CPG 
model or else it is set to zero. Input feedi may be any number of inputs applied to the i-th 
neuron model, which may be either proprioceptive signals or signals from other neurons. 
Time constants Tr and Ta change frequency and the input u0 changes amplitude. Fig. 15 shows 
the general Matsuoka neuron model described by the equations presented above. 
Assuming that the Matsuoka oscillator consists of two neurons with four state variables (Liu 
et al., 2007), two variables, ui and uj, represent the inner state of each neuron and the other 
two state variables, vi and vj, represent the degree of adaptation for each neuron. These 
neurons, linked reciprocally, alternately inhibit and excite each other to produce an 
oscillation as output. Such activity accounts for the alternating and mutually inhibition of 
the flexor and extensor muscles at joints during walking. The extensor and flexor are 
physiologically driven based on the output of each neuron. Self-inhibition is governed by 
b�• vi and b�• vj connections and mutual inhibition by wijyj and wjiyi connections, as shown in 
Fig. 16. 
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Fig. 15. Matsuoka neuron model (adapted from Liu et al, 2007). 
 
 

 
Fig. 16. Oscillator with an extensor (E) and a flexor (F) (adapted from Liu et al, 2007). 

The oscillator output H=yi yj, represents the algebraic sum of the output signal from each 
neuron. H may be used as a motor command to drive a 1 DOF joint, where H<0 corresponds 
to extensor neuron activity, and H>0 corresponds to flexor neuron activity. In this work the 
output of oscillator H is used to represent the desired angle of a joint.  

4.2 CPG network configuration 
The aim of the CPG network design was that one neural oscillator corresponded to the hip 
joint of each leg (Ishii, Masakado & Ishii, 2004). The basic structures of CPG network and the 
output signals are presented in  Fig. 17. Each neural oscillator consists of an extensor neuron 
and a flexor neuron. There is only one motor that can rotate in both directions, therefore, 
both neuron outputs are combined to drive the motor. The output of each neural oscillator 
determines the motion of hip joint of each leg whether the leg is in the support phase or in 
the swing phase. 
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The numbers 1,2 correspond to the neurons of front left leg (LEG1), 3, 4 for the front right 
leg (LEG2), 5, 6 for the rear left leg (LEG3), and 7, 8 for the rear right leg (LEG4), 
respectively. The w12 is the weight between the flexor neuron and the extensor neuron of 
LEG1 and w13 is the weight between the flexor neuron of LEG1 and the flexor neuron of 
LEG3. If wij is positive, the connection ij excites the other neuron, if negative, it suppresses 
the other one, and if zero means no connection. 

4.3 CPG Simulink model 
The CPG network presented in Fig. 17 was implemented in Simulink® as shown in Fig. 18 
below. The connectors P11, P12, P21, P22, P31, P32, P41 and P42 are signals to the Kamanbaré 
leg joints, where P11 contains the angle reference to joint 1 of LEG1, J11 as shown in Fig. 8, 
with the corresponding connection with P11 in Fig. 10. In the same way P12 represents the 
joint 2 of the LEG1 (J12), P21 represents the joint 1 of the LEG2 (J21) and so on.    
 
 
 
 

 
 
 
 
Fig. 17. The CPG network (adapted from Liu et al, 2007 and Ishii, Masakado & Ishii, 2004). 
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Fig. 18. The Simulink CPG network model. 

The content of Neural Oscillators blocks of Fig. 18 is the corresponding implementation of the 
oscillator presented in Fig. 16 with two neurons: Flexor and Extensor, as shown in Fig. 19. 
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Fig. 19. Oscillator model. 

6. Simulation results 
6.1 Overview 
Regarding the gait generation only a simple locomotion where the robot follows a straight 
path using the Walk quadruped mode gait was implemented. No waiting time will be 
introduced, besides those produced by the legs when searching for the support points, 
therefore this gait will be at the highest speed allowed by the surface.  
The simulations combined the mechanical models of the machine presented in Figs 8-10 
with the controller presented in Figs 18-19. The mechanical model receives the inputs from 
the controller, performs the simulated motion and feeds back the sensory information to the 
controller. In this way, the tuning of the CPG parameters can be performed before the 
implementation on the real Kamambaré. 

6.2 CPG initial parameter setup 
Once the parameter tuning of a CPG network is a difficult process as there is no established 
procedure (Son et al., 2006; Hattori et al., 2010; Costa et al., 2010), the initial parameters as 
chosen spending a low effort of time. 
In this way, the described CPG was simulated considering the parameters:  Tr = 0.05, Ta = 
0.5, b = 2.0, u0 = 1.0, feedi = 0.0. The weighting matrix wij (i = 1, 2,�…, 8 and j = 1, 2,�…, 8) was 
chosen as 

            Flexor Neuron

 
 
 
 
 
 
Extensor Neuron 



 Biomimetic Based Applications 

 

568 

0.0 2.0 1.0 0.0 1.0
2.0 0.0 0.0 1.0 0.0
1.0 0.0 0.0 2.0
0.0 1.0 2.0 0.0
1.0 0.0 1.0 0.0
0.0 1.0 0.0 1.0
1.0 0.0 1.0 0.0
0.0 1.0 0.0 1.0

ijw

0.0 1.0 0.0
1.0 0.0 1.0

1.0 0.0 1.0 0.0
0.0 1.0 0.0 1.0
0.0 2.0 1.0 0.0
2.0 0.0 0.0 1.0
1.0 0.0 0.0 2.0
0.0 1.0 2.0 0.0

 

The first simulation result obtained using the parameters above is shown in Fig. 20. 
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Fig. 20. Output response in identical and mutual inhibitory coupling between four 
Matsuoka oscillators. 
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Fig. 21. Phase plot of the time evolution of the linear oscillator. 



Biologically Inspired Locomotion Control of a Climbing Robot   

 

569 

Analysing Fig. 20, certain initial transient of the oscillators can be clearly noted in the first 4 
seconds of simulation. In order to better verify this behaviour, a phase plot of the state 
variables u and v is presented in Fig. 21.  
The initial transient is obviously undesirable, since it will produce a non-acceptable robot 
behavior, e.g movements of the legs joints. In this way, tuning of the CPG parameters turns 
out to be mandatory.   

6.3 Parameter tuning 
The parameter tuning of a CPG network is a difficult process since it implies in a task of 
changing a substantial number of interrelated parameters. 
In this work a trial-and-error procedure was adopted in order to find a set of the parameters 
that provided the required control signals. 
Thus, after several iterations and tests for analyzing the gait wave form, it was concluded 
that the initial transient obtained was directly correlated to the values used as initial 
conditions in the integrator blocks of the neural oscillator�’s models.  
Once these initial conditions were adjusted, the complete neural system showed a stable 
behaviour. The following set of parameters has then been adopted: Tr = 0.4, Ta = 0.5, b = 4.0, u0 
= 1.0, feedi = 0.0 and the weighting matrix wij (i = 1, 2,�…, 8 and j = 1, 2,�…, 8) chosen as 

0.0 1.8 1.2 0.0 1.2
1.8 0.0 0.0 1.2 0.0
1.2 0.0 0.0 1.8
0.0 1.2 1.8 0.0
1.2 0.0 1.2 0.0
0.0 1.2 0.0 1.2
1.2 0.0 1.2 0.0
0.0 1.2 0.0 1.2

ijw

0.0 1.2 0.0
1.2 0.0 1.2

1.2 0.0 1.2 0.0
0.0 1.2 0.0 1.2
0.0 1.8 1.2 0.0
1.8 0.0 0.0 1.2
1.2 0.0 0.0 1.8
0.0 1.2 1.8 0.0

 

The final simulation result obtained is shown in Fig. 22, where a significant reduction of the 
initial transient time to about 0.8 sec can be observed. This improved behaviour can also be 
checked in Fig. 23 by the analysis of the phase plot of the states variables u and v. 
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Fig. 22. Output response using the tuned set of parameters. 
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Fig. 23. Phase plot of the time evolution of the linear oscillator. 

7. Conclusions 
The main purpose of this work was to design and implement a CPG based control 
consisting of a network of mutually inhibited and coupled Matsuoka oscillators and to 
demonstrate that the CPG model can be useful for the online generation of gaits in the 
Kamanbaré robot. The implementation of the CPG controller was proven to be feasible.  
Nevertheless the parameters tuning is a quite complex task due to the large number of 
interrelated variables. In a first approach an optimization method was used to tune one half 
of the entire model but results obtained were not useful or appropriate to be applied to the 
full system implementation. Thus a trial-and-error procedure was adopted in order to find a 
good set of parameters to generate a gait that produced a smooth movement of the robot leg 
joints. 
Future work will address first on the improvement of the CPG and the Kamanbaré models 
including the joint sensor feedback connection to provide a closed loop control. An 
optimization method will also be developed in order to obtain a better setting for the CPG 
parameters. 
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