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Preface 
 

A biosensor is defined as a detecting device that combines a transducer with a biologi‐

cally sensitive and selective component. When a specific target molecule interacts with 

the biological component, a signal is produced, at transducer level, proportional to the 

concentration of the substance. Therefore biosensors can measure compounds present 

in the environment, chemical processes, food and human body at low cost if compared 

with traditional analytical techniques.   

 

This book covers a wide range of aspects and  issues related to biosensor technology, 

bringing  together  researchers  from  16  different  countries.  The  book  consists  of  24 

chapters written by 76 authors and divided in three sections. The first section, entitled 

Biosensors  Technology  and Materials,  is  composed  by  two  chapters  and  describes 

emerging aspects of technology applied to biosensors. The subsequent section, entitled 

Biosensors for Health and including twenty chapters, is devoted to biosensor applica‐

tions in the medical field. The last section, composed by two chapters, treats of the en‐

vironmental and biosecurity applications of biosensors. 

 

I want to express my appreciation and gratitude to all authors who contributed to this 

book with  their  research  results and  to  InTech  team,  in particular  to  the Publishing 

Process Manager Ms. Mirna Cvijic that accomplished its mission with professionalism 

and dedication.  
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Fluorescent Biosensors for Protein  
Interactions and Drug Discovery 

Alejandro Sosa-Peinado1 and Martín González-Andrade2 
1Departamento de Bioquímica, Facultad de Medicina, 

Universidad Nacional Autónoma de México 
2Facultad de Química,  

Universidad Nacional Autónoma de México 
México 

1. Introduction 
The powerful ability of proteins to bind selectively its ligand and interact specifically with 
other proteins during its functions, have been employed in the development of highly 
specific and robust biosensors (Medintz and Deschamps 2006; Vallee-Belisle and Plaxco 
2010). To design protein biosensor is required to attach a transducer to the protein in order 
to monitor a specific interaction. The nature of this transducer is diverse, but fluorescent 
attachment has been used extensively by protein, in general are based in attachment in a the 
chemical groups  and/or in the genetical fusion of green fluorescent proteins (GFP) or 
derived proteins (Deuschle, Okumoto et al. 2005; Campbell 2009; Wang, Nakata et al. 2009). 
In this review we are focus in  the fluorescent biosensors based in site-specific fluorescent 
labeling, as a result of combining the chemical attachment by site-directed mutagenesis 
and/ or manipulation of genetic code. Given the enormous diversity in the nature of the 
fluorescent attachment to proteins, we are focused to the recent advances in monitoring 
protein-ligand and protein-protein, and their applications in different areas of research. 
Since the protein scaffold used as biosensor might be a pharmacological target (Cooper 
2003), the design of robust biosensors, could be used for high-throughput screening in the 
search of new drugs (Cooper 2003). 

2. General design of biosensor 
A biosensor is a biological receptor able to monitor the concentration of a specific analyte 
or even more, could be selective to interact only with a particular conformation of a 
macromolecule, event typically associated to the allosteric proteins, that present changes 
in the protein conformation coupled to changes in the affinity for its ligand or another 
proteins (Wang, Nakata et al. 2009). In any case, for the biosensor design is required their 
appropriate transducer, and the nature of this could be diverse: optic, mechano-chemical, 
electro-chemical, acustic, etc. There is no a universal rationale for biosensor construction, 
therefore, should be taken in consideration several features for design: First, is the choice 
for the biological component, in general is a protein that provide the stereospecificity 
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required for the wanted interaction, but in some cases nucleic acids are good sensors 
(aptamers). Enzymes are very specific, however in some cases the catalysis is not 
desirable, thus some enzymes have to be modified to impair the activity and conserve 
only the ligand binding property, or the ideal case is to use a protein that only bind the 
analyte to monitor. Accordingly, a family of proteins in the periplasmic space of bacteria 
fulfill the last requirement (Looger, Dwyer et al. 2003; de Lorimier, Tian et al. 2006). These 
proteins named periplasmic binding proteins (PBPs), present a conformational change 
upon ligand binding, as a first step to interact with a membrane transporters (ABC 
proteins), previous of the translocation of ligand to the interior to the cell (de Lorimier, 
Tian et al. 2006; Medintz and Deschamps 2006; Tsukiji, Miyagawa et al. 2009). The 
different members of these proteins are able to bind a large number of analytes, such a as: 
carbohydrates, amino acids, ions, hormones, heme-groups, etc. Thus several PBPs has 
been used to detect a specific ligand, the group of Hellinga has been able to construct 
constructed several fluorescent biosensors . 
The Second consideration, is about the chemical nature of the fluorescent transducer, and 
the physicochemical property for which the signal is optimal. There are signals very 
sensitive to the polarity of the solvent, or to the electrochemical environment, pH, etc. In 
general several fluorescent groups have solvatochromic effects in which there is a low 
emission fluorescence in aqueous environment, but in low polar environment there is an 
increase of fluorescence emission associated to a blue-shifted emission spectrum. Since, 
when a protein interaction take place, this produce changes in solvent accessibility 
rearrangement of not covalent interaction, thus in many cases the fluorophore may sense the 
environment perturbation produced by the protein interaction. Also, there are fluorescents 
signals that are quenched when a ligand or another protein are in proximity of the label. 
When the protein present a notable conformational change, in some cases a pair donator-
acceptor signals could be selected to generate Foster resonance energy transfer (FRET) 
biosensors, in which the fluorescence transference energy observed by fluorescence emission 
changed in a distance dependence when the conformational change take place. 
Third consideration, is the selection of a position into the protein to introduce the signal, 
these position would generate low perturbation in the stability of the protein with full 
capacity to the specific interaction sought, and high sensitivity for detection, the advantage 
for label introduction by chemical methods, allow to introduce the label at any position of 
the protein. This may be the most difficult problem to predict the best place to introduce the 
signal to produce the high sensitive signal with a low perturbation of the ligand binding 
system. In many cases when the introduction of the signal is closer of the ligand binding 
site, allow the good signal. Now days, the structural  information of proteins allow to 
evaluate in silico the effect of protein stability before the experimental work, from the protein 
data base (PDB), and the identification of structural binding motives or the ability to create a 
structural model from the homologues protein with know structure in combination with 
molecular modelling. A fourth factor to be considered is the robustness of the biosensor, to 
be reproducible, reversible, rapid for signal detection, and reagent free, altogether, these 
characteristics will determine if the designed biosensor could be able to monitor in real time 
in either cell environment or in a immobilized device (Looger, Dwyer et al. 2003; Vallee-
Belisle and Plaxco 2010; Plaxco and Soh 2011). In general there are some advantage and 
limitations for these type of biosensors (Table 1). 
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 Advantage Limitation 

Fluorescent groups 

The chemical nature is 
diverse, many are 

commercial available, is 
possible to select a broad 

range in light excitation in 
the UV, visible spectra. Are 

small and is possible to 
label at any position into 

the protein sequence. 

The stability perturbation 
that may introduce the 
chemical group into the 

protein. 

Position for labeling 

Combined with the site 
directed mutagenesis is 

possible to introduce at any 
position wanted. 

Stability perturbation, and 
undesired reaction, but this 

is overcome with 
incorporation of SH groups 

at specific positions. 

Biological receptor 

There are many ligand 
binding proteins, receptor, 
and enzymes for protein 

selection. 

Modification of the ligand 
binding specificity for its 

ligand. 

Table 1. Advantge and limitation for the inytroduction of fluorescent labels. 

3. Biosensor based in chemical attachment of labels and genetic methods 
The incorporation of fluorescent labels by combination of chemical-labeling methods 
simultaneously with molecular genetic methods are diverse, nonetheless, we can categorize 
in three major groups in terms of the method to label the chemical probe into the protein 
surface: i) incorporation of reactive free cysteine for thiol-fluorescent labeling by site 
directed labeling methods; ii) site specific incorporation of unnatural fluorescent amino acid 
based in a expansion of genetic code methods; and iii) incorporation by covalent chemical 
modification, some by post-photoaffinity labeling from the site directed labeling based in a 
thiol -fluorescent reactive, the signal incorporation could be at binding site (endosteric), 
outsite of the binding site (allosteric) or in the case of two fluorophores for fluorescence 
resonance energy transference (FRET) as described in Fig 1. 

3.1 Biosensor based in site-directed mutagenesis and site-specific fluorescent 
labeling methodology 
The addition of fluorescent signal to a protein by introduction of a reactive cysteine for a 
thiol-fluorescent group is consequence of both, the enormous chemical synthesis available to 
attach covalently fluorescent groups to the SH group present in the cysteine residue of 
proteins, and at the same time the well established molecular genetic methods to introduce a 
new residue by site directed mutagenesis. In particular the thiol groups of a cysteine is the 
most reactive nucleophile of protein residues, thus, is very effective to label only the SH 
residues without non-specific labeling. The large number of fluorescent probes could be 
excited in a broad range of light wavelength from the uv light to the visible range, and 
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Fig. 1. Localization for fluorescent labeling. A, at the binding site, B, in allosteric site, and C, 
two fluorophore incoporation for FRET, when the distance between two signals changed by 
a conformational change..  

several of these probes are commercially available (Toronto Chemical Research Inc., 
Invitrogen-Molecular ProbesTM, Sigma-Aldrich®). The cysteine residue are not frequently 
present in proteins, then, is possible eliminate cysteine residues by site directed mutagenesis 
to avoid unspecific labeling. Site specific labeling of proteins with fluorescent probes, 
requires careful choice of labeling chemistry, optimization of the labeling reaction, the 
complete characterization of labeled proteins for: labeling efficiency, retention of protein 
functionality and minimal structural perturbation (Altenbach, Klein-Seetharaman et al. 1999; 
Mansoor and Farrens 2004). Given that several of the labels are small chemical groups, the 
labeling at relatively exposed residues minimize the perturbation in the protein structure. 
This was demonstrated by Farrens and col by the specific incorporation of bromobimane in 
a helix-turn-helix motive after chemical modification of 21 consecutive single-cysteine 
mutants; the residues T115 to K135 of T4 lysozyme. The ΔΔG calculated from each 21 
mutants and compared with the wild type enzyme indicated a minimal energy perturbation 
≤ 1.5 kcal/mol, for those residues exposed ≥ 40 Å of solvent surface accessible, after 
chemical modifications. In this work was pointed out no energy destabilization of T4 
lysozyme after fluorophore labeling unless the residue was buried into the protein structure. 
Thus having information about the protein topology, or the structure  ligand binding 
domain, there is a good possibility to introduce a small fluorescent signal with low 
perturbation in the designed protein. 

3.2 Biosensor based in the insertion of non-natural amino-acids 
The use of amber stop codons has been allowed to acylate the tRNA with un-natural amino 
acids and enrich its chemical  repertory into a protein. In addition to this method Honsaka 
and col has been developed the four base pare method to incorporate unnatural amino 
acids, among them have been synthesized p-aminophenylalanine derivatives bound to 
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BODIPY fluorophore. This approach was applied to incorporate two variants of fluorescent 
amino acids to calmodulin, an energy donor acceptor pair, to demonstrate the feasibility for 
FRET measurements when the distance between pairs change upon addition of calmodulin 
binding protein. This method allowed to study in solution the dynamics of the 
conformational change of calmodulin. 

3.3 Biosensor based in post transcription modifications and chemical modification 
Introducing a fluorescent signal without knowing about the sequence or the three 
dimensional structure, or binding domains for obtain a functional biosensor could be a very 
hard task,  Hamachi and collaborators introduce the post-photoaffinity labeling 
modification (P-PALM) to introduce fluorescent molecule close of the active site of a enzyme 
without any genetic manipulation to introduce the signal into the protein (Nagase, Nakata 
et al. 2003; Nakata, Nagase et al. 2004). The main goal of this methodology to attach 
fluorescent labels in living cells or whole organisms, that is the reason to avoid genetic 
methods. Based in this approach this group developed a biosensor based in the scaffold of a 
lectin, a saccharide binding protein. To this end concavalin A (Con A) was used in presence 
of the P-PALM reagent. This reagent have three important characteristics (Fig. 2): 1) high 
affinity to the lectine, a saccharide moiety, to bind the Con A, 2) the photoactive moiety 
(diazirine) to label the protein by photoirradiation, and 3) a disulfide group to remove the 
original ligand to bind to the protein and allow at the same time a reactive site for chemical 
modification (the thiol group).  
In other words the P-PALM is bounded to the protein by UV light irradiation when the 
ligand is anchored to the binding site of ConA by the saccharide moiety, then a reduction of 
the probe, generate a reactive SH for covalent modification with a thiol-reactive fluorophore, 
such as dansyl or fluorescein groups, then this lectin is transformed in fluorescent biosensor 
to saccharide (Fig 3). 
 

 
Fig. 2. P-PALM reactive and target. A is the molecular estructure of a post-photoaffinity 
labeling reagent P-PALM, and B is the structure of the target the concanalin A, the PDB Is is 
1 VAM. 
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The advantage of this method is the introduction of several chemical labels without need 
to use genetic engineered methods (Fig. 3), with the additional property to attach several 
fluorescent moieties. For example the addition of the fluorescent pH indicator, SNARF, 
the biosensor was able to distinguish to differentiate several anomeric groups present in 
the saccharides (Nakata, Nagase et al. 2004; Ojida, Miyahara et al. 2004). The same group 
of Hamachi and collaborators has been developed a similar methodology, now based in 
the chemistry of tosyl group, named ligand directed tosyl (LDT) chemistry (Tsukiji, 
Miyagawa et al. 2009) that contained benzenesulfoamide as the specific moiety. This allow 
to synthesize tosyl derivatives that bind specifically to some proteins: carbonic anhydrase, 
FK506-binding protein, or congerin (beta-galactoside-binding lectin). This strategy was 
applied successfully to create biosensor in vitro, and inside the cells without genetic 
modification methodology. The applications around this methodologies are versatile, for 
example another development by the same group is the quenched ligand directed toysil 
(Q-LDT) chemistry (Tsukiji, Miyagawa et al. 2009; Tsukiji, Wang et al. 2009; Wang, Nakata 
et al. 2009), in this case after the photolabeling, the fluorescent signal is quenched, but 
when the ligand interact in the binding site, the quencher is released from the protein, and 
the increase of fluorescence signal is used to do a calibration of the ligand concentration in 
solution. 
 

 
Fig. 3. Schema for the fluorescent labeling with a P-PALM reactive. In step 1 the P-PALM 
binds to the protein by photoirradiation, 2 reduction of the sample prepare a SH free and in 
3, the fluorophores by specific chemical modification to SH group. 

4. Biosensors for protein-ligand based in conformational changes 
Several protein changed the conformation locally of globally when a ligand binds, this is in 
part explained by the conformational displacement or induced fit mechanisms present in 
proteins. Accordingly to recent view for the dynamical properties of proteins, from nuclear 
magnetic resonance (NMR) and molecular dynamics algorithms, it have been proposed that 
proteins are in dynamical equilibrium, and the presence of ligand should stabilize one of the 
extreme states. In this dynamics equilibrium point of view, several non-covalent 
interactions, such as hydrogen bound, hydrophobic interactions or van del Walls 
interactions are created  at expenses to remove other interactions in different part of the 
protein, in a coupled process to the ligand binding event, in this sense if a suitable 
fluorescent signal is located into protein carring out the conformational change, should be 
an ideal for biosensor design when a fluorescent transducer is attached to the protein. The 
family of periplasmic binding proteins (PBPs) that presented a conformational change upon 
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ligand binding has been used to create diverse biosensors based in the fluorescent 
incorporation by chemical modification with thiol-fluorescent reactive for cysteine. This 
work has been pioneered by Cass and col by introduction of fluorescent group into the 
maltoside binding protein (MBP) a PBP, and extensively developed by Hellinga and 
collaborators (de Lorimier, Smith et al. 2002). This family of proteins presented a bilobated 
structure with high similarity, that present at least two conformers: an open form in absence 
of ligand and a closed state bound to its ligand (Fig. 4). Given that the different member of 
this family are able to bind a diverse number of ligands, it have been developed a big 
number of biosensor for diverse ligands such as glucose, ribose, aminoacid,  ions etc.  
In the same line of research Hellinga and col. have been employed member of PBPs to 
developed approximately 300 different biosensor, by introduction of the signal in the 
binding site, or near of remote from the binding site, for example into the hinge that connect  
the structure of the two lobules in PBPs. 
 

+ Ligand 

Open Closed 
 

Fig. 4. Conformationa change present upon ligand binding in the maltoside binding protein, 
the PDD ID for open state is 1N3X  and for the closed state is 1NL5. 

The introduction of signal in the endosteric or allosteric sites allow to calibrate some of the 
signals to the concentration of ligand in solution, however only 4% of the 320 biosensor 
changed the fluorescence intensity to develop highly sensitive biosensor (Fig. 4). To improve 
the detection of the signal transduction, it was analyzed the molecular nature of 
fluorescence environment from a structural model for the maltose binding proteins and 
modified the fluorophore environment into the protein by site directed-mutagenesis, this 
study allow a increase in 400% of the signal intensity or signal, that point out the use of 
molecular modelling to improve the transduction signal to a high sensitive levels 
(Dattelbaum, Looger et al. 2005).  
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5. Biosensor to monitor protein-protein interactions 
Specific protein–protein interactions are required for cellular communication processes, 
such as signal transduction cascades, transcription events, or transport process, etc. The 
determination of crystallographic structure of the protein complexes is not necessarily 
enough to explain the molecular basis of their specific interactions, therefore for a more 
dynamic study of protein-protein interactions in solution is combined with the introduction 
of labels in or near of interaction surface for the protein complex with structural models. For 
example, the use of fluorescent labels covalently attached for the proteins that participate of 
the primary events during the coagulation cascade were carried out; the interaction of the 
extracellular tissue factor (soluble TF) and the activated factor VII (Owenius, Osterlund et al. 
2001). The results of this work indicated that the multi-probe methodology permits to obtain 
indirect binding constants between the two proteins in solution, and it was concluded that 
the tightness of the local interactions at the labeled positions was similar to the interactions 
detected inside of the interior of globular proteins.  
The interface of actin myosin complex monitored by site-directed fluorescence and spin 
labeling techniques revealed a more complicated point of view for the interacting forces 
required for the active complex formation (LaConte, Voelz et al. 2002). The hypothesis of a 
simple transition of disordered weak interactions to strong-ordered interactions during the 
actin-myosin complex was not consistent with experimental. A strong-complex formation 
was indicated by a decrease in the mobility of the labels, but the labeled myosin indicated 
high mobility even after complex formation, also, solvent accessibility surface was decreased 
for actin-bound labels although was increased for myosin-bound probes. 
The photoreceptor rhodopsin present a conformational change activated by light in order to 
form an active state (named MII). This state, interact and activated the G protein transducin 
for the initiation of the biochemical cascade during the vision process (Filipek, Stenkamp et 
al. 2003). Interactions of both proteins were monitored by the changes in the fluorescence of 
bimane specifically incorporated into the rhodopsin, with the carboxylic terminus of a G 
protein transducin (Janz and Farrens 2004), given that the tryptophan residue quenches the 
bimane fluorescence (Mansoor, McHaourab et al. 2002), this interaction is able to monitor 
protein-protein interactions or conformational changes in proteins. Mapping the interaction 
of tryptophan with bimane by fluorescence quenching in solution between rhodopsin and 
transducin, was detected the presence of a critical hydrophobic interaction that controls the 
affinity of this specific interaction (Janz and Farrens 2004). In a similar study for the binding 
and release of the arrestin to the photoreceptor rhodopsin were monitored in real time by 
the changes in the fluorescence spectra of arrestin labeled with bromobimane at the 
proposed surface-binding site of rhodopsin with the arrestin (Janz and Farrens 2004). These 
studies proposed that arrestin and retinal release from the rhodopsin receptor are a linked 
process (Sommer, Smith et al. 2005); thus, this innovative methodology has been used for 
study the dynamics of arrestin interactions on the mechanism of G-protein-coupled 
receptors (Sommer, Smith et al. 2006) which are the target of a big number of drugs designs. 

6. Biosensor for robust detection of ligand interactions and drug design 
Calmoduilin is a calcium binding proteins that interact with many cellular targets including 
soluble enzymes, ion-channels and primary pumps, resulting in a variety of essential 
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downstream cellular effects (O'Neil and DeGrado 1990; Weinstein and Mehler 1994; Zhang 
and Yuan 1998; Zielinski 1998; Carafoli and Klee 1999; Berridge,  et al. 2003), and the 
conformation of the protein which drastically change according to the calcium levels into 
the cell to regulate physiological processes (Fig. 5), therefore this protein represents an 
important drug target (Dagher,  et al. 2006). Indeed, many CaM inhibitors are well known 
antipsychotic, smooth muscle relaxants, antitumoral and α-adrenergic blocking agents, 
among others. The interaction of CaM with its physiological targets depends on the 
exposure of two hydrophobic pockets (Fig. 5) following the conformational change elicited 
by Ca2+-binding to the protein. 
 

 

 

 

 

 

 

 

 

 

 A B C 
 

Fig. 5. Three-dimensional structures of the CaM in its different conformations: A) calcium-
free (pdb code: 1CFD); B) with calcium (pdb code: 1CLL) and; C) with TFP (pdb code: 1LIN). 
The structures were drawn using the PyMOL program. 

Many compounds including drugs, pesticides and research tools interact with CaM at the 
same hydrophobic sites provoking also conformational changes in the protein. Many of 
these substances behave as CaM antagonists, the best known structural examples of these 
interactions are the antipsychotic analogs of trifluoroperazine (Gangopadhyay, et al. 2004). 
In this sense several CaM has been used a protein target to interact with several protein by 
fluorescent attachment, for example: interaction between calmodulin (CaM) and a CaM-
binding peptide of the ryanodine receptor (CaMBP) and its sub-fragments F1, has been 
measured by the mutant Thr31Cys with the fluorescent group badan attached (Sharma, Deo 
et al. 2005). A mutant of CaM coupled to three different environment-sensitive fluorophores 
(MDCC, acrylodan, and IANBD ester) was detected the CaM interaction with 
phenothiazines and related tryclic antidepressants (Douglass, Salins et al. 2002). Recently  
Gonález-Andrade and col, has been designed a alternative biosensing assay for CaM 
inhibitors by chemical modification of bromobimane at position 124 (Gonzalez-Andrade,  et 
al. 2009; Figueroa,  et al. 2010), that allowed to determine the IC50 and Kd of the CaM 
inhibitors in a same fluorescent assay Fig 6. 
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Fig. 6. Structural moeling of the trifluoroperazine into the binding site of calmodulin and 
fluoresence titration to compare with fluorescent changes. 

7. Conclusions 
The well established method to attach fluorescent labels into the structure of a protein 
mentioned above by chemical methods in combination in some cases with the molecular 
biology methodologies, is making available a broad number of proteins to monitor a diverse 
protein interactions.  The selection of a protein receptor that should be a target form drug 
design for example the case of G protein coupled receptors (GPCR), that represent  close of 
the 30 % of the drug market, or calmoduilin that participates in a large number of protein 
signals, provided a excellent protein receptor to be adapted in robust protein immobilization 
methods required in the development of new strategies in the drug research by high 
throughput screening. 
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1. Introduction 

Chemical sensors have gained in importance in the past decade for applications that include 
homeland security, medical and environmental monitoring and also food safety. A desirable 
goal is the ability to simultaneously analyze a wide variety of environmental and biological 
gases and liquids in the field and to be able to selectively detect a target analyte with high 
specificity and sensitivity.  In the area of detection of medical biomarkers, many different 
methods, including enzyme-linked immunsorbent assay (ELISA), particle-based flow 
cytometric assays, electrochemical measurements based on impedance and capacitance, 
electrical measurement of microcantilever resonant frequency change, and conductance 
measurement of semiconductor nanostructures. gas chromatography (GC), ion 
chromatography,  high density peptide arrays, laser scanning quantitiative analysis, 
chemiluminescence, selected ion flow tube (SIFT), nanomechanical cantilevers, bead-based 
suspension microarrays,  magnetic biosensors and mass spectrometry (MS) have been 
employed (Burlingame, Boyd and Gaskell 1996, Jackson and Chen 1996, Anderson, Bowden 
and Pickup 1996, Chen et al. 2003, Li et al. 2005, Zhang et al. 2006, Huber, Lang and Gerber 
2008, Sandhu 2007, Zheng et al. 2005b). Depending on the sample condition, these methods 
may show variable results in terms of sensitivity for some applications and may not meet 
the requirements for a handheld biosensor. 
For homeland security applications, reliable detection of biological agents in the field and in 
real time is challenging. During the anthrax attack on the World Bank in 2002, field tests 
showed 1200 workers to be positive, and all were sent home. 100 workers were provided 
antibiotics. However, confirmatory testing showed zero positives. False positives and false 
negatives can result due to very low volumes of samples available for testing and poor 
device sensitivities. Toxins such as ricin, botulinum toxin or enterotoxin B are 
environmentally stable, can be mass-produced and do not need advanced technologies for 
production and dispersal. The threat of these toxins is real. This is evident from the recent 
ricin detection from White House mail facilities and a US senator’s office. Terrorists have 
already attempted to use botulinum toxin as a bio-weapon. Aerosols were dispersed at 
multiple sites in Tokyo, and at US military installations in Japan on at least 3 occasions 
between 1990 and 1995 by the Japanese cult Aum Shinrikyo (Greenfield et al. 2002). Four of 
the countries listed by the US government as “state sponsors of terrorism” (Iran, Iraq, North 
Korea, and Syria) (Greenfield et al. 2002) have developed, or are believed to be developing, 
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botulinum toxin as a weapon (Cordesman 1998, Bermudez 2001). After the 1991 Persian 
Gulf War, Iraq admitted to the United Nations inspection team to having produced 19000 L 
of concentrated botulinum toxin, of which approximately 10000 L were loaded into military 
weapons. This toxin has not been fully accounted for and constitutes approximately 3 times 
the amount needed to kill the entire current human population by inhalation (Greenfield et 
al. 2002). A significant issue is the absence of a definite diagnostic method and the difficulty 
in differential diagnosis from other pathogens that would slow the response in case of a 
terror attack. This is a critical need that has to be met to have an effective response to 
terrorist attacks. Given the adverse consequences of a lack of reliable biological agent 
sensing on national security, there is a critical need to develop novel, more sensitive and 
reliable technologies for biological detection in the field (Arnon et al. 2001). Some specific 
toxins of interest include Enterotoxin type B (Category B, NIAID), Botulinum toxin 
(Category A NIAID) and ricin (Category B NIAID). 
 While the techniques mentioned above show excellent performance under lab conditions, 
there is also a need for small, handheld sensors with wireless connectivity that have the 
capability for fast responses. The chemical sensor market represents the largest segment for 
sales of sensors, including chemical detection in gases and liquids, flue gas and fire 
detection, liquid quality sensors, biosensors and medical sensors. Some of the major 
applications in the home include indoor air quality and natural gas detection. Attention is 
now being paid to more demanding applications where a high degree of chemical specificity 
and selectivity is required. For biological and medical sensing applications, disease 
diagnosis by detecting specific biomarkers (functional or structural abnormal enzymes, low 
molecular weight proteins, or antigen) in blood, urine, saliva, or tissue samples has been 
established. Most of the techniques mentioned earlier such as ELISA possesses a major 
limitation in that only one analyte is measured at a time. Particle-based assays allow for 
multiple detection by using multiple beads but the whole detection process is generally 
longer than 2 hours, which is not practical for in-office or bedside detection. Electrochemical 
devices have attracted attention due to their low cost and simplicity, but significant 
improvements in their sensitivities are still needed for use with clinical samples. 
Microcantilevers are capable of detecting concentrations as low as 10 pg/ml, but suffer from 
an undesirable resonant frequency change due to the viscosity of the medium and cantilever 
damping in the solution environment. Nano-material devices have provided an excellent 
option toward fast, label-free, sensitive, selective, and multiple detections for both 
preclinical and clinical applications. Examples of detection of biomarkers using electrical 
measurements with semiconductor devices include carbon nanotubes for lupus 
erythematosus antigen detection (Chen et al. 2003), compound semiconducting nanowires 
and In2O3 nanowires for prostate-specific antigen detection (Li et al. 2005), and silicon 
nanowire arrays for detecting prostate-specific antigen [(Zheng et al. 2005a)]. In clinical 
settings, biomarkers for a particular disease state can be used to determine the presence of 
disease as well as its progress. 
Semiconductor-based sensors can be fabricated using mature techniques from the Si chip 
industry and/or novel nanotechnology approaches.  Silicon based sensors are still the 
dominant component of the semiconductor segment due to their low cost, reproducible and 
controllable electronic response.  However, these sensors are not suited for operation in 
harsh environments, for instance, high temperature, high pressure or corrosive ambients. Si 
will be etched by some of the acidic or basic aqueous solutions encountered in biological 
sensing. By sharp contrast, GaN is not etched by any acid or base at temperatures below a 
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few hundred degrees. Therefore, wide band-gap group III nitride compound 
semiconductors (AlGaInN materials system) are alternative options to supplement silicon in 
these applications because of their chemical resistance, high temperature/high power 
capability, high electron saturation velocity and simple integration with existing GaN-based 
UV light-emitting diode, UV detectors and wireless communication chips. 
A promising sensing technology utilizes AlGaN/GaN high electron mobility transistors 
(HEMTs).  HEMT structures have been developed for use in microwave power amplifiers 
due to their high two dimensional electron gas (2DEG) mobility and saturation velocity.  
The conducting 2DEG channel of AlGaN/GaN HEMTs is very close to the surface and 
extremely sensitive to adsorption of analytes.  HEMT sensors can be used for detecting 
gases, ions, pH values, proteins, and DNA. 
The GaN materials system is attracting much interest for commercial applications of green, 
blue, and UV light emitting diodes (LEDs), laser diodes as well as high speed and high 
frequency power devices. Due to the wide-bandgap nature of the material, it is very 
thermally stable, and electronic devices can be operated at temperatures up to 500 C. The 
GaN based materials are also chemically stable, and no known wet chemical etchant can 
etch these materials; this makes them very suitable for operation in chemically harsh 
environments.  Due to the high electron mobility, GaN material based high electron mobility 
transistors (HEMTs) can operate at very high frequency with higher breakdown voltage, 
better thermal conductivity, and wider transmission bandwidths than Si or GaAs devices 
[(Makimoto, Yamauchi and Kumakura 2004, Zhang et al. 2003, Saito et al. 2006)]. 
An overlooked potential application of the GaN HEMT structure is sensors. The high 
electron sheet carrier concentration of nitride HEMTs is induced by piezoelectric 
polarization of the strained AlGaN layer in the hetero-junction structure of the AlGaN/GaN 
HEMT and the spontaneous polarization is very large in wurtzite III-nitrides. This provides 
an increased sensitivity relative to simple Schottky diodes fabricated on GaN layers or field 
effect transistors (FETs) fabricated on the AlGaN/GaN HEMT structure. The gate region of 
the HEMT can be used to modulate the drain current in the FET mode or use as the 
electrode for the Schottky diode.  A variety of gas, chemical and health-related sensors 
based on HEMT technology have been demonstrated with proper surface functionalization 
on the gate area of the HEMTs, including the detection of hydrogen, mercury ion, prostate 
specific antigen (PSA), DNA, and glucose [(Jun et al. 2007, Yu et al. 2008, Wang et al. 2006a, 
Wang et al. 2007a, Anderson et al. 2008, Kim et al. 2003, Wang et al. 2005a, Schalwig et al. 
2002, Luther, Wolter and Mohney 1999, Kang et al. 2005a, Wang et al. 2005b, Wright et al. 
2009, Johnson et al. 2009, Lim et al. 2008, Tien et al. 2005a, Kryliouk et al. 2005, Tien et al. 
2005b, Wang et al. 2005c, Eickhoff et al. 2003, Mehandru et al. 2004, Neuberger et al. 2001, 
Gangwani et al. 2007, Shen et al. 2004, Kang et al. 2007a, Kouche et al. 2005, Wang et al. 
2007d, Kang et al. 2005d, Wang et al. 2007b, Chen et al. 2008, Pearton et al. 2007, Wang et al. 
2007c, Kang et al. 2008, Kang et al. 2007d, Kang et al. 2004b, Lothian et al. 1992, Johnson et 
al. 2000, Kang et al. 2006, Kang et al. 2005c, Kang et al. 2007b, Kang et al. 2004a, Pearton et al. 
2004)]. 
In this chapter, we discuss recent progress in the functionalization of these semiconductor 
sensors for applications in detection of pH measurement, biotoxins and other biologically 
important chemicals and the integration of these sensors into wireless packages for remote 
sensing capability. 



  
Biosensors for Health, Environment and Biosecurity 

 

18

2. Sensor functionalization 

Specific and selective molecular functionalization of the semiconductor surface is necessary 
to achieve specificity in chemical and biological detection. Devices such as field effect 
transistors (FETs) can readily discriminate between adsorption of oxidizing and reducing 
gas molecules from the changes (increase or decrease) in the channel conductance. 
However, precise identification of a specific type of molecule requires functionalization of 
the surface with specific molecules or catalysts. Effective biosensing requires coupling of the 
unique functional properties of proteins, nucleic acids (DNA, RNA), and other biological 
molecules with the solid-state “chip” platforms. These devices take advantage of the 
specific, complementary interactions between biological molecules that are a fundamental 
aspect of biological function.  Specific, complementary interactions are what permit 
antibodies to recognize antigens in the immune response, enzymes to recognize their target 
substrates, and the motor proteins of muscle to shorten during muscular contraction.  The 
ability of biological molecules, such as proteins, to bind other molecules in a highly specific 
manner is the underlying principle of the “sensors” to detect the presence (or absence) of 
target molecules – just as it is in the biological senses of smell and taste. 
One of the key technical challenges in fabricating hybrid biosensors is the junction between 
biological macromolecules and the inorganic scaffolding material (metals and 
semiconductors) of the chip.  For actual device applications, it is often necessary to 
selectively modify a surface at micro- and even nano-scale, sometimes with different surface 
chemistry at different locations. In order to enhance detection speed, especially at very low 
analyte concentration, the analyte should be delivered directly to the active sensing areas of 
the sensors. A common theme for bio/chem sensors is that their operation often 
incorporates moving fluids.  For example, sensors must sample a stream of air or water to 
interact with the specific molecules they are designed to detect. 
The general approach to detecting biological species using a semiconductor sensor involves 
functionalizing the surface (e.g. the gate region of an ungated field effect transistor 
structure) with a layer or substance which will selectively bind the molecules of interest. In 
applications requiring less specific detection, the adsorption of reactive molecules will 
directly affect the surface charge and affect the near-surface conductivity. In their simplest 
form, the sensor consists of a semiconductor film patterned with surface electrodes and 
often heated to temperatures of a few hundred degrees Celsius to enhance dissociation of 
molecules on the exposed surface. Changes in resistance between the electrodes signal the 
adsorption of reactive molecules. It is desirable to be able to use the lowest possible 
operating temperature to maximize battery life in hand-held detection instruments. 
Electronic oxides such as ZnO as the sensing material are especially sensitive to reaction of 
target molecules with adsorbed oxygen or the oxygen in the lattice itself. 
Biologically modified field effect transistors (bioFETs) have the potential to directly detect 
biochemical interactions in aqueous solutions. To enhance their practicality, the device must 
be sensitive to biochemical interactions on its surface, functionalized to probe specific 
biochemical interactions and must be stable in aqueous solutions for a range of pH and salt 
concentrations. Typically, the gate region of the device is covered with biological probes, 
which are used as receptor sites for the molecules of interest.  The conductance of the device 
is changed as reaction occurs between these probes and appropriate species in solution. 
Since GaN-based material systems are chemically stable, this should minimize degradation 
of adsorbed cells.  The bond between Ga and N is ionic and proteins can easily attach to the 
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GaN surface.  This is one of the key factors for making a sensitive biosensor with a useful 
lifetime.  HEMT sensors have been used for detecting gases, ions, pH values, proteins, and 
DNA temperature with good selectivity by the modification of the surface in the gate region 
of the HEMT.  The 2DEG channel is connected to an Ohmic-type source and drain contacts.  
The source-drain current is modulated by a third contact, a Schottky-type gate, on the top of 
the 2DEG channel.  For sensing applications, the third contact is affected by the sensing 
environment, i.e. the sensing targets changes the charges on the gate region and behave as a 
gate.  When charged analytes accumulate on the gate area, these charges form a bias and 
alter the 2DEG resistance.  This electrical detection technique is simple, fast, and convenient.   
The detecting signal from the gate is amplified through the drain-source current and makes 
this sensor to be very sensitive for sensor applications.  The electric signal also can be easily 
quantified, recorded and transmit, unlike fluorescence detection methods which need 
human inspection and are difficult to precisely quantify and transmit the data. 
One drawback of HEMT sensors is a lack of selectivity to different analytes due to the 
chemical inertness of the HEMT surface. This can be solved by surface modification with 
detecting receptors.  Sensor devices of the present disclosure can be used with a variety of 
fluids having environmental and bodily origins, including saliva, urine, blood, and breath.  
For use with exhaled breath, the device may include a HEMT bonded on a thermo-electric 
cooling device, which assists in condensing exhaled breath samples. 
In our HEMT devices, the surface is generally functionalized with an antibody or enzyme 
layer. The success of the functionalization is monitored by a number of methods. Examples 
are shown in Figures 1 and 2. The first test is a change in surface tension when the 
functional layer is in place and the change in surface bonding can in some cases be seen by 
X-Ray Photoelectron Spectroscopy. Typically, a layer of Au is deposited on the gate region 
of the HEMT as a platform to attach a chemical such as thioglycolic acid, whose S-bonds 
readily attach to the Au. The antibody layer can then be attached to the thioglycolic acid. 
When the surface is completely covered by these functional layers, the HEMT will not be 
sensitive to buffer solutions or water that do not contain the antigen of interest, as shown in 
Figure 2. For detecting hydrogen, the gate region is functionalized with a catalyst metal such 
as Pt or Pd. In other cases, we immobilize an enzyme to catalyze reactions, as is used for the 
detection of glucose. In the presence of the enzyme glucose oxidase, glucose will react with 
oxygen to produce gluconic acid and hydrogen peroxide. Table I shows a summary of the 
surface functionalization layers we have employed for HEMT sensors to date. There are 
many additional options for detection of biotoxins and biological molecules of interest by 
use of different protein or antibody layers. The advantage of the biofet approach is that large 
arrays of HEMTs can be produced on a single chip and functionalized with different layers 
to allow for detection of a broad range of chemicals or gases. 

3. pH Measurement 

The measurement of pH is needed in many different applications, including 
medicine, biology, chemistry, food science, environmental science and oceanography. 
Solutions with a pH less than 7 are acidic and solutions with a pH greater than 7 
are basic or alkaline. We have found that ZnO nanorod surfaces respond electrically to 
variations of the pH in electrolyte solutions introduced via an integrated microchannel 
[(Kang et al. 2005b)]. The ion-induced changes in surface potential are readily measured as a 
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change in conductance of the single ZnO nanorods and suggest that these structures are 
very promising for a wide variety of sensor applications. An integrated microchannel was 
made from SYLGARD@ 184 polymer. Entry and exit holes in the ends of the channel were 
made with a small puncher (diameter less than 1mm) and the film immediately applied to 
the nanorod sensor. The pH solution was applied using a syringe autopipette (2-20ul). 
 

Detection Mechanism Surface Functionalization 

H2 Catalytic dissociation Pd, Pt 

Pressure change polarization Polyvinylidene difluoride 

Botulinum toxin antibody Thioglycolic acid/antibody 

Proteins Conjugation/hybridization Aminopropylsilane/biotin 

pH 
Adsorption of polar 

molecules 
Sc2O3, ZnO 

Hg2+ chelation Thioglycolic acid/Au 

KIM-1 antibody KIM-1 antibody 

Glucose GOX immobilization ZnO nanorods 

Prostate Specific 
Antigen 

PSA antibody 
Carboxylate succimdyl ester/PSA 

antibody 

Lactic acid LOX immobilization ZnO nanorods 

Chloride ions Anodization Ag/AgCl electrodes; InN 

Breast Cancer antibody Thyioglycolic acid/c-erbB antibody 

CO2 Absorption of water/charge Polyethylenimine/starch 

DNA hybridization 3’-thiol-modified oligonucleotides 

O2 oxidation InGaZnO 
 

Table 1. Summary of surface functional layers used with HEMT sensors 

Prior to the pH measurements, we used pH 4, 7, 10 buffer solutions to calibrate the electrode 
and the measurements at 25 °C were carried out in the dark or under ultra-violet(UV) 
illumination from 365 nm light using an Agilent 4156C parameter analyzer to avoid 
parasitic effects. The pH solution made by the titration method using HNO3, NaOH and 
distilled water. The electrode was a conventional Acumet standard Ag/AgCl electrode. The 
nanorods showed a very strong photoresponse. The conductivity is greatly increased as a 
result of the illumination, as evidenced by the higher current. No effect was observed for 
illumination with below bandgap light. The photoconduction appears predominantly to 
originate in bulk conduction processes with only a minor surface trapping component. The 
adsorption of polar molecules on the surface of ZnO affects the surface potential and device 
characteristics.  The current at a bias of 0.5V as a function of time from nanorods exposed for 
60s to a series of solutions whose pH was varied from 2-12 was reduced upon exposure to 
these polar liquids as the pH is increased. The experiment was conducted starting at pH=7 
and went to pH=2 or 12.  The  I-V measurement in air was slightly higher that in the  
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Fig. 1. Examples of a change in surface tension of the HEMT surface functionalization (top) 
and XPS measurement of formation of Au-S bonds after attachment of thioglycolic acid 
attachment to Au layer in gate region of HEMT. 
 

 
Fig. 2. Example of successful functionalization of HEMT surface-the device is no longer 
sensitive to water when the surface is completely covered with the functional layer. 
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pH=7(10-20%). The data in shows the sensor is sensitive to the concentration of the polar 
liquid and therefore could be used to differentiate between liquids into which a small 
amount of leakage of another substance has occurred. The conductance of the rods was 
higher under UV illumination but the percentage change in conductance is similar with and 
without illumination. The nanorods exhibited a linear change in conductance between pH 2-
12 of 8.5nS/pH in the dark and 20nS/pH when illuminated with UV (365nm) light as shown 
at the bottom of Figure 16.The nanorods show stable operation with a resolution of ~0.1 pH 
over the entire pH range, showing the remarkable sensitivity to relatively small changes in 
concentration of the liquid.      
Ungated AlGaN/ GaN HEMTs also exhibit large changes in current upon exposing the gate 
region to polar liquids. The polar nature of the electrolyte introduced led to a change of 
surface charges, producing a change in surface potential at the semiconductor /liquid 
interface. The use of Sc2O3 gate dielectric produced superior results to either a native oxide 
or UV ozone-induced oxide in the gate region. The ungated HEMTs with Sc2O3 in the gate 
region exhibited a linear change in current between pH 3-10 of 37µA/pH .The HEMT pH 
sensors show stable operation with a resolution of < 0.1 pH over the entire pH range. 100Å 
Sc2O3 was deposited as a gate dielectric through a contact window of SiNx layer.  Before 
oxide deposition, the wafer was exposed to ozone for 25 minutes.  It was then heated in-situ 
at 300 C cleaning for 10mins inside the growth chamber.  The Sc2O3 was deposited by rf 
plasma-activated MBE at 100 C using elemental Sc evaporated from a standard effusion at 
1130 C and O2 derived from an Oxford RF plasma source. For comparison, we also 
fabricated devices with just the native oxide present in the gate region and also with the UV 
ozone -induced oxide. Figure 3 shows a scanning electron microscopy (SEM) image (top) 
and a cross-sectional schematic (bottom) of the completed device.  The gate dimension of the 
device is 2 × 50 µm2.  The pH solution was applied using a syringe autopipette (2-20ul). 
Prior to the pH measurements, we used pH 4, 7, 10 buffer solutions from Fisher Scientific to 
calibrate the electrode and the measurements at 25 °C were carried out in the dark using an 
Agilent 4156C parameter analyzer to avoid parasitic effects. The pH solution made by the 
titration method using HCl, NaOH and distilled water. The electrode was a conventional 
Acumet standard Ag/AgCl electrode. 
The adsorption of polar molecules on the surface of the HEMT affected the surface potential 
and device characteristics.  Figure 4 shows the current at a bias of 0.25V as a function of time 
from HEMTs with Sc2O3 in the gate region exposed for 150s to a series of solutions whose 
pH was varied from 3-10.  The current is significantly increased upon exposure to these 
polar liquids as the pH is decreased. The change in current was 37 μA/pH. 
The HEMTs show stable operation with a resolution of ~0.1 pH over the entire pH range, 
showing the remarkable sensitivity of the HEMT to relatively small changes in 
concentration of the liquid.  By comparison, devices with the native oxide in the gate region 
showed a higher sensitivity of ~70 μA/pA but a much poorer resolution of ~0.4 pH and 
evidence of delays in response of 10-15 secs. The latter may result from deep traps at the 
interface between the semiconductor and native oxide, whose density is much higher than 
at the Sc2O3-nitride interface. The devices with UV-ozone oxide in the gate region did not 
show these incubation times for detection of pH changes and showed similar sensitivities of 
gate source current as the Sc2O3 gate devices (~40 μA/pH) but with poorer resolution (~0.25 
pH). Figure 9 shows that the HEMT sensor with Sc2O3 gate dielectric is sensitive to the 
concentration of the polar liquid and therefore could be used to differentiate between 
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Fig. 3. (a) SEM and schematic of gateless HEMT. (b) Schematic of the pH sensor. 
 

 
Fig. 4. Change in current in gateless HEMT at fixed source-drain bias of 0.25 V with pH from 
3-10. 
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liquids into which a small amount of leakage of another substance has occurred. As 
mentioned earlier, the pH range of interest for human blood is 7-8. Figure 5 shows the 
current change in the HEMTs with Sc2O3 at a bias of 0.25V for different pH values in this 
range. Note that the resolution of the measurement is < 0.1 pH. There is still more to 
understand about the mechanism of the current reduction in relation to the adsorption of 
the polar liquid molecules on the HEMT surface. These molecules are bonded by van der-
Waals type interactions and they screen surface change that is induced by polarization in the 
HEMT. 
 

 
Fig. 5. Change  in current in gateless HEMT at fixed source-drain bias of 0.25 V with pH 
from 7-8. 

4. Sensing the pH value in the exhaled breath condensate 

There is significant interest in developing rapid diagnostic approaches and improved 
sensors for determining early signs of medical problems in humans. Exhaled breath is a 
unique bodily fluid that can be utilized in this regard (Horvath et al. 2005, Namjou, Roller 
and McCann 2006, Machado et al. 2005, Kullmann et al. 2007, Vaughan et al. 2003, Hunt et 
al. 2000, Kostikas et al. 2002, Carpagnano et al. 2005, Gessner et al. 2003, Kullmann et al. 
2008, Accordino et al. 2008, Czebe et al. 2008). Exhaled breath condensate pH is a robust and 
reproducible assay of airway acidity. For example, the blood pH range that is relevant for 
humans is 7-8.  Humans, even when they are extremely ill, will not have a blood (or 
interstitial = space between cells in tissue) pH below 7. When they do drift below this value, 
it almost invariably equals mortality.  
While most applications will detect substances or diseases in the breath as a gas or aerosol, 
breath can also be analyzed in the liquid phase as exhaled breath condensate (EBC). 
Analytes contained in the breath originating from deep within the lungs (alveolar gas) 
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equilibrates with the blood, and therefore the concentration of molecules present in the 
breath is closely correlated with those found in the blood at any given time. EBC contains 
dozens of different biomarkers, such as adenosine, ammonia, hydrogen peroxide, 
isoprostanes, leukotrienes, peptide, cytokines and nitrogen oxide (Kullmann et al. 2008, 
Accordino et al. 2008, Czebe et al. 2008). Analysis of molecules in EBC is noninvasive and 
can provide a window on the metabolic state of the human body, including certain signs of 
cancer, respiratory diseases, liver and kidney functions. 
As a diagnostic, exhaled breath offers advantages since samples can be collected and tested 
with results delivered in real time at the point of testing. Another advantage is that the 
sample can be collected non-invasively by asking a patient to blow into the disposable 
portion of a handheld testing device. Therefore, the sample collection method is hygienic for 
both the patient and the laboratory personnel. Exhaled breath can be used to detect various 
drugs, medications, their metabolites and markers, and this can be valuable in measuring 
both medication adherence and in determining the blood levels of these drugs and 
medications. Some of today’s blood and urine-based tests might be replaced with simple 
breath-based testing. In consumer healthcare, diabetics would be able to test their glucose 
level, replacing painful and inconvenient finger-prick devices. For roadside screening of 
driving impairment, a point-of-care (POC) device similar in function to a handheld breath 
alcohol analyzer will detect drugs of abuse such as marijuana and cocaine. In workplace 
drug testing, a similar desktop device might eliminate the cost, embarrassment and 
inconvenience of workplace urine screening. In the setting of chronic oral drug therapy (e.g., 
treatment of schizophrenia with atypical antipsychotic medications), mortality/morbidity 
and the cost of health care will be markedly reduced by developing breath-based systems 
that document that drugs were orally ingested and entered the blood stream. 
The glucose oxidase enzyme (GOx) is commonly used in biosensors to detect levels of 
glucose for diabetics.  By keeping track of the number of electrons passed through the 
enzyme, the concentration of glucose can be measured.  Due to the importance and 
difficulty of glucose immobilization, numerous studies have been focused on the techniques 
of immobilization of glucose with carbon nanotubes, ZnO nano-materials, and gold particles 
(Bloemen et al. 2007, Park, Boo and Chung 2006).  ZnO-based nano-materials are especially 
interesting due to their non-toxic properties, low cost of fabrication and favorable 
electrostatic interaction between ZnO and the GOx lever.  However, the activity of GOx is 
highly dependent on the pH value of the solution (Pandey et al. 2007).  The pH value of a 
typical healthy person is between 7 and 8.  This can vary significantly depending on the 
health condition of each individual, e.g. the pH value for patients with acute asthma was 
reported as low as 5.23 + 0.21 (n=22) as compared to 7.65 + 0.20 (n=19) for the control 
subjects (Kouassi, Irudayaraj and McCarty 2005).  To achieve accurate glucose concentration 
measurement with immobilized GOx, it is necessary to determine the pH value and glucose 
concentration with an integrated pH and glucose sensor.  
AlGaN/GaN HEMTs can be used for measurements of pH in EBC and glucose, through 
integration of the pH and glucose sensor onto a single chip and with additional integration 
of the sensors into a portable, wireless package for remote monitoring applications. Figure 6 
shows an optical microscopy image of an integrated pH and glucose sensor chip and cross-
sectional schematics of the completed pH and glucose device. The gate dimension of the pH 
sensor device and glucose sensors was 20 × 50 µm2. 
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Fig. 6. SEM image of an integrated pH and glucose sensor. The insets show a schematic 
cross-section of the pH sensor and also an SEM of the ZnO nanorods grown in the gate 
region of the glucose sensor. 

For the glucose detection, a highly dense array of 20-30 nm diameter and 2 µm tall ZnO 
nanorods were grown on the 20 × 50 µm2 gate area.  The lower right inset in Figure 6 shows 
closer view of the ZnO nanorod arrays grown on the gate area. The total area of the ZnO 
was increased significantly with the ZnO nanorods.  The ZnO nanorod matrix provides a 
microenvironment for immobilizing negatively charged GOx while retaining its bioactivity, 
and passes charges produced during the GOx and glucose interaction to the AlGaN/GaN 
HEMT.  The GOx solution was prepared with concentration of 10 mg/mL in 10 mM 
phosphate buffer saline (pH value of 7.4, Sigma Aldrich). After fabricating the device, 5 μl 
GOx (~100 U/mg, Sigma Aldrich) solution was precisely introduced to the surface of the 
HEMT using a pico-liter plotter. The sensor chip was kept at 4 oC in the solution for 48 hours 
for GOx immobilization on the ZnO nanorod arrays followed by an extensively washing to 
remove the un-immobilized GOx.  
To take the advantage of quick response (less than 1 sec) of the HEMT sensor, a real-time 
EBC collector is needed (Montuschi and Barnes 2002, Anh, Olthuis and Bergveld 2005).  The 
amount of the EBC required to cover the HEMT sensing area is very small.   Each tidal 
breath contains around 3 l of the EBC.  The contact angle of EBC on Sc2O3 has been 
measured to be less than 45o, and it is reasonable to assume a perfect half sphere of EBC 
droplet formed to cover the sensing area 4 × 50 µm2 gate area.  The volume of a half sphere 
with a diameter of 50 µm is around 3 × 10-11 liter.  Therefore, 100,000 of 50 µm diameter 
droplets of EBC can be formed from each tidal breath.  To condense entire 3 l of water 
vapor, only ~ 7 J of energy need to be removed for each tidal breath, which can be easily 
achieved with a thermal electric module, a Peltier device, as shown in Figure 7. The 
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schematic of the system for collecting the EBC is illustrated in Figure 8. The AlGaN/GaN 
HEMT sensor is directly mounted on the top of the Peltier unit (TB-8-0.45-1.3 HT 232, 
Kryotherm), as also shown in Figure 7, which can be cooled to precise temperatures by 
applying known voltages and currents to the unit.  During our measurements, the hotter 
plate of the Peltier unit was kept at 21oC, and the colder plate was kept at 7 oC by applying 
bias of 0.7 V at 0.2 A.  The sensor takes less than 2 sec to reach thermal equilibrium with the 
Peltier unit. This allows the exhaled breath to immediately condense on the gate region of 
the HEMT sensor. 
 

 
Fig. 7. Optical image of sensor mounted on Peltier cooler. 

Prior to pH measurements of the EBC, a Hewlett Packard soap film flow meter and a mass 
flow controller were used to calibrate the flow rate of exhaled breath.  The HEMT sensors 
were also calibrated and exhibited a linear change in current between pH 3-10 of 37µA/pH. 
Due to the difficulty to collect the EBC with different glucose concentration, the samples for 
glucose concentration detection were prepare from glucose diluted in PBS or DI water. 
The HEMT sensors were not sensitive to switching of N2 gas, but responded to applications 
of exhaled breath pulse inputs from a human test subject, as shown at the top of Figure 9 
(top), which shows the current of a Sc2O3 capped HEMT sensor biased at 0.5V for exposure 
to different flow rates of exhaled breath (0.5-3.0 l/min). The flow rates are directly 
proportional to the intensity exhalation.  Deep breath provides a higher flow rate.   A similar 
study was conducted with pure N2 to eliminate the flow rate effect on sensor sensitivity. The 
N2 did not cause any change of drain current, but the increase of exhaled breath flow rate 
decreased the drain current proportionally from 0.5 L/min to a saturation value of 1 L/min.  
For every tidal breath, the beginning portion of the exhalation is from the physiologic dead 
space, and the gases in this space do not participate in CO2 and O2 exchange in the lungs. 
Therefore, the contents in the tidal breath are diluted by the gases from this dead space.  For 
higher flow rate exhalation, this dilution effect is less effective.  Once the exhaled breath 
flow rate is above 1L/min, the sensor current change reaches a limit.  As a result, the test 
subject experiences hyper ventilation and the dilution becomes insignificant. Figure 9 
(bottom) shows the time response of the sensors to much longer exhaled breaths.  
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Fig. 8. Schematic of the system for collecting EBC. 

The characteristic shape of the response curves is similar and is determined by the 
evaporation of the condensed EBC from the gate region of the HEMT sensor.  The sensor is 
operated at 50 Hz and 10% duty cycle, which produces heat during operation. It only takes a 
few seconds for the EBC to vaporize from the sensing area and causes the spike-like 
response. The principal component of the EBC is water vapor, which represents nearly all of 
the volume (>99%) of the fluid collected in the EBC. The measured current change of the 
exhale breath condensate shows that the pH values are within the range between pH 7 and 
8.  This range is the typical pH range of human blood. 

5. Glucose sensing 

The glucose was sensed by ZnO nanorod functionalized HEMTs with glucose oxidase 
enzyme localized on the nanorods, shown in Figure 10. This catalyzes the reaction of 
glucose and oxygen to form gluconic acid and hydrogen peroxide. Figure 11 shows the real 
time glucose detection in PBS buffer solution using the drain current change in the HEMT 
sensor with constant bias of 250 mV.  No current change can be seen with the addition of 
buffer solution at around 200 sec, showing the specificity and stability of the device. By 
sharp contrast, the current change showed a rapid response of less than 5 seconds when 
target glucose was added to the surface. So far, the glucose detection using Au nano-
particle, ZnO nanorod and nanocomb, or carbon nanotube material with GOx 
immobilization is based on electrochemical measurement (Wang et al. 2006b, Wei et al. 2006, 
Yang et al. 2004, Hrapovic et al. 2004).   
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Fig. 9. Changes of drain current for HEMT sensor at fixed drain-source bias of 0.5 V with 
different flow rates or durations of exhaled breath from tidal breath to hyperventilation .The 
duration of the breath is 5 secs in the bottom figure. 
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Since there is a reference electrode required in the solution, the volume of sample can not be 
easily minimized.  The current density is measured when a fixed potential applied between 
nano-materials and the reference electrode.  This is a first order detection and the range of 
detection limit of these sensors is 0.5-70 µM.  Even though the AlGaN/GaN HEMT based 
sensor used the same GOx immobilization, the ZnO nanorods were used as the gate of the 
HEMT. The glucose sensing was measured through the drain current of HEMT with a 
change of the charges on the ZnO nano-rods and the detection signal was amplified through 
the HEMT.  Although the response of the HEMT based sensor is similar to that of an 
electrochemical based sensor, a much lower detection limit of 0.5 nM was achieved for the 
HEMT based sensor due to this amplification effect. Since there is no reference electrode 
required for the HEMT based sensor, the amount of sample only depends on the area of gate 
dimension and can be minimized.  The sensors do not respond to glucose unless the enzyme 
is present, as shown in Figure 12. 
Although measuring the glucose in the EBC is a noninvasive and convenient method for the 
diabetic application, the activity of the immobilized GOx is highly dependent on the pH 
value of the solution.  The GOx activity can be reduced to 80% for pH = 5 to 6.  If the pH 
value of the glucose solution is larger than 8, the activity drops off very quickly (Kouassi et 
al. 2005).   Figure 31 shows the time dependent source-drain current signals with constant 
drain bias of 500 mV for glucose detection in DI water and PBS buffer solution.  50 l of PBS 
solution was introduced on the glucose sensor and no current change can be seen with the 
addition of buffer solution at 20 and 30 min. This stability is important to exclude possible 
noise from the mechanical change of the buffer solution.  By sharp contrast, the current 
change showed a rapid response in less than 20 seconds when the sensor was dipped into 
the 100 ml of 10 mM glucose solution using DI water as the solvent.  This sudden drain 
current increase indicated that GOx immediately reacted with glucose and oxygen was 
produced as a by-production of this reaction.  However, the drain current gradually 
decreased.  This was due to the oxygen produced in the GOx-glucose interaction reacting 
with water and changing the pH value adjacent the gate area.  Since there was not agitation 
in the glucose solution, the solution around gate area became more basic and the activity of 
GOx decreased due to the high pH value environment from 60 to 85 min. 
Because the lower activity of GOx in the high pH value condition, the amount of oxygen 
produced from GOx and glucose decreased as well during the period of 60-85 min.  Once 
the OH- ions produce from reaction between oxygen and water diffused away the gate area, 
the pH value decreased.  Thus around 85 min, the pH value of the glucose solution around 
gate area decreased low enough to allow the activity of GOx to resume and the drain 
current of the glucose sensor showed another sudden increase.   Then, the same process 
happened again and drain current of the glucose current gradually decreased for a second 
time. 
On the contrary, when the glucose sensor was used in a pH controlled environment, the 
drain current stayed fairly constant, as shown in Figure 13.  In this experiment, 50 l of PBS 
solution was introduced on the glucose sensor to establish the base line of the sensor as in 
the previous experiment. Then, glucose of 10 nM concentration prepared in PBS solution 
was introduced to the gate area of the glucose sensor through a micro-injector.  There was 
no glucose in the 50 l PBS solution and the PBS solution was added at 20 and 30 min.  It 
took time for the glucose solution to diffuse to the gate area of the sensor through the blank 
PBS and the drain current gradually increased corresponding to the glucose diffusion 
process.  Since the fresh glucose was continuously provided to the sensor surface and the 
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pH value of the glucose was controlled, once the concentration of the glucose reached 
equilibrium at the gate of the glucose sensor, the drain current of the glucose remained 
constant except in the presence of glucose solution, which was taken out from time to time 
using a micro-pipette.  There were small oscillations of the drain current observed, which 
could be eliminated by using a microfluidic device for this experiment. 
 

 
Fig. 10. (left) Schematic of ZnO nanorod functionalized HEMT and (right) SEM of nanorods 
on gate area. 

 
 

 
Fig. 11. Plot of drain current versus time with successive exposure of glucose from 500 pM 
to 125 M in 10 mM phosphate buffer saline with a pH value of 7.4, both with and without 
the enzyme located on the nanorods. 
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Fig. 12. Change in drain-source current in HEMT glucose sensors both with and without 
localized enzyme. 

 

 
Fig. 13. Plot of drain current versus time by dipping the glucose sensor in 10 mM of glucose 
dissolved in DI water (black line) and exposing the sensor to continuously flow of 10 mM of 
glucose dissolved in phosphate buffer saline with a pH value of 7.4(red line). 
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The human pH value can vary significantly depending on the health condition. Since we 
cannot control the pH value of the EBC samples, we needed to measure the pH value while 
determine the glucose concentration in the EBC.  With the fast response time and low 
volume of the EBC required for HEMT based sensor, a handheld and real-time glucose 
sensing technology can be realized. 

6. Bio-toxin sensing 

Reliable detection of biological agents in the field and in real time is challenging. Given the 
adverse consequences of a lack of reliable biological agent sensing on national security, there 
is a critical need to develop novel, more sensitive and reliable technologies for biological 
detection in the field (Arnon et al. 2001, Greenfield et al. 2002, Michaelson, Halpern and 
Kopans 1999, Harrison et al. 1998, McIntyre et al. 1999, Bigler et al. 2002, Paige and Streckfus 
2007, Streckfus et al. 1999, Streckfus et al. 2000b, Streckfus et al. 2000a, Streckfus et al. 2001, 
Streckfus and Bigler 2005, Streckfus, Bigler and Zwick 2006, Chase 2000, Navarro et al. 1997, 
Bagramyan et al. 2008). The objective of this application is to develop and test a wireless 
sensing technology for detecting logicalb toxins. To achieve this objective, we have 
developed high electron mobility transistors (HEMTs) that have been demonstrated to 
exhibit some of the highest sensitivities for biological agents. Specific antibodies targeting 
Enterotoxin type B (Category B, NIAID), Botulinum toxin (Category A NIAID) and ricin 
(Category B NIAID), or peptide substrates for testing the toxin’s enzymatic activity, have 
been conjugated to the HEMT surface. While testing still needs to be performed in the 
presence of cross-contaminants in biologically relevant samples, the initial results are very 
promising. A significant issue is the absence of a definite diagnostic method and the 
difficulty in differential diagnosis from other pathogens that would slow the response in 
case of a terror attack. Our aim is to develop reliable, inexpensive, highly sensitive, hand-
held sensors with response times on the order of a few seconds, which can be used in the 
field for detecting biological toxins. This is significant because it would greatly improve our 
effectiveness in responding to terrorist attacks. 
The current methods for toxin sensing in the field are generally not suited for field 
deployment and there is a need for new technologies. The current methods involve the use 
of HPLC, mass spectrometry and colorimetric ELISAs which are impractical because such 
tests can only be carried out at centralized locations, and are too slow to be of practical value 
in the field. These still tend to be the methods of choice in current detection of toxins, e.g. the 
standard test for botulinum toxin detection is the ‘mouse assay’, which relies on the death of 
mice as an indicator of toxin presence (Bagramyan et al. 2008). Clearly, such methods are 
slow and impractical in the field. 
Antibody-functionalized Au-gated AlGaN/GaN high electron mobility transistors (HEMTs) 
show great sensitivity for detecting botulinum toxin. The botulinum toxin was specifically 
recognized through botulinum antibody, anchored to the gate area, as shown in Figure 14. 
We investigated a range of concentrations from 0.1 ng/ml to 100 ng/ml.  The source and 
drain current from the HEMT were measured before and after the sensor was exposed to 
100 ng/ml of botulinum toxin at a constant drain bias voltage of 500 mV, as shown in Figure 
16 (top).  Any slight changes in the ambient of the HEMT affect the surface charges on the 
AlGaN/GaN.  These changes in the surface charge are transduced into a change in the 
concentration of the 2DEG in the AlGaN/GaN HEMTs, leading to the decrease in the 
conductance for the device after exposure to botulinum toxin. 
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Fig. 14. Schematic of functionalized HEMT for botulinum detection. 

Figure 16 (bottom) shows a real time botulinum toxin detection in PBS buffer solution using 
the source and drain current change with constant bias of 500 mV.  No current change can 
be seen with the addition of buffer solution around 100 seconds, showing the specificity and 
stability of the device. In clear contrast, the current change showed a rapid response in less 
than 5 seconds when target 1 ng/ml botulinum toxin was added to the surface.  The abrupt 
current change due to the exposure of botulinum toxin in a buffer solution was stabilized 
after the botulinum toxin thoroughly diffused into the buffer solution. Different 
concentrations (from 0.1 ng/ml to 100 ng/ml) of the exposed target botulinum toxin in a 
buffer solution were detected. The sensor saturates above 10ng/ml of the toxin. The 
experiment at each concentration was repeated four times to calculate the standard 
deviation of source-drain current response. The limit of detection of this device was below 1 
ng/ml of botulinum toxin in PBS buffer solution. The source-drain current change was 
nonlinearly proportional to botulinum toxin concentration, as shown in Figure 15. 
Figure 16 shows a real time test of botulinum toxin at different toxin concentrations with 
intervening washes to break antibody-antigen bonds. This result demonstrates the real-time 
capabilities and recyclability of the chip.  Long term stability of the botulinum toxin sensor 
was also investigated with a package sensor.  Figure 17 shows a photograph of the packaged 
sensor placed in a Petri dish for long term storage. PBS buffer solution was dropped on the 
active region of the sensor and the Petri dish as well. The Petri dish was then covered and 
sealed in order to keep the antibodies on the sensor in a PBS environment. 
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Fig. 15. Drain current of an AlGaN/GaN HEMT versus time for botulinum toxin from 0.1 
ng/ml to 100 ng/ml(top) and change of drain current versus different concentrations from 
0.1 ng/ml to 100 ng/ml of botulinum toxin (bottom). 

Sensors were re-tested for the botulinum detection every three months.  For those tests, the 
procedures of toxin detection and sensor surface reactivation were repeated for five times.  
This experiment demonstrated that after 9 month storage, the sensor still could detect the 
toxin and could be reactivated right after the test with PBS buffer solution rinse.  This 
indicated that the toxin could be completely washed away from the antibodies.  However, it 
was obvious that the detection sensitivity decreased after 9 months of storage. The decrease 
of the detection sensitivity drop after 9 month storage was not caused by the existence of the 
un-breakable toxin-antibody binding, but was rather due to the decrease of antibody 
activity. Another important finding was that the response time of the 9 month stored sensor 
increased from 5 seconds of the fresh sensor to around 10 seconds, when target toxins were 
exposed to the sensor. The longer response time may be also due to the decreased number of 
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highly active sites on the antibodies after long term storage. This corresponds to the lower 
sensitivity of the sensor. The detailed mechanism needs further investigation. 
 

 
Fig. 16. Real-time test from a used botulinum sensor which was washed with PBS in pH 5 to 
refresh the sensor. 

 
Fig. 17. Photograph of a packaged sensor placed in a Petri dish for long term storage. 

Figure 18 shows the current changes of the sensors tested after different storage times at a 
fixed toxin concentration of 10 ng/ml against the first drain current measurement of the 
sensor. After 3, 6 and 9 months of storage, the current change drops 2%, 12% and 28%, 
respectively. Within 3 months of storage, this sensor showed almost the same sensitivity as 
when it was fresh.  Although, after 6 and 9 months of storage, the sensor would need to be 
re-calibrated for toxin concentration determination usage, there is no need for recalibration 
for the use as the first responder of the detection for the presence or absence of the toxin.    
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Fig. 18. The drain-source current change percentages of the initial, 3, 6 and 9 month stored 
sensors. The current change in the initial test is defined as 100%. The testing at the 
subsequent periods was defined relative to the initial test. 

In summary, we have shown that through a chemical modification method, the Au-gated 
region of an AlGaN/GaN HEMT structure can be functionalized for the detection of 
botulinum toxin with a limit of detection less than 1 ng/ml. This electronic detection of 
biomolecules is a significant step towards a field-deployed sensor chip, which can be 
integrated with a commercial available wireless transmitter to realize a real-time, fast 
response and high sensitivity botulinum toxin detector. 

7. Biomedical applications 

7.1 Prostate cancer detection 
Prostate cancer is the second most common cause of cancer death among men in the United 
States (Kelloff et al. 2004). The most commonly used serum marker for diagnosis of prostate 
cancer is prostate specific antigen (PSA) (Thompson and Ankerst 2007, Healy et al. 2007). 
The market size for prostate cancer testing is enormous. According to the American Cancer 
Society, prostate cancer is the most common form of cancer among men, other than skin 
cancer.  It is estimated that during 2007, in the United States alone, 218,890 new cases of 
prostate cancer will be diagnosed and 1 in 6 men will be diagnosed with prostate cancer 
during his lifetime . 
The American Cancer Society recommends health care professionals to offer the prostate-
specific antigen (PSA) blood test and the digital rectal exam (DRE) yearly for men above the 
age of 50. Those men who have a higher risk, such as African Americans and men who have 
a first-degree relative diagnosed with prostate cancer should start testing at 45. Men who 
have several first-degree relatives diagnosed with prostate cancer should begin testing at 40. 
Since 1990, a recent awareness of cancers and the benefits of early detection have increased 
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early detection tests for prostate cancer and they have grown to become fairly common. 
Prostate cancer can often be found early by testing the amount of prostate-specific antigen 
(PSA) in the patient’s blood. It can also be detected on a digital rectal exam (DRE). If you 
have routine yearly exams and either one of these test results becomes abnormal, then any 
cancer you might have has likely been found at an early, more treatable stage. 
The prostate cancer testing market is expected to grow over the upcoming years. As 
awareness of cancer and early detection increases, so too will the need for testing.  Given the 
high demand for prostate cancer testing, one would think that there are many options for 
early detection. However, there are only two main ways for preliminary testing for prostate 
cancer: the prostate cancer antigen blood test and the digital rectal exam.  Prostate-specific 
antigen (PSA) is made by cells in the prostate gland and although PSA is mostly found in 
semen, a certain amount is found in the blood as well. Most men have PSA levels under 4 
nanograms per milliliter of blood. When prostate cancer develops, the PSA level usually 
goes up above 4 nanograms per milliliter; however, about 15% of men with a PSA below 4 
will have prostate cancer on biopsy. If the patient’s PSA level is between 4 and 10, their 
chance of having prostate cancer is about 25%. If the patient’s PSA level is above 10, there is 
more than a 50% chance they have prostate cancer, which increases as the PSA level goes 
up. If the patient’s PSA level is high, the doctor may advise a prostate biopsy to find out if 
they have cancer. 
Generally PSA testing approaches are costly, time-consuming and need sample 
transportation. A number of different electrical measurements have been used for rapid 
detection of PSA(Wang 2006, Fernández-Sánchez et al. 2004, Hwang et al. 2004, Wee et al. 
2005, Wang et al. 2009, Anderson et al. 2009). For example, electrochemical measurements 
based on impedance and capacitance are simple and inexpensive but need improved 
sensitivities for use with clinical samples (Wang 2006, Fernández-Sánchez et al. 2004). 
Resonant frequency changes of an anti-PSA antibody coated microcantilever enable a 
detection sensitivity of ~ 10 pg/ml but this micro-balance approach has issues with the 
effect of the solution on resonant frequency and cantilever damping (Fernández-Sánchez et 
al. 2004, Hwang et al. 2004).  Antibody-functionalized nanowire FETs coated with antibody 
provide for low detection levels of PSA (Wang et al. 2009, Anderson et al. 2009), but the 
scale-up potential is limited by the expensive e-beam lithography requirements.  Antibody 
functionalized Au-gated AlGaN/GaN HEMTs shown schematically in Figure 19 were found 
to be effective for detecting PSA at low concentration levels. 
The PSA antibody was anchored to the gate area through the formation of carboxylate 
succinimdyl ester bonds with immobilized thioglycolic acid. The HEMT drain-source 
current showed a response time of less than 5 seconds when target PSA in a buffer at clinical 
concentrations was added to the antibody-immobilized surface. The devices could detect a 
range of concentrations from 1 μg/ml to 10 pg/ml. The lowest detectable concentration was 
two orders of magnitude lower than the cut-off value of PSA measurements for clinical 
detection of prostate cancer. Figure 20 shows the real time PSA detection in PBS buffer 
solution using the source and drain current change with constant bias of 0.5V(Kang et al. 
2007c).  No current change can be seen with the addition of buffer solution or nonspecific 
bovine serum albumin (BSA), but there was a rapid change when10 ng/ml PSA was added 
to the surface.  The abrupt current change due to the exposure of PSA in a buffer solution 
could be stabilized after the PSA diffused into the buffer solution. The ultimate detection 
limit appears to be a few pg/ml (Kang et al. 2007c). 
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Fig. 19. Schematic of HEMT sensor functionalized for PSA detection. 
 

 
Fig. 20. Drain current versus time for PSA detection when sequentially exposed to PBS, BSA, 
and PSA 
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7.2 Kidney injury molecule detection 
Problems such as Acute Kidney Injury (AKI) or Acute Renal Failure (ARF) are unfortunately 
still associated with a high mortality rate (Thadhani, Pascual and Bonventre 1996, Chertow 
et al. 1998, Bonventre and Weinberg 2003). An important biomarker for early detection of 
AKI is the urinary antigen known as kidney injury molecule-1 or KIM-1(Ichimura et al. 
1998) and this is generally carried out with the ELISA technique discussed earlier (Vaidya 
and Bonventre 2006, Vaidya et al. 2006, Lequin 2005). The biomarker can also be detected 
with particle-based flow cytometric assay, but the cycle time is several hours (Vignali 2000). 
Electrical measurement approaches based on carbon nanotubes (Chen et al. 2003), 
nanowires of In2O3 (Li et al. 2005) or Si (Zheng et al. 2005b, Patolsky, Zheng and Lieber 
2006a, Patolsky, Zheng and Lieber 2006b, Patolsky et al. 2007, Han et al. 2005), or Si or GaN 
FETs look promising for fast and sensitive detection of anibodies and potentially for 
molecules such as KIM-1(Thadhani et al. 1996, Chertow et al. 1998, Bonventre and Weinberg 
2003, Ichimura et al. 1998, Vaidya and Bonventre 2006, Vaidya et al. 2006, Lequin 2005, 
Vignali 2000, Chen et al. 2003, Li et al. 2005, Zheng et al. 2005b, Patolsky et al. 2006a, 
Patolsky et al. 2006b, Patolsky et al. 2007, Han et al. 2005). 
The functionalization scheme in the gate region began with thioglycolic acid followed by 
KIM-1 antibody coating (Wang et al. 2007d). The gate region was deposited with a 5 nm 
thick Au film. Then the Au was conjugated to specific KIM-1 antibodies with a self-
assembled monolayer of thioglycolic acid.   The HEMT source-drain current showed a clear 
dependence on the KIM-1 concentration in phosphate-buffered saline (PBS) buffer solution, 
as shown in Figure 21 where the time dependent source-drain current at a bias of 0.5 V is 
plotted for KIM-1 detection in PBS buffer solution. The limit of detection (LOD) was 1ng/ml 
using a 20 µm ×50 μm gate sensing area (Wang et al. 2007d).  

7.3 Breast cancer detection 
The market size for breast cancer testing is vast – nearly 200,000 women and 1,700 men were 
diagnosed in 2006 alone. Although lucrative, competition in this industry is strong. Growth 
potential is possible, however, as the most effective and widely used diagnostic exam for 
breast cancer, the mammogram, is potentially harmful due to radiation exposure. Other, less 
popular, exams that do not involve radiation tend to be both invasive and expensive. 
Currently, the overwhelming majority of patients are screened for breast cancer by 
mammography . This procedure involves a high cost to the patient and is invasive 
(radiation) which limits the frequency of screening. Breast cancer is currently the most 
common female malignancy in the world, representing 7% of the more than 7.6 million 
cancer-related deaths worldwide. Breast cancer accounts for over 30% of all new diagnoses 
in women aged 20-49 and 50-69, and 20% among older women. As a result, more than one 
million mammograms are performed each year. According to the National Breast Cancer 
Foundation, it is estimated that nearly 200,000 women and 1,700 men will be diagnosed with 
breast cancer this year. 
When breast cancer is discovered early on, there is a much better chance of successful 
treatment. Therefore it is highly recommended that women check their breasts monthly 
from the age of 20. Clinical breast examinations should be conducted every three years from 
ages 20-39 and an annual mammogram for women 50 and older. Work by Michaelson et al. 
(Michaelson et al. 1999) indicates a 96% survival rate if patients could be screened every 
three months. Thus, mortality in breast cancer patients could be reduced by increasing the 
frequency of screening. However this is not feasible presently due to the lack of cheap and 
reliable technologies that can screen breast cancer non-invasively. 
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Fig. 21. Time dependent current signal when exposing the HEMT to 1ng/ml and 10ng/ml 
KIM-1 in PBS buffer. 

There is recent evidence to suggest that salivary testing for makers of breast cancer may be 
used in conjunction with mammography (Bigler et al. 2002, Harrison et al. 1998, McIntyre et 
al. 1999, Streckfus et al. 1999, Streckfus et al. 2000b, Streckfus et al. 2000a, Streckfus et al. 
2001, Streckfus and Bigler 2005, Streckfus et al. 2006, Chase 2000). Saliva-based diagnostics 
for the protein c-erbB-2, have tremendous prognostic potential (Streckfus and Bigler 2005, 
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Paige and Streckfus 2007). Soluble fragments of the c-erbB-2 oncoprotein and the cancer 
antigen 15-3 were found to be significantly higher in the saliva of women who had breast 
cancer than in those patients with benign tumors (Streckfus et al. 2006). Other studies have 
shown that epidermal growth factor (EGF) is a promising marker in saliva for breast cancer 
detection (Paige and Streckfus 2007, Navarro et al. 1997).  These initial studies indicate that 
the saliva test is both sensitive and reliable and can be potentially useful in initial detection 
and follow-up screening for breast cancer. However, to fully realize the potential of salivary 
biomarkers, technologies are needed that will enable facile, sensitive, specific detection of 
breast cancer. 
Antibody-functionalized Au-gated AlGaN/GaN high electron mobility transistors (HEMTs) 
show promise for detecting c-erbB-2 antigen. The c-erbB-2 antigen was specifically 
recognized through c-erbB antibody, anchored to the gate area. We investigated a range of 
clinically relevant concentrations from 16.7 μg/ml to 0.25 μg/ml. 
The Au surface was functionalized with a specific bi-functional molecule, thioglycolic acid. 
We anchored a self-assembled monolayer of thioglycolic acid, HSCH2COOH, an organic 
compound and containing both a thiol (mercaptan) and a carboxylic acid functional group, 
on the Au surface in the gate area through strong interaction between gold and the thiol-
group of the thioglycolic acid.  The devices were first placed in the ozone/UV chamber and 
then submerged in 1 mM aqueous solution of thioglycolic acid at room temperature. This 
resulted in binding of the thioglycolic acid to the Au surface in the gate area with the COOH 
groups available for further chemical linking of other functional groups.  The device was 
incubated in a phosphate buffered saline (PBS) solution of 500 μg/ml c-erbB-2 monoclonal 
antibody for 18 hours before real time measurement of c-erbB-2 antigen. 
After incubation with a PBS buffered solution containing c-erbB-2 antibody at a 
concentration of 1 μg/ml, the device surface was thoroughly rinsed off with deionized 
water and dried by a nitrogen blower. The source and drain current from the HEMT were 
measured before and after the sensor was exposed to 0.25 µg/ml of c-erbB-2 antigen at a 
constant drain bias voltage of 500 mV.  Any slight changes in the ambient of the HEMT 
affect the surface charges on the AlGaN/GaN.  These changes in the surface charge are 
transduced into a change in the concentration of the 2DEG in the AlGaN/GaN HEMTs, 
leading to the slight decrease in the conductance for the device after exposure to c-erbB-2 
antigen. 
Figure 22 shows real time c-erbB-2 antigen detection in PBS buffer solution using the source 
and drain current change with constant bias of 500 mV.  No current change can be seen with 
the addition of buffer solution around 50 seconds, showing the specificity and stability of 
the device. In clear contrast, the current change showed a rapid response in less than 5 
seconds when target 0.25 µg/ml c-erbB-2 antigen was added to the surface.  The abrupt 
current change due to the exposure of c-erbB-2 antigen in a buffer solution was stabilized 
after the c-erbB-2 antigen thoroughly diffused into the buffer solution. Three different 
concentrations (from 0.25 µg/ml to 16.7 µg/ml) of the exposed target c-erbB-2 antigen in a 
buffer solution were detected.  The experiment at each concentration was repeated five 
times to calculate the standard deviation of source-drain current response. 
The limit of detection of this device was 0.25 µg/ml c-erbB-2 antigen in PBS buffer solution. 
The source-drain current change was nonlinearly proportional to c-erbB-2 antigen 
concentration, as shown in Figure 23.  Between each test, the device was rinsed with a wash 
buffer of 10 mM, pH 6.0 phosphate buffer solution containing 10 mM KCl to strip the 
antibody from the antigen.   
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Clinically relevant concentrations of the c-erbB-2 antigen in the saliva and serum of normal 
patients are 4-6 μg/ml and 60-90 μg/ml respectively. For breast cancer patients, the c-erbB-2 
antigen concentrations in the saliva and serum are 9-13 μg/ml and 140-210 μg/ml, 
respectively.  Our detection limit suggests that HEMTs can be easily used for detection of 
clinically relevant concentrations of biomarkers. Similar methods can be used for detecting 
other important disease biomarkers and a compact disease diagnosis array can be realized 
for multiplex disease analysis.  
 

 
Fig. 22. Drain current of an AlGaN/GaN HEMT over time for c-erbB-2 antigen from 0.25 
μg/ml to 17 μg/ml. 

 

 
Fig. 23. Drain current as a function of c-erbB-2 antigen concentrations from 0.25 μg/ml to 17 
μg/ml. 
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7.4 Lactic acid detection 
Lactic acid can also be detected with ZnO nanorod-gated AlGaN/GaN HEMTs.  Interest in 
developing improved methods for detecting lactate acid has been increasing due to its 
importance in areas such as clinical diagnostics, sports medicine, and food analysis. An 
accurate measurement of the concentration of lactate acid in blood is critical to patients that 
are in intensive care or undergoing surgical operations as abnormal concentrations may lead 
to shock, metabolic disorder, respiratory insufficiency, and heart failure. Lactate acid 
concentration can also be used to monitor the physical condition of athletes or of patients 
with chronic diseases such as diabetes and chronic renal failure.  In the food industry, lactate 
level can serve as an indicator of the freshness, stability and storage quality. For the reasons 
above, it is desirable to develop a sensor capable of simple and direct measurements, rapid 
response, high specificity, and low cost. Recent researches on lactate acid detection mainly 
focus on amperometric sensors with lactate acid specific enzymes attached to an electrode 
with a mediator (Parra et al. 2006, Phypers and Pierce 2006, Lin, Shih and Chau 2007, Spohn 
et al. 1996, Pohanka and Zboril 2008, Suman et al. 2005, Haccoun et al. 2006, Di et al. 2007).  
Examples of materials used as mediators include carbon paste, conducting copolymer, 
nanostructured Si3N4 and silica materials. Other methods of detecting lactate acid include 
utilizing semiconductors (Lupu et al. 2007) and electro-chemiluminescent materials 
(Marquette, Degiuli and Blum 2000). 
A ZnO nanorod array, which was used to immobilize lactate oxidase oxidase (LOx), was 
selectively grown on the gate area using low temperature hydrothermal decomposition as 
illustrated in Figure 24.  The array of one-dimensional ZnO nanorods provided a large 
effective surface area with high surface-to-volume ratio and a favorable environment for the 
immobilization of LOx. 
 

 
Fig. 24. Schematic cross sectional view of the ZnO nanorod gated HEMT for lactic acid 
detection. 
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The AlGaN/GaN HEMT drain-source current showed a rapid response when various 
concentrations of lactate acid solutions were introduced to the gate area of the HEMT 
sensor. The HEMT could detect lactate acid concentrations from 167 nM to 139 μM. Figure 
25 shows a real time detection of lactate acid by measuring the HEMT drain current at a 
constant drain-source bias voltage of 500 mV during exposure of HEMT sensor to solutions 
with different concentrations of lactate acid. The sensor was first exposed to 20 l of 10 mM 
PBS and no current change could be detected with the addition of 10 l of PBS at 
approximately 40 seconds, showing the specificity and stability of the device.  By contrast, a 
rapid increase in the drain current was observed when target lactate acid was introduced to 
the device surface.  The sensor was continuously exposed to lactate acid concentrations from 
167 nM to 139 μM. 
 

 
Fig. 25. Drain current as a function of the time with successive exposure to lactate acid from 
167 nM to 139 M. 

As compared with the amperometric measurement based lactate acid sensors, our HEMT 
sensors do not require a fixed reference electrode in the solution to measure the potential 
applied between the nano-materials and the reference electrode.  The lactate acid sensing 
with the HEMT sensor was measured through the drain current of HEMT with a change of 
the charges on the ZnO nanorods and the detection signal was amplified through the 
HEMT.  Although the time response of the HEMT sensors is similar to that of 
electrochemical based sensors, a significant change of drain current was observed for 
exposing the HEMT to the lactate acid at a low concentration of 167 nM due to this 
amplification effect.  In addition, the amount of sample, which is dependent on the area of 
gate dimension, can be minimized for the HEMT sensor due to fact no reference electrode is 
required.  Thus, measuring lactate acid in the exhaled breath condensate (EBC) can be 
achieved as a noninvasive method. 
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7.5 Chloride ion detection 
Chlorine is widely used in the manufacture of many products and items directly or 
indirectly, i.e. in paper product production, antiseptic, dye-stuffs, food, insecticides, paints, 
petroleum products, plastics, medicines, textiles, solvents, and many other consumer 
products. It is used to kill bacteria and other microbes in drinking water supplies and waste 
water treatment. Excess chlorine also reacts with organics and forms disinfection by-
products such as carcinogenic chloroform, which is harmful to human health. Thus, to 
ensure the safety of public health, it is very important to accurately and effectively monitor 
chlorine residues, typically in the form of chloride ion concentration, during the treatment 
and transport of drinking water (Taylor and Hong 2000, Walker, Hall and Hurst 1990, Cook 
and Miles 1980, Elsheimer 1987, Verma and Parthasarathy 1996, Graule et al. 1989, Kumar, 
Venkatesh and Maiti 2004, Blackwell et al. 1997).   In addition, the chloride ion is an essential 
mineral for humans, and is maintained to a total body chloride balance in body fluids such 
as serum, blood, urine, exhaled breath condensate etc., by the kidneys.  Variations in the 
chloride ion concentration in serum may serve as an index of renal diseases, adrenalism, 
pneumonia and, thus, the measurement of this parameter is clinically important (Walker et 
al. 1990, Davidsson et al. 2005, Davidsson et al. 2007, Niimi et al. 2004, Effros et al. 2002). 

7.5.1 HEMT Functionalized with Ag/AgCl 
(HEMTs) with a Ag/AgCl gate are found to exhibit significant changes in channel 
conductance upon exposing the gate region to various concentrations of chorine ion 
solutions, as shown in Figure 26.  The Ag/AgCl gate electrode, prepared by potentiostatic 
anodization, changes electrical potential when it encounters chorine ions.  This gate 
potential changes lead to a change of surface charge in the gate region of the HEMT, 
inducing a higher positive charge on the AlGaN surface, and increasing the pizeo-induced 
charge density in the HEMT channel.  These anions create an image positive charge on the 
Ag gate metal for the required neutrality, thus increasing the drain current of the HEMT. 
The HEMT source-drain current showed a clear dependence on the chorine concentration 
(Walker et al. 1990). 
Figure 27 shows the time dependence of Ag/AgCl HEMT drain current at a constant drain 
bias voltage of 500mV during exposure to solutions with different chlorine ion 
concentrations. The HEMT sensor was first exposed to DI water and no change of the drain 
current was detected with the addition of DI water at 100 seconds.  This stability was 
important to exclude possible noise from the mechanical change of the NaCl solution. By 
sharp contrast, there was a rapid response of HEMT drain current observed in less than 30 
seconds when target of 1×10-8 M NaCl solution was switched to the surface at 175 sec. The 
abrupt current change due to the exposure of chlorine in NaCl solution stabilized after the 
chlorine thoroughly diffused into the water to reach a steady state. When Ag/AgCl gate 
metal encountered chorine ions, the electrical potential of the gate was changed, inducing a 
higher positive charge on the AlGaN surface, and increased the pizeo-induced charge 
density in the HEMT channel.  1×10-7 M of NaCl solution was then applied at 382 second 
and it was accompanied with a larger signal corresponding to the higher chlorine 
concentration. Further real time tests were carried out to explore the detection of higher Cl- 
ion concentrations.  The sensors was exposed to 10-8 M, 10-7 M, 10-6 M, 10-5 M and 10-4 M 
solutions continuously and repeated five times to obtain the standard deviation of source-
drain current response for each concentration. The limit of detection of this device was 1×10-



 
AlGaN/GaN High Electron Mobility Transistor Based Sensors for Bio-Application   

 

47 

8 M chlorine in DI-water.  Between each test, the device was rinsed with DI water.  These 
results suggest that our HEMT sensors are recyclable with simple DI water rinse. The 
presence of the Ag/AgCl gate leads to a logarithmic dependence of current on the 
concentration of NaCl. 
 

 
Fig. 26. Schematic cross sectional view of a Ag/AgCl gated HEMT. 
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Fig. 27. Time dependent drain current of a Ag/AgCl gated AlGaN/GaN HEMT exposed to 
different concentrations of NaCl solutions (bottom). 
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7.5.2 HEMT Functionalized with InN 
Real time detection of chloride ion detection with AlGaN/GaN high electron mobility 
transistors (HEMTs) with an InN thin film in the gate region has also been demonstrated. 
The sensor, shown schematically in Figure 28, exhibited significant changes in channel 
conductance upon exposure to various concentrations of NaCl solutions. The InN thin film, 
deposited by Molecular Beam Epitaxy, provided fixed surface sites for reversible anion 
coordination. The potential change in the gate area induced a change of the piezo-induced 
charge density in the electron channel in the HEMT.  The sensor was tested over the range of 
100nM to 100µM NaCl solutions.   
 

 
Fig. 28. Cross section schematic of the InN-gated HEMT. 

Figure 29 also shows the results of real time detection of Cl- ions by measuring the HEMT 
drain current at a constant drain bias voltage of 500mV during exposure to solutions of 
different chloride ion concentrations. The HEMT sensor was first exposed to DI water and 
no change of the drain current was detected with the addition of DI water at 100 seconds.  
The small spike in the current is due to mechanical disturbance of the HEMT surface when 
the water was added. By sharp contrast, a rapid response of HEMT drain current was 
observed in less than 20 seconds when target of 100 nM NaCl solution was exposed to the 
surface at 200 seconds. The abrupt current change stabilized after the sodium chloride 
solution thoroughly diffused into water and reached a steady state. When the InN gate 
metal encountered chloride ion, the electrical potential of the gate was changed and resulted 
in the increase the pizeo-induced charge density in the HEMT channel. A larger signal 
change was observed when 1µM of NaCl solution was applied at 300 seconds. The sensor 
was exposed to higher Cl- ion concentrations of 10µM and 100µM sequentially for a further 
real time test. The test was repeated with the same sensor for five times to obtain the 
standard deviation of source-drain current response for each concentration. The sensor can 
be reusable by washing it with DI water and drying with nitrogen gas. The limit of detection 
of this device was 100nM chloride ions in DI water. The presence of the InN gate leads to a 
logarithmic dependence of current on the concentration for NaCl. 
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Fig. 29. Real time source-drain current at a constant bias of 500mV as different 
concentrations of Cl- ions were added. 

7.6 Traumatic Brain Injury 
TBI is one of the most frequent causes of morbidity and mortality on the modern battlefield. 
U.S. casualties in Iraq are suffering a greater percentage of brain injuries than in previous 
wars. One of the contributing factors is the proliferation of the use of Improvised Explosive 
Device (IED) against US warfighters (Warden , Langlois, Rutland-Brown and Thomas 2004).  
Recent assessments have indicated that about 65 % of casualties are correlated with brain 
injuries. Traumatic brain injury, including concussion are also growing medical problem 
among civilians, with almost 2 million cases in the US each year (Langlois et al. 2004).  The 
development of a fast response and portable TBI sensor can have tremendous impact in 
early diagnosis, and proper management of TBI. Accurate and early diagnosis of a soldier’s 
health in acute care environments can significantly simplify decisions about situation 
management. For example, decisions need to be made about whether to admit or discharge 
injured soldiers or to transfer other facility with advanced diagonal system, such as 
computer tomography (CT) and magnetic resonance imaging (MRI) scans.  The capability to 
detect, in real time, markers in body fluids of soldiers can result in better patient outcomes 
especially in the battlefield or remote areas, where complicated and expensive CT and MRI 
scans are not available.   For example, traumatic brain injury (TBI) is one of the most 
frequent causes of morbidity and mortality on the modern battlefield (Warden , Langlois et 
al. 2004). U.S. casualties in Iraq are suffering a greater percentage of brain injuries than in 
previous wars. Recent assessments have indicated that about 65 % of casualties are 
correlated with brain injuries, and concussion is a growing medical problem.  The 
development of a fast response and portable TBI sensor can have tremendous impact in 
early diagnosis, and proper management of TBI 
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Preliminary results show the TBI antibody can be functionalized on the HEMT surface and 
fast response of TBI antigen was achieved.  The detection of limit of detection (LOD) was in 
the 10th of g/ml range, however this is not low enough for practical use.  The typical TBI 
antigen concentration in the TBI patient’s serum is in the range of ng/ml.  We have used 
HEMT sensors to detect the kidney injury molecules and prostate specific antigen and 
achieved the LOD in the range of 1-10 pg/ml range.   The reason for higher LOD for the TBI 
antigen detection was due to the much smaller size of the TBI antigen.  Smaller antigens 
carry less charges, thus provide less effect on the drain current of the HEMT sensor.  Based 
on the promising biomarker and device data, we have recently used HEMTs for detecting a 
biomarker UCH-L1 (BA0127) antigen involved in Traumatic Injury Molecule. The gate 
region was functionalized with a specific antibody to traumatic brain injury antigen. The 
HEMT current showed a decrease as a function of TBI antigen concentration in PBS buffer 
(Figure 30). This shows the time dependent current change in BA0127 (UCH-L1) antibody 
modified HEMTs upon exposure to 2 µg/ml, and then to 16.9, 80, and 188 µg/ml of BA0127 
(UCH-L1) in PBS buffer.  The response time is around 6 seconds.   The preliminary limit of 
detection (LOD) was found to be 20 µg/ml, demonstrating the potential for TBI detection 
with accurate, rapid, noninvasive, and high throughput capabilities.   
 

 
Fig. 30. Time dependent current signal when exposing the HEMT to 2 µg/ml to 188 µg/ml 
BA0127 TBI antigen in PBS buffer. 

8. Endocrine disrupter exposure level meassurement 

There have been many reports evaluating the adverse effects of endocrine disrupters (ED) 
on reproduction in wild animals, especially in aquatic environments (Mosconi et al. 2002, 
Sumpter and Jobling 1995, Matozzo et al. 2008a, Watson et al. 2007, Garcia-Reyero et al. 
2006, Porte et al. 2006, Hinck et al. 2008).  A wide range of chemicals are considered EDs, 
including naturally occurring or improperly disposed estrogens and anthropogenic 
chemicals that were heavily used in the past.  These chemicals promote feminization in wild 
life and also pose a threat to public health.  Some reports suggest that ED can influence fetal 
development (Bern 1998) or act as a carcinogen (Davis et al. 1993, Yager and Liehr 1996, 
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Liehlr 2001).  Therefore, it is beneficial to develop tools that could accurately monitor the 
level of ED exposure. 
Vitellogenin (Vtg) is a major egg yolk precursor protein that can be used as a biomarker to 
indicate an organism’s exposure to ED (Heppell et al. 1995).  The gene for this protein is 
expressed in the liver of oviparous animals under the control of estrogen (Matozzo et al. 
2008b, Heppell et al. 1995, Carmon, Baltus and Luck 2005b, Hahn et al. 2006, Eidem et al. 
2006, Sabo-Attwood et al. 2007, Denslow et al. 1999, Garcia-Reyero et al. 2009, Chertow et al. 
1998).  Male fish, under natural conditions, should have very low doses of Vtg since they do 
not produce eggs.  However, if male fish are exposed to estrogen or to estrogen mimics in 
the environment, the Vtg gene is turned on.  The dynamic range of this protein in normal 
male fish is 10-50 ng/ml in plasma and ~20 mg/ml in females producing eggs (Denslow et 
al. 1999). There have been reports of finding as much as 100 mg/ml in some fish that were 
induced with estrogen (Garcia-Reyero et al. 2009).  While the dynamic range is over 6 orders 
of magnitude, one normally finds 1~100 g/ml in plasma in exposed males (Denslow et al. 
1999).   Although Vtg from one species is limited in its application as a probe for another, 
some segments of Vtg are highly conserved among species, suggesting the possibility of 
developing antibodies with wide cross-reactivity (Denslow et al. 1999).  Enzyme-linked-
immunosorbent-assay (ELISA) (Heppell et al. 1995, Eidem et al. 2006, Sabo-Attwood et al. 
2007, Denslow et al. 1999, Garcia-Reyero et al. 2009), quartz crystal microbalance (Carmon, 
Baltus and Luck 2005a), and yeast cell-based assay (Hahn et al. 2006) are typically used as 
the Vtg detection methods, however, these methods are not suitable for on-field, real-time 
measurements. 
Figure 31 shows the results of real time detection of Vtg by measuring the HEMT at constant 
drain bias voltage of 500 mV with an Agilent 4156C parameter analyzer at 25°C. Purified 
Vtg solutions were prepared in 10mM PBS and introduced to the sensor surface by a syringe 
autopipette (0.5-2µL). The drain current measurement began with 10 µL of PBS placing on 
the HEMT surface. Before introducing the Vtg solutions, an additional 1µL drop of PBS was 
added to the sensor. Other than the small disturbance at 50 seconds, no change of the drain 
current was detected.  The disturbance in the current was due to mechanical disturbance of 
the HEMT surface and the level went back to its original state. In comparison, a rapid 
response of HEMT drain current was observed in less than 10 seconds when the sensor was 
exposed to 5µg/mL of Vtg at 100 seconds. The abrupt current change stabilized after the 
VTG thoroughly diffused into the solution and reached a steady state. When the antigen 
encountered the antibody, the electrical potential of the gate was changed and resulted in 
the increase of the pizeo-induced charge density in the HEMT channel. 
A larger signal change was observed when 10µg/mL of Vtg was added at 200 seconds.  
There was PBS solution on the sensor already.  In order to achieve the 10µg/mL of Vtg on 
the sensor, higher concentration than 10µg/mL was needed to be used to add on the sensor.  
Thus, an abrupt spike of the drain current change was observed due to the exposure of 
higher Vtg concentration solution to the sensing area, which was stabilized after the Vtg 
thoroughly diffused into the solution on the top of the sensing area. The sensor was exposed 
to higher Vtg concentrations of 50µg/mL and 100µg/mL sequentially for further real time 
test. The test was repeated with the same sensor for three times. The sensors were rinsed 
with 10mM PBS at pH=6 because antibodies have optimal reactivity at pH=7.4 and will 
release the antigen at a lower pH. 
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Fig. 31. Real time source-drain current of sensors when introduced to 5, 10, 50, and 100 
µg/mL of vitellogenin 

Figure 32 (top) shows Vtg detection results with actual male and female largemouth bass 
serum samples.  The male serum contained no vitellogenin whereas the female serum 
contained 8mg/mL of Vtg.  In contrast to PBS solutions, serum has many proteins that can 
interfere with the correct sensor reading. Therefore, it was necessary to block the unreacted 
carboxylic groups on the sensor. 1mg/mL bovine serum albumin (BSA) solution was 
applied to the sensor for 3 hours and washed thoroughly with PBS to remove the excess 
BSA.  An important factor that influences the sensor performance is the Debye length of the 
solution (Curreli et al. 2008). Electrolytes that are present in the solution can screen the field 
effect from the antigen-antibody interaction. In solutions such as serum, the Debye length is 
greatly reduced and causes lower sensitivity of the device. Therefore, dilution of largemouth 
bass serum was needed to detect Vtg in the solution. The serum was diluted to 1% in 10mM 
PBS. The measurement started with 1% male serum containing no Vtg on the sensor. At 100 
seconds, additional diluted male serum was added to confirm that there was no current 
change due to the serum background.  By contrast, the current increased when drops of 1% 
female serum containing Vtg were added every 100 seconds. 
Figure 32 (bottom) shows the drain current changes as a function of the Vtg concentration. 
Each concentration was repeated five times to obtain the standard deviation of source-drain 
current response for each concentration. The source-drain current change is nonlinearly 
proportional to Vtg concentration.  Between each test, the device was rinsed with a wash 
buffer of 10 M phosphate buffer solution containing 10 M KCl with pH 6 to strip the 
antigen from the antibody. Successful detection in serum samples shows that HEMTs have 
potential as biological sensors in real-world applications. 
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Fig. 32. (top) Real time detection of vitellogenin in largemouth bass serum. (bottom) Drain 
current change in HEMT as a function of vitellogenin concentration 

9. Wireless sensors 

With many of the sensor applications, it is desirable to have the detected signal transmitted 
wirelessly to a central location. This could be part of an unmanned system for biotoxin 
detection or part of a personal medical monitoring system in which a patient could breathe 
into a hand-held device that then transmits the encrypted signal to a doctor’s office. This 
would allow for less numerous visits to doctor’s offices and less problems with false positive 
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tests because data could be accumulated over an extended period and a more reliable 
baseline established. 
A prototype of a remote hydrogen sensing system was installed in a Ford dealership in 
Orlando (Greenway Ford), which is a test site for a hydrogen-fueled vehicle program 
supported by Florida State Government, since August 2006.  The hydrogen-fueled buses 
and cars are stored and have maintenance performed on them in a large work area at the 
Ford dealership.  Our hydrogen sensing system includes four on-site sensors, power 
management subsystem, wireless transmitter and receiver connect to a computer.  An 
intelligent monitoring software developed by our team is used to control data logging and 
tracking of each individual sensor as well as defining and implementing the monitoring 
states, transitions, and actions of the hydrogen sensor network. It can trigger an alarm 
and/or send messages to computers, cell phones or PDAs, when a preset hydrogen 
threshold level is detected.  Also, the software is able to warn the users of potential sensor 
failure, power outages and network failures through cell phone network and Internet.   
Currently, the cost of electronic parts including wireless transceiver and detection circuits 
is less than $20 in small quantity. In large quantity, it can be lower than $10. If the 
complete wireless transceiver and detection circuit are designed and integrated on a 
custom IC for mass production, the cost should be in the range of $5-8, similar to 
Bluetooth wireless chips.  The sensors themselves can be mass-produced for 5-10 cents 
each according to Nitronex, Inc. A schematic block diagram of sensor module and 
wireless network server is shown in Figure 33. 
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Fig. 33. Schematic of remote data transmission system for sensors. 

As shown in the Figure 34, we have also developed a pen-sized portable, re-configurable 
wireless transceiver integrated with pH sensor has been designed and fabricated.  The 
wireless transmitter and receiver pair was designed to acquire EBC data and transmit it 
wirelessly. This system is able to interface multiple different sensors and consists of a 
transmitter and receiver pair. The transmitter was designed such that it is the size of a 
marker-pen so that it could be used as an ultra-portable lightweight handheld device. The 
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transmitter is designed to be operated on an ultra-low-power mode.  The transmitter is also 
equipped with an on-board recharging circuit, which can be powered by using a standard 
mini-USB cable.  The transmitter consumes on average 80µA. The transmitter and receiver 
pair is designed to operate at 2.4GHz with range of up to 20ft line-of-sight. The receiver has 
USB 2.0 connectivity, which relays EBC data from the transmitter to a PC while powering 
the receiver. The transmitter is designed to integrate with various different sensors through 
a connector. The transmitter can be reset for the required input signal range to trigger the 
alarm through the bi-directional wireless communication for a different sensing application.  
Thus this system is reconfigurable over-the-air.  The wireless circuits only consume a power 
level around 1 W. If the sensor consumes a similar power level, the battery installed on the 
transmitter package can last more than one month.  This EBC sensing pair of devices can be 
mass-produced cost effectively well below $100 each pair. The sensor occupies the tip of the 
pen-shaped layout in Figure 34 and runs off a 75mA Li ion polymer rechargeable battery. 
Figure 34 illustrated the package sensors mounted on a circuit board containing the 
detection circuit and microcontroller and the wireless transmitter for data collection. The 
sensor module is fully integrated on an FR4 PC board and is packaged with battery. The 
dimension of the sensor module package is: 4.5" × 2.9" × 2". The maximum line of sight 
range between the sensor module and the base station is 150m. The base station of the 
wireless sensor network server is also integrated in a single module (3.0" × 2.7" × 1.1") and is 
ready to be connected to a laptop by a USB cable. The base station draws its power from the 
laptop’s USB interface, thus do not require any battery or wall AC transformer, which 
reduces its form factor.  The PC is used to record the sensing data, send the data to internet, 
and take actions when the hydrogen is detected. 
 

 
Fig. 34. Photographs of integrated pH sensor (top) and receiver/transmitter pair (bottom). 



  
Biosensors for Health, Environment and Biosecurity 

 

56

A client program has also been developed to receive the sensor data remotely. The remote 
client can get a real-time log of the system for 10 minutes via the client program. In addition, 
a full data log will be obtained via accessing the server using a ftp client as the server 
program incorporates a full data logging functionality. When the current of any of the 
sensors exceeds a preset level, the server program will automatically execute the phone-
dialing program, reporting the emergency to relevant personnel.  A web server was 
developed using MATLAB (Mathworks Inc) to share the collected sensor data via the 
Internet.  The data display time range can be chosen real-time, 85 minutes, 15 hours and 6 
day. 

10. Summary 

We have summarized recent progress in AlGaN/GaN HEMT sensors. These devices can 
take advantage of the advantages of microelectronics, including high sensitivity, possibility 
of high-density integration, and mass manufacturability. The goal is to realize  real-time, 
portable and inexpensive chemical and biological sensors and to use these as handheld 
exhaled breath, saliva, urine, or blood monitors with wireless capability. Frequent screening 
can catch the early development of diseases, reduce the suffering of the patients due to late 
diagnoses, and lower the medical cost. For example, a 96 % survival rate has been predicted 
in breast cancer patients if the frequency of screening is every three months. This frequency 
cannot be achieved with current methods of mammography due to high cost to the patient 
and invasiveness (radiation). 
There are many possible applications, including: 
Diabetes/Glucose Testing -The population of diabetics is large and growing. There are in 
excess of 150 million diabetics in the world and some believe this number will double by 
2010. Although the frequent monitoring of glucose levels is strongly encouraged by health 
professionals most of the glucose testing products currently on the market are 
uncomfortable for the user and dissatisfaction is high. Less invasive products are also less 
effective and have been unable to gain market share. Conditions are favorable for the 
introduction of an effective, non-invasive product. 
Breast Cancer Testing - The market size for breast cancer testing is vast – nearly 200,000 
women and 1,700 men were diagnosed in 2006 alone. Although lucrative,  competition in 
this industry is strong. Growth potential is possible, however, as the most effective and 
widely used diagnostic exam for breast cancer, the mammogram, is potentially harmful due 
to radiation exposure. Other, less popular, exams that do not involve radiation tend to be 
both invasive and expensive.  
Asthma Testing - Asthma testing products are increasingly in demand. 1 in 20 Americans 
suffers from asthma and this number stands to increase in the near future. Despite this, the 
market for pre-attack testing materials is undersaturated. Only one product has reached the 
marketplace and although inexpensive this product is also relatively inaccurate. Other 
potential competition may be more accurate but has yet to reach the market. 
Prostate Testing - Because 1 in 6 men will be diagnosed with prostate cancer during his 
lifetime, the market for testing products is also quite large. While two tests currently possess 
the bulk of the market, they either inaccurate or invasive or both. Because of this relatively 
weak competitive market new entry possibilities are strong. 
Narcotics Testing - Toxicology screens are the most common narcotics testing products 
currently on the market. Used regularly by law enforcement agencies, medical facilities, and 
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corporate businesses tests are inexpensive and effective. More advanced technology has also 
been developed to in an effort to monitor discrete drug levels in an individual’s system. 
HEMT sensors show promising results for protein, DNA, prostate cancer, kidney injury 
molecules, pH values of solutions, mercury ions as well glucose in the exhaled breath 
condensate. The method relies on an amplification of small changes in antibody-structure 
due to binding to antigens. The characteristics of these sensors include fast response (liquid 
phase-5 to 10 seconds and gas phase- milli-second), digital output signal, small device size 
(less than 100  100 m2) and chemical and thermal stability. 
Given the ever increasing incidence of diabetes in both the United States and abroad the 
market for diabetes testing and supplies is large and growing. Moreover, prevalent market-
wide dissatisfaction with current testing alternatives – due to discomfort, inaccuracy, 
and/or cost – leads us to believe that the diabetes testing market is by far the most 
promising one for this technology. Although possible concerns include a difficult 
government certification process and insurance coverage, a survey of possible competition 
shows similar products to be either nonexistent or in an embryonic stage of development, 
meaning possible market entry can be made carefully and strategically. 
Like the market for diabetes testing, the market for breast cancer testing is also highly 
promising. Although numerous testing alternatives exist the market size is huge and 
growing – in 2005 the testing market in the United States alone was worth well in excess of 
$1 billion – and the most common diagnostic methods involve some level of discomfort 
and/or exposure to radiation giving it the same kind of patient dissatisfaction found among 
diabetes. Because testing is performed less frequently, however, its larger market may prove 
less lucrative and market entry is highly dependent upon government regulations and 
insurance coverage. Barring these difficulties market entry (if made carefully) should be 
relatively easy. 
There are still some critical issues. First, the sensitivity for certain antigens (such as prostate 
or breast cancer) needs to be improved further to allow sensing in body fluids other than 
blood (urine, saliva). Second, a sandwich assay allowing the detection of the same antigen 
using two different antibodies (similar to ELISA) needs to be tested. Third, integrating 
multiple sensors on a single chip with automated fluid handling and algorithms to analyze 
multiple detection signals, and fourth, a package that will result in a cheap final product is 
needed. Fourth, the stability of surface functionalization layers in some cases is not 
conducive to long-term storage and this will limit the applicability of those sensors outside 
of clinics. There is certainly a need for detection of multiple analytes simultaneously. 
However, there are many such approaches and acceptance from the clinical community is 
generally slow for many reasons, including regulatory concerns. 
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1. Introduction 
The ability to assess health status, disease onset and progression, and monitor treatment 
outcome through a non-invasive method is the main aim to be achieved in health care 
promotion and delivery and research. There are three prerequisites to reach this goal: 
specific biomarkers that indicates a healthy or diseased state; a non-invasive approach to 
detect and monitor the biomarkers; and the technologies to discriminate the biomarkers. 
The early disease diagnosis is crucial for patient survival and successful prognosis of the 
disease, so that sensitive and specific methods are required for that. Among the numerous 
mankind diseases, three of them are relevant because of their worldwide incidence, 
prevalence, morbidity and mortality, namely diabetes, cardiovascular disease and cancer. 
In recent years, the demand has grown in the field of medical diagnostics for simple and 
disposable devices that also demonstrate fast response times, are user-friendly, cost-
efficient, and are suitable for mass production. Biosensor technologies offer the potential to 
fulfill these criteria through an interdisciplinary combination of approaches from 
nanotechnology, chemistry and medical science. 
The emphasis of this chapter is on the recent advances on the biosensors for diabetes, 
cardiovascular disease and cancer detection and monitoring. An overview at biorecognition 
elements and transduction technology will be presented as well as the biomarkers and 
biosensing systems currently used to detect the onset and monitor the progression of the 
selected diseases. The last part will discuss some challenges and future directions on this 
field. 

2. Biorecognition elements and transduction technology 
2.1 Biorecognition elements 
Clinical analyses are no longer carried out exclusively in the clinical chemistry laboratory. 
Measurements of analytes in biological fluids are routinely performed in various locations, 
including hospital, by caregivers in non-hospital settings and by patients at home. 
Biosensors (bioanalytical sensors) for the measurement of analytes of interest in clinical 
chemistry are ideally suited for these new applications. These factors make biosensors very 
attractive compared to contemporary chromatographic and spectroscopic techniques. 
A biosensor can be generally defined as a device that consists of a biological recognition 
system and a transducer, for signal processing, to deduce and quantity a particular analyte 
(Hall, 1990). Biosensors provide advanced platforms for biomarker analysis with the 
advantages of being easy to use, rapid and robust as well as offering multianalyte testing 
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capability; however a specific biomarker is necessary. Biomarkers are molecules that can be 
objectively measured and evaluated as indicators of normal or disease processes and 
pharmacologic responses to therapeutic intervention (Rusling et al., 2010).  
The first biosensor was reported by Clark and Lyons (1962) for glucose in blood 
measurement. They coupled the enzyme glucose oxidase to an amperometric electrode for 
PO2. The enzyme-catalyzed oxidation of glucose consumed O2 and lowered PO2 that was 
sensed, proportionally to the glucose concentration in the sample. The enzyme-based sensor 
was the first generation of biosensors and in the subsequent years a variety of biosensors for 
other clinically important substances were developed. Therefore, biosensors can be 
categorized according to the biological recognition element (enzymatic, immuno, DNA and 
whole-cell biosensors; Spichiger-Keller, 1998) or the signal transduction method 
(electrochemical, optical, thermal and mass-based biosensors; Wanekaya et al., 2008) (Fig 1). 
 

 
Fig. 1. Schematic of a biosensor (Arya et al., 2008). 

Substantial amounts of published work on the enzyme-based biosensors are found in the 
literature due to their medical applicability, commercial availability or ease of enzyme 
isolation and purification from different sources and also enzymes can be used in 
combination for detection of a target analyte (D'Orazio, 2003). By acting as biocatalytic 
elements, the enzymatic reaction is accompanied by the consumption or production of 
species such as CO2, NH3, H2O2, H+, O2 or by the activation/inhibition activity that can be 
detected easily by various transducers and correlate this species to the substrates. Amongst 
various enzymes, glucose oxidase, horseradish peroxidase, and alkaline phosphatase have 
been employed in most biosensor studies (Laschi et al., 2000; Wang, 2000). The detection 
limit is satisfactory or exceeded but the enzyme stability is still a problem, especially 
considering a long period of time. A major advantage of enzyme-based biosensors is the 
ability, in some cases, to modify catalytic properties or substrate specificity by genetic 
engineering. The major limitation is the lack of specificity in differentiating among 
compounds of similar classes (Buerk, 1993; 2001; D'Orazio, 2003). 
Affinity biosensors have received considerable attention in the last years, since they provide 
information about binding of antibodies to antigens, cell receptors to their ligands, 
DNA/RNA to complementary sequences of nucleic acids and functioning enzymatic 
pathways that allow the screening of gene products for metabolic functions.  
Immunosensors are based on the high selectivity of the antibody–antigen reaction. The 
specific interaction is sensed by a transducer and measurements can be obtained directly, 
in minutes, rather than the hours required for visualizing results of an ELISA test 
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(Spangler et al., 2001). Either an antigen or antibody can be immobilized onto a surface of 
support in an array format (Huang et al., 2004) and participates in a biospecific interaction 
with the other component, allowing detection and quantification of an analyte of interest 
(Stefan et al., 2000). The sensors may operate either as direct or as indirect sensors often 
referred to homogeneous and heterogeneous immunosensors, respectively. Antibodies are 
the critical part of an immunosensor to provide sensitivity and specificity. As the 
antibody–antigen complex is almost irreversible, only a single immunoassay can be 
performed (Buerk, 1993) although intensive research effort has been directed toward the 
regeneration of renewable antibody surfaces. Reproducibility is another concern, partly 
due to the antibody orientation and immobilization onto the sensor surface. 
Immunosensors are inherently more versatile than enzyme-based biosensors because 
antibodies are more selective and specific. Immunosensors are currently been used for 
infectious diseases diagnosis (Huang et al., 2004). 
DNA analysis is the most recent and most promising application of biosensors to clinical 
chemistry. DNA is well suited for biosensing because the base pairing interactions between 
complementary sequences are both specific and robust. DNA biosensors employ 
immobilized relatively short synthetic single-stranded oligodeoxynucleotides that 
hybridizes to a complementary target DNA in the sample (Palecek, 2002). Hybridization can 
be performed either in solution or on solid supports. The system can be used for repeated 
analysis since the nucleic acid ligands can be denatured to reverse binding and then 
regenerated (Ivnitski et al., 1999). However, considerable research is still needed to develop 
methods for directly targeting natural DNA present in organisms and in human blood with 
high detection sensitivity (Palecek, 2002). Accurate tests for recognizing DNA sequences, 
usually, need to multiply small amounts of DNA into readable quantities using the 
polymerase chain reaction (PCR). Some of the new gene chips are sensitive enough to 
eliminate the need for target amplification, a time-consuming process. This improvement 
has stimulated the development of DNA biosensors with a view toward rapid analysis for 
point-of-care diagnostics for infectious disease, testing cancer and genetic disease diagnosis 
and measurement of drug resistance or susceptibility, and even a whole cancer circulating 
cell can be identified (Liu et al., 2009). 
Whole-cell biosensors are based in the general metabolic status of bacteria, fungi, yeasts, 
animal or plant cells that are the recognition elements. Whole cells can easily be 
manipulated and adapted to consume and degrade new substrates. Many enzymes and co-
factors that co-exist in the cells give them the ability to consume and hence detect a large 
number of chemicals. However, this may compromise their selectivity (Ding et al., 2008).  
The sensing molecule, in general, is hold on a solid support, the matrix. Chemical properties 
of a desired support decide the method of immobilization and the operational stability of a 
biosensor. In particular, it should be resistant to a wide range of physiological pHs, 
temperature, ionic strength and chemical composition. The ability to co-immobilize more 
than one biologically active component is desirable in some cases. Conducting polymers, 
carbon nanotubes, nanoparticles, sol–gel/hydro-gels and self-assembled monolayer are 
common used to immobilize a variety of sensing molecules (Arya et al., 2008). 

2.2 Transduction technology 
The interaction of the analyte with the bioreceptor is designed to produce an effect 
measured by the transducer, which converts the information into a measurable signal. A 
variety of transducer methods have been feasible toward the development of biosensor 
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technology; however the most common methods are electrochemical, optical and 
piezoelectric (Buerk, 1993; Collings & Caruso 1997; Wang, 2000). 
Electrochemical sensors measure the electrochemical changes that occur when analytes 
interact with a sensing surface of the detecting electrode. The electrochemical assay is 
simple, reliable, has a low detection limit and a wide dynamic range due to the fact that the 
electrochemical reactions occur at the electrode–solution interfaces. Based on that and cost 
competitiveness, more than half of the biosensors, reported in the literature, are based on 
electrochemical transducers (Meadows, 1996). The electrical changes can be potentiometric 
(a change in the measured voltage between the indicator and reference electrodes), 
amperometric (a change in the measured current at a given applied voltage), or 
conductometric (a change in the ability of the sensing material to transport charge). 
Amperometry is the electrochemical technique usually applied in commercially available 
biosensors for clinical analyses that detect redox reactions. The electrochemical platform is 
suited for enzyme-based and DNA/RNA sensors, field monitoring applications (e.g. hand-
held) and miniaturization toward the fabrication of an implantable biosensor.  
Optical transducers can be used to monitor affinity reactions and have been applied to 
quantitate antigenic species of interest in clinical chemistry and to study the kinetics and 
affinity of antigen–antibody and DNA interactions. Of particular interest have been direct 
optical transducers based on methods such as internal reflectance spectroscopy, surface 
plasmon resonance and evanescent wave sensing. Light entering an optical device is 
directed through optical fibers or planar waveguides toward a sensing surface and reflected 
back out again. The reflected light is monitored, using a detector such as a photodiode, 
revealing information about the physical events occurring at the sensing surface. The 
measured optical signals often include absorbance, fluorescence, chemiluminescence, 
surface plasmon resonance (to probe refractive index), or changes in light reflectivity. 
Optical biosensors are preferable for screening a large number of samples simultaneously; 
however, they cannot be easily miniaturized for insertion into the bloodstream. Most optical 
methods of transduction require a spectrophotometer to detect signal changes.  
Mass sensors can produce a signal based on the mass of chemicals that interact with the 
sensing film, usually a vibrating piezoelectric quartz crystal. Acoustic wave devices, made 
of piezoelectric materials, are the most common sensors, which bend when a voltage is 
applied to the crystal. Acoustic wave sensors are operated by applying an oscillating voltage 
at the resonant frequency of the crystal, and measuring the change in resonant frequency 
when the target analyte interacts with the sensing surface. Because a significant amount of 
nonspecific adsorption occurs in solutions, piezoelectric sensors have received their widest 
use in gas phase analyses. Extremely high sensitivities are possible with these devices 
detecting femtogram levels of drug vapors. Similarly to optical detection, piezoelectric 
detection requires large sophisticated instruments to monitor the signal.  
Generation of heat during a reaction can be used in a calorimetric based biosensor. Changes 
in solution temperature caused by the reaction are measured and compared to a sensor with 
no reaction to determine the analyte concentration. This approach is well suited for 
enzyme/substrate reactions that cause changes in solution temperature but not for receptor-
ligand reactions because there is no temperature change at steady-state and transient 
measurements are very difficult to make. Calorimetric microsensors have been 
manufactured for detection of cholesterol in blood serum based on the enzymatically 
produced heat of oxidation and decomposition reactions (Caygill et al., 2010). 
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3. Biosensors for diabetes applications 
3.1 Glucose as diabetes biomarker 
About 3% of the population worldwide suffers from diabetes, a leading cause of death, and 
its incidence is growing fast. Diabetes is a syndrome of disordered metabolism resulting in 
abnormally high blood sugar levels. Diabetic individuals are at a greater heart disease, 
stroke, high blood pressure, blindness, kidney failure, neurological disorders risk and other 
health related complications without diligent monitoring blood glucose concentrations. 
Through patient education, regular examinations and tighter blood glucose monitoring, 
many of these complications can be reduced significantly (Turner & Pickup, 1985; Lasker, 
1993). Optimal management of diabetes involves patients measuring and recording their 
own blood glucose levels. Under normal physiological condition, the concentration of 
fasting plasma glucose is in the range 6.1–6.9 mmolL−1, so the variation of the blood glucose 
level can indicate diabetes mellitus, besides other conditions. Consequently, quantitation of 
the glucose content is of extreme importance, as it is the main diabetes biomarker. The 
American Diabetes Association recommends that insulin-dependent type 1 diabetics self-
monitor blood glucose 3–4 times daily, while insulin-dependent type 2 diabetics monitor 
once-daily (American, 1997). However, frequent self-monitoring of glucose concentrations is 
difficult, given the time, the inconvenience and the discomfort involved with the traditional 
measurement technique. Several methods for glucose analysis have been reported. 
However, most of these methods involve complex procedures or are expensive in terms of 
costs. Therefore it is necessary to develop a simple, sensitive, accurate, micro-volume and 
low-cost approach for glucose analysis which is appropriate for rapid field tests and is also 
effective as an alternative to the existing methods.  

3.2 Biosensors for glucose measuring 
Glucose can be monitored by invasive and non-invasive technologies. Glucose biosensor 
was the first reported biosensor (Clark & Lyons, 1962) and after that a great number of 
different glucose biosensors were developed, including implantable sensors for measuring 
glucose in blood or tissue.  Glucose sensors are now widely available as small, minimally 
invasive devices that measure interstitial glucose levels in subcutaneous fat (Cengiz & 
Tamborlane, 2009). Requirements of a sensor for in vivo glucose monitoring include 
miniaturization of the device, long-term stability, elimination of oxygen dependency, 
convenience to the user and biocompatibility. Long-term biocompatibility has been the main 
requirement and has limited the use of in vivo glucose sensors, both subcutaneously and 
intravascular, to short periods of time. Diffusion of low-molecular-weight substances from 
the sample across the polyurethane sensor outer membrane results in loss of sensor 
sensitivity. In order to address the problem, microdialysis or ultrafiltration technology has 
been coupled with glucose biosensors. The current invasive glucose monitors commercially 
available use glucose oxidase-based electrochemical methods and the electrochemical 
sensors are inserted into the interstitial fluid space. Most sensors are reasonably accurate 
although sensor error including drift, calibration error, and delay of the interstitial sensor 
value behind the blood value are still present (Castle & Ward, 2010). The glucose biosensor 
is the most widely used example of an electrochemical biosensor which is based on a screen-
printed amperometric disposable electrode. This type of biosensor has been used widely 
throughout the world for glucose testing in the home bringing diagnosis to on site analysis. 
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Non-invasive glucose sensing is the ultimate goal of glucose monitoring and the main 
approaches being pursued for glucose sensor development are: near infrared spectroscopy, 
excreted physiological fluid (tears, sweat, urine, saliva) analysis, microcalorimetry, enzyme 
electrodes, optical sensors, sonophoresis and iontophoresis, both of which extract glucose from 
the skin (Koschwanez & Reichert, 2007; Beauharnois et al., 2006; Chu et al., 2011). Despite the 
relative ease of use, speed and minimal risk of infection involved with infrared spectroscopy, this 
technique is hindered by the low sensitivity, poor selectivity, frequently required calibrations, 
and difficulties with miniaturization. Problems surrounding direct glucose analysis through 
excreted physiological fluids include a weak correlation between excreted fluids and blood 
glucose concentrations. Exercise and diet that alter glucose concentrations in the fluids also 
produce inaccurate results (Pickup et al., 2005). The desire to create an artificial pancreas drives 
for continued research efforts in the biosensor area. Nevertheless, the drawbacks of in vivo 
biosensors must be solved before such an insulin modulating system can be achieved. 

4. Biosensors for cardiovascular diseases applications 
4.1 Cardiovascular disease biomarkers 
Cardiovascular diseases are highly preventable, yet they are major cause of death of humans 
over the world. One of the most important reasons of the increasing incidences of 
cardiovascular diseases and cardiac arrest is hypercholesterolemia, i.e. increased 
concentration of cholesterol in blood (Franco et al., 2011). Hence estimation of cholesterol 
level in blood is important in clinical applications. The early evaluation of patients with 
symptoms that indicates an acute coronary syndrome is of great clinical relevance. 
Biomarkers have become increasingly important in this setting to supplement 
electrocardiographic findings and patient history because one or both can be misleading. 
Cardiac troponin is the only marker used routinely nowadays in this setting because it is 
specific from the myocardial tissue, easily detected, and useful for therapeutic decision 
making. Determination of the level of other non-myocardial tissue-specific markers might 
also be helpful, such as myeloperoxidase, copeptin, growth differentiation factor 15 and C-
reactive protein (CRP). CRP, which reflects different aspects of the development of 
atherosclerosis or acute ischemia, is one of the plasma proteins known as acute-phase 
proteins and its levels rise dramatically during inflammatory processes occurring in the 
body. This increment is due to a rise in the plasma concentration of IL-6, which is produced 
predominantly by macrophages as well as adipocytes. CRP can rise as high as 1000-fold 
with inflammation. CRP was found to be the only marker of inflammation that 
independently predicts the risk of a heart attack.  

4.2 Biosensors in cardiovascular disease  
Biosensors for cholesterol measurement comprise the majority of the published articles in 
the field of cardiovascular diseases. In the fabrication of cholesterol biosensor for the 
estimation of free cholesterol and total cholesterol, mainly cholesterol oxidase (ChOx) and 
cholesterol esterase (ChEt) have been employed as the sensing elements (Arya et al., 2008) 
(Fig. 2). Electrochemical transducers have been effectively utilized for the estimation of 
cholesterol in the system (Charpentier & Murr, 1995; Singh et al., 2006; Zhou et al., 2006; 
Arya et al., 2007). Based on number and reliability of optical methods, a variety of optical 
transducers have been employed for cholesterol sensing, namely monitoring: luminescence, 
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change in color of dye, fluorescence and others (Arya et al., 2008). Other cardiovascular 
disease biomarkers are also quantified. CRP measurement rely mainly on immunosensing 
technologies with optical, electrochemical and acoustic transducers besides approaches to 
simultaneous analytes measurement (Albrecht et al., 2008; Heyduk et al., 2008; McBride & 
Cooper, 2008; Niotis et al., 2010; Qureshi et al., 2010a,b; Sheu et al., 2010; Zhou et al., 2010). 
Silva et al. (2010) incorporated streptavidin polystyrene microspheres to the electrode 
surface of SPEs in order to increase the analytical response of the cardiac troponin T and 
Park et al. (2009) used an assay based on virus nanoparticles for troponin I highly sensitive 
and selective diagnostic, a protein marker for a higher risk of acute myocardial infarction.  
Early and accurate diagnosis of cardiovascular disease is crucial to save many lives, 
especially for the patients suffering the heart attack. Accurate and fast quantification of 
cardiac muscle specific biomarkers in the blood enables accurate diagnosis and prognosis 
and timely treatment of the patients. It is apparent that increasing incidences of 
cardiovascular diseases and cardiac arrest in contemporary society denote the necessity of 
the availability of cholesterol and other biomarkers biosensors. However, only a few have 
been successfully launched in the market. One of the reasons lays in the optimization of 
critical parameters, such as enzyme stabilization, quality control and instrumentation 
design. The efforts directed toward the development of cardiovascular disease biosensors 
have resulted in the commercialization of a few cholesterol biosensors. A better 
comprehension of the bioreagents immobilization and technological advances in the 
microelectronics are likely to speed up commercialization of the much needed biosensors for 
cardiovascular diseases. 
 
 

 
 

Fig. 2. Pathway of cholesterol oxidase enzyme reaction (Arya et al., 2008). 
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5. Biosensors for cancer applications 
5.1 Cancer biomarkers 
Cancer is the leading cause of death in economically developed countries and the second 
leading cause of death in developing countries. This disease continues to increase globally 
largely because of the aging and growth of the world population alongside an increasing 
adoption of cancer-causing behaviors, particularly smoking. Breast cancer is the most 
frequently diagnosed cancer and the leading cause of cancer death among females and lung 
cancer is the leading cancer site in males. Breast cancer is now also the leading cause of 
cancer death among females in economically developing countries, a shift from the previous 
decade during which the most common cause of cancer death was cervical cancer (Jemal et 
al., 2011). Solid cancers are a leading cause of morbidity and mortality worldwide, primarily 
due to the failure of effective clinical detection and treatment of metastatic disease in distant 
sites (Chambers et al., 2002; Pantel & Brakenhoff, 2004). Cancer can be caused by a range of 
factors, both genetic and environmental. Chemical, physical and biological factors such as 
the exposure to carcinogenic chemicals, radiation, bacterial (e.g. stomach cancer), viral 
infections (e.g. cervical cancer) and toxins (aflatoxin; e.g. liver cancer) can lead to cancer 
development (Vineis et al., 2010). As the causes of cancer are so diverse, clinical testing is 
also very complex. The multi-factorial changes (genetic and epigenetic) can cause the onset 
of the disease and the formation of cancer cells. However, no single gene is universally 
altered during this process, but a set of them that brings difficulties to the correct disease 
diagnosis. All the changes which take place, in the tumors from different locations (organ), 
as well within tumors from the same location, can be so variable and overlapping that it is 
difficult to select a specific change or marker for the diagnosis of specific cancers. Therefore, 
a range of biomarkers can potentially be analyzed for disease diagnosis. These biomarkers 
or molecular signatures can be produced either by the tumor itself or by the body in 
response to the presence of cancer (Robert, 2010).  Several cancer biomarkers are listed in 
Table 1. 
The analysis of biomarkers in body fluids such as blood, urine and others is one of the 
methods applied in the detection of the disease. Multi-marker profiles, both presence and 
concentration level, can be essential for the diagnosis of early disease onset. These methods 
should provide information to assist clinicians in making successful treatment decisions and 
increasing patient survival rate (Tothill, 2009). A range of biomarkers have been identified 
with different types of cancers. These include DNA modifications, RNA, proteins (enzymes 
and glycoproteins), hormones and related molecules, molecules of the immune system, 
oncogenes and other modified molecules. Several biomarkers are current being studied, 
including genes and proteins; however few of them have routine cancer clinical testing 
importance because of their complexity. The development of protein based biomarkers for 
biosensors use in cancer diagnosis is more attractive than genetic markers due to protein 
abundance, recovery and cost effective technique for the development of point-of-care 
devices (Li et al., 2010). 

5.2 Biosensors in cancer disease 
Existing methods of screening for cancer are heavily based on cell morphology using 
staining and microscopy which are invasive techniques. Furthermore, tissue removal can 
miss cancer cells at the early onset of the disease. Biosensor-based detection becomes 
practical and advantageous for cancer clinical testing, since it is faster, more user-friendly, 
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less expensive and less technically demanding than microarray or proteomic analyses. 
However, significant technical development is still needed, particularly for protein based 
biosensors. For cancer diagnosis multi-array sensors would be beneficial for multi-marker 
analysis. A range of molecular recognition molecules have been used for biomarker 
detection, being antibodies the most widely used. More recently, synthetic (artificial) 
molecular recognition elements such as nanomaterials, aptamers, phage display peptides, 
binding proteins and synthetic peptides as well as metal oxides materials have been 
fabricated as affinity materials and used for analyte detection and analysis (Sadik et al., 
2009; Khati, 2010). Antibodies (monoclonal and polyclonal) have been applied in cancer 
diagnostics tests targeting cancer cells and biomarkers. Polyclonal antibodies can be raised 
against any biomarker or cells and with the introduction of high throughput techniques, 
applying these molecules in sensors has been successful. The use of monoclonal antibodies 
however, results in more specific tests. The drawbacks include that monoclonal antibodies 
are more difficult to maintain and can be more expensive than polyclonal antibodies (Huang 
et al., 2010). Replacing natural biomolecules with artificial receptors or biomimics has 
therefore become an attractive area of research in recent years. The advantages of using 
these molecules are that they are robust, more stable, less expensive to produce and can be 
modified easily to aid immobilization on the sensor surface as well as adding labels as the 
maker for detection (Liu et al., 2007). Those molecules can be synthesized after a selection 
from combinatorial libraries with higher specificity and sensitivity when compared to the 
antibody molecule. 
 

Breast 
ER,PR, HER2, CA15-3, CA125, CA27.29, CEA 

BRCA1, BRCA2, MUC-1, CEA, NY-BR-1, ING-
1 

Bladder BAT, FDP, NMP22, HA-Hase, BLCA-4, CYFRA 
21-1 

Cervix P53, Bcl-2, Brn-3a, MCM, SCC-Ag, TPA, 
CYFRA 21-1, VEGF, M-CSF 

Colon HNPCC, FAP, CEA, CA19-9, CA24-2, p53 
Esophagus SCC 
Leukemia Chromosomal aberrations 

Liver AFP, CEA 

Lung NY-ESO-1, CEA, CA19-9, SCC, CYFRA21-1, 
NSE 

Melanoma Tyrosinase, NY-ESO-1 
Ovarian CA125, AFP, hCG, p53, CEA 
Pancreas CA19-9, CEA, MIC-1 
Prostate PSA, PAP 

Solid tumors Circulating tumour cells in biological fluids, 
expression of targeted growth factor receptors

Stomach CA72-4, CEA, CA19-9 

Table 1. Cancer biomaker 
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For cancer biomarkers analysis, bioaffinity based electrochemical biosensors are usually 
applied to detect gene mutations of biomarkers and protein biomarkers. Electrochemical 
affinity sensors based on antibodies offer great selectivity and sensitivity for early cancer 
diagnosis and these include amperometric, potentiometric and impedimetric/conductivity 
devices. Amperometric and potentiometric transducers have been the most commonly used, 
but much attention in recent years has been devoted to impedance based transducers since 
they are classified as label-free detection sensors. However, much of the technology is still at 
the research stage (Lin & Ju, 2005; Wang, 2006). Besides based on antibodies, electrochemical 
devices have been developed based on DNA hybridization and used for cancer gene 
mutation detection. In this type of device a single stranded DNA sequence is immobilized 
on the electrode surface where DNA hybridization takes place (Ahmed, 2008). ELISA based 
assays conducted on the electrode surface are the most frequently used techniques for 
cancer protein markers analysis, such as CEA. In this method the antibody (or antigen) is 
labeled with an enzyme such as horseradish peroxidase (HRP), or alkaline phosphatase (AP) 
and these will then catalyze an added substrate to produce an electroactive species which 
can then be detected on an electrochemical transducer. Electrochemical detection of rare 
circulating tumor cells has the potential to provide clinicians with a standalone system to 
detect and monitor changes in cell numbers throughout therapy, conveniently and 
frequently for efficient cancer treatment (Chung et al., 2011). 
Many commercially available platforms use fluorescence labels as the detection system. 
However, the instruments used for signal readout are usually expensive and are more 
suitable for laboratory settings. As an example the Affymetrix gene chip (Affymetrix Inc., 
Santa Clara, USA) can be used for screening cancer and cancer gene identification. Other 
biosensor platforms such as grating couplers, resonant mirrors and surface plasmon based 
systems have also been used for cancer biomarkers diagnosis. These are classified as label-
free and real-time affinity reaction detection systems. Different SPR based biosensors have 
been developed for cancer markers detection based on the above optical systems (Tothill, 
2009). Recently, microcantilever based sensors have also been applied for early-stage 
diagnosis of hepatocellular carcinoma (Liu et al., 2009b). 
In spite of the achieved development in cancer biosensing, the point-of-care testing is not yet 
available. In order to achieve this goal challenges must be overcome such as: development 
of reproducible biomarker assays; improvement in recognition ligands; development of 
multi-channel biosensors; advances in sample preparation; device miniaturization and 
integration; development of more sensitive transducers; microfluidics integration; advanced 
manufacturing techniques and cost reduction (Rasooly & Jacobson, 2006). 

6. Conclusion 
A precise diagnostic for a disease is essential for a successful treatment and recovery of 
patients suffering from it. Diagnostics methods must be simple, sensitive and able to detect 
multiple biomarkers that exist at low concentrations in biological fluids. Biosensors can 
fulfill these requirements. However, biosensor devices need to be further developed and 
improved to face these new challenges to allow, for example, multiplex analysis of several 
biomarkers where arrays of sensors need to be developed on the same chip.  
Biosensors are firmly established for application in clinical chemical analysis. Biosensors for 
measurement of blood metabolites such as glucose, lactate, urea and creatinine, using both 
electrochemical and optical modes of transduction, are commercially developed and used 
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routinely in the laboratory, in point-of-care settings and, in the case of glucose, for self-
testing. While immunosensors have difficulty competing with traditional immunoassay 
based mainly on sensitivity requirements, they hold promise for testing where some 
sensitivity can be sacrificed for improved ease of use and faster time to result, such as in 
near-patient testing for cardiac and cancer markers. Although biosensors are used for 
several clinical applications, few biosensors have been developed for cardiovascular and 
cancer-related clinical testing. Development of molecular tools, both genomic and 
proteomic, to profile tumors and produce molecular signatures, based on genetic and 
epigenetic signatures, changes in gene expression and protein profiles and protein 
posttranslational modifications has opened new opportunities for utilizing biosensors in 
cancer testing. Harnessing the potential of biosensors is challenging because of cancer’s 
complexity and diversity. Successful development of biosensor-based cancer testing will 
require continued development and validation of biomarkers and development of ligands 
for those biomarkers, as well as continued development of sample preparation methods and 
multi-channel biosensors able to analyze many cancer markers simultaneously. The use of 
biosensors for cancer clinical testing may increase assay speed and flexibility, enable multi-
target analyses and automation and reduced costs of diagnostic testing. Biosensors have the 
potential to deliver molecular testing to the community health care setting and to 
underserved populations. Cancer biomarkers identified from basic and clinical research, and 
from genomic and proteomic analyses must be validated. Ligands and probes for these 
markers can then be combined with detectors to produce biosensors for cancer-related 
clinical testing. Point-of-care cancer testing requires integration and automation of the 
technology as well as development of appropriate sample preparation methods (Rasooly & 
Jacobson, 2006).  
A clear direction for future work in biosensor research is in molecular diagnostics. 
Improving the sensitivity of DNA biosensors for a single-molecule detection in an 
unamplified sample is an important goal to achieve. This goal will require enhancing the 
signal-to-noise rate, improving the signal produced by the biochemical reaction or 
increasing the sensitivity of the transducer while reducing background noise. Ultrasensitive 
transducer technologies will be required. Some recent examples of transduction modes with 
enhanced sensitivity include microcantilevers for the detection of mass changes upon 
detection of a binding event and quartz crystal microbalances capable of monitoring 
formation and rupturing of chemical bonds by sensing acoustic emissions. The latter has 
demonstrated sensitivity to detect a single virus particle. Increasing the arrays amplitude for 
more complete and rapid DNA sequencing information is another area of focus, and 
improvements in this area may ultimately be limited by resolution of the detection 
transducer. DNA chips are being incorporated into total analysis systems, including 
microfluidics and the biosensor on a single structure. These systems should include, in the 
future, no need for sample preparation, a user-friendly handling system, chemical analysis 
and signal acquisition capabilities. Central to development of lab-on-a-chip analysis system 
will be the homogeneous sensing formats and microfabrication technologies for DNA 
analysis. One recent step towards a homogeneous assay has been the development of 
synthetic polymeric probes that emit fluorescence only after the hybridization to native 
DNA targets, allowing monitoring of hybridization in real time without the need for 
separation steps. Further development and improvement of nanotechnologies will be 
needed to produce nanoscale devices, with expanded sizes of arrays using reduced sample 
volume. The future of such devices for rapid determination of a disease could be especially 
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used for point-of-care application. However, cost and quality control of these devices must 
be strictly adjusted for the accurate devices to gain popular acceptance. Homogeneous assay 
formats, removing the need for sample preparation and amplification steps and mass 
fabrication will be important to lowering cost. 
Molecular biology will play a central role in the future of biosensor development, for 
example, to improve biocomponent stability, and for the development of aptamers. The 
highly reproducible synthetic approach and ease of immobilization of aptamers hold great 
promise for the custom design of future biosensors for molecular diagnostics (D’Orazio, 
2003). Future innovation in biosensor technology to include biomarkers patterns, software 
and microfluidics can make these devices of high potential for health applications. The 
concept of using nanomaterials in the development of sensors for biomarkers diagnosis will 
make these devices highly sensitive and more applicable for point-of-care early diagnosis. 
Early diagnosis will aid in the increase in the survival rate of patients and successful 
development of biosensors for disease diagnosis and monitoring will require appropriate 
funding to move the technology from research through to the realization of commercial 
products. 
Biosensor research and development over the past decades have demonstrated that it is still 
a relatively young technology. The rationale behind the slow and limited technology 
transfer could be attributed to cost considerations and some key technical barriers. Many of 
the more recent major advances had to await miniaturization technologies that are just 
becoming available through research in the electronic and optical solid state circuit 
industries. Analytical chemistry has changed considerably, driven by automation, 
miniaturization, and system integration with high throughput for multiple tasks. Such 
requirements pose a great challenge in biosensor technology which is often designed to 
detect one single or a few target analytes. Successful biosensors must be versatile to support 
interchangeable biorecognition elements, and in addition miniaturization must be feasible to 
allow automation for parallel sensing with ease of operation at a competitive cost. The 
future is very bright for biosensors. These advancements will, however, require a concerted 
multi-disciplinary approach for the sensor systems to successfully make the very big jump 
from the research and development laboratory to the market place. Combination of several 
new techniques, derived from physical chemistry, molecular biology, biochemistry, thick 
and thin film physics, materials science and electronics with the necessary expertise has 
revealed the promise for development of viable clinical useful biosensor. 
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1. Introduction 
A chemical sensor: is a device that transforms chemical information, ranging from the 
concentration of a specific sample component to total composition analysis, into an 
analytically useful signal (IUPAC). 
Biosensors: are analytical tools for the analysis of bio-material samples to gain an 
understanding of their bio-composition, structure and function by converting a biological 
response into an electrical signal (Figure 1). The analytical devices composed of a biological 
recognition element directly interfaced to a signal transducer which together relate the 
concentration of an analyte (or group of related analytes) to a measurable response.  The 
term 'biosensor' is often used to cover sensor devices used in order to determine the 
concentration of substances and other parameters of biological interest even where they do 
not utilise a biological system directly. 
 

 
Fig. 1. Schematic diagram showing the main components of a biosensor. The biocatalyst (a) 
converts the substrate to product. This reaction is determined by the transducer (b) which 
converts it to an electrical signal. The output from the transducer is amplified (c), processed 
(d) and displayed (e). (http://www.lsbu.ac.uk/biology/enztech/biosensors.html) 

The key part of a biosensor is the transducer (shown as the 'black box' in Figure 1) which 
makes use of a physical change accompanying the reaction. This may be: 
1. the heat output (or absorbed) by the reaction (calorimetric biosensors),  
2. changes in the distribution of charges causing an electrical potential to be produced 

(potentiometric biosensors),  
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3. movement of electrons produced in a redox reaction (amperometric biosensors),  
4. light output during the reaction or a light absorbance difference between the reactants 

and products (optical biosensors), or  
5. effects due to the mass of the reactants or products (piezo-electric biosensors). 
There are three so-called 'generations' of biosensors; First generation biosensors where the 
normal product of the reaction diffuses to the transducer and causes the electrical response, 
second generation biosensors which involve specific 'mediators' between the reaction and 
the transducer in order to generate improved response, and third generation biosensors 
where the reaction itself causes the response and no product or mediator diffusion is 
directly involved. 
The electrical signal from the transducer is often low and superimposed upon a relatively 
high and noisy (i.e. containing a high frequency signal component of an apparently random 
nature, due to electrical interference or generated within the electronic components of the 
transducer) baseline. The signal processing normally involves subtracting a 'reference' 
baseline signal, derived from a similar transducer without any biocatalytic membrane, from 
the sample signal, amplifying the resultant signal difference and electronically filtering 
(smoothing) out the unwanted signal noise. The relatively slow nature of the biosensor 
response considerably eases the problem of electrical noise filtration. The analogue signal 
produced at this stage may be output directly but is usually converted to a digital signal and 
passed to a microprocessor stage where the data is processed, converted to concentration 
units and output to a display device or data store. 
Biosensors represent a rapidly expanding field, at the present time, with an estimated 60% 
annual growth rate; the major impetus coming from the health-care industry (e.g. 6% of the 
western world are diabetic and would benefit from the availability of a rapid, accurate and 
simple biosensor for glucose) but with some pressure from other areas, such as food quality 
appraisal and environmental monitoring. The estimated world analytical market is about 
12,000,000,000 year-1 of which 30% is in the health care area. There is clearly a vast market 
expansion potential as less than 0.1% of this market is currently using biosensors. 

2. The history of biosensor development 
1916 First report on the immobilisation of proteins: adsorption 

of invertase on activated charcoal 
1922 First glass pH electrode 
1956 Invention of the oxygen electrode (Clark) 
1962 First description of a biosensor: an amperometric enzyme 

electrode for glucose (Clark) 
1969 First potentiometric biosensor: urease immobilised on an 

ammonia electrode to detect urea 
1970 Invention of the Ion-Selective Field-Effect Transistor 

(ISFET) (Bergveld) 
1972/5 First commercial biosensor: Yellow Springs Instruments 

glucose biosensor 
1975 First microbe-based biosensor 

First immunosensor: ovalbumin on a platinum wire 
Invention of the pO2 / pCO2 optode 
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1976 First bedside artificial pancreas (Miles) 
1980 First fibre optic pH sensor for in vivo blood gases 

(Peterson) 
1982 First fibre optic-based biosensor for glucose 
1983 First surface plasmon resonance (SPR) immunosensor 
1984 First mediated amperometric biosensor: ferrocene used 

with glucose oxidase for the detection of glucose 
1987 Launch of the MediSense ExacTech™ blood glucose 

biosensor 
1990 Launch of the Pharmacia BIACore SPR-based biosensor 

System 
1992 i-STAT launches hand-held blood analyser 
1996 Glucocard launched 
1996 Abbott acquires MediSense for $867 million 
1998 Launch of LifeScan FastTake blood glucose biosensor 
1998 Merger of Roche and Boehringer Mannheim to form 

Roche Diagnostics 
2001 LifeScan purchases Inverness Medical's glucose testing 

business for $1.3billion 
1999-Current BioNMES, Quantum dots, Nanoparticles, 

Nanocantilever, Nanowire and Nanotube 

Table 1. Defining events in the history of biosensor development 

3. Basic characteristics of a biosensor 
A successful biosensor must possess at least some of the following beneficial features:  
1. The biocatalyst must be highly specific for the purpose of the analyses, be stable under 

normal storage conditions and, except in the case of colorimetric enzyme strips and 
dipsticks (see later), show good stability over a large number of assays (i.e. much 
greater than 100).  

2. The reaction should be as independent of such physical parameters as stirring, pH and 
temperature as is manageable. This would allow the analysis of samples with minimal 
pre-treatment. If the reaction involves cofactors or coenzymes these should, preferably, 
also be co-immobilised with the enzyme. 

3. The response should be accurate, precise, reproducible and linear over the useful 
analytical range, without dilution or concentration. It should also be free from electrical 
noise. 
a. Linearity:  Maximum linear value of the sensor calibration curve. Linearity of the 

sensor must be high for the detection of high substrate concentration. 
b. Sensitivity: The value of the electrode response per substrate concentration. 
c. Selectivity: Interference of chemicals must be minimised for obtaining the correct 

result. 
d. Response time:  The necessary time for having 95% of the response. 

4. If the biosensor is to be used for invasive monitoring in clinical situations, the probe 
must be tiny and biocompatible, having no toxic or antigenic effects. If it is to be used in 
fermenters it should be sterilisable. This is preferably performed by autoclaving but no 
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biosensor enzymes can presently withstand such drastic wet-heat treatment. In either 
case, the biosensor should not be prone to fouling or proteolysis.  

5. The complete biosensor should be cheap, small, portable and capable of being used by 
semi-skilled operators.  

6. There should be a market for the biosensor. There is clearly little purpose developing a 
biosensor if other factors (e.g. government subsidies, the continued employment of 
skilled analysts, or poor customer perception) encourage the use of traditional methods 
and discourage the decentralisation of laboratory testing. 

4. Types of biosensors 
1. Resonant Biosensors: in this type of biosensor, an acoustic wave transducer is coupled 

with an antibody (bio-element). When the analyte molecule (or antigen) gets attached to 
the membane, the mass of the membrane changes.  The resulting change in the mass 
subsequently changes the resonant frequency of the transducer. This frequency change 
is then measured. 

2. Optical-detection Biosensors: the output transduced signal that is measured is light for 
this type of biosensor. The biosensor can be made based on optical diffraction or 
electrochemiluminescence. In optical diffraction based devices, a silicon wafer is coated 
with a protein via covalent bonds. The wafer is exposed to UV light through a photo-
mask and the antibodies become inactive in the exposed regions. When the diced wafer 
chips are incubated in an analyte, antigen-antibody bindings are formed in the active 
regions, thus creating a diffraction grating. This grating produces a diffraction signal 
when illuminated with a light source such as laser. The resulting signal can be 
measured or can be further amplified before measuring for improved sensitivity. 

3. Thermal-detection Biosensors: this type of biosensor is exploiting one of the 
fundamental properties of biological reactions, namely absorption or production of 
heat, which in turn changes the temperature of the medium in which the reaction takes 
place. They are constructed by combining immobilized enzyme molecules with 
temperature sensors. When the analyte comes in contact with the enzyme, the heat 
reaction of the enzyme is measured and is calibrated against the analyte concentration. 
The total heat produced or absorbed is proportional to the molar enthalpy and the total 
number of molecules in the reaction. The measurement of the temperature is typically 
accomplished via a thermistor, and such devices are known as enzyme thermistors. 
Their high sensitivity to thermal changes makes thermistors ideal for such applications. 
Unlike other transducers, thermal biosensors do not need frequent recalibration and are 
insensitive to the optical and electrochemical properties of the sample. Common 
applications of this type of biosensor include the detection of pesticides and pathogenic 
bacteria. 

4. Ion-Sensitive Biosensors: these are semiconductor FETs having an ion-sensitive 
surface. The surface electrical potential changes when the ions and the semiconductor 
interact. This change in the potential can be subsequently measured. The Ion Sensitive 
Field Effect Transistor (ISFET) can be constructed by covering the sensor electrode with 
a polymer layer. This polymer layer is selectively permeable to 4 analyte ions. The ions 
diffuse through the polymer layer and in turn cause a change in the FET surface 
potential. This type of biosensor is also called an ENFET (Enzyme Field Effect 
Transistor) and is primarily used for pH detection. 
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5. Electrochemical Biosensors: electrochemical biosensors are mainly used for the 
detection of hybridized DNA, DNA-binding drugs, glucose concentration, etc. The 
underlying principle for this class of biosensors is that many chemical reactions 
produce or consume ions or electrons which in turn cause some change in the electrical 
properties of the solution which can be sensed out and used as measuring parameter. 
Electrochemical biosensors can be classified based on the measuring electrical 
parameters as: (1) conductimetric, (2) amperometric and (3) potentiometric. 
a.  Conductimetric: the measured parameter is the electrical conductance / resistance 

of the solution. When electrochemical reactions produce ions or electrons, the 
overall conductivity or resistivity of the solution changes. This change is measured 
and calibrated to a proper scale. Conductance measurements have relatively low 
sensitivity. The electric field is generated using a sinusoidal voltage (AC) which 
helps in minimizing undesirable effects such as Faradaic processes, double layer 
charging and concentration polarization. 

b. Amperometric: this high sensitivity biosensor can detect electroactive species present 
in biological test samples. Since the biological test samples may not be intrinsically 
electro-active, enzymes are needed to catalyze the production of radio-active 
species. In this case, the measured parameter is current. 

c. Potentiometric: in this type of sensor the measured parameter is oxidation or 
reduction potential of an electrochemical reaction. The working principle relies on 
the fact that when a ramp voltage is applied to an electrode in solution, a current 
flow occurs because of electrochemical reactions. The voltage at which these 
reactions occur indicates a particular reaction and particular species. 

5. Biosensors applications 

Biosensors can have a variety of biomedical, industry, and military applications as shown in 
Figure 2. The major application so far is in blood glucose sensing because of its abundant 
market potential. However, biosensors have tremendous potential for commercialization in 
other fields of application as well. In spite of this potential, however, commercial adoption 
has been slow because of several technological difficulties. For example, due to the presence 
of biomolecules along with semiconductor materials, biosensor contamination is a major 
issue. 

6. Nanobiosensors based on gold nanoparticles (GNPs) 
Many interests have been directed to the biosensing of drugs and biological molecules . The 
nanotechnology of sol-gel based on molecular recognition and nanoparticles play a very 
important role in scientific researches (Atta et al., 2009a, 2009b, 2009c, 2010a, 2010b, 2010c,  
2010d, 2011a, 2011b, 2011c). Due to extremely small size of nanomaterials they are more 
readily taken up by the human body. Nanomaterials are able to cross biological membranes 
and access cells, tissues and organs that larger-sized particles normally cannot. 
Nanoparticles are stable, solid colloidal particles and range in size from 10 to 1,000 nm. 
Drugs can be absorbed onto the particle surface, entrapped inside the particle, or dissolved 
within the particle matrix. Nanoparticles have benefits because of its size. Because of their 
size they can easily enter small places. Nanoparticles have attracted the attention of 
scientists because of their multifunctional character. Nanoparticles have large surface area to 
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volume ratio, that helps in diffusion also leading to special properties such as increased heat 
and chemical resistance.  
 

 
Fig. 2. Biosensors applications 

The development of active nanostructures, capable of performing a function or executing a 
specific task, is currently a major focus of research efforts in bio-/nanotechnology. One 
already highly successful nanodevice paradigm is the nanosensor: a designed 
nanostructure, which can provide information about its local environment through its 
response. Nanomaterials are exquisitely sensitive chemical and biological sensors. Each 
sensor should be sensitive for one chemical or biological component of a substance. Thus, by 
having sensor arrays it is possible to tell the composition of an unknown substance. The 
application area will be wide, encompassing food industry, detection of pollution, medical 
sector, brewery etc. A nanobiosensor also referred to a nanosensor, is a biosensor with 
dimensions on the nanometer scale (1 nm = 10–9 m). So, Nanosensors are any biological, 
chemical, or physical sensory points used to convey information about nanoparticles to the 
macroscopic world. Though humans have not yet been able to synthesize nanosensors, 
predictions for their use mainly include various medicinal purposes and as gateways to 
building other nanoproducts, such as computer chips that work at the nanoscale and 
nanorobots. Presently, there are several ways proposed to make nanosensors, including top-
down lithography, bottom-up assembly, and molecular self-assembly.Various kinds of 
nanomaterials have been being actively investigated for their applications in biosensors, 
such as gold nanoparticles (GNPs), carbon nanotubes (CNTs), magnetic nanoparticles and 
quantum dots  which have been applied for the detection of DNA, RNA, proteins, glucose, 
pesticides and other small molecules from clinical samples, food industrial samples, as well 
as environmental monitoring. 
Metal nanoparticles, such as silver (Ag), gold (Au), platinum (Pt) and palladium (Pd) 
nanoparticles have attracted much interest in the construction of biosensors due to their 
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unique chemical and physical properties. Nanoparticles can offer many advantages, such as 
large surface-to-volume ratio, high surface reaction activity and strong adsorption ability to 
immobilize the desired biomolecules. Gold nanoparticles, in particular, have been widely 
used to construct biosensors because of their excellent ability to immobilize biomolecules. 
Many kinds of biosensors, such as enzyme sensor, immunosensor and DNA sensor, with 
improved analytical performances have been prepared based on the application of gold 
nanoparticles. gold nanoparticles (GNPs) are not only better conductor but also offer good 
microenvironment for retaining the activity of enzyme. They can bind directly with 
enzymes without disrupting its biological recognition properties. Nowadays, it is revealed 
that GNPs also exhibit excellent catalytic effects on many important chemical reactions. In 
addition, GNPs are able to reduce the insulating effect of the protein shell and thus enhance 
electron transfer in the reaction processes. So far, the oxidation of carbon monoxide, 
electrochemical oxidation of methanol and hydrogenation of unsaturated substrates and 
many others are all based on the catalytic effect of GNPs. The most interesting point of 
GNPs is that their catalytic effect is highly size-dependent. The unique active sites and 
electronic states of GNPs can lead to their anomalous catalytic activity although the 
mechanism is still not fully understood. 

6.1 Glucose biosensors 
The maintenance of glucose level in human or animal blood is very important and any 
deviance from the normal glucose level may arouse sickness and disease. Thus, fast and 
accurate detection of the glucose level in blood is of significance to human health. The 
glucose biosensor has been also widely used as a clinical indicator of diabetes and in the 
food industry for quality control. Among the various detection methods, enzyme-based 
electrodes have been extensively studied because of their high selectivity and sensitivity. 
In1962, Clark and Lyons developed the first enzyme electrode (Clark & & Lyons, 1962). 
Clark used platinum (Pt) electrodes to detect oxygen. The enzyme glucose oxidase(GOx) 
was placed very close to the surface of platinum by physically trapping it against the 
electrodes with a piece of dialysis membrane. The enzyme activity changes depending on 
the surrounding oxygen concentration. Glucose reacts with glucose oxidase (GOx) to form 
gluconic acid while producing two electrons and two protons, thus reducing GOx. The 
reduced GOx, surrounding oxygen, electrons and protons (produced above) react to form 
hydrogen peroxide and oxidized GOx (the original form). This GOx can again react with 
more glucose. The higher the glucose content, more oxygen is consumed. On the other hand, 
lower glucose content results in more hydrogen peroxide. Hence, either the consumption of 
oxygen or the production of hydrogen peroxide can be detected by the help of platinum 
electrodes and this can serve as a measure for glucose concentration. Since then, a lot of 
interests have been put on enzyme-based biosensors. Various techniques such as 
spectrophotometric, electrochemical, chemiluminescence, fluorescence, and oxygen(O2) 
sensor methods have been reported. Most of these methods are based on the immobilization 
of the enzyme glucose oxidase (GOx) on a solid substrate. Usually the immobilized enzyme 
can be reused for certain times. The performance of an enzyme-based biosensor relies 
heavily on the properties of the supporting materials. They should provide a good 
environment for enzyme immobilization and should be able to maintain their biological 
activity. Lots of materials have been used for enzyme immobilization including inorganic 
materials, organic materials and biomaterials. Biomaterials are considered to be more ideal 
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enzyme immobilization platform since they are more biocompatible with enzymes. Among 
these biomaterials, eggshell membrane (ESM) has been proved to be an effective and stable 
enzyme immobilization bio-platform because it not only maintains the enzyme activity but 
also extends the shelf-life of the immobilized enzyme. GNPs were in situ synthesized and 
deposited on an ESM and the GNPs-coated ESM was subsequently immobilized with GOx 
to form a GOx-GNPs/ESM which was positioned on the surface of an O2 electrode to 
accomplish a glucose biosensor (Zhenga et al., 2010). GNPs are proposed to speed up the 
enzymatic reactions with the following reaction schemes: 

 Glucose + GOx-FAD → Gluconolatone + GOx-FADH2  (1) 

GNPs 

 GOx-FADH2 + O2   →  GOx-FAD + H2O2  (2) 

GOx catalyzes the oxidation of β-d-glucose to gluconolactone and finally hydrolyzes to 
gluconic acid with a concomitant consumption of dissolved O2. The depletion of dissolved 
O2 can be simply monitored by an O2 electrode. GOx can be easily immobilized with high 
loading and activity because of the large surface area of the membrane and the attachment 
of enzyme to the GNPs. Moreover, GNPs can facilitate the electron transfer of enzyme to 
oxygen acceptor and enhance the mediated bioelectrocatalytic oxidation of glucose, thus 
improving the sensitivity of detection. As a result, the GOx-GNPs/ESM biosensor should 
display higher sensitivity and possesses potential for clinical determination of glucose in 
human serum. GNPs on GOx/ESM can improve the calibration sensitivity (30 % higher than 
GOx/ESM without GNPs), stability (87.3% of its initial response to glucose after 10-week 
storage) and shortens the response time (<30 s) of the glucose biosensor. The linear working 
range for the GOx-GNPs/ESM glucose biosensor is 8.33 µM to 0.966 mM glucose with a 
detection limit of 3.50 µM (S/N=3). The biosensor has been successfully applied to 
determine the glucose in human blood serum samples and the results compared well to a 
standard spectrophotometric method commonly used in hospitals. 
 

Blood 
serum 
sample 

Concentration 
of glucosea 

(mM) 

Concentration 
of glucoseb 

(mM) 

RSDc 
(%) 

Glucose 
added 
(mM) 

Glucose 
found 
(mM) 

Recovery 
(%) 

RSDc 
(%) 

1 3.10 3.09 0.78 0.400 0.390 97.5 1.59 

2 2.60 2.89 3.29 0.400 0.393 98.3 0.86 

3 3.13 3.01 2.97 0.400 0.389 97.3 0.99 

4 3.55 3.65 3.76 0.400 0.378 94.5 2.92 

5 3.19 3.18 3.06 0.400 0.368 92.0 4.04 

6 3.72 3.91 3.94 0.400 0.417 104 1.86 

7 3.56 3.76 4.06 0.400 0.421 105 1.67 
a Determined by the spectrophotometric method in hospital. 
b Determined by the GOx-GNPs/ESM glucose biosensor. 
c Three replicates were performed. 

Table 2. Determination and recovery of glucose in blood serum samples using the GOx-
GNPs/ESM glucose biosensor (Zhenga et al., 2010). 
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Biopolymer chitosan is a polysaccharide derived by deacetylation of chitin. It has primary 
amino groups that have pKa values of about 6.3. At pH below the pKa, most of the amino 
groups are protonated, making chitosan a water-soluble polyelectrolyte. When the pH is 
raised above the pKa, the amino groups are deprotonated, and chitosan becomes insoluble. 
Chitosan is inexpensive and displays an excellent film-forming ability, biocompatibility, 
nontoxicity, high mechanical strength, and a susceptibility to chemical modifications. The 
stabilization of gold nanoparticles with chitosan has been extensively reported (Santos et al., 
2004, Esumi et al., 2003) . As chitosan in solution is protonated and positively charged, it can 
be adsorbed onto the surfaces of gold nanoparticles, stabilizing and protecting the 
nanoparticles, and further construct. Examples of biosensors based on the excellent 
properties of chitosan and gold nanoparticles were next described (Luo et al., 2005). Gold 
nanoparticles, which were prepared in advance through the reduction of HAuCl4 with 
citrate, can be self-assembly onto electrodeposited chitosan films and then immobilize 
enzymes effectively. And also they can be mixed with chitosan and enzymes to construct 
biosensors through simple one-step electrodeposition. However, in both of these systems, 
gold nanoparticles need to be prepared previously, which prolongs the whole time of 
biosensor preparation and makes the procedure a bit complicated. Recently, several 
methods for the formation of gold nanoparticles on the surface of electrodes directly 
through the electrochemical reduction of HAuCl4 have been reported. Mena et al. compared 
different strategies for the construction of amperometric enzyme biosensors using gold 
nanoparticle-modified electrodes (Mena et al., 2005). Compton et al. investigated 
electrochemical detection of As(III) at a gold  nanoparticle-modified glassy carbon (GC) 
electrode which was fabricated by the electrochemical deposition of Au nanoparticles onto 
GC (Dai et al., 2004). By this means, one can synthesize gold nanoparticles on the surface of 
electrode directly in a short of time, and the sizes of the nanoparticles can be controlled by 
different conditions of electrochemical deposition with the advantageous properties being 
kept. Thus, a simple method for fabricating a chitosan film containing gold nanoparticles 
have been reported (Du et al., 2007b) in which HAuCl4 solution is mixed with chitosan and 
electrochemically reduced to gold nanoparticles directly, and the produced gold 
nanoparticles were stabilized by chitosan and electrochemically deposited onto the glass 
carbon electrode under a certain voltage along with chitosan. The whole procedure cost only 
about 10 min. Then a model enzyme, glucose oxidase (GOx), was assembled on the chitosan 
gold nanoparticles modified electrode. The linear range of the glucose biosensor is from 
5.0×10−5 to 1.30×10−3 M with a Michaelis–Menten constant of 3.5 mM and a detection limit of 
about 13 μM. 
During the last years, numerous works have been published concerning the use of the silica 
sol–gel technology as a strategy to preserve the catalytic activity of enzymes after the 
immobilization step. In this sense, the polymeric network generated by sol–gel technology 
can be used as an adequate matrix in which several compounds, including biological 
material, can be encapsulated through physical entrapment rather than by covalent bonding 
leading to a non aggressive approach. Particularly, the sol–gel network provides a 
biocompatible environment for enzyme protection exhibiting additional advantages such as 
simplicity of preparation, chemical inertness, high stability, physical rigidity, renewable 
surface and tuneable properties. The final properties of the sol–gel matrix play a key role in 
the biosensor performance and can be easily controlled by varying some parameters such as 
the precursor or the preparation conditions (pH, ratio of compounds, etc). Various 
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precursors have been reported in the literature for the preparation of the sol–gel network, 
but among them the most used for enzyme encapsulation are oxysilanes such as 
methyltrimethoxy-silane (MTMOS), tetramethoxysilane (TMOS), 3- 
aminopropyltriethoxysilane (APTOS) and tetraethoxysilane (TEOS) (Wang et al., 1998, 
Walcarius, 2001, Salimi et al., 2004, Kumar et al., 2006, Pauliukaite et al., 2006, Singh et al., 
2007). The preparation and characterization of a new organic–inorganic hybrid composite 
material from a three-dimensional silica polymer network, obtained by means of the sol–gel 
technology using tetraethoxysilane as precursor was reported (Barbadilloa et al., 2009). This 
matrix provides an excellent network allowing the encapsulation of gold nanoparticles, 
conductive material (graphite powder, C) and a biosensing molecule such as glucose 
oxidase (GOx), chosen as amodel since it is a stable, inexpensive and well-studied enzyme. 
This composite material combines the advantages induced from both the silica matrix, 
which enables the incorporation of the other elements while keeping the enzymatic activity 
of the assembly, and the presence of nanostructures, which enhances the electroactive area. 
As a consequence, the resulting biosensor TEOS/GNPs/GOx/C exhibits a wider linear 
range concentration, higher sensitivity and higher accuracy, when compared with a similar 
composite containing GOx but free of GNPs (TEOS/GOx/C). Taking into account the good 
performance of the resulting biosensor, this approach is a promising route for designing a 
wide range of biosensors. 
  

Biosensor Sensitivity 
(µAmM−1) 

Linear 
range (mM)

Applied 
potential (V)

Accuracy 
(R.S.D.) 

TEOS/GOx/C  
(Barbadilloa et al., 2009) 

1.73 1-20 +0.25 1.1% (n=8) 

TEOS/AuNPs/GOx/C 
(Barbadilloa et al., 2009) 

2.43 0.5-55 +0.25 0.5% (n=8) 

Sol–gel/chitosan/GOx  
(Chen et al.2003) 

0.27 Up to 14 +0.35 2% (n=7) 

Fc/Ormosil/GOx/GP  
(Pandey et al., 2003) 

1.76 Up to 35 +0.35 - 

Sol–gel/CNT/GOx/Bppg  
(Salimi et al., 2004) 

0.20 0.2-20 +0.3 1.8% (n=10) 

Sol–gel/GOx/chitosan/PB/GC 
(Tan et al., 2005) 

0.42 0.05-26 -0.05 3.8% (n=8) 

Sol–gel/PNR/GOx  
(Pauliukaite et al.2006) 

0.06 0.05-0.6 -0.25 - 

Sol–gel/GOx/PtNPs-CNT  
(Yang et al., 2006) 

0.28 1-25 +0.1 5.1% (n=10) 

Sol–gel/PVA/GOx/SPE  
(Zuo et al., 2008) 

0.44 0-4.1 -0.5 - 

Sol–gel/GOx/PB/GC  
(Liang et al., 2008) 

0.84 0.01-5.8 0 1.8% (n=8) 

Solgel/GOx/CNT/chitosan/PtN
P/GC (Kang et al., 2008) 

2.08 0.001-6.0 +0.1 - 

Table 3. A comparison between various biosensors based on sol-gel technology (Barbadilloa 
et al., 2009). 
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The oxidase-based amperometric biosensors previously relied on the immobilization of 
oxidase enzymes on the surface of various electrodes. However, electron transfer efficiency 
of redox enzymes is poor in the absence of mediator, because enzyme active sites are deeply 
embedded inside the protein. The sensitivity of resulted biosensors can be significantly 
improved by the immobilization of mediators in the matrices. Among the different 
mediators described in the literature, ferrocene (Fc) and its derivatives, first reported by 
Cass et al. (Cass et al., 1984), have proved to be the most efficient electron transfers for the 
GOx enzymatic reaction. There are a lot of cases about ferrocene (Fc) and its derivatives 
introduced to enzyme biosensor as the mediator. However, leakage has been a main 
problem for the entrapment of mediators due to their low molecular weight in polymer 
matrices. In order to prevent the leakage of mediator, mediator can be linked covalently 
with polymer or with high molecular weight compounds before immobilization on the 
surface of electrode. Gorton et al. (Gorton et al., 1990) studied ferrocene-containing siloxane 
polymer modified electrode surface with a poly (ester-sulfuric acid) cation-exchanger to 
improve the stability of the mediator. Another alternative method is to synthesize a few Fc 
derivatives with specific functional groups (Jönsson et al., 1989, Foulds & Lowe, 1988), but 
the preparation methods are complicated. For instance, Jönsson et al. (Jönsson et al., 1989) 
used hydroxymethyl Fc and anthracene carboxylic acid to synthesize anthracene substituted 
ferrocene. The other alternative method to increase the stability of Fc and its derivatives is 
the formation of inclusion complex with cyclodextrin (CD), a class of torpidly shaped 
cycloamyloses with a hydrophilic outer surface and a hydrophobic inner cavity, which 
makes the dissolubility of Fc decrease. Several investigations have been made to study the 
characterization of interacting Fc–CD system and their roles. Liu et al. (Liu et al., 1998) 
developed the sensitive biosensor for glucose by immobilizing glucose oxidase in β-
cyclodextrin via cross-linking and by including ferrocene in the cavities of dextrin polymer 
via host–guest reaction. Zhang et al. (Zhang et al., 2000) successfully used ferrocene with β-
cyclodextrin to prepare β-CD/Fc inclusion complex modified carbon paste electrode. The 
water-soluble inclusion complex of 1,1-dimethylferrocene with (2- hydroxypropyl)-β-CD 
has been used in bioelectrocatalysis (Bersier et al., 1991). Gold nanoparticles were capped by 
inclusion complex between mono- 6-thio-β-cyclodextrin and ferrocene through –SH, which 
resulted into stable fixation of ferrocene on the surface of gold nanoparticles (Chen & Diao, 
2009). Then, the glucose biosensors were constructed by using GNPs/CD–Fc as the building 
block. The composite nanoparticles showed excellent efficiency of electron transfer between 
the GOx and the electrode for the electrocatalysis of glucose. The sensor (GNPs/CD–
Fc/GOD) showed a relatively fast response time (5 s), low detection limit (15 µM, S/N = 3), 
and high sensitivity (ca. 18.2 mA.M−1.cm−2) with a linear range of 0.08–11.5 mM of glucose. 
The excellent sensitivity was possibly attributed to the presence of the GNPs/CD–Fc film 
that can provide a convenient electron tunneling between the protein and the electrode. In 
addition, the biosensor demonstrated high anti-interference ability, stability and natural life. 
The good stability and natural life can be attributed to the following two aspects: on the one 
hand, the fabrication process was mild and no damage was made on the enzyme molecule, 
on the other hand, the GNPs possessed good biocompatibility that could retain the 
bioactivity of the enzyme molecules immobilized on the electrode. 
In comparison with spherical nanoparticles, one-dimensional (1-D) nanomaterials, 
especially nanowires, possess a number of unique physical and electronic properties that 
endow them with new and important activities. The excellent properties of nanowires are 
due to several beneficial features arising from their shape anisotropy on the electrochemical 
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reaction at electrodes: (i) facile pathways for the electron transfer by reducing the number of 
interfaces between the nanoparticle catalysts and (ii) effective surface exposure to work as 
active catalytic sites in the electrode–electrolyte interface. It has been reported that enzymes 
can be adsorbed onto these nanostructures, because these materials provide large surface 
area for enzyme loading and friendly microenvironment to stabilize the immobilized 
enzymes. Recent results suggest the possibility of incorporating large numbers of nanowires 
into large-scale arrays and complex hierarchical structures for high-density biosensors, 
electronics, and optoelectronics. Biosensors based on nanowires showed improved signal-to-
noise ratios, high faradaic current density, fast electron-transfer rate, enhanced sensitivities, 
better detection limit. Recently, increasing research interest in biosensor filed has been 
focused on composite materials based on 1-D materials and noble metal nanoparticles with 
a synergistic effect. Materials for such purposes include carbon nanotubes, carbon 
nanofibers, redox mediators and metal nanoparticles.  
 

 
Fig. 3. Schematic illustration of sensing mechanism for electrocatalytic glucose on the 
GNPs/CD–Fc/GOD modified platinum electrode surface (Chen & Diao, 2009). 

For example, coupling carbon nanofibers with palladium nanoparticles resulted in a 
remarkable improvement of the electroactivity of the composite materials towards reduction 
of H2O2 and oxidation of β-nicotinamide adenine dinucleotide in reduced form (NADH) 
(Huang et al., 2008). Zou et al. reported a glucose biosensor based on electrodeposition of 
platinum nanoparticles onto multiwalled carbon nanotubes (Zou et al., 2008). Wu et al. 
constructed a glucose biosensor based on multi-walled carbon nanotubes and GNPs by 
layer-by-layer self-assembly technique (Wu et al., 2007). Taking advantage of the nanowires 
and GNPs, a novel glucose biosensor was developed, based on the immobilization of 
glucose oxidase (GOx) with cross-linking in the matrix of bovine serum albumin (BSA) on a 
Pt electrode, which was modified with gold nanoparticles decorated Pb nanowires (GNPs-
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PbNWs) (Wanga et al., 2009). Pb nanowires (PbNWs) were synthesized by an l-cysteine-
assisted self-assembly route, and then gold nanoparticles (GNPs) were attached onto the 
nanowire surface through –SH–Au specific interaction. The synergistic effect of PbNWs and 
GNPs made the biosensor exhibit excellent electrocatalytic activity and good response 
performance to glucose. In pH 7.0, the biosensor showed the sensitivity of 
135.5µA.mM−1.cm−2, the detection limit of 2 µM (S/N = 3), and the response time <5 s with a 
linear range of 5–2200 µM. Furthermore, the biosensor exhibits good reproducibility, long-
term stability and relative good anti-interference.  
 

 
Fig. 4. TEM images of (a) GNPs, (b) GNPs-PbNWs (Wanga et al., 2009). 

6.2 Cholesterol biosensors 
Cholesterol is a fundamental parameter in the diagnosis of coronary heart disease, 
arteriosclerosis, and other clinical (lipid) disorders and in the assessment of the risks of 
thrombosis and myocardial infarction. The clinical analysis of cholesterol in serum samples 
is important in the diagnosis and prevention of a large number of clinical disorders such as 
hypertension, cerebral thrombosis and heart attack. Hence, it is important to develop a 
reliable and sensitive biosensor which can permit a suitable and rapid determination of 
cholesterol. Ideally, the total cholesterol concentration in a healthy person’s blood should be 
less than 200 mg/dL (<5.17 mM). The borderline high is defined as 200–239 mg/dL (5.17–
6.18 mM), and the high value is defined as above 240 mg/dL (≥6.21 mM) (Shen & Liu, 2007). 
Different analytical methods have been used for the determination of cholesterol for 
instance colorimetric, spectrometric and electrochemical methods. Among these methods, 
electrochemical detection of cholesterol has achieved significant attention due to the rapid 
determination, simplicity, and low cost. Thus, amperometric biosensors are more attractive 
due to their low detection limit and enzyme stabilization can be easily achieved. Especially, 
the enzyme based cholesterol sensors have gained special focus taking the advantages of 
good stability, high sensitivity and wide linear range they hold a leading position among the 
presently available biosensor systems. Recently, many scientists and biologists focused on 
the preparation of newer nanocomposite with good biocompatibility that could be the 



 
Biosensors for Health, Environment and Biosecurity 

 

100 

promising matrices for enzyme immobilization which can enhance the selectivity and 
sensitivity of the biosensors. Among the natural biocompatible macromolecules, chitosan 
(CS) is the biodegradable polymer obtained from marine versatile biopolymer-chitin. CS 
fibers situate apart from all other biodegradable natural fibers in several inherent properties 
such as outstanding biocompatibility, non-toxicity, biodegradability, high mechanical 
strength, fast metal complexation and hydrophilicity for enzyme immobilization. CS 
nanofibers (NFs) have remarkable characteristic such as exceptionally minute pore size with 
very outsized surface area-to-volume proportion, high porosity and diameters of the fiber 
was in nanometer scale. These properties of CSNFs hold fine enzyme immobilization 
scaffold and it was exploited for biosensor applications. These interesting matrices provide 
high surface area for high enzyme loading and compatible micro-environment helping 
enzyme stability. Besides, CS provides direct contact between enzyme active site and 
electrode. Enzyme immobilization is currently the gigantic increasing subject of 
considerable interest because the use of enzyme is frequently inadequate due to their 
availability in tiny quantity, instability, high cost and the limited possibility of economic 
recoveries of these bio-catalysts from an effective response unify. For a good enzyme 
immobilization, biocompatibility is the one of the most important key requisite that benefits 
the enzymatic bio-transformations to construct the biosensors. So, increase the 
biocompatibility of the support, various surface modification protocol have often been used 
such as adsorption, coating, self-assembly and graft polymerization. Among these 
techniques, it is relatively graceful and efficient to directly bind natural bio-macromolecules 
on the support surface to form a bio-mimetic compatible layer for enzyme immobilization. 
In the recent years, there is a trend to use nanostructured materials as supports for enzyme 
immobilization, since the large surface area to volume ratio of nanosize materials can 
effectively improve to the loading enzyme per unit to volume ratio of support and the 
excellent catalytic efficiency of the immobilized enzyme. Both nanofibers and nanoparticles 
were explored for this purpose. Recent developments in the field of nanobiotechnology, 
metal nanoparticles (MNPs) find numerous applications. Among the MNPs, GNPs be 
widely used for the catalytic and biological application. GNPS provides adequate micro-
environment to enhance DET between biomolecule and electrode. In the fabrication of a 
cholesterol biosensor, cholesterol oxidase (ChOx) is most commonly used as the biosensing 
element. Cholesterol oxidase catalyzes the oxidation of cholesterol to H2O2 and cholest-4-en-
3-one in the presence of oxygen. The enzymatic reaction in the use of cholesterol oxidase 
(ChOx) as a receptor can be described as follows: 
ChOx 

Cholesterol + O2 → Cholest-4 −en−3−one + H2O2 

The electro-oxidation current of hydrogen peroxide is detected after application of a suitable 
potential to the system. The major problem for amperometric detection is the overestimation 
of the response current due to interferences such as ascorbic acid. This problem can be 
overcome by using a combination of two or three enzymes, which are more selective for the 
analyte of interest (Bongiovanni et al., 2001) or by devising techniques to eliminate or reduce 
the interference. A novel amperometric cholesterol biosensor was fabricated by the 
immobilization of ChOx (cholesterol oxidase) onto the chitosan nanofibers/gold 
nanoparticles (designated as CSNFs/AuNPs) composite network (NW) (Gomathia et al., 
2010). The fabrication involves preparation of chitosan nanofibers (CSNFs) and subsequent 
electrochemical loading of gold nanoparticles. Field emission scanning electron microscopy 
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(FE-SEM) was used to investigate the morphology of CSNFs (sizes in the range of 50–100 
nm) and spherical GNPs. The CSNF–GNPs/ChOx biosensor exhibited a wide linear 
response tocholesterol (concentration range of 1–45 µM), good sensitivity (1.02 µA/µM), low 
response time (5 s) and excellent long term stability. The combined existence of GNPs within 
CSNFs NW provides the excellent performance of the biosensor towards the electrochemical 
detection of cholesterol. 
 

 
Fig. 5. Fabrication of CSNF–GNPs/ChOx biosensor electrode (Gomathia et al., 2010). 

Many researchers have reported the inclusion of metal nanoparticles with a catalytic effect 
in polymer modified electrodes to decrease the overpotential applied to the amperometric 
biosensors (Safavi et al., 2009, Hrapovic et al., 2004, Ren et al., 2005, Huang et al., 2004). 
Amperometric cholesterol biosensors based on carbon nanotube–chitosan–platinum–
cholesterol oxidase nanobiocomposite was fabricated for cholesterol determination at an 
applied potential of 0.4 V (Tsai et al., 2008). To improvethe selectivity of the biosensor, 
Gopalana et al. reported the construction of a cholesterol biosensor by monitoring the 
reduction current of H2O2 at −0.05 V (Gopalana et al., 2009). Bimetallic alloys are widely 
used in catalysis and sensing fields. Owing to the interaction between two components in 
bimetallic alloys, they generally show many favorable properties in comparison with the 
corresponding monometallic counterparts, which include high catalytic activity, catalytic 
selectivity, and better resistance to deactivation. Among various bimetallic alloys, gold–
platinum (AuPt) alloy is very attractive. It has excellent catalysis and resistance to 
deactivation due to the high synergistic action between gold and platinum (Xiao et al., 2009). 
Owing to these advantages of bimetallic nanoparticles, it becomes significant to develop 
AuPt nanoparticles for application in electrochemical sensors with appropriate 
characteristics such as high sensitivity, fast response time, wide linear range, better 
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selectivity, and reproducibility. An electrodeposition method was applied to form gold–
platinum (AuPt) alloy nanoparticles on the glassy carbon electrode (GCE) modified with a 
mixture of an ionic liquid (IL) and chitosan (Ch) (AuPt–Ch–IL/GCE). AuPt–Ch–IL/GCE 
electrocatalyzed the reduction of H2O2 and thus was suitable for the preparation of 
biosensors. Cholesterol oxidase (ChOx) was then, immobilized on the surface of the 
electrode by cross-linking ChOx and chitosan through addition of glutaraldehyde 
(ChOx/AuPt–Ch–IL/GCE) (Safavia & Farjamia, 2011). The fabricated biosensor exhibited 
two wide linear ranges of responses to cholesterol in the concentration ranges of 0.05–6.2 
mM and 6.2–11.2 mM. The sensitivity of the biosensor was 90.7 µA.mM−1.cm−2 and the limit 
of detection was 10 µM of cholesterol. The response time was less than 7 s. The Michaelis–
Menten constant (Km) was found as 0.24 mM. The effect of the addition of 1 mM ascorbic 
acid and glucose was tested on the amperometric response of 0.5 mM cholesterol and no 
change in response current of cholesterol was observed. 
 

 
Fig. 6. Schematic illustration of preparation procedures of ChOx/AuPt–Ch–IL/GCE (Safavia 
& Farjamia, 2011). 

6.3 Tyrosinase biosensors 
Phenolic compounds often exist in the wastewaters of many industries, causing problems 
for our living environment. Many of them are very toxic, showing adverse   effects on 
animal and plants. Therefore, the identification and quantification of such compounds are 
very important for environment monitoring. Some methods are available for the phenolic 
compound assay, including gas or liquid chromatography and spectrophotometry 
(Chriswell et al. 1975, Poerschmann et al., 1997). However, demanding sample 
pretreatments, low sensitivities, and time-consuming manipulations limit their practical 
applications. A great amount of effort has been devoted to the development of simple and 
effective analytical methods for the determination of phenolic compounds. Among them, 
amperometric biosensor based on tyrosinase has been shown to be a very simple and 
convenient tool for phenol assay due to its high sensitivity, effectiveness, and simplicity 
(Wang et al., 2002, Dempsey et al., 2004, Rajesh et al., 2004, Xue & Shen, 2002, Zhang et al., 
2003, Wang et al., 2000a, Yu et al. 2003, Campuzano et al., 2003, Tatsuma & Sato, 2004). The 
immobilization of tyrosinase is a crucial step in the fabrication of phenol biosensor. The 
earlier reports on the immobilization methods included polymer entrapment (Wang et al., 
2002, Dempsey et al., 2004), electropolymerization (Dempsey et al., 2004, Rajesh et al., 2004), 
sol–gels (Rajesh et al., 2004, Yu et al. 2003), self-assembled monolayers (SAMs)1 
(Campuzano et al., 2003, Tatsuma et al., 2004), and covalent linking (Anh et al., 2002, Rajesh 
et al., 2004a). However, some of these immobilizations are relatively complex, requiring the 
use of solvents that are unattractive to the environment and result in relatively poor stability 
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and bioactivity of tyrosinase. Recent years have seen increased interest in searching for 
simple and reliable schemes to immobilize enzymes. The biocompatible nanomaterials have 
their unique advantages in enzyme immobilization. They could retain the activity of 
enzyme well due to the desirable microenvironment, and they could enhance the direct 
electron transfer between the enzyme’s active sites and the electrode (Gorton et al., 1999, Jia 
et al., 2002). In spite of the big amount of literature on tyrosinase electrochemical biosensors, 
two general limitations need to be solved yet in order to improve their practical usefulness. 
One of them concerns the stability of the biosensors. Although many efforts have been made 
to improve the useful lifetime and reusability of tyrosinase electrodes, searching for 
appropriate microenvironments for retaining the biological activity of the enzyme, its 
inherent instability provokes that this useful lifetime is too short for practical applications in 
many cases. On the other hand, the low concentration levels of phenolic compounds that 
should be detected due to their classification as priority pollutants, requires that the 
tyrosinase biosensors are capable to achieve a high sensitivity. The aim of this work is the 
design of a new tyrosinase bioelectrode able to improve significantly these important 
analytical characteristics with respect to previous designs. The new bioelectrode design is 
based on the combination of the advantageous properties of a graphite–Teflon composite 
electrode matrix for the immobilization of enzymes, and the use of colloidal gold 
nanoparticles. In this new design, both the enzyme tyrosinase and gold nanoparticles are 
incorporated into the composite electrode matrix by simple physical inclusion. The use of 
graphite–Teflon composite pellets for the construction of enzyme electrodes has been 
extensively reported (Serra et al., 2002, GuzmanVazquez de Pradaet al., 2003, Pena et al., 
2001). The resulting bioelectrodes are easily renewable by polishing and allow incorporation 
of biomolecules and other modifiers with no covalent attachments, thus making the 
electrode fabrication procedure easy, fast and cheap. On the other hand, electrochemical 
biosensors created by coupling biological recognition elements with electrochemical 
transducers based on or modified with gold nanoparticles are playing an increasingly 
important role in biosensor research over the last few years (Yanez-Sedeno & Pingarron, 
2005). So, colloidal gold allows proteins to retain their biological activity upon adsorption 
(Doron et al., 1995, Brown et al., 1996, Mena et al., 2005) and modification of electrodes with 
this type of nanoparticles provides a microenvironment similar to that of the redox proteins 
in native systems, reducing the insulating effect of the protein shell for the direct electron 
transfer through the conducting tunnels of gold nanocrystals (Liu et al., 2003a). Surface 
morphology of gold nanoparticles, and the interaction between the nanoparticles and the 
electrode surface, are significant factors which contribute to improve the electrical contact 
between the redox protein and the electrode material (Shipway et al., 2000). In this context, 
biosensors based on the immobilization of enzymes on gold nanoparticles for the 
determination of hydrogen peroxide, nitrite, glucose and phenols (Tang & Jiang, 1998, Xiao 
et al., 2000, Gu et al., 2001, Liu & Ju, 2002, Jia et al., 2002, Liu & Ju, 2003, Liu et al., 2003b, 
Xiao et al., 2003, Carralero-Sanz et al., 2005) have been recently reported. 
The preparation of a tyrosinase biosensor based on the immobilization of the enzyme onto a 
glassy carbon electrode modified with electrodeposited gold nanoparticles (Tyr-nAu-GCE) 
was reported (Carralero-Sanz et al., 2005). The enzyme immobilized by cross-linking with 
glutaraldehyde retains a high bioactivity on this electrode material. Under the optimized 
working variables (a Au electrodeposition potential of −200mV for 60 s, an enzyme loading 
of 457 U, a detection potential of −0.10V and a 0.1 mol. L−1 phosphate buffer solution of pH 
7.4 as working medium) the biosensor exhibited a rapid response to the changes in the 
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substrate concentration for all the phenolic compounds tested: phenol, catechol, caffeic acid, 
chlorogenic acid, gallic acid and protocatechualdehyde. A R.S.D. of 3.6% (n = 6) was 
obtained from the slope values of successive calibration plots for catechol with the same 
Tyr-nAu-GCE with no need to apply a cleaning procedure to the biosensor. The useful 
lifetime of one single biosensor was of at least 18 days, and a R.S.D. of 4.8% was obtained for 
the slope values of catechol calibration plots obtained with five different biosensors. The 
Tyr-nAu-GCE was applied for the estimation of the phenolic compounds content in red and 
white wines. A good correlation of the results (r = 0.990) was found when they were plotted 
versus those obtained by using the spectrophotometric method involving the Folin–
Ciocalteau reagent. 
 

 
Fig. 7. Cyclic voltammograms for 2.0×10−4 mol.L−1 solutions of catechol (a) and caffeic acid 
(b), at: (1) Tyr-nAu-GCE; (2) Tyr-GCE; (3) Au-GCE; (4) GCE; v = 25mVs−1. Supporting 
electrolyte: 0.05 mol.L−1 phosphate buffer (pH 7.4) (Carralero-Sanz et al., 2005). 

The design of a new tyrosinase biosensor with improved stability and sensitivity was 
reported (Carralero-Sanz et al., 2006). The biosensor design is based on the construction of a 
graphite–Teflon composite electrode matrix in which the enzyme and colloidal gold 
nanoparticles are incorporated by simple physical inclusion. The Tyr–Aucoll–graphite–Teflon 
biosensor exhibited suitable amperometric responses at −0.10 V for the different phenolic 
compounds tested (catechol; phenol; 3,4-dimethylphenol; 4-chloro-3-methylphenol; 4-
chlorophenol; 4- chloro-2-methylphenol; 3-methylphenol and 4-methylphenol). The limits of 
detection obtained were 3 nM for catechol, 3.3 µM for 4- chloro- 2-methylphenol, and 
approximately 20 nM for the rest of phenolic compounds. The presence of colloidal gold 
into the composite matrix gives rise to enhanced kinetics of both the enzyme reaction and 
the electrochemical reduction of the corresponding o-quinones at the electrode surface, thus 
allowing the achievement of a high sensitivity. The biosensor exhibited an excellent 
renewability by simple polishing, with a lifetime of at least 39 days without apparent loss of 
the immobilized enzyme activity. The usefulness of the biosensor for the analysis of real 
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samples was evaluated by performing the estimation of the content of phenolic compounds 
in water samples of different characteristics. 
A highly efficient enzyme-based screen printed electrode (SPE) was obtained by using 
covalent attachment between 1-pyrenebutanoic acid, succinimidyl ester (PASE) adsorbing 
on the graphene oxide (GO) sheets and amines of tyrosinase-protected gold nanoparticles 
(Tyr-Au) (Song et al., 2010). Herein, the bi-functional molecule PASE was assembled onto 
GO sheets. Subsequently, the Tyr-Au was immobilized on the PASE-GO sheets forming a 
biocompatible nanocomposite, which was further coated onto the working electrode surface 
of the SPE. Attributing to the synergistic effect of GO-Au integration and the good 
biocompatibility of the hybrid-material, the fabricated disposable biosensor (Tyr-Au/PASE-
GO/SPE) exhibited a rapid amperometric response (less than 6 s) with a high sensitivity and 
good storage stability for monitoring catechol. This method shows a good linearity in the 
range from 8.3×10-8 to 2.3×10-5 M for catechol with a squared correlation coefficient of 
0.9980, a quantitation limit of 8.2×10-8 M (S/N = 10) and a detection limit of 2.4×10-8 M (S/N 
= 3). The Michaelis-Menten constant was measured to be 0.027 mM. This disposable 
tyrosinase biosensor could offer a great potential for rapid, cost-effective and on-field 
analysis of phenolic compounds. 
 

 
Fig. 8. Assembling process of Tyr-Au/PASE-GO on SPE (Song et al., 2010). 

6.4 Urease biosensors 
Kidneys perform key roles in various body functions, including excreting metabolic waste 
products such as urea from the bloodstream, regulating the hydrolytic balance of the body, 
and maintaining the pH of body fluids. The level of urea in blood serum is the best 
measurement of kidney function and staging of kidney diseases. The normal urea level in 
serum ranges from 15 to 40 mg/dL (i.e., 2.5–7.5 mM). An increase in urea concentration 
causes renal failure such as acute or chronic urinary tract obstruction with shock, burns, 
dehydration, and gastrointestinal bleeding, whereas a decrease in urea concentration causes 
hepatic failure, nephritic syndrome, and cachexia. Therefore, there is an urgent need to 
develop a device that rapidly monitors urea concentration in the body. Most existing urea 
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biosensors utilize urease (Urs) as the sensing element. The available Urs on the electrode 
surface hydrolyzes urea into NH4+ and HCO3−ions. The concentration of urea is measured 
by monitoring the librated ions using a transducer such as amperometric, potentiometric, 
optical, thermal, or piezoelectric. Although various urea biosensors that use a range of 
transducers have been studied extensively, the Urs-based amperometric urea biosensor is 
considered one of the most promising approaches because it offers fast, simple, and low-cost 
detection. The response time of such a biosensor is directly associated with the hydrolysis 
rate of urea on the electrode surface; therefore, rapid production of NH4+ ions on the 
electrode will lead to a highly sensitive biosensor. It is well established that the performance 
of biosensors greatly depends on the physicochemical properties of the electrode materials, 
enzyme immobilization procedure, and enzyme concentration on the electrode surface. 
Many electrode materials have been used to fabricate urea biosensors. However, there is an 
ongoing demand for new types of electrode materials that can provide the Urs enzyme with 
better stability and performance for in vitro urea measurement. In this context, the use of 
nanomaterials to fabricate biosensors is one of the most exciting approaches because 
nanomaterials have a unique structure and high surface-to-volume ratio. The surfaces of 
nanomaterials can also be tailored in the molecular scale in order to achieve various 
desirable properties. Many attempts have been made to fabricate a third-generation 
biosensor with self-assembly technology; however, these approaches were based on planar 
self-assembly that may only offer limited available surface area on the electrode, which can 
compromise the performance of the biosensor. Meanwhile, gold nanoparticles have played 
an increasingly important role for biosensor applications over the last decade.  
Gold nanoparticles can (1) provide a stable surface for the immobilization of biomolecules 
without compromising their biological activities and (2) permit direct electron transfer from 
the redox biomolecules to the bulk electrode materials, thereby enhancing the 
electrochemical sensing ability. For example, Shipway et al. systematically studied the new 
electronic, photoelectronic, and sensoring systems that used gold nanoparticle 
superstructures on the electrode surface (Shipway et al., 2000). In addition, previous studies 
indicated that biological macromolecules such as enzymes can generally retain their 
enzymatic and electrochemical activity after being immobilized onto the gold nanoparticles 
(Brown et al., 1996, Xiao et al., 1999). Anamperometric biosensor was fabricated for the 
quantitative determination of urea in aqueous medium using hematein, a pH-sensitive 
natural dye (Tiwari et al., 2009). The urease (Urs) covalently immobilized onto an electrode 
made of gold nanoparticles functionalized with hyperbranched polyester-BoltronR H40 
(H40–Au) coated onto an indium–tin oxide (ITO) covered glass substrate. The covalent 
linkage between the Urs enzyme and H40–Au nanoparticles provided the resulting enzyme 
electrode (Urs/H40–Au/ITO) with a high level of enzyme immobilization and excellent 
lifetime stability. The biosensor based on Urs/H40–Au/ITO as the working electrode 
showed a linear current response to the urea concentration ranging from 0.01 to 35 mM. The 
urea biosensor exhibited a sensitivity of 7.48nA/mMwith a response time of 3 s. The 
Michaelis–Menten constant for the Urs/H40–Au/ITO biosensor was calculated to be 
0.96mM, indicating the Urs enzyme immobilized on the electrode surface had a high affinity 
to urea. 
A renewable potentiometric urease inhibition biosensor based on self-assembled gold 
nanoparticles has been developed for the determination of mercury ions (Yang et al., 2006a). 
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Fig. 9. Schematic presentation of the [A] preparation of hyperbranched gold (H40–Au) 
nanoparticles and [B] fabrication of H40–Au/ITO and Urs/H40–Au/ITO electrodes(Tiwari 
et al., 2009). 

Gold nanoparticles were chemically adsorbed on the PVC-NH2 matrix membrane pH 
electrode surface containing N,Ndidecylaminomethylbenzene (DAMAB) as a neutral carrier 
and urease was then immobilized on the gold nanoparticles. The linear range of 
determination of Hg2+ was 0.09–1.99 µmol.L−1 with a detection limit of 0.05 µmol.L−1. The 
advantages of self-assembled immobilization are low detection limit, fast response and ease 
regeneration. The assembled gold nanoparticles and inactive enzyme layers denatured by 
Hg2+ can be rinsed out via a saline solution with acid and alkali successively. This sensor is 
generally of great significance for inhibitor determination, especially in comparison with 
expensive base transducers. 
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Fig. 10. TEM of gold nanoparticles with different size: 12 nm (a), 20 nm (b) and 35 nm (c) 
(Yang et al., 2006a). 

6.5 Acetylcholinesterase biosensors 
Carbamate and organophosphate pesticides have come into widespread use in agriculture 
because of their high insecticidal activity and relatively low environmental persistence. 
However, overuse of these pesticides results in pesticide residues in food, water and 
environment, and leads to a severe threat to human health due to their high toxicity to 
acetylcholinesterase (AChE), which is essential for the functioning of the central nervous 
system in humans. For these reasons, it has great significance to develop a fast, reliable and 
inexpensive analytical method for determination of trace amounts of these pesticides. 
Common analytical techniques for determination of these compounds, such as gas and 
liquid chromatography are sensitive, reliable and precise. However, these methods require 
expensive instrumentation, complicated pretreatment procedure and professional operators, 
which limit their application for real-time detection of these compounds. In order to 
simplify procedure and decrease cost, enzyme based biosensors could be a reliable and 
promising alternative to classical methods because of their simple fabrication, easy 
operation, high sensitivity and selectivity. It is well known that acetylthiocholine chloride 
(ATCl) can be catalytically hydrolyzed by AChE to thiocholine (TCh), which could be 
electrochemically oxidized at special potential. The hydrolysis reaction of ATCl would be 
inhibited by carbamate and organophosphorous pesticides, because AChE could 
irreversibly combine with these pesticides, which results in AChE inactivation to give low 
TCh concentration and low oxidation current. Therefore, based on the inhibition of 
carbamate and organophosphate pesticides on the AChE activity, the concentrations of 
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pesticides would be monitored by measuring the electrochemical oxidation peak current of 
TCh. The key aspect in construction of this kind of biosensor is the immobilization of AChE 
on the solid electrode surface with high electron transfer rate and bioactivity. In order to 
settle it, a variety of matrix materials have been employed, among them, GNPs have 
attracted enormous interest in the fabrication of electrochemical biosensors for possessing 
conductive sensing interface, catalytic properties and conductivity properties. Moreover, 
GNPs can provide an environment similar to that of proteins in a native system and allow 
protein molecules more freedom in orientation, which will reduce the insulating property of 
protein shell and facilitate the electron transfer through the conducting tunnel of GNPs. 
Gold nanoparticles were synthesized in situ and electrodeposited onto Au substrate (Dua et 
al., 2008). The GNPs modified interface facilitates electron transfer across self-assembled 
monolayers of 11-mercaptoundecanoic acid (MUA). After activation of surface carboxyl 
groups with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide, 
the interface displayed good stability for immobilization of biomolecules. The immobilized 
acetylcholinesterase (AChE) showed excellent activity to its substrate, leading to a stable 
AChE biosensor. Under the optimal experimental conditions, the inhibition of malathion on 
AChE biosensor was proportional to its concentration in two ranges, from 0.001 to 0.1 
µg.mL−1 and from 0.1 to 25 µg.mL−1, with detection limit of 0.001 µg.mL−1. The simple 
method showed good reproducibility and acceptable stability, which had potential 
application in biosensor design. 
 

 
Fig. 11. Principle of GNPs served as mediator for electron transfer across SAMs for AChE 
biosensor design (Dua et al., 2008). 

GNPs are particularly attractive for fabricating electrochemical sensors and biosensor. 
However, GNPs are inherently instable and apt to agglomerate. In order to settle this 
problem, it is necessary to use protective agents. SF is a natural protein, which can be 
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extracted from silkworm cocoon. Due to the unique properties of SF with thermal stability, 
nontoxicity, low cost and biocompatibility, it is widely used as a substrate for enzyme 
immobilization. Furthermore, GNPs could be in situ produced by the reduction of SF at 
room temperature, in which SF acts as both reducing agent and protector. It has been 
demonstrated that GNPs and SF could interact to form a bioconjugate, and this kind of 
GNPs–SF colloid possessed a stable and highly dispersed nature. A sensitive and stable 
amperometric biosensor for the detection of methyl paraoxon, carbofuran and phoxim had 
been developed based on immobilization of acetylcholinasterase (AChE) on gold 
nanoparticles and silk fibroin (SF) modified platinum electrode (Yin et al., 2009). The SF 
provided a biocompatible microenvironment around the enzyme molecule to stabilize its 
biological activity and effectively prevented it from leaking out of platinum electrode 
surface. In the presence of acetylthiocholine chloride (ATCl) as a substrate, GNPs promoted 
electron transfer reaction at a lower potential and catalyzed the electrochemical oxidation of 
thiocholine (TCh), thus increasing detection sensitivity. Under optimum conditions, the 
inhibition percentages of methyl paraoxon, carbofuran and phoxim were proportional to 
their concentrations in the range of 6x10-11–5x10-8 M, 2x10-10–1x10-7 M and 5x10-9–2x10-7 M, 
respectively. The detection limits were found to be 2x10-11 M for methyl paraoxon, 1x10-10 M 
for carbofuran and 2x10-9 M for phoxim. Moreover, the fabricated biosensor had good 
reproducibility and acceptable stability. The biosensor is a promising new tool for pesticide 
analysis. 
A novel interface embedded in situ gold nanoparticles (GNPs) in chitosan hydrogel was 
constructed by one-step electrochemical deposition in solution containing tetrachloroauric 
(III) acid and chitosan (Du et al., 2007a). This deposited interface possessed excellent 
biocompatibility and good stability. The immobilized AChE, as a model, showed excellent 
activity to its substrate and provided a quantitative measurement of organophosphate 
pesticides involved in the inhibition action. Operational parameters, including the 
deposition time, tetrachloroauric (III) acid concentration have been optimized. Under the 
optimal electrodeposition, an amperometric sensor for the fast determination of malathion 
and monocrotophos, respectively was developed with detection limit of 0.001 µg.mL-1. The 
simple method showed good fabrication reproducibility and acceptable stability, which 
provided a new avenue for electrochemical biosensor design. 

6.6 Horseradish peroxidase 
Over the last years, considerable efforts have been devoted to the development of 
horseradish peroxidase (HRP, EC 1.11.1.7, H2O2 oxidoreductase)-based mediatorless 
electrochemical biosensors for the fast, simple, selective and accurate quantification of H2O2. 
This interest is justified by the industrial, chemical and biomedical applications of this 
oxidant compound. In addition, H2O2 constitutes a relevant biochemical mediator in many 
cellular processes, as well as a by-product of several oxidases with analytical applications. 
Different strategies has been described for connecting the catalytic active site of HRP with 
electrode surfaces, in order to construct such kind of third generation H2O2 biosensors in 
which the direct electron transfer between the enzyme and the electrode is allowed without 
the use of any natural or artificial redox mediator. Among these methods, it should be 
highlighted the use of electroconductive polymers (Zhaoyang et al., 2006, Luo et al., 2006, 
Mala Ekanayake et al., 2009), metal nanoparticles (Zhaoyang et al., 2006, Luo et al., 2006, 
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Mala Ekanayake et al., 2009, Jeykumari et al., 2008, Schumb et al., 1995, Ferreira et al., 2004, 
Alonso Lomillo et al., 2005, Pingarron et al., 2008), redox polymers and sol–gel materials 
(Wang et al., 2000, Jia et al., 2005, Garca et al., 2007), DNA (Song et al., 2006) and carbon 
nanotubes (Jeykumari et al., 2008) as wiring materials for HRP. On the other hand, the 
immobilization strategy to be employed is another key factor to consider in the design of an 
enzyme biosensor. This approach should favor the maintenance of the active enzyme 
conformation as well as provide a favorable hydrophilic microenvironment around the 
biocatalyst in order to contribute to the best catalytic performance of the enzyme (Song et 
al., 2006, Villalonga et al., 2007). In this regard, it has been previously reported the 
preparation of highly active and stable biocatalysts by the polyelectrostatic immobilization 
of enzymes in polysaccharide-coated supports (Gomez et al., 2006). In addition, several ionic 
polysaccharides such as sodium alginate (Camacho et al., 2007, Ionescu et al., 2006, Cosnier 
et al., 2004) and chitosan and its derivatives (Qin et al., 2006, Li et al., 2008), have been 
successfully used as coating materials for preparing robust enzyme biosensors. Horseradish 
peroxidase was cross-linked with cysteamine-capped Au nanoparticles and further 
immobilized on sodium alginate-coated Au electrode through polyelectrostatic interactions 
(Chico et al., 2009). The electrode was employed for constructing a reagentless 
amperometric biosensor for H2O2. The electrode showed linear response (poised at -400 mV 
vs. Ag/AgCl) toward H2O2 concentration between 20 µM and 13.7 mM at pH 7.0. The 
biosensor reached 95% of steady-state current in about 15 s, and its sensitivity was 40.1 
mA/M.cm2. The detection limit of the enzyme-based electrode was determined as 3 µM, at a 
signal-to-noise ratio of three. The electrode retained 97% of its initial analytical response 
after 1 month of storage at 4 ºC in 50 mM sodium phosphate buffer, pH 7.0. The stability of 
the biosensor was significantly reduced when it was incubated in high ionic strength 
solutions, retaining only 44% of its initial response after 1 month of storage at 4 ºC in 1 M 
NaCl ionic strength in 50 mM sodium phosphate buffer, pH 7.0. 
The preparation of horseradish peroxidase (HRP)-GNPs-silk fibroin (SF) modified glassy 
carbon electrode (GCE) by one step procedure was reported (Yina et al., 2009). The enzyme 
electrode showed a quasi-reversible electrochemical redox behavior with a formal potential 
of −210mV (vs. SCE) in 0.1M phosphate buffer solution at pH 7.1. The response of the 
biosensor showed a surface-controlled electrochemical process with one electron transfer 
accompanying with one proton. The cathodic transfer coefficient was 0.42, the electron 
transfer rate constant was 1.84 s−1 and the surface coverage of HRP was 1.8×10−9 mol.cm−2. 
The experimental results indicated that GNPs–SF composite matrix could not only steadily 
immobilize HRP, but also efficiently retain its bioactivity. The biosensor displayed an 
excellent and quick electrocatalytic response to the reduction of H2O2. 
A novel method for fabrication of horseradish peroxidase (HRP) biosensor has been 
developed by self-assembling gold nanoparticles on thiol-functionalized poly(styrene-co-
acrylic acid) (St-co-AA) nanospheres (Xu et al., 2004). At first, a cleaned gold electrode was 
immersed in thiol-functionalized poly(St-co-AA) nanosphere latex prepared by emulsifier-
free emulsion polymerization of St with AA and function with dithioglycol to assemble the 
nanospheres, then gold nanoparticles were chemisorbed onto the thiol groups. Finally, 
horseradish peroxidase was immobilized on the surface of the gold nanoparticles. The 
sensor displayed an excellent electrocatalytical response to reduction of H2O2 without the 
aid of an electron mediator. The sensor was highly sensitive to hydrogen peroxide with a 
detection limit of 4.0 µmol.L−1, and the linear range was from 10.0 µmol.L−1 to 7.0 mmol.L−1. 
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The biosensor retained more than 97.8% of its original activity after 60 days of use. 
Moreover, the studied biosensor exhibited good current repeatability and good fabrication 
reproducibility. 
 

 
Fig. 12. Steady-state amperometric responses of electrodes to the reduction of H2O2 in the 
stirring PB under elimination of oxygen: (a) the non-modified gold electrode; (b) the latex 
modified electrode; (c) the gold nanoparticle modified electrode before HRP addition; (d) 
the gold nanoparticle modified electrode after HRP addition; (e) the latex modified electrode 
after HRP addition; Applied potential, −200mV; supporting electrolyte, 100 mmol.L−1 pH 7 
(Xu et al., 2004). 

A one-step method for fabrication of horseradish peroxidase (HRP) biosensor has been 
developed (Di et al., 2005). The gold nanoparticles and HRP were simultaneously embedded 
in silica sol–gel network on gold electrode surface in the presence of cysteine. The 
immobilized HRP exhibited direct electrochemical behavior toward the reduction of 
hydrogen peroxide. The heterogeneous electron transfer rate constant was evaluated to be 
7.8 s−1. The biosensor displayed an excellent elctrocatalytic response to the reduction of H2O2 
without any mediator. The calibration range of H2O2 was from 1.6 µmol.L−1 to 3.2 mmol.L−1 
and a detection limit of 0.5 µmol.L−1 at a signal-to- noise ratio of 3. The biosensor exhibited 
high sensitivity, rapid response and long-term stability. 
The design and development of a screen printed carbon electrode (SPCE) on a polyvinyl 
chloride substrate as a disposable sensor is described (Tangkuaram et al., 2007). Six 
configurations were designed on silk screen frames. The SPCEs were printed with four inks: 
silver ink as the conducting track, carbon ink as the working and counter electrodes, 
silver/silver chloride ink as the reference electrode and insulating ink as the insulator layer. 
Selection of the best configuration was done by comparing slopes from the calibration plots 
generated by the cyclic voltammograms at 10, 20 and 30mM K3Fe(CN)6 for each 
configuration. The electrodes with similar configurations gave similar slopes. The 5th 
configuration was the best electrode that gave the highest slope. Modifying the best SPCE 
configuration for use as a biosensor, horseradish peroxidase (HRP) was selected as a 
biomaterial bound with gold nanoparticles in the matrix of chitosan (HRP/GNP/CHIT). 
Biosensors of HRP/SPCE, HRP/CHIT/SPCE and HRP/GNP/CHIT/SPCE were used in the 
amperometric detection of H2O2 in a solution of 0.1M citrate buffer, pH 6.5, by applying a 
potential of −0.4 V at the working electrode. All the biosensors showed an immediate 
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response to H2O2. The effect of HRP/GNP incorporated with CHIT 
(HRP/GNP/CHIT/SPCE) yielded the highest performance. The amperometric response of 
HRP/GNP/CHIT/SPCE retained over 95% of the initial current of the 1st day up to 30 days 
of storage at 4 ºC. The biosensor showed a linear range of 0.01–11.3 mM H2O2, with a 
detection limit of 0.65 µM H2O2 (S/N = 3). The low detection limit, long storage life and 
wide linear range of this biosensor make it advantageous in many applications, including 
bioreactors and biosensors.  

6.7 DNA biosensors 
DNA biosensors for the detection of nucleic acid sequences have attracted ever increasing 
interests in connection with highly demanding research efforts directed to gene analysis, 
clinical disease diagnosis, or even forensic applications (Service, 1998, Butler, 2006, Staudt, 
2001, Farace et al., 2002, Reisberga et al., 2006). Various techniques including optical, 
electrochemistry, surface plasmon resonance spectroscopy, and quartz crystal microbalance, 
etc have been well developed for DNA detection (Rosi & Mirkin, 2005, Gerion et al., 2003, 
Drummond et al., 2003, He et al., 2000). Among them, electrochemistry offer great 
advantages such as simple, rapid, low-cost and high sensitivity (Lao et al., 2005). A key issue 
faced with any DNA hybridization biosensor is the immobilization amount and accessibility 
of probe DNA for hybridization recognition (Moses et al., 2004, Lowe et al., 2003, Ding et al., 
2008, Ostatná et al., 2005). Increasing the immobilization amount and controlling over the 
molecular orientation of probe DNA would markedly improve the performance properties 
of DNA biosensor. It has been well elaborated that the immobilization amount and the 
molecular orientation of probe single-stranded DNA could remarkably influence the 
operational performance of DNA electrochemical biosensor (Liu et al., 2008, Basuray et al., 
2009). Therefore, numerous different immobilization strategies have been proposed and 
employed aimed at improving the link stability between DNA and transducer surface 
(Cederquist et al., 2008), or increasing the amountof immobilized DNA (Liu et al., 2005), and 
sometimes simplifying the immobilization procedure (Kjllman et al., 2008). In order to 
achieve this goal, nanomaterials could be used as an elegant solution for the control of DNA 
immobilization and hybridization. For a decade, metal nanoparticles have shown huge 
potential in the fields of biosensing, diagnostics and molecular therapeutics because of its 
excellent optical and electrical properties (Brown et al., 1996, Bao et al., 2003, Ma et al., 2004, 
Kidambi et al., 2004). Owing to the large surface area and biocompatibility with biosystem, 
gold nanoparticles have been shown as a good candidate for enhancement of DNA 
immobilization and hybridization and they have been directly linked onto the biosensor 
surface via various strategies such as covalent linking, electrodeposition, electroless 
deposition, sol–gel, etc (Li et al., 2007, Yamada et al., 2003, Zhao et al., 2007, Jena& Raj, 2007). 
The self-assembly of GNPs on the electrode surface could be easily achieved via the use of a 
bi-functional chemical linking agent such as 1,6-hexanedithiol, cysteamine. Although these 
self-assembly methods are very simple and rapid, the formed monolayer on the electrode 
surface are usually insulated or could not offer a good electrical conductivity between GNPs 
and electrode surface, which is not especially favorable for the fabrication of electrochemical 
sensor or biosensor. 
A novel protocol for development of DNA electrochemical biosensor based on GNPs 
modified glassy carbon electrode (GCE) was proposed (Li et al., 2011), which was carried 
out by the self-assembly of GNPs on the mercaptophenyl film (MPF) via simple 
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electrografting of in situ generated mercaptophenyl diazonium cations. The resulting MPF 
was covalently immobilized on GCE surface via C–C bond with high stability, which was 
desirable in fabrication of excellent performance biosensors. Probe DNA was self-assembled 
on GNPs through the well-known Au–thiol binding. The recognition of fabricated DNA 
electrochemical biosensor toward complementary single-stranded DNA was determined by 
differential pulse voltammetry with the use of Co(phen)33+ as the electrochemical indicator. 
Taking advantage of amplification effects of GNPs and stability of MPF, the developed 
biosensor could detect target DNA with the detection limit of 7.2×10−11 M, which also 
exhibits good selectivity, stability and regeneration ability for DNA detection. DNA 
biosensor which was based on the self-assembly of GNPs on the mercapto-
diazoaminobenzene monolayer modified electrode was also reported (Liet al., 2010a). The 
mercapto-diazoaminobenzene monolayer was obtained by covalent immobilization of 4-
aminothiophenol (4-ATP) molecules onto another 4-ATP monolayer functionalized gold 
electrode bydiazotization-coupling reaction. The DNA immobilization and hybridization on 
the GNPs modified electrode was further investigated. The prepared GNPs–ATP–diazo-
ATP film demonstrated efficient electron transfer ability for the electroactive species toward 
the electrode surface due to a large conjugated structure of the mercapto-
diazoaminobenzene monolayer. The recognition of fabricated electrochemical DNA 
biosensor toward complementary single-stranded DNA was determined by differential 
pulse voltammetry with the use of Co(phen)33+ as an electrochemical indicator. A linear 
detection range for the complementary target DNA was obtained from 3.01×10−10 to 
1.32×10−8 M with a detection limit of 9.10×10−11 M. The fabricated biosensor also possessed 
good selectivity and could be regenerated easily. 
 

 
Fig. 13. Schematic representation of the fabrication of DNA biosensor (Li et al., 2011). 

Colloidal gold nanoparticles and carboxyl group-functionalized CdS Nanoparticles (CdS 
NPs) were immobilized on the Au electrode surface to fabricate a novel electrochemical 
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DNA biosensor (Du et al., 2009). Both GNPs and CdS NPs, well known to be good 
biocompatible and conductive materials, could provide larger surface area and sufficient 
amount of binding points for DNA immobilization. DNA immobilization and hybridization 
were characterized with differential pulse voltammetry (DPV) by using 
[Co(phen)2(Cl)(H2O)]Cl·2H2O as an electrochemical hybridization indicator. With this 
approach, the target DNA could be quantified at a linear range from 2.0×10−10 to 1.0 ×10−8 
M, with a detection limit of 2.0×10−11 M by 3σ. In addition, the biosensor exhibited a good 
repeatability and stability for the determination of DNA sequences. 
 

Layers for DNA immobilization Detection limit (mol.L−1) 

Au and CdS NPs (Du et al., 2009) 2.0×10−11 

LBL Au NPs and MWCNTs (Ma et al., 2008) 7.5×10−12 

CNTs (Niu et al., 2011) 1.4×10−10 

Pt NPs and CNTs (Zhu et al., 2005) 1.0×10−11 

ZrO2/SWNTs/PDC/GCE (Yang et al., 2007) 1.38 × 10−12 

Multilayer gold nanoparticles (Tsai et al., 2005) 1×10−11 

Conducting polyaniline nanotube (Chang et al., 2007) 3.759×10−14 

CdS nanoparticles and polypyrrole (Peng et al., 2006) 1×10−9 

Table 4. The performance comparison of various fabricated DNA biosensors (Du et al., 
2009). 

7. Conclusion 
Nanotechnology has been widely and successively applied in the field of sensing of drugs 
and biological molecules.  The most important example of nanosensors are gold 
nanoparticles (GNPs) which offer many advantages, such as large surface-to-volume ratio, 
high surface reaction activity and strong adsorption ability to immobilize the desired 
biomolecules, good microenvironment for retaining the activity of enzyme, excellent 
catalytic effects on many important chemical reactions, their catalytic effect is highly size-
dependent thus, the unique active sites and electronic states of GNPs can lead to their 
anomalous catalytic activity. 
The biomaterials to be sensed include a large variety of materials such as: 
1. Glucose and cholesterol which are largely attributed to the human health and the food 

industry. 
2. Phenolic compounds whose  identification and quantification are very important for 

environment monitoring. 
3. Some carbamate and organophosphate pesticides which affect food, water and 

environment, and leads to a severe threat to human health. 
4. H2O2 whose quantification is justified by the industrial, chemical and biomedical 

applications of this oxidant compound. In addition, H2O2 constitutes a relevant 
biochemical mediator in many cellular processes, as well as a by-product of several 
oxidases with analytical applications. 

5. DNA and nucleic acids sequences detection which are directed to gene analysis, clinical 
disease diagnosis, or even forensic applications.  
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1. Introduction 
Health care, food quality control, and environmental management often rely on the 
detection of abnormal molecules, in the body, in food, and in the environment, respectively. 
More and more, these fields are moving towards point-of-care detection, since increased 
analysis speed, and hence, decreased cost, are becoming important determining factors for 
funding.  
In parallel, but also to allow for this speedy and on-site analysis, the scientific world has 
evolved into the ‘nano’-scale. This was made possible by the dawn of bio-electronics: a 
scientific field coupling the achievements in molecular biology with the advances in 
electronics. The goal of this field is to interrogate the functional activity of bioreceptor 
molecules, i.e. the recognition and/or metabolization of their targets, with electronics to 
increase the detection speed for, and sensitivity to, certain pathogens, pollutants, and 
genetic mutations.  
To enable the electronic interrogation of these bioreceptor molecules, they need to be 
attached to, or embedded into, a solid support or transducer with a favourable orientation 
and density, ensuring the retention of their biological functionality. The resulting analytical 
device is called a biosensor. The transducer ‘translates’ the biological recognition event 
between the receptor molecule and its target into a readable signal.  
Many biosensors have become established in the clinical and scientific world. However, still 
few of them have made it to point-of-care applications. The success and applicability of 
biosensors as point-of-care tools is based on five requirements. They need to be sensitive, 
specific, fast, cheap, and portable. Electronic biosensors based on (semi-)conductive 
transducers are hence preferred for point-of-care applications, since they are fast in signal 
generation and cheap to produce. 
Many popular semiconductive transduction materials, such as silicon (Si) and germanium 
(Ge), however, are susceptible to hydrolysis, leading to a loss of bioreceptor molecules from 
the surface, and hence, to instability of the sensor platform. This negatively influences the 
sensitivity and specificity of the sensor. This explains our increased attention towards 
diamond, which surpasses Si and Ge on many levels. It can be made into a semiconductor, 
preferred for electronic applications, it is chemically and mechanically very stable, it can be 
functionalized with bioreceptor molecules (DNA, aptamers, antibodies, whole cells), and it 
is biocompatible since it is only composed of carbon (C). 
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For this reason, this contribution will focus on the application of diamond in the 
construction of different types of electronic biosensors to be used in clinical diagnostics, 
food industry and environmental management.  

2. Biosensor types and their application areas 
2.1 DNA-sensor 
A DNA-sensor is constructed by immobilizing a single-stranded DNA (ssDNA) molecule 
with a sequence corresponding to (a part of) the gene of interest to a solid substrate. 
Hybridization with a perfectly complementary sequence present in the sample will lead to a 
specific signal. 

2.1.1 Clinical diagnostics 
The DNA contains the blueprint of the human body. The genes that encode our proteins 
make up our phenotype. However, when mutations occur in these genes, this could lead to 
the formation of aberrant or non-functional proteins, infringing on the normal function of 
the human body. Diseases, such as cancer, sickle cell anemia, Charcot Marie Tooth’s disease, 
Duchenne’s muscular dystrophy, and many more, are caused by such DNA mutations. 
Detection of these mutations in the DNA is therefore paramount for the correct diagnosis 
and therapeutic intervention.  
A well-known application of a DNA-sensor principle is the microarray. In oligonucleotide 
microarrays, short genomic ssDNA fragments are spotted on the microarray, and all of the 
sequences on the array can cover an entire genome. Oligonucleotide microarrays are 
therefore mainly used for extensive genetic profiling and mutational analysis. The arrays are 
hybridized with fluorescently labeled genomic DNA and evaluated with a fluorescence 
microscope equipped with a CCD camera. These microarrays yield absolute values of the 
presence or absence of each particular gene sequence on the array and therefore, the 
comparison of two conditions, such as a healthy control and a cancerous patient, requires 
the use of two separate microarrays for the parallel genotyping or mutation analysis of 
multiple genes.  
In cDNA microarrays, entire cDNA molecules are spotted on the microarray, and all of the 
sequences can cover the expressional activity of a certain cell or tissue type. cDNA 
microarrays are therefore mainly used for gene expression analysis. To compare two 
conditions, such as the gene expression level in a certain tissue of a healthy control and gene 
expression level in a certain tissue of a cancerous patient, mRNA is isolated from the tissue 
of the healthy control and from the tissue of the cancerous patient. Both mRNA sources are 
labeled with a different fluorescent dye, and the array is hybridized with a mixture of both 
mRNA sources. The fluorescence is again evaluated with a fluorescence microscope. These 
microarrays compare the expression level of the two conditions for each particular gene on 
the array. Hence, one microarray can be used for the expression analysis of two conditions. 
However, the requirement of target labeling, and the associated need for very expensive 
complex optics for detection, make microarrays an extremely costly investment. For this 
reason, focus has shifted towards electronic, label-free DNA-sensors. DNA-based biosensors 
have been reported that exploit the intrinsic electro-activity of the bases guanine (G) and 
adenine (A). Probe ssDNA is attached to the electrode surface, and the G and/or A residues 
in the DNA participate in a redox reaction. The current that is generated during this redox 
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reaction is detected, and it is proportional to the amount of G and/or A, being larger in 
double-stranded DNA (dsDNA). However, usually, direct detection of the G and/or A 
bases without the use of redox mediators is generally considered to be too insensitive. Cai et 
al. (2004) immobilized ssDNA onto Si electrodes, and demonstrated that they were able to 
distinguish complementary DNA from DNA containing 4-base mismatches as compared to 
the immobilized probe DNA (Cai et al., 2004). Gu et al. (2005) and Vermeeren et al. (2007) 
even succeeded in single-nucleotide polymorphism (SNP) sensitivity, the latter in real-time 
(Gu et al., 2005), (Vermeeren et al., 2007). 
 

 
Fig. 1. Schematic diagram of an oligonucleotide microarray (left panel) and a cDNA 
microarray (right panel). An oligonucleotide microarray, modified with short 
oligonucleotide sequences covering the entire genome, gives information about the presence 
and absence of certain gene fragments. Each microarray is hybridized with target material of 
1 condition. A cDNA microarray, modified with longer cDNA sequences covering the 
expressional activity of a cell type, are used for gene expression analysis. Each microarray is 
hybridized with target material of 2 conditions. 

2.1.2 Food industry 
The use of genetically modified strains of crops is becoming more and more widespread. 
Informing the consumers is of utmost importance. Moreover, the presence of contaminating 
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microbial life in food and is a major health care concern. Therefore, biosensor research has 
focused on the detection of genetically modified organisms (GMOs) and viral and the 
presence of viral or bacterial DNA in food.  
Tichoniuk et al. (2008) developed an electrochemical DNA-sensor that was capable of 
distinguishing between genetically modified and unmodified soybeans without DNA 
amplification. Gold (Au) electrodes were modified with ssDNA corresponding to 
genetically modified soybeans. Methylene blue was used as a hybridization indicator, 
interacting more readily with G in ssDNA than in dsDNA. Hybridization with modified 
soybeans was reflected by a decrease in the voltammetric peak of methylene blue, while 
treatment with unmodified soybeans had no effect in the peak (Tichoniuk et al., 2008). Joon-
Hyung et al. (2008) constructed a label-free electrochemical DNA-sensor against Salmonella. 
Salmonella species are classified as bioterrorism threat agents by the Center for Disease 
Control and prevention (CDC). DNA from Salmonella Enterica Serovar Enteritidis was 
amplified by Polymerase Chain Reaction (PCR) and exposed to a nanoporous Si substrate 
modified with Salmonella-specific 26-mer probe ssDNA (Joon-Hyung et al., 2008). 

2.1.3 Environmental management 
DNA-sensors are also starting to be used to screen various environmental matrices, such as 
water, soil, and plant samples, for the presence of infectious agents and analytes that have 
binding affinities for the structure of DNA, and thus induce DNA damage.  
Marrazza et al. (1999) developed two disposable electrochemical DNA-sensors, one based 
on DNA hybridization to detect the presence of the bacteria Chlamydia trachomatis, and one 
based on the interaction of small molecules with the DNA. For the first sensor, 21-mer 
ssDNA probes specific for Chlamydia were immobilized onto a graphite screen-printed 
electrode. Potentiometric Stripping Analysis (PSA) was used to detect the hybridization to 
complementary target DNA. The increasing oxidation peak area of daunomycin, an 
intercalator of dsDNA, was used as an indicator for the hybridization, and thus for the 
presence of Chlamydia in the sample. However, the sensitivity of the assay was insufficient to 
allow a direct detection without PCR amplification of the sample. Their second sensor was 
constructed by immobilizing calf thymus ssDNA onto a graphite screen-printed electrode. 
The decreasing oxidation peak of G was used as an indicator for the interaction between 
ssDNA and cisplatin and polychlorobiphenyls (PCBs). They even tested real river water 
samples, and succeeded in the rough categorization into toxic and non-toxic water samples. 
However, they were not able to distinguish between the different compounds that were 
present (Marrazza et al., 1999). 

2.2 Immunosensor 
An immunosensor is constructed by immobilizing an antibody directed against the protein 
target of interest to a solid support. Recognition of its target antigen will lead to a specific 
signal. 

2.2.1 Clinical diagnostics 
Since many diseases have their origin in the presence of DNA mutations in crucial genes, as 
explained above, these diseases are also often characterized by the presence of abnormal 
proteins in the body. Diagnosis is based on the detection and quantification of these proteins 
by using antibodies directed against the protein of interest. The state-of-the-art is the 
Enzyme-Linked ImmunoSorbent Assay (ELISA). There are three types of ELISA.  
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In a sandwich ELISA, the ELISA plate is coated with target-specific antibodies. In a next 
step, the sample is added, and the antigens, if present, will bind to the coated antibodies. In 
a third step, detection antibodies, labeled with an enzyme, will bind to a different epitope of 
the bound antigens. Lastly, the substrate of the enzyme label is added, which is metabolized 
into a colored product of which the absorption is measured. The absorption is then directly 
proportional to the amount of bound target.  
In an indirect ELISA, the sample containing or not containing the target of interest is coated 
onto the ELISA plate. In the next steps, the enzymatically labeled detection antibodies and 
the substrate are added like in the sandwich ELISA, and the absorption is again a measure 
for the bound targets. 
In a competitive ELISA, the enzymatically labeled detection antibodies are first pre-
incubated with the target antigens. Only the detection antibodies that are still free after this 
pre-incubation step will be available to bind to target antigens that are coated onto the 
ELISA plate. Here, the absorption of the enzymatically generated product is indirectly 
proportional to the amount of target antigen in the sample.  
Many ELISA kits exist for all sorts of applications. However, the technique requires many 
reaction steps, which increases the analysis time and cost. For this reason, focus has shifted 
towards electronic, label-free immunosensors. Fang et al. (2010) described the development 
of a novel immunosensor based on a sol-gel derived Barium Strontium Titanate (BST) thin 
film and interdigitated electrodes for the diagnosis of Dengue infection. The Dengue virus 
particles were immobilized onto the electrodes, to capture the Dengue antibodies present in 
human serum. With impedance spectroscopy and I-V measurements, it was possible to 
detect Dengue antibodies in human serum even after a 50 000-fold dilution. Since Dengue 
infection is also diagnosed using the salivary antibodies, of which the concentration is 
relatively close to the concentration in serum, the sensor could possibly be employed in an 
easy, rapid point-of-care setting (Fang et al., 2010). Pan et al. (2010) developed an 
amperometric immunosensor for the diagnosis of Urinary Tract Infection (UTI), using 
lactoferrin (LTF) as a biomarker for UTI. They immobilized biotinylated anti-LTF onto Au 
electrodes functionalized with self-assembled monolayers (SAMs) coupled with biotin and 
strepatvidin. Detection was based on a horse-radish peroxidise (HRP)-conjugated anti-LTF 
antibody and the HRP substrate. The current generated by the enzymatic reaction was 
transferred to the electrodes through the use of the redox mediator potassium ferricyanide 
(K3Fe(CN)6). They reached a detection limit of 145 pg/ml (Pan et al., 2010). 

2.2.2 Food industry 
Electrochemical immunosensors can also be applied in food analysis, for quality control. For 
example, Chemburu et al. (2005) developed a flow-through amperometric immunosensor to 
detect the presence of E. coli, L. monocytogenes, and C. jejuni. They immobilized antigen-
specific antibodies onto carbon particles, and obtained detection limits of 50, 10, and 50 
colony-forming units (CFU)/ml, respectively. They then applied this to milk and chicken 
extract, and observed a L. monocytogenes detection limit of 30 CFU/ml in chicken extract 
(Chemburu et al., 2005). Micheli et al. (2004) constructed an electrochemical immunosensor 
against domoic acid. Domoic acid is a neuroexcitatory toxin from marine diatoms, found in 
sea products. It is the causative agent of amnesic shellfish poisoning (ASP). Using screen-
printed electrodes, the authors claim a detection limit of domoic acid of 20 µg/g in mussels, 
which is the maximum acceptable limit defined by the Food and Drug Administration 
(FDA) (Micheli et al., 2004).  
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2.2.3 Environmental management 
Pesticides are widely used in agriculture to protect crops. However, their use has also 
created serious concerns regarding their effects on the environment. Hence, identification 
and quantification of pesticides is of utmost importance. Skládal and Kaláb (1995) 
developed a multichannel amperometric immunosensor for the detection of 2,4-
dichlorophenoxyacetic acid (2,4-D). They used a competitive format. 2,4-D molecules 
conjugated with HRP competed with free 2,4-D for the anti-2,4-D antibodies immobilized 
onto the nitrocellulose-covered Au electrode. The substrate hydrogen peroxide (H2O2) and 
hydroquinone participated in the redox reaction catalyzed by HRP, and the generated 
current was detected amperometrically. They achieved a detection limit of 0.1 ng/ml in 
water (Skládal et al., 1995). Grennan et al. (2003) described an amperometric immunosensor 
for the analysis of the herbicide atrazine. The European Union Drinking Water Directive set 
official regulations on the maximum admissible concentration of atrazine in drinking water, 
namely 0.1 ng/ml. Single-chain antibodies against atrazine were immobilized in a 
polyaniline (PANI)/polyvinyl sulfonate (PVS) polymer layer on top of a carbon paste 
screen-printed electrode. Again, competition between HRP-labeled atrazine and native 
atrazine ensued, and the subsequent substrate reaction with H2O2 gave a detection limit of 
0.1 ng/ml (Grennan et al., 2003).   

2.3 Aptasensor 
A recent new development in affinity sensing comes from aptamer molecules. Aptamers are 
short, synthetic ssDNA or ssRNA oligomers that obtain a specific and complex 3D structure. 
For this reason, they are able to bind to and recognize a certain target molecule (proteins, 
organic molecules, cells, …) with a high specificity. Because of their ease in selection and 
synthesis, and hence, their cheaper production cost, and their chemical stability in a variety 
of conditions, they display a great advantage compared to antibodies. For this reason, like 
antibodies, aptamers are becoming more and more valuable as receptor molecules in 
biosensors. 

2.3.1 Clinical diagnostics 
Yuan et al. (2010) developed a label-free electrochemical aptasensor for the detection of 
thrombin. Thrombin is a blood-clotting protein, and a high level of thrombin will cause 
thrombosis, while a low level will induce excessive bleeding. Nafion-coated Au electrodes 
were modified with alternating layers of the redox mediator thionine and Au nanoparticles. 
Thiol (SH)-modified thrombin aptamers were then immobilized onto the Au nanoparticles. 
The redox peak of thionine was monitored in the presence of K3[Fe(CN)6]/K4[Fe(CN)6]. 
Binding with thrombin resulted in a barrier for the electron transfer to the electrode coming 
from the redox reaction of thionine, leading to a decrease in current and in the thionine 
redox peak. When exposing the sensor to human serum samples, they obtained good 
recovery values with thrombin concentrations between 1 and 40 nM (Yuan et al., 2010). 

2.3.2 Food industry 
Bonel et al. (2010) reported an electrochemical aptasensor for the detection of ochratoxin A 
(OTA). OTA is one of the most important mycotoxin contaminants of food, particularly 
cereal grains, such as wheat and their derived products. The presence of OTA in these foods 
is a matter of great concern, as it is responsible for chronic diseases in humans and animals. 
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Biotinylated OTA aptamers were immobilized onto streptavidin-coated paramagnetic 
beads. Free OTA was allowed to compete with OTA-HRP conjugates for the aptamer-
functionalized beads, and after the magnetic separation, the reacted beads were transferred 
to screen-printed carbon electrodes. H2O2 and hydroquinone participated in a redox reaction 
catalyzed by HRP, and the current was detected amperometrically. They reached a detection 
limit of 0.07 ng/ml, and the sensor was accurately applied to certified wheat samples (Bonel 
et al., 2010).   

2.3.3 Environmental management 
Olowu et al. (2010) developed an electrochemical aptasensor for the detection of 17β-
estradiol. 17β-estradiol is an endocrine disrupting chemical (EDC), and thus interferes with 
the function of the endocrine system. EDCs are ubiquitous in the environment because of 
their widespread use in residential, industrial, and agricultural applications. Au electrodes 
were modified with poly(3,4-ethylenedioxythiopene) (PEDOT), onto which a layer of 
streptavidin was immobilized through Au nanoparticles and the linker 3,3’-
dithiodipropionic acid (DPA). The biotinylated 17β-estradiol aptamers were bound to this 
streptavidin layer. The electrochemical signal was a decrease in current between the redox 
mediator [Fe(CN)6]-3/-4 and the PEDOT due to the interference of the bound 17β-estradiol 
with the electron transfer. The aptasensor was found to be sensitive at concentrations as low 
as 0.02 nM (Olowu et al., 2010).   

2.4 Whole-cell biosensor 
Whole-cell sensors provide some major advantages compared to other sensor types. Cells 
are able to detect effects of (complex) samples on living organisms. On the other hand, cells 
can also react to very low concentrations of certain molecules, making them more sensitive 
than other sensors using affinity molecules. The most popular format of whole-cell sensors 
involves the use of a reporter gene fused to a promoter that is influenced by the binding of a 
target analyte. Binding of the analyte to a cell receptor will set in motion a cascade of 
intracellular events, leading to the binding of a transcription factor to the promoter, which 
now controls the transcription of the reporter gene. This reporter gene usually codes for a 
fluorescent molecule or an enzyme generating a fluorescent molecule, which can be detected 
in response to the presence of the target analyte. However, some reports can be found using 
an electrochemical scheme. 

2.4.1 Clinical diagnostics 
Whole-cell sensors are not yet widespread in clinical diagnostics, although Akyilmaz et al. 
(2011) reported an electrochemical cell-based sensor for the detection of epinephrine. 
Epinephrine is one of the most important neurotransmitters in the mammalian central 
nervous system. It controls the nervous system in the execution of several biological 
reactions and chemical processes. Changes in its concentration may result in many diseases. 
Lyophilized White rot fungi cells in gelatine were immobilized onto a platinum (Pt) 
electrode through glutaraldehyde as a cross-linker. Their enzyme laccase oxidizes 
epinephrine to epinephrine quinine, thereby reducing its cofactor Cu2+ to Cu+. K3(CN)6 
regenerates the cofactor and it is the increase in the reduction peak of K3(CN)6 that was 
monitored after epinephrine exposure. The sensor showed a detection limit of 1.04 µM 
(Akyilmaz et al., 2011). 
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2.4.2 Environmental management 
Whole-cell sensors are highly suitable for environmental monitoring as they can detect toxic 
effects of complex samples. These days, the pollution of groundwater due to rapid 
industrialization has prompted investigations of methods to detect water toxicity. Popovtzer 
et al. (2005) described the development of an electrochemical Si nano-biochip. Genetically 
engineered E. coli bacteria generated the signal. The promoter of their lacZ gene was deleted 
and replaced by the promoter of heat shock genes. In the presence of toxin, this promoter is 
activated and induces the production of β-galactosidase, the enzyme encoded by lacZ. The 
substrate of this enzyme, p-aminophenyl β-D-galactopyranoside (PAPG), was added and 
metabolized into p-aminophenol (PAP). PAP was subsequently oxidized at the Si electrode 
and the current was monitored. Concentrations as low as 0.5% of ethanol and 1.6 ppm of 
phenol could be detected within 10 minutes after exposure to the toxic chemical (Popovtzer 
et al., 2005). 

3. Alternative transducer materials in biosensing 
The advances in biosensor development ultimately depend on the perpetual search for 
optimal transducer materials, allowing rapid, sensitive and selective biological signal 
detection and translation. Most of the sensor devices described made use of screen-printed 
carbon paste, Au or Si as a transducer. For materials to be considered as transducers, they 
must possess a number of important characteristics.  
First of all, they need to be able to undergo biofunctionalization. Secondly, the sensor 
surfaces need to yield bio-interfaces that can be manufactured with a high reproducibility. 
Thirdly, the biofunctionalized sensor surfaces must be stable in liquid measurement 
conditions. Finally, the bio-interfaces will be integrated into micro-electronics, requiring the 
materials to be compatible with micro-electronic processes.  
Unfortunately, Au and Si are not chemically stable and the bio-interfaces degrade upon 
contact with aqueous electrolytes (Nebel et al., 2007), which limits their use for continuous 
monitoring and endows them with a disposable character, leading to environmental issues. 
The biggest disadvantage of carbon paste electrodes is the production reproducibility. Each 
carbon paste unit is an individual, and the physical, chemical and electrochemical properties 
may differ from one preparation to another.  
Diamond has become an attractive alternative candidate for its use as a transducer material 
in bio-electronics. It is the only material that is compatible with processes applied in micro-
electronics that does not show any degradation in electrolytes, even at fairly high potentials. 
Moreover, the naturally insulating diamond can be made into a semiconductor by a 
process called doping. Doping involves the introduction of impurity atoms into the 
carbon lattice. Two types of diamond doping exist: p-type doping and n-type doping 
(Nebel et al., 2007). The difference between a p-type and an n-type semiconductor is 
graphically presented in figure 2. 
Introduction of impurity atoms of group III, for instance boron (B) atoms, into diamond 
results in p-type doping. In the diamond lattice structure, each C atom has 4 electrons in its 
outer, valence shell, that are shared with 4 other C atoms. The valence band, now containing 
8 electrons per C atom, is completely filled, forming a very stable crystal. B has only 3 
electrons in its valence shell. When B is introduced into the lattice, an electron deficiency, or 
a positively charged hole, is created in the energy level directly above the valence band of 
diamond, called the acceptor level. This hole can be filled by the movement of an electron 
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from the valence shell of a neighbouring C atom into the hole of the B atom. B is thus called 
an acceptor atom. By filling the electron vacancy, a new hole is now created in the valence 
shell of the C atom that donated the electron, which itself can be filled by another 
neighbouring electron. The result is a movement of positively charged holes in the valence 
band of diamond. These holes are thus called the majority charge carriers. 
Introduction of impurity atoms of group IV, such as phosphorous (P) atoms, into diamond 
results in n-type doping. P has 5 electrons in its valence shell. When P is incorporated into 
the diamond lattice, a situation is created where additional free electrons are supplied to the 
diamond lattice. Hence, P is called a donor atom. These electrons are very loosely bound in 
the diamond crystal, and occupy an energy level directly below the conduction band, 
termed the donor level. The result is a movement of negatively charged electrons in the 
conduction band of diamond. These electrons are the majority charge carriers. In 1997, 
Koizumi et al. (1997) were the first to succeed in producing n-type doped SCD using 
phosphine (Koizumi et al., 1997).  
 

 
Fig. 2. Schematic diagram of an n-type and p-type semiconductor material at the atomic 
level.  

3.1 Functionalization 
3.1.1 Adsorption 
Generally, physical adsorption results in significant losses of biomolecules from the surface 
because of the rather weak bonds involved to immobilize them. Moreover, physical 
adsorption leads to random orientations of the molecules, more often than not rendering the 
part that engages in target recognition inaccessible, thereby lowering device sensitivity. 
However, in some cases, adsorption is the preferred method of attachment. Some non-
covalent binding approaches even yield a firmly immobilized and well-oriented 
biomolecule layer. Streptavidin-modified surfaces bound with biotinylated biomolecules 
result in the strongest non-covalent bond known. The streptavidin-biotin complexes are also 
extremely stable over a wide range of temperatures and pH (Gorton, 2005). On the other 
hand, strong hydrophobic interactions between hydrogen (H)-terminated surfaces and 
biomolecules are also found to be sufficient for reliable biorecognition and detection. 
Furthermore, when an attachment needs to be obtained between a surface and macroscopic 
entities, such as cells or tissues, joint forces of membrane protein interactions with each 
other and the surface contribute to a very stable biological meshwork. 
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Antibodies 

Our group constructed an impedimetric immunosensor directed against C-Reactive Protein 
(CRP), an acute phase protein serving as a marker for cardiovascular disease, based on the 
physical adsorption of anti-CRP to H-terminated nanocrystalline diamond (NCD), since 
Silin et al. (1997) demonstrated the suitability of hydrophobic surfaces for antibody 
adsorption. They postulated that the protein adsorption to this type of surface was a 
multistep process, probably initiated by interaction of hydrophobic residues, that have 
temporarily become exposed at the surface of the protein, with the hydrophobic surface. 
This initial interaction is then followed by multipoint interactions due to various degrees of 
protein denaturation, making desorption from the surface extremely difficult (Silin, V et al., 
1997). The experiments of our group indicated that the biological activity of the antibodies 
was not hampered (Bijnens et al., 2009).  
Cells 

Chen et al. (2009) studied the suitability of ultra-nanocrystalline diamond (UNCD) to be 
used as a biomaterial for the growth and differentiation of neural stem cells (NSCs). H- and 
oxygen (O)-terminated UNCD films were compared with for their influence on the growth, 
expansion and differentiation of NSCs. H-terminated UNCD films spontaneously induced 
cell proliferation and neuronal differentiation. O-terminated UNCD films were also shown 
to further improve neural differentiation, with a preference to differentiate into 
oligodendrocytes. Hence, controlling the surface properties of UNCD could manipulate the 
differentiation of NSCs for different biomedical applications (Chen et al., 2009). 
Also, Smisdom et al. (2009) cultured transfected Chinese Hamster Ovary (CHO) cells on 
bare, H-terminated, and O-terminated NCD and microcrystalline diamond (MCD) surfaces. 
Optical and biochemical analyses show that compared to glass controls, growth and 
viability of the CHO cells were not significantly affected (Smisdom et al., 2009). 

3.1.2 Covalent attachment 
Covalent attachment of biomolecules to diamond is the immobilization technique of choice 
for biosensor fabrication. It results in a stable and long-term modification of the substrate 
with oriented biomolecules. The surface of the diamond can be modified to present desired 
functionalities. The bioreceptor molecules can subsequently be coupled to these functional 
groups through their own range of intrinsic or custom functionalities. 
DNA and aptamers 

chemical functionalization 
Ushizawa et al. (2002) reported the wet-chemical modification of diamond powder (1 – 2 
µm) with thymidines (T). First, the surface of the diamond powder was oxidized to its 
surface oxides (carboxylic acid [COOH], hydroxyl [OH], acid anhydride) by immersion into 
a heated mixture of sulphuric acid (H2SO4) and nitric acid (HNO3). Next, the COOH-
modified diamond was treated with thionyl chloride (SOCl2) and T, resulting in a T-
modified diamond surface. DNA molecules generated through PCR amplification could be 
covalently attached to the T-modified surface via a simple ligation reaction. PCR has the 
interesting characteristic of adding an adenine (A) base to the 3’ end of each amplified DNA 
molecule. These 3’A-overhangs were exploited in the ligation to the T-modified surface. 
Diffuse Reflectance Infrared Fourier-Transform spectroscopy (DRIFT) was used to verify the 
presence of DNA on the surface (Ushizawa et al., 2002). A summary of their reaction process 
is given in figure 3.   
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Fig. 3. Reaction process used by Ushizawa et al. (2002) for the covalent attachment of PCR-
amplified dsDNA to T-modified diamond powder. Adapted from (Ushizawa et al., 2002). 

electrochemical functionalization 
Single-crystalline diamond (SCD) of p-type nature has been covalently modified with DNA 
molecules through an electrochemical procedure by Wang et al. (2004). They used a three-
electrode configuration with a SCD working electrode, a Pt counter electrode and a 
silver/silver chloride (Ag/AgCl) reference electrode. The p-type SCD working electrode 
was treated with the diazonium salt 4-nitrobenzene-diazonium tetrafluoroborate. This salt 
was reduced in acetonitrile to nitrophenyl using Cyclic Voltammetry (CV) and attached to 
the SCD surface in a nitrogen gas (N2)-purged glove-box. The nitrophenyl groups were 
subsequently reduced to aminophenyl groups, resulting in a NH2-modified SCD surface. 
This NH2-modified SCD could then be modified downstream with the heterobifunctional 
cross-linker molecule sulphosuccinimidyl-4-(N-maleimido-mehyl)cyclohexane-1-
carboxylate (SSMCC). The N-hydroxy-succinimide (NHS)-ester group of SSMCC reacts with 
the NH2-groups on the NCD to form amide (NH) bonds. SH-modified ssDNA could then be 
linked to the COOH-moiety of SSMCC at room temperature, resulting in a covalent bond 
(Wang et al., 2004). This procedure is outlined in figure 4. 
 

 
Fig. 4. Reaction process used by Wang et al. (2004) for the covalent attachment of SH-ssDNA 
to aminophenyl-modified p-type SCD. Adapted from (Nebel et al., 2007). 
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Gu et al. (2005) functionalized p-type diamond with a PANI/polyacrylic acid (PAA) 
composite polymer films using CV. The p-type diamond working electrode was treated 
with the aniline and PAA monomeric solution, and by potential cycling the monomers were 
polymerized onto the electrode. In a final step, NH2-modified ssDNA was covalently 
attached to the exposed COOH-groups of the PANI/PAA polymeric film by 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) (Gu et al., 2005). 
photochemical functionalization 
Undoped, H-terminated NCD surfaces were covered with trifluoro-acetamide acid 
(TFAAD) inside a N2-purged Teflon reaction chamber by Yang et al. (2004). This is a 10-
amino-dec-1-ene molecule, protected with a trifluoro-acetic acid group at one end. The other 
end is terminated by a C=C double bond. The chamber was sealed with a quartz window, 
allowing the passage of UV-light from a low-pressure mercury lamp (0.35 mW.cm-2 
measured at the sample surface) for 12 h. This illumination process caused a covalent bond 
to be formed between the TFAAD and the H-terminated NCD, exposing the trifluoro-acetic 
acid groups at the NCD surface (Yang et al., 2002). After TFAAD attachment, the trifluoro-
acetic acid groups were removed by immersion into a hydrochloric acid (HCl)/methanol 
solution, forming NH2-modified NCD surfaces. These were subsequently exposed to the 
heterobifunctional cross-linker molecule SSMCC. SH-modified ssDNA molecules could then 
be linked to the SSMCC in the same way as described above. Figure 5 represents the 
reaction steps that were employed (Yang et al., 2004).  
 

 
Fig. 5. Reaction process used by Yang et al. (2004) for the covalent attachment of thiolated 
ssDNA to photochemically activated NCD. Adapted from (Nebel et al., 2007). 

Our group devized a procedure for the covalent attachment of DNA, which was a simple, 
two-step photochemical method using a flexible linker and a zero-length cross-linker, 
displayed in figure 6. Undoped, H-terminated NCD was immersed in a fatty acid molecule, 
10-unedecenoic acid (10-UDA), consisting of a reactive C=C double bond on one end, and a 
COOH-group on the other end. A 20 h illumination with UV-light (2.5 mW.cm-2) also caused 
a covalent bond to be formed between the 10-UDA and the H-terminated NCD, yielding a 
COOH-modified NCD surface. NH2-modified ssDNA could then be reacted with these 
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COOH-groups via EDC, resulting in covalently bound ssDNA molecules to NCD through a 
NH bond. The presence of the 10-UDA linker molecule offers mobility to the attached DNA, 
increasing their availability for hybridization reactions. Moreover the EDC cross-linker did 
not remain present in the eventual NH bond, resulting in a smaller distance between NCD 
and DNA (Christiaens et al., 2006), (Vermeeren et al., 2008). 
 

 
Fig. 6. Photoattachment of 10-UDA acid to the NCD surface through irradiation with 254 nm 
UV-light (A). Covalent attachment of NH2-modified ssDNA to 10-UDA on an NCD suface 
using an EDC-mediated reaction (B). 

Antibodies 

Although immunosensors are often based on physical adsorption of the antibodies to the 
transducer, as described above, signal drift is a very common side effect associated with this 
manner of attachment (Carrara et al., 2008). This is the reason that a covalent attachment 
method is preferred in the more recent publications. Since antibodies, being proteins, 
possess NH2-groups, the EDC-route described previously for the covalent attachment of 
NH2-modified DNA is a very popular method. However, the procedure needs to be 
adjusted into a two-step process because antibodies also possess COOH-groups. The one-
step procedure as described for DNA would lead to a chain formation of end-to-end 
attached antibodies instead of antibodies attached to the COOH-modified surface. This is 
the reason that, in a first step, NHS is attached to the COOH-terminated surface using EDC. 
In a second step, the antibodies are added, that switch places with the NHS, the latter 
functioning as leaving group. This way, EDC never comes into contact with the antibodies, 
and chain formation is avoided (Quershi et al., 2009). However, it is documented that the 
NH2-terminus of antibodies are located at the antigen-binding variable regions, and not 
many aminoacids with NH2-containing side groups, like lysine, are present in the constant 
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Fc region of the antibodies. Although a more stable molecular layer is obtained with this 
procedure, possibly decreasing signal drift, it is doubtful that the orientation of the attached 
antibodies will be optimal (Harlow et al., 1999). 
For this reason, Jung et al. developed an alternative attachment procedure for antibodies. In 
a first step, they covalently attached a 13 aminoacid cyclic Fc binding peptide to a COOH-
modified surface using the two-step EDC-NHS route. In a second step, they added the 
antibodies, that will be captured by their Fc regions, resolving the orientation issue (Jung et 
al., 2008). There is no covalent bond between the antibodies and the Fc binding proteins, but 
the well-organized monolayer of molecules will possibly suffice to stabilize the electronic 
signal. 

3.2 Electrochemical characterization 
Because of the increasing focus on point-of-care analyte detection, electrochemical 
biosensors are most popular. Considering the five requirements, electrochemical biosensors 
are sensitive, specific, cheap, easy to miniaturize, and can detect the analyte recognition in 
real-time, making them fast. Moreover, the continuous response of the electrochemical 
sensor allows computerized control, simplifying the electrochemical detection, and lowering 
the cost even more. 
Electrochemical biosensors can be subdivided into amperometric, potentiometric, 
impedimetric, and field effect transistor (FET)-based biosensors. However, only 
impedimetric, and field effect transistor (FET)-based biosensors have the potential to allow 
for real-time and label-free target detection, which are key requirements for point-of-care 
application. Unfortunately, it has generally been accepted that FET-based biosensing is 
problematic, to say the least. The counter-ion screening effect is the main reason for this fact. 
Charged groups in the molecular layer on top of the electrode will be neutralized by the 
surrounding counter-ions that are present in the buffer solution during measurement. This 
will result in net uncharged molecular layers, causing the biological recognition event to go 
undetected with FET-based devices. Hence, only Electrochemical Impedance Spectroscopy 
(EIS)-based biosensing will be discussed. 

3.2.1 Theory of Electrochemical Impedance Spectroscopy (EIS) 
In an ideally resistive electrical circuit, the elements such as the voltage (V ), current ( I ), 
and resistance ( R ), behave independent of the voltage frequency, and are governed by 
Ohm’s law: 

VR
I

=  

Often, however, the electrical circuit is not purely resistive, but also contains inductive ( L ) 
and capacitive ( C ) components. If in this case an alternating (AC) voltage is applied, I  and 
V become out of phase, and are frequency-dependent. For this reason, the oscillating V and 
I  will be written as complex entities, as a function of their magnitudes 0V  and 0I , 
respectively, the phase shift ϕ  of I  with respect to V , and the frequency ω : 
 

( ) ( )0 expV t V j tω=  
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( ) ( )0 expI t I j tω ϕ=  −    

Consequently, the simple R  is replaced by the complex impedance, Z . Being a complex 
entity, Z  is also defined by its magnitude, 0Z , and its phase shift, ϕ :  

( )
( ) ( )0 0 cos sinjV t

Z Z e Z j
I t

ϕ ϕ ϕ= = = +  

where ( )0 cosZ ϕ  and ( )0 sinZ ϕ  are the real part, ( )Re Z , and the imaginary part, ( )Im Z , of 
the complex impedance, Z , respectively. In other words, impedance signifies opposition to 
current flow in an alternating current (AC) electrical circuit.  
Two popular ways exist to graphically represent the impedance data: a Bode plot and a 
Nyquist plot. A Bode plot depicts the magnitude of the complex impedance, Z , or the phase 
shift, ϕ , as a function of frequency, ω . Usually, a logarithmic scale is used for the 
magnitude and the frequency. Figure 7 shows an example of a Bode plot of the complex 
impedance, Z , and of the phase shift, ϕ , for a parallel RC circuit.  
 

 
Fig. 7. Bode plot of the complex impedance, Z (upper panel), and of the phase shift, ϕ  
(lower panel), versus frequency, ω , for a parallel RC  circuit. Both the X-axis and the Y-axis 
are represented by a logarithmic scale. 

A Nyquist plot displays the imaginary part and the real part which make up the complex 
impedance, Z . The negative form of ( )Im Z  is plotted on the Y-axis, while ( )Re Z  is 
presented on the X-axis. Figure 8 shows a Nyquist plot of the same parallel RC  circuit as 
in figure 7. 
Each point in this Nyquist plot represents the complex impedance, Z , at one frequency, ω . 
When drawing a vector through the zero-point to this point, the magnitude, Z , and the 
phase shift, ϕ , can be deduced. The frequency, ω , decreases from right to left in the plot 
(Young et al., 1999).  
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Fig. 8. Nyquist plot, displaying ( )Im Z−  versus ( )Re Z , for a parallel RC  circuit. 

When a semiconductor electrode is placed into contact with an electrolyte, the Fermi level, 
EF, of the semiconductor and the chemical potential of the electrolyte, µ, are initially not in 
equilibrium. Two alternative events can occur to obtain the necessary thermodynamic 
equilibrium, depending on the type of semiconductor. These are shown in figure 9.  
When a p-type semiconductor is placed in contact with a liquid, electrons move from the 
electrolyte into the semiconductor, thereby depleting the positively charged holes in the 
material and creating a region just below the semiconductor surface where no majority 
charge carriers exist. This region is called the depletion zone or the space-charge region. 
When no more electrons move into the semiconductor, thermodynamic equilibrium is 
reached between EF and µ, resulting in a downward bending of the valence and conduction 
bands in the p-type semiconductor.  
When an n-type semiconductor is placed in contact with a liquid, electrons move from the 
semiconductor into the electrolyte, also decreasing the amount of majority charge carriers in 
the material and creating a depletion zone or space-charge region just below the 
semiconductor surface. At thermodynamic equilibrium, the result is an upward band 
bending. These phenomena occurring in the semiconductor are called field-effects.  
Any chemical modification in the electrode-electrolyte interface, for instance the binding of 
an antigen to an antibody-modified electrode, or the hybridization of target ssDNA to a 
ssDNA-modified electrode, will alter this equilibrium, and hence the degree of band 
bending. In other words, the depletion zone in the semiconductor can be made wider or 
narrower by external events. A narrowing of the depletion zone corresponds to a decrease in 
impedance, since the obstacle for charge carriers that want to cross this space-charge region 
decreases. A widening of the depletion zone corresponds to an increase in impedance, since 
the obstacle for charge carriers that want to cross this space-charge region increases. Since 
DNA is negatively charged, it will likely exert a field-effect in a semiconductor when bound 
to its surface. EIS is therefore often used as a mechanism to detect hybridization events.  
When ssDNA is attached to the surface of a p-type semiconductor, their negative charges 
attract the holes in the semiconductor to the surface-DNA interface. The space-charge region 
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becomes narrower, and the downward band bending becomes less steep. Moreover, 
additional negative charges brought about by hybridization will increase this effect even 
more. The result is a decrease in impedance.  
 

 
Fig. 9. Generation of thermodynamic equilibrium in p-type (left panel) and n-type (right 
panel) semiconductors through downward and upward band bending, respectively. 

When ssDNA is attached to the surface of a n-type semiconductor, their negative charges 
repel the electrons in the semiconductor. The space-charge region becomes wider, and the 
upward band bending becomes more pronounced. This effect is again amplified by 
hybridization.  
In EIS, an AC potential is generated over a range of frequencies between the biologically 
modified semiconductor working electrode and a counter electrode. The impedance is 
subsequently measured between these two electrodes, through the electrolyte, for each 
frequency in the analyzed frequency range. By modelling the observed impedance effects 
with an electrical circuit, one can associate certain effects with changes in electrical elements, 
further elucidating the events at the molecular level. It is a useful tool for label-free and real-
time target detection. This decreases cost and analysis time (Nebel et al., 2006), (Young et al., 
1999), (Memming, 2000), (Chakrapani et al., 2007). 

3.2.2 Impedimetric DNA-sensors 
Impedimetric diamond-based DNA-sensors are very popular in the literature. Yang et al. 
(2004) monitored selective DNA hybridization using EIS. H-terminated NCD working 
electrodes of p-type nature were covalently modified with SH-ssDNA molecules. A Pt foil 
and a Ag/AgCl wire were used as counter and reference electrode, respectively. They 
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showed that measurements at open-circuit potential displayed a significant decrease in 
impedance at frequencies of >104 Hz, even in real-time, when the NCD electrode was 
exposed to complementary target ssDNA, while 4-base mismatch sequences were easily 
discriminated. By electrical circuit modelling, they attributed this effect to a hybridization-
induced field-effect in the NCD film (Yang et al., 2004). Gu et al. (2005) covalently 
immobilized NH2-modified ssDNA onto p-type diamond with a PANI/PAA composite 
polymer. A three-electrode system was used for EIS. The p-type diamond served as a 
working electrode, the counter electrode was a Pt wire and the reference electrode was 
Ag/AgCl. They observed an impedance decrease, this time in the lower frequency regions 
(10 – 100 Hz) upon complementary hybridization, and a decrease in electron-transfer 
resistance to the electrode. Electric circuit modelling, using the same circuit model as Yang, 
attributed this lower frequency region to reflect the polymer/molecular double-layer. They 
suggest that hybridization with complementary DNA decreases the resistance and increases 
the capacity of the polymer, both due to an increase in ionic density at the interface. The 
space-charge region of the p-type diamond electrode was reflected at frequencies of ~1000 
Hz. They found that DNA hybridization also altered the electrical response of the electrode 
through a field-effect, resulting in a decreased impedance in this space-charge region. The 
linear range of target ssDNA detection was 50 to 200 nM, with a detection limit of 20 nM. 
They obtained SNP sensitivity (Gu et al., 2005). In our group, we investigated the possibility 
of SNP detection on NCD using EIS. Probe ssDNA molecules were covalently attached to 
COOH-modified NCD working electrodes. The frequency-dependent change in impedance 
was analyzed in real-time with complementary ssDNA and ssDNA containing a SNP. SNP 
discrimination was possible in real-time during denaturation at the highest frequency of 1 
MHz within 5 minutes. This SNP sensitivity is clinically relevant since numerous genetic 
illnesses are caused by point mutations. It is reflected in a fast impedance decrease for the 
SNP-duplexes and a slower impedance decrease for the complementary duplexes. Since 
complementary duplexes are stable molecules, they have a rather high melting temperature, 
reflected in a slow impedance decrease rate. SNP-duplexes are much less stable than 
complementary duplexes, and hence they have a lower melting temperature. This is 
reflected in a faster impedance decrease rate. This exact principle of SNP differentiation 
based on different melting temperatures is also the basis of Denaturing Gradient Gel 
Electrophoresis (DGGE) used for SNP identification, but it is the first time that this is 
reported with an electronic technique. Like is possible with DGGE, EIS could also enable 
mutation identification, since different types of mutations will also yield duplexes with 
different melting temperatures (Vermeeren et al., 2007). 

3.2.3 Impedimetric immunosensors 
Impedimetric diamond-based immunosensors are also widespread, and it has been 
established that antigen recognition causes an increased thickness in the molecular layer, 
leading to a clear capacitive effect in the impedance spectrum. Yang et al. (2007) used EIS to 
directly detect antigen-antibody binding on diamond and Si. A Pt foil and Ag/AgCl served 
as a counter and a reference electrode, respectively. They covalently modified n-type and p-
type Si and p-type NCD with human IgG and IgM. The Fc regions of these covalently 
attached IgG and IgM antibodies served as antigens for anti-human IgG and anti-human 
IgM. They succeeded in real-time and label-free detection of selective antigen recognition, 
and observed an increase in impedance at frequencies >104 Hz for the p-type substrates, and 
a decrease in impedance in the same frequency region for n-type Si. Circuit modelling 
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showed that the frequency region sensitive for antigen recognition is dominated by the 
space-charge region of the electrode. When positively charged anti-IgG and anti-IgM 
approach a p-type surface, the holes are repelled and widen the depletion zone, increasing 
the impedance in the space-charge region. When positively charged anti-IgG and anti-IgM 
approach a n-type surface, the electrons are attracted, which narrows the depletion zone, 
decreasing the impedance in the space-charge region. The detection limit for real-time 
selective IgG detection was 42 nM in 12 minutes (Yang et al., 2007). In our group, as already 
mentioned, H-terminated NCD working electrodes were modified with anti-CRP by simple 
physical adsorption. A Au wire in contact with the reaction fluid served as a counter 
electrode. The selective antigen recognition was analyzed in real-time, and the detection 
limit was found to be 10 nM, which was in the physiologically relevant range, and could be 
discriminated within 10 minutes (Bijnens et al., 2009). 

3.2.4 Impedimetric aptasensors 
Tran et al. (2011) described an impedimetric aptasensor for the detection of human IgE. 
Human IgE has been demonstrated to be a mediator in allergic reactions. Allergenicity is a 
major health concern in both children and adults. Approximately 2% of adults and 8% of 
children suffer from allergenicity. Allergic reactions are caused by exposure of the skin to 
chemicals, or of the respiratory system to pollen or dust, and consumption of certain food 
products. The total IgE level in serum is therefore widely considered as a marker for atopic 
diseases. IgE aptamers were covalently attached to NCD electrodes, and the impedimetric 
response was monitored continuously during IgE incubation. They obtained a detection 
limit of 0.03 µg/ml in serum (Tran et al., 2011). 

4. Future research 
Science is focusing more and more on the development of point-of-care biosensors to 
diagnose diseases, assess food quality, and monitor the environment. The five requirements 
that need to be met are high sensitivity, high specificity, high analysis speed, low cost, and 
portability. Speed and low cost are obtained by analyzing in real-time and working in a 
label-free setting, respectively. Biosensors based on an impedimetric read-out offer the most 
potential to combine all of these factors.  
However, an electrochemical read-out has implications on the choice of transducer material. 
EIS implies a semiconducting material to transducer the biological event into a readable 
signal, but most semiconductors are sensitive to hydrolysis when in contact with an 
electrolyte. This causes an unstable molecular layer, leading to signal drift. This issue 
becomes of less importance when a disposable, single-use  application of the sensor is 
envisaged. However, in some circumstances, such as continuous measurements of 
cardiovascular markers or environmental toxins, signal stability is paramount. 
Semiconducting diamond could be a promising alternative, because extremely stable C-C 
bonds can be formed between the material and all kinds of bioreceptor molecules.  
Another aspect that needs attention is the fact that no conclusion, be it in the medical, 
environmental, or food industry, is reached by the monitoring of one single analyte. 
Multiplexing is necessary to reach a reliable and well-founded diagnosis. Only few reports 
have mentioned the simultaneous detection of multiple markers, but rarely more than two. 
To extend the concept of a point-of-care sensor, that is functional under controlled 
conditions, into a device that is able to be used in a real application field, the transducer will 
need to be arrayed, and each spot will have to be read out separately, and reach the same 
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sensitivity and specificity as the monofunctionalized version. A firm collaboration between 
bioelectronics and bioengineering is necessary to succeed in this task. 
In order to reach higher sensitivities and lower detection limits, the use of cells as actual 
biosensors also merits further exploration. Because of the cell’s membrane receptors, it is it’s 
job to respond to very low concentrations of analytes. Recombinant DNA technology could 
allow the construction of a custom-made receptor, leading to a reporter cell with tailored 
specificity. 
For all of the further refinements of biosensor development, it is clear that a strong 
interdisciplinary relationship and collaboration is necessary between bioelectronics, 
bioengineering, molecular biology, physics, and chemistry. Only then will we evolve 
towards the actual implementation of point-of-care biosensors. 
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1. Introduction 

Clinical diagnostics is a field in which new methods of laboratory analysis for faster, direct, 
more accurate, more selective, has a high output and less expensive than conventional 
methods are in high demand. Because of its small size, transduction ultrasensitive and 
possible integration in Microsystems lab-on-a-chip, biosensing devices are made with nano-
technology is a potential candidate to meet all the requirements above.  
Since last decade, many researchers have been brought their work to carry out on 
biomagnetism and magnetic biosensors based on molecular processes. Their works focus 
not only on application of magnetic nanoparticles in biomedicine (Pankhurst et al., 2009) but 
also on their synthesis (Roca et al., 2009), functionalization (Berry, 2009) and their detection 
by magnetic sensors (Megens et al., 2005). As shown in Fig.1, magnetic micro-machine has 
been applied in medicine. This machine is designed to move through the human body and 
his pathway is controlled by magnetic field. 
 

 
Fig. 1. Magnetic micro-machine (Adapted from Ishiyama et al., 2001) 

Nowadays, accurate, rapid, cheap and selective analysis is required for clinical and 
industrial laboratories. Magnetoresistive biosensors seem to be among the best candidates to 
meet these criteria. Since the late 1990s, magnetoelectronics (Xu et al., 2008) has emerged as 
one of several new platform technologies for biosensor and biochip development. This tech-
nology is based on the detection of biologically functionalized micrometer or nanometer-
sized magnetic labels, using high-sensitivity microfabricated magnetic-field sensors. 
In recent years, giant magnetoresistance (GMR) sensors have shown a great potential as 
sensing elements for biomolecule detection. The resistance of a GMR sensor changes with 
the magnetic field applied to the sensor, so that a magnetically labeled biomolecule can 
induce a signal. Compared with the traditional optical detection that is widely used in 
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biomedicine, GMR sensors are more sensitive, portable, and give a fully electronic readout. 
Due to advantages of GMR materials for magnetic field measurements, such as: high 
sensitivity and quick response under low magnetic field, more attentions have been paid on 
developing GMR material for biosensors. 
The chapter covers the design, fabrication and testing of both types of biosensor 
nanodevices. Further integration of nanosensors, microfluidics, optical and electronic 
functions on a single sensing circuit could lead to a complete ‘‘lab-on-chip’’ technological 
solution which could be used in medical applications. Examples of fabrication, 
characterization and real applications of the devices will be discussed as well as the way of 
their integration.  
This chapter is organized as follows; an overview of the GMR sensors, a brief overview of 
biosensor and its potential application in clinical diagnosis, a complete description of GMR 
biosensors application in medical starting from a general overview and showing examples 
based in integrated GMR biosensor of the latest developments in this field. Finally, the 
future trend of this exciting GMR biosensor for medical application is discussed. 

2. An overview of the GMR sensors 

Magnetoresistance is defined as the change in the resistance of a material in response to an 
externally applied magnetic field. The first announcement of the GMR effect was reported in 
1988 by Baibich (Baibich et al., 1998). They discovered that the resistance of a sandwich type 
multilayer with magnetizations aligned initially (in the magnetic field H = 0) antiparallel 
decreased more than 50% after applying an external magnetic field. Because this decrease of 
resistance was very large they called this effect giant magnetoresistance (GMR). Since the 
discovery of the giant magnetoresistance (GMR) effect in magnetic multilayer systems, 
sensors employing this effect have been utilized in many areas of science and technology. 
The GMR material is a material that has huge magnetoresistance, good magnetic-electrical 
properties, so that potentially to be developed to become next generation magnetic field 
sensing devices like sensors. The GMR sensor has many attractive features, for example: 
reduction size, low-power consumption, low price as compared to other magnetic sensors 
and its electric and magnetic properties can be varied in very wide range. 
The GMR effect is a quantum mechanical effect observed in the thin film structure 
consisting of ferromagnetic layers separated by nonmagnetic layers. Thin film of GMR has 
different structures and each structure has the effect of magnetoresistance (MR) are also 
different. Structure of GMR consists of a sandwich structure, the spin valve and multilayer 
as shown in Fig. 2. 
Physics basis of the GMR effect is related to the fact that the spin of electrons has two 
different values (called the spin up and spin down). When these spin across the material 
that has been magnetized, one type of spin may be experiencing barriers (resistance) which 
is different than that experienced by other types of spin. This property indicates the 
existence of spin dependent scattering. 
GMR phenomena in multilayer ferromagnetic can be explained using Mott model which 
was introduced as early as 1936 to explain the sudden increase in resistivity of 
ferromagnetic metals as they are heated above the Curie temperature (Mott, 1936). In this 
model: (1). electrical conductivity in metals can be described in connection with two free 
conduction channel in which the former relates to an electron with spin up and others 
associated with the electron with spin down, (2). in ferromagnetic metals the rate of 
scattering of spin up and spin down electrons are very different. 
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Fig. 2. Structure of GMR thin film. (a). Sandwich. (b). Spin valve. (c). Multilayer. 

The GMR effect relies on the experimentally established fact that electron spin is conserved 
over distances of up to several tens of nanometers, which is greater than the thickness of a 
typical multilayer. Therefore, the electric current in the trilayer flows in two channels, one 
corresponding to electrons with spin projection ↑ and the other to electrons with spin 
projection ↓. Since the ↑ and ↓ spin channels are independent (spin is conserved) they can be 
regarded as two wires connected in parallel and the GMR can be explained using a simple 
resistor model, as shown in Fig. 3. 
Consider the ferromagnetic multilayer configuration such as Fig. 3, and it is assumed that 
strong scattering occurs for electrons with spin antiparallel to the direction of magnetization, 
while the weak scattering occurs for electrons with spin parallel to the direction of 
magnetization. This assumption describes the asymmetry in the meetings condition at the 
Fermi level corresponding to Mott's second argument.  
In the ferromagnetic configuration Fig. 3 (a) of the trilayer, electrons with spin ↑ are weakly 
scattered both in the first and second ferromagnetic layer, whereas the ↓ spin electrons are 
strongly scattered in both ferromagnetic layers. This is modelled by two small resistors in 
the spin ↑ spin channel and by two large resistors in the spin ↓ channel in the equivalent 
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resistor network. Since the ↓ and ↑ spin channels are connected in parallel, the total 
resistance of the trilayer is determined by the low resistance ↑ spin channel which shorts the 
high-resistance ↓ spin channel. Therefore the total resistance of the trilayer in the 
ferromagnetic configuration is low. On the other hand, ↓ spin electrons in the 
antiferromagnetic configuration are strongly scattered in the first ferromagnetic layer but 
weakly scattered in the second ferromagnetic layer. The ↑ spin electrons are weakly 
scattered in the first ferromagnetic layer and strongly scattered in the second. This is 
modelled in Fig. 3 (b) by one large and one small resistor in each spin channel. There is no 
shorting and the total resistance in the antiferromagnetic configuration is much higher than 
in the ferromagnetic configuration. 
 

 
Fig. 3. Resistor model of GMR (Adapted from Mathon, 2001). 

In 1988 experiments on layered thin films of ferromagnetic metal (FMs) alternated to a non-
magnetic metal (NM) led to the simultaneous and independent discovery of the giant 
magnetoresistance (GMR) by A. Fert (Baibich et al., 1988) and P. A. Grünberg (Binasch et al., 
1989). Fig. 4 shows the original results obtained by Baibich and coworkers. The 
(001)Fe/(001)Cr bcc superlattices were grown by the MBE method. The magnetoresistance 
was measured at 4.2 K for different thicknesses of the Cr spacer. The authors explained the 
GMR effect as follows. The resistivity drops when the magnetic external field overcomes the 
antiferromagnetic coupling and the alignment of magnetizations becomes a parallel 
arrangement. It was supposed that the spin-dependent scattering of the conduction 
electrons in the magnetic layers or at their interfaces was responsible for the GMR effect. 
The scattering in antiparallel alignment is much larger than in the parallel case. Complete 
review of the GMR can be found at (Tsymbal & Pettifor, 2001). 
In this field, we also have developed GMR material with sandwich structure (Djamal et al., 
2006). Recently, we have successfully developed GMR thin film with sandwich structure 
using dc-opposed target magnetron sputtering, and we obtained about 65 % MR value at 
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room temperature in NiCoFe/Cu/NiCoFe sandwich (Djamal et al., 2009a; Djamal et al., 
2009b;  Ramli et al., 2009; Djamal et al., 2010; Ramli et al., 2010). The GMR ratio curve for 
NiCoFe/Cu/NiCoFe sandwich is shown in Fig. 5, 6, 7 and 8. 
 

 
Fig. 4. The first announcement of GMR effects (Adapted from Baibich et al., 1988). 

Fig. 7 shows variation of magnitude of GMR ratio versus Cu layers thickness. Their general 
appearance is a classical behavior of MR evolution with magnetic field that has been 
observed in many multilayers (Dieny et al., 1991; Tang et al., 2007; Tripathy & Adeyeye, 
2007) based on ferromagnetic transition metal and a non magnetic layers. The dependence 
of GMR value on the non-magnetic layer thickness in magnetic multilayer and spin valves 
qualitatively ascribed to two factors (Parkin, 1998), ie.: (i) with increasing spacer thickness 
the probability of scattering increases as the conduction electrons traverse the spacer layer, 
which reduces the flow of electrons between the ferromagnetic layers and consequently 
reduces GMR; (ii) the increasing thickness of the nonmagnetic layer enhances the shunting 
current within the spacer, which also reduces GMR. These two contributions to GMR can be 
phenomenological described as the relative resistance change ΔR by the following 
expression: 

 
 

 
exp d / lΔR ΔR NM NM

R R 1 d / d0 NM 0

   
 

 (1) 

The parameter lNM is related to the mean free path of the conduction electrons in the spacer 
layer, dNM  is spacer layer thickness. The parameter d0 is an effective thickness, and (ΔR/R)0 
is a normalization coefficient. The decay in GMR value with increasing Cu thickness can be 
described approximately: 

  ΔR 1
exp t / λCu CuR tCu

   (2) 

where tCu is the Cu thickness and λCu describes the scattering within the Cu layer interior. 
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Fig. 5. The dependence of GMR ratio on the spacer layer thickness (tCu) with fixed NiCoFe 
layer thickness (tNiCoFe = 62.5 nm). 

In sandwich structure, the decrease in magnitudo of GMR ratio at low thickness of NiCoFe 
in Fig. 8 is due to the scattering on the outer surface like substrate or buffer layer (Dieny., 
1994). This scattering significantly affects GMR, when the thickness of the ferromagnetic 
layer becomes smaller than the longer of the two mean-free paths associated with the spin 
up and spins down of electrons. 
Fig. 6 shows that at the thickness of NiCoFe over 62.5 nm the magnitude GMR ratio 
decreases. This phenomenon could be explained by the appearance of inactive region in 
NiCoFe layer that shunts the current. On the other hand, the sharpness of GMR curve 
increases with increasing NiCoFe layer thickness, as observed in Fig. 6. 
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Generally, there are many sensors can be used for measuring magnetic field namely fluxgate 
sensor, Hall sensor, induction coil, GMR sensor, SQUID sensor and some others. Due to 
advantages of GMR materials for magnetic field measurements, such as: high sensitivity and 
quick response under low magnetic field, more attentions have been paid on developing 
GMR material for magnetic field sensors. Table 1 illustrates the differences between GMR 
and other magnetic field sensors (Han et al., 2005). Besides that, GMR material based 
sensors have more benefit compared to other magnetic sensors such as smaller size, lower 
power and lower cost (see Fig. 9). 
 

 
Fig. 6. The dependence of GMR ratio on the ferromagnetic layer thickness (tNiCoFe) with fixed 
Cu layer thickness (tCu = 14.4 nm). 
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Fig. 7. Variation of magnitude of GMR ratio versus Cu layer thickness. The dotted line 
shows the decay of GMR ratio with increasing of Cu layer thickness as expressed in eq. (2). 

 

 
Fig. 8. Variation of magnitude of GMR ratio versus NiCoFe layer thickness. 

Since the late 1990s, magnetoelectronics (Prinz, 1998) has emerged as one of several new 
platform technologies for biosensor and biochip development. This technology is based on 
the detection of biologically functionalized micrometer or nanometer-sized magnetic labels, 
using high-sensitivity microfabricated magnetic-field sensors. GMR biosensors seem to be 
among the best candidates to meet these criteria. The GMR biosensors capable of highly 
sensitive detection are poised to become a dominant player in the vast world of biosensors 
(Hall et al., 2010). 
 

 H range (T) 
Sensitivity 

(V/T) 
Rensponse 

time 
Power 

consumption 
Sensor 

head size 

GMR 10-12-10-2 120 1 MHz 10 mw 10-100μm 

Hall 10-6-102 0.65 1 MHz 10 mw 10-100μm 

SQUID 10-14-10-6 10-14 1 MHz 10 mw 10-100μm 

Flux gate 10-12-10-2 3.2 5 kHz 1 w 10-20 mm 

Table 1. Comparison of magnetic field sensors commonly used. 
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Fig. 9. Comparison of power, price and size of some magnetic sensors 

3. Biosensor and its potential application in clinical diagnostic 

A biosensor is generally defined as an analytical device, which makes use of a biological 
molecular recognition component connected to a transducer to generate a quantifiable 
electronic output signal, in response to a biological or chemical analyte (Li et al., 2006). 
Biosensors are under intense development for a wide range of applications from medical 
diagnostics to countering bio-terrorism. 
Research in this area can be divided into three directions. The first direction focuses on the 
development of the synthesis of magnetic beads with desired magnetic properties that can 
be engaged with a high degree of specificity as microarrays. The development of high-
precision on-chip electrostatic or magnetic field gradient architectures became the main 
mention of the second direction. This chip has capability to manipulate functionalized single 
magnetic beads as well as the microfluidic circuits. Fig. 10 shows one example of 
functionalized single magnetic beads. The third area is development of biocompatible solid-
state sensors for quantitative magnetic beads. Two type of this sensor can be seen in Fig. 11.  
 

 
Fig. 10. Functionalized single magnetic beads fabricated by continuous-flow lithography. 
Scale bar represents 100 m [Adapted from Pregibon et al, 2007]. 
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The first sensor based on GMR effect and the other based on the Tunneling 
Magnetoresistance (TMR). Both of these sensors have the same structure, only the non-
magnetic metal spacer in GMR sensor is replaced with a very thin insulating barrier. This 
insulating barrier commonly made from Al2O3 or MgO. 
 

 
 

(a) 
 

 
 

(b) 

Fig. 11. (a). GMR sensor. (b). TMR (Tunnelling magnetoresistance) [Adapted from Ishiyama 
et al., 2001]. 

4. The GMR biosensor and its application in clinical diagnostic 

The development of robust, versatile and high throughput biosensing platforms is expected 
to have far-reaching implications in medicine, point-of-care clinical diagnostics, 
pharmaceutical drug development, and genomic and proteomic research. Enabled by 
rapidly emerging nanotechnologies (nanoparticles, nanotubes, and nanowires) and 
microfabrication techniques (MEMS, microfluidics, and CMOS), several new sensing 
platforms have been proposed and tested for biomedical applications, one of them is GMR 
biosensors. 
As we have known that the detecting elements of biosensors work in different 
physicochemical ways: optical, piezoelectric, electrochemical, thermometric, and magnetic. 
Biosensors using magnetics utilize the magnetic field created by magnetic particles that bind 
to target molecules in a biological assay (Fig. 12). 
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Fig. 12. Schematic of magnetically labeled biomolecule detection in a biosensor. Target 
biomolecules bound with a magnetic particle interact with magnetoresistive sensor-bound 
counter biomolecules to be detected. 

A first model for the detection of magnetic markers by GMR-type magnetoresistive sensors 
was published by Tondra, et al., 1999 in NVE Inc. (Tondra et al., 1999). He concluded that 
single magnetic markers of any size can be detected as long as the sensor has about the same 
size as the marker and the insulating protection layer is thin enough. 
Baselt et al. (1998) were the first to demonstrate using GMR sensors as biosensors and 
several groups have continued the research and development of magnetic biosensing 
technology (Ferreira et al., 2003; Rife et al., 2003; Reiss et al., 2005; Xu et al., 2008; Osterfeld et 
al., 2008; Koets et al., 2009; Hall et al., 2010). 
The incorporation of GMR structures in bacteria sensing is illustrated in Fig. 13 by Millen, 
(Millen et al., 2005). Generally, the surface of the GMR sensing region is modified to allow 
the binding of capture antibody. When the GMR structure is exposed to a sample solution 
that contains target antigens, complex binding between the target antigen and antibody 
occurs. This is followed by the addition of antibody-coated magnetic particles that 
subsequently labeled the target antigens and form a series of sandwich-like structures. 
 

 
Fig. 13. Bacteria sensing using a GMR biosensor (Adapted from Millen et al., 2005). 

In order to detect the magnetic particles bound on a GMR structure surface, an external 
magnetic field is applied in the z-direction, as illustrated in Fig. 14 (Rife et al., 2003). The 
GMR biosensors detect the stray field from the magnetic tag to infer the number of captured 
analytes. Bound magnetic particles that are exposed to a magnetic field will generate 
magnetic induction in the x-direction. Since the GMR structure detects only the x-
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component of the magnetic field, the external magnetic field in the z-direction does not have 
any effect on the detection. 
 

 
Fig. 14. Detection of magnetic particle on GMR biosensor (Adapted from Rife et al., 2003). 

5. Future trend in GMR biosensor for clinical diagnostic 

A number of magnetic sensors have been designed and developed as detector for magnetic 
markers. Although their principles have different operation, there are two kinds of type that 
have been developed namely mass-coverage sensors with active areas of hundred square 
arrays and single-bead detector. With excellent signal to noise ratio, GMR biosensor is one 
of mass-coverage sensors. Freitas et al. reported that they can made mass-coverage GMR 
sensor to detect DNA from genes associated with cystic fibrosis (Freitas et al., 2004). The 
other group also reported real-time measurement of the progress of binding of 
functionalised bead to sensor in liquid (Golub et al., 1999; Graham et al., 2003). One of mass-
coverage sensors based on GMR can be seen in Fig. 15. 
 

 
Fig. 15. Image of magnetonanosensor chip with 64 sensors in an 8 x 8 array. The arrow 
indicates a single chip. [Adapted from Gaster et al., 2009] 
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GMR biosensors rely on a magnetic tag. Biosensors utilizing magnetic tags offer several key 
advantages over other sensing modalities (Hall et al., 2010). First, the biological samples 
(blood, urine, serum, etc.) naturally lack any detectable magnetic content, providing a 
sensing platform with a very low background level and thus lower detection limit of 
analytes. Second, the sensors can be arrayed and multiplexed to perform analysis on a panel 
of proteins or nucleic acids in a single assay. Lastly, the sensors can be manufactured 
cheaply, in mass quantities, to be deployed in a one-time use disposable format. For these 
reasons, magnetic biosensors are an attractive and competitive alternative to optical 
techniques. 

6. Conclusion 

The GMR biosensor are best candidates for future device based on lab-on a-chip, compact 
and inexpensive detection units in clinical diagnostic. Compared to complex and expensive 
optical detection systems, the GMR biosensor measures electrical signal directly from the 
sensor, and makes a low-cost, highly portable device feasible. On other hand, GMR 
biosensors are more sensitive, portable and give a fully electronic readout. 
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1. Introduction 
Biosensors are widely used for health applications. Indeed, the current success of biosensors 
is attributed to the extraordinary demands of disease diagnoses and control, as well as the 
ability of biosensors to offer a convenient, hygienic, rapid, and compact method for personal 
monitoring. Biosensors offer enormous potential for detecting a wide range of analytes in 
the health care and food industries and in environmental monitoring. As quoted, 
MicroChips president John Santini expects the technology to be used as in-the-flesh 
physicians within 10 years: "It's a very exciting time," he says. "Our next step is a manually, 
wirelessly controlled biosensor that detects and treats an acute condition, and then a 
biosensor that will approximate an artificial organ; it'll sense a condition and respond 
automatically without user intervention." In this chapter, we review applications and 
advances in biosensor technology, focusing on four applications in the health field: 1) 
investigation of the interaction of antigens with antibodies produced in healthy and 
diseased subjects, 2) disease markers and virus detection, 3) clinical diagnosis and control of 
emerging infectious diseases, and 4) market potentials. Specifically, we discuss the 
application of a label-free biosensor based on ellipsometry in the development of future 
biosensors, the current and future clinical applications of this technology, and its viability. 
The goal of this chapter is to provide a brief description of the role of biosensors in in vitro 
diagnostics and scientific research related to the health field. Readers interested in 
competing or related technologies (e.g., ellipsometry, microfluidics, and surface 
modification technologies) are referred to one of several excellent recent reviews (Jin et al., 
2011; Qi et al., 2009a; Zhang, et al., 2005). In the following section, health applications are 
described using a label-free biosensor based on ellipsometry. 

2. Label-free biosensor based on ellipsometry 
2.1 Biomedical application history 
The first publication concerning biological application of antigen and antibody is a paper by 
Langmuir and Schaefer dating back to 1936 (Hans, 1998, as cited in Langmuir& Schaefer, 
1936). The interaction between an antigen-immobilized substrate and the corresponding 
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antibodies was observed with an optical technique. Although this original 'immunosensor' 
was over 59 years old at the time, the concept of a biosensor was first brought forward in 
1995 by Jin and Hans and used to study biomolecular interactions (Jin et al., 1995, 1996). A 
biomolecule layer composed of a common protein, such as fibrinogen, human serum 
albumin, or human immunoglobulin G, was spread on the surface of the sensor. The 
interaction between general proteins such as fibrinogen and an antibody against fibrinogen 
was then investigated. However, biosensor detection of clinical samples was only recently 
developed, such as detection of disease markers and viruses and investigation of 
interactions between antibodies and antigens related to clinical diagnoses (Jin et al., 2011; Qi 
et al., 2009a).  

2.2 Technical characteristics of the biosensor based on ellipsometry 
The principle of the biosensor has been discussed in several reports (Jin et al., 2011; Z.H. 
Wang et al., 2006). Here, we list some key technical characteristics of biosensors based on 
ellipsometry: 
• Label-free 
When the interaction between biomolecules occurs, the variation of the molecular mass surface 
concentration on the surface is identified by the biosensor based on ellipsometry without label 
(e.g., the horseradish peroxidase used in enzyme-linked immunosorbent assays). 
• High-throughput 
Combined with a microfluidic array reactor, which fabricates the chips, the biosensor based 
on ellipsometry has become an automatic and high-throughput system by adding ligand, 
washing, blocking, and reacting samples. Recently, an 8×6 biomolecule reactor-array was 
developed as a promising technique for a parallel protein assay. The 48 protein arrays in the 
8×6 matrix are shown in Figure 1 (Jin, 2008). Interaction of common protein, detection of five 
hepatitis B virus markers in patient serum, detection of different ladder concentrations, and 
the detection sensitivity of CD146 (known as the melanoma cell adhesion molecule or cell 
surface glycoprotein MUC18) (Guezguez B, 2007) are presented on the chip. 
• Rapid 
Using the automatic program of the microfluidic array reactor to add ligands, washing, 
blocking, and reacting samples, ligands screening and detection of markers can be 
accomplished in 1 to 2 h. 
• Low sample consumption 
Consumption of ligands and samples is on the microliter level. For example, in hepatitis B 
virus detection, hepatitis B virus ligand consumption is 10 μl/area (The area is a small 
squareness area, see Figure 1.), and hepatitis B virus serum consumption is 40 μl/area (Qi, et 
al. 2009a). Enzyme-linked immunosorbent assays in milliliter level require a larger volume 
of the same concentration.  
• Low damage to the biomolecules 
The biosensor works via an optical, reflection-based technique that uses polarized light to 
determine the optical properties of a sample (Z.H. Wang, et al., 2003a). It is almost “touch-
free” to read the detection result, so there is a decreased effect to bioactivity than, for 
instance, atomic force microscopy and surface-enhanced laser desorption/ionization. 
• High sensitivity 
The biosensor displays different detection sensitivity toward different samples. For 
example, the sensitivity of the biosensor for detecting antigen markers, such as hepatitis B 
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virus surface antigen, reaches 1 ng/ml (Qi, et al. 2009a), while the detection sensitivity of 
CD146 is < 1 ng/ml (see Figure 1: F5, F6, and F7 areas). 
 

 
Fig. 1. Forty-eight protein arrays in a matrix. Left: The visual result of a protein micro-array. 
Right: The detailed reactants relative to the left graph (Jin, 2008). 

• Automatic control  
Some parameters of the microfluidic array reactor, such as the position number of the 
sample plate, flow velocity in the microfluidic array reactor of sample or ligand, time of 
immobilization or reaction, and number of cycles, can be edited in the automatic program. 
• Visualization of results  
Visualized gray-scale images are offered by imaging ellipsometry in several seconds, which 
is shown on a computer screen. The target interacting ligands on the surface can be 
identified by values in gray-scale with associated software. 
• Quantitative detection  
Combined with the calibration curve method, disease markers and viruses in samples can 
be detected easily and quantitatively with the label-free biosensor. 

2.3 Operational process of the biosensor based on ellipsometry 
The operational process of the biosensor, which includes surface modification, ligand 
immobilization, biomolecule interaction, and result reading, is shown in Figure 2. 
Surface modification is a process by which chemical reagents for reactive groups on the 
silicone surface for biomolecule immobilization Surface modification has two obvious 
functions: one is the presentation of ligand on the biosensing surface; and the other is to 
prevent nonspecific binding (Jin, 2008). Presently, surface modification methods include 
physical adsorption, chemical covalent immobilization, and biologic modification. Physical 
adsorption is seldom used because the immobilized proteins suffer partial denaturation and 
tend to leach or wash off of the surface and compete with adsorption (Bhatia, et al., 1989). 
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Chemical covalent immobilization is often used to immobilize proteins due to the strong, 
stable linkage, and biological modification is a future direction because it provides oriented 
immobilization and better biological compatibility. Aldehyde modification, carboxyl 
modification, and biologically oriented immobilization are often used in biomedical 
applications (Qi, et al., 2010, 2009b; Z.H. Wang & Jin, 2004, 2003a). 
 

 
Fig. 2. Operational process of the biosensor based on ellipsometry. Antibodies (or antigens) 
can be immobilized as ligands to each patterned area as a bio-probe on the modified surface 
of a silicon substrate. Each bio-probe can capture its corresponding antigens (or antibodies) 
in a test sample pumped by microfluidic reactor. When the corresponding antigens (or 
antibodies) in the solution interact with the bio-probes, forming a complex, the surface 
concentration becomes higher than the initial bio-probe layer. The distribution of the lateral 
protein layer pattern is simultaneously detected by imaging ellipsometry, which may 
further point to the existence of antigens (or antibodies) in the tested solution (Jin, 2008). 

3. Applications in the health field 
In the field of human health, there is an increasing demand for inexpensive and reliable 
sensors to quickly detect and analyze various and rapidly changing disease markers. For 
example, patients frequently display rapid variations in biochemical levels of disease 
markers such as C-reactive protein that require instant assays to detect. Indeed, early 
detection and diagnosis can be used to greatly reduce the cost of patient care associated with 
the advanced stages of many diseases. More than a hundred types of proteins recognized as 
diseases markers can be detected by traditional analytical techniques such as enzyme-linked 
immunosorbent assays. However, based on the above features of the ellipsometry-based 
biosensor, it has also been widely used to detect and monitor biomolecule interactions, 
especially for biomedical applications. A sample focusing on tumor marker detection is 
shown in Figure 3.  
The ability to detect pathogenic and physiologically relevant biomolecules in the body with 
high sensitivity and specificity offers the opportunity for early diagnosis and treatment of 
diseases. 
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Fig. 3. Application of the biosensor. The use of biosensors to detect tumor markers in serum 
has spread widely (Jin, 2011). 

3.1 The interaction of antigens with antibodies in healthy and diseased subjects 
The initial impetus for advancing biosensors based on ellipsometry came from detection of 
the interaction of general antibodies and antigens, and some basic methods have been 
established, such as the ligand immobilization, high specificity probe screening, protein 
delivery, biomolecule affinity presentation on a chip, specific interactions, the influence of 
nonspecific binding, detection sensitivity, sample consumption, and calibration curves for 
quantitative detection. 

3.1.1 Detection of antigen-antibody interactions  
In biomedicine, human fibrinogen, hepatitis B surface antigen, human immuoglobulin G, 
and human serum albumin are often used as mode proteins. Using the aforementioned 
proteins as models with the biosensor, the feasibility is shown in Figure 4. Significant 
increases of gray-scale value appear in the square areas exposed to the corresponding target 
(Jin, et al., 2003). These results demonstrate that target samples can be identified by the 
ellipsometry-based biosensor. 

3.1.2 Real-time detection of the antibody-antigen interaction  
The biosensor based on ellipsometry can monitor protein interactions in situ and in real time 
to provide protein interaction kinetics information, such as association rate, dissociation 
rate, and affinity constants. Some special operation details of real-time detection are shown. 
• Model proteins were prepared and immobilized on the substrate;  
• The chip was inserted into the reaction cell; 
• A mixture of antiserum containing corresponding antibody was poured into the 

reaction cell; 
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• A series of images (in gray-scale) of several binding processes between antibodies in 
solution and antigens were recorded by the biosensor; and 

• The surface concentrations of analytes in the analytical areas of each image were 
measured and plotted versus time to determine the real-time binding curves. 

 

 
Fig. 4. Detection of several model proteins using the biosensor based on ellipsometry. Model 
proteins Fib, AntiHBsA, IgG and HSA were immobilized in four different columns, 
respectively. Phosphate-buffered saline was added to one area as a reference control. 
Corresponding target was then added to the other two areas in the column. (Z.H. Wang & 
Jin, 2003b) 

 

 
Fig. 5. Binding curves of anti-fibrinogen/fibrinogen (■), anti-human 
immunoglobulin/human immunoglobulin (●), and anti-human serum albumin/human 
serum albumin (▲) obtained by the biosensor (Z.H. Wang & Jin, 2003b). 

The real-time binding curves are shown in Figure 5. Detailed data processing and kinetics 
analysis was performed according to the method described in the literature (Malmborg, et 
al., 1992). In a clinical setting, a patient’s serum is a mixture similar to that used to generate 
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Figure 5, containing antibodies against fibrinogen, human serum albumin, and human 
immunoglobulin. A chip contains many immobilized ligands that bind to the same marker 
in serum but with different binding affinities. The biosensor offers a convenient way to 
compare these ligands’ binding affinities under the same conditions, and ligands with high 
affinity can be screened. The convenient way comparing these ligands’ binding affinities 
might compare the effectiveness of drug and screen drug, so the ability to sense multiple 
interactions in real-time makes the biosensor particularly well suited for monitoring disease 
progress, screening for highly effective drugs, and understanding disease mechanisms. 
The interaction of antigens and antibodies produced in healthy and diseased subjects (e.g., 
hepatitis B markers antibodies and antigens (Qi, et al., 2009a), severe acute respiratory 
syndrome virus particles and antibodies (Qi, et al., 2006a), ricin antibody screening (ricin 
found in castor beans is one of the most potent plant toxins) (Niu, et al., 2010), and others) 
has been studied by the biosensor based on ellipsometry. These studies demonstrate the 
biosensor’s use for health applications. 

3.2 Disease markers and virus detection 
Protein markers should be specific and sensitive and have prognostic value. Efforts to 
discover disease markers have focused on elucidating serum molecules that have diagnostic 
and prognostic value (Schena, 2005). High-throughput biosensors, including the biosensor 
based on ellipsometry, may shorten the time required to find disease markers. In this 
respect, biosensors are the best choice among the current techniques. 

3.2.1 Qualitative detection of five hepatitis B virus markers 
Hepatitis B virus is a human hepadnavirus that causes acute and chronic hepatitis and 
hepatocellular carcinoma (Bai, et al., 2003). The detection of hepatitis B virus markers is 
clinically important for the diagnosis of infection with this virus (Chen, et al., 2006). Five 
markers of hepatitis B virus (including hepatitis B surface antigen, the hepatitis B surface 
antibody, hepatitis B e antigen, hepatitis B e antibody, and hepatitis B core antibody) are a 
group of general markers used in the monitoring of hepatitis B virus infection. Following 
key steps of detection markers were operated for clinical application:  
• Screening for highly effective probes; 
• Detection sensitivity; and 
• Optimization of detection conditions. 
Presently, several probes can be simultaneously compared by the biosensor on one chip, 
which is shown in Figure 6. For the same target, different probes present different values in 
the grayscale, which indicates that the various probes have different bioactivities. Thus, 
highly effective probes were found for sensitive clinical diagnosis.  
Sensitivity is important for hepatitis B marker detection. Hepatitis B surface antibody and 
hepatitis B surface antigen national positive reference samples (from the National Institute 
for the Control of Pharmaceutical and Biological Products (China)) were detected by the 
biosensor in 2009. The detection sensitivity of hepatitis B surface antigen is 1 ng/ml, and the 
detection sensitivity of hepatitis B surface antibody is > 1 IU/ml. Thus, the sensitivity has 
already reached clinical standards.  
The biosensor based on ellipsometry permits multiplexed analysis. It can detect the five 
Hepatitis B markers of several patients simultaneously in about 1 h, proving its feasibility in 
clinical diagnosis. High affective probes increase sensitivity and resolving power. Other 
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biosensor advantages, such as higher sensitivity, a simplified process, and short test time, 
are also significant for rapid diagnosis.  
 

 
Fig. 6. Screening of hepatitis B ligands. (a) Screening of hepatitis B surface antibody and 
hepatitis B surface antigen. Different lots of hepatitis B surface antibody (sAb) and antigen 
(sAg) ligands were first immobilized in different rows. After blocking with BSA, the first 
row was used as a control. Different lots of hepatitis B surface antigen and hepatitis B 
surface antibody markers were detected in different rows. (b) Screening for hepatitis B e 
antibody and hepatitis B e antigen. The italics indicate results with the largest variation in 
gray-scale values, which in turn indicate that the ligands had higher bioactivity (Qi, et al., 
2009a). 

3.2.2 Quantitative detection of breast cancer marker: Carbohydrate antigen 15-3  
In 2008, an estimated 636,000 cases of breast cancer were diagnosed in high resource 
countries, while an additional 514,000 cases were diagnosed in low and middle resource 
countries, where it has now become the most common female cancer (El Saghir, et al., 2011). 
Carbohydrate antigen 15-3 is frequently measured as a breast cancer marker test using the 
biosensor based on ellipsometry (Zhang, et al., 2005). According to Figure 2, quantitative 
analysis of carbohydrate antigen 15-3 was performed using the calibration curve method:  
• A serum sample with a known concentration of carbohydrate antigen 15-3 was serially 

diluted; 
• These various concentrations were detected; 
• A calibration curve was drawn using the 15-3 concentration as the abscissa and the 

gray-scale value as the vertical axis; 
• An unknown sample was analyzed; and 
• The concentration of 15-3 in the unknown sample was determined with the calibration 

curve. 
The concentration of carbohydrate antigen 15-3 in a serum sample had been determined by 
an electrochemiluminescence immunoassay. The serum sample with known concentration is 
used as standard sample to make a calibration curve of the biosensor. The calibration curve 
of carbohydrate antigen 15-3 detection is shown in Figure 7. The index period of the curve is 
0~20 kIU/L, corresponding to gray-scale values of 58~99. If the concentration exceed the 
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detection scope (0~20 kIU/L), the unknown test samples must be diluted; the lower limit of 
detection is 1 kIU/L. The realization of quantitative label-free detection of a cancer marker 
may aid in earlier diagnosis, monitoring the course of the disease, even exploring the 
mechanism of cancer. 
 

 
Fig. 7. Calibration curve for carbohydrate antigen 15-3 concentration detection (Zhang, et al., 
2005). 

3.2.3 Detection of tumor markers 
Analyzing only one tumor marker is insufficient to diagnose cancer in 2010, a review 
exhibited a novel co-detection of three common tumor markers: alpha-fetoprotein, alpha-L-
fucosidase, and ferritin (Jin, 2011). Thus, quantitative analysis was performed by the 
biosensor with the following calibration curve method: 
• A chip was designed to simultaneously detect three markers in a sample;  
• A calibration curve for the biosensor was plotted;  
• A cut off value was determined by the receiver operating characteristic; and 
• The three markers in a clinical serum sample were examined on a chip. 
Detection results of several patients’ markers were compared and analyzed. Sensitivity 
reached the ng/ml or U/L level. Thirty-two normal sera and 24 liver cancer patient sera 
were quantitatively analyzed. The realization of simultaneous detection of several markers 
by the biosensor may increase diagnostic specificity in a clinical setting. 

3.2.4 Detection of phage M13KO7 for building virus a detection model  
Phages are estimated to be the most widely distributed and diverse entities in all reservoirs 
populated by bacterial hosts. In 2009, Phage M13KO7 was detected by the biosensor based 
on ellipsometry as a model for virus detection. A highly versatile and powerful virus 
detection platform has been established (Qi, et al., 2009b). Based on common 
antibody/antigen or disease marker detection, three key steps (e.g., ligand immobilization, 
sensitivity detection, and microscopic confirmation) were optimized.  
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The avidin/biotin method (Fig. 8) was chosen to immobilize the antibody bio-GP3 against 
phage M13KO7. The avidin/biotin immobilization method is often used in other 
immunoassays (Vijayendran & Leckband, 2001). It has several advantages: 1) ligands are 
strongly immobilized because biotin and avidin can specifically interact with stronger 
affinity (~1015M−1) than the antibody-antigen interaction (~105-1012M−1) (Friguet, et al., 1985; 
Malmborg, et al., 1992); 2) immobilization is oriented, which helps antibody display its Fab 
domain for improved sensitivity; and 3) it may offer a more physiological environment.  
 

 
Fig. 8. Avidin/biotin immobilization method (Vijayendran & Leckband, 2001). 

The sensitivity of phage M13KO7 detection can reach 109 plaque forming units/ml. Phage 
detection results by the biosensor have been confirmed with atomic force microscope. 
Imaging indicates that the biosensor can capture whole viruses, not just fragments. Thus, the 
virus detection biosensor platform has potential applications for human health.  

3.2.5 Detection of avian influenza virus 
According to World Health Organization statistics, the number of cases of avian influenza 
virus H5N1 directly crossing barriers and infecting humans was 534, causing 316 deaths by 
March 2011 (World Health Organization, 2011). Avian influenza virus subtype H5 can be 
detected with the biosensor based on ellipsometry using the above virus detection platform.  
The oriented immobilization of probe was realized using protein A and antibody for avian 
influenza virus detection. Figure 9 (A) shows the probe immobilization method. This is a 
kind of biological immobilization, which also offers a more physiologically relevant 
environment to maintain the bioactivity of the probe (Qi, et al., 2010). The results show that 
4A4 antibody can react specifically with avian influenza virus subtype H5N1, while CAM4 
can interact with both H5N1 and H9N2. 
The sensitivity of H5N1 detection is 2.56×10−3 tissue culture infectious dose/ml, which is 
more sensitive than a lateral-flow immunoassay (Remel Inc.). The corresponding areas were 
scanned with near-field optical microscopy. The microscopic evidence is presented in Figure 
10, showing that intact avian influenza virus particles were bound. Direct virus detection 
may help with earlier diagnosis than disease marker detection. 

3.2.6 Detection of other disease markers and viruses  
C-reactive protein (Zhu, et al., 2007), soluble angiopoietin receptor Tie-2 (C.L. Wang, et al., 
2009), thymidine phosphorylase (Li, et al., 2004), Alzheimer's disease tau protein (Qi, et al., 
2006b), and others had also been detected using the biosensor. These diseases markers are 
closely related to human health. Thus, qualitative or quantitative detection with the 
biosensor can aid in earlier disease diagnosis and improve health. 
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Fig. 9. Detection of avian influenza virus samples using the biosensor based on ellipsometry. 
(A) Schematic illustration. Avian influenza virus antibody is immobilized on the substrate. 
(B) Experimental image in gray-scale and a 3-D gray-scale distribution map. Antibody 
CAM4 was immobilized in columns ‘a’ and ‘b’; 4A4 in columns ‘c’ and ‘d’; H5N1, H9N2 and 
the control are shown in rows ‘1’, ‘2’, and ‘3’, respectively (Qi, et al., 2010). 

 

 
Fig. 10. Near-field optical microscopy images of H5N1. (A) and (B) Shear force mode images 
for H9N2 and H5N1, respectively. (C) Reflection mode image of H5N1. (D) 3-D reflection 
mode image of H5N1 (Qi, et al., 2010). 

3.3 Clinical diagnosis and control of emerging infectious diseases 
The ability of the biosensor based on ellipsometry to detect antibodies or antigens, disease 
markers, and viruses from patient samples with high sensitivity and specificity offers a 
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powerful opportunity in early diagnosis and treatment of diseases. Related clinical 
applications have begun. 

3.3.1 Clinical diagnosis of hepatitis B patients’ sera 
Hepatitis B virus infection is the most common cause of chronic liver diseases; an estimated 
350 million people are chronically infected with hepatitis B virus worldwide (Sun, et al., 
2002). Further, hepatitis B virus infection plays an important role in the development of 
hepatocellular carcinoma (De Mitri, et al., 2010). A rapid, simple, and direct method is 
urgently needed for clinical hepatitis B diagnosis. In section 3.2.1, the screening probe, 
standard national reference sample detection, and highly sensitive hepatitis B detection 
results demonstrated that the biosensor based on ellipsometry is feasible for clinical 
diagnosis of the disease (Z.H. Wang, et al., 2006; Jin, et al., 2004). Thus, the application of the 
biosensor based on ellipsometry could greatly enhance hepatitis B detection speed. 
Cut-off values are important for clinical diagnosis of hepatitis B and it detection by the 
biosensor based on ellipsometry. The cut-off value can help us to distinguish between strong 
positive, near cut-off, and negative samples. Other diagnosis techniques, such as enzyme-
linked immunosorbent assays, have cut-off value instructions included in the assay kits (Qi, 
et al., 2009a). The cut-off value of the biosensor was determined with a receiver operating 
characteristic curve. With the cut-off value, the detection of five hepatitis B virus markers by 
the biosensor was consistent with enzyme-linked immunosorbent assays.  
Sera from 169 patients were analyzed with the biosensor for the purpose of clinical 
diagnosis. Samples from 60 patients included clinical information of hepatitis B from 
Shandong Provincial Hospital from qualitative enzyme-linked immunosorbent assay 
detection results (the assay kit was produced by Shanghai Rongsheng Biotech Co. Ltd). The 
remaining samples were from patients from the Tientsin Blood Disease Hospital and also 
included clinical information of hepatitis B (the assay kit was produced by Beijing Wantai 
Co Ltd.) Figure 11 shows the detection results of 109 hepatitis B patients’ sera samples from 
 

 
Fig. 11. Comparison of hepatitis B surface antigen detection by the biosensor based on 
ellipsometry (■) and by enzyme-linked immunosorbent assays (△) (Qi, et al., 2009a).  
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the Tientsin Blood Disease Hospital. The hepatitis B surface antigen detection results using 
the biosensor are compared with those of enzyme-linked immunosorbent assays. Regression 
analysis revealed that the results are in good agreement between the two methods 
(r=0.67>r0.01=0.247). 
The biosensor based on ellipsometry allows the multiplexed analysis and detection of five 
hepatitis B virus markers in clinical samples. The biosensor has a simplified process and 
short test time, which can detect the five markers from several patients simultaneously in 
about 1 h. The higher throughput of the biosensor may enable improved setup for detection 
sensitivity, time, and accuracy in the future.  

3.3.2 Quantitative detection of clinical sera from breast cancer patients  
Breast cancer incidence rates vary widely across the world, from 19.3 per 100,000 women 
per year in Eastern Africa to 89.9 per 100,000 women per year in Western Europe (Ferlay, et 
al., 2010). Carbohydrate antigen 15-3 is particularly valuable for treatment monitoring in 
patients that have breast cancer that cannot be evaluated using existing radiological 
procedures. Carbohydrate antigen 15-3 is also used during the postoperative surveillance of 
asymptomatic women who have undergone surgery for invasive breast cancer.  
Using the quantitative calibration curve in section 3.2.2, 60 clinical patients’ serum samples 
were quantitatively analyzed with the biosensor, including 24 women with intraductal 
carcinoma, 15 with mucinous carcinoma, 5 with in situ lobular carcinoma, 2 with medullary 
carcinoma, and 14 with breast diseases but no evidence of cancer (Zhang, et al., 2005). Thirty 
healthy sera were also collected. The median patient age was 48.5 years. These clinical sera 
samples were examined with both the biosensor based on ellipsometry and 
electrochemiluminescence immunoassays (Elecsys 2010 system, Roche Diagnostics) via the 
double-blinded method. The electrochemiluminescence immunoassay is the gold standard 
of breast cancer marker carbohydrate antigen 15-3 detection. A receiver operating 
characteristic plot curve  (Handley, et al., 1982) was used to determine the result of the 
biosensor based on ellipsometry, which is shown in Figure 12.  
 

 
Fig. 12. Receiver operating characteristic curve analysis of the data from the biosensor based 
on ellipsometry and electrochemiluminescence immunoassays (Zhang, et al., 2005). 
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The result of this analysis proved that the biosensor results are consistent with those of the 
electrochemiluminescence immunoassay, reaching the clinical diagnosis standard level. 

3.3.3 Clinical detection of sera from severe acute respiratory syndrome coronavirus 
(SARS-CoV)-infected patients  
The outbreak of SARS in late 2002 in southeast China spread rapidly to over 30 countries 
and resulted in more than 800 deaths (Poutanen, et al., 2003; Feng & Gao, 2007). In 2003, the 
biosensor based on ellipsometry was used to detect the infectious pathogens.  
Before analyzing clinical SARS patients’ sera, some antibodies from a phage-display library 
were identified by the biosensor. SARS-CoV virions were used as a probe by the biosensor 
to assess the efficiency of the antibodies b1 and h12. The identification of new and effective 
antibodies is significant for more accurate diagnosis of the illness and the development of a 
vaccine. 
Ten SARS patients and 12 healthy volunteers (controls) were tested with the biosensor. 
SARS-CoV virions were immobilized on the surface as the probe to detect antibodies in the 
patients’ sera (Figure 13). From the analysis of the results, different patients had different 
antibody contents, which might help doctors estimate disease progress. The entire detection 
process only requires approximately 40 min.  
 

 
Fig. 13. Analysis of SARS patients’ serum samples using the biosensor based on imaging 
ellipsometry. a1~12 are negative samples; b1~12 are SARS patients; and c1~12 are blank 
controls (Qi, et al., 2005). 

The real-time function of the biosensor was mentioned above in section 3.1.2. The kinetic 
process of interaction between the antibodies and SARS virus was analyzed with the 
biosensor. The affinity of antibodies b1 and h12 for SARS virus are 9.5×106 M−1 and 1.36×107 
M−1, respectively. Real-time detection revealed that antibody h12 has a higher affinity for the 
virus than antibody b1.  
As a label free method, the biosensor based on ellipsometry is a competent mechanism for 
analyzing clinical serum samples from SARS patients and the affinity between these 
antibodies and the SARS coronavirus. Compared with surface plasmon resonance (SPR), a 
fairly widely applied optical detection method for real-time detect interaction of 
biomolecules (Hall, et al., 2010), the biosensor also allows label-free samples and crude 
samples to be used directly without previous purification. The biosensor based on 
ellipsometry has advantages such as: 1) lower cost (e.g., a piece of the biosensor based on 
ellipsometry silicon wafer is about $1, while a piece of surface plasmon resonance glass slide 
costs about $70-80); 2) the biosensor can provide 24 real-time curves simultaneously, 



 
Label-free Biosensors for Health Applications  

 

179 

allowing high-throughput detection; and 3) multiplex microarray was imaged and offered 
an image. 

3.4 Market potential for scientific research related to the health field 
The continual development of the biosensor based on ellipsometry shows both market 
potential for scientific research related to the health field and an increasing number of 
applications for basic biology research. The following are two applications of the biosensor 
on vesicular membrane proteins, demonstrating its value to general biology. 

3.4.1 Detection of interaction among vesicular membrane fusion proteins 
Membrane-associated proteins provide the minimal fusion machinery necessary for cellular 
vesicles to fuse to target organelle membranes in eukaryotic cells (Jahn & Scheller, 2006). 
The qualitative and quantitative identification of membrane-associated proteins interactions 
is the key to understanding the mechanisms of membrane fusion, which is vital for cell 
division, cellular structure organization, and biological information processing (Zhang, et 
al., 2009). To investigate the characteristics of these newly discovered membrane-associated 
protein pairs such as: Sec22, Ykt6, Sso2 and Sso1, the biosensor based on ellipsometry was 
used to detect the interactions among soluble N-ethylmaleimide-sensitive factor attachment 
protein receptors (SNAREs, a kind of protein that assembles into coiled-coil tetramers to 
promote membrane fusion). The interactions among several SNAREs (i.e., Sec22, Ykt6, Sso1, 
and Sso2) were analyzed by the biosensor based on ellipsometry. The in vitro detection 
results from the biosensor are consistent with the results of yeast two-hybrid assays at the 
domain level in vivo (Zhang, et al., 2009; Jin et al., 2011). Further, the kinetic binding process 
of two SNAREs (Ykt6 and Sso2) was measured using the real-time function of the biosensor. 
The rapid detection and identification of vesicular protein–protein interactions is essential 
for understanding vesicle trafficking and for understanding the system-level organization of 
cellular structure, biological information processing, and molecular mechanisms. 

3.4.2 Vesicle adsorption visualization 
Recently, a type of total internal reflection imaging ellipsometry was developed for real-time 
detection of biomolecular interactions (Jin, et al., 2011). This method was used to 
visualization the of vesicles adsorption process. Non-specific adsorption and desorption on 
a poly-L-lysine-modified gold surface was analyzed with real-time curves by the biosensor. 
The biosensor results were consistent with a phase contrast microscopy (NIKON, TI-U, 
Japan) results. The vesicle adsorption and desorption processes visualized by the biosensor 
are significant to the study of cell membrane properties. Micron target detection is the future 
aim of the biosensor based on total internal reflection imaging ellipsometry. Therefore, we 
expect that the biosensor based on ellipsometry has a yet-unexploited huge market potential 
for application in biological basic research related to the health field. 

4. Summary 
In the human health field, the biosensor based on ellipsometry is widely used to monitor or 
detect biological molecules for applications ranging from common infectious diseases to 
cancers. Some adaptations of this system for biomedical and clinical applications (e.g., 
disease marker detection, virus detection, and real-time monitoring) have been developed. 



  
Biosensors for Health, Environment and Biosecurity 

 

180 

With recent progress on vesicular membrane proteins, the biosensor based on ellipsometry 
technology also shows significant promise in basic biological research. Furthermore, 
through miniaturization, it is possible to fabricate the biosensors that are portable, low-cost, 
high-throughput, and highly sensitive for diseases such as HIV/AIDS. As the biosensor 
based on ellipsometry becomes simpler and more widely available, we expect to see a 
proliferation of uses in conjunction with telecommunications equipment. Wide application 
of the biosensor based on ellipsometry will be explored in monitoring personal health, the 
food we consume, and our environment in the future. 
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1. Introduction 
The antigens are viruses, bacteria or part of, toxin or any molecules (organic or inorganic) 
that is antigenic (may induce an immunological response and can be recognized by 
antibody). The antibody is a glycoprotein which is produced in response of antigenic attack. 
Reaction between antigen and antibody by structural complementation is the base of 
immunoassay. If the immunological receptor is immobilized on a transducer for detecting a 
target analyte the device is called immunosensor. Either antibody or antigen could be 
immobilized on the transducer which converts the biological signal into electrical signal. 
The immunosensor is classified as optical, mass-sensitive or electrochemical according to the 
technique. The electrochemical immunosensor, according to the transducer, is classified as 
amperometric, potenciometric, impedimetric, condutometric.  
The cells or organs release trace levels of specific glicoprotein, enzymes and hormones into 
health patients’ serum but the concentrations increase when they are injured. It means that 
the methodology for clinical diagnosis must be sensitive and with high reproducibility and 
repeatability. The interaction between antibody and antigen is usually selective presenting 
high affinity constant (around 1015). Therefore immunosensors are being applied for 
diagnosis of various diseases states and also to improve effective drug administration.  
Studies on immunosensors like potenciometric (Tang et al., 2005), condutometric (Lu et al., 
2009), piezeletric (Ren et al., 2008, Sener et al., 2010, Pohanka et al., 2007), fiber optic (Kwon 
et al., 2002), scanning tunnelling microscopy (Lee et al., 2009) have been published for 
disease diagnosis. State of immunoassay technologies for tumor diagnosis (Wu et al., 2007) 
and environmental analysis have been reviewed recently (Farre´ et al., 2009).  
The results obtained by immunosensor must have reproducibility and repeatability in order 
to diagnose the disease or to monitor the disease treatment. Such properties are reached 
when the system is well optimized and characterized. On this chapter the amperometric and 
impedimetric devices will be focused on the preparation and characterization of the 
immunosensor in order to improve its performance. 
Usually the complex formed by the affinity reaction between the antigen-antibody is not 
electrochemically active. It is possible to monitor the reaction by amperometric technique by 
using an enzyme as tracer like classical ELISA (enzyme-linked immunesorbed assay); in this 
case instead of absorbance the current intensity is measured. The immunosensor where the 
affinity reaction is monitored by tracer is indirect and the format could be classified as 
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sandwich, competitive or indirect (Tijssen, 1985). On the other hand, the impedimetric 
immunosensor is based on impedance measurement of the electrical equivalent circuit of the 
oscillator. Consequently no label is necessary to monitor the affinity reaction. 
The kind of electrochemical transducer and technique of receptor immobilization play an 
important role on the selectivity of the immunosensor. For instance, gold screen printed 
electrode was used for Trypanosoma cruzi (T. cruzi) protein immobilization through self 
assembled monolayer (SAM) in order to diagnose Chagas disease (Ferreira et al., 2005). 
Anti-human cardiac myoglobin antibody immobilized on carbon screen printed electrode by 
passive adsorption (O’Regan, et. al, 2002) was applied as biochemical marker for acute 
myocardial infarction (myoglobin) detection; carbon screen printed electrode modified by 
multiwall carbon nanotubes (MWCNT) and gold nanoparticles was the platform to 
immobilize the antibody P. falciparum  for malaria diagnose (Sharma et al., 2008). Glassy 
carbon electrode  (GCE) was modified by Nafion® for competitive detection of anti-
schistosoma japonicum antibody (Zhou et al., 2003); modified with multiwall carbon 
nanotubes integrated with microfluidic systems for quantification of prostate specific 
antigen in human serum samples (Panini et al., 2008); Fe3O4 magnetic 
nanoparticles/chitosan composite film modified GCE for ferritin determination (Wang & 
Tan, 2007); GCE functionalized Au nanoparticles for cancer cells detection (Wang & Tan, 
2007); bi-layer nano-Au and nickel hexacyanoferrates nanoparticles modified GCE for 
determination of carcinoembryonic antigen (Yuan et al., 2009). Phenylboronic acid 
conjugated thiol-mixed  monolayer on gold wire (Wang et al., 2008)  was proposed for alfa 
fetoprotein (AFP) detection; such antigen was also detected by microfluidic cell  (Maeng et 
al., 2008); gold nanowire to differentiate between lung and colon cancer  (Patil et al., 2008). 
Graphite–epoxy composite (GEC) electrodes as a platform to immobilize tissue 
transglutaminase were employed for the autoimmune disorder celiac disease (Pividori et al., 
2009), silver epoxy–graphite composite for cardiac troponins detection (Silva et al., 2010). 
Cellular products over-expressed by malignant cells have been used as tumor markers but 
one marker could not be specific to a particular tumor. In this case an array of 
immunosensor could be the solution (Wu et al., 2007).  
Electrochemical impedance spectroscopy (EIS) has been used as a technique for 
characterization of electrode surface modification but the analysis of interfacial property 
changes is useful also to monitor the biorecognition events involving antibody-antigen 
interaction for disease diagnosis. Silver electrodes for interleukin-12 correlated to the 
diagnosis of multiple sclerosis (La Belle et al., 2007); electropolymerized nanocomposite film 
containing polypyrrole, polypyrrolepropylic acid and Au nanoparticles was developed for 
Interleukin 5 which is associated with several allergic diseases (Chen et al., 2008).  Gold and 
platinum electrodes were investigated to diagonose Chagas disease (Diniz et al., 2003) as 
well as gold screen printed electrodes (Ferreira et al., 2010).  The transglutaminase was 
immobilized on gold screen printed electrode  through polyelectrolyte to diagnose celiac 
disease (Balkenhohl &Lisdat 2007);  the impedance  signal after the interaction between the 
Ag and Ab was amplified by using secondary HRP-labelled antibody; the main advantage 
of impedimetric methodologies (direct immunosensor)  was not applied.  
Most of amperometric and impedimetric immunosensors published on the literature have 
no detailed electrode surface characterization which is important for the reproducibility and 
stability of the device. 



 
Preparation and Characterization of Immunosensors for Disease Diagnosis   

 

185 

2. Preparation and handling of electrodes  
Conventional gold and graphite electrodes, screen-printed electrodes (SPE), electrodes 
prepared from CD-Rs (CDtrodes), gold and magnetic nanoparticles, carbon-on-metal, 
carbon nanotubes, carbon paste and others substrates have been used as support matrices 
(transducers) to immobilize biological compounds. The manner of preparation and handling 
of electrodes are very important for the stability and packing of self-assembled monolayers 
(SAM) or films and subsequent modifications steps of the analytical methodology.  
On cleaning screen-printed electrodes for sensors some recommendations, before the first 
modification step, were previously described in the literature: washing the SPE gold-
based electrode with ethanol or acetone (Ferreira et al., 2010; Navrátilová & Skaládal, 
2004; Kaláb & Skládal, 1995), or surface pretreatments for the immunosensors 
development (Escamilla-Gomez et al., 2009). Carpini et al. gave the following information 
about pretreatment of SPE gold-based electrodes: “Although mechanical or electrochemical 
cleaning of the gold surface is usually recommended, both thiol-tethered DNA probe 
immobilization and naphthol electrochemistry are not significantly affected by surface 
pretreatments. Thus, screen-printed gold electrodes were used as produced” (Carpini et al., 2004); 
Xu et al. also used as received SPE gold-based electrode for HRP immobilization (Xu et 
al., 2003). 
Recently, García-González et al. characterized different SPE-gold electrodes used for sensors 
preparation and the electrodes were used without pretreatment (García-González et al., 
2008). Escamilla-Gomez et al. used gold screen-printed electrodes (AuSPEs) pretreated with 
acid solution (H2SO4) for impedimetric immunobiosensors. AuSPES were obtained from 
different manufacturers, then various cyclic voltammograms were recorded and the 
electrodes washed with deionized water (Escamilla-Gomez et al., 2009). The SPE gold-based 
electrode, depending on the manufacturing, is not exactly a gold electrode, so the acid 
treatment used for cleaning their surfaces cannot be applied. Sometimes modifications may 
occur mainly on the surface of the reference electrode and for this reason aggressive 
medium cannot be used for cleaning this type of SPE electrodes (Ferreira et al., 2010). 
It is important to know that the SPE used in the immunosensors construction must be in 
an aluminum sealed package in which each electrode is individually isolated from the 
atmosphere, or in special boxes also protected from the atmosphere. In the case of the 
locked package of one electrode, it should only be opened just before use and the surface 
must be protected against any contamination. Obviously, if this care is not taken in 
consideration the SPE electrodes are improper to use for sensors preparation and even for 
electrochemical studies. SPE electrodes stored in aluminum sealed package or in other 
way can sometimes undergo oxidation and then they must be rejected. Another important 
factor to be considered on the SPE use for one specific study is the utilization of electrodes 
which belong to the same manufacturing batches.  Differences between batches are linear. 
It means that different batches result in different output signal by scale not by shape. If 
the response is calibrated by internal standard, such calibration will be valid for all 
batches (production in series). Using different batches absolute reproducibility of the 
immunosensors cannot be ensured. 
When conventional gold surface is used, the pretreatment procedures can be mechanical, 
chemical and electrochemical (Campuzano et al., 2002, 2006; Hoogvliet et al., 2000). The 
influence of the different surface pretreatments on the immunosensor response of a 
polycrystalline gold electrode should be studied (Carvalhal et al., 2005). Gold transducers 
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are very often used because of the facility to obtain a stable assembled layer. Thiol and 
disulphide groups quickly adsorb on gold surfaces, and over longer periods covalent bonds 
are formed (Godínez, 1999). Cysteamine (HS-CH2-CH2-NH2), for example, a thiol with a 
short chain length, has two functional groups that can be used as a bridge between the 
electrode and other kinds of layers. The stability and organization of monolayer depend on 
the length of the chains between the terminal and free groups and also on the lateral 
interactions between chains. Short chains can lead to the formation of a less stable and more 
disorganized layer (Mendes et al., 2008). SBZA (4-(methylmercapto)-benzaldehyde) can also 
be used to produce self-assembled monolayers to prepare gold surfaces for further 
modification and presents the advantage that it substitutes, for instance, cysteamine and 
glutaraldehyde since both S-H and CHO groups are present in this molecule. However, 
special care is needed with its incubation due to its high solubility in ethanol, and also the 
monolayer must be formed under refrigeration and humid atmosphere (Conoci et al., 2002). 
Many other kinds of molecules may form self-assembled monolayers to immobilize 
biological molecules or materials in order to develop immunosensors: fullerene-C60, 
ferrocene, ionic liquid (1-siobutyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amine) 
(Xiulan et al., 2011), electropolymerized thionine (Tang et al., 2008), lysine (Wang et al., 
2010), hydroquinone (Xuan et al., 2003), aminosilane (Parker et al., 2009). 
Biological molecules or materials can be immobilized on the SAMs or modified SAMs or, in 
some cases directly on the electrode surface. In the latest case, special attention should be 
given to the loss of activity due to some steric impediment involving electroactive sites. 
The influences of the immobilization processes on the immunossensor performance were 
evaluated with different transducers, antigens and antibodies. Considering the various steps 
involved in the immunosensor construction, very important details must be considered in 
the analytical procedure of antigen incubation. The results obtained for shorter antigen 
incubation times may be a consequence of some partial leaching of antigen due to an 
unstable self-assembled monolayer formation, while those for longer incubation times may 
indicate a possible degradation of the modified electrode surface, with loss of layer integrity. 
Therefore, a detailed study to optimize the incubation time of antigen in the development of 
biosensors is strongly recommended (Ferreira et al., 2010). 
The immobilization of antibodies on solid-phase materials has been used for the 
development of the immunosensor and different procedures were described in the 
literature. Problems associated with biological activity of the antibodies on immobilization 
have been observed in many cases (Lu et al., 1996). The interactions antigen-antibody are 
complexes by nature and the reproducible response characteristic of immunosensors 
requires that the affinity reaction is minimally disturbed by the fabrication procedure. The 
random orientation of the asymmetric macromolecules on transducers is one of the main 
reasons for such loss. Protein A, produced by Staphylococcus aureus, is a highly stable 
receptor capable of binding to the Fc fragment of immunoglobulins and the Fab binding 
sites of IgG antibody are thus oriented for immuassays reactions (Sjoquist et al., 1972; Lee et 
al., 2004). Therefore, these binding characteristics of the protein A can be used as an affinity 
surface in immunosensors construction (Campanella et al., 1999).  
Magnetic nanoparticles as substrate for biomolecules immobilization are a special 
alternative used in recent years for the construction of immunosensors (Wang & Tan, 2007; 
Tang et al., 2008). Due to their attractive properties, magnetic nanoparticles have been used 
in immunology (Ao et al., 2006), cell separation processes or purging processes (Bittencourt 
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et al., 2006; Sonti & Bose, 1995). Several applications of magnetic nanoparticles in the 
immobilization of immunoglobulines have also been reported (Pham & Sim, 2010; Smith et 
al., 2006). 
Other conditions affecting the immunosensor response characteristics must be critically 
examined: they include the purity of the reagents, incubation temperature in different steps 
of immunoassay, ionic strength and solution composition, working pH range, condition of 
the electrode surface and the oxygen content of the solution.  

3. Techniques for surface control and immunosensor characterization 
The preparation and control of the substrate surface and its modification constitute critical 
steps of the immunosensor development since they must permit the immobilization of 
biological molecule or material on the electrode surface and the interaction between the 
modified surface and the sample. The optimization of the incubation time is very critical on 
the different steps of the immunosensor development.  
A detailed characterization of the various steps involved in the immunosensor development 
can be useful for understanding the contribution of each step on the behavior of the global 
system, and for further improvement of the analytical process. So, it is strongly 
recommended that each step of the immunosensor construction be carefully evaluated using 
different electrochemical and non-electrochemical techniques.  
The interpretation of the results obtained by applying, in an adequate manner, appropriate 
experimental techniques can provide information on the distribution of structural defects, 
redox properties and the kinetics and mechanism of the monolayer formation or other 
modifications introduced on the surface, such as ions incorporation, water uptake and so on. 
The different electrochemical techniques can help understanding the electron transfer and 
mass transfer processes after each different step of immunosensor building. The non-
electrochemical ones may inform on the morphology and topography of the bare and 
modified surface, on the interaction between the modifier and the surface, on the chemical 
nature of the bonds and molecules attached on the surface and on the interaction of energy 
(special by light) with the different entities constituting the system which is being studied, 
allowing their identification and the knowledge and applications of their properties. 

3.1 Electrochemical techniques 
Electrochemical techniques are largely used by researchers of different scientific fields due 
to the fact that the equipment used is of low cost, simple, and easy to utilize and have the 
advantage of being in situ techniques, which allows monitoring the studied system in real 
time. Many different electrochemical techniques have been used to monitor the response of 
different surfaces such as gold, graphite, carbon nanotubes, gold nanowires, gold 
nanoparticles, metallic oxide nanoparticles, spin-on glass surfaces, carbon paste, which can 
be modified with different modifiers to form SAMs and composites to incorporate active 
materials and built the desired immunosensor.  Each step of this process may be carefully 
characterized using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), 
quartz crystal microbalance, chronoamperometry and amperometry, square wave 
voltammetry (SWV), differential pulse voltammetry (DPV), ellipsometry, and measurements 
of electrical resistances.  
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3.1.1 Cyclic voltammetry 
For a better understanding of cyclic voltammetry and its general applications the readers 
can refer to some text books (Noel & Vasu, 1990; Gasser Jr., 1993; Compton & Banks, 2009). 
As indicated above, cyclic voltammetry (CV) is the electrochemical technique most 
frequently used to get the first information on the nature of the electrode surface, such as its 
purity (Angerstein-Kozlowska et al., 1973), stability (Cabot et al., 1991; Benedetti et al., 1991), 
reproducibility and repeatability (Horta et al., 2009).  Sometimes CV is used for cleaning the 
electrode surface (Calvo et al., 2004); for activating (Tang et al., 2006); and for reconstructing 
the electrode surface, or to determine the electrode active surface area for small molecules 
(hydrogen, methanol, CO, ethanol, etc.), which adsorb on the electrode surface (Biegler et 
al., 1971; Godoi et al., 2009). Cyclic voltammograms obtained for large molecules can be 
used to determine the real surface area of an electrode, resulting in an area similar to the 
geometric one (Noel & Vasu, 1990). Such large molecules can be coordination and other 
inorganic compounds (ferro/ferricyanide, ferrocene/ferrocinium, etc.) and highly solvated 
ions which may stay in solution without adsorbing on the electrode surface. CV is very often 
to help establish the global mechanism of an electrochemical process occurring in solution 
(Naal et al., 1994) or occurring at a surface as nucleation (Noel & Vasu, 1990).  
This technique may also indicate some contamination of the electrolyte used as in the case of 
a phosphate buffer solution, pH 7.4, containing the redox pair Fe(CN)6-3/Fe(CN)6-4 which 
was used to characterize the gold electrodes prepared from CDs (CDtrodes). This was 
observed in our laboratory. Fig. 1 shows the cyclic voltammograms of this system obtained 
using the same experimental conditions except that the phosphate buffer solution for 
recording the cyclic voltammogram of Fig. 1b was changed. It is clearly seen that the cyclic 
voltammogram in Fig. 1a was distorted probably by some impurity that came from the 
solution that adsorbed on the electrode surface and partially blocked it. This conclusion was 
drawn after testing all the other possibilities, such as checking cables and all electrical 
connections, cleaning the electrochemical cell and its components, recording CVs in other 
equipment, trying several CDtrodes and changing both ferro/ferricyanide salts. The 
conclusion was that phosphate salts of the buffer solution had been contaminated. 
However, it is possible that the main reasons for the large use of cyclic voltammetry is the 
simplicity of equipment, facilities to scan a large energy range and also a large potential scan 
rate (from microvolt to hundreds of megavolts per second) which can be coupled with 
changes in the temperature of the electrochemical cell to study the kinetic of chemical 
coupled reactions, and mainly its didactical presentation. But sometimes the results of CV 
are misinterpreted causing some confusing regarding the irreversibility generated by fast 
chemical coupled reaction or by slow charge transfer reaction. This confusion can be 
normally distinguished experimentally by changing the scan rate (ν) and / or the 
temperature of the system. Another common misinterpretation is related to the effect of 
ohmic drop on the anodic and cathodic peak potentials separation since the ohmic drop 
presents similar effect as a quasi-reversible process (Taconni et al., 1973). In this case it is 
important, after checking the position of the electrodes in the cell and the Luggin capillary 
position respect to the surface of the working electrode, to increase the solution conductivity 
in order to diminish the uncompensated solution resistance.  
A simple example of uncompensated resistance effect (ohmic drop effect) can be observed in 
Fig. 2 for 4 x 10-3 mol L-1 Fe(CN)64- ion in KCl aqueous solution where the concentration of 
the supporting electrolyte was 0.5 or 0.05 mol L-1 at different scan rates. Typical E/I profile 
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can be seen for the redox couple studied with anodic (Eap) and cathodic (Ecp) current peaks 
well-defined. Also, no current peaks appear in the absence of potassium ferrocyanide. The 
experimental conditions were the same except for the supporting electrolyte concentration, 
which varied. 
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Fig. 1. Cyclic voltamograms of gold CDtrode in 1.0 × 10-3 mol L-1 Fe(CN)63-/4- phosphate 
buffer solution 0.1 mol L-1, pH 7.4, at 50 mV s-1.  The CDtrode was cycled in 2.0 mol L-1 
H2SO4 solution at 50 mV s-1: (a) contaminated phosphate buffer solution; (b) cleaned 
phosphate buffer solution (Reproduced by permission of M.V. Foguel). 

The main differences between these cyclic voltammograms were the separations between 
the anodic and cathodic peaks (ΔEp) and the difference between the anodic or cathodic 
current peaks. For 0.5 mol L-1 KCl the values of ΔEp were around 60 mV in 0.5 mol L-1 KCl 
(Fig. 2a) for all scan rates measured, while in 0.05 mol L-1 KCl, ΔEp varied from 80 to 120 mV 
for 5 ≥ ν/mV s-1 ≥ 100 (Fig. 2b).  CVs recorded in 0.05 mol L-1 KCl aqueous solution present 
all the characteristics of an increase in the uncompensated solution resistance as ν increases: 
augment in the peak potential separation, decrease in current peaks and rounding of the 
peaks. The effect of current migration is very low for 0.05 mol L-1 KCl and completely 
negligible for 0.5 mol L-1 KCl in aqueous solution (Bard & Faulkner, 1980). In a parallel 
experiment, CVs were recorded for a solution containing 2.0 × 10-2 mol L-1 Fe(CN)63- +  2.0 × 
10-2 mol L-1 Fe(CN)64- in the absence of KCl salt. The peak potentials were separated by more 
than 150 mV at 50 mV s-1 and the peak current was lower than the current measured when 
KCl was present. It means that the sum of migration and diffusion currents was unable to 
overcome the influence of the ohmic drop, leading to a lower instead of a higher total 
current. The decrease in the peak current was caused by the solution resistance. 
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Feldberg (Feldberg, 2008) simulated the effect of uncompensated resistance on the cyclic 
voltammetric response of an electrochemically reversible surface-attached redox couple 
assuming an uniform current and potential distribution across the electrode surface. The 
similarity of the effect of voltammetric responses for a slow electrochemical reaction and the 
uncompensated resistance is evident, which may cause misinterpretation of the mechanism 
of the electrode process. It is also common to attribute the linear current peak, Ip – v½ 
relationship to diffusion, but sometimes nucleation or other processes can follow the same 
relationship (Noel & Vasu, 1990). 
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Fig. 2. Cyclic voltammograms for Pt in 4 x 10-3 mol L-1 Fe(CN)64- ion + KCl aqueous solution 
(a) 0.5 and (b) 0.05 mol L-1, at 25 oC, geometric area of the working electrode of 0.027 cm2 and 
at different scan rates. 

As seen above, the CV has been often used to characterize immunosensors and many times 
a phosphate-based buffer solution is used, which may present effect of uncompensated 
resistance due to its low conductivity, resulting in cyclic voltammograms for Fe(CN)63-

/Fe(CN)64- redox couple away from that expected for a one-electron reversible process 
under diffusion control. For this reason, phosphate buffer saline solution shows cyclic 
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voltammograms with a better definition since it shows lower effect of uncompensated 
solution resistance maintaining all other parameters and conditions constant. For instance, 
Figure 3 shows two cyclic voltammograms for screen printed electrode and gold electrode in 
1.0 × 10-2 mol L-1 Fe(CN)64-, 0.1 mol L-1 phosphate buffer solution, pH 6.9, at 50 mV s-1 and 25 
oC. The anodic and cathodic peak potential separation (ΔEp) values are higher than 59.15 
mV/n and therefore the electrode process cannot be described as one-electron charge 
transfer under diffusion control. It is well known that phosphate buffer solutions pH near 7 
and salts concentrations around 0.1 mol L-1 present no classical response expected for a 
completely reversible process. The main reasons for that are the deviation of a reversible 
process, which leads to a response of a quasi-reversible system, and the influence of ohmic 
drop. Both of them increase the (ΔEp) values. It is probable that both effects are present in 
the CVs of Fig. 3. 
 

 
Fig. 3. Cyclic voltammograms for bare (a) gold-CDtrode (Ageom. =0.071 cm2) and (b) gold 
electrode (Ageom. =0.0227 cm2) in 0.1 mol L-1 phosphate buffer solution, pH 6.9, containing 
potassium forrocynide, at 25oC.                                                                 

Cyclic voltammograms for a bare gold electrode recorded in 2.0 × 10-3 mol L-1 Fe(CN)63-/4-, 
0.1 mol L-1 phosphate buffer solutions, pH ≈ 7, at 25 mV s-1 resulted in ΔEp = 90 mV 
(Campuzano et al., 2006), while in 2.5 × 10-3 mol L-1 Fe(CN)63-/4-, 0.01 mol L-1 phosphate 
buffer, 0.1 mol L-1 KCl, pH 7.0, at 50 mVs-1, a ΔEp = 65 mV was measured (Pei et al., 2001). It 
is evident that the phosphate buffer saline (PBS) solution presents higher conductivity and is 
recommended whenever possible.  
When 0.5 mol L-1 NaClO4  plus 1× 10-3 mol L-1 Fe(CN)64- was used, at 100 mV s-1 a ΔEp = 70 
mV was measured (Janeck et al., 1998). The idea that ohmic drop effect is present at lower 
concentrations of supporting electrolyte can be also inferred from the following results: 0.1 
mol L-1 NaClO4 and 0.1 mol L-1  KCl with 2 × 10-3 mol L-1 Fe(CN)63-/4-, pH 7.0, at 25 mV s-1: 
ΔEp = 140 mV and 150 mV, respectively (Campuzano et al. 2006). However, recently Cho et 
al. (Cho et al., 2008) measured a ΔEp = 100 mV for 2.5 × 10-3 mol L-1 Fe(CN)63-/4-, 0.5 mol L-1 
KCl at 50 mV s-1. When CVs were recorded for different screen printed gold electrodes (SPE) 
in 1 × 10-3 mol L-1 Fe(CN)63- ion + 0.1 mol L-1 H2SO4 aqueous solution at 100 mV/ s ΔEp = 62 
to 76 mV and at 2000 mV s-1 ΔEp = 78 to 231 mV were obtained, suggesting some influence 
of SPEs, mainly at higher potential scan rates (García-González et al., 2008). It is important 
to note that the conductivity of the sulfuric acid solution is higher than phosphate buffer 
and 0.1 mol L-1 KCl or NaClO4 resulting in a lower ΔEp value.    
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When an electrode is modified with self-assembled monolayer, or other modifiers, a barrier 
may be formed on the electrode surface, which in some extension hinders the charge 
transfer reaction. So, this effect can be studied by analyzing the changes in the 
electrochemical response of a reversible or quasi-reversible redox reaction of some 
electroactive species present in solution.  Cyclic voltammetry of electroactive species such as 
Fe(NC)63-/4-, ferrocinium/ferrocene, and others which can be used as markers, is a valuable 
and convenient tool for monitoring the barrier effect of the modified electrode, since the 
electron transfer between the electrode and species in solution must occur by tunneling 
either through the barrier or through the defects in the barrier. The tunneling electron 
transfer is expected to occur when the surface is completely covered by the modifier and an 
electron transfer via pinholes when it occurs at the defects of the modifier layer, situation 
where the microelectrode approach could be used. Having in mind a barrier effect, the 
surface coverage can be estimated from CVs resulting in a semi-quantitative analysis of this 
effect. So, in general, slight distortions on CVs compared to the bare electrode are expected 
when the modifiers produce a low surface coverage, which means that the access to the 
electroactive species from the solution to the electrode occurs without significant 
impediment. A great distortion on CVs suggests a strong barrier effect, limiting the access of 
the electrode surface by the markers present in the solution. Based on these ideas the surface 
coverage could be estimated from cyclic voltammograms assuming linear diffusion to bare 
areas by the equation (Janeck et al., 1998): 

 θCV = 1- (Ip,mod/Ip,bare)                                               (1) 

where Ip,mod and Ip,bare represent the peak currents for the marker on the modified and bare 
electrodes, respectively. Different factors influence the cyclic voltammetric response: surface 
roughness, dominance of radial diffusion near each defect site (Janeck et al., 1998), the 
presence of positive or negative charge on the modifier can electrostatically interact with the 
marker increasing or decreasing the interaction strength, i.e., facilitating or making the 
charge transfer more difficult, or influence the lateral interaction by repulsion between the 
modifiers species (Calvo et al., 2004; Doblhofer et al., 1992; Ferreira et al., 2009). On a surface 
coverage, θ ≤ 0.98 at intermediates scan rates can give peak current intensity almost the 
same as the one obtained for a bare electrode, and a θ = 0.9945 may show only 30% of 
decreasing in the peak current (Sabatani & Rubinstein, 1987).  
Attention must be paid in using equation (1) to estimate the surface coverage, and generally, 
its values are lower than those obtained by other techniques including electrochemical 
impedance spectroscopy. Amatore et al. (Amatore et al., 1983) demonstrated that equation 
(1) is inappropriate for describing the fractional coverage of electrode surface due to the 
dominance of radial diffusion near each pinhole or defect site, and also the charge transfer 
reaction occurs without significant impediment. For instance, when cysteamine (CYS) and 
CYS and glutaraldehyde (GA) are used to form SAMs on gold-based electrodes, the surface 
coverage is low, around 0.10 for CYS-SPE and 0.35 for GA-CYS-SPE, and the charge transfer 
reaction involving the marker occurs similarly as in the bare electrode, with very low 
impediment (Ferreira et al., 2009).  In this case tunneling of electron through the film can be 
ruled out (Porter et al., 1987) and probably the electroactive species reached the electrode 
through the large SAM free space of the electrode surface. 
However, in the immunosensor characterization, CV was used to choose the better working 
potential for amperometric analysis (Stefan & Aboul-Enein, 2002; Zhou et al., 2003) and also 
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to detect the presence of SAM and other modifiers on the electrode surface. CV was also 
used to evaluate if the SAM of hydroquinone on the gold electrode acted as a mediator of 
the redox reaction with pyruvate in phosphate buffer saline (PBS) solution, pH 7.4. Anodic 
and cathodic peak currents depending on the pyruvate solution concentration were 
observed after 5 min of dropping pyruvate solution on the pyruvate oxidase-adsorbed 
nylon membrane placed on the top of a gold electrode. The result allowed to conclude that 
SAM of hydroquinone acted as a good electron mediator for charge transport between 
pyruvate oxidase-adsorbed nylon membrane and the gold electrode (Xuan et al., 2003). It is 
easy to denote the presence of the SAM, for instance, on gold electrode since it can be 
oxidized to form gold oxides which are reduced to metallic gold again. A fresh gold 
electrode was evaluated before and after thiol deposition by means of a triangular potential 
scanning (Tlili et al., 2004) and it was observed that the oxidation reaction was reduced and 
no cathodic current peak was observed after the SAM formation of thiol. The stability of o-
quinone produced on glassy carbon electrode modified with single-walled carbon 
nanotubes was confirmed by CV (Panini et al., 2008). Calvo et al. (Calvo et al., 2004) 
synthesized the redox polymer Os(byp)2ClPyCH2NH poly(allylamine) (PAH-Os) and 
deposited on the thiolated (SAM of sodium 3-mercapto-1-propanesulfonate) gold electrode 
forming a bilayer, which was modified with antibiotin IgG and a supramolecular structure 
was constructed layer-by-layer. This structure responded catalytically to the presence of 
hydrogen peroxide when HRP is attached to PAH-Os/IgG multilayer. The cyclic 
voltammetry was used to confirm the presence of osmium in the PAH-Os/IgG multilayer 
self-assembled structure on gold and evaluate the electrode process involving the redox 
Os(III)/Os(II) pair in the presence and absence of hydrogen.  
Cyclic voltammetry can also be used to increase the performance of the electrode surface, as 
in the case of highly oriented antibody on gold nanoparticle surface, which has its activity 
strongly influenced by the surface properties of the transducer (Lu et al., 1995). In this case, 
the existence of multiple states of adsorbed proteins involving multipoint hydrophobic, 
electrostatic, and hydrogen bond was assumed for the different surfaces and protein 
interactions caused by the unfolding of adsorbed proteins. It means that the surface can be 
treated in such way in order to change its activity. The influence of a 
chemical/electrochemical treatment of nanoparticles of gold/thionine-modified carbon 
paste interface can also be verified using repetitive cyclic voltammetry, which allows 
observing the evolution of the electrode surfaces along the potential excursion. Repetitive 
cyclic voltammograms of gold-thionine-carbon paste electrode in acetic/acetate buffer 
solution, pH 7.0 behaved in a completely different way when recorded before and after 
electrode treatment with 10%HNO3 + 2.5%K2Cr2O7 for 90 s and applying +1.5 V/SCE. The 
oxidation and reduction peaks decrease or disappear as the number of cycles increases for 
the electrode without treatment probably due to the removal of the hydrophilic gold 
nanoparticles and thionine molecules from the electrode. The authors also reported that the 
solution gradually passed from transparent to opaque. On the contrary, for the treated 
electrode the cyclic voltammograms improved with the number of cycles, probably because 
of the thionine molecules could be firmly attached to carbon surface via –Co-NH- structure. 
It is also possible that some electropolymerization occurs, constructing a third-generation 
network which could give higher stability to the thionine. The treatment also modified the 
carbon particles which underwent oxidation to form –COOH groups which can react with –
NH2 of thionine to form new –CO-NH- groups. Gold nanoparticles synthesized on 
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multiwall carbon nanotube screen printed electrodes were also evaluated using cyclic 
voltammetry before and after modifications having Fe(CN)63-/4- as redox probe (Sharma et 
al., 2008). The MWCNTs were treated with acid solution to produce COOH-MWCNT/SPE 
and these MWCNTs were mixed in a Nafion® solution. The influence Nafion® 
concentrations deposited on bare SPE was studied in the presence of the redox probe. The 
greatest anodic peak current was obtained with 0.1 % Nafion® solution, which was chosen 
for further experiments. Higher concentrations, mainly 1% of Nafion®, blocked the electrode 
surface.  A series of unmodified and modified SPE with gold nanoparticles (Nano-Au/SPE), 
MWCNTs (MWCNT/SPE), or gold nanoparticles plus MWCNTs (Nano-
Au/MWCNTs/SPE) were studied in 1 × 10-3 mol L-1 Fe(CN)63-/4-, 0.1 mol L-1 KCl at 50 mV s-

1. All modified electrodes showed a peak current higher than the bare one, which was 
attributed to the increase of the effective electrode surface area.  This result is interesting 
because the active area increased, but in general, the modification of the electrode leads to a 
decrease in the anodic or cathodic peak current of the redox probe, except when some 
catalytic or immunosensor reaction occurs.  
Gold nanoparticles and agar-agar solution deposited on graphite SPE generates Nano-
gold/SPE and they can be evaluated by cyclic voltammetry performed in a thionine solution 
as redox probe (Zhao et al., 2007). For instance, in acetate buffer solution the CV behavior of 
thionine showed that the pair of current peaks decreased and shifted in a negative direction 
as the pH increased from 4 to 7, indicating that H+ favored the redox reaction of thionine. To 
demonstrate the stability of the SPE nine parallel tests were done at pH 5.5 and the anodic 
potential for thionine was 0.796 ± 0.042 V/Ag|AgCl|KCl (KCl concentration not 
mentioned), and the peak current was 0.276 ± 0.003 μA, showing good reproducibility. The 
enzymatic catalysis, which indicates that the system works, was clearly demonstrated when 
H2O2 was added to the thionine solution since the cathodic peak greatly increased and the 
anodic one disappeared. However, the cathodic current greatly diminished when the 
immunoreaction (Vibrio parahaemolyticus, VP + anti-VP → immunocomplex) was permitted 
to occur. A similar study was also developed with immunologically-sensitive elements for 
prostate-specific antigen (PSA) detection using a self-assembled phenylboronic acid 
monolayer on gold (Liu et al., 2008), and CV together with photometry was applied to detect 
the formation of imunocomplexes of HRP-conjugated anti-PSA and its antigen.  
An interesting application of cyclic voltammetry to characterize immunosensors was 
recently reported (Parker et al., 2009) for aflotoxin M1 detection using an array of 35 
microsquares gold electrodes with 20 μm × 20 μm dimensions and edge-to-edge spacing of 
200 μm, which avoids overlapping diffusion layers between neighboring microelectrodes in 
the array. The marker was 1.0 × 10-3 mol L-1 ferrocene monocarboxylic acid in 0.01 mol L-1 
PBS solution at 5 mV s-1, and a sigmoid response characteristic of steady-state CVs as 
expected for microelectrodes with a sufficient separation between two adjacent electrodes 
was obtained. The microelectrode interspacing was made of silicon nitride modified with 
aminosilane and cross-linked with 1,4-phenylene diisothiocyanate to give a larger modified 
area and to reduce the effect of surface modification on the electrode surface 
(microelectrodes). It leads to a signal less attenuated by the immobilized reagents. 
Afterwards, DNA was incubated and it was thought that only the surface covered with 
silicon nitride modified by aminosilane and 1,4phenylene diisothiocyanate had been 
modified with DNA. However, when microsquare platinum electrodes were used the 
current diminished in comparison to the bare electrode, suggesting that some silane 
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attached to platinum surface allowing DNA interaction; this reduced the active area for 
Fe(CN)63-/4- reaction. When microsquares of gold were used the current was the same for 
both bare and DNA-modified electrodes, suggesting that the modification procedure has not 
significantly covered the gold surface. Certain shielding of Fe(CN)63-/4- reaction can be due 
to the physical coverage of the electrode by DNA and electrostatic repulsion between the 
negatively charged redox couple ions and the DNA phosphate backbone. 
Lately, many other studies were developed using gold nanoparticles attached on a modified 
glassy carbon electrode, which is normally treated by applying a potential perturbation to 
produce hydroxyl groups on the surface, and cyclic voltammetry was used to characterize 
the changes caused by the different surface treatment and modification steps up to the 
construction of the immunosensor (Yuan et al., 2009; Lai et al., 2009).  
In these cases as in many others, in general, cyclic voltammetry was used to identify the 
presence of modifiers on the surface by analyzing the response of a redox couple on the 
distortions of the CVs such as separation of peak potentials and blocking of the current. 
Rarely, cyclic voltammetry was used to estimate the surface coverage, θ, values in 
immunosensors characterization, which were also compared with those estimated from EIS 
studies (Ferreira et al., 2009).  From CV studies, the values of θ for CYS-SPE, GA-CYS-SPE, 
Tc85 protein-GA-CYS-SPE were 0.10, 0.35 and 0.84, respectively, while from EIS they were 
0.32, 0.34 and 0.99, respectively.  

3.1.2 Electrochemical impedance spectroscopy  
Electrochemical impedance spectroscopy is a very useful technique to study almost all 
phenomena occurring at an interface since it can explore a large frequency range covering a 
vast interval of time constant values. It allows to separate different processes such as 
capacitive, charge transfer, mass transfer, adsorption/desorption, and so on. For this reason, 
EIS is a powerful tool for investigating the mechanisms of electrochemical reactions, 
measuring transport properties of materials, measuring dielectric properties of materials, 
exploring properties of porous electrodes, investigating passive surfaces, investigating 
modified electrodes and, more recently, it has often been used to monitor the properties of 
SAMs, mainly in the presence of a redox couple in the electrolyte solution. It is important to 
note that the studies in the absence of a redox couple in the working solution are also of 
great significance to understand the stability, the electrical and physicochemical properties 
of the modified surface, but are rarely performed in the immunosensors field. The 
possibilities of using EIS are shown in Fig. 4. 
Even considering that EIS is a powerful tool for studying many phenomena, as in the case of 
other electrochemical techniques, it does not allow the identification of chemical species. For 
this reason, many non-electrochemical techniques must be used to understand the global 
process operating on the interface which is being studied.  
Where does the power of the EIS technique come from? It is a linear technique and as 
consequence the results are directly interpreted based on the Linear Systems Theory; if an 
infinite frequency range is explored, the impedance or admittance contains all of the 
information that can be obtained from the system by linear electrical perturbation/response 
techniques; the experimental efficiency is extraordinarily high, it means that a high quantity 
of information is transferred to the observer compared to the quantity produced by the 
experiment; the validity of the data is readily determined using integral transform 
techniques that are independent of the physical processes involved. So, what is the main 
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problem of using impedance? In general, the major problem resides in the models and 
mathematics involved in the data interpretation (MacDonald, 2006).  
To review the fundamentals and to get more details and applications of impedance 
electrochemical spectroscopy some text books are recommended (Orazem & Tribollet, 2008; 
Macdonald, 1987; Gabrielli, 1980). 
   

 
Fig. 4. Some systems that can be studied using EIS. 

A great advantage of using EIS is that due to the small amplitude of the sine wave (current 
or potential) applied to perturb the system respect to its equilibrium or steady state, a 
sinusoidal perturbation of certain frequency results in a sinusoidal response with the same 
frequency, although the amplitudes of the entry and exit signals may be different and may 
present a phase shift. If the perturbation is appropriate the response can be analyzed using 
the theory of electrical circuits, which can be represented by a proper arrangement of 
resistors, capacitors and inductors, assuming a linear system. These equivalent electrical 
circuits (EEC) are models developed to explain the electrochemical impedance data and they 
must obey at least two conditions (Bonora et al., 1996): all elements of the EEC must have a 
clear physical meaning and associated to a property of the system which should be able to 
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produce that electrical response; the EEC must be as simple as possible and generate 
impedance spectra which are different from the experimental one only by a small defined 
quantity. The error must be low, not periodical or regular as a function of the frequency.   
However, one needs to know that the electrochemical systems are not linear systems, and 
their response can only approximate of a linear system if, for instance, an enough small 
perturbation in relation to the equilibrium or steady state is applied to the system. On the 
other hand, a very small perturbation produces, generally, only a very small response 
signal, which can be affected by the noise, with a low signal-to-noise ratio. Thus, some 
requirements must be followed or observed to have a trustful impedance experiment such 
as linearity, stability and causality (Orazem & Tribollet, 2008, Gabrielli, 1980). It is possible 
that more than one EEC fits well to the experimental data and the choice by one of them 
must be based on the knowledge of the physical and physical-chemical phenomena 
occurring at the interface and on experiments under other conditions.  
The obedience to the linearity principle depends on the amplitude of the sine wave, which 
is governed by the compromise between the desire to minimize the nonlinear response by 
using small amplitude, and to minimize noise by using a large amplitude perturbation. 
Therefore, choose the appropriate amplitude value of the sine wave perturbation is 
always very important to guarantee the best response of the system at each frequency 
applied and that the system is still exhibiting a linear behavior, which must be 
experimentally demonstrated. Note that all equipment gave the amplitude of the potential 
sine wave as rms (root mean square) that is defined as: amplitude rms (mV) = amplitude 
(mV) × (√2)-1.  To evaluate if the system is or not in a linear regime one can record several 
impedance diagrams applying different amplitudes keeping all other parameters 
constant. Afterwards the modulus of impedance (|Z|) values are obtained from the 
impedance diagrams at certain frequencies (choose one or more frequency values but it is 
very important to examine the low frequency region since this region is more susceptible 
to a non-linearly response).  The |Z|/|Z| ratio values measured at certain frequency 
(denominator obtained at 5 mV (rms)) are plotted against the amplitude (rms). Fig. 5 
shows the |Z|/|Z| ratio values vs. amplitude plot for a carbon paste electrode in 0.1 mol 
L-1 phosphate buffer saline (PBS) solution pH 7.4 containing 1 × 10-3  mol L-1 Fe(CN)63-/4- 
ions. This figure clearly indicates that the system responds non-linearly for amplitude 
(rms) higher than 10 mV at the frequency of 50 mHz. 
The stability means that the system should be stable at least during the time course of the 
experiment. It should be important at the end of an EIS experiment reproduces it beginning 
the impedance recording from the low to the high frequency, just the opposite that the 
experiment is normally performed. The causality is another important aspect in 
electrochemical impedance measurement: it means that no variation in the system can be 
observed before applying the perturbation. Also, the measured impedance must be finite. 
If one compares a simulating with an experimental data set the interpretation of 
experimental results are rarely simple and further attention is needed. The difficulty may 
arise from the formation of adsorbed intermediates, which can lead to an adsorption 
pseudo-capacitance, two separately or partially overlapped semicircles can be shown 
meaning that the reaction can be more complex than the model; surface heterogeneities are 
equal to different charge transfer resistances, and also capacitances in a smaller extension; a 
range of time constants near each other can be a result of differences in the charge transfer 
kinetic from site to site, producing overlapping of time constants; and surface roughness. All 
these factors led to a depression of the semicircle causing its center to be below the real 
impedance axis (Gileadi, 1993; Jorcin et al., 2006) and then a constant phase 
 



  
Biosensors for Health, Environment and Biosecurity 

 

198 

0 5 10 15 20 25
0.9

1.0

1.1
|Z

|/|
Z|

 (f
=5

0 
m

H
z)

Amplitude (rms), mV
 

Fig. 5. Modulus of impedance (|Z|) vs. amplitude (rms) for a carbon paste electrode in 0.1 
mol L-1 phosphate buffer solution pH 7.4 containing 1 × 10-3 mol L-1 Fe(CN)63-/4- ions at 25oC 
and 50 mHz. 

element (CPE) substitutes a capacitor in EECs (Barsoukov &  Macdonald, 2005). For the case 
that a CPE is parallel with a charge transfer resistance (RCT) to form a “classical” semicircle, 
the following equation allows to calculate the capacitance value (Hsu & Mansfeld, 2001): 

 C=CPE(ωmax)n-1=Yo(ωmax)n-1 (2) 

In this equation Yo is the canstant phase element parameter, ωmax represents the frequency at 
which the imaginary component reaches a maximum value and n is the exponent. Figure 6 
shows the simulation of an EEC with a CPE parallel with a charge transfer resistance with 
different values of n. The results demonstrated that the depression of the semicircle 
increases as the n values increase.  
Other complications come from the experiment such as non-uniform current distribution 
caused by the geometry of the cell as a whole or by an excessive approximation of the 
Luggin capillary of the reference to the working electrode in an effort to minimize the ohmic 
drop; solution creeping in the crevice formed between the working electrode and its non-
conducting holder; changes occurring on the surface during measurement, for instance, 
corrosion of the working electrode (Gileadi, 1993). It is very important to note that the 
equations for EIS are based on the assumption that the surface is invariant during the 
frequency sweeping. It is worse if one scans up to very low frequencies.    
All researchers using electrochemical techniques and mainly EIS must be careful and adopt 
very simple but very important cautions: use shielded cables and cables as short as possible; 
put the measuring system (electrochemical cell and equipment) in a Faraday cage; connect 
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the electrical systems to a stabilized voltage; use no-break and excellent ground with wires 
separated from the electricity cables; do not connect to the stabilized electricity line 
equipment which can cause noise; avoid working near equipment with significant magnetic 
field; avoid using a plug located near distribution electricity lines; check switch on and off 
and other electric switches, electric contacts of electronic plates, cables and alligators clips 
(sometimes nickel or silver deposition or even metallic welding is recommended); be 
attentive with other sources of noise like electronic ballast for fluorescent lamp, radio waves, 
etc.; choose appropriate noise filters; test the potentiostat/galvanostat with a dummy cell 
(this test does not work for open circuit measurements because of filters only work when the 
equipment is on, meaning that some potential or current is applied, not at open circuit 
potential); check if the Luggin capillary is not blocked and so on. 
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Fig. 6. Simulating impedance diagrams for the ECC showed in the figure for RCT = 10.000 Ω, 
CPE = 1 × 10-5 μF cm-2 sn-1 and different n values. 

An important aspect to be considered in impedance measurement is the working/counter 
electrodes areas ratio. Considering that both working and auxiliary electrodes are connected 
in series the capacitance measured of the cell corresponds to the sum of the inverse of both 
capacitances (C) (Orazem & Tribollet, 2008). The impedance of the cell is given by Zcell = ZWE 
+ ZCE where ZWE is the impedance of the working electrode and ZCE is the counter electrode 
one. As both electrodes are good electrical conductors the real part of impedance is 
negligible and the imaginary part is 1/jωC where ω is the frequency and j is equal √-1. 
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However, if the area of the counter electrode is 20 times (or more) greater than the working 
electrode its capacitance is much higher than the capacitance of the working electrode. 
Therefore, the term 1/jωCCE is much lower, and the capacitance of the electrochemical cell 
can be considered as that of the working electrode. Also, the impedance measured is 
normally not influenced by the one of the reference electrode due to the following facts: a) in 
terms of resistance or impedance the contribution of the reference is negligible since the 
entering impedance of the potentiostat is generally equal or greater than 1012 Ω, which is 
much higher than the impedance of the reference; b) in terms of capacitance the contribution 
of the reference can also be neglected considering the very low current passes through the 
reference and a Pt wire connected to the reference via a 0.1 μF non electrolytic capacitor can 
also be used. 
These very simple recommendations which seem naïve are mainly for people who are being 
introduced in electrochemical techniques especially in electrochemical impedance 
spectroscopy as it is very sensitive to the experimental arrangement.  
For each frequency applied only one impedance value is given in the impedance diagram 
for the system and it is recommended to read 10 to 12 points/decade which should be 
obtained for a less stable system using a low integration time and for more stable systems a 
higher integration time. The experimental points of a impedance diagram cannot be 
connected each other. The integration time means the necessary time to read each point of 
the impedance diagram with the precision chosen. This time is inserted in EIS acquisition 
software in different ways depending on the instrument. Therefore, each point in the 
impedance diagram represents a mean value of a certain numbers of reading and when the 
instrument cannot read an impedance value at the applied frequency with the precision 
established by the operator a dispersed point is obtained or the time required is too long to 
get a point in the impedance diagram. At low frequencies it is more common observe 
dispersed points due to the long time of measuring.     
The impedance measurement represents the response of all components of the system: 
instrument of measuring, electrochemical cell and connection cables. In this case the limits 
of the instrument mainly at extreme frequencies or impedance must be considered. The 
response of an ideal electrochemical cell consisting of resistors and capacitors can be 
evaluated in an Accuracy Contour plot (Gamry Instruments, 2006) where the following 
parameters are established: the maximum measurable impedance, the lowest measurable 
capacitance, the maximum measurable frequency, the low impedance at high frequencies 
and the lowest measurable impedance. The impedance of an electrochemical cell can also be 
measured with some accuracy using this type of plot if the data are collected following the 
EIS theory: linear stationary system without current fluctuation and using an appropriate 
electrochemical cell.  
The maximum impedance that the equipment can measure with accuracy at low frequencies 
is limited by the current fluctuation in the cell, fluctuation in the current measuring by the 
instrument and internal resistance. Under this condition the current values measured are 
very low, for instance, for an impedance of 1012 and 10 mVrms the current will be 10-14 A, and 
the noise can significantly influence the measuring, making it important to use of a Faraday 
cage. This inconvenience can partially be removed by increasing the perturbation amplitude 
which is limited by the linearity of the system. 
The capacitance of the instrument is important for systems like semiconductors, dielectrics 
and organic coatings (paintings) deposited on metallic substrates. For coatings the 
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capacitance decreases as its thickness increases, situation in which the capacitance of the 
instrument can be important.  
In general the maximum frequency is limited by the slow response of the components of the 
potentiostat, its instability, and the slow response of the reference electrode, which can be 
solved coupling a platinum wire (fast response) to the reference by a non-electrolytic 
capacitor. The capacitance of this capacitor must be chosen according to the system which is 
being studied. Systems with low impedance values (batteries and fuel cells) are normally 
studied at high frequencies where an inductive signal can be obtained. This inductive signal 
may originate from a physical chemistry process or can be an artifact caused by the 
inductance of the cell cables. 
In the case of low frequencies and low impedances the measurement can be limited by the 
ability of the potentiostat in allowing the passage of high currents (an amplitude of 10 mVrms 
with an impedance of 0.01 Ω generates a current of 1 A).  
Experimental and simulated data are frequently represented in different formats such as 
complex plane (Nyquist) plot (Z” vs. Z’ where Z” is the imaginary and Z’ the real 
impedance), complex plane admittance plot (-Y” vs. Y’ where Y” represents the imaginary 
part of admittance and Y’ the real part), complex plane capacitance plot (C” vs. C’ where C” 
represents the imaginary part of capacitance and C’ the real part), Bode impedance modulus 
vs. frequency (log |Z| vs. log (f /Hz)) and Bode phase angle vs. frequency (-θ or -φ vs. log (f 
/Hz)). All complex plane plots must be isometrically represented. Sometimes it is 
convenient to subtract from the real part of impedance data the solution resistance before 
plotting the complex plane plots or normalize all complex plane plots to the same values of 
solution resistance. If the complex plane plots at high frequency show very different values 
a correction of the Bode phase plot is also recommended. This correction must result in the 
same values for both real and imaginary values at high frequency (choose a frequency in a 
stable region). 
Regarding immunosensors, the study of the electrochemical impedance response of each 
step of the electrode modifications, which can be related to the nature of the different 
surfaces generated, may inform about the charge transport through the layers, surface 
coverage, and on the influence of antigen or antibody incubation time on the layer stability, 
mainly distinguishing physical and chemical interactions. EIS can also be used to develop 
impedimetric sensors. 
For the major part of the studies in which the EIS technique was used to characterize each 
step of an electrode modification Fe(CN)63-/4- redox couple was employed as a marker and 
the data were qualitatively analyzed (Xiulan et al. 2011; Wang & Tan, 2007; Yuan et al., 2009; 
Wang et al., 2008; Liang et al., 2008). In the Nyquist plot a semicircle at high or middle 
frequencies followed by a straight line at lower frequencies were frequently observed. The 
semicircle was attributed to the redox process involving the oxidation and reduction of the 
marker and the straight line was related to the diffusion-limited process of the species in 
solution. The amplitude of the semicircle corresponds to the charge transfer resistance (RCT) 
of the marker oxidation and reduction, the real impedance at highest frequency corresponds 
to the solution resistance, and the capacitance of the electrical double layer can be obtained 
from the frequency value at the maximum of the semicircle or from the value of the CPE. 
The values of the elements of the ECC are obtained by fitting the experimental data with an 
appropriate EEC which generally corresponds to the Randles circuit where a CPE 
substitutes the ideal element. The values of RCT generally increased with the modification 
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steps since the access of marker species to the electrode surface became more difficult and 
the semicircle overlapped the straight line which may disappear depending on how the 
electrode surface has been blocked. The values of EEC elements obtained in the simulation 
must be compared with those previously reported for the same or similar systems (Ferreira 
et al., 2009).   
In some cases the stepwise process of the immunosensor construction was studied by EIS 
(Yuan et al., 2009)] and the real impedance measured in Fe(CN)63-/4- redox couple PBS 
solution (pH 7.0)  was higher for the bare glassy carbon electrode than for the electrode 
modified with gold nanoparticles due to the increase in the active area of the electrode. In 
the next step the electrode was modified with nickel hexacianoferrate the charge transfer 
resistance increased due to the partial blocking of the electrode surface. However, the RCT 
value decreased again when gold nanoparticles were incorporated to this modified 
electrode. The decrease of RCT can be related to the increase of the conductivity of the 
system. When more modifications with organic molecules were performed the RCT increased 
as expected.  
Recently, more detailed studies on the surface modification using EIS with (Ferreira et al., 
2009) and without (Ferreira et al., 2010) a redox marker (Fe(CN)63-/4- in the solution were 
performed. In the first study diffusion coefficients of the marker, RCT and Cdl values were 
obtained and compared with data of literature for the bare gold-based SPE. The values of 
apparent RCT and surface coverage of SPE with CYS, CYS-GA and CYS-GA-Tc85 protein 
were determined based on a treatment of impedance previously developed for θ values 
lower (Gueshi et al., 1978; Matsuda et al., 1979) and higher (Finklea et al., 1993) than 0.9. The 
modified electrode was interpreted as a perforated layer with the transfer reaction occurring 
at the uncovered regions of the electrode surface which represent defects on the SAM. The 
changes observed in the cyclic voltammograms and complex plane plots were analyzed 
considering that the defects are disc-like shapes uniformly distributed over the surface. 
Therefore the modified electrodes could behave as microarray electrodes with the redox 
species diffusing to the bottom of the pinholes to undergo charge transfer reaction. For θ > 
0.9 the equations for the impedance were derived for microarray electrodes based on the 
nonlinear diffusion (Amatore et al., 1983) and from the real faradaic impedance, Z’f vs. ω-1/2 
and the appropriate equations RCT and σ (Warburg coefficient) can be obtained when ω→0. 
The faradaic impedance can be obtained by subtracting the solution resistance from the real 
part of impedance values (Janeck et al., 1998). The σ value is used to obtain the diffusion 
coefficient value using equation (3):  

 σ=√2 RT/(n2F2CA√D)  (3) 

where R, T and F have their usual meaning, C is the concentration of redox species, A is the 
geometric area of the electrode, n the number of electrons transferred per molecule or ion, D 
the diffusion coefficient. From the intersection of the lines at high and low frequency 
domains the nearest spacing between pinholes can be estimated, and then the values of ra 
(mean radii of active area, i.e. pinholes) and rb (mean radii of inactive area, space between 
neighbor pinholes). From impedance data the surface coverage were estimated to be around 
0.32 for CYS-SPE, 0.34 for GACYS-SPE, and 0.99 for Tc85 protein-GA-CYS-SPE. For θ = 0.32, 
the radii of individual active regions, and of surrounding inactive regions, were estimated to 
be 17 and 22 μm, respectively, for both CYS-SPE and GA-CYS-SPE. For the Tc85 protein-GA-
CYS-SPE system (θ = 0.99) the estimated radii of pinholes (ra) and inactive areas (rb) were 10 
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and 98 μm, respectively, and the distance between two adjacent pinholes, 2rb, was 196 μm. 
These distances are important to allow and facilitate immunoreactions to occur, and can also 
be regulated by producing SAMs with molecules of different chain length. 
In the second study, electrochemical impedance spectroscopy was used to investigate each 
step of the procedure employed to modify a screen-printed electrode in pH 6.9 phosphate 
buffer in the absence of a marker in the solution (Ferreira et al., 2010). The SPE was modified 
with self-assembled monolayers of CYS followed by GA. Afterwards, the T. cruzi antigenic 
protein Tc85 was immobilized for 2 to 18 hours and bovine serum albumin, BSA, was used 
to avoid non-specific reactions. The complex plane plots were much more complicated to 
analyze when compared to the electrodes subjected to the same modification having a redox 
marker in the working solution. Different EECs have been used to fit the complex plane 
plots depending on the step of modification. It was demonstrated that phosphate ions 
adsorb on the electrode surface and the presence of oxygen altered the response of the bare 
one when compared to the one obtained in its absence. The real impedance values for each 
step of modification were much higher than those obtained in the presence of the redox 
marker and increased after each step of surface modification. The modulus of impedance 
obtained at 10 mHz from the log |Z| vs. log f (not shown) increased in the following order: 
bare SPE (32 kΩ cm2) < SPE-CYS (48 kΩ cm2) < SPE-CYS–GA (53 kΩ cm2) << SPE-CYS–GA-
Tc85 protein (105 kΩ cm2) << SPE-CYS–GA-Tc85 protein blocked with BSA (575 kΩ cm2). A 
very significant result that originated from this investigation using EIS was the influence of 
the incubation time on the stability of the GA-CYS-SPE incubated with Tc85 protein. The 
impedance response was extremely dependent of the incubation time. The best incubation 
time of the Tc85 protein was 6-8 hours. 
The total real impedance was very low (around 2 kΩ cm2) for 2 and 4 h of incubation. A 
small capacitive semi-circle, followed by an incomplete capacitive arc was observed for 2 h, 
while an inductive loop was observed for 4 h at low frequencies. The real impedance 
increased considerably (from around 2 kΩ cm2 to more than 120 kΩ cm2) for 6 and 8 h of 
incubation and for 15 and 18 h incubation the real impedance decreased drastically. For 18 h 
of incubation an inductive loop was clearly observed, followed by a capacitive arc at lower 
frequencies. Bode phase plots showed three time constants for curves obtained for 2, 4 and 
18 hours of protein incubation while  two time constants for curves were recorded after 6, 8 
and 15 hours. The interpretation of impedance data was based on physical and chemical 
adsorption, degradation of the layer at high and middle frequencies and charge transfer 
reaction involving mainly the reduction of oxygen at low frequencies. In the absence of a 
redox maker in an aerated phosphate buffer solution, these time constants were interpreted 
based on physical and chemical adsorption and degradation of the layer at high and middle 
frequencies, and charge transfer reaction involving mainly the reduction of oxygen at low 
frequencies (Ferreira et al., 2010). In conclusion, it was demonstrated that the 
electrochemical impedance spectroscopy is a powerful tool to evaluate the different stages 
and the integrity of the surface modifications and to optimize the incubation time of protein 
in the development of immunosensors.  
By plotting the differences in RCT values of a redox probe for a modified electrode before 
and after the assay procedure as a function of the antigen or antibody concentration an 
impedimetric immunosensor can be developed (Balkenhohl, T. & Lisdat, 2007; Barton et  al., 
2008; Vig, et al., 2009; Xiulan, et al., 2011). Navrátilová and Skládal (Navrátilová & Skládal, 
2004) demonstrated the possibility of monitoring the immunoreaction of 
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dichlorophenoxyacetic acid herbicide (acid 2,4-D) on SPEs modified with SAMs at a fixed 
frequency. EIS were also used to study the regeneration of the immunosensor (Liu et al., 
2008;Xiulan et al., 2011) by comparing the impedance diagrams and parameters obtained for 
immnusensors and after removing the antigen or antibody from the surface and following 
the next steps of immunosensor construction and analysis using the same protocol as before.  
In general, the first regeneration causes insignificant changes in the immunosensor 
response, but second and further regenerations diminished the immunosensor efficiency. 

3.1.3 Other electrochemical techniques 
Quartz crystal microbalance (QCM), ellipsometry, chronoamperometry, amperometry, 
square wave voltammetry (SWV), diferential pulse voltametry (DPV) and measurements of 
electrical resistance or conductance have also been used to study the characterization and 
the assay immunosensors. 
The QMC technique has received special attention in the latest years and is based on the 
application of an antibody coating or an enzyme on a quartz crystal resonator with a 
cleaning gold surface which will capture a specific pathogen. The capture of the target 
pathogen increases the mass or viscosity of the environment of the gold surface changing 
the frequency resonance of the crystal. The impedance of the oscillating quartz crystal 
exposed to different concentrations of Salmonella was measured (Kim et al., 2003). An 
antibody-coated paramagnetic microspheres captured the Salmonella cells and the complex 
was magnetically moved to the sensing crystal and then captured by immobilized 
antibodies. The magnetic force was useful to enhance the response of the sensor. Many other 
studies were developed using the QMC technique to confirm the deposition of biological 
molecules on self-assembled superstructures and immunosensor assay (Shen et al., 2001; 
Calvo et al., 2004; Tlili et al., 2004; Mutlu et al., 2008; Boujday et al., 2009). A deep discussion 
on the use of QMC technique on the step-by-step immunosensor characterization and on 
immunosensor assay can be found in another specific chapter in this book.  
In the immunosensors field the ellipsometry technique is generally used to characterize and 
understand antibody Langmuir-Blodgett films  immobilized on immunoassay surfaces and 
determine the mean thickness of the films (Tengvall et al., 1998; Preininger et al., 2000; 
Nagare & Mukherji, 2009). 
Chronoamperometry and amperometry techniques were largely used to measure the 
current  and catalytic current generated by applying certain potentials and time during the 
immunosensors construction and immnunosensors assay (Martins et al., 2003; Ferreira et al., 
2005; Zacco et al., 2006; Panini et al., 2008; Pividori et al., 2009). 
Square wave voltammetry (SWV) and differential pulse voltammetry (DPV) as analysis 
techniques are much more sensitive than cyclic voltammetry and amperometry mainly due 
to the elimination of the background current during the experiment course and for this 
reason they are frequently used in immunosesors assay (Arias et al., 1996; Wang & Tan, 
2007; Tang & Xia, 2008; Yang et al., 2009). 
The measurements of electrical resistances or conductance (Tang & Xia, 2008; Maeng et al., 
2008) have also been used to characterize immunosensors and in immunosensors assay. In 
the first case less labor and expensive and shorter time consuming immunosensor than 
conventional one was developed and in the second case a biosensor system that can be used 
for simultaneous screening of multiple pathogens in a sample was fabricated and 
characterized. 
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3.2 Non-electrochemical techniques 
Surfaces modified with SAMs and by the different steps of immunosensors construction 
have also been characterized using infrared-based techniques including diffuse-reflectance 
infrared Fourier transform spectroscopy (DRIFTS), Fourier transform infrared spectroscopy 
(FTIR) and Fourier transform infrared attenuated total reflectance spectroscopy (FTIR-ATR). 
Infrared-based techniques have successfully been used in many surfaces characterization as 
adjunct to more well-known spectroscopic methods and are often useful where traditional 
techniques fail. Transducers modified with SAMs and biological molecules exhibit the 
conditions required for analysis, otherwise the molecules are diluted with non-absorbing 
powder such as KBr (Tengvall et al, 1998; Pradier et al., 2002).  
Others techniques have been used as X-ray photoelectron spectroscopy (XPS) (Yam et al., 
2001), Auger electron spectroscopy (AES) (Yang et al., 2009; Huang & Lee, 2008), contact 
angle measurements (Martins et al, 2003), surface plasmon resonance (Sigal et al., 1998; Silin 
et al., 1997), radiolabelling (Tidwell et al., 1997) for immunosensors characterization.  
Atomic force microscopy (AFM) has been utilized to analyze the presence of the biological 
layer on the transducer and to obtain information on the surface morphology of the 
biological element of the sensor (topography images) or to immobilize the antigen or 
antibody-coated cantilever as immunosensor transducer, (Takahara et al., 2002; Ferreira et 
al., 2006; Grogan et al., 2002; Ferreira & Yamanaka, 2006). 
The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 
also used (Gan et al., 2010; Lu et al., 2010) since they can inform about the morphology of the 
unmodified and modified surfaces and on the nature of the nanoparticles used to construct 
the first step of an immunosensor or added after the end of some specific step to enhance the 
immunosensor response.  
Enzyme-linked immunosorbent assay (ELISA) is a classical method employed in the 
optimization of the methodology to determine the presence of an immobilized active 
antibody or antigen and to monitor the lifetime and stability of the immobilized biological 
molecule and is also used to characterize the steps of immunosensors construction. The 
spectrophotometric method is used to detect the products of a reaction involving antigen 
and antibody with enzyme-linked and is essentially important to consider the principle of 
ELISA methodology on the surface transducer (Grogan et al., 2002; Ferreira et al., 2005). 

4. Concluding remarks 
The immobilization of antibodies on solid-phase materials has been used for the 
development of the immunosensor and different procedures were described in the 
literature. The potentiality of the methodology for disease diagnosis could be transformed 
into tools for clinical laboratories if the device would be repetitive, reproducible and 
sensible enough to distinguish the health from the sick person. The stable immobilization of 
biological compound on the transducer surface and then the surface characterization 
through electrochemical and non-electrochemical techniques will improve the real 
application of such devices. 
Several electrochemical techniques such as potentiometry, amperometry, differential pulse 
voltammetry, square wave voltammetry, quartz crystal microbalance and electrochemical 
impedance have been used to determine the performance of the immunosensors and for 
analytical applications. However, it was also demonstrated in this chapter that some of these 
techniques such as cyclic votammetry and mainly electrochemical impedance based on the 
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microelectrodes theory can be used to have a better idea about the surface coverage and also 
to estimate the size of pinholes and the mean distance between two adjacent pinholes. This 
distance is important to allow and facilitate the immunoreactions, and can also be regulate 
by producing SAMs with molecules of different chain length. It was also suggested that 
electrochemical impedance can satisfactorily be used to choose the best incubation time of 
each step of immunosensor construction. EIS may also help to a better understand the 
changes in the electrochemical response of each step of the immunosensor construction in 
the absence and presence of a marker since it is a high sensitivity technique and allows 
separating the contribution of the solution resistance from the other processes occurring at 
the electrode and solution interface.   
The tendency in the immunosensor development seems indicate studies involving 
microfluidics, immunoarrays, transducers modified with nanoparticles, nanotubes and 
nanocones to produce devices with high sensitivity and able to be used for simultaneous 
screening of multiple pathogens. 
The challenge is to develop immunosensor with a good performance to allow the point-of-
care testing (POCT) it means a clinical results conveniently and immediately to the 
physician. 
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1. Introduction 

Low-Density Lipoprotein (LDL) is the major carrier of cholesterol in the blood and plays 
important physiological roles in cellular function and regulation of metabolic pathways. 
Nevertheless, there are unquestionable evidences that increased plasma levels of LDL, 
especially their modified particles, are associated with atherosclerosis (Miller et al., 2010; 
Levitan et al., 2010). Atherosclerosis is a chronic disease that develops progressively through 
the continuous evolution of arterial wall lesions centered on the accumulation of cholesterol-
rich lipids, several types of cells and an accompanying immune-inflammatory response 
(Libby et al., 2009). This disease begins in childhood, progresses relatively silently during 
adolescence and early adulthood but becomes clinically evident in the middle age or later 
leading to events such as myocardial infarction and stroke (McGill et al., 2000). The 
atherosclerotic cardiovascular disease is a major health problem worldwide and the most 
common cause of death in westernized countries, leading to a substantial economic burden. 
Whereas the levels of LDL and modified LDL circulating forms in the plasma are important 
predictive markers to gauge risk of cardiovascular events, there is need to develop reliable 
rapid assays for quantifying LDL and its modified forms, such as, the biosensors. 
In general, biosensor is a measuring system that is composed by two major parts: a 
recognition part and a transducer part. The recognition part involves biological sensing 
elements or receptor molecules that lend the sensor specific to a target analyte (Chunta et al., 
2009; Cooper & Cass, 2004; Fowler et al., 2008). A variety of biological substances can be 
used including antibodies, affinity ligands, isolated receptors, enzymes, organelles, 
microorganisms, cells, tissues, oligonucleotides, and lipoproteins. When biological 
substances interact with the target analytes, there is a change in one or more 
physicochemical parameters such as generation of ions, gases, electrons, second messenger 
formation, increase or decrease in enzyme activity, heat or mass. The transducer can be used 
to convert these properties into electrical signal. 
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There are three main types of transducers applied to LDL detection: piezoelectric (mass 
sensitive), optical and electrochemical. Among all types of transducers, the piezoelectric 
device has been used like LDL sensor. Piezoelectric device, often named quartz crystal 
microbalance (QCM), shows a very high sensitivity for detecting the target analyte that is 
placed on the surface of the device and generates the resonant frequency change. A 
piezoelectric biosensor device has important attractive properties such as small size, 
rapidity with high throughput, high sensitivity, and specificity. Lipoprotein immunosensors 
based on piezoelectric technology have been applied to capture and detect ligands on 
lipoprotein particles (Snellings et al., 2003). At the same time to explore monoclonal LDL 
antibodies (MAbs) in the interaction with the main protein constituent of human low 
density lipoprotein (apoB-100) a surface plasmon resonance (SPR)-based biosensor has been 
employed. Using this technique it is possible to measure the multimolecular complex 
between MAbs and epitopes of the apoB-100 in real time (Matharu et al., 2009a). The SPR 
detects and measures changes in refractive index due to the binding and dissociation of 
interacting molecules at or in proximity to the gold surface. This change of the refractive 
index is proportional to the concentration of the interacting molecule and causes a shift in 
the angle of incidence at which the SPR phenomenon occurs.  
Electrochemical methods associated with nanomaterials have been employed to develop 
electrochemical biosensors for the detection of LDL. Cyclic voltammetry (CV) can be used to 
monitor the biomolecular interaction and explore association between antibody and LDL 
based on the modification at anodic and cathodic peaks (Stura et al., 2007). CV is an 
analytical technique to study the electro-activity of compounds, to characterize the redox 
properties and to provide information about the kinetics of electron transfer reaction of any 
coupled chemical reaction. Therefore, the advantage of electrochemical impedance 
spectroscopy (EIS) over other electrochemical techniques is that only small-amplitude 
perturbations from steady state are needed, and information concerning the interface can be 
provided (Bockris et al., 2000; Bard & Faulkner, 2001; Macdonald, 1987). In general, this 
system has been utilized to fabricate label-free high-sensitivity immunosensors with highly 
sensitive response to LDL (Yan et al., 2008). Hence, further studies based on LDL biosensors 
have been directed to diminish the detection time and develop new ways of detecting LDL 
and modified LDL. 

2. LDL and its modified forms 

The major lipids present in the blood plasma are cholesterol, fatty acids, triglycerides and 
phospholipids. Cholesterol is present in dietary fat, and can be synthesized in the liver by a 
mechanism that is under close metabolic regulation. Cholesterol, like all lipids, is not water 
soluble and thus, it is transported in the plasma in association with proteins 
(apolipoproteins), forming complexes known as lipoproteins. Lipoproteins are classified on 
the basis of their densities, which increases from chylomicrons through lipoproteins of very 
low density (VLDL), intermediate density (IDL) and low density (LDL) to high density 
lipoproteins (HDL) (Marshall & Bangert, 2008). The physiological function of LDL particles 
is to provide cells with the cholesterol they need mainly for steroid hormone synthesis and 
membrane formation. LDL particles assume a globular shape with an average diameter of 
about 22 nm and they are organized into two major compartments. An apolar core 
comprised primarily of cholesteryl esters, minor amounts of triglycerides and some free 
unesterified cholesterol surrounded by an amphipathic shell. This outer shell is composed of 
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a phospholipid monolayer containing most of the free unesterified cholesterol and one 
single molecule of apolipoprotein B-100 (apoB-100) (Prassl & Laggner, 2009). However, LDL 
particles can undergo in vivo modification by oxidation, glycation, nitration and 
carbamylation, among other reactions. The extent of LDL modification can range from 
minimal modification, resulting minimally modified particles, such as the electronegative 
LDL subfraction (Damasceno et al., 2006), to extensive oxidation. Oxidized LDL is a generic 
term that describes a variety of modifications of both the lipid and protein components of 
LDL. Transition metal ions, lipoxygenases, myeloperoxidase, peroxynitrite and other 
reactive nitrogen and oxygen species derived from this enzyme, among others, have been 
suggested to be responsible for in vivo oxidative modification of LDL in humans (Stocker & 
Keaney, 2004; Malle, et al., 2006). Reactive oxygen species induce fragmentation of apoB-100. 
The polyunsaturated fatty acids in cholesteryl esters, phospholipids and triglycerides are 
also subjected to free radical-initiated oxidation to yield a broad array of smaller fragments 
(Matsuura et al., 2008). This results in a variety of reactive aldehyde products, including (E)-
4-hydroxynon-2-enal (HNE) and malondialdehyde (MDA), which form covalent adducts 
with amino acid residues of LDL, generating HNE-LDL and MDA-LDL, respectively 
(Annangudi et al., 2008; Viigimaa et al., 2010). Glycated LDL is formed by the nonenzymatic 
covalent binding of reactive aldehydes (from glucose or related species) to a reactive amine 
(e.g., lysine and arginine side chains) on apoB-100 (Brown et al., 2007). The initial Schiff base 
undergoes subsequent rearrangement into Amadori products. The Amadori sugar–amino 
acid adducts can undergo progressive nonenzymatic reactions, leading to the formation of 
advanced glycation end (AGE) products, resulting in AGE-LDL (Basta et al., 2004; 
Hodgkinson et al., 2008). LDL can even be modified by urea-derived cyanate. Patients with 
kidney disease have elevated plasmatic levels of urea. Urea undergoes a spontaneous 
nonenzymatic transformation to cyanate in aqueous solutions and cyanate can react 
irreversibly with N-terminal groups of amino acids from LDL by a process known as 
carbamylation, forming carbamylated LDL (Asci et al., 2008). 
The modified LDL forms, independent of the type of modification, triggers various 
biological responses, including pro-inflammatory reactions potentially involved in 
atherogenesis, promoting endothelial cell injury, expression of adhesion molecules on 
endothelium and vascular smooth muscle cell proliferation. Moreover, the modified LDL is 
uptaken by macrophages via scavenger receptors resulting in the accumulation of 
cholesterol within the macrophages and the formation of foam cells in the arterial intima. 
This continuous process lead to advanced lesions in arteries with a core of lipids and 
necrotic tissue covered by a fibrous cap. Disruption of the cap can lead to thrombosis and 
many of the adverse clinical outcomes associated with atherosclerosis (Hansson & Libby, 
2006). As the LDL modified forms are proinflammatory and proatherogenic, studies have 
been done to develop a method to quantify the modified LDL subfraction as a blood 
biomarker to diagnose cardiovascular diseases and perhaps predict clinical outcomes. 
Plasma biomarkers have the advantage of being non-invasive and, if abnormal, allow 
opportunities of early stage intervention. 

3. Methods for measurement of LDL and modified LDL 

A classic method for measurement of LDL is the beta-quantification, which involves 
ultracentrifugation and a chemical precipitation step (Bachorik, 1997). Because beta-
quantification is cumbersome and requires sophisticated equipment, in most clinical 
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laboratories LDL is usually estimated by Friedewald equation (Friedewald et al., 1972), an 
indirect method, which estimates the LDL from measurements of total cholesterol (TC), 
triglycerides (TG), and HDL (Eq. 1). 

 ( / ) / 5LDL mg dL TC HDL TG    (1) 

Despite the simplicity and lack of cost, the error of determining LDL through that estimation 
comprises the addition of the analytical errors of the three parameters used in the calculus. 
In addition, the use of that formula has severe limitations and cannot be applied to samples 
containing TG levels > 400 mg/dL or in samples with chylomicrons, as occurs in non-fasting 
samples. Because of the limitations of the Friedewald calculation, some clinical laboratories 
use enzymatic colorimetric methods for quantification of LDL, which are direct, relatively 
simple, can be used in automated systems (Cordova et al., 2004; Esteban-Salan et al., 2008) 
and LDL values are not affected by the presence of increased levels of triglycerides (Rifai et 
al., 1998). The aforementioned methods quantify the total LDL (modified and unmodified 
fractions). In the last two decades, aiming to determine the modified LDL subfraction in the 
blood circulation, ELISAs (Enzyme-Linked Immunosorbent Assay) using monoclonal 
antibodies were developed. There are ELISAs used in research to measure oxidized LDL 
(Itabe & Ueda, 2007) and electronegative LDL (Faulin et al., 2008). ELISA is a method that 
has high sensitivity and specificity, low cost, technical simplicity, versatility and ability to 
adapt to different degrees of automation, however, it is a time-consuming test consisting of 
several steps. 

4. Biosensors 

A biosensor is a physicochemical analytical device for the detection of an interaction of the 
analyte that combines with a biological component, which recognizes a chemical or physical 
change, with a detector component that produces a measurable signal in response to the 
environmental change (Chunta et al., 2009; Cooper & Cass, 2004; Fowler et al., 2008). The 
characteristic trait of a biosensor is the direct spatial contact between the biological 
recognition element (or bioreceptor) and the transducing element (Thevenot et al., 1999). 
Therefore, biosensor is a measurement device or system that is composed of two major 
parts: a recognition part and a transducer part (Fig. 1).  
A biosensor is an integrated receptor-transducer device, which is capable of providing 
selective quantitative or semi-quantitative analytical information (Jambunathan & Hillier, 
2003). The biosensor consists, on the one hand, of a biological recognition element, which 
acts upon a biochemical mechanism, and of a transducer relying on electrochemical, mass, 
optical or thermal principles. 
Typical bioreceptors in biosensors are enzymes, antibodies, lectins, microorganisms and 
nucleic acids. In addition, the use of biosensors offer several benefits over conventional 
diagnostic tools as simplicity, specificity, speed, low-cost, portable instrumentation and 
capability for continuous monitoring in real-time (Freire et al., 2002; Malhotra et al., 2006; 
Zhao & Ju, 2006). LDL sensors (lipoprotein sensors) are a new promising group or 
bioreceptors, because of their outstanding selectivity and stability in responses that provides 
an evaluation about biomedical diagnosis in plasma LDL levels (Matharu et al., 2009a, 
2009b, 2010). New methods for diagnosis of LDL employing biosensors are the current 
demand to evaluate the risk factors for atherosclerosis. Thus, the basic principles of the 
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quartz crystal microbalance (QCM), surface plasmon resonance (SPR), cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS) are discussed with the purpose of 
showing their importance in quantitative or qualitative LDL analysis. 
 

 
Fig. 1. Schematic diagram of a biosensor. A biosensor consists of a bioreceptor for the 
specific detection of the respective analyte in spatial contact to a transducer for converting 
the signal into an electrically manageable format and a signal processing unit. 

5. Quartz crystal microbalance 

Among biosensor devices, piezoelectric has been highly recognized due to their small size, 
low cost, use of a small volume of sample, high sensitivity, high specificity, rapid response, 
reproducibility and ease of portable multiple specific sensor array fabrication (Chunta et al., 
2009). The QCM is an ultra-sensitive weighing device (to measure or detect a small mass 
change) that utilizes the mechanical resonance of piezoelectric single-crystalline quartz 
(Höök & Rudh, 2005). The piezoelectricity was discovered by Jacques and Pierre Curie in 
1880 (Curie J. & Curie P., 1880a,b) as a potential difference generated across two surfaces of 
a crystal (including quartz, Rochelle salt and tourmaline) under strain, whose magnitude of 
electrical potential was proportional to the applied stress (Chunta et al., 2009; Höök & Rudh, 
2005; Smith, 2008). Therefore, piezoelectricity is defined as electric polarization produced by 
mechanical strain in certain crystals, the polarization being proportional to the strain (Smith, 
2008). 
Quartz crystals (Fig. 2a) are generally used as weighing devices. Quartz crystal can be cut in 
different angles which gives different quartz crystal types with specific properties. Typically 
for piezoelectric analytical work, quartz crystals are cut in the AT form, at a +35°15’ angle 
from the Z-axis (Bunde et al., 1998). This geometry has a zero temperature coefficient which 
provides a stable oscillation with almost no temperature fluctuation in frequency in wide 
temperature range (Höök & Rudh, 2005). In addition, quartz is the most commonly crystal 
used, due to its strong piezoelectric response, abundance, processability, and anisotropy. 
QCM is an important technique that has unique advantages for addressing the problems 
and issues involved in developing these new measurement methodologies (Marx, 2003). The 
use of the crystal resonator has been extended to numerous applications in different fields 
like electrochemistry and biology (Arnau, 2008). According to Smith (2008) the resonance 
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frequency depends upon the angles with respect to the optical axis at which the wafer was 
cut from a single crystal and inversely on the crystal thickness. 
 

 

 
Fig. 2. Experimental apparatus for a piezoelectric system (a) and piezoelectric effect for 
shear motion (b). 

5.1 Principles of mass measurement 
When an alternating-current (AC) voltage is applied across of AT-cut quartz crystal (Fig. 
2b), through opposing electrodes deposited on its surfaces, the resonance is excited if the 
frequency of the applied voltage corresponds to the resonance frequency (f0) of the crystal 
(Arnau, 2008; Chunta et al., 2009; Höök & Rudh, 2005; Smith, 2008). It generates a 
transversal acoustic wave propagating through the quartz to the contacting media and this 
condition occurs when the thickness of the disc is an odd integer number of half-
wavelengths of the standing wave induced between the electrodes, causing the mechanical 
oscillation to have its anti-nodes at each electrode interface (Höök & Rudh, 2005). The 
resonance frequency of the crystal is thus directly proportional to the total mass of the 
crystal. The frequency range for the fundamental mode of quartz is between 5 and 20 MHz 
(Marx, 2003). Although, most applications have used QCM devices operating in the 5-10 
MHz range. 
A method for correlating changes in the oscillation frequency of a piezoelectric crystal with 
the mass deposited on it was developed by Günter Sauerbrey (Sauerbrey, 1959). Sauerbrey 
developed a method for measuring the frequency and its changes by using the crystal as the 
frequency determining component of an oscillator circuit. The Sauerbrey equation is defined 
as: 

 
2

02

q q
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f C m

A  
 

      (2) 

where Δf is the change in the fundamental frequency (Hz), Δm is mass change (g), f0 is the 
resonant frequency of crystal (Hz), A is piezoelectrically active crystal area (area between 
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electrodes in cm2), ρq is density of quartz crystal (ρq = 2.648 g/cm3), μq is shear modulus of 
quartz for AT-cut crystal (μq = 2.947x1011 g/cm.s2), and C is the mass sensitivity constant 
(based on type of crystal used) (s.g-1). 
According to Bunde and collaborators (1998), Sauerbrey’s equation is based on the 
deposition of rigid layers that are infinitesimally thin and, thus, dampen the propagation of 
the bulk shear wave in a fashion identical to quartz itself. Since the film is treated as an 
extension of thickness, this approach only applies to systems in which the some conditions 
are present, as follow: deposited mass must be rigid, uniformly distributed and frequency 
change Δf/f < 0.02 (Srivastava & Sakthivel, 2001).  
This approach was developed for oscillation in air and only applies to rigid masses attached 
to the crystal. In the beginning of 80’s, scientists have been shown that quartz crystal 
microbalance measurements can be performed in Newtonian liquid. Kanazawa and 
collaborators (1985) showed that the change in the resonant frequency of quartz crystal that 
contacted with the liquid is expressed by: 

 3/2 1/2
0 ( )L L

q q

f f
 
 

    (3) 

where L is the density of liquid in contact with the crystal and L is the viscosity of liquid in 
contact with the crystal (Kanazawa & Gordon II, 1985). 

5.2 Piezoelectric LDL biosensors 
Lipoprotein biosensors based on piezoelectric technology have been employed to capture 
and detect ligands on lipoprotein particles. The critical step in LDL detection is the selective 
separation of LDL from the other lipoprotein fractions (Snellings et al., 2003). A specific 
ligand for the LDL receptor is apoB-100 (Schumaker et al., 1994), a major apolipoprotein of 
LDL and a very large glycoprotein consisting of a single polypeptide chain of 4536 amino 
acid residues with a molar mass of 514 kDa (Yang et al., 1986). The entrapment of LDL in the 
arterial intima is mainly due to the specific interaction between the lysine-rich sites on apoB-
100 and the extracellular matrix (ECM) components such as collagen, proteoglycans (PGs), 
and glycosaminoglycans (GAGs) (D’Ulivo et al., 2010). Valuable techniques already exist for 
studies on apoB-100 and ECM interactions (D’Ulivo et al., 2009, 2010). In addition, other 
techniques as affinity chromatography and capillary electrochromatography are available 
for apoB–ECM interaction studies (D’Ulivo et al., 2009), but new microsystems and 
miniaturized instrumental tools are desirable to provide complementary information. 
D’Ulivo and collaborators (2010) explored the applicability of the QCM for interaction 
studies between apoB-100 peptide fragments and various components of the ECM. They 
selected three peptide residues from the apoB-100 sequence that are responsible for the 
binding of LDL with PGs (Skålén et al., 2002). One of these is a water-soluble peptide 
residue with 19 amino acids, positively charged (net charge of +6) that interacts selectively 
with the LDL receptor (Camejo et al., 1998). The second positive peptide, consisting of 42 
amino acids, has a net charge of +3. This peptide is fairly hydrophobic and soluble only in 
pure dimethyl sulfoxide and in lipids. Neutral peptide fragment with 11 amino acids was 
selected as control fragment, since it should not interact with the ECM components (D’Ulivo 
et al., 2009). Functionalized carboxyl and polystyrene sensor chips were used in this study to 



  
Biosensors for Health, Environment and Biosecurity 

 

222 

evaluate the interactions between apoB-100 peptide fragments and components of the ECM. 
D’Ulivo and collaborators (2010) showed that apoB-100 peptides interact with ECM 
components via electrostatic interactions, most likely involving their positive residues, 
lysine and arginine, and that the binding is selective for GAGs. 
Others reports describe the use of QCM for on-line monitoring of the adsorption of LDL 
onto cholesterol-modified dextran (CMD) (Liu et al., 2007). Because LDL particles are the 
main carries of cholesterol transfer and metabolism, accumulation of LDL is regarded as the 
first stage of atherosclerotic lesions. These researchers have been engaged in evaluatin the 
hydrophobic adsorbent, CMD, to investigate the kinetic adsorption curves. Experimental 
results showed that this system was capable to predict the adsorption capacities and 
concentrations at ng/l. Many researchers have been involved in development of different 
kinds of adsorbents including non-specific, selective adsorbents and immuno-adsorbent 
according to the molecular structure of LDL (Behm et al., 1989; Bosch et al., 1997). 
Piezoelectric technique can be associated to SPR technique to obtain new immunosensor 
devices. Immunosensors are affinity ligand-based biosensing devices that involve the 
coupling of immunochemical reactions to appropriate transducers. In recent decades, 
immunosensors have received rapid development and wide applications with various 
detection formats (Luppa et al., 2001; Stefan et al., 2000). The general working principle of 
the immunosensors is based on the fact that the specific immunochemical recognition of 
antibodies (antigens) immobilized on a transducer to antigens (antibodies) in the sample 
media can produce analytical signals dynamically varying with the concentrations of 
analytes of interest. Matharu et al. (2009a) obtained an accurate and specific human plasma 
LDL immunosensor based on SPR and QCM by immobilizing anti-apolipoprotein B 
(AapoB) onto self-assembled monolayer of 4-aminothiophenol (AT). The AapoB/AT/Au 
immunosensor detected LDL up to 0.252 μM (84 mg/dl) and 0.360 μM (120 mg/dl) with 
sensitivity of 475.39 Hz/μM and 977.96 m°/μM by QCM and SPR techniques, respectively. 
The analysis of the values of association constants at different temperatures and the 
enthalpy of adsorption (ΔHads) indicated the AapoB-LDL interaction to be endothermic in 
nature. The positive value of entropy (TΔSads) was found to be greater than ΔHads indicating 
the adsorption process to be entropy driven. Kinetic, thermodynamic, and sticking 
probability studies revealed that desorption of water from LDL and AapoB surfaces play the 
most important role in the binding of LDL to AapoB which enhances with increase in the 
temperature. In addition, a label-free and reusable AapoB/AT/Au immunosensor was 
fabricated for estimation of LDL. 

6. Surface plasmon resonance 

Due to the introduction of sensitive bench top instruments and the expansion in the range of 
strategies for studying biological or biochemical systems (Green et al., 2000; Oliveira et al., 
2011) in more recent times, SPR based techniques have found expanded use and recently 
they have been introduced in clinical studies (Matharu et al., 2009a, 2009b). The competitive 
advantages of such techniques include the fact that SPR can be applied to a wide range of 
biomedically relevant interfaces and allows both real-time qualitative and quantitative 
assessments of the prevailing biomolecular interactions while eliminating the need of 
labeling reagents and without any complex sample preparation. The use of SPR technique to 
probe ligand-ligate surface interactions is advantageous, since it is able to rapidly monitor 
dynamic process, such as adsorption or degradation. SPR provides further information on 
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the rate and extent of adsorption, enabling the determination of dielectric properties, 
association/dissociation kinetics and affinity constants of specific ligand-ligate interactions 
(Green et al., 2000). In addition, the SPR signal is highly sensitive to even small changes in 
the refractive index at the interface with a thin noble metal film (Helali et al., 2008). The 
phenomenon of anomalous diffraction on diffraction gratings due to the excitation of 
surface plasma waves was first described by Wood (1902). Otto (1968) and Kretschmann & 
Raether (1968) demonstrated the method of attenuated total reflection (ATR) for optical 
excitation of surface plasmons (SP). In the Otto setup, the light is shone on the wall of a 
prism and totally reflected. In this system a thin metal layer is positioned close enough, that 
the evanescent waves can interact with the plasma waves on the surface and excite the 
plasmons. In the case of Kretschmann configuration – widely used within the designs of 
most SPR instruments – relies on the phenomenon of ATR (Fig. 3). This phenomenon occurs 
when light travelling through an optically dense medium (e.g. glass) reaches an interface 
between this medium and a medium of a lower optical density (e.g. air), and is reflected 
back into the dense medium, and an evanescent wave penetrates through the noble metal 
layer (Green et al., 2000). The plasmons are excited at the outer side of the film. 

6.1 Theoretical background 
SPR is a quantum electromagnetic phenomenon arising from the interaction of light with 
free electrons at metal-dielectric interface, i.e., a charge-density oscillation propagating wave 
along the interface of two media with dielectric constants of opposite signs (Abdulhalim et 
al., 2008; Green et al., 2000; Homola et al., 1999; Lundstrom, 1994). A gold film in contact 
with a water interface is the most common system used in SPR experiments, since gold has a 
negative dielectric function () in the infrared and visible regions of the electromagnetic 
spectrum, whereas water has a positive dielectric function (Johnson & Christy, 1972). The 
energy carried by photons of light is transferred to collective excitations of free electrons, 
called SP, at that interface and this transfer of energy occurs only at a specific resonance 
wavelength of light when the momentums of the photon and the plasmon are matched 
(Abdulhalim et al., 2008). This condition is only satisfied at distinct angles of incidence, 
appearing as a drop in the reflectivity of incident light (Daghestani & Day, 2010; Novotny & 
Hecht, 2006). The field vectors of electromagnetic wave reach a maximum at the interface 
and decay evanescently with distance normal into a metal (typically gold or silver) and 
dielectric media. The SP propagates as an electromagnetic surface wave, which is a 
transverse magnetic-polarized wave (TM-PW). TM-PW can be defined as a magnetic vector 
perpendicular to the direction of propagation of the ESW and parallel to the plane of 
interface. Correlating the relationship between the wave vector along the interface and the 
angular frequency , the surface plasmons can have a range of energies that depends on the 
complex dielectric function of the metal (m) and the dielectric function of the adjacent 
medium (d), as shown by the following equation: 

 m d
sp

m d

k
c

 
 




 (4) 

where ksp is the wave vector of the SP,  is the angular frequency, c is the speed of light in a 
vacuum, and m and d are the permittivity of a metal and a dielectric material, respectively 
(Raether, 1988). In the Eq. 4, the real part determines the SP wavelength and the imaginary 
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part determines the propagation length of the SP along the interface, which is responsible 
for the evanescent field (Daghestani & Day, 2010). 
According to Smith & Corn (2003) SP can be directly excited by electrons; however, they 
cannot be excited directly by light because they have a longer wave vector than light waves 
of the same energy (klight = /c). The wave vector of a photon must be increased to convert 
the photon into SP. A monochromatic p-polarized light source is used in SPR measurements 
and the interface between the two optically dense media is coated with a thin metal film 
(Fig. 3). The Eq. 4 under conditions of ATR (Kretschmann configuration) becomes, 

 sinATR pk
c
    (5) 

where p is the dielectric constant of the prism, and  is the angle of incidence of the light on 
the metal film (Raether, 1988). 
 

 
Fig. 3. Schematic diagram of SPR Kretschmann configuration. SPR1 and SPR2 represents 
the relation of SPR angle in the absence and presence of species on the metallic surface, 
respectively. 

When the parallel component of the incident light is equivalent to the SP propagation 
constant, i.e., kSP = kATR (Eq. 4 and 5) a drop in reflectance will be found, due to the 
formation of an evanescent wave, that propagates through the metallic surface and interacts 
with the external medium (Damos et al., 2004), as follow: 

 sinm d
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which can be rewritten as 
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In this last expression it can be seen that the system optical properties, like the metal, prism 
and matrix dielectric constants, induce changes in the resonance angle, making it possible to 
apply the SPR phenomenon to monitor changes in the sensor surface (Damos et al., 2004). 
SPR technique relies on the principle that any changes on the dielectric sensing surface will 
cause a shift in the angle of reflectivity, followed by a detector, in order to satisfy the 
resonance condition (Daghestani & Day, 2010). 

6.2 SPR measurement 
In a simple SPR measurement, a target component or analyte is captured by the capturing 
element or so-called ligand and this ligand is permanently immobilized on the sensor 
surface previous to the measurement. The direct detection is the event of capturing the 
analyte by the ligand gives rise to a measurable signal. For each measurement, the surface is 
primed with a suitable buffer solution to create a baseline on the SPR curve (Green et al., 
2000). It is of vital relevance to have a reliable baseline before the capturing event starts 
(Tudos & Schasfoort, 2008). Once the biomolecule comes into contact with the surface, rapid 
adsorption occurs resulting in an increase in the SPR angle and is followed by a plateau in 
the adsorption profile due to saturation of the surface (Fig. 3a). Finally, the biomolecule 
solution is replaced with a buffer to remove loosely bound material. The difference between 
the SPR1 to SPR2 gives an indication on the extent of adsorption (Fig. 3b), and the positive 
gradient of the SPR adsorption curve determines the rate of adsorption (Damos et al., 2004; 
Green et al., 2000; Tudos & Schasfoort, 2008). 
 
 

 
 

Fig. 3. Sensorgram showing the steps of an analysis cycle of association and dissociation 
steps (a). A change in refractive index at the surface of the metal film will cause an angle 
shift from SPR1 to SPR2 (b). 

Often SPR measurements are carried out to determine the kinetics of a binding process. For 
realistic results it is vital to prevent immobilization from changing the ligand in a way that 
would influence its strength or affinity towards the target component (Tudos & Schasfoort, 
2008). 
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6.3 Optical LDL biosensor 
The SPR detects and measures changes in refractive index due to the binding and 
dissociation of interacting molecules at or in proximity to the gold surface. This change of 
the refractive index is proportional to the concentration of the interacting molecule and 
causes a shift in the angle of incidence at which the SPR phenomenon occurs. In addition, to 
explore monoclonal LDL antibodies in the interaction with the main protein constituent of 
human LDL (apoB-100) is possible to use a SPR-based biosensor to measure the 
multimolecular complex between MAbs and epitopes of the apoB-100 in real time. 
Robbio and collaborators (2001) using a SPR-based biosensor, studied the interaction of ten 
different murine MAbs (all IgG1), raised against apoB-100. These MAbs identify distinct 
domains on apoB-100, relevant to LDL-receptor interaction: epitopes in the amino-terminal 
region and in the middle region of native apoB-100. A multisite binding analysis was 
performed to further characterize the epitopes recognized by all these MAbs. The capacity 
of each MAb to interact with the entrapped apoB-100 in a multimolecular complex was 
monitored in real time by SPR. The results achieved were comparable to those obtained by 
western immunoblotting using the same reagents. However, SPR ensures a more detailed 
epitope identification, demonstrating that SPR technology can be successfully used for 
mapping distinct epitopes on apoB-100 protein in solution dispensing with labels and 
secondary tracers. 
In another study, some authors (Gaus & Hall, 2003) have been investigating the use of 
peptides for the development of new LDL biosensor.  Gaus & Hall (2003) selected short 
peptides sequences that showed binding selectivity towards native and oxidized LDL. 
Peptides were investigated for application in atherosclerosis risk monitoring using SPR 
technique. The peptides were immobilized on a gold SPR surface and LDL binding detected 
as a shift in the resonance. 3.7  107 (5.6  106) LDL/mm2/g/ml solution LDL were bound 
on GlySerAspGlu-OH and 6.8  107 (9.2  106) LDL/mm2/g/ml on GlyCystineSerAspGlu, 
compared with ~108 LDL/mm2/g/ml on LDL receptor ligand repeat peptide. They found 
a good correlation between LDL binding on these ligands and residual amino groups on the 
apoprotein of the LDL, which is an indicator of oxidation level. A very small sample (20 μl) 
could be taken for analysis and diluted 1:20 with physiological buffer prior to assay (giving 
total volume 0.4 ml). In addition to the obvious advantage in the required sample size, this 
has the effect of diluting potential plasma protein interference to levels where they no longer 
gave a significant background SPR response. 
According to Laffont et al. (2002) glycation is responsible for disruption of lipoprotein 
functions leading to the development of atherosclerosis in diabetes. Glycation is the result of 
the irreversible attachment of sugar moieties to NH2-protein groups, and is believed to play 
an important role in cardiovascular disease development among diabetic population 
through an impairment of lipoprotein functions. Glycation of lipoproteins as VLDL and 
HDL also affects their functional activities. Glycated VLDL display a higher residence time 
in plasma, are poorer substrates for lipoprotein lipase than non-glycated VLDL (Mamo et 
al., 1990), and glycation impairs paraoxonase activity in HDL (Hedrick et al., 2000). Laffont 
et al. (2002) also studied the effect of the early-glycation of apoE2, apoE3 and apoE4 on their 
binding to receptors. Glycated apoE binding to heparin and heparan sulfates (HS) was 
assessed by SPR technology (Laffont et al., 2002). Site-directed mutagenesis was then 
performed on Lys-75, the major glycation site of the protein. The prepared mutant protein 
proved to be useful as a tool to study the role of Lys-75 in apoE glycation. The results 
showed that, although glycation has no effect on apoE binding either to the LDL receptor 
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(LDL-R) or to scavenger receptor A (SR-A), it impairs its binding to immobilized heparin 
and HS. The glycation of Lys-75 was found to proceed rapidly and contributed significantly 
to total protein glycation. Laffont et al. (2002) showed that the glycation of Lys-75, a major 
glycation site in apoE, is a rapid process which contributes significantly to total apoE 
glycation. Although the glycation of apoE has no effect on its binding either to LDL-R or to 
SR-A, it impairs all three common apoE isoforms that bind to HS. 
Some authors (Kudo et al., 2001) have previously shown that Asp-hemolysin binds to 
oxidized LDL (OxLDL) in a concentration-dependent manner. They investigated the 
relationship between the oxidation extent of LDL and its binding activity to Asp-hemolysin, 
to assess the binding specificity of Asp-hemolysin for OxLDL with several scavenger 
receptor ligands and to attempt the real-time kinetic measurement of the Asp-hemolysin-
OxLDL interactions and calculations of the kinetic constants from SPR results. They showed 
that Asp-hemolysin has high affinity binding protein for OxLDL, and its binding specificity 
is distinct from any receptor for OxLDL. SPR studies revealed that OxLDL binds with high 
affinity (KD = 0.63 g/ml) to Asp-hemolysin. These studies suggest that Asp-hemolysin may 
bind to OxLDL using a mechanism different from the scavenger receptors. 
The self-assembly of molecular building blocks into ordered nanostructures is not only a key 
to various biological phenomena, but also an attractive route for fabricating novel 
biosystems. Choi et al. (2004) developed an antibody-based immunoassay system to detect 
LDL. The self-assembled monolayer of 11-mercaptoundecanoic acid (11-(MUA)) and 
hexanethiol mixture was fabricated to form the stable protein G layer. 3-
[(cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate (CHAPS) was used for the 
regulation of protein G aggregate immobilized on the 11-(MUA) surface. The generic 
property of CHAPS made it possible to regulate the amount of protein immobilized on the 
surface. The anti-LDL layer on self-assembled protein G using CHAPS was applied to SPR 
immunosensor for detection of LDL and its detection limit was 100 pM. The relation with 
the change of SPR minimum angle and surface structure of fabricated layers with respect to 
the introduction of CHAPS implicate the importance of molecular control for the 
enhancement of immunosensor performance. 
Although, some authors (Snellings et al., 2003) have fabricated an acoustic wave biosensor 
for detection of lipoprotein fractions using dextran sulfate (DS) modified self-assembled 
monolayer of 11-mercapto-1-undecanol on gold (Au) surface, it has been found that DS 
coating is more selective to LDL fraction as compared to other lipoprotein fractions. 
However, the authors could not achieve reproducibility for coating DS onto a similar surface 
and the sensor lacked specificity. 
Lectin-like OxLDL receptor 1 (LOX-1) is the major OxLDL receptor of vascular endothelial 
cells and is involved in an early step of atherogenesis (Sawamura et al., 1997). LOX-1 is a 
membrane protein with a type II orientation consisting of four domains and the extracellular 
part of LOX-1 comprises an 82-residue stalk region (NECK) and a C-type lectin-like ligand-
binding domain (CTLD). The CTLD is connected to the NECK domain that has a coiled–coil 
sequence, which promotes LOX-1 homodimerization (Ishigaki et al., 2007). Ohki and 
collaborators (2010) revealed the functional significance of the clustered organization of the 
ligand-binding domain of LOX-1 with SPR. They have been used biotinylated CTLD 
immobilized on a streptavidin sensor chip to make CTLD clusters on the surface. Their 
results showed that a single homodimeric LOX-1 extracellular domain had lower affinity for 
OxLDL in the supramicromolar range of dissociation constant (KD). Single LOX-1 receptor 
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per se does not exert the full binding ability to OxLDL. Monomeric CTLD has shown rather 
marginal binding to OxLDL. A multivalent interaction between the clustered LOX-1 and 
OxLDL should be essential to gain biologically significant binding activity. The experiment 
with the W150A (W150 residue locates at the dimer interface) mutant suggested that each 
LOX-1 in the cluster must retain the proper CTLD dimer; otherwise, LOX-1 loses the 
binding activity to OxLDL. Regarding the reduced activity of W150A, Ohki et al. (2010) 
cannot rule out the possible contribution of the “hydrophobic tunnel” that runs through the 
dimer interface of the CTLD. This tunnel is proposed to be engaged in OxLDL recognition. 
Ohki et al. (2010), in combination with the analyses on the loss-of-binding mutant W150A, 
concluded that the clustered organization of the properly formed homodimeric CTLD is 
essential for the strong binding of LOX-1 to OxLDL. It was important to evaluate and 
understand the mode of LOX-1 binding to OxLDL to explain the initial step of 
atherogenesis. 

7. Electrochemical techniques 

An important point to electrochemical sensor design lies in the molecular understanding of 
the relationship between surface structure and reactivity. The fabrication of sensor materials 
with unique response characteristics has created a pressing need to understand their 
chemical and physical properties. Understanding the fundamental process that govern 
sensor response in most cases leads to the development of electroanalytical devices with 
superior selectivity, excellent chemical stability, higher sensitivity, and lower detection 
limits. In order to meet these needs, it has been necessary to study various electrical 
processes that occur at the surface of the sensor or inside the sensor matrix itself. 
Electrochemical biosensors constitute a rapidly growing area of interest to biotechnologists. 
These devices combine the analytical power of electrochemistry with the specificity of 
biological molecules for particular substrates.  

7.1 Cyclic voltammetry 
Voltammetry belongs to a category of electro-analytical methods, through the information 
about an analyte that is obtained by varying a potential and then measuring the resulting 
current (Brett & Brett, 1993). It is, therefore, an amperometric technique. Since there are 
many ways to vary a potential, there are also any forms of voltammetry, such as: 
polarography, linear sweep, differential staircase, normal pulse, reverse pulse and more 
(Brett & Brett, 1993; Bard & Faulkner, 2001). 
Cyclic voltammetry (CV) measurements are the current signals based on the electrochemical 
species consumed and/or generated during a biological and chemical interaction process of 
a biologically active substance and substrate (Oliveira et al., 2009; Oliveira et al., 2011). CV is 
one of the most widely used forms and it is useful to obtain information about the redox 
potential and electrochemical reaction (e.g. the chemical rate constant) of analyte solutions 
(Brett & Brett, 1993). In this case, this voltage is swept between two values at a fixed rate, 
however, when the voltage reaches V2 the scan is reversed and the voltage is swept back to 
V1, as is illustrated in Fig. 4a. The scan rate, (V2-V1)/(T2-T1), is a critical factor, since the 
duration of a scan must provide sufficient time to allow for a meaningful chemical reaction 
to occur. Varying the scan rate, therefore, yields correspondingly varied results (Bard & 
Faulkner, 2001). 
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Fig. 4. Cyclic voltammetry waveform (a) and typical cyclic voltammogram (b). Epc (Epa) and 
ipc (ipa) are the potential and current at cathodic (anodic) peak, respectively. 

The voltage is measured between the reference electrode and the working electrode, while 
the current is measured between working electrode and the counter electrode. The obtained 
measurements are plotted as current vs. voltage, also known as a voltammogram. As the 
voltage is increased toward the electrochemical reduction potential, the current will also 
increase. With increasing voltage toward V2 past this reduction potential, the current 
decreases, having formed a peak as the analyte concentration near the electrode surface 
diminishes, since the oxidation potential have been exceeded (Brett & Brett, 1993). As the 
voltage is reversed to complete the scan toward V1, the reaction will begin to reoxidize the 
product from the initial reaction. This produces an increase in current of opposite polarity as 
compared to forward scan, but again decreases, having formed a second peak as the voltage 
scan also provides information about the reversibility of a reaction at a given scan rate (Bard 
& Faulkner, 2001). There are two components to the current: (a) a capacitive component 
resulting from re-distribution of charged and polar species at the electrode surface (non-
Faradaic process) and (b) a component resulting from exchange of electrons between the 
electrode and redox species immobilized at the electrode surface, or free in solution 
(Faradaic process) (Bard & Faulkner, 2001). At sufficiently oxidizing or reducing potentials, 
where the ratio of electron transfer between the electrode and the redox species in solution 
is sufficiently fast, the Faradaic current is controlled by the rate of diffusion to the electrode. 
Hence, for the reversible reduction of redox species O:  

 O ne R   (8) 

With a redox potential E0, the Faradaic current, if, will depend on the concentration gradient 
of O at the electrode surface: 

 0
[ ]

( ) 0f
d O

i nFAD x
dx

   (9) 

where, A is the area of the electrode, D0 is the diffusion coefficient of O, n is the number of 
electrons transferred and F is Faraday’s constant. By holding the working electrode at a 
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positive potential and then sweeping towards and beyond E0, the surface concentration of O 
will change in accordance with the Nernst equation: 

 0[ ]
exp[ ( )]

[ ]
O nF

E E
R RT

   (10) 

where, E is the electrode potential, R is the gas constant and T is the temperature in Kelvins.  
The shape of the voltammogram for a given compound depends not only on the scan rate 
and the electrode surface, which is different after each adsorption step, but also depends on 
the catalyst concentration. For example, increasing the concentration of reaction specific 
enzymes at a given scan rate will result in a higher current compared to the non-catalyzed 
reaction (Tan et al., 2005). 
The waveform of the voltage applied to a working electrode in CV is triangular shaped (i.e., 
the forward and reverse scan). Since, this voltage varies linearly with the time the scan rate 
is the slope (V/s). An example, of a CV for the reduction of ferricyanide to ferrocyanide 
(K4[Fe(CN)6]4-/K3[Fe(CN)6]3-) is shown in Fig. 4b. The peak shape of the reductive and 
reverse oxidative current vs. electrode potential curve (i-E) in Fig. 4b is typical of an 
electrode reaction in which the rate is governed by diffusion of the electroactive species to a 
planar electrode surface. That is the rate of the electron transfer step is fast compared to the 
rate at which ferricyanide is transported (diffuses) from the bulk solution to the electrode 
surface due to a concentration gradient, as ferricyanide is reduced to ferrocyanide. In such a 
case peak current, ip, is governed by the Randle-Sevcik relationship: 

 3/2 1/2 1/2b
pi Kn AD c   (11) 

where the constant K = 2.72  105, n is the number of moles of electrons transferred per mole 
of electroactive species (e.g., ferricyanide), A is the area of the electrode in cm2, D is the 
diffusion coefficient in cm2/s, cb is the solution concentration in mole/l, and  is the scan 
rate of the potential in V/s. 
The ip is linearly proportional to the bulk concentration, cb, of the electroactive species, and 
the square root of the scan rate, 1/2. Thus, an important diagnostic is a plot of the ip vs. 1/2. 
If the plot is linear, it is reasonably safe to say that the electrode reaction is controlled by 
diffusion, which is the mass transport rate of the electroactive species to the surface of the 
electrode across a concentration gradient. The thickness () of the diffusion layer can be 
approximated by ~[Dt]1/2, where D is the diffusion coefficient and t is time in seconds. A 
quiet (i.e., unstirred solutions) is required. The presence of supporting electrolyte, such as 
KNO3 in this example, is required to prevent charged electroactive species from migrating in 
the electric field gradient (Bard & Faulkner, 2001). 

7.2 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) has long been established as a sensitive 
technique to monitor the electrical response of a solid/liquid system subjected to the 
application of a periodic small amplitude AC signal. Analysis of the system response 
provides information concerning the solid/liquid interface and on the eventual occurrence 
of reactions at this local region (MacDonald, 1987). EIS is a non-destructive steady-state 
technique that is capable of probing the relaxation phenomena over a range of frequencies 
(Bockris et al., 2000; Bard & Faulkner, 2001; Macdonald, 1987). 
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The power of EIS lies in its ability to provide in situ information on relaxation times over the 
frequency range 106 to 10-4 Hz. It is a tool that has been used to identify and separate 
different contributions to the electric and dielectric responses of the biosystems. 
Impedance spectroscopy is a powerful method of analysing the complex electrical resistance 
of a system and is sensitive to surface phenomena and changes of bulk properties. The 
impedance Z of a system is generally determined by applying a voltage perturbation with 
small amplitude and detecting the current response. From this definition, the impedance Z 
is the quotient of the voltage-time function V(t) and the resulting current-time function I(t): 

 0

0

sin(2 )( ) 1
( ) sin(2 )

V ftV t
Z

I t I ft Y


 
  


 (12) 

where V0 and I0 are the maximum voltage and current signals, f is the frequency, t the time, 
 the phase shift between the voltage-time and current-time function, and Y is the complex 
conductance or admittance. The impedance is a complex value, since the current can differ 
not only in terms of the amplitude but it can also show a phase shift  compared to the 
voltage-time function. Thus, the value can be described either by the modulus Z and the 
phase shift  or alternatively by the real part Zr and the imaginary part Zi of the impedance. 
This is illustrated in Fig 5.    
 

 
Fig. 5. Impedance is a complex value that is defined as the quotient of the voltage (time) and 
current (time) functions. It can be expressed as the modulus Z and the phase angle , or it 
can be specified by the real (Zr) and the imaginary (Zi) parts of the impedance. 

Therefore, the results of an impedance measurement can be illustrated in two different 
ways: using a Bode plot which plots log Z and  as a function of log f, or a Nyquist plot 
which plots Zr and Zi. On the Nyquist plot the impedance (Fig. 6a) can be represented as a 
vector (arrow) of length Z . The angle between this vector and x-axis, commonly called the 
phase angle, is  (=argZ). 
Nyquist plots have one mayor shortcoming. When you look any data point on the plot, you 
cannot tell what frequency was used to record that point. This plot results from electrical 
circuit of Fig. 6b. Another popular representation method is the Bode plot. The impedance is 
plotted with log frequency on the x-axis and both the absolute values of the impedance  
(Z = Z0) and the phase-shift on the x-axis. 
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Fig. 6. Nyquist plot with impedance vector (a) and simple equivalent circuit with one time 
constant (b). 

In the typical biosensor application of EIS, the biological component is immobilized on the 
working electrode and the interaction with an analyte molecule is detected. The impedance 
of the sensing electrode (the working electrode modified with the biological component) 
controls the overall impedance. Like all electrochemical biosensors, impedimetric sensors 
are bioelectronic devices that make use of the interactions of biomolecules with a conductive 
(or semiconducting) transducer surface. The detection process involves the formation of the 
recognition complex between the sensing biomolecule and the analyte at the interface 
electronic transducer, which directly or indirectly alters the electrical properties of the 
recognition surface. 

7.3 Electrochemical LDL biosensors 
Cyclic voltammetry can be used to monitor the molecular interaction and explore 
association between biomolecules and LDL based on the modification at anodic and 
cathodic peaks. Nicolini’s group (Stura et al., 2007) improve the mechanical stability of 
electrodes based on P450scc for LDL-cholesterol detection and measure, using anodic 
porous alumina (APA). They have been shown, by means of CV measurements, that the 
sensitivity of the APA+P450scc system was slightly reduced with respect to the pure 
P450scc system, the readout was stable for a much longer period of time, and the measures 
remained reproducible inside a proper confidentiality band. To optimize the adhesion of 
P450scc to APA, a layer of poly-l-lysine, a poly-cation, was successfully implemented as 
intermediate organic structure. They obtained an optimization of the electron transfer's 
stability leading to the optimal detection of cholesterol in the clinical range concentration for 
longer times of use. 
In another work, Nicolini’s group (Antonini et al., 2004) employed Cytochrome 
P450sccK201E, mutated form of cytochrome P450scc native recombinant (P450sccNR), to 
study the enzyme–substrate interaction. The biochemical analysis was realized to observe 
the electrochemical responses of the engineerized enzyme to three different forms of 
cholesterol: free, LDL and high-density lipoproteins (HDL). The detection of the cholesterol 
was performed by electrochemical method using CV and chronoamperometry 
measurements. Compared to cytochrome P450sccNR, the cytochrome P450sccK201E 
displays a different behavior in the interaction with the substrate detection. The 
experimental data have shown that the mutation has improved the affinity between the 
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cytochrome P450 and the substrates; in particular, the best responses were found in the 
detection of cholesterol in HDL. CV and chronoamperometry results showed that 
electrochemical response of the mutant P450sccK201E and P450sccNR can be utilized for the 
cholesterol detection. 
Electrochemical methods associated with nanomaterials have been employed to develop 
electrochemical biosensor for the detection of LDL. More recently, a novel, sensitive, label-
free, LDL electrochemical biosensor was fabricated by adsorption of antibody to apoB-100. 
Yan et al. (2008) developed silver chloride/polyaniline (PANI) core-shell nanocomposites 
(AgCl/PANI) combined with gold nanoparticles (AuNPs) to prepare the AuNPs-
AgCl/PANI hybrid material. Yan et al. (2008) have been used a highly specific antibody, 
anti-apoB, that acts as a LDL receptor and fabricated an electrochemical biosensor by 
adsorption of anti-apoB on AuNPs-AgCl-polyaniline-modified glassy carbon electrode. The 
hybrid material could provide surface for high antibody loading due to its large surface-to-
volume ratio. Since each LDL has an apoB-100 on its phospholipids coat, they could be 
bonded to the electrode surface through the specific antibody-antigen reaction. EIS was used 
to characterize the recognition of LDL. The negative charges carried by LDL phospholipids 
coat would block the electron transfer of the K4[Fe(CN)6]4-/K3[Fe(CN)6]3- redox couple 
severely. In addition, the conductivity of LDL is very poor, so small amounts of LDL on the 
electrode could result in great change in the electron-transfer resistance. The biosensor 
exhibited a highly sensitive response to LDL with a detection limit of 0.34 pg/ml. 
In others studies, Langmuir-Blodgett (LB) films of polyaniline (PANI) were utilized for the 
fabrication of impedimetric immunosensor for detection of human plasma LDL by 
immobilizing anti-apoB via EDC-NHS coupling. Anti-apoB/PANI–stearic acid LB films 
immunoelectrodes studied by EIS spectroscopy revealed detection of LDL in the wide range 
of 0.018 μM (6 mg/dl) to 0.39 μM (130 mg/dl), covering the physiological range in blood, 
with a sensitivity of 11.25 kΩ μM−1 (Matharu et al., 2010). Therefore, from the different types 
of biosensors discussed above we showed that the possibility to detect LDL and modified 
LDL by piezoelectric, optical or electrical techniques such as QCM, SPR, VC and EIS are 
strategic in clinical diagnostics. 

8. Conclusion and future trend 

Studies based on LDL biosensors have been directed to decrease the detection time and 
develop new ways of detecting LDL and modified LDL. The techniques discussed here can 
provide information on the steady state or dynamics of real time events. Therefore, the 
combined application of QCM, SPR, VC and EIS is a powerful tool to the development of 
new biosensors for LDL and modified LDL. The trend in the clinical laboratory is the 
development of biosensors for multiplex detection targets. A biosensor that simultaneously 
measures multiple analytes (e.g., HDL, LDL, VLDL, modified LDL, total cholesterol, 
triglycerides, C-reactive protein and others) in a single assay and gives information about 
the cardiovascular risk profile in few minutes is a great challenge and warrants more studies 
in this field.  
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1. Introduction 
The detection of biomolecules, be it proteins or nucleic acids such as DNA or RNA, is a 
critical process in biomedical research and clinical diagnostics. With the former, it helps us 
to unravel the complexity of our human body, and provides important information down at 
the cellular and sub-cellular level that allows us to better understand what our bodies are 
comprised off, how they function, how they respond to disease and aging, or why they fail 
to respond. This information, when applied to clinical diagnostics, help better manage our 
health and enhance the quality of life.   
To generate any meaningful or conclusive information for clinical diagnostics, it is often 
needed to detect several targets simultaneously. Therefore technologies for performing 
biomolecular detection must be able to interrogate several targets at one time i.e. perform 
multiplexing. These targets can be proteins or nucleic acid targets from different cellular 
species, such as for infectious disease diagnosis, or from the same species i.e. along the same 
genome, such as single-nucleotide polymorphisms (SNPs) genotyping for 
pharmacogenomics. It can also be for identifying aberrant biomolecules from normal ones, 
such as mutation detection in cancer diagnostics and prognostics.  Therefore having a 
platform capable of performing multiplexed biological detection is an indispensable tool for 
accurate clinical diagnostics. 
Through advancement in molecular biology as well as in areas such as microelectronics, 
microfabrication, material science, and optics, there have been a proliferation of 
miniaturized platforms, or biosensors, for performing biological analysis based on a variety 
of multiplexing technologies. These ranged from those capable of detecting a few targets to 
those capable of interrogating hundreds or even thousands of targets. Here we attempt to 
provide a concise overview of such technologies, as well as provide some insight into a 
simple technology that we developed in-house. Due to the enormous amount of progress in 
this area, this is by no means a comprehensive overview. 

2. Review of current technologies 
2.1 Solution-based 
One of the most widely used technologies for multiplexed detection involves performing the 
detection within a single homogeneous solution. The best example of this is the multiplexed 
polymerase chain reaction (PCR). PCR, which is one of the most common techniques used in 
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molecular biology, involves using a pair of primers to amplify a certain fragment of a target 
DNA or RNA manifold, until there is sufficient amount for detection or further downstream 
analysis. In multiplex PCR, several pairs of primers are used to simultaneously amplify 
different fragments. It is relatively easy to perform multiplexing in PCR, because the 
primers can first be designed to amplify fragments of different sizes, and these fragments 
can then be detected based on their size differences, either using gel electrophoresis or high-
resolution melting on real-time PCR systems. Alternatively, the different fragments can also 
be targeted by different probes conjugated to fluorescent dyes of a specific color. Upon 
hybridizing to the targets, the probes emit an optical signal corresponding to their dye, 
which is detected in a real-time PCR system. 
Multiplex PCR is one of the most common techniques used in clinical diagnostics because 
the technology has matured significantly since its invention almost three decades ago. This 
is also rather easy to implement on biosensors, as the process can be carried out in 
microchambers (Merritt , 2010), or coupled to a capillary electrophoretic module (Thaitrong, 
2009). The ability to perform multiplexed detection in PCR results from (a) the unique 
feature in PCR that allows primers to be designed to amplify fragments of different sizes, (b) 
the ability of the gel electrophoresis or real-time PCR system to differentiate the fragments 
by size as a result of their difference in electrophoretic mobility or melting temperature, and 
(3) the ability to differentiate the probes through color-emitting dyes. Probes used in 
multiplex PCR are conjugated with fluorescent dyes that emit different wavelengths of light, 
allowing them to be differentially detected. As a result, there is always a need for powerful 
optical detection, being capable of exciting and detecting one or multiple wavelengths of 
light. Due to limitations in the number of different wavelengths of light that can be excited 
and detected, the number of different multiplexed targets that can be detected in a single 
reaction is generally not high. One way to overcome this limitation is to combine multiplex 
PCR with other technologies, such as microarrays. 

2.2 2-D microarray 
The development of microarrays is driven by the demand for high throughput multiplexed 
analysis, such as the mapping of the human genome. This platform enables hundreds of 
thousands of proteins or DNA probes to be precisely immobilized onto designated locations 
within a microscopic area of a silicon or glass substrate (Ramsay, 1998; Schena et al, 1995), 
with the different probes identified through their unique locations. The proteins or 
oligonuleotides can be immobilized onto the surface using a high precision robotic arrayer 
or synthesized in-situ using light-directed chemistry. With such high density chips, it 
becomes possible to perform massively parallel interrogation of a large number of targets, 
making microarrays a platform of choice for applications such as gene expression analysis 
(Rahmatpanah, 2009), SNP genotyping (Wang et al, 1998; Lindroos et al, 2001) and 
transciptome analysis (Li  et al, 2006).  
Since the inception of the microarrays about two decades ago, there has been a host of 
companies offering the technology commercially. United States-based Affymetrix is one of 
the first companies to offer commercial oligonucleotide microarrays, with its GeneChip one 
of the most widely-used microarrays in a variety of applications, such as in prediction of 
tumour relapse in hepatocecullar carcinoma patients (Roessler, 2010). Other companies 
include Agilent, which uses inkjet printing for oligo synthesis on its 2D microarrays (Fig. 1), 
Applied Microarrays and Roche NimbleGen. CombiMatrix's CMOS arrays have addressable 



 
Multiplexing Capabilities of Biosensors for Clinical Diagnostics   

 

243 

electrodes that have been developed for both DNA detection and immunoassays (Gunn, 
2010; Cooper, 2010). With the advent of microfabrication technology and with increased 
competition, the prices of these microarrays have come down significantly over the years, 
making the technology more accessible to the research and clinical diagnostics community.  
 

 
Fig. 1. Agilent's inkjet printing technology for oligonucleotide synthesis on 2D microarrrays 
A: the first layer of nucleotides is deposited on the activated microarray surface. B: growth 
of the oligos is shown after multiple layers of nucleotides have been precisely printed. C: 
close-up of one oligo as a new base is being added to the chain, which is shown in figure D. 
(Courtesy of Agilent Technologies. All rights reserved). 

2.3 3-D microarray 
Despite its high-throughput potential, the 2-D microarray format is restricted by the 
diffusion-limited kinetics, and electrostatic repulsion between the solution-phase targets and 
the densely localized solid-phase probes. Furthermore, the amount of probes that can be 
immobilized on the planar substrate, and hence the sensitivity and signal-to-noise ratio 
(SNR), is also somewhat limited. The introduction of 3-D microarrays go some way toward 
overcoming these limitations. These 3-D microarrays comprised of additional 
microstructures that are fabricated onto planar substrates to provide a high surface-density 
platform that increases the immobilization capacity of capture probes, enhances target 
accessibility and reduces background noise interference in DNA microarrays, leading to 
improved signal-to-noise ratios, sensitivity and specificity. 
An example of an early 3-D microarray is the gel-based chip (Kolchinsky & Mirzabekov, 
2002). The use of an array of nanoliter-sized polyacrylamide gel pads on a glass slide 
provides distinct 3D microenvironments for the immobilization of oligonucleotides. 
Compared to planar glass substrates, the gel-based format can be applied with a higher 
probe concentration of up to 100 fold, thereby increasing the SNR. The near solution-phase 
interaction between targets and probes within individual gel pads can also potentially 
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alleviate the problems associated with diffusion-limited kinetics. These gel-based 
microarrays have been successfully demonstrated for the detection of SNPs associated with 
β-thalassemia mutations (Drobyshev et al, 1997), and for the identification of 
polymorphisms in the human mu-opioid receptor gene (LaForge et al, 2000).  
Other 3-D structures fabricated onto planar surfaces include conical dendrons as well as 
micropillars (Hong et al, 2005). By fabricating conical dendrons, nano-controlled spacings 
can be created to provide enough room for the target strand to access each probe, thereby 
creating a reaction format resembling that in a solution (Fig. 2). As a result, the 
hybridization time can be reduced to significantly to allow effective discrimination of single-
nucleotide mismatches (Hong et al, 2005). 
 

 
Fig. 2. Schematic diagram showing improved DNA hybridization onto a dendron-modified 
substrate as compared to that of a normal substrate. 

Ramanamurthy et al (2008) reported the fabrication of ordered, high-aspect ratio 
nanopillar arrays on the surface of silicon-based chips to enhance signal intensity in DNA 
microarrays (Fig. 3). These 150-nm diameter nanopillars were found to enhance the 
hybridization signals by up to 7 times as compared to flat silicon dioxide substrates. In 
addition, hybridization of synthetic targets to capture probes that contained a single-base 
variation showed that the perfect matched duplex signals on dual-substrate nanopillars 
can be up to 23 times higher than the mismatched duplex signals. The Z-Slides microarray 
from United States-based company Life Bioscience comprises micropillars and nanowells 
to enhance spot morphology and eliminate cross-talk between probe sites. By detecting 
only the pillar surfaces which are several hundred microns from the base, background 
noise is removed from the microarray scan. 
A 3-D microarray which is markedly different from the above-mentioned approaches 
involves immobilizing oligonucleotide probes onto a single thread instead of a planar 
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substrate (Stimpson et al, 2004). The thread is subsequently wound around a core to form a 
compact, high-density SNP detection platform. Hybridization can be carried out by 
immersing the thread-and-core structure into a target solution, and completed within 
approximately 30 min. This platform has been demonstrated for the analysis of SNPs in 
CYP2C19, an important cytochrome P450 gene (Tojo et al, 2005).   
 

 
Fig. 3. SEM images of the nanopillars fabricated on silicon-based biosensors. (a) Single-
substrate nanopillars consisting SiO2. (b) Dual-substrate nanopillars consisting SiO2 layer 
atop the Si pillar. (c) Very high-aspect ratio dual-substrate nanopillars. (d) Dense array of 
ordered dual-substrate nanopillars. Scale bars are all 500 nm. 

2.4 Bead microarray 
One of the best examples of 3-D microarrays, and perhaps also one of the most successful 
commercially available platforms, is the bead microarray. Unlike 2-D microarrays, the high 
surface-to-volume ratio of beads allows a larger amount of probes to be immobilized to 
improve the detection signals and signal-to-noise ratios. The small size of beads can further 
reduce the reaction volume, and the use of microfluidics in bead arrays can shorten the 
hybridization time to < 10 min, a 50 to 70-fold reduction as compared to conventional 
microarrays (Ali et al, 2003). Unlike 2-D or the 3-D microarrays discussed, probes are usually 
conjugated onto the beads prior to them being immobilized onto the microarrays. The major 
challenge, therefore, in developing bead arrays is to identify the identities or their 
corresponding immobilized probes of those randomly assembled beads in multiplexed 
analyses.  
The most common strategy is to encode beads with colorimetric signatures using 
semiconductor nanocrystals, visible dyes or fluorophores, and subsequently decode them 
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through visual or fluorescence detection (Mulvaney et al, 2004). Color-encoded beads are 
produced by embedding them with semiconductor nanocrystals, visible dyes, or 
fluorophores and subsequently decoded through visual or fluorescence detection. For 
example, Li et al (2001) mixed blue, green and orange fluorophores to yield 39 different 
codes for encoding 3.2 μm-diameter polystyrene beads assembled onto a wafer. 
Alternatively, two fluorophores can be mixed in different proportions to yield 100 
distinguishable bead types that are subsequently decoded using two laser beams, as in the 
Luminex xMAP technology (Dunbar, 2006) (Fig. 4). The emission characteristics of organic 
fluorescent dyes are affected by changes in temperature, which may result in some bias 
when used in temperature-dependent studies (Liu et al, 2005). The fluorescent dyes also 
suffer from photobleaching and this can significantly affect the discriminability between 
color codes, particularly if they are distinguished by the difference in their intensities.  
Quantum dots, which are photostable, have size-tunable emission wavelengths, and can be 
excited by a single wavelength to emit different colors at one time, are widely used to 
distinguish beads. Han et al. (2001) incorporated quantum dots at different intensities and 
colors to yield spectrally distinguishable polymeric beads of up to 10 distinct types (Fig. 4). 
Using 5-6 colors, each at 6 intensity levels, it is possible to achieve up to 40 000 codes using 
this approach, although this has yet to be demonstrated. These techniques for color 
encoding beads are straightforward in that the color-emitting agents are directly 
impregnated into the beads. However, this also means that the encoder signals cannot be 
removed, resulting in possible interference between the encoder and reporter signals. To 
avoid this, the number of reporter dyes available for use would inadvertently be reduced. 
Also, encoding the beads into unique color codes is challenging as the color-emitting agents 
must be mixed in precise proportions. The difficulty in distinguishing a large number of 
color codes further means that only up to 100 color codes have been demonstrated so far, 
limiting them to low or medium throughout applications (Xu et al, 2003; Li et al, 2004). 
 

 
Fig. 4. (a) A set of 100 distinguishable bead types can be created by mixing precise 
proportions of two fluorescent dyes, and subsequently detected using a flow cytometer with 
two laser beams. (Courtesy of Luminex Corporation. All rights reserved). (b) Quantum dot 
nanocrystals of 10 different emission colors incorporated into the beads to create spectrally 
distinguishable types. (Adapted by permission from Macmillan Publishers Ltd: Nature 
Biotechnology, copyright 2001). 
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Beads within an array can also be individually addressed using barcodes. A graphical 
barcode can also be written inside fluorescently dyed beads through a technique termed 
“spatial selective photobleaching of the fluorescence” (Braeckmans, 2001). Using a specially 
adapted laser scanning confocal microscope, any sort of pattern can be photobleached at any 
depth inside the fluorescently dyed bead. This technique was used to photobleach a barcode 
of different band widths onto 45 μm-diameter fluorescent beads. The advantages of this 
technique are that only a single fluorescent dye is needed in the encoding scheme, and the 
number of codes achievable is virtually unlimited. However, there is still the problem of 
interference between the encoder and reporter fluorescence signals, while the effects of 
photobleaching during the decoding stage might alter or degrade the barcode.  
A widely used bead microarray platform for biological detection and clinical diagnostics is 
the commercial BeadArray from Illumina, a market leader in high-throughput bead 
microarrays. It assembles 3-micron silica beads onto a fiber optic of planar silica slides, for a 
range of DNA and RNA analyses. There is also the Veracode technology, which uses digital 
holographic barcode to identify the beads (Lin et al, 2009) (Fig. 5). When excited by a laser, 
each microbead, which has a pillar-like rather than spherical shape, emits an image 
resembling a barcode. Using this method, it becomes possible to have virtually unlimited 
number of different bead types. The platform can be applied to both protein-based or DNA-
based assays. 
 

 

 
Fig. 5. Illumina's BeadArray (top panel) and Veracode technology (bottom panel). (Courtesy 
of Illumina. All rights reserved) 



  
Biosensors for Health, Environment and Biosecurity 

 

248 

3. A simple spatially addressable bead-based biosensor 
We describe here some of our own work in developing a biosensor that allow different bead 
types to be incorporated and addressed with minimal efforts for encoding and decoding, 
simplifying the development and usage of such devices (Ng et al, 2010). To achieve that,  
different bead types are incorporated and identified based on their spatial addresses (akin to 
microarrays) without the need for color-coding (Fig. 6). Beads of a certain type are spotted 
onto a polymeric micro-matrix (or gel pad) fabricated on the surface of the biosensor. The 
natural immobilization of the beads by the gel pad allows each bead to be anchored within 
the gel pad on a unique location, acquiring spatial addresses that can be easily recorded via 
an acquired image. Beads of a second type spotted over the same gel pad take up spatial 
addresses distinct from those of the first bead type, allowing the two bead types to be easily 
distinguished. This is repeated for immobilizing and distinguishing further bead types on 
the gel pad, obviating the need for prior encoding and tedious decoding of beads. The 
throughput can be increased by further spotting many different bead types onto the 
hundreds of gel pads on each biosensor. We demonstrate the use of this bead-based 
biosensor for detection of six common South-east Asian beta-globin gene mutations within 
30 min, demonstrating its potential as a simple tool for rapid beta-thalassemia carrier 
screening.   
 

 
Fig. 6. Schematic representation of the spatially addressable bead-based biosensor  (Adapted 
from Ng et al, 2010, copyright Elsevier Inc). 

3.1 Biosensor fabrication 
The biosensor consisted an array of 19 x 24 polyacrylamide gel pads fabricated on a glass 
slide (Corning, Corning, NY) pre-treated with Bind Silane (GE Healthcare, Piscataway, NJ). 
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The gel pads had horizontal and vertical pitch of 300 μm, and each gel pad further 
comprised a 10 x 10 array of micropillars (10x10x10 μm) with horizontal and vertical pitch of 
10 μm (Fig. 7). A photopolymerization process described previously was used to create the 
array of gel pads (Proudnikov et al., 1998), after which the glass slide was treated in 0.1M 
NaBH4 for 30 min to reduce gel pads auto-fluorescence. 
The Biochip Arrayer (PerkinElmer, Boston, MA) was used to spot beads onto singular gel 
pads on the device. Each gel pad was spotted with about 5 nL of a particular bead solution 
(~ 9000 beads/µL), and then left to dry at room temperature for 2-3 min to allow beads 
immobilization to the gel. Beads can also be spotted manually using a pipette, although this 
required a larger amount of bead solution (0.25 μL) per spot and the beads usually covered 
2-4 gel pads simultaneously. Positions of each spotted bead type were then recorded via 
autofluorescence images for determining their spatial addresses. This was repeated until all 
bead types for detecting a particular target were immobilized on the same gel pad. The 
device can then be capped with a microfluidic module for sample flow-through, or the 
buffer can also be applied over the spotted beads without the module. The 
polydimethylsiloxane (PDMS) module was fabricated using common soft lithographic 
techniques (Duffy et al., 1998).  
 

 
Fig. 7. The bead-based biosensor. (A) The device comprised an array of polyacrylamide gel 
pads on a glass slide. Each gel pad further comprised an array of micropillars. (B) Image 
after spotting the first bead type onto the gel pad. The spatial address for each bead is 
recorded in terms of their x, y coordinates. (C) Image after spotting a second bead type 
(black arrows) and finally (D) a third bead type (white arrows).  (Adapted from Ng et al, 
2008, copyright Elsevier Inc). 
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3.2 Oligonucleotide probes and targets 
The six common South-east Asian beta-globin gene mutations selected for this study were -
28 A→G, -29 A→G, IVSI5 G→C, IVSI1 G→T, Cd26 GAG→AAG, and IVSII654 C→T. For 
each mutation, allele-specific probes were designed to hybridize with perfect 
complementary to either the wildtype or mutant variant (Table 1). A biotin moiety was 
added to the 5’ end of each probe, and conjugation of probes to 9.95 µm streptavidin-
modified polystyrene beads was carried out according to previously described protocol (Ng 
et al., 2008).  
PCR was carried out to amplify two fragments of the beta-globin gene, with the first 
fragment (319 bp) encompassing the Exon 1 which incudes all the targeted mutations other 
than IVSII654 C→T, which was contained in the second fragment (128 bp). Primer sequences 
were: Frag1-F: 5’-Cy3-ACggCTgTCATCACTTAgAC-3’ (Genbank HUMHBB sequence 
62010-62029); Frag1-R: 5’-CCCAgTTTCTATTggTCTCC-3’ (HUMHBB sequence 62328-
62309); Frag2-F: 5’- Cy3-TgTATCATgCCTCTTTgCACC-3’ (HUMHBB sequence 63227-
63247); and Frag2-R: 5’-CAATATgAAACCTCTTACATCAg-3’ (HUMHBB: 63354-63332).  
Genomic DNA (100 ng) was amplified in a total volume of 50 µL containing 0.5 µM each of 
the two sets of primers, 200 µM of each deoxynucleotide triphosphate, and 1 U of 
HotStarTaq DNA polymerase in 1× supplied PCR buffer (Qiagen). Amplification was 
carried out in an iCycler thermal cycler (BioRad) with an initial denaturation at 95 ºC for 15 
min, followed by 35 cycles at 98 ºC for 30 s, 55 ºC for 30 s, and 72 ºC for 30 s, and a final 
extension at 72 ºC for 5 min. Products were then re-amplified with only the forward primers 
to generate ssDNA for allele-specific hybridization. 
 

Probe name Mutation targeted Sequence (5’-3’) 
-28,-29_WT -28/-29 WT CCTgACTTTTATgCCCAg 

-28_MT -28 MT CCTgACTTCTATgCCCAg 
-29_MT -29 MT CCTgACTTTCATgCCCAg 

IVSI5,1_WT IVSI5/1 WT CTTgATACCAACCTgCCC 
IVSI5_MT IVSI5 MT CTTgATAgCAACCTgCCC 
IVSI5_WT IVSI1 MT CTTgATACCAAACTgCCC 
Cd26_WT Cd26 WT gggCCTCACCACCAAC 
Cd26_MT Cd26 MT gggCCTTACCACCAAC 

IVSII654_WT IVSII654 WT TTgCTATTgCCTTAACCC 
IVSII654_MT IVSII654 MT TTgCTATTACCTTAACCC 

WT: wild-type, MT: mutant 

Table 1. Probe sequences for targeting each of the beta-globin gene mutations selected for 
this study. (Adapted from Ng et al, 2010, copyright Elsevier Inc). 

3.3 Hybridization and signal detection 
Re-amplified PCR products were purified using the Microcon YM-30 filter device 
(Millipore) before being diluted to a 10 µL hybridization solution containing 500 mM NaCl 
and 30% formamide. Hybidization was carried out by pipetting the solution over the 
spotted beads. After 30 min incubation, the device was rinsed briefly with a solution 
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containing only 500 mM NaCl and 30% formamide, and signal capture was carried out by 
fluorescence imaging. The imaging system comprised an epifluorescence microscope (BX51, 
Olympus), 100 W mercury lamp and fluorescence filter set 41007 (Chroma Technology). 
MetaMorph 5.0 (Molecular Devices) was used to control acquisition of 12-bit monochrome 
bead images at 2 s exposure from a SPOT-RT Slider cooled-CCD camera (Diagnostic 
Instruments), and bead signals were quantitated using the modified version of a software 
developed in-house previously (Ng and Liu, 2005).  

3.4 Results and discussion 
To demonstrate detection of the six beta-globin gene mutations, six human samples 
heterozygous for -28 A→G, -29 A→G, IVSI5 G→C, IVSI1 G→T, Cd26 GAG→AAG, and 
IVSII654 C→T, and one homozygous for IVSII654 C→T were analyzed using the bead-based 
biosensor. All samples were genotyped previously by direct sequencing or multiplexed 
minisequencing (Wang et al., 2003). Wildtype and mutant probes targeting each mutation 
were conjugated to distinct bead sets, spotted onto a particular gel pad on the device, and 
distinguished based on their spatial addresses (Fig. 8A). Probes were designed with the 
targeted mutation as near as possible to its centre region, in order to increase the 
discrimination between matched and mismatched duplexes. Due to the proximity between 
the -28 and -29 mutations, as well as between the IVSI1 and IVSI5 mutations, each pair of 
mutations must be detected simultaneously on a single gel pad by four sets of probes to 
cover all possible genotypes.  However, due to the lack of samples compound heterozygous 
for -28/-29 and IVSI1/IVSI5, only three sets of probes were required in this study for each 
pair of mutations.  
Fig. 8B shows the signal intensity from the wildtype and mutant probes used to target each 
mutation. All seven different samples were correctly genotyped using the device. For 
heterozygous mutations, signal intensities from the wildtype probes did not differ 
significantly from that of the mutant probes, attaining student t-test p-values > 0.05 for all 
except IVSII654 which had a slightly lower p-value of about 0.01. In the absence of a 
mutation, the wildtype probe intensities were significantly higher than that of the mutant 
probes, with p-values far lower than 0.001. For the homozygous IVSII654 mutation, the 
mutant probe intensity was significantly higher than the wildtype probe, attaining a p-value 
< 0.0001. This similarity or significant difference between wildtype and mutant probe 
intensities allowed correct identification of the heterozygous mutant and homozygous 
wildtype (or mutant) samples respectively.  
The spatially addressable bead-based biosensor offers an alternative tool for simple yet 
efficient and rapid detection of beta-thalassemia mutations. The device is comprised simply 
of a glass slide fabricated with a thin polyacrylamide matrix on its surface using a 
photopolymerization process that is faster (~ 45 min) and far less complicated than 
conventional photolithographic techniques for making silicon chips. The main advantage of 
the device is its ability to distinguish different bead types without the need for prior time-
consuming and laborious techniques such as color-encoding (Braeckmans et al., 2002). This 
is due to the natural immobilization of the beads to the polyacrylamide gel pads, thus 
allowing the beads to acquire unique spatial addresses. Detection is achieved by applying 
the solution of PCR-amplified targets over the region of the spotted beads for passive 
hybridization to occur, which obviates the need for microfluidic mixing and thus 
microchannels. This further simplifies the fabrication process, lowers the cost of the device, 
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Fig. 8. Allele-specific hybridization on the device. (A) Typical example of the beads spotted 
onto a gel pad. Probe-beads targeting Cd26 wildtype variant were spotted onto a gel pad, 
followed by those targeting the mutant variant (red arrows). Difference in probe intensities 
showed sample to be of homozygous Cd26 normal genotype. (B) Signal intensity from the 
wide-type (■) and mutant (■) probe-bead targeting each of the six mutations selected for this 
study. (Adapted from Ng et al, 2010, copyright Elsevier Inc). 
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and reduces the sample volume required (< 10 µL). Despite the lack of microfluidic mixing, 
detection is achieved in 30 min, although this might possibly be even faster, given that we 
have achieved hybridization on this device within 10 min, albeit with synthetic targets (Ng 
et al., 2008). 

4. Conclusion 
The advent of biosensors has allowed biomedical research and clinical diagnostics to 
leverage upon the advantages of miniaturization, such as reduced sample volumes, faster 
reaction times, and the possibility of multiplexed detection. The last point is of particular 
importance, since the simultaneous detection of multiple targets at once has resulted in 
significant time savings, particularly for applications requiring high-throughput. Often, 
multiple targets must be detected in order to draw any meaningful conclusion in clinical 
diagnosis. So much progress has been made in this field such that it is now possible to 
utilize high throughput platforms such as microarrays to interrogate thousands of targets at 
once. The crucial role played by these technologies, such as multiplex PCR and the various 
forms of  2D, 3D and bead-based microarrays, in the past decades is indisputable, and will 
continue to be so. However several challenges exist. 
First, it is important to reduce the cost of some of these technologies so as to make it more 
affordable, particularly for clinical diagnostics. For example, systems for real-time PCR can 
be quite costly, due in part to the high precision optical detection modules found within. 
With advances in optics, both light sources (e.g. LEDS) and detectors (e.g. digital cameras) 
are getting more affordable, which would help to bring down the costs of such systems. 
Also, part of the costs are attributable to the licensing issues. Manufacturers of real-time 
PCR systems and reagents have to pay a license fee including royalties to the original patent 
owners. With time, some of the patent protections will expire soon, so prices should also 
come down, as in the case of the patent expiry of the Taq polymerase in 2006. The 
manufacturing costs for microarrays and its bead-based counterpart are also high. 
Hopefully with advances in manufacturing technologies, the cost can eventually be reduced. 
Second, it is important for these technologies to be of sufficient sensitivity and specificity in 
order to meet the standards required in clinical diagnostics. Real-time PCR has no problems 
with that, since it is not uncommon for it to achieve a sensitivity and specificity close to 
100%. 2-D microarrays, on the other hand, might face more of a challenge. The diffusion-
limited kinetics, steric hindrances and high noise contributed by the planar surface might 
somewhat affect sensitivity and specificity. It is important to ascertain that the microarrays 
can reproducibly meet the required levels of sensitivity and specificity before its application 
to clinical diagnostics. 
Third, the reaction times for some applications can still be rather high, particularly for the 
microarrays. It is desirable to reduce these times further since clinical diagnostics often 
require a fast turn around time to minimize patient anxiety and to aid decision making in 
disease management. 
Finally, with the advent of modern technologies, some of the multiplexing technologies 
discussed here might find themselves being slowly displaced. Sequencing is a method used 
to decipher the order of bases along a DNA. Traditionally slow, it is now possible to 
perform massively parallel sequencing on high-throughput platforms to speed up its rate. 
Known as next generation sequencing, thousands of sequences can now be generated at 
once, using commercial sequencers from companies such as Illumina (Solexa), Roche (454) 
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and Applied Biosystems. Some of these platforms, like the SOLiD system from Applied 
Biosystems, can generate up to 60 gigabases of DNA sequence per run. With these advances 
in next generation sequencing comes the race for rapid and low cost full genome 
sequencing. The Archon X Prize for Genomics was established in October 2006 to award 
US$10 million to "the first Team that can build a device and use it to sequence 100 human 
genomes within 10 days or less, with an accuracy of no more than one error in every 100,000 
bases sequenced, with sequences accurately covering at least 98% of the genome, and at a 
recurring cost of no more than $10,000 per genome”. As of January 2011, the prize is yet 
unclaimed. However, the possibility of being able to sequence an entire human genome 
accurately, cheaply and rapidly in future might supplant some of today’s multiplexing 
technologies like the DNA microarray.  
In summary, multiplexing capabilities in biosensors have come a long way and will 
continue to advance rapidly in the next decade, with a large number of companies pouring 
in large sums of monies into research and development. The ideal platform will be one 
offering high-throughput, rapid and low cost diagnostics. Whether that can be realised in 
the near future remains to be seen. 
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1. Introduction 

Human serum albumin (HSA), with a molecular weight of approximately 67 kDa, is a 
negative acute-phase protein and is the most abundant and characteristic globular 
unglycosylated serum protein. It is predominantly synthesized in the liver and mainly plays 
a role in mediating blood volume and regulated by the colloid osmotic pressure (COP) of 
interstitial fluid bathing the hepatocyte (West, 1990; Peters, 1996). HSA plays an important 
physiological role as a transporter for various substances. It has a good binding capacity for 
water, metals (Ca2+, Na+, K+), fatty acids, hormones, bilirubin, ligands, therapeutic drugs 
and metabolites (Prinsen & de Sain-van der Velden, 2004). In plasma, albumin was 
comprised about 50% of total plasma protein. This implies that 10-15 g of albumin is 
produced per day in healthy subjects, which is about 0.4 mg albumin per gram liver per 
hour. The high steady-state concentration in plasma is 30 to 50 mg/mL (Ballmer et al., 1990). 
The albumin is minimal urinary loss in healthy subjects. Around 70 kg of albumin that 
passes through the kidneys each day, only a few grams pass through the glomerular 
membrane. Nearly all of this is reabsorbed, and urinary loss is usually no more than 10–20 
mg per day. Therefore, HSA level in plasma is confirmed to be as a reliable indicator for the 
prognosis and severity of several diseases, such as liver disease, renal function, infectious 
disease, and cancer. Hypoalbuminemia, lack of albumin, results from liver disease, over 
excretion from kidney, excess loss in gastrointestinal system, burns, acute disease, drug 
effect or malnutrition. Hyperalbuminemia is a sign of serve dehydration or maybe result 
from the retinol deficiency that all-trans retinoic acid moderate HSA (Rothschild et al., 1988; 
Moshage et al., 1987; Mariani et al., 1976; Chlebowski et al., 1989; Phillips et al., 1989; Gross 
et al., 2005). 
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Self-assembled monolayers (SAMs) have received a great deal of attention for their 
fascinating potential technical applications such as nonlinear optics and device patterning 
(Horne & Blanchard, 1998; Morhard et al., 1997; Bierbaum et al., 1995). They also have been 
used as an ideal model to investigate the effects of intermolecular interactions in the 
molecular assembly systems (Schertel et al., 1995; Yan et al., 2000; Himmel et al., 1997; Jung 
et al., 1998). SAMs have been traditionally prepared by immersing a substrate into a solution 
containing a ligand that is reactive to the substrate surface or by exposing the substrate to 
the vapor of the reactive species. The most common utilization of the SAMs system is the 
application of alkanethiolates (AT) on gold (Au), rather than other metals such as platinum, 
copper, or silver, because gold does not have stable oxide compounds and easily forms a 
bond with sulfur. The AT SAMs not only provides an excellent model system to study 
fundamental aspects of surface properties such as wetting (Laibinis et al., 1992) and 
tribology (Joyce et al., 1992), but also is a promising candidate for potential applications in 
the fields of biosensors (Gooding &Hibbert, 1999), biomimetics (Erdelen et al., 1994) and 
corrosion inhibition (Laibinis & Whitesides, 1992).   
The quartz crystal microbalance (QCM) with an A-T cut quartz slide equipped with 
electrodes has been used in various fields, such as environmental protection, chemical 
technology, medicine, food analysis, and biotechnology (King, 1964; Guilbault, 1983; 
Guilbault et al., 1988; Guilbault & Luong, 1988; Guilbault et al., 1992; Fawcett et al., 1988). It 
has been widely used for substance measurement in liquid environments. Previously, 
research has revealed that measurements in liquid environments are very complicated. 
Several variations in liquid environments, such as characteristics of crystals and factors of 
surface interactions, should be controlled and calibrated with accurate and precise machines 
and mathematical formulas (Attli & Suleman, 1996; Nie et al., 1992; Muramatsu et al., 1988; 
Voinova et al., 2002). Besides, the amount of sample used in aqueous environments often 
requires more than can be acquired for analysis from the human body and may be a 
limitation for use as a clinical immunosensor. The detection theory for QCM can be 
explained by the Sauerbrey equation, which calculates that the mass change is proportional 
to the oscillation frequency shift of the piezoelectric quartz crystal (O'Sullivan & Guilbault, 
1999). Equation 1 shows the Sauerbrey equation in gas phase. ΔF: the frequency shift (Hz); F: 
basic oscillation frequency of piezoelectric quartz (Hz); A: the active area of QCM (cm2); ΔM: 
the mass change on QCM (g). 

 
2

62.3 10
F M

F
A

 
                                   (1) 

This experiment completes a study for a potential biomedical application of functionalized 
SAMs with the immobilized anti-HSA monoclonal antibody, and a QCM system using the 
SAMs chip for HSA quantification. The attachment of anti-HSA monoclonal antibody to a 
SAMs surface was achieved using water soluble N-ethyl-N'-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) as coupling agents. 
Surface analyses were utilized by Atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS) and Fourier-transformed infrared reflection-reflectance absorbance 
spectroscopes (FTIR-RAS). The quantization of immobilized antibody was characterized by 
the frequency shift of QCM and the radioactivity change of 125I labeled antibody. In 
summary, the limit of detection (LOD) and linear range of the calibration curve of the QCM 
method were 10 ng/ml and 10 to 1000 ng/ml. The correlation coefficients of HSA 
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concentration between QCM and ELISA were 0.9913 and 0.9864 for the standards and serum 
samples, respectively. This report illustrates an investigation of SAMs for the preparation of 
covalently immobilized antibody biosensors. 

2. Surface formation, modification and characterization 

QCM chips (16MHz, diameter of quartz: 0.8 cm, diameter of Au: 0.5 cm, Yu-kuei, Taiwan) 
were cleaned by the soxhlet extraction process using a solution (methanol and acetone 1:1) 
for 24 hrs. Then, the QCM chips were cleaned with ultra pure ethanol (RDH 32205, Riedel-
deHaën), and dried with nitrogen. The QCM chips were immersed into a 0.5 mM 11-
mercaptoundecanoic acid (11-MUA, C11H22O2S, 450561, Aldrich) ethanol solution for 8 
hours and rinsed with pure ethanol twice. The alkanethiols adsorbed spontaneously from 
solution onto the Au surface. The functionalized thiol groups were chemisorbed onto the Au 
surface via the formation of thiolate bonds. After being dried by nitrogen, the surface 
analysis was performed by X-ray photoelectric spectroscopy (XPS) and Fourier-transformed 
infrared spectroscopy (FTIR).  

2.1 Atomic force microscopy image of QCM ship surface 
The QCM chip surface was analyzed by the Atomic force microscopy (AFM). The AFM 
image was acquired with a Slover PRO (NT-MDT, Russia) atomic force microscopy in 
ambient pressure. The semi-contact mode was used with a frequency of 0.5 μm/s to scan an 
area of 10×10 μm2. The AFM probe was a golden silicon probe (NSG11, NT-MDT, Russia) 
with the length, width, thickness, resonant frequency and force constant as 100 mm, 35 μm, 
2.0 μm, 255 kHz and 11.5 N/m2, respectively. 
A rough chip exterior may cause an uneven SAMs surface. To investigate the topology 
characteristics of the surface, AFM was used to observe the QCM chip surface. In Figure 1, 
the image of the topographical map taken in the semi-contact mode of a 10×10 μm2 zone is 
shown. Figure 1(a) is a surface image of the QCM chip, and Figure 1(b) shows the three-
dimensional structure. This impressive image in Figure 1(b) shows a very clear set of surface 
roughness with a mean depth of about 1.2 μm. A rough surface may provide the 
opportunity to increase the reaction surface and the effectiveness antibody immobilization. 
Most SAMs studies were established on the ideal, well-ordered and smooth single-crystal 
silicon (100 or 111) wafers primed with a metal adhesion layer (Weng et al., 2004, 2006). On 
the single-crystal silicon wafers, theoretically, all alkanethiols should be bound onto the 
SAMs surface as an Au-S-C- structure. Unlike the surface of ideal single-crystal silicon 
wafers, the rough QCM chip surface may be composed of three types of SAMs structures: 
alkanethiol bound, attachment by adhesion, and sulfonite-Au bonding. The XPS (S 2p, 
dialkylsulfide and sulfonite species) indicated that the SAMs deposited onto the QCM 
surface was non-regular. 

2.2 Contact angle measurement 
The contact angles (θ) were measured in air using a goniometer (Krüss apparatus). A Milli-Q 
grade water (Millipore Co., Inc.) was used to contact with the sampling dimension by the 
sessile drop method. For this measurement, 1 μl droplet was placed slightly on the specimen 
with the needle of a syringe. The value of θ was determined as the volume of the droplet 
was slowly increased 
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Fig. 1. AFM images of the Au-covered QCM chip. (a) blank, 10×10 μm, (b) blank, 3D 
structure. AFM measurements could also be used for measuring the surface roughness of 
the QCM chip. The mean surface roughness was 1.2 nm. 

 

QCM chip surface Contact angles (deg) 

Au chip 64.1± 2.3 

11MUA/Au chip 12.3± 1.6 

Table 1. Water Contact Angles Measurement of the SAMs on QCM chip 
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Contact angles for 11MUA/Au chip using water as probe liquid give advancing contact 
angles of less than 15°, consistent as a high free energy surface. The SAMs surface with the 
hydroxyl tail group was hydrophilic. The contact angles agreed well with previous studies 
(Smith et al., 1992; Lestelius et al., 1997; Laibinis et al. 1991). The above measurements were 
found unaffected by extending immersion time in the thiol-containing solutions. 

2.3 Fourier-transformed infrared reflection-absorption spectroscopy 
The infrared (IR) spectroscopy optical benches were acquired with a conventional Fourier-
transformed (FT) spectrometer (FTS-175C, Bio-Rad) equipped with a KBr beam splitter and 
a high-temperature ceramic source. Win-IR, Win-IR Pro (Bio-Rad) and Origin 6.0 (Microcal 
Software, Inc.) were used for the data acquisition and analysis. The IR spectra were obtained 
using p-polarized beam incident at a grazing angle of around 80° with respect to the surface 
normal. The spectra were measured by a liquid-nitrogen cooled, narrow band MCT 
detector. The spectra were recorded with a resolution of 4 cm-1 using about 500 scans and an 
optical modulation of 15 kHz filter.  
The monolayer assembly was routinely characterized with FTIR-RAS upon preparation. 
Figure 2 shows the FTIR-RAS spectra at 3000~2800 cm-1 and 2000~1400 cm-1 of the SAMs of 
carboxylic acid. The peak positions of CH3 stretching modes were consistent with the 
presence of a dense crystalline-like phase: r+, vs(CH3) at 2876 cm-1; FR, vs(CH3) at 2935 cm-1; r-

, vas(CH3) at 2963 cm-1. In the spectrum of the SAMs, two absorption peaks at 2920 and 2850 
cm-1 were assigned to asymmetric (d-, vas(CH2)) and symmetric (d+, vs(CH2)) C-H stretching 
peaks of the methylene groups 1, respectively (Laibinis et al. 1991). The peak positions of 11-
MUA/Au indicated that the frequencies at 1705 cm-1 was assigned to residual carboxylic 
acid stretch, v(C=O) and symmetric carboxylate stretch, vs(COO-) (Frey & Corn, 1996). 

2.4 X-ray photoelectron spectroscopy measurement 
XPS spectra were acquired with a Physical Electronics PHI 1600 ESCA photoelectron 
spectrometer with a magnesium anode at 400 W and 15 kV-27 mA (Mg Kα 1253.6 eV, type 
10-360 hemispherical analyzer). The specimens were analyzed at an electron take-off angle 
of 70°, measured with respect to the surface plane. The operating conditions were as follows: 
pass energy 23.4 eV, base pressure in the chamber below 2 × 10-8 Pa, step size 0.05, total scan 
number 20, scan range 10 eV (for multiplex scan). The peaks were quantified from high-
resolution spectra using a monochromatic Mg X-ray source. Elemental compositions at the 
surface using C 1s, O 1s and S 2p core level spectra were measured and calculated from XPS 
peak areas with correction algorithms for atomic sensitivity. The XPS spectra were fitted 
using Voigt peak profiles and a Shirley background. 
The binding structure of the SAMs on the metal surface was monitored by XPS. In the XPS 
measurements, the variations of O 1s and S 2p with respect to C 1s signal ratios were 
correlated with the significant presence of chemical species at the SAMs surfaces. The C 1s, 
O 1s, and S 2p spectra showed the existence of 11-MUA onto the gold-coated QCM chips. 
The XPS spectra of 11-MUA onto the gold electrode are shown in Figure 3. 
In the XPS C 1s spectrum, the peaks of binding energies of core levels at 285.0 eV, 286.9 eV, 
and 288.8 eV were assigned to the -C-C-, -C-S-, and O=C-O structures, respectively. The C 1s 

                                                 
1vs/as: symmetric/asymmetric-stretching modes; FR: Fermi resonance. 
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core-level spectrum of the peak at 286.9 eV and the S 2p spectrum of the peak in 162.0 eV 
confirmed the Au-S-(CH2)n- existence. The C 1s core-level spectrum of the peak at 288.8 eV 
and the O 1s spectrum of the peaks at 532.0 eV and 533.2 eV provided evidence that the 
terminal groups of SAMs on the QCM chips were the carboxylic acid groups. 
In the O 1s spectrum, the peaks of binding energies of O 1s core levels at 532.0 eV and 533.2 
eV were assigned to the carboxylic acid group (O*=C-O and O=C-O* for the * marked O, 
respectively) structure, which was the characteristic group of 11-MUA.  
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Fig. 2. FTIR-RAS spectra show the frequency regions: 3000 - 2800 and 2000 - 1400 cm-1 of the 
SAMs on the QCM chip. (a) 1-Dodecanethiol (Reference SAMs surface), (b) 11-
mercaptoundecanoic acid. 

In the S 2p spectrum, the peaks of binding energies of core levels at 162.0 eV, 163.2 eV, and 
169.3 eV were assigned to the Au-S-C-, dialkylsulfide, and SO3-, respectively. The S 2p 
spectrum inculcated a doublet structure due to the presence of the S 2p3/2 and S 2p1/2 peaks 
using a 2:1 peak area ratio with a 1.2 eV splitting as shown in Figure 3. The peak at 162.0 eV 
was assigned to sulfur atoms bound to the gold surface as a thiolate species (Castner et al., 
1996). The S 2p spectrum of peak at 163.2 eV was assigned to dialkylsulfide as unbound 
thiol, which may be due to alkanethiols physisorbed as a double layer or adhesion of 
alkanethiols (Collinson et al., 1992). The S 2p spectrum of peak at 168.5 eV can be attributed 
to a sulfonite species (SO3-). The sulfonite species formation was from the rapid oxidation of 
sulfur on the 11-MUA modified QCM chip surface. Since the sulfur atom was at the bottom 
of the 11-MUA chains, the XPS signal in detecting S-O was much weaker then that of C with 
O, which was on the top of the chain. Thus, it was not feasible to fit the S-O peak in the O 1s 
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spectrum. Although the SAMs structure on the QCM chip was not ideal, it did not affect the 
antibody immobilization onto the tail group because the EDC and NHS only functioned on 
the carboxylic acid group. 
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Fig. 3. XPS spectra of the 11-MUA modified SAMs surface. (a) C 1s, the binding energy at (1) 
285.0 eV, (2) 286.9 eV, and (3) 288.8 eV were assigned to the -C-C-, -C-S-, and O=C-O, (b) O 
1s, the binding energy at (1) 532.0 eV and (2) 533.2 eV were assigned to the carboxylic acid 
group, (c) S 2p, the binding energy at (1) 162.0 eV, (2) 163.2 eV, and (3) 169.3 eV were 
assigned to the Au-S-C-, dialkylsulfide, and SO3-, respectively. 

2.5 Immobilization of anti-HSA 
The labeling procedure was adapted from Chloramine T method. The 2.5 μg anti-HSA was 
added into sodium phosphate buffer (25 μl, pH= 7.5) with Na125I (0.1 mCi, 2.5 μg/μl). After 
one minute at room temperature, the reaction was stopped by 25 μl sodium metabisulphite 
(2.5 μg/μl). The Bio-gel p-60 column was conditioned by sodium phosphate buffer (0.01 M) 
and NaCl solution (0.15 M, contain 2% BSA) for isolating free iodine from 125I labeled anti-
HSA. 
In order to immobilize 125I anti-HSA monoclonal antibody, the 11-mercaptoundecanoic 
acid/Au surface was immersed in the solution containing coupling agents: 75 mM N-ethyl-
N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, E-6383, Sigma) and 15 mM 
N-hydroxysuccinimide (NHS, H-7377, Sigma) at 4 °C for 30 min (van Delden et al., 1997; 
Kuijpers et al., 2000). Water-soluble EDC and NHS were used to activate O=C-OH (Kang et 
al., 1993; Tyan et al., 2002) and then the EDC-NHS solution was replaced by a phosphate 
buffered saline (PBS, URPBS001, UniRegion Bio-Tech), containing 0.2 μg/mL HSA-antibody 
at 4 °C for 24 hrs. The SAMs chips were thereafter washed by D.I. water and freeze-dried. 
During the reactions, EDC converted the carboxylic acid group into a reactive intermediate, 
which was attacked by amines. The radioactivity of each 125I anti-HSA monoclonal antibody 
immobilized QCM chip was measured by the Scaler cobra II series auto-gamma counting 
system (Packard, USA, Energy window: 15~75 keV, detection efficiency > 75%, resolution < 
34%, detector background <25 cpm). 
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Fig. 4. The oscillation frequency shift of SAMs-QCM chips after 11-MUA and anti-HSA 
monoclonal antibody immobilization. 

The QCM frequency variation after SAMs formation was lowered to around –25.82±4.25 Hz 
(Figure 4). In this experiment, water-soluble EDC and NHS were used to convert the 
carboxylic acid of the 11-MUA monolayer to a NHS ester. This reaction activated the 11-
MUA-NHS ester monolayer with an aqueous solution of an amine or ammonia, which 
formed an amide bond with the surface. For the QCM and radioimmunoassay 
measurements, the frequency variations and count rates were correlated with the data from 
125I anti-HSA monoclonal antibody-immobilized SAMs-QCM surface. The QCM frequency 
decreased after the immobilization of 125I anti-HSA monoclonal antibody (Figure 4). Its 
average and the coefficient of variations were –336.13±41.50 Hz. The count rate of the 
radioimmunoassay of 125I anti-HSA monoclonal antibody was 167±18.4 cpm (counts per 
minute). Thus, the poly-complex between 125I anti-HSA monoclonal antibody and 11-MUA 
was formed; amino groups in 125I anti-HSA monoclonal antibodies formed complexes with 
carboxyl groups of 11-MUA. In the QCM measurements, the variations of QCM frequency 
shift were correlated with the changes of count rates of the radioimmunoassay on the 125I 
anti-HSA monoclonal antibody immobilized QCM surface. The amount of the 125I anti-HSA 
monoclonal antibody immobilized onto QCM chips was 59.62±0.47 ng/cm2. In this study, 
the surface modification of QCM was analyzed, and the formation of SAMs structure and 
antibody adsorption were also confirmed. 
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3. Quantitation of HSA 

There are lots of methods for analysis of HSA as Lowry method (Lowry et al., 1951), CBBG-
250 (Flores, 1978), enzymatic method (Javed & Waqar, 2001), dye-binding and shift in color 
method (Gomes et al., 1998), Chemiluminescence technique (Wei et al., 2008), and 
radioimmunoassay (Catt & Tregear, 1967). The drawbacks of these methods are low 
sensitivity, narrow linear range, costly, tedious, or protection problem. This experiment of 
utilizing quartz crystal microbalance provides an alternative method to determine 
microelement with less test sample and increase the sensitivity. Immumosensors, having the 
specificity of antibody-antigen (Ab-Ag) affinities and the high sensitivities of various 
physical transducers, have gained attention for clinical diagnosis (Morgan et al., 1996). Our 
study combined both techniques of SAMs and QCM for the immumosensor, where a 
decrease of the resonance frequency is correlated with the mass accumulated on its surface. 
In this study, the ELISA method was also used for HSA concentration analysis. The 
feasibility of SAMs-QCM chips can be proofed by the correlation of HSA concentrations 
measured by the ELISA and QCM methods.  

3.1 QCM frequency measurement 
The frequency shift of QCM chips was measured by a muti-channel piezoelectric frequency 
counter with computer signal analysis software (PZ-1001 Immuno-Biosensor System, 
Universal Sensors Inc., Metairie, LA, U.S.A). For the HSA standard curve and LOD of QCM 
frequency measurement, the standard solutions with difference concentrations were 
prepared by dissolving HSA in normal saline and ranged from 5 - 1200 ng/mL. In the QCM 
frequency measurement of HSA, 10 μL of the HSA standard solutions or serum samples 
were deposited on the anti-HSA monoclonal antibody immobilized chip. The chips were 
agitated slowly at room temperature for 10 min, rinsed by D.I. water, and then air-dried.  
The QCM instrument was operated in a humidity-controlled cabinet and the humidity was 
under 50% RH to prevent the moisture interference. The preparation of chips and the tests 
of serum samples were done under humidity controlled conditions because the high 
humidity will increase the frequency shift and bias the results. Each concentration was 
examined six times per chip in a total of six chips. The same procedures were used for the 
measurement of serum samples. The frequency of the blank was used as a baseline. The 
frequency of the QCM chip was linearly decreased with the elevation of the HSA 
concentration. Thus, the amount of negative oscillation frequency shift (-△F) was elevated. 
The LOD was described as the smallest detectable amount of HSA adsorbed onto the QCM 
sensor. It used the peak-to-peak value of the noise range (S/N ratio) in the QCM frequency 
shifts. In this study, the average of S/N ratios of the QCM frequency shift after antibody 
immobilization were around 1.39, which was over three times of the standard deviation of 
the background noise (13.72 Hz). Under these criteria, the LOD of this QCM system for HSA 
detection was around 10 ng/mL and the linear range of the calibration curve of the QCM 
method was 10 to 1000 ng/ml. 
Figure 5 shows the analytic results of the calibration curve, which was plotted with the 
QCM frequency shift against the actual HSA concentrations. Compared to the actual HSA 
concentrations, the QCM data was linearized and generated a regression equation as 
follows: y=1.3083x-3.4439 (x-axis, HSA concentration; y-axis, frequency shift; R2=0.9913). It 
corresponds to the Sauerbrey equation where the frequency shift solely depends on the 
mass change. In other words, compounds with larger masses will cause more frequency 
shift than those of smaller masses. In theory, the correlation between the difference of 
oscillation frequency (-△F) and the HSA concentration should be noted as: C(HSA) = k·(-
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△F)+b and b=0. However, the background noise amplitude of the blank chip also existed. In 
this study, the b value in the equation was -3.4439. Although the QCM chip was freeze-
dried, the background noise amplitude may be due to the process of antibody 
immobilization through wet graft and thus increase the amplitude of oscillation of the QCM. 
In our previously study, three types of SAMs linkage materials, 11-MUA, cystamine 
dihydrochloride and cystamine/glutaraldehyde, were compared through the measurements 
of frequency change and radioactivity decay to determent the optimal linkage material and 
conditions for antibody immobilization (Jong et al., 2009). The method sensitivity is the 
slope of the calibration curve that is obtained by plotting the response against the analyte 
concentration or mass (Figure 6). Thus, in this study, 11-MUA was selected to prepare the 
HSA biosensors. 
 

 
Fig. 5. The calibration curve for HSA standards using anti-HSA monoclonal antibody 
immobilized QCM chips. The linearity and correlation coefficient were obtained as 
y=1.3083x-3.4439 and R2=0.9913. 
 

 
Fig. 6. The slopes of the calibration curve for three types of SAMs linkage materials. The 
calibration curve of CYS/GLU was a non-linear curve. 
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3.2 ELISA and QCM measurements of HSA 
The HSA concentrations were measured by human albumin ELISA kit (EA2201-1, 
AssayMax Human Albumin ELISA kit, Assaypro, USA). The HSA standards and serum 
samples were duplicate counted by the auto-ELISA reader system (Multiskan EX Microplate 
Photometer, Thermo Scientific, USA). The absorbance of the microplate reader was set at a 
wavelength of 450 nm.  
 

y = 0.9493x + 24.373
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Fig. 7. Detection of HSA in serum samples using QCM chips and ELISA test. The correlation 
coefficient between the two methods was 0.9864. 

The HSA concentrations in serum samples were calculated using the interpolation of the 
calibration curve and ELISA methods, respectively. Figure 7 shows the correlation of HSA 
concentrations measured by the QCM and ELISA methods. The linear regression equation 
for these data is as follows: y=0.9493x+24.373 (x-axis, the concentration measured by ELISA, 
y-axis, the concentrations obtained by QCM, R2=0.9864). The variations between the results 
of QCM frequency shifts and ELISA measurements were acceptable. The experimental 
results showed an excellent correlation between ELISA and QCM methods for HSA 
detection. The materials for SAMs-QCM are easy to obtain, and this technique is simple and 
easy to apply on surface-based diagnostics or biosensors. Thus, the QCM method may 
provide a reference method for measuring serum HSA in a laboratory and may be more 
feasible for clinical applications than the standard methods. 

4. Conclusions 

This study provides an example of the 11-MUA self-assembled monolayer applications of 
the QCM chip. SAMs formation provides an easy technique to prepare the structure that can 
be further functionalized with biomolecules to yield bio-recognition surfaces for medical 
devices. The carboxyl functional thiol monolayer offers an excellent approach to immobilize 
antibodies for selected sensing of different analytes. The application of SAMs for the 
immobilization of antibodies onto Au surfaces has a considerable potential in application of 
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reproducible and reliable biosensors. In this study, the quantization of immobilized 
antibodies was measured by the shift of QCM frequency and the radioactivity change of 125I 
labeled antibodies. The LOD of QCM was 10 ng/ml, and the linear range of the calibration 
curve of QCM method was 10 to 1000 ng/ml. The correlation coefficients between QCM and 
ELISA were 0.9913 and 0.9864 for HSA in the standards and serum samples, respectively. 
Compared with ELISA methods, the QCM method was simple and rapid without multiple 
labeling and purification steps. Our system is different from the conventional approaches in 
that it operates in the gas phase, not the liquid phase. As a result, there is no waiting time 
for the frequency to reach stability. In summary, we have presented the modification of the 
Au interface via 11-MUA SAMs and have proved that the SAMs on Au can be a valid bio-
detection chip for HSA concentration analysis by QCM. This assay design of the sensor may 
develop a potential reference procedure for HSA measurement and has wide applicability in 
the clinical setting. 
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1. Introduction 
1.1 Definition of hypoglycaemia and its clinical importance 
Hypoglycaemia can be defined as an abnormally low blood glucose concentration. This 
rather open definition implies that a strict biochemical definition may be easy and 
convenient but insufficient. In biochemical terms, blood glucose lower than 3.5 mmol/l will 
often be considered  low in diabetes patients treated with insulin or oral hypoglycaemia 
agents. Both in diabetes patients and in healthy persons, however, spontaneous blood 
glucose values lower than this threshold may frequently be measured. Blood glucose values 
down to 2.7 mmol/l or even lower with limited or no symptoms can be measured following 
long term fasting in healthy humans (Hojlund et al., 2001). Diabetes patients with tight 
glucose control and recurrent episodes of hypoglycaemia may lack symptoms of 
hypoglycaemia even at very low glucose levels down to 1 mmol/l. Consequently, many 
different definitions of biochemical hypoglycaemia can be found in the literature regarding 
hypoglycaemia in diabetes.  
In clinical terms, hypoglycaemia can be differentiated into mild, moderate or severe events. 
Mild hypoglycaemia is present when a diabetes patient experiences symptoms of 
hypoglycaemia such as sweating, shivering or palpitations. The patient is able to react 
appropriately by eating or drinking and thereby re-establish a normal blood glucose level, 
avoiding progression into severe hypoglycaemia. Moderate hypoglycaemia is present when 
the patient may or may not experience hypoglycaemia symptoms but may require help to 
take action. This could entail simply guiding the patient to eat or drink or a more active 
approach of giving the patient the food or drink. Severe hypoglycaemia is present when the 
patient loses consciousness and an active medical approach is needed such as glucose 
infusion or glucagon injection. The correlation between biochemical and clinical 
hypoglycaemia is very poor in type 1 diabetes patients (Pramming et al., 1990). 
Events of mild hypoglycaemia are not dangerous per se. Diabetes patients often expect this 
to be a consequence of a strict insulin treatment regime. The problem, however, is that 
frequent events of mild hypoglycaemia reduce the patient’s awareness of hypoglycaemia, 
initiating a vicious cycle of recurrent events and thereby increasing the risk of severe 
hypoglycaemic events. Episodes of severe hypoglycaemia are associated with both risk and 
fear of recurrent episodes, which may result in the patient striving for a higher glucose 
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target, and thereby, increased risk of late diabetes complications. In addition, 
hypoglycaemia related visits to the emergency room and hospitalization constitute a heavy 
economic burden (Hammer et al., 2009; Lammert et al., 2009). Clearly, there are several 
reasons to consider alternative methods of reducing this risk of hypoglycaemia events. 

1.2 Sympato-adrenal warning symptoms and hormonal counter regulation 
Healthy humans have two major supplementary mechanisms to avoid severe 
hypoglycaemia. The first line of defence is the hormonal counterregulation. When blood 
glucose falls below 3.5 mmol/l, insulin release will be suppressed and the pancreatic alpha 
cells will release glucagon. This results in an increased glucose release from the hepatic 
store. Also adrenalin, cortisol and human growth hormone are released as a consequence of 
hypoglycaemia and contribute to re-establish euglycaemia. The second line of defence arises 
from an activation of the sympathetic nervous system resulting in the hypoglycaemic 
symptoms described above.  Awareness of these symptoms alerts the patient and enables an 
appropriate reaction. 

1.3 Hypoglycaemia unawareness 
In newly diagnosed diabetes, hormonal counterregulation resembles that of a healthy 
person despite the fact, of course, that insulin release cannot be suppressed since this is 
externally delivered. With increased duration of diabetes, hormonal counterregulation may 
fail. Within five years of diabetes onset, most patients have lost their ability to release 
glucagon upon hypoglycaemia. Although the release of human growth hormone and 
cortisol may persist, these hormones are less effective and slower acting and do not prevent 
the development of severe hypoglycaemia. 
With increased diabetes duration the sympato-adrenal activation may likewise fail resulting 
in impaired awareness of hypoglycaemia and ultimately, hypoglycaemia unawareness 
(Howorka et al., 2000). This is defined by a severe cognitive impairment occurring without 
subjective symptoms of hypoglycaemia. 
A number of factors contribute to deterioration of the hypoglycaemic defences: Recent 
hypoglycaemic events, tight glycaemic control, sleep, a supine position and alcohol 
consumption all tend to reduce the hypoglycaemic defences due to the mechanisms 
described above, thereby increasing the risk of severe hypoglycaemia (Amiel et al., 1991; 
Geddes et al., 2008; Howorka et al., 2000). Approximately 25% of all type 1 diabetes patients 
suffer from hypoglycaemia unawareness and most events of severe hypoglycaemia take 
place within this group of patients (Pedersen-Bjergaard et al., 2004). The risk of severe 
hypoglycaemia is estimated to be five to ten times higher in patients suffering from 
hypoglycaemia unawareness (Geddes et al., 2008; Gold et al., 1994; Pedersen-Bjergaard et 
al., 2004). The term hypoglycaemia associated autonomic failure (HAAF) has been proposed 
for the concomitant lack of counterregulatory hormonal release and the lack of 
sympatoadrenal symptoms (Cryer, 2005). 

1.4 How to reduce the risk of severe hypoglycaemia 
Assuming that the risk and fear of hypoglycaemia is a major hindrance in achieving an 
optimal glucose control, all possible efforts should be done to reduce them. The first priority 
must be to optimize the insulin regime. Often a thorough interview with the patient 
including a review of blood glucose measurements can uncover risk factors for severe 
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hypoglycaemic events in the individual patient. Adjustment of the insulin dose and timing 
may consequently reduce the risk. Switching from one insulin type to another may ensure a 
better convergence between insulin concentration and insulin need. The long acting insulin 
analogues insulin glargine and insulin detemir reduce the risk of hypoglycaemia 
particularly at night-time (Monami et al., 2009).  Use of continuous insulin infusion (insulin 
pump therapy) rather than multiple injection therapy has been shown to enable a more strict 
diabetes regulation and also a significant reduction in the risk of severe hypoglycaemia 
(Pickup et al., 2008). However, severe hypoglycaemia is still a common and feared 
complication in type 1 diabetes (Anderbro et al., 2010). 
Much effort has been put into the development of continuous glucose monitoring (CGM) 
systems. Ideally, CGM will provide a better protection against severe hypoglycaemia by 
frequent glucose measurements in the interstitial tissue and alarms based on actual glucose 
measurements or prediction algorithms. Large clinical studies have shown that the use of 
CGM enables a more tight glucose control without increased risk of hypoglycaemia, but so 
far CGM has not been shown to reduce the risk of severe hypoglycaemic events (The 
Diabetes Control and Complication Trial, 2009; Bergenstal et al., 2010; Tamborlane et al., 
2008). Still, CGM studies have taught us that hypoglycaemia is much more common than 
previously thought and is likely to be significantly underreported (JDRF CGM Study Group, 
2010). One shortcoming of CGM is that adherence to therapy seems to decline with long 
term use, so use of the device calculated as hours per week was reduced to 35-70% 
depending on age group already after six months of use in clinical trials (JDRF CGM Study 
Group, 2008). 

2. EEG for hypoglycaemia detection 
2.1 The concept of an EEG based biosensor as a hypoglycaemia alarm 
While hormonal counterregulation and sympatoadrenal symptoms often diminish or 
disappear with long term diabetes, the devastating effect of low blood glucose on organ 
function persists. The most important dysfunctions arise from the glycopenic effects on the 
brain and the heart. Neuroglycopenia results in a gradual loss of cognitive functions. In the 
early stage, this may only be apparent during systematic cognitive testing. As the glucose 
concentration falls, the cognitive function continues to decline resulting in slower speed of 
reaction, blurred speech, loss of consciousness, seizures and ultimately death. The effect of 
hypoglycaemia on the heart is less well described but comprises prolongation of the QT-
interval which is a known cause of cardiac arrhythmia. In fact death among younger patients 
with insulin treated diabetes is assumed often to be related to malignant cardiac arrhythmia. 
The blood glucose threshold at which the organ function is affected varies both between and 
within diabetes patients. Diabetes patients with tightly controlled blood glucose and 
frequent hypoglycaemic events may not be severely affected despite a blood glucose level as 
low as 1.5 mmol/l or even lower. This means, however, that just a slight further reduction in 
the glucose concentration will result in the serious effects of severe hypoglycaemia. 
The concept of a hypoglycaemia alarm based on biosensing involves continuous monitoring 
of organ function, a real-time signal processing and an alarm device. Preferably, such a 
biosensor should be able to sense subtle change in brain function (e.g. 
electroencephalography), cardiac function (e.g. electrocardiography) or any other organ 
changes preceding cognitive dysfunction which will preclude the patient from taking action 
and thereby avoid severe hypoglycaemia.  



 
Biosensors for Health, Environment and Biosecurity 

 

276 

This chapter focuses on the possibility to construct a hypoglycaemia alarm system based on 
continuous EEG monitoring and real-time data processing by means of a multi-parameter 
algorithm. Such a device may comprise an alternative to self-glucose testing or continuous 
glucose monitoring as a guard against severe hypoglycaemia. Analysis of EEG changes as a 
predictor of severe hypoglycaemia was already proposed by Regan et. al. in 1956 (Reagan et 
al., 1956). Iaione published the development of an automated algorithm using digital signal 
processing and artificial neural networks with the aim of developing a hypoglycaemia 
detector system, and achieved a fair sensitivity and specificity in the detection of 
hypoglycaemia (Iaione et al., 2005). Our aim is to develop this further to a portable real-time 
hypoglycaemia alarm device, which can be used by type 1 diabetes patients with 
hypoglycaemia unawareness. For such a device to be suitable for clinical use, it must fulfil a 
number of criteria: It must have a high sensitivity with low occurrence of false positive 
alarms, preferably it should require little or no calibration, and it must be suitable for use 
over long periods with minimal discomfort for the patient. 

2.2 Hypoglycaemia related EEG changes 
The electroencephalogram (EEG) is usually measured on the scalp, using surface electrodes 
that are glued to the scalp with conducting gels. The surface EEG represents the electrical 
activity taking place inside the brain and originates from the firing neurons, mainly in the 
superficial part of the brain. When a neuron fires, a very small electrical charge is released, 
which in itself cannot be measured on the scalp. But the macro pattern that appears when 
many neurons fire in a synchronized manner, builds up larger electrical signals, which can 
be measured on the scalp. When measuring the EEG, all the micro changes in the firing 
pattern disappear due to the averaging effect through the scalp, and only the macro changes 
remain. The EEG, which is measured outside the scalp, can therefore be used to detect 
macro changes in the electrical behaviour of the brain. In general, during daytime, the 
healthy brain is less synchronized than during sleep, and only few daytime phenomena can 
be characterized and detected. During sleep, the brain is more synchronised and emits many 
characteristic wave patterns that reflect the different sleep phases (Iber et al., 2007). Many 
brain related diseases, like e.g. epilepsy, do result in synchronization of the brain waves, 
which can be seen in the EEG patterns. This is also the case for patients experiencing 
hypoglycaemia. 
Glucose is an essential substrate for brain metabolism. Accordingly, low blood glucose 
resulting in neuroglycopenia can be assumed to result in EEG changes. In the 1950’s, the 
first studies of hypoglycaemia related EEG changes (HREC) were published (Ross et al., 
1951; Regan et al., 1956) and already by then, it was proposed that EEG might add 
information on whether a patient's blood glucose concentration falls below a critical 
threshold (Regan et al., 1956). Pramming et al studied EEG changes during insulin induced 
hypoglycaemia in type 1 diabetes patients (Pramming et al., 1988). They found that the EEG 
was unaffected when the blood glucose concentration was above 3 mmol/l. Following a 
gradual decline in blood glucose the EEG changes became apparent in all the patients.  At a 
median blood glucose concentration of 2.0 mmol/l the alpha activity (8-12 Hz) decreased 
while theta activity (4-8 Hz) increased, reflecting a cortical dysfunction. Importantly, HREC 
disappeared when the blood glucose was normalized and a normal EEG was re-established 
when the blood glucose concentration exceeded a level of 2.0 mmol/l. It was concluded that 
“changes in electroencephalograms during hypoglycaemia appear and disappear at such a 
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narrow range of blood glucose concentrations that the term threshold blood glucose 
concentration for the onset of such changes seems justified”.  
A number of studies have further characterized the EEG-changes associated with 
hypoglycaemia (Bedtsson et al., 1991; Bjorgaas et al., 1998; Hyllienmark et al., (2005); Juhl et 
al., (2010); Tamburrano et al., 1988; Tribl et al., 1996).  Although some discrepancy exists 
with respect to the spatial location of the EEG changes (see section 2.4) and the persistence 
of these changes after restoration of euglycaemia, it is well established that hypoglycaemia 
is associated with an increased power in the low frequency bands. Figure 1 shows an 
example of a single channel EEG recorded during euglycaemia and hypoglycaemia during 
daytime. Comparing the two signals, it is evident that the hypoglycaemic EEG originates 
from a process of lower frequency, which is more synchronized, leading to EEG of higher 
amplitude. 
 

 
Fig. 1. Representative examples of single channel EEG recorded during euglycaemia and 
hypoglycaemia in the same person. 

Bendtson et al. studied type 1 diabetes patients during sleep and found widespread 
occurrence of low frequency waves which could be differentiated from the delta and theta-
band by the frequency (Bentson et al., 1991). These changes were only detectable in patients 
with lack of glucagon response. This observation has been challenged by our research team 
which found EEG changes irrespective of glucagon response (Juhl et al., 2010).   
Though the two signals in Figure 1 are very easy to distinguish and the HREC paradigm is 
relatively well established, the HREC detection problem is not as trivial as it seems. The 
illustrated signals constitute textbook examples, and the exact signal characteristics vary 
considerably between subjects – both during euglycaemia and hypoglycaemia. In addition, 
many everyday activities induce EEG activity in the same frequency band as the HREC 
paradigm. Examples of this are low-frequency deep sleep patterns and broadband noise 
signals. 

2.3 Long-term EEG recording: scalp vs. subcutaneous EEG  
Using the brain as a biosensor for hypoglycaemia detection throughout the day requires a 
stable long-term EEG recording system. The usual 10/20 EEG system (Crespel et al., 2005) 
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with surface electrodes glued to the scalp is not an option, since surface electrodes are 
highly exposed to movement artefact. Therefore, in our setting, the EEG is measured by 
electrodes placed in the subcutaneous layer, a few millimetres below the skin, thereby 
giving the advantage of being more robust to noise and artefact signals. The subcutaneous 
measurements were tested compared to scalp electrodes and were found to be very similar, 
showing very high correlation.  
In the initial experiments, four single subcutaneous electrodes were placed, while in the 
sleep studies a single electrode with three measuring points were inserted in the temporal 
area and connected to an EEG device. 

2.4 Spatial considerations 
In general, EEG patterns have different characteristics depending on the spatial location of 
the measurement. While some EEG changes are generalized and apparent on the entire 
surface of the brain, some paradigms are only present in smaller areas, which make detailed 
measurements in certain locations necessary. 
Regarding the spatial distribution of the HREC, some discrepancy exists. The topographic 
maximum has been demonstrated to be located in the lateral frontal region during mild 
hypoglycaemia. This shifts towards the centroparietal and parieto-occipital region in deeper 
hypoglycaemia (Tribl et al., 1996). Hyllienmark et al on the other hand studied type 1 
diabetes patients with a history of recurrent hypoglycaemia, and the EEG recording was 
conducted during a period of normal blood glucose. They found similar HREC 
characteristics as previously described, however predominantly in the frontal region. 
(Hyllienmark et al., 2005). In addition, this could indicate that EEG changes in some cases 
may become permanent.  
In order to be able to detect HREC with a single or a few electrodes we investigated the 
spatial distribution of the changes. The hypoglycaemia changes are generally present on 
most of the scalp area. The spatial distribution of the artefacts particularly derived from 
muscle activity during facial mimicking, eating, eye movement and sleep related 
movements, should be taken into account when the optimal electrode placement is to be 
defined. In contrast to the HREC, these artefacts are more localized, making the location 
important. Artefact related to electrode movements and the mechanics of the electrode 
contact are not dependent on the spatial location. The ability to detect the HREC when 
artefact signals are present is illustrated in Figure 2, where the HREC signal is detected from 
a single electrode channel on five diabetes patients. 
 

 
Fig. 2. Illustration of the spatial influence on the ability to detect the HREC paradigm. The 
red areas in the figure indicate that the HREC paradigm detection performance is high, 
whereas green areas indicate low performance.  
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Taking into consideration the spatial influence and the electrode type we have chosen the 
final measurement location shown in Figure 3. 
 

 
Fig. 3. Location of the subcutaneous EEG electrode. The subcutaneous electrode is inserted 
in a location behind the ear towards vertex cranii between Cz and Pz. The measurement 
points are shown in red, giving one differential channel. 

3. The development of the algorithm 
In the following paragraphs we describe in detail the development of the algorithm, which 
distinguishes HREC from normal daytime and sleep EEG. This process required a series of 
insulin-induced hypoglycaemia experiments with continuous improvements of the 
algorithm and repetitive testing. The series of clinical trials from which the data were 
obtained are outlined in Figure 4. 
The measurement system used to acquire EEG data, samples the EEG at a sampling 
frequency of 512 Hz. The EEG is filtered so that all the frequency components above 32 Hz 
are removed, leaving us with a signal bandwidth of 32 Hz and a sampling frequency of 64 
Hz for the HREC detection algorithm. The dynamic range of the measured signal is ± 512µV 
with a signal resolution (1 LSB) of 1µV. The internal noise level in the analogue data 
acquisition system is 1.3µV RMS. 
 

 
Fig. 4. Illustration of the flow of clinical studies leading to the development of the algorithm. 
Continuous optimizations were conducted on the basis of consecutive daytime and sleep 
experiments. 
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The HREC can be detected by visual inspection by a neurophysiologist, who inspects the 
waveforms of the EEG. However, if the EEG of the diabetes patients is to be analysed in 
real-time throughout the day this must be done automatically using an algorithm. The 
algorithm structure for hypoglycaemia detection is shown in Figure 5. 
 

 
Fig. 5. Structure of the hypoglycaemia detection algorithm.  

Overall, the algorithm works in four sequential levels that process the EEG signal and 
determines whether sufficient evidence of hypoglycaemia is present for an alarm to be 
triggered. At the first level, the feature extraction process maps the raw EEG into an 
appropriate feature space in which it is possible to distinguish HREC from normal EEG. The 
second level consists of three blocks, each of which analyses the features to determine if 
there is evidence of impending hypoglycaemia, deep sleep patterns, or noise contamination, 
respectively. At the third level, hypoglycaemia evidence is rejected when deep sleep 
patterns and/or noise are present. Lastly, taking the recent history into account it is 
determined whether or not a sufficient amount of hypoglycaemia evidence is present to 
constitute an alarm. Each of the algorithm blocks will be described in the following sections. 

3.1 Feature extraction 
The raw EEG signal waveform can easily be analysed by the trained human eye, which 
interprets the shape of the waves and draws a conclusion based on this. However, the raw 
waveform representation is not directly interpretable for a machine decision network, which 
needs the EEG in a different presentation. The feature extraction part of the algorithm maps 
the raw EEG into another form that represents the distribution of different kinds of 
waveforms. Since the hypoglycaemia paradigm in EEG is characterized by the existence of 
waveforms of specific frequency content, the features calculated are designed to reflect this.  
The EEG waveforms are transformed to features by sending the EEG through an IIR filter 
bank, taking the 1-norm of the filtered signals, integrating the values in another filter, and 
by finally subsampling the integrated signal. 
When analysing EEG, the signal is traditionally split into 5 frequency bands (delta, theta, 
alpha, beta, and gamma). However, this frequency resolution is not sufficient for an optimal 
performance of the hypoglycaemia detection system. 
Our IIR filter bank consists of 32 filters where each filter has a bandwidth of 1Hz and a sub-
band attenuation of 30 dB or more.  In Figure 6, a 20-minute sample of EEG is represented in 
feature space. 
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Fig. 6. Feature space representation of an EEG signal during a transition from euglycaemia 
(first 10 min) to hypoglycaemia (last 10 min), where HREC’s are present. It is evident that a 
strong 7-8 Hz activity is present during hypoglycaemia in this sample. 

We will see later (Figure 9) that many of the filter bands are irrelevant for the overall 
performance of the algorithm, but all bands have been included here to give a better 
understanding of the importance of each band. It should be noted that the fast Fourier 
transform (FFT) algorithm could easily substitute the IIR filter bank, if the process memory 
requirements are of no concern. Each filter in the filter bank consists of four sequential direct 
form-2 transpose 2nd order filter sections (Van den Enden et al., 1989). The direct form-2 
transpose filters maintain the dynamic range of the signal in the fixed-point filter structure 
that we have chosen. 
The output of the filters are normalized by the 1-norm and then integrated over a certain 
amount of time to get an estimate of the signal energy during this time period. We have 
used an IIR filter to facilitate the integration, which is a processing-wise cheap way of 
carrying this out. The integrator remembers the history approximately one second back in 
time. The integrator output is finally subsampled into a 1 Hz feature interval to eliminate 
redundant information. In this manner, feature vectors representing 1-second epochs are fed 
into the classifier. 

3.2 Classifying evidence of hypoglycaemia 
An important part of the algorithm is the classifier, which determines if there is evidence of 
hypoglycaemia in a small part of the EEG signal. The classifier bases its judgment on the 
extracted features, which represent the statistical properties of the EEG during 1-second 
epochs. The classifier combines the input statistics in a mathematical expression that results 
in either a “1” if the EEG has a hypoglycaemia pattern or a “0” otherwise. 
There are many ways of setting up the mathematical classifier expression, and depending on 
this expression, the ability to classify the hypoglycaemia pattern varies. We have 
experimented with different kinds of classifier methods and found that the performance 
variation between them is small. The more advanced non-linear classifiers like support 
vector machines (SVM) (Joakims, 2002) and artificial neural networks (ANN) do however 
have small performance advantages over the more simple classifiers such as linear classifiers 
or the Bayes classifier with a Gaussian kernel (Bishop, 1998). 
Based on our results, we have chosen to use a two-layer feed-forward ANN classifier 
structure to do all classification tasks in the hypoglycaemia alarm system. The ANN has a 
number of hidden units and uses the tanh sigmoid function for non-linear mappings.  
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Fig. 7. Structure of the artificial neural network that detects HREC. It consists of a number of 
inputs and hidden layers, but only one final output determining whether or not the input 
epoch contains HREC. 

The input layer values (x0 - x5) contain the feature values, where x0 is a bias. The ANN 
classifier expression is shown in equation (1), 
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where xn,i is the input feature number i at time n, wh,i is the input feature weight for the 
mapping to the hidden unit h, Nh is the number of input features, g is the nonlinear 
mapping function (tanh), zh is the output weight for the hidden unit h, Nh is the number of 
hidden units, a is the output activation function and yn is the classifier output at time n. In 
our setting, the output activation function is simply a logic expression that determines 
whether or not the contained value has exceeded a threshold. The output yn is shown as “1” 
if a HREC is detected, or otherwise, as “0”. 

3.3 Classifier training  
The optimal parameters of the classifier (wh,i and zh) can be estimated by using the back-
propagation method (Bishop, 1998), based on a training set of labelled data points. We have 
used a neural network toolbox that applies a maximum a posteriori approach when finding 
the optimal weights (Sigurdsson et al., 2002). The precise classifier parameter optimization 
approach is of little importance in this application. Instead, the data labelling method 
impacts the classifier performance more. We have experimented with two data labelling 
approaches, where the first approach is based on expert labelling of experiment data, and 
the second approach is a flexible automatic labelling based on standard experiment 
parameters. 
In the first data labelling approach, a neurophysiologist labelled a training set of EEG data, 
based on visual inspection of the raw EEG. The visual inspection is rather time consuming 
and is not feasible when larger amounts of data are used for training of the classifier. During 
the process of marking the data, the neurophysiologist was blinded to the timeline and 
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associated blood glucose sample values that had been measured while sampling the EEG. 
The neurophysiologist only knew that the EEG originated from a diabetes patient where 
both euglycaemia and hypoglycaemia situations were present in each experiment EEG 
dataset. 
The second approach to data labelling is automatic and based on parameters that are 
associated with the experiment timeline and glucose values measured during the 
experiment. One direct advantage of using this approach is that all data can be used for 
modelling, and not just the data marked by the neurophysiologist. This allows for better 
modelling of the inter-subject variability. When using the second approach, the labelling is 
not predefined. Instead, time intervals with different reward functions are defined. Within 
such a time interval, the number of positive and negative labels rather than the exact 
timestamp of the label is used to determine the cost function of the classifier model. The 
time segments with different reward functions are shown in Figure 8, where β is the glucose 
threshold of 3.5 mmol/l that determines when an alarm may, but not necessarily will, be set 
off. T0 is the point in time when cognition has deteriorated too much for the subject to be 
able to react to an alarm, T0-τ is 10 minutes prior to T0 and TGL<β are the times where the 
glucose level passes the threshold of 3.5 mmol/l. 
 

 
Fig. 8. Reward function time segments used to train the classifier. 

In segment A and E, the classifier cost function is punished for detecting HREC, while 
rewarded in segment B and C. In segment D, the classifier is neither rewarded nor punished 
for its behaviour. The exact expression for the cost function is given in equation (2).  
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When the cost function expression is applied to a linear classifier with a single hidden unit, 
and optimized, we get the basic influences of the features. The classifier input weights wh,i 
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show the importance of each feature. In Figure 9 the weights are shown for the linear 
classifier. 
 

 
Fig. 9. Coefficients of a linear HREC classifier. 

Many of the coefficients have small values and could be disregarded and many features 
could be joined since they have similar influence on the classifier output. It is evident that 
the HREC paradigm is characterized by high 6-8 Hz activity and some alpha activity. 

3.4 Integration of evidence 
Single events detected by the classifier do not make up sufficient evidence to trigger an 
alarm. The brainwaves are contaminated with noise and artefacts, leading to false 
detections. Furthermore, brainwaves similar to those seen during hypoglycaemia also 
appear sporadically during euglycaemia. It is therefore necessary to take the history of 
detected events into account before giving a hypoglycaemia alarm. We used the history by 
integrating the events that were detected during the past 10 minutes. The integrator is 
implemented as an IIR filter which makes it computationally cheap while only consuming 
little memory. The integration structure is shown in Figure 10. 
 

 
Fig. 10. Filter structure used for integration of evidence. 

The coefficients P1-P8 are set to make the resulting time-function resemble a 5-minute 
square window. The shape of the integrator can easily be changed to have different weight 
and time perspectives, by changing the coefficients. 
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An example of the integrator output is shown in Figure 11, where a diabetes patient 
undergoes hypoglycaemia and recovers from the situation. 
 

 
Fig. 11. Example of integrated evidence of the HREC. The red dots are blood glucose sample 
values sampled during the experiment. The solid line shows the value of the integration 
function, which alarms the subject when exceeding the predefined threshold of 2.5. The 
lower graph displays the events. One red vertical line represents an epoch in which HREC is 
detected. 

3.5 Deep sleep algorithm 
Initially, the hypoglycaemia algorithm was based on EEG from daytime experiments only. 
Figure 12 shows the output when it is applied on EEG recorded during sleep. The result is 
repeated detections of EEG changes compatible with hypoglycaemia during the night. 
 

 
Fig. 12. Integrated events of EEG changes compatible with hypoglycaemia in a diabetes 
patient exposed to hypoglycaemia during the daytime and continued EEG recorded during 
sleep. The algorithm clearly detected repeated episodes during sleep as being consistent 
with hypoglycaemia. 

Nocturnal hypoglycaemia thus encompasses a distinctive challenge with respect to a 
hypoglycaemia alarm. Not only do approximately half of all hypoglycaemic events take 
place during sleep (Woodward et al., 2009), but also the nocturnal EEG is distinctly different 
from the daytime EEG. During stages of deep sleep, the EEG pattern is characterized by 
slow wave patterns much like the hypoglycaemia EEG. It is therefore a challenge to 
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distinguish deep sleep EEG patterns from HREC. In order to suppress falsely detected 
hypoglycaemia events, we used a learning process that is similar to learning the HREC to 
construct a classifier that can detect when deep sleep patterns are contaminating the EEG 
signal. It should be noted that during the 27 insulin-induced hypoglycaemia night 
experiments that we have conducted so far, no deep sleep patterns have been present 
simultaneously with HREC. 

3.6 Noise and artefact suppression 
In an everyday life environment, the presence of noise and artefacts is substantial. Some of 
these operate in the same frequency band as the HREC, potentially leading to false alarms. 
Figure 13 shows an example of a false alarm detected during euglycaemia and normal 
daytime activities. The false alarm is caused by muscle activity when chewing. Many other 
daytime activities also come close to setting off false alarms. 
 

 
Fig. 13. Integrated HREC evidence during normal everyday activity. A false alarm is 
declared just before 20:00. 

In order to suppress falsely detected hypoglycaemia events due to noises and artefact, we 
have constructed a classifier that can detect when noise and artefacts are contaminating the 
EEG signal using a learning process similar to learning the HREC. When this noise/artefact 
detection system is applied to the algorithm, the false alarm in Figure 13 is removed, and 
other false events are handled. The result is displayed in Figure 14. The integrated evidence 
is now generally lower during the normal situation, allowing us to make the HREC classifier 
more sensitive.  

4. Clinical results 
The following paragraph will focus on the clinical studies we have conducted. The focus of 
these studies has been the development of the algorithm for an EEG-based hypoglycaemia 
alarm device. The results we have achieved give an indication of the clinical applicability of 
the device. Here we will briefly summarize the results from the clinician’s point of view. 
Altogether, we have studied more than 50 patients. An important observation is that all 
patients studied so far have developed EEG changes compatible with previously described 
hypoglycaemia associated changes. This has allowed us to develop a general algorithm for 
EEG analysis, which can be applied to all diabetes patients.  
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Fig. 14. Integrated HREC evidence after suppression of noise and artefacts. The vertical lines 
in the lower graph display the detected hypoglycaemia (red) and noise (green) events. 

Initially, continuous EEG was recorded during insulin-induced hypoglycaemia experiments 
in 15 type 1 diabetes patients during daytime. Four subcutaneous electrodes located in the 
temporal region were applied along with a standard scalp 10/20 system recording. The 
cognitive function was evaluated by repeated cognitive testing (a backward counting test 
and a minus-seven test). Insulin infusion was terminated when plasma glucose reached 1.8 
mmol/l or when the subjects showed obvious signs of cognitive dysfunction such as 
severely reduced speech velocity or heavy sweating. EEG was analysed post hoc by the 
automated mathematical algorithm. HREC were detected in all 15 subjects. Plasma glucose 
at the time of EEG changes above the threshold value indicating hypoglycaemia, ranged 
from 2.0 to 3.4 mmol/l and occurred 29±28 minutes (mean±SD)(range 3 – 113 minutes) 
before termination of insulin infusion. In this study, patients did not receive a real-time 
alarm, and therefore, it is not possible to state if they would have been able to react 
following an alarm. In 12 of 15 patients, however, EEG changes occurred before severe 
neuroglycopenia was apparent as evaluated by the cognitive testing. In three cases, the 
patients were moderately cognitively impaired at the time of EEG changes, they were, 
however, still awake. The presence and the time of alarm were independent of age, diabetes 
duration and glucose regulation (Juhl et al., 2010). Although this study did not prove that an 
alarm could be given in time for the patient to react, it indicated that it would in most cases. 
Due to the characteristic EEG pattern during sleep, occasionally resembling HREC, it is 
essential to study the applicability of the algorithm during sleep. Initially, we performed a 
number of pilot experiments in type 1 diabetes patients exposed to insulin-induced 
hypoglycaemia during sleep. The original algorithm was trained on these data, and the 
algorithm was optimized to distinguish hypoglycaemia from deep sleep. Ten type 1 diabetes 
patients (mean age 47 years, diabetes duration 23.7 years, HbA1c 7.5%) all suffering from 
hypoglycaemia unawareness, were subsequently subjected to induced hypoglycaemia by 
graded insulin infusion both during daytime and during sleep at night-time. EEG was 
recorded from a single electrode with three measurement points placed subcutaneously in 
the temporal region and was analysed real-time. The patient received an auditory alarm 
when EEG-changes met a predefined threshold. The patients were instructed beforehand to 
consume a sandwich and a juice at the time of alarm. Figure 15 illustrates the procedure of a 
night experiment. 
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Fig. 15. Representative example of a night-time experiment. The upper panel shows the 
blood glucose profile (red circles) and the curve for integrated EEG-events of 
hypoglycaemia (black line). The integration curve rose steeply following hypoglycaemia. 
The patient received an alarm at blood glucose 1.8 mmol/l, where the integration curve 
crossed the threshold (blue dotted line). Blood glucose increased following ingestion of the 
meal, and the integration curve normalized accordingly. The middle panel shows the sleep 
stage according to AASM scoring. The patient clearly went through all stages of sleep 
during the night. After a short awake period following the hypoglycaemia event, the patient 
went back to sleep. The lower panels show two-second epochs of EEG while awake (B), 
REM sleep (D), stage three sleep (A) and hypoglycaemia (C). 

If blood glucose fell to 1.7 mmol/l without triggering the alarm or if the patient was not able 
to react at the time of the alarm, hypoglycaemia was ceased by glucose infusion. The alarm 
was triggered for seven out of nine patients during daytime (mean blood glucose (BG) 2.7 
mmol/l). Six of these seven patients were able to reverse hypoglycaemia by carbohydrate 
ingestion. During sleep, the alarm was triggered in nine out of ten subjects (mean BG 2.0 
mmol/l) and eight awoke due to the alarm. Four corrected hypoglycaemia by food ingestion 
(mean BG 2.2 mmol/l) while the remaining four (mean BG 1.9 mmol/l) were supplemented 
with glucose due to cognitive impairment. Two events of false alarm were observed. EEG 
was also recorded from surface electrodes placed according to the 10/20 system and 
analysed by the American Academy of Sleep scoring manual to determine sleep stages (Iber 
et al., 2007). HREC occurred irrespective of the sleep stages and seemed to overrule 
physiological sleep related patterns.  
By post hoc improvements of the algorithm (e.g. inclusion of hypoglycaemia evidence 
rejection due to deep sleep patterns and/or noise artefacts) it was possible to detect 
hypoglycaemia in all patients, while eliminating the false alarms. In addition, hypoglycaemia 
could be detected on average three (daytime experiments) and six (sleep experiments) minutes 
earlier than with the original algorithm, improving the sensitivity of the alarm. 
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Overall, it seems possible to detect hypoglycaemia in diabetes patients irrespective of the 
time of the day, duration of diabetes, awareness status and hormonal counter-regulation. 
The core question is whether this detection precedes serious cognitive impairment, allowing 
the patient to react. This is currently being tested in clinical trials. 

5. An EEG based hypoglycaemia device for permanent use 
The EEG based hypoglycaemia alarm system consists of two main parts: An implanted 
device that captures the EEG signal, and a non-implanted device, which stores and 
processes the EEG signal. This is illustrated in Figure 16.  
The inner device is implanted subcutaneously, with the main part behind the ear and the 
electrode pointing towards the top of the head. The electrode has three measurement points, 
a length of 8 cm and a diameter of 1.1 mm. 
Data is transmitted from the inner device to the outer device through a near field 
communication link. Therefore, the two devices have to be closely aligned for the system to 
function. The outer device is designed as an ear hanger, illustrated on the right panel of 
Figure 16. It is therefore easy to wear with a minimum of discomfort for the user. The outer 
device contains a sound generator and a light indicator to inform the user of critical events, 
e.g. impending hypoglycaemia. 
The outer device contains a power source. When the outer device is placed behind the ear, 
the power source is shared with the inner device through the communication link. When the 
power source in the outer device is depleted, it must be recharged in a charging station. A 
full recharge allows for approximately 18 hours of use. 
 

       
Fig. 16. The EEG based hypoglycaemia alarm system consisting of an inner and an outer 
device. 

The implantation procedure is simple and takes approximately 15 minutes. The implanted 
device must be replaced only after two years of use. 

6. Conclusion 
Type 1 diabetes patients suffering from hypoglycaemia unawareness are significantly 
disposed to episodes of severe hypoglycaemia. This is associated with a risk of glucose 
metabolic dysregulation and a reduced quality of life (Anderbro et al., 2010; Barnard et al., 
2010; Frier, 2008). Despite self-monitoring of blood glucose, the use of insulin analogues and 
increased knowledge of the mechanisms of unawareness, the risk of hypoglycaemia remains 
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a major barrier to optimized glucose control. If just one of the two components of 
hypoglycaemia associated autonomic failure (Cryer, 2005) (i.e. hypoglycaemia unawareness 
or reduced hormonal counter-regulation) could be re-established, these patients would be 
much less prone to severe hypoglycaemia. 
The initial clinical studies of continuous EEG recording and real-time data processing 
during insulin-induced hypoglycaemia in type 1 diabetes patients indicate that it will be 
possible to predict incidents of severe hypoglycaemia before the patients are severely 
cognitive impaired both during daytime and sleep. The studies conducted so far, though, 
have taken place in clinical research units. We are now testing the hypoglycaemia alarm in 
an out-patient setting. 
It is of utmost importance that an alarm device has a high sensitivity and specificity. False 
alarms may be annoying to the patients yet they are not dangerous. Missed alarms, on the 
other hand, may render the patient with a false feeling of security. On the other hand, a 
sensitive and reliable alarm device will allow the patient to achieve a better glucose control 
with less fear of hypoglycaemia events. The studies conducted so far hold promises that an 
EEG based device might fulfil these goals. 
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1. Introduction 

Diabetes is recognized as a group of heterogeneous disorders with the common elements of 
hyperglycaemia and glucose intolerance due to insulin deficiency, impaired effectiveness of 
insulin action or both (Harris & Zimmet, 1997). If left untreated or improperly managed, 
diabetes can result in a variety of complications, including heart disease, kidney disease, eye 
disease, impotence and nerve damage. Diagnosis and management of the disease require a 
tight monitoring of blood glucose levels that serves a number of purposes: 
 provides a quick measurement of blood glucose level at a given time. 
 determines if a diabetic person has a high or low blood glucose level at a given time. 
 demonstrates the link between lifestyle, medication and blood glucose levels. 
 helps diabetics and diabetes health-care teams make changes to lifestyle and medication 

that will improve blood glucose levels.  
Electrochemical biosensors for glucose (glucose meters) play a leading role for this purpose. 
For the purpose of measuring daily glucose levels to control food intake and insulin usage, 
these glucose meters work although some difficulties exist. For example, blood glucose level 
measurements are recommended three to four times per day. Due to the large fluctuations 
in glucose levels that naturally occur over the course of a day, measurements on an empty 
stomach and within 2 h of eating are required for comparison purposes. These problems are 
more prominent for the diagnosis of diabetes and determining the link between lifestyle and 
medication once a patient has been diagnosed with this disease. 
Historically, measurement of glucose levels has been the method universally used to 
diagnose diabetes. Laboratory methods such as fasting plasma glucose (FPG) or 2-h plasma 
glucose (2HPG) level have been used for this purpose. However, this approach still suffers 
from the same problems and difficulties associated with glucose biosensors such as the need 
for fasting, biological variability and the effects of acute perturbations (e.g., stress- or illness-
related) on glucose levels. It has recently been concluded that the best marker for long term 
glycaemic control is whole blood glycated hemoglobin (i.e., hemoglobin A1c denoted as 
HbA1c) since its levels respond to the long-term progression of diabetes without the short-
term fluctuations characteristic of glucose (Berg & Sacks, 2008). Also, the use of this 
approach solves many of the problems associated with FPG or 2HPG methods based on 
glucose measurements such as no need for fasting, substantially less biological variability 
and relative insensitivity of HbA1c levels to acute perturbations. On the other hand with 
advances in instrumentation and standardization, the accuracy and precision of A1C assays 
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at least match those of glucose assays. Consequently, the decision was made by the 
International Expert Committee (with members appointed by the American Diabetes 
Association, the European Association for the Study of Diabetes, and the International 
Diabetes Federation)  that the A1c assay should be considered as the primary method for the 
diagnosis of diabetes (Nathan, 2009).  
HbA1c is a stable glycated hemoglobin derivative formed by the non-enzymatic reaction of 
glucose with the N-terminal valine of the β-chain of normal adult Hb (HbA). Since it reflects 
the average blood glucose level over the preceding 2–3 months and is not affected by the 
daily fluctuation of the glucose level, the HbA1c level provides a more accurate index for 
diagnosis and long term control of the disease. Traditionally, clinical laboratory assays for 
HbA1c have been obtained by ion-exchange chromatography, immunochemical methods, 
electrophoresis and boronate affinity chromatography. However, these methods are time-
consuming, require trained personnel and expensive equipment and have limited 
availability in many areas of the world. So point-of-care (POC) devices are needed for 
diabetes diagnosis and management. Point-of-care testing (POCT) is defined as diagnostic 
testing at or near the site of patient care (Kost, 2002). The driving notion behind POCT is to 
bring the test conveniently and immediately to the patient. This increases the likelihood that 
the patient will receive the results in a timely manner. Such devices would allow for 
immediate availability of A1C measurements and greatly enhance diabetes care. Currently, 
eight HbA1c POC devices are available commercially with generally accepted performance 
criteria for HbA1c, but only one of them has met the acceptance criteria of NGSP1 with two 
different reagent lots. Also, the reproducibility of production of the different reagent lots of 
the POC instruments investigated appears inadequate at this moment for optimal clinical 
use (Lenters-Westra & Slingerland, 2010). As a result, the American Diabetes Association 
(ADA) recently decided to exclude POC methods from their list of recommended methods 
for HbA1c diagnosis, stating that they are not yet accurate enough (NGSP, 2010). Also, 
among these POC instruments, only one is designed for patient use at home, whereas the 
others are suitable only for clinics and physician offices due to their high price ($1000-$3000) 
and complicated operation. Consequently, considerable work is still needed for the 
development of accurate, simple and cheap HbA1c biosensors. Although an HbA1c 
measurement is recommended quarterly and not as frequently as in the case of glucose, its 
role in prevention, diagnosis and management of diabetes is critical.  

2. Electrochemical biosensors 

A biochemical sensor is a small device consisting of a transducer covered by a biological 
recognition layer which interacts with the target analyte. The chemical changes resulting 
from this interaction are converted by the transducer into electrical signals. Electrochemical 
biosensors combine the analytical power of electrochemical techniques with the specificity 
of biological recognition processes to produce an electrical signal that is related to the 
concentration of an analyte (Wang, Analytical Electrochemistry, 2006). In electrochemical 
biosensors, the transducer is an electrode. Based on the nature of the biological recognition 
process, two general categories of electrochemical biosensors can be defined: biocatalytic 
devices (utilizing enzymes, cells or tissues as immobilized biocomponents) and affinity 
                                                                 
1 National Glycohemoglobin Standardization Program 
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sensors (based on antibodies, membrane receptors or nucleic acids) (Wang, Analytical 
Electrochemistry, 2006). Electrochemical biosensors can be further divided into the sub-
categories of potentiometric, amperometric and impedimetric biosensors depending on their 
mode of operation (Pohanka & Skládal, 2008). Electrochemical biosensors are widely used in 
the medical field. One of the most important applications of such devices is for the diagnosis 
and management of diabetes, a topic which has received a great deal of interest due to its 
urgent need and as a model system for sensor development. 

2.1 Glucose biosensors 
Glucose biosensors are one of the key elements in treating and management of diabetes. 
Many diabetics use these devices to measure their blood glucose level every day. In fact, 
glucose biosensors occupy 85% of the entire biosensor market. Such huge market size has 
made diabetes a model disease for developing new biosensing concepts (Wang, 
Electrochemical Glucose Biosensors, 2008). It is has been about 36 years since the first 
commercial glucose biosensor was introduced into the commercial market (Pohanka & 
Skládal, 2008). From that date, different approaches have been explored and many devices 
have been designed for individual diabetes control. In spite of the huge development in 
glucose biosensors, diabetes control still has problems and so efforts are still being made to 
further improve their use. Issues such as in vivo glucose measurement and insulin delivery 
and long-term glucose level measurement are some areas of interest. As mentioned 
previously, the problems associated with the measurement of long-term blood glucose 
levels are leading to the development of HbA1c biosensors. HbA1c biosensors integrated 
with personal glucose biosensors can greatly improve management and treatment of 
diabetes. 

3. HbA1c biosensors 

3.1 Biosensors based on Fructosyl Valine (FV) 
As mentioned previously, the problems associated with the measurement of long-term 
blood glucose levels are leading to the development of HbA1c biosensors. HbA1c biosensors 
integrated with personal glucose biosensors can greatly improve management and 
treatment of diabetes. As mentioned previously, HbA1c is formed through the non-
enzymatic glycation of the terminal valine of beta sheets in hemoglobin. This HbA1c can be 
digested to small glycated peptide fructosyl valine (FV) that can be further oxidized by the 
enzyme fructosylamine oxidase (FAO). Enzymatic assay of HbA1c is based on the oxidation 
of FV (as a model compound). 
In one of the first studies on FV enzyme sensors, Sode et. al. used an isolated fructosyl 
amine oxidase from marine yeast (Tsugawa, Ishimura, Ogawa, & Sode, 2000). They 
fabricated 2 types of sensors: a mediator-type enzyme sensor (using carbon paste electrode) 
and a hydrogen peroxidise–based enzyme electrode. Although lower potentials (150 mV vs. 
Ag/AgCl) were applied for the mediator-type probe than for the other one (600 mV vs. 
Ag/AgCl), the sensitivity of the hydrogen peroxidise sensor was found to be higher (0.42 
μA mM-1 cm-2). Consequently, further optimization of the operating conditions was needed 
as well as the sensor design. In a subsequent study, this group developed an FAO-
peroxidase-ferrocene sensor and a Prussian blue-based FAO sensor (Tsugawa, Ogawa, 
Ishimura, & Sode, 2001). The sensitivities of these probes were found to be similar to that of 
the earlier hydrogen peroxidise sensor but the applied potentials were lowered dramatically 
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(–250 mV and –50 mV for FAO-peroxidase-ferrocene sensor and Prussian blue-based FAO 
sensor, respectively). However the linear range of the current-concentration calibration 
curves for both sensors was narrower and the response times were longer than in the case of 
the hydrogen peroxidase sensor. 
Molecular imprinting is a technique to create template-shaped cavities in polymer matrices 
with memory for the template molecules to be used in molecular recognition (Alexander, et 
al., 2006). Sode et. al. employed a synthetic polymer (polyvinylimidazole denoted as PVI) as 
a catalyst for fabrication of an amperometric FV sensor (Sode, Takahashi, Ohta, Tsugawa, & 
Yamazaki, 2001). They combined this catalytic center with molecular imprinting for 
oxidative cleavage of FV. In their method, a mixture of carbon paste and PVI was applied on 
the electrode. The constructed electrode was then immersed in the phosphate buffer 
electrolyte containing m-PMS as mediator (Fig. 1). The current for the anodic oxidation of 
the reduced mediator (resulting from oxidation of FV) was monitored after applying an 
electrode potential of +100mV vs. Ag/AgCl. This system showed a linear relation between 
the current and the fructosylvaline concentration over the range from 50µM to 10mM in the 
presence of 5mg/ml PVI. Fig. 2 shows an excellent linear response of the current over a FV 
concentration range from 20μM to 0.7mM. Although the electrode sensitivity was not 
reported, they reported a detection limit for the sensor of about 20μM, which is acceptable 
for diabetes diagnosis, and measurement reproducibility within 10%. Also, the current 
response of a bare carbon electrode was found to be about 15% of that obtained in the 
presence of the PVI catalyst.  
 

 
Fig. 1. Oxidative fructosylamine cleavage reaction and detection on MIC-employing 
electrode (Sode, Ohta, Yanai, & Yamazaki, 2003). 

Since FV is an expensive reagent, it is the limiting factor for its utilization as the template for 
sensor fabrication. Proteolytic digestion of HbA1c for production of FV also leads to the 
formation of another fructosylamine compound (fructosyl lysine denoted as Fru-ε-lys) 
which is the proteolytic product of digestion of glycated albumin in the blood and can 
interfere with the detection of FV. So Sode and coworkers developed a sensor for better 
selectivity for FV over fructosyl lysine and used methyl valine (m-val) which is a cheaper 
analogue of expensive FV as the template (Sode, Ohta, Yanai, & Yamazaki, 2003). Also, they 
used the positively charged functional monomer allylamine to improve the selectivity of the 
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Fig. 2. Calibration curve for amperometric fructosylamine sensor employing PVI as the 
catalyst. The measurements were carried out in 10mM potassium phosphate buffer (pH 7.0) 
containing 1mM m-PMS at 50◦C (Sode, Takahashi, Ohta, Tsugawa, & Yamazaki, 2001). 

sensor toward FV. Both the sensitivity and selectivity (FV/Fru-ε-lys) decreased from 
135nA/mM to 95nA/mM and 1.8 to 1.6, respectively, after replacing the FV template with 
m-val. However, with the introduction of allylamine as the functional monomer, the 
selectivity increased to 1.9, while a sensitivity of 95nA/mM could be maintained. Thus, with 
these two modifications, selectivity increased slightly, while the sensitivity decreased in 
exchange for a more inexpensive template (m-val). Table 1 shows a comparison of the 
sensitivities and selectivities achieved by the use of different polymers in their study. 
 

 
Table 1. Sensitivity and selectivity of polymers for fructosylamine compounds (Sode, Ohta, 
Yanai, & Yamazaki, 2003). 

Fang and his coworkers developed a single-use, disposable fructosyl valine amperometric 
biosensor. Since HbA1c measurement is vital for long-term management of diabetes in 
patients, a cheap single-use disposable HbA1c sensor could be very useful in this regard. 
They used screen-printed electrodes for sensor fabrication and incorporated iridium into the 
electrodes as a catalyst (Fig. 3). Both the working and counter electrodes were iridium-
modified carbon, while the reference electrode was Ag/AgCl. Fructosyl amine oxidase 
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(FAO) was immobilized on the working electrode for detection of H2O2 produced 
enzymatically from FV in a 3μL sample. Amperometric measurements were done in a 
medium containing PBS, FV and potassium chloride as the supporting electrolyte at pH 7.0 
and room temperature for 120 seconds after applying an electrode potential of +0.25 V at 
HbA1c concentrations from 0 to 2 mM that correspond to the range relevant to physiological 
conditions. The results are shown in Fig. 4 and Fig. 5. Fang et al claimed a sensitivity of 21.5 
μA mM-1 cm-2 for their sensor which is several orders of magnitude larger than the value 
reported in the physiological range. At the same time, their applied potential of +0.25 V was 
lower than that used in most previous studies on this type of sensor. However their FV 
samples were synthesized using L-valine and glucose and so should not have experienced 
the potential interferences due to the presence of the proteolytic products of HbA1c other 
than FV. 
 

 
Fig. 3. The configuration of the thick-film sensor (Fang, Li, Zhou, & Liu, 2009). 

 
Fig. 4. Calibration curve for the FV biosensor (Fang, Li, Zhou, & Liu, 2009). 
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Fig. 5. Calibration curve for the FV biosensor at concentrations below 1mM FV (Fang, Li, 
Zhou, & Liu, 2009). 

In another study, Chuang et. al. used the same technique of molecular imprinting to 
fabricate a potentiometric FV biosensor (Chuang, Rick, & Chou, 2009). They made molecular 
imprints of FV in a poly-aminophenylboronic acid (p-APBA) polymer on conductive 
indium-doped tin oxide (ITO) electrodes. Electrochemical characterization of the fabricated 
biosensor was carried out by comparing the open circuit potential (Eoc) of the ITO carrying 
the molecular imprinted polymer (MIP) with that measured on a non-imprinted control in 
10mL phosphate buffer (pH 7.0) with a standard Ag/AgCl reference electrode to assess the 
affinity of the FV imprints for FV, D-fructose, D-glucose and L-valine. The ΔEoc values 
obtained when the imprinted electrode was introduced into solutions containing 10 mM FV, 
10 mM D-fructose, 10 m D-glucose and 10 mM L-valine were found to be ~5.0×10-3 V , 
~2.9×10-3 V, ~4.0×10-4 V and less than 1.0×10-5 V, respectively. The higher ΔEoc values 
measured in the presence of D-fructose than D-glucose indicates that the electrode 
recognises the limited structural similarity between D-fructose and D-glucose. Also, it is 
apparent that the affinity of the imprinted electrode for FV is higher than for the others. The 
suggestion was made that this may be due to both shape complementarity (as evident in the 
case of D-fructose and D-glucose) and charge effects. The p-APBA polymer has a net 
positive charge in pH 7.0 buffer while FV is negatively charged. Selectivity through shape 
recognition was attributed mainly to the imprinting of the carbohydrate component of FV, 
as suggested from a comparison of the ΔEoc values for fructose, glucose and valine. 
Electrochemical oxidation of FV on a bare glassy carbon paste electrode (GCPE) in the 
absence of an enzyme was reported by Chien et. al (Chien & Chou, 2010). The electrode was 
prepared by applying a glassy carbon microparticle paste on the ITO substrate using a 
baking process. This GCPE was characterized and reported to have higher sensitivity on FV 
and lower background current compared with conventional glassy carbon electrodes. After 
studying the polarization behaviour of FV to determine an appropriate applied potential 
that would yield higher sensitivity and signal-to-noise ratio (+0.1 V), the current response of 
the GCPE to successive additions of FV (0 to 1mM) was collected by chronoamperometric 
measurement in a phosphate buffer (pH 7.4) (Fig. 6). The average response time and 
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stabilization time between each addition was found to be 40 and 100 seconds, respectively. 
According to the data (correlation between FV concentration and the response current in 
phosphate buffer) shown in the inset of Fig.6, the response current increased from 0.27 μA to 
5.52 μA as the FV concentration increased from 0 to 1.0 mM. These data also show a good 
linearity with an R2 value of 0.999. The sensitivity of the biosensor was found to be 5.26 
μAmM-1 and the minimum detection limit less than 0.1 mM. Chien et al. also showed that an 
increase in pH leads to a rise in the oxidation current. Moreover, the biosensor exhibited a 
high selectivity for FV as D-glucose, D-fructose and L-valine had no interference on the 
current response. However, it should be acknowledged that their FV samples were 
synthesized using L-valine and glucose so the use of a high applied potential may cause 
interference and necessitate the inclusion of a mediator in future applications. 
 

 
Fig. 6. Chronoamperometric response at GCPE (glassy carbon microparticles/mineral oil 
50/50 (w/w) %). FV concentrations, increasing in mM L-1 increments, are shown as: (a) 0, (b) 
0.1, (c) 0.2, (d) 0.3, (e) 0.4, (f) 0.5, (g) 0.6, (h) 0.7, (i) 0.8, (j) 0.9, (k) 1. The current readings were 
observed to stabilize for approximately 100s. The supporting electrolyte was phosphate 
buffer (pH 7.4), the operating potential was +1.0 V (vs. Ag/AgCl) with the measurements 
being made at ambient temperature. Inset: Calibration curve obtained for different 
concentrations of FV (Chien & Chou, 2010). 

3.2 Biosensors based on HbA1c 
Other types of HbA1c biosensors detect HbA1c directly. Different methods and techniques 
have been applied for these types of HbA1c biosensor. One of their potential advantages is 
that there is no need for two time-consuming preliminary steps to release fructosyl valine 
from HbA1c by a protease (one of the main drawbacks with FV POC instruments). 
Stöllner et al. developed an immunoenzymometric assay (IEMA) in which a glycated 
pentapeptide (with an amino acid sequence corresponding to the first 5 amino acids of the 
N-terminal hemoglobin sequence of the beta-chain) was used as an HbA1c analogue on the 
surface of either a microtiter plate or an amino-modified cellulose membrane (Stöllner, 
Warsinke, Stöcklein, Dölling, & Scheller, 2001). In this sensor, this glycated peptide 
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competes with HbA1c in the sample for antigen binding sites of anti-HbA1c. After a 
washing step, a glucose oxidase-conjugated antibody is applied to indicate the previously 
bound antibodies to the glycated peptide. Then the bound enzyme conjugates are measured 
optically. This procedure yielded the relation between signal intensity and HbA1c 
concentration shown in Fig. 7. At a total hemoglobin concentration of 30 μg ml-1 (456 nM), a 
reasonably linear dependence of absorbance on concentration is obtained in the range of 5-
50% HbA1c. Furthermore, the authors  reported no decrease in binding affinity of the 
glycated pentapeptide modified substrate to the anti-HbA1c antibodies even after being 
subjected to more than 20 repeated regeneration cycles. The authors did not present a 
similar diagram for their biosensor based on a cellulose membrane. 
 

 
Fig. 7. Calibration curve for HbA1c measured with the Hemoglobin-A1c-ELISA at a final 
concentration of total hemoglobin of 30 mg ml-1 (465 nM) (Stöllner, Warsinke, Stöcklein, 
Dölling, & Scheller, 2001). 

In a subsequent study, Stöllner et al and co-workers modified this biosensor for use as an 
amperometric immunosensor (Stöllner, Stöcklein, Scheller, & Warsinke, 2002). Their system 
works in 2 steps: selective enrichment of total hemoglobin on the surface of an affinity 
matrix followed by specific detection of immobilized HbA1c using a GOx-conjugated anti-
HbA1c antibody. The affinity matrix consists of a cellulose membrane (fixed to a platinum 
surface) covalently immobilized by either haptoglobin (strong hemoglobin-binding protein) 
or anti-hemoglobin antibody. In this way, the surface of the biosensor becomes saturated 
with a variety of hemoglobin and HbA1c-type compounds that can be detected by 
amperometric (or optical) measurement of enzymatically produced H2O2 from GOx labels 
(Fig. 8). Electrochemical measurement was done in a PBS electrolyte after allowing the 
system to reach equilibrium after a potential of +600 mV vs. Ag/AgCl was applied. By 
preparing HbA1c samples with known concentrations in 3%BSA/PBS (blocking buffer), 
they did not have to determine the total hemoglobin concentration.  
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Fig. 8. Principle of the electrochemical HbA1c immunosensor (Stöllner, Stöcklein, Scheller, & 
Warsinke, 2002). 

Their ELISA analysis showed a better reproducibility, higher sensitivity and signal-to-
background ratio for the haptoglobin-based sensor than the one based on the anti-
hemoglobin antibody. These researchers mentioned that this may be due to the more 
accessible glycated N-terminus of the β-chain of hemoglobin as a result of hemoglobin 
unfolding prior to the formation of a complex with haptoglobin. On the other hand, in the 
case of anti-hemoglobin antibody, the glycated N-terminal of the β-chain might be sterically 
hindered and less accessible for the anti-HbA1c antibody due to random orientation of 
hemoglobin molecules and a slight denaturation, As shown in Figs. 9 and 10, both ELISA 
and electrochemical analysis of HbA1c showed a linear correlation between %HbA1c of 
total hemoglobin and the signal (either absorbance or current) in the clinically relevant 
range of 5-20% HbA1c. The signal at 0% HbA1c corresponds to background effects. As can 
be seen, this background signal is relatively low in the case of the ELISA method, but 
comparable to the measurement obtained at 5% HbA1c using the electrochemical method. 
This background effect may be due to non-specific binding of the anti-HbA1c-GOx 
conjugate. The other problem with the electrochemical method is a standard deviation of 5-
15% due to the use of one haptoglobin-modified membrane per sample in comparison to 
parallel screening with the ELISA method. Also, separate immunochemical reaction and 
indication steps of the bound GOx are required because of unspecific binding of the 
involved proteins to the plastic wall of the electrochemical cell. The time needed for HbA1c 
measurement in this work is approximately 3h due to non-optimized incubation times. 
More recently, the same group published another study on an HbA1c biosensor based on 
electrochemical detection of ferroceneboronic acid (FcBA)-bound HbA1c (Liu, Wollenberger, 
Katterle, & Scheller, 2006). They introduced more electrochemical techniques in this 
approach. A zirconium dioxide nanoparticle-modified pyrolytic graphite electrode (PGE) 
was used in the presence of didodecyldimethylammonium bromide (DDAB) for total 
hemoglobin immobilization rather than a haptoglobin-modified cellulose membrane on a 
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Fig. 9. Calibration curve for HbA1c measured with the sandwich immunoassay carried out 
on haptoglobin-modified cellulose membranes. The enzyme label GOx was detected 
optically (Stöllner, Stöcklein, Scheller, & Warsinke, 2002). 

 

 
Fig. 10. Calibration curve for HbA1c using amperometric indication of the produced H2O2. 
The haptoglobin-modified cellulose membranes were fixed onto a Clark-type electrode 
(Stöllner, Stöcklein, Scheller, & Warsinke, 2002). 

platinum electrode. Also, electrochemical measurement of HbA1c involved the use of FcBA 
instead of an anti-HbA1c-GOx conjugate. The PGE is used for protein (total hemoglobin) 
immobilization and DDAB accelerates electron transfer between hemoglobin and the 
electrode. Purified hemolysed erythrocytes from real human blood sample were mixed with 
the suspension of ZrO2 nanoparticles in the DDAB solution and then applied to the 
electrode surface for total hemoglobin immobilization. Afterward, the electrode with 
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immobilized hemoglobin was incubated in FcBA solution for 30 min. The aromatic 
derivatives of boronic acid can react with 1,2- or 1,3-cis-diols to form reversible cyclic 
boronic esters in aqueous solutions under mild and easily controllable reaction conditions 
(Fig. 11). Consequently, FcBA serves 2 functions: selective binding to HbA1c over the other 
immobilized hemoglobins (using boronic acid part) and participation in the electrochemical 
reaction for HbA1c measurement through its ferrocene part. The total immobilized 
hemoglobin content was determined using cyclic voltammetry (CV) in pH 8.0 PBS solution, 
while the bound FcBA was detected using square wave voltammetry (SWV). SWV was used 
instead of CV since the chemically modified sensor with bound hemoglobin exhibited a 
relatively large charging current and higher sensitivity for the Fc label. The cyclic 
voltammogram obtained in the presence of hemoglobin-immobilized PEG showed 2 peaks 
related to the Fe(II)-Fe(III)-couple of the heme groups in hemoglobin. The hemoglobin 
concentration was obtained by integration of the reduction peak. Fig. 12 shows square wave 
voltammograms for a hemoglobin sensor obtained in solutions containing 2 different HbA1c 
concentrations before and after incubation in the presence of FcBA. The peak current 
increases significantly after incubation in the presence of FcBA and with increasing HbA1c 
percentage in total hemoglobin. Calibration curves for determination of %HbA1c at various 
total hemoglobin concentrations are presented in Fig. 13. From the point of view of 
sensitivity, the optimal total hemoglobin concentration is between 20-50μM. Measurement 
reproducibility of the fabricated sensor reported for 10.2% HbA1c samples at the different 
total hemoglobin concentrations was found to be 12.7% on average. Deviation of the 
HbA1c% measurements from the values obtained using the HPLC-based standard reference 
method was found to be quite high and vary from –10.7% to 31% for the 20 samples 
analyzed. The requirement for the separate determination of the total hemoglobin content 
also makes this an inconvenient aspect of this method. 
 

 
Fig. 11. Mode of conjugation between phenylboronic acid and protein HbA1c (Song & Yoon, 
2009). 
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Fig. 12. Square wave voltammograms of a sensor containing 6.8% glycated hemoglobin 
before (a) and after incubation in FcBA (b) and Hb containing 14% glycated hemoglobin 
after incubation in FcBA (c) (Liu, Wollenberger, Katterle, & Scheller, 2006). 

 

 
Fig. 13. Calibration curve for glycated hemoglobin determination for 3 μl 5μM total Hb (■), 
10μM total Hb (•), 20μM total Hb (▲), 50μM total Hb (▼) and 100μM total Hb (♦) (Liu, 
Wollenberger, Katterle, & Scheller, 2006). 

More recently, Scheller et. al. further modified their previous amperometric HbA1c sensor 
into an electrochemical piezoelectric sensor (Halámek J. , Wollenberger, Stöcklein, & 
Scheller, 2007). The total hemoglobin content was determined using a mass-sensitive quartz 
crystal modified with a surfactant, while the FcBA-bound HbA1c on the surface was 
measured using square wave voltammetry. A piezoelectric quartz crystal was coated with 
gold and covalently modified with the surfactants. Of the four surfactants evaluated, 
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deoxycholate (DOCA) was found to be optimal with regard to hemoglobin surface loading, 
regeneration and direct reduction of the bound hemoglobin. Unlike their previous work, 
blood samples were first incubated with FcBA and then applied on the modified surface. 
The boronic acid/diol interaction is much faster in alkaline conditions; on the other hand, 
hemoglobin has lower stability at these pHs. Consequently, the optimum pH for incubation 
was found to be 8.0. Denaturation of hemoglobin before incubation with FcBA (by heat 
treating at 75 °C for 300s) is required for detection of HbA1c and the electrochemical 
response of the heme groups and also increases binding with DOCA-modified surface. The 
amount of the total hemoglobin bound to the surface is monitored by a quartz crystal 
nanobalance (QCN). Upon immobilization of hemoglobin on the electrode surface, the 
oscillation frequency of the quartz crystal decreases. The decrease in the frequency is 
proportional to the amount of adsorbed total hemoglobin. Fig. 14 shows a typical response 
of the QCN upon hemoglobin binding and regeneration of the DOCA-modified 
piezosensor. The oscillation frequency decreases after hemoglobin binding, but increases 
again after washing loosely bound hemoglobin and returns back to the baseline after 
regeneration and removal of  bound hemoglobin. More than 30 binding-regeneration cycles 
were possible without loss of sensitivity. 
 

 
Fig. 14. Typical QCN response after Hb-binding to the DOCA-modified piezosensor. (A) 
Injection of Hb (7.75μM) is followed by (B) washing with buffer (Sörensen phosphate buffer 
pH 7.5) and (R) 5 min regeneration using pepsin solution. The dotted line represents the 
baseline of the piezoelectric quartz crystal. Before measurement, Hb was incubated at 75 °C 
for 300 s (Halámek J. , Wollenberger, Stöcklein, & Scheller, 2007). 

These researchers used the same method of square wave voltammetry used in their earlier 
work for measurement of the FcBA-bound HbA1c (Fig. 15). To ensure that all HbA1c 
molecules are bound to FcBA, they added a 12-fold excess of FcBA to total hemoglobin. Fig. 
16 shows the dependence of the current peak height of the SWV on %HbA1c. The standard 
deviation of this calibration curve obtained from 5 measurements of each sample is 
relatively high. This was partly attributed to the fact that the data were obtained in 
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experiments performed over a period of 5 days. Further optimization of the technique to 
reduce the measurement variability and attain a detection limit below 5% HbA1c is needed. 
 

 
Fig. 15. Scheme of the electrochemical HbA1c sensor based on binding of FcBA-labelled 
HbA1c to the surface of the DOCA-modified piezoelectric quartz crystal and voltammetric 
read out of the label (Halámek J. , Wollenberger, Stöcklein, & Scheller, 2007). 

 

 
Fig. 16. Dependence of peak height of the SWV at +200mV vs. Ag/AgCl (1M KCl) on HbA1c 
content in Hb sample. Hb samples (7.75μM solution in Sörensen phosphate buffer pH 8.0) 
were preincubated with 1mMFcBAsolution at 75 °C for 300 s (number of measurements per 
sample n = 5) (Halámek J. , Wollenberger, Stöcklein, & Scheller, 2007). 

The same sensor was modified to enhance the signal by in situ tagging of an anti-HbA1c 
antibody with FcBA (Halámek J. , Wollenberger, Stöcklein, Warsinke, & Scheller, 2007). 
Measurement of the total immobilized hemoglobin was done by QCN as before, but an 
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additional step of incubating the anti-HbA1c antibody for 300s was done before introducing 
FcBA to the system. This antibody selectively binds to the glycated N-terminus of the β-
chains of HbA1c. According to its structure, at least 5-6 terminal glycated residues contain 
vicinal cis-diol groups compared with 1-2 terminal sugar residues of the β-chains of HbA1c. 
Therefore, more FcBA per HbA1c molecule can bind to the surface and produce a higher 
SWV peak current and thereby increase the electrochemical signal. A comparison of this 
approach with that of direct tagging of HbA1c with FcBA described previously shows a 3.6-
fold increase in sensitivity (Fig. 17). Although all the experiments were conducted in a single 
day, the standard deviations based on 3 measurements per sample were still high and 
accurate detection of HbA1c levels below 5% was still a problem. 
 

 
Fig. 17. Dependence of peak height of the SWV at +300 mV versus Ag/AgCl (1M KCl) on 
the HbA1c content in the Hb sample (total Hb 7.75 μM in Sörensen buffer pH 8.0, 
preincubated at 75°C). After immobilization of Hb onto the DOCA sensor, either FcBA (○) or 
anti-HbA1c Ab and then FcBA (•) was injected. SWV were then measured in stopped flow 
(Halámek J. , Wollenberger, Stöcklein, Warsinke, & Scheller, 2007). 

Son et al fabricated a disposable biochip for electrochemical HbA1c measurement (Son, Seo, 
Choi, & Lee, 2006). They used ferricyanide (K3Fe(CN)6) as mediator so that the electrons 
released from the oxidation of Fe2+ in hemoglobin were transferred to the electrode by the 
ferricyanide/ferrocyanide couple. A schematic view of their %HbA1c measurement 
procedure is shown in Fig. 18. The components integrated in the system are a pair of 
interdigitated array (IDA) electrodes, HbA1c binding chamber, blood lysis chamber, filter, 
micro-pump and microchannel. After plasma separation (1) and red blood cell (RBC) lysis 
(2), the total hemoglobin stream branches off into two separate streams: in the lower stream 
HbA1c is immobilized on a packed agarose bead containing m-amino-phenylboronic acid 
(m-APBA) in the binding chamber and releases hemoglobin, while total hemoglobin flows 
in the upper stream (3). The ratio of the resulting electrochemical signals from the lower and 
upper streams after passing through the IDA electrodes yields the %HbA1c. Due to the non-
homogeneous distribution of hemoglobin, the instantaneous current varies as a sample 
flows through the IDA electrodes. Consequently, the integral of the current over time was 
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used for measurement. Unfortunately, no information on the performance of this biosensor 
was provided in the article. 
 

 
Fig. 18. Schematic of the %HbA1c measurement process (Son, Seo, Choi, & Lee, 2006). 

In another study, Park et. al. reported an electrochemical HbA1c measurement method 
based on selective immobilization of HbA1c on a gold electrode covered with a thiophene-3-
boronic acid (T3BA) self-assembled monolayer (SAM) and detecting HbA1c by label-free 
electrochemical impedance spectroscopy (EIS) (Park, Chang, Nam, & Park, 2008). 
Presumably, these researchers chose to modify the gold electrode with T3BA based on the 
common use of 3-aminophenylboronic acid to bind to a solid support for HbA1c separation 
from hemoglobin in boronate affinity chromatography. This species can form a self 
assembling monolayer (SAM) on a gold surface. The reported binding mechanism is based 
on bonding between the sulphur atom of the π-stacked thiophene SAM and the gold. The 
binding of T3BA and formation of a SAM on the gold was confirmed by the use of a quartz 
crystal microbalance (QCM), atomic force microscopy (AFM) and EIS experiments. Figs. 19 
and 20 show the progress of T3BA binding over time as measured by QCM and an AFM 
image of a HbA1c/T3BA-SAM, respectively. 
 

 
Fig. 19. QCM results for the HbA1c binding upon injection of 100 μL of diluted 11.6% 
HbA1c solution into 2 mL of the pH 8.5 buffer solution (10 mM 4-ethylmorpholine) (Park, 
Chang, Nam, & Park, 2008). 
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Fig. 20. AFM image the HbA1c/T3BA-SAM immobilized on it (left) along with 
corresponding cross-sectional profiles of the spots marked by white circles on the images 
(right) (Park, Chang, Nam, & Park, 2008). 

Electrochemical determination of selectively immobilized HbA1c on the T3BA SAM is based 
on measuring the change in the capability of the gold electrode for electron transfer due to 
blocking of the electrode surface by HbA1c after immobilization. This is conducted using 
standard HbA1c solutions diluted with a buffered (pH 8.5) solution containing 10 mM 4-
ethylmorpholine in a 3-electrode cell including a gold disk working electrode (0.020 cm2), 
Ag/AgCl reference electrode and platinum spiral wire counter electrode. The T3BA SAM 
has been found to have relatively high electrochemical activity since the charge transfer 
resistance Rct is small only when it forms on the surface. On the basis of the shape of the EIS 
Nyquist plot obtained, the SAM appears to cover the electrode surface uniformly with no 
significant defects. The subsequent addition of HbA1c to the system causes the Rct value to 
increase significantly. As shown in Fig. 21, the ratio of Rct obtained in the presence of HbA1c 
to that obtained in its absence increases linearly with HbA1c concentration. Similarly, this 
ratio varies linearly with %HbA1c in samples with the same total hemoglobin concentration 
(Fig. 22). Such linear behaviour makes the T3BA-SAM modified electrode a satisfactory 
platform for a HbA1c sensor. On the other hand, these results indicate that the variation of 
this signal with HbA1c concentration also depends on total hemoglobin concentration. 
Consequently, the total hemoglobin concentration must also be determined to obtain the 
HbA1c content. Electrode regeneration can be carried out by washing with a sodium acetate 
buffer at pH 5.0. Since this method is not selective for HbA1c over glycated albumin (also 
present in blood under hyperglycemic conditions), glycated albumin must be separated 
from RBC by centrifugation. 
In another study, Song and Yoon used a boronic acid-modified thin film interface for 
selective binding of HbA1c followed by electrochemical biosensing using an enzymatic 
backfilling assay (Song & Yoon, 2009). They used a freshly evaporated gold working 
electrode for the bottom-up layer formation process (Fig. 23). This procedure began with the 
formation of an amine-reactive DTSP SAM on the gold which was then transferred to a 
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Fig. 21. (a) Impedance data obtained for the T3BA-SAM-covered electrode before and after 
immersion into various HbA1c concentrations diluted with 10 mM 4-ethylmorpholine buffer 
(pH 8.5) for 5 min. (b) The ratio of resistances plotted versus HbA1c concentration (μg/mL) 
(Park, Chang, Nam, & Park, 2008). 

poly(amidoamine) G4 dendrimer solution. Then 4-formyl-phenylboronic acid (FPBA) was 
immobilized on the dendrimer layer selective for HbA1c. FPBA functionalization was 
confirmed by XPS and cyclic voltammetry. To carry out the backfilling assay, samples with 
various ratios of HbA1c/HbA0 (with normal adult human hemoglobin concentration i.e. 
150 mg/ml) in a pH 9.0 bicarbonate buffer were contacted with the functionalized surface to 
react with FPBA for 1 hour. After rinsing with buffer and PBS, 1 mg/ml activated GOx in 
PBS was added in order to bind to the remaining unreacted amine groups on the dendrimer-
FPBA layer or 30 minutes. The response of this electrode sensor was assessed by subjecting 
it to a voltammetric scan from 0 to +500 mV vs. Ag/AgCl at a rate of 5 mV/s in PBS in the 
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presence of 0.1 mM ferrocenemethanol (as mediator) and 10 mM glucose (as substrate). The 
anodic current measured at +400 mV was chosen as the sensor signal because of stable 
current at this potential in the voltammogram. Fig. 24(A) shows voltammograms obtained at 
different HbA1c concentrations. As expected, an increase in the HbA1c concentration leads 
to a decrease in the resulting current due to less available space for GOx on the electrode. 
The corresponding calibration curve for the anodic current at +400 mV as a function of 
HbA1c concentration is shown in Fig. 24(B). Although this sensor has the advantage of 
signal amplification without the need for pretreatment such as labelling or use of labelled 
secondary antibody, incubation of the hemoglobin sample and then GOx solution requires 1 
hour and 30 minutes, respectively. In addition, the sensitivity at HbA1c levels below 5% is 
not sufficient. 
 

 
Fig. 22. Rct ratio obtained at five HbA1c concentrations 20 minutes after sample injection 
(Park, Chang, Nam, & Park, 2008). 

Qu and coworkers fabricated a micro-potentiometric Hb/HbA1c immunosensor based on 
an ion-sensitive field effect transistor (ISFET) using a MEMS fabrication process (Qu, Xia, 
Bian, Sun, & Han, 2009). Such ISFET biosensors have numerous advantages such as easy 
miniaturization and mass-production and rapid and label-free detection of a wide range of 
chemical and biochemical species. The procedure involved modification of the gold working 
electrode by electropolymerization of a polypyrrole (PPy)-HAuCl4 composite followed by 
electrochemical synthesis of gold nanoparticles (AuNP) and modification of the gold 
reference electrode by applying a PPy film. The presence of AuNP on the surface (confirmed 
by FE-SEM) is reported to enhance antibody immobilization. Also, the PPy-AuNp electrode 
was electrochemically characterized by cyclic voltammetry and shown to exhibit better 
redox reaction reversibility than a PPy electrode. For hemoglobin and HbA1c 
immunosensor fabrication, anti-Hb antibodies and anti-HbA1c antibodies, respectively, 
were immobilized on the modified working electrodes. The fabricated microelectrode chip 
was then connected to an ISFET integrated chip. Charge adsorption at the ion/solid 
interface of the sensing layer leads to a potential drop and influences the gate voltage of the 
ISFET which is reflected by the change in the threshold voltage of the ISFET. Measurement 
of the hemoglobin level was done by successive injection of 10 μL of hemoglobin solutions 
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with concentrations of 60-180 μg/ml in PBS (pH 7.4) onto the SU-8 reaction pool of the 
sensor. Fig. 25 shows the change in differential voltage response (ΔE) upon successive 
addition of the samples (in comparison with the initial response in PBS). A linear relation 
between the hemoglobin concentration and voltage response is observed between 60 and 
180 μg/ml. The corresponding sensor sensitivity and variation coefficient of ΔE was 
reported to be 0.205 mV μg-1 ml and 21%. A similar experiment on whole blood samples 
yielded a linear relation between ΔE and hemoglobin concentrations between 125-197 
μg/ml with a sensitivity of 0.20 mV μg-1 ml. 
 

 
Fig. 23. Schematic diagram of “backfilling assay” between HbA1c and activated GOx. 
HbA1c binds to boronic acid and activated GOx binds to the remaining amine on the 
dendrimer monolayer (Song & Yoon, 2009). 
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Fig. 24. Electrochemical biosensing of HbA1c by using Dend-FPBA electrodes. (A) Cyclic 
voltammograms of the backfilling assay between HbA1c and activated GOx at different 
HbA1c concentrations in the presence of ferrocenemethanol (0.1mM)in electrolyte with 
glucose (10mM)in 0.1MPBS (pH 7.2) at a 5mV/s sweep rate. A voltammogram before 
glucose addition is also included for comparison. (B) Calibration curve from the resulting 
backfilling assay as a function of target HbA1c concentration. Signal current levels were 
masured at +400mV from the background-subtracted voltammograms for respective analyte 
concentrations. The mean value from three independent analyses is shown at each 
concentration with error bar indicating the standard deviation (Song & Yoon, 2009). 

The HbA1c concentration was measured using the same procedure on 10 μL solutions 
containing concentrations of 4-18 μg/ml HbA1c in PBS (pH 7.4) Fig. 26 shows a linear dose-
response over this concentration range. Sensor sensitivity and variation coefficient of ΔE 
was reported to be 1.5087 mV μg-1 ml and 24%. The change in response due to the addition 
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of potential interferents such as immunoglobin G (100 μg/ml), α-fetoprotein (2.5 μg/ml) 
and BSA (1%) was found to be less than 9.2%. It was also found that the ΔE of the 
hemoglobin sensor decreased about 33.2% after storage at 4°C under dry conditions for 5 
days in 100 μg/ml hemoglobin in PBS (pH 7.4). The same trend was observed for a HbA1c 
sensor which showed a decrease in ΔE by about 35.1% after storage at 4°C under dry 
conditions for 5 days in 8 μg/ml hemoglobin in PBS (pH 7.4). This change in response was 
attributed to the slow deactivation of antibodies during storage. Although this sensor has a 
short response time (less than 1 min) in comparison to other HbA1c biosensors and low 
fabrication costs (in the case of batch produced electrode chips), its low stability and the 
relatively high variability of its signal are problems requiring further improvement. 
 

 
Fig. 25. Differential voltage response of the ISFET  hemoglobin immunosensor to successive 
injections of Hb solutions with concentrations of 60, 100, 120, 140, 160 and 180μg/ml in PBS 
(pH 7.4). The coefficient of variation of the change of voltage response ΔE was 21% for 
measurements with three independently prepared electrodes. Voltages were measured 60 s 
after sample injection (Qu, Xia, Bian, Sun, & Han, 2009). 
 

 
Fig. 26. Differential voltage response of the ISFET hemoglobin-A1c (HbA1c) immunosensor 
to successive injections of 4, 8, 10, 12 and 15μg/ml HbA1c solution in PBS (pH 7.4). The 
coefficient of variation for the change of voltage response ΔE was 24% for measurements 
with three independently prepared electrodes. Reported voltages were taken 60 s after 
HbA1c injection (Qu, Xia, Bian, Sun, & Han, 2009). 
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The same group further extended their approach by using SAMs (Xue, Bian, Tong, Sun, 
Zhang, & Xia, 2011). They designed a micro-potentiometric immunosensor based on mixed 
SAMs containing an array of gold nanospheres (instead of a PPy-AuNP layer) for HbA1c 
measurement (Fig. 27). The surfaces of nano-gold particles and a gold electrode were both 
modified by SAMs. This modification was done to address some of the problems associated 
with the use of nanoparticles in immunosensor fabrication. It also plays a role as an 
insulating film which is suitable for a FET, stabilizes covalent immobilization of antibodies 
and can eliminate the nonspecific sites to prevent noise interferences. The two-layer 
structure of SAMs with different chain lengths also helps reduce steric hindrance. 
  

 
Fig. 27. Schematic diagram of electrode modification process and specific binding in diluted 
blood sample (Xue, Bian, Tong, Sun, Zhang, & Xia, 2011). 

The electrode surface was modified by combining AuNPs with a mixed thiol solution (10 
mM of both 16- and 3- mercaptohexadecanoic acid in ethanol) to form a two-layer SAM on 
AuNP followed by covalent immobilization on a gold electrode already modified with 
mercaptoethylamine-SAM using NHS and EDC. Antibodies were immobilized on the 
modified electrode using NHS and EDC as well. SEM images of the modified electrode 
showed a more uniform distribution of AuNPs which was attributed to the presence of 
SAMs. Electrochemical characterization of the modified electrode using CV and EIS 
confirmed that the SAMs had an insulating effect by decreasing the oxidation/reduction 
current and increasing the interfacial resistance. Also, the presence of AuNP increased the 
electrode sensitivity about 2-fold by raising the surface area-to-volume ratio of the sensor 
and making more sites available for antibody immobilization (Fig. 28A). 
Measurements of hemoglobin and HbA1c content were conducted on 5 μL samples of 
simulated blood solution. Hemoglobin with concentrations of 166.67-570 ng/ml and HbA1c 
with concentrations of 1.67-170.5 ng/ml were analyzed. Figs. 28B and C indicate that linear 
relations between reagent dose and the electrode response were obtained over the 
concentration ranges from 166.67 to 570 ng/ml for hemoglobin and from 50 to 170.5 ng/ml 
for HbA1c. Sensor sensitivity was also reported to be 40.42 μV/(ngmL-1) and 94.73 
μV/(ngmL-1) for hemoglobin and HbA1c, respectively. Also, the relative standard deviation 
of the measurements (RSD) was 5%. The good linearity of the results was attributed to the 
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absence of significant interferences from bovine serum albumin, lysis solution, potassium 
ions and chloride ions in the simulated blood sample as well as good biocompatibility of the 
method and a stable combination with antibodies. In comparison with their previous 
sensors based on mixed SAMs, the use of wrapped AuNP arrays increased the sensor 
sensitivity from the order of μg/mL to ng/mL and lowered the standard deviation from 
above 20% to 5%, while reaching a dilution factor of 150,000 times. 
 

 
Fig. 28. Potential output of the immunosensor in a phosphate buffer solution of pH7.4 in the 
presence of simulated blood samples containing different concentrations of HbA1c and 
hemoglobin: (A) effect of HbA1c using two methods: (a) mixed SAM wrapped nano-spheres 
method and (b) mixed SAM method); (B) response to HbA1c; (C) response to hemoglobin. 
The results are the mean values of 3 measurements (Xue, Bian, Tong, Sun, Zhang, & Xia, 
2011). 
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4. Conclusion 

HbA1c point-of-care (POC) devices can potentially play an important role in diabetes 
diagnosis and management. However, they suffer from problems of low accuracy and 
reproducibility and so are not yet reliable enough to be recommended for clinical use at this 
time. This chapter reviews the research that has been done in the past decade or so to 
fabricate and improve the performance of HbA1c biosensors. A variety of approaches has 
been adopted to fabricate these sensors, making it difficult to compare them. However, 
based on the research to date, it appears that FV-based sensors require more steps for 
sample preparation, making their application in POC devices less favourable. Sensors that 
use label-free methods based on FET are less complicated for the user and require less time 
for measurement of HbA1c levels, but improvement to their sensitivity and especially 
reproducibility are needed in order to be accepted by clinicians and be suitable for 
introduction to the commercial market. Consequently, considerable work is still needed for 
the development of accurate, simple, reliable and cheap HbA1c biosensors. 
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1. Introduction 
The rabies constitutes one of the most dangerous viruses causing many death cases every 
year. Each year approximately 55,000 people die of rabies, with high percentage of children 
[S et al., 2007; L et al., 2000; FX et al., 1994). High percentages (99%) of the registered cases 
were in Asia and Africa. In order to fight this dangerous disease, many techniques are 
usually used for diagnostic but are usually complex, time consuming, expensive, difficult to 
implement, and this is a necessity for developing new detection process [N et al., 1993; 
Crepin et al., 1998]. Avian Influenza Virus (AIV) infections are a major cause of mortality 
and rapid identification of the virus has important clinical, economical and epidemiological 
implications. The traditional methods for virus diagnostic are Enzyme Linked 
Immunosorbent Assay (ELISA) and  Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR) which are time consuming and expensive. Biosensors can play an important role in 
areas such as diagnostic of diseases, drug detection and food quality control. Biosensors are 
devices with qualities quoted as rapidity, sensitivity and specificity [G et al., 2002; D et al., 
1999). Biacore based on Surface Plamson Resonance technique is effectively a successful 
biosensor used for antigen-antibody interaction [J et al., 1999]. Others commercialized 
biosensors such us glucometer was developed for self-monitoring of glucose in blood for 
diabetes care.  
In terms of the transduction techniques used, the three main classes of biosensors are 
optical, electrochemical and piezoelectric. Out of the three, optical methods appear to be the 
most sensitive, with surface plasmon resonance and waveguide based devices being the 
technological spearhead. As for Electrochemical biosensors, they are cheaper than optical 
ones. They can be amperometric or impedimetric, depending on whether they monitor a 
current as a function of potential or the resulting sensor impedance as a function of 
frequency. The advantage of impedimetric methods is that, unlike amperometry, they do 
not need of enzymatic labels in order to detect. In this work, we use the high sensitive 
impedance spectroscopy technique for biosensors applications. This technique is very 
known to characterize the electrical properties of materials and their interfaces exposed to 
electronically conducting electrodes [A et al., 2004; S et al., 2006; A et al., 2006].  It may be 
used to investigate the dynamics of bound and mobile charges in the bulk or interfacial 
regions of any kind of solid or liquid material: ionic semiconducting, mixed electronic-ionic 
and dielectric. The biosensor is based on the immobilization of specific anti-rabies 
polyclonal antibodies and specific anti-H7N1 antibodies onto a functionalized gold electrode 
with micrometer size. The affinity interaction of the antibody with the specific antigen can 
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be measured with a good reproductibility with impedance spectroscopy [M et al., 2008; M et 
al., 2008]. The different steps of biosensor conception were characterized by Electrochemical 
Impedance Spectroscopy (EIS). The obtained limit detection was better than those obtained 
with the others traditional methods for clinical use. The non-specific interaction has been 
tested with the Newcastle antigen virus. 

2. Experimental set-up 
2.1 Specific rabies antibody preparation 
Rabies immunoglobulins were produced by horse immunization. The immunization was 
carried out using human vaccine “RABIPUR” manufactured by “Chiron Behring Vaccines ″ 
in Ankleshwar (Gujarat), India. The horses were exposed to a series of injections to increase 
vaccine amounts. The immunization period lasted for 105 days (M et al., 2008).  

2.2 Specific rabbit antibody (anti-H7N1) preparation 
Three male rabbits were injected sub-cutaneously with different doses of NobilisTM, 
INFLUENZA H7N1 vaccine in different periods (15 days, 30 days, 45 days, 65 days). For 
each period, quantity of blood were analysed to study the kinetic of the rabbit vaccine 
immuno-response. Hyper immuno serums has been collected and specific rabbit-polyclonal 
antibodies (anti-H7N1) has been purified with affinity chromatography (M et al., 2008). 

2.3 Antibody immobilization on gold electrode 
The gold electrodes were cleaned with organic solvents (acetone and ethanol) and with 
piranha solution (1:3 H2O2 - concentrated H2SO4) for 1 min. After each treatment, the gold 
substrates were rinsed with ethanol and dried under nitrogen flow. The pretreated 
electrodes were immersed in 11-mercaptoundecanoic acid 1 mM in ethanol solution for 12 h 
in order to form a self-assembled monolayer (SAM). The substrates were then rinsed with 
ethanol in order to remove the unbonded thiols. To convert the terminal carboxylic groups 
to an active NHS ester, the thiol-modified electrodes were treated with 0.4 mM EDC-0.1 mM 
NHS for 1 h. After gold electrodes were rinsed with water and dryed under nitrogen, 20 
µg/ml of Anti-Rabies IgG (respectively 5 µg/ml  of Anti-H7N1) were dropped onto the 
surface at 37 °C for one hour. The excess antibodies were removed by rinsing with PBS. 
Then, the antibody-modified electrodes were treated with 0.1% BSA for 30 min, to block the 
unreacted and non-specific sites. After rinsing with PBS and water, the electrodes were 
dried under nitrogen (Figure.1). 

2.4 Impedance spectroscopy 
Many reports show that impedance spectroscopy is a useful tool to characterize self 
assembled monolayer on surfaces (A et al., 2004). A capacitor is formed between the 
conducting electrode and the electrolyte. The absolute impedance is related to the frequency 
by the equation: 

 1  
2

Z
fCπ

=  (1) 

where f is the frequency (in Hz) at which Z  is measured. 
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The complex impedance can be presented as a combination of the real impedance (Zre) and 
imaginary impedance (Zim), Nyquist plot. To fit the measured spectra with the impedance 
spectra out of ideal elements, the ideal elements have been replaced with the constant phase 
elements (CPE): 

 KZCPE αω−=  (2) 

 

 
Fig. 1. Biosensor multilayer configuration 

The frequency exponent is α = 1 and K = 1/C for an ideal capacitance, and α = 0 and K = R 
for an ideal resistance, respectively. The exponent α could be obtained, when the membrane 
capacitance (or layer capacitance) was replaced by a constant phase element ZCPE. The 
deviation of the exponent α from the ideal values is attributed to the inhomogeneities of the 
analyzed layer, like defects or roughness. The measured spectra of the impedance were 
analyzed in terms of electrical equivalent circuits using a analysis program. The 
mathematical expressions of the equivalent circuit models were fitted to the data. The 
electric parameters of the system were calculated with the computer program and the fit 
error was kept under a maximum of 10%.  The impedance analysis was performed with the 
Voltalab 40 impedance analyser in the frequency range 0.05 Hz - 100 kHz, using  a 
modulation voltage of 10 mV. Three-electrode system was employed with a saturated 
calomel electrode (SCE), an immunosensor working electrode (0.19 cm2), and a platinum 
strip counter electrode (0.385 cm2). The impedance measurements were performed in the 
presence of a 5 mM K3[Fe(CN)6]/ K4[Fe(CN)6] (1:1) mixture as redox probe in PBS. The 
measured spectra of the impedance and phase were analysed in terms of electrical 
equivalent circuit model using a Zview modelling programme (Scribrer and associates, 
Charlottesville, VA). All electrochemical measurements were carried out at room 
temperature and in a faraday cage. More details on electrochemical impedance spectroscopy 
can be found in reference (A et al., 2004; M et al., 2008). 
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3. Results and discussions 
3.1 Avian influenza virus biosensor 
First, we study the variation of the impedance spectra (the real part, it means the charge 
transfer resistance) of the functionalized gold electrode with different concentration of 
immobilised antibody. This allows us to know the saturation concentration of the antibody 
on our gold electrode, which will leads to the high sensitivity detection. Figure.2 shows the  
impedance spectra of the functionnalized gold electrode after the immobilisation of 
antibody with different concentration.  
 

 
Fig. 2. Impedance spectra of the functionalized gold electrode after the immobilisation of 
different antibody concentration 

The impedance spectra can be fitted with computer simulated program using the electric 
circuit shown in figure 3. This equivalent circuit includes the ohmic resistance of the 
electrolyte solution R0, the constant phase element  ZCPE  and electron transfer resistance R1. 
An excellent fitting between the simulated and experimental spectra was obtained for each 
antibody concentration. Figure4 shows the variation of the impedance versus the antibody 
concentration. We can see that the surface saturation can be obtained with  60μg/ml 
antibody concentration.  For specific and non specific antigen detection, we will use this 
antibody concentration 

3.1.1 Virus detection 
Figure 5 show the impedance spectra of the functionalized gold electrode recorded at 0 V in 
PBS buffer  at pH=7.2 in the range of 50 mHz to 100 KHz before and after addition of 
different H7N1 antigen concentration. 
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R0

ZCPE

R1
 

Fig. 3. Electric model 

 
Fig. 4. Impedance spectra of the functionalized gold electrode after the immobilisation of 
different antibody concentration 
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The interface can be modelized with the electric model shown in figure3. An excellent fitting 
between the simulated and experimental spectra was obtained. 
 

 
Fig. 5. Impedance spectra of the functionalized gold electrode before and after addition of 
different H7N1 antigen concentration. 

The charge transfer resistance increases and reaches a new saturation value that can be 
determined with the fitting program. This increase could be attributed to a rearrangement in 
the structure of the antibody and a variation of the dielectric constant. The lowest detection 
limit that induces a signal variation is equal to 5 μg/ml . This value was lower than the limit 
detection obtained with ELISA technique. 

3.1.2 Calibration and selectivity 
In order to obtain the calibration data set, the values of log Z/Zo versus the antigen H7N1 
concentration were plotted in figure 6 , where Z is the value of the impedance resistance 
after antigen binding to antibody, Z0 is the value of impedance as antibody immobilized on 
the electrode. 
As we can be see in the figure6, the plot is linear and saturate at the higher concentration. To 
confirm that the above-observed impedance changes generated from the result of specific 
antibody-antigen interaction, the sensor was exposed to the solution of Newcastle antigen 
that are expected to bind non-specifically. Figure 6 shows the variation of the impedance 
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versus the non-specific antigen concentration. As we can see, the sensor was not subjected to 
the non-specific binding and applicable to the selective determination of H7N1. 
 

 
Fig. 6. Calibration curves and selectivity of the developed biosensor. 

3.2 Rabbies virus biosensor 
We start to characterise the insulating properties of the thiol monolayer on gold surface. The 
Nyquist diagram of bare gold (fig.7) presents a half-circle, characteristic of a resistance in 
parallel with a capacity and a linear part which appears at low frequencies and which is 
assigned to diffusion phenomenon [17]. However, after acid thiol treatment, the diameter of 
the half-circle of Nyquist diagram increases clearly and the Warburg impedance was not 
observed. This is shows the high insulating properties of the acid thiol (M et al., 2008). 
After, impedance measurements were performed after gold surface activation with 
EDC/NHS,  antibody immobilization  and BSA blocking step. After each step, acquisitions 
of impedance data in PBS were carried out over 5 decades of frequency. Figure 8 presents 
the Nyquist diagram for the various steps of the biosensor development: SAM layer, 
antibody layer, blocking with BSA and antigen injection.  
We observe that each layer deposition on the gold surface generates an impedance increase. 
This increase is due to the change of the electric properties of the gold/electrolyte interface. 

3.2.1 Calibration and selectivity 
For rabbies detection, Figure 9 presents the calibration of the developed biosensors for 
specific and non-specific detection. It shows a dynamic range between 0.1 µg/ml and 4 
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µg/ml and a saturation reached at 4 µg/ml. This behaviour can be explained: when the 
antigen concentration increases in the electrochemical cell, the number of immobilized 
antibodies, but not complexed, decreases and reaches zero when concentration of antigen is 
higher than 4 µg/ml. The limit detection of this sensor is about 0.5 µg/ml. This limit 
detection is better than the limit detection obtained with the others traditional methods for 
clinical use. In order to prove sensor selectivity, the immunosensor was exposed to a 
solution containing the Newcastle antigen viruses. 

 
Fig. 7. Nyquist plot for bare gold (small curve) and gold with thiol acid (big curve) in PBS 
solution with 1 mM redox couple 

As shown in figure 9, there is a little variation of impedance after no-specific antigen 
addition. This little non specific variation can be explained by the use of polyclonal 
antibodies. In order to avoid non specificity, the use of monoclonal immunoglobulins G 
(IgGs) is necessary. 

4. Conclusion 
In this study, we reported the development of biosensor for rabies and for H7N1 antigen 
detection. The affinity interaction of the antibody with specific antigen can be measured 
with detection limit of 0.5 and 5 µg/ml respectively. The impedance spectroscopy technique 
is a higher sensitive technique which can be used to measure the high insulating properties 
of biomembranes.  The different steps of biosensor conception were characterized by 
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Fig. 8. Nyquist plot of the different layers of the rabies biosensors 

 
Fig. 9. Selectivity of the developed biosensor. 

electrochemical impedance spectroscopy. The sensitivity of miniaturized biosensor 
prototype will be improved by using interdigitated gold microelectrodes with microfluidic 
cell for industrial development and clinical use. 
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1. Introduction 

In the past two decades chemically modified electrodes (CME) have attracted considerable 
interest of researchers to exert a direct control over the chemical nature of electrodes. CMEs 
have found a large number of useful applications in different fields viz. selective electro-
organic synthesis, biomedical analysis, electro analyses etc. The ability to manipulate the 
molecular architecture of bulk matrix of the electrode, particularly its surface has led to a 
wide range of analytical applications of CMEs and created opportunities for electroanalysts 
to fabricate useful biosensors 
The CMEs have shown remarkable specificity for biological recognition processes which has 
led to the development of highly selective biosensing devices. The electrochemical 
biosensors hold a leading position among the bioprobes currently available and hold great 
promise for the tasks of study of in-vivo mechanism of action of large number of drugs. 
These electrochemical biosensors consist of two components (1) a biological entity that 
recognises the target analyte and (2) the electrode transducer that translates the 
biorecognition event in to a useful electrical signal.   
Modern methods of analysis specially designed for drug discovery are mostly high-through 
put systems. The target samples are either obtained by natural origin generated by 
combinational chemistry or produced by biochemical methods. Hundreds and thousands of 
synthetic compounds are available in modern substance libraries, which have to be tested 
individually for their use as useful drugs. In addition to this, some natural resources 
including tropical rain forests and marine environments are of great interest for the 
development of potential new drugs. In the past, a large number of plants and samples 
obtained from biological sources of these habitats have been used as traditional medicine of 
native population. Scientific knowledge about these traditional medicines has attracted the 
attention of scientists working in the field of development of nature derived drugs. 

1.1 Biosensors  
In the present times most of the screening systems used are enzyme or whole cell based and 
these biological substances have also been used as biological recognition elements of 
biosensors. We may consider a biosensor as a device consisting of a biological part and a 
physical transducer (Figure-1). 
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Fig. 1. Typical function of a biosensor. One of the compounds of a mixture of substances 
interacts with biological part of the biosensor. The biological signal so produced is 
converted to some physical signal (optical, electric) by the transducer. Compounds which do 
not interact with biological part do not produce any signal. 

According to a recent IUPAC document, a biosensor is defined as a specific type of chemical 
sensor comprising a biological recognition element and physiochemical transducer. The 
biological element is capable of recognizing the presence of activity or concentration of 
specific analyte in solution. The recognition may be either a binding process i.e. affinity 
ligand based biosensor when the recognition element is an antibody /DNA segment /cell 
receptor or biocatalytic reaction i.e. enzyme based biosensors. 
Both the components of the biosensor are in direct contact and may be used for several 
measurements. The selectivity of the biosensor depends on integrated biological component. 
The substances which have a specific tendency interact with the biological part of the 
biosensor produce optical or electrical signals of the transducers. In addition to cell and 
enzyme, some other compounds such as DNA, receptor and antibodies have also frequently 
been used as component of biosensors. 
The increasing need to develop specific biosensors for fast routine measurement in several 
fields of analysis has generated interest of a large number of scientists in the field of 
biosensor research. As a result, a fairly high number of recently developed specific 
biosensors are in use for the detection and analysis of hundreds of compounds in analytes of 
different origin e.g. sugars, amino acids and enzyme co-factor which have utmost biological 
relevance (Paddle,1996, Meadows,1996, Bousse,1996, Ziegler et al., 1998). 
Some electrical devices such as semiconductors and electrodes, some optical components 
such as fiber optics, quartz microbalances have also been used as transducer part of 
biosensor. These transducers have been miniaturized in order to obtain chip based sensors. 
Though, initially biosensors were developed with an aim of clinical diagnosis e.g. in the 
determination of blood sugar level but in recent years biosensors have been fabricated for 
their possible application in food industry for quality control purpose, environmental 
analysis  and biomedical analysis etc. 

1.2 Electrochemical biosensor 
The first scientifically proposed as well as successfully commercialized biosensors were 
those based on electrochemical sensors for multiple analysis. More than fifty percent sensors 
reported in the literature are electrochemical and can be classified as amperometric, 
potentiometric or conductometric sensors (Meadows,1996).       
Electrochemical biosensors have been studied for a long time. They have been the subject of 
basic as well as applied research for nearly fifty years. Leland C Clark introduced the 
principle of the first enzyme electrode with immobilized glucose oxidase (Clark et al., 1962). 
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The first commercially produced biosensor was introduced in the market in 1975. This 
biosensor was used for the fast glucose assay in blood samples from diabetics. Today there 
is a large number of proposed and already commercialized devises based on the principle of 
biosensor including those for the analysis of pathogens and toxins. 

1.2.1 Amperometric biosensor 
In amperometric sensors, an enzyme is typically immobilized at the surface of an 
amperometric electrode; this immobilized enzyme reacts with the substrate (e.g. phenolic 
compounds/sugar) and produces current that depends on the concentration of the analyte 
(Figure-2). 
 

 
Fig. 2. A typical amperometric sensor for the assay of phenols and sugars: The enzyme is 
immobilized at the top of electrode, the current between electrodes gives   information about 
the analyte. 

In a simple biosensor of above type an oxygen consuming enzyme (phenolase/glucose 
oxidase) is immobilized on a platinum electrode and the reduction of oxygen at the 
electrode results in a current that is inversely proportional to the analyte concentration.  

1.2.2 Potentiometric biosensor 
This type of biosensor is based on the use of ion selective electrodes and ion-sensitive field 
effect transistors. Possibly the primary out put signal is due to the ions accumulated at the 
ion-selective membrane interface. The presence of the monitored ion due to reaction at the 
electrode surface is indicated by change in some physical parameters like pH etc. For 
example, the enzyme glucose oxidase can be immobilized at the pH electrode surface. The 
compound glucose has minimal influence on pH in working medium but the formation of 
gluconate due to its interaction at the enzyme immobilized pH electrode the solution 
becomes acidic, which can be easily detected. In general a potentiometric biosensor can be 
represented as under Figure 3. 
Some semiconductor based physico-chemical transducers are commonly used for the 
construction of biosensors. The ion selective field effect transistors (ISFET) and light 
addressable potentiometric sensors (LAPS) are convenient biosensor materials. The working 
principle of ISFET is based on the generation of potential by surface ions in a solution 
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(Yuging et al., 2003, 2005). The generated potential modulates the current flow across silicon 
semiconductors. A selective membrane fabricated from compounds viz. Si3N4 (silicon 
nitrite), Al2O3 (Alumina), ZrO2 (Zirconium oxide), Ta2O5 (Tantalum oxide) is used to cover 
the transistor gate surface to enable pH measurement. However, the LAPS working are 
based on semiconductor activation by light emitting diode (LED). Both types of biosensors 
have proved their applicability for bioassay. 
 

 
Fig. 3. Principle of working of a potentiometric sensor for the analysis of amino acids, sugars 
and esters. The enzymes are immobilized at the pH-electrode surface and the change in pH 
caused due to enzymatic conversion of the substrate is recorded, which is proportional to 
analyte concentration. 

1.2.3 Impedimetric / conductometric biosensors 
These types of biosensors measure either impedance or its components 
resistance/conductance and capacitance. These biosensors have been used for the assay of 
urea, using urease as biorecognition component. Though, the use of impedimetric biosensor 
is less frequent as compared to potentiometric and amperometric biosensors but their use in 
the study of hybridization of DNA fragments previously amplified by a polymerase chain 
reaction and also in monitoring the microorganism growth due to the production of 
conductive metabolites (Silley et al., 1996) and some other studies has produced promising 
results. 

1.3 Electrochemical biosensors in biomedical analysis 
With increasing demand for the development of low cost analytical techniques for selective 
and accurate analysis of drugs and other analytes and also for suggesting the mechanism of 
action of drugs, scientists working in the field of electroanalytical chemistry have designed 
electrochemical biosensors. 
The developed biosensors have been successfully used for pharmaceutical analysis (Gil et 
al., 2010) and also for biomedical purpose. Since a large variety of biological systems can be 
used as recognizing agents, as such, it allows the fabrication of specific biosensors for a large 
variety of analytes and the electrochemical transducers impart high sensitivity to these 
devices (Lojou et al., 2006). The analyte-bio-recognizing agent interaction is monitored by 
the transducer and in the case of an electrochemical biosensor the signal detection occurs at 
the electrode-solution interface, which may be dynamic or static. In case of former methods 
i.e. voltammetry, amperometric biosensors are used, the interaction involves redox process 
followed by transfer of electrons. Whereas, in static methods, potentiometric biosensors are 
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used to monitor the concentration of charged species as a function of electrochemical 
potential (Ravishanker, et al 2001). The correct choice of a biosensor for the study of a 
particular analyte depends on the selection of the recognizing agent and transducer, both 
suited to the target molecule. 
Thus, the selection of the above biosensors depends on the characteristics of the analyte i.e. 
while using amperometric biosensors the organic/inorganic species should undergo a redox 
process at working potentials. Whereas, the static methods (using potentiometric 
biosensors) involve charged species. In pharmaceutical analysis, the commonly used 
recognizing agents are enzymes, antibodies, DNA, drug receptors etc. For the fabrication of 
electrochemical biosensors the main transducing elements in use are some noble metals viz. 
Pt and Au and also some carbon based electrode materials viz. glassy carbon, carbon paste. 
These electrodes, after proper modification are being widely used in the field of 
pharmaceutical and biomedical analysis. 
In addition to the above materials the advancement made in the field of materials science 
and nanotechnology, has led to significant development of many electrochemical 
transducers like conducting polymers with suitable characteristic for electrochemical 
sensors, carbon nanotubes, nanomaterials with molecular dimensions (porous and 
monodispersive particles of clay with high superficial area etc).  
Nevertheless, the efficient immobilization of recognizing agents for transducer is still a 
challenging task in electrochemical biosensor technology. Some immobilization techniques 
have been reported in the literature (Nakamura et al., 2003). 
The field of research and development of biomedical and pharmaceutical analysis embraces 
comprehensive procedures in a bid to fulfill the requirements of the analysis i.e. accuracy, 
selectivity, precision, simplicity and low cost. Since, biosensors fulfill the above 
requirements, their possible use in the field of biomedical, pharmaceutical, food and 
environment etc analytes is widely being proposed. 

1.4 Electrochemical biosensors in chemotherapy 
Chemotherapy is an important weapon for the treatment of cancer. A large number of 
compounds have been developed as potential candidates for anticancer drugs, but only 
handful of them have become effective in clinical protocols. As such, the need to develop 
drugs which can effectively treat various forms of cancer is widely recognized. The 
development of new antineoplastic drugs (anticancer drugs) requires a clear cut 
understanding of the mechanism of action of the drug at the cellular and molecular levels. 
Cancer (neoplasias) are the diseases in which the growth of the cells, exceeds that of healthy 
tissue, suppressing the organic reserves surrounding the normal tissue. The potential targets 
for antineoplastic drugs are essentially the four nucleic acids, specific enzymes, 
microtubules and hormone/growth factor receptors. When the target of the drug are nucleic 
acids, the DNA damage causes cell death (cytotoxic and genotoxic drugs). 
The antineoplastic drugs can bind DNA through several mechanisms. One of the 
mechanism suggests alkylation of nucleophilic sites with in the double helix. The clinically 
effective alkylating agents have two moieties capable of producing transient carbocations, 
which combine covalently to the electron rich sites of DNA like N7 position of guanine. The 
bifunctional alkylating agents produce cross linking of two strands of DNA which prevents 
the use of DNA as a template for further DNA and RNA synthesis, causing inhibition of 
replication and transcription leading to cell death. A large number of alkylating agents are 
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known which have shown antitumor activity. They include nitrogen mustards 
(mechlorethamine, cyclophosphamide etc), aziridines and epoxides (thiotepa, mitomycin C 
etc), alkyl sulphonates (busulfan and its analogues), triazenes, hydrazines and related 
compound etc. 
Another mechanism of drug-DNA binding is intercalation i.e. the insertion of a planar 
(generally aromatics) ring molecule between two adjacent nucleotides of DNA. Many 
antitumor antibiotics work through this mechanism. The antibiotic molecule (doxorubicin, 
daunorubicin etc) is noncovalently but firmly bound to DNA, distorting the shape of the 
DNA double helix. Thus, inhibiting DNA replication and RNA transcription. 
Bleomycins also cause DNA damage through intercalation. These glycopeptides intercalate 
between guanine, cytosine, DNA base pairs and the end of the peptide binds Fe (II), which 
is capable to catalyze molecular oxygen reduction to superoxide or hydroxyl radicals, which 
causes DNA strand scission due to oxidative stress. 
Since, the antitumor effect of a drug depends upon its efficiency to interact with DNA. 
Therefore, the molecular recognition of nucleic acids by low molecular weight compounds is 
an area of fundamental interest. This very fact has encouraged scientists working in the field 
of pharmaceutical and biomedical analysis to design experiments using a proper 
physiochemical technique for the study of interaction of small molecules with DNA.  

1.5 Electrochemical methods for biomedical analysis  
Among the physiochemical techniques, some modern electrochemical methods have 
attracted interest of scientists working in the field of biomedical and pharmaceutical 
analysis. Due to the simplicity and reliability of electrochemical methods, they offer 
advantages over biological and chemical assays. Since a large number of organic molecules 
have a tendency to exhibit redox activity, the microelctroanalytical methods have a potential 
to provide a useful compliment to the previously listed methods of investigation in the field. 
The use of electrochemical techniques are mainly based on the differences in the redox 
behavior of organic molecules i.e. nucleic acid binding molecules in the absence and 
presence of the DNA. The change in the redox behavior of the molecule under study results 
in the change of formal potential of the redox couple and the decrease of the peak current, 
which results due to the dramatic change in the diffusion coefficient after the combination of 
the molecule with DNA. On the other hand, since, DNA is also electrochemically active 
(Palacek, 1983) the drug-DNA interaction can also be described by means of variation of 
redox behavior of (DNA) nucleobases, such as guanine and adenine in the presence of 
interacting molecule. 
For fabricating an electrochemical biosensor a successful marriage between the transducer, 
generally a microelectrode (glassy carbon fiber electrode, carbon paste electrode, carbon 
nanotube electrode etc) and the biological element/chemical (drug) is the primary 
requirement. The interactions of target analyte with the receptors on transducer (electrode) 
surface produce characteristic (current/potential) signals. The sensitivity, selectivity, 
response time and stability of the electrochemical biosensor are the important parameters, 
which decide the practical utility of the developed biosensor for biomedical analysis and 
also in the study of in-vivo mechanism of action of the drug. It is a challenging task before 
the scientists working in the field to design comprehensive analytical procedures setting 
experiments that are parallel to the expected in-vivo interaction conditions.  
Quite a good number of compounds have a tendency to interact with DNA, causing changes 
in its structure and base sequence, which results in disturbing the DNA cross linking 
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reaction. As such, in the field of medicinal science, the drug-DNA interaction can be highly 
useful for evaluating the damage caused to DNA by carcinogens and oxidizing substances 
(Perry,1996, Blackburn,1996). In recent years, the use of modified microfaradaic biosensors 
has proved to be highly significant for the study of interaction mechanism between 
substances of medicinal relevance (Brett,1999). They also work as electrochemical biosensors 
(Niu,2006) as a simple and inexpensive technology for the diagnosis of genetic diseases and 
the detection of pathogenic biological species (Erdem,2005, Rauf,2005). We know that some 
DNA intercalators (Ozkan,2004, Karadeniz,2003, Pang,2000, Ju,2003, Girousi,2004) which 
generally work as anticancer drugs are helpful in detection of the sequence specific 
hybridization of nucleic acids.  

1.6 The anticancer drug-epirubicin  
Epirubicin, an antibiotic drug of anthracyclines family, possesses a wide spectrum 
chemotherapeutic applications and antineoplasic action. Antitumor properties of Epirubicin 
are known for more than two decades but, the pharmacokinetic and biochemical studies to 
establish its in-vivo mechanism of action and to improve its administration and anticancer 
activity are still important goals to achieve. A survey of literature records that Epirubicin 
and other analogous anthracyclines behave as DNA intercalators and their activity 
accumulates in nuclear genome (Ozkan ,2003, Martinez, 2005). 
Since the mid 1980’s epirubicin has been extensively used for both early stage and metastatic 
breast cancer. Epirubicin is the 4’-epimer of the popular anthracyclin antitumor antibiotic, 
doxorubicin. A number of mechanisms have been suggested to explain the antineoplastic 
effect of epirubicin; First, it intercalates between DNA nucleotide base pairs, which results in 
the inhibition of DNA, RNA and protein synthesis. Second, the intercalation leads to 
topoisomerase II cleavage of DNA, resulting in cytocidal activity and the third mechanism 
suggests that epirubicin inhibits DNA helicase activity which finally interacts with DNA, 
RNA replication and transcription. 
Due to reorientation of the hydroxyl group in the 4’-position of daunosamine (Figure 4) ring 
equatorial for epirubicin and axial for doxorubicin, epirubicin possesses several different 
pharmacological properties as compared to doxorubicin. Its pKa value is lower than that of 
doxorubicin. Consequently, it is more lipophilic and better able to penetrate cells. Besides, 
the glucuronidation of epirubicin and epirubicinol to inactivate metabolites results in a 
shorter terminal half life for epirubicin as compared to doxorubicin. 
The below structural difference between epirubicin and doxorubicin is responsible for 
different safety profiles for the two antineoplastic drugs. Larger doses of epirubicin are 
required to produce the same degree of toxicity as doxorubicin. The doze ratios for similar 
toxicities for doxorubicin: epirubicin are 1:1.8 for cardiac, 1:1.5 for nonhematologic and 1:1.2 
for hematologic. As such, the superior safety profile of epirubicin compared with that of 
doxorubicin allows for greater doze escalation that can be achieved safely which clearly 
means that epirubicin has a greater therapeutic window.  
Chemically modified electrodes (CME) as voltammetric biosensors (Shrivastava,2004) 
accumulate analytes selectively and protect them from interference from other 
ions/electrochemical species, have played a leading role in the analysis of biosynthetic 
polynucleotides containing adenine/ guanine residues, using species sensitive DPV method. 
(Palacek,1983).  As such, looking at the importance of the use of epirubicin, as a anticancer 
and the usefulness of electrochemical biosensors we have fabricated DNA modified and 
epirubicin adsorbed GCFE biosensors and studied the interaction of epirubicin in situ with 
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ds-DNA at its surface. Since, the literature also reports that the in-vivo interaction of the 
anticancer drug epirubicin with DNA takes place at charged phospholipid membranes and 
proteins, the studied interaction would be parallel to the in-vivo DNA- epirubicin complex 
situation, where DNA is in close contact with charged phospholipid membranes and 
proteins. A suitable mechanism to the above reaction has been proposed. 
 

 
Fig. 4. Chemical structures of doxorubicin and doxorubicin 

2. Experimental 

2.1 Chemicals and instrumental   
Deionised water was used to prepare the solutions of Calf thymus DNA (Himedia ltd. 
Mumbai) and epirubicin hydrochloride (gift sample supplied by M/S. Dabur Pharma. Ltd. 
Baddi distt. Solan H.P.).   
An Elico (Hyderabad, India) µp-polarographic analyser model CL-362 was used for all 
voltammetric studies. Glassy carbon fibers (NF-12, Sigity Elititigoitit, U.K.) were used for 
the fabrication of glassy carbon fiber electrode (GCFE) as working electrode, a saturated 
calomel electrode and a coiled platinum wire electrode was used as reference and counter 
electrode, respectively. The pH-measurements were made on a systronic (India) µ-pH 
system-361. All experiments were performed at room temperature and dissolved oxygen 
was removed by passing pure nitrogen through the solutions.  
For all the DPV (differential pulse voltammetry) experiments the instrumental parameters 
were used as follows: scan rate 12mV/s, sensitivity 10µA, and pulse amplitude 50mV. 

2.2 Fabrication of modified electrodes 
2.2.1 Epirubicin adsorbed GCFE  
Epirubicin adsorbed GCFE was fabricated by dipping the electrode in a voltammetric cell 
containing solution of the drug (80µg/ml) for ten min., at a deposition potential of +0.40V. 
The electrode was taken out of solution, thoroughly rinsed with distilled water and then 
used for voltammetric measurements. To study the drug-DNA interaction the modified 
electrode was dipped in a voltammetric cell containing 80µg/ml DNA and 0.1M acetate 
buffer at pH 4.5±0.1, and the DP Voltammogram was recorded. 
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2.2.2 Thin layer ds-DNA modified GCFE  
For the fabrication of thin layer ds-DNA modified GCFE, the electrode was immersed in 
80µg/ml ds-DNA solution at +0.40V applied potential for ten min. This ds-DNA modified 
GCFE was washed with distilled water and then dipped in epirubicin solution for three min. 
It was then rinsed with water and transferred to a voltammetric cell containing acetate 
buffer solution at pH 4.5±0.1 and the differential pulse voltammogram was recorded. 

2.2.3 Thick layer ds-DNA modified GCFE  
For the fabrication of thick layer ds-DNA modified GCFE, the electrode was dipped in 
25mg/ml solution of ds-DNA for ten min. It was taken out of solution and allowed to dry. 
The electrode was then dipped in (20µg/ml) solution of epirubicin for varying time 
intervals. Each time the electrode was taken out of the solution, washed with distilled water 
and dried. The dried electrode was dipped in a solution of acetate buffer (0.1M) at pH 
4.5±0.1 and the voltammogram was recorded. 

3. Results and discussion   

3.1 DPV analysis of epirubicin at bare GCFE  
Epirubicin produces two reduction peaks (Table 1) at Ep value -0.46V and -0.62V (Figure 5) 
due to the reduction of its 5,12-diquinone groups to produce a highly reactive semiquinone 
radical were observed. However, if the solution is electrolyzed performing positive potential 
scanning of the working electrode, the resulting differential pulse voltammogram produced 
a well defined peak at +0.54V (Figure 6), due to the oxidation of 6,11-dihydroquinone of 
epirubicin. On recording the DP Voltammogram (oxidation peak) for varying concentration 
of epirubicin (from 5µg/mL to 120µg/mL) under above experiment conditions, a linear 
relationship between the peak height of the voltammogram and epirubicin concentration 
was observed. Thus, enabling the quantitative determination of epirubicin. The minimum 
detection limit was found to be 5µg/mL of the analyte, with good accuracy and precision of 
determination. 
 

 
Fig. 5. Differential Pulse Voltammogram for 80µg/ml epirubicin (reduction) in 0.1M acetate 
buffer at pH 4.5±0.1 at bare GCFE. 



 
Biosensors for Health, Environment and Biosecurity 

 

340 

 
Fig. 6. Differential Pulse Voltammogram for 80µg/ml epirubicin (oxidation) in 0.1M acetate 
buffer at pH 4.5±0.1 at bare GCFE. 

 
S. 

No 
Drug/DNA 

Solutions 
Working 
Electrode 

Voltammetric Experimental 
Sequence 

Ep V vs SCE 
I        II       III 

1 
80µg/ml 

Epirubicin 
Bare GCFE 

Cathodic potential scanning 
(reduction) 

-0.46    -0.62     -- 

2 
80µg/ml  

Epirubicin 
Bare GCFE 

Anodic potential scanning 
(oxidation) 

+0.54    --        -- 

3 
80µg/ml ds-

DNA 
Epirubicin 

modified GCFE 

Applying a potential -0.60V for 60 s, 
followed by anodic potential 

scanning 
+0.45 

4 
20µg/ml 

Epirubicin 

Thin layer ds-
DNA modified 

GCFE 

Electrode immersed in 20µg/ml 
Epirubicin for 180 s followed by 

anodic scanning 
+0.54 

5 
20µg/ml 

Epirubicin 

Thin layer ds-
DNA modified 

GCFE 

Applying a potential of -0.60V for 60 
s, followed by anodic scanning 

+0.40    +0.54  
+0.90 

6 
20µg/ml 

Epirubicin 

Thick layer ds-
DNA modified 

GCFE 

Scanning the potential of the 
working electrode from -0.70V to -

0.00V 
-0.45     -0.60 

7 
20µg/ml 

Epirubicin 

Thick layer ds-
DNA modified 

GCFE 

Electrode immersed in Epirubicin 
solution for 300 s, then applied a 

potential of -0.60V for 60 s, followed 
by anodic scanning 

+0.54     +0.80   
+1.1 

Table 1. Summary of Voltammetric Experimental Conditions and Observed Data (in 0.1 
acetate buffer at pH 4.5, Scan rate 12mV/S, Pulse amplitude- 50mV) 
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3.2 DPV analysis of epirubicin-DNA interaction at bare GCFE   
The first set i.e. without DNA, produced a DPV oxidation peak for epirubicin at +0.54V, 
which shifted to more electro-positive potential with increasing DNA concentration and the 
peak current shortened. The shift in Ep value and shortening of peak current may be 
explained on the basis of change of species that is oxidized at the GCFE surface, i.e. due to 
the formation of drug-DNA complex. 
Although, the above experimental results confirm the formation of Epirubicin-DNA complex, but, to 
have a clear-cut understanding on the mechanism of the drug-DNA interaction at charged surfaces, 
the GCFE has been modified in three different ways:  

3.3 Epirubicin-DNA interaction at epirubicin adsorbed GCFE  
It showed a big peak at +0.54V due to oxidation of adsorbed epirubicin and the other peaks 
may be due to oxidation of purine bases of DNA. This explanation of the observed 
voltammogram is based on the presumption that DNA diffuses from bulk of the solution to 
electrode surface and the chemisorbed epirubicin is intercalated into its double helix. As 
such, the distortion of double strand takes place, which allows the oxidation of purine bases.  
However, after the first scan if a potential of -0.60V was applied for 60 s, and then the 
voltammogram was recorded, it produced a peak at +0.45V (Figure 7). The appearance of 
this peak is due to the interaction of epirubicin with ds-DNA through guanine rich region. 
 

 
Fig. 7. Differential Pulse Voltammogram for 80µg/ml ds-DNA solution in 0.1M acetate buffer 
at pH 4.5±0.1, after applying a potential of -0.60V during 60 s, at epirubicin modified GCFE. 

3.4  Epirubicin-DNA interaction at thin layer ds-DNA modified GCFE  
The DPV for the oxidation of epirubicin, showed a well defined peak with peak potential 
+0.54V. The peak may be attributed to the oxidation of 6,11-dihydroquinone group of 
epirubicin molecule.  
However, after recording the oxidation peak, a negative potential of -0.60V was applied on 
the modified electrode for 60 s, followed by recording of DP Voltammogram with positive 
potential scanning of the working electrode. The resulting voltammogarm showed two new 
peaks in addition to the epirubicin oxidation peak. The peak at +0.90V (Figure 8) may be 
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attributed as due to 8-oxo-Guanine (8-oxo-G) oxidation and that at +0.40V may be due to the 
oxidation of purine bases of DNA. A clear separation of the peak due to 8-oxo-G and 
epirubicin can be explained on the basis of non-uniform coverage of the GCFE surface by 
DNA and adsorption of epirubicin at these uncovered surfaces. [The results are in good 
agreement with those observed using thick layer DNA modified GCFE]. This shift of 8-oxo-
G peak to less positive potential informs about the DNA-epirubicin interaction (damage to 
DNA). 
 

 
Fig. 8. Differential Pulse Voltammogram in 0.1M acetate buffer at pH 4.5±0.1, obtained with a 
thin layer ds-DNA modified GCFE after being immersed in 20µg/ml epirubicin solution 
during 180 s, after applying a potential -0.60V during 60 s.  

3.5 Epirubicin-DNA interaction at thick layer ds-DNA modified GCFE  
Epirubicin produced a well-defined voltammetric oxidation peak with Ep value +0.54V. The 
height of the epirubicin oxidation peak with respect to the time of immersion of the thick 
layer ds-DNA modified GCFE in epirubicin solution was investigated. The results showed a 
linear relationship between the peak height and time of immersion of the electrode in 
epirubicin solution i.e.0.00 to 60 min, and then it attained a constant value. Thus, indicating 
the preconcentration of epirubicin at the thick layer ds-DNA modified electrode surface.  
It is important to note that reproducible peak currents were observed for the similar time of 
immersion of the thick layer ds-DNA modified GCFE in epirubicin solution for the first scan 
only. However, if the differential pulse voltammogram is recorded using the same modified 
electrode, an abrupt decrease in the peak current was observed. This suggests a fast 
consumption of the neoplasic drug at the modified electrode surface.  
However, on performing the above voltammetric experiments separately using bare GCFE 
and thick layer ds-DNA modified GCFE as working electrode and scanning the potential 
from -0.70V to -0.00V, the resulting DPV curve with bare GCFE produced only one peak at        
-0.56V. Whereas, using thick layer ds-DNA modified GCFE two peaks were observed at        
-0.60V and -0.45V, respectively. The observed new peak at -0.45V speaks of a different 
interaction mechanism of epirubicin-DNA, at the modified GCFE surface.  
Since, epirubicin is irreversibly adsorbed at the bare GCFE surface, it becomes necessary to 
clean the electrode each time before use. Whereas, the thick layer ds-DNA modified GCFE 
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did not require cleaning. This clearly reveals that the epirubicin is intercalated inside ds-
DNA film and could not reach the electrode surface. On the basis of above observations it 
could be concluded that the voltammetric peaks are observed due to epirubicin which is 
intercalated into thick layer of ds-DNA. Since, the voltammograms were recorded in acetate 
buffer supporting electrolyte solution only, the possibility of any contribution to the 
voltammetric peaks from epirubicin present in solution is ruled out. As such, the observed 
new peak at -0.45V may be attributed to the epirubicin-guanine site (in DNA) interaction 
leading to a charge transfer reaction to from epirubicin semiquinone and guanine radical 
cation. However, the peak at -0.60V may be attributed to the reduction of the epirubicin. As 
mentioned earlier, epirubicin at bare GCFE produces a peak at -0.56V, the shift in the peak 
potential for epirubicin reduction at the two different electrode surfaces may be explained 
due to the change in the electrode surfaces.  
However, if the ds-DNA modified GCFE after being dipped in epirubicin for 300s, rinsed 
and immersed in a buffer solution at pH 4.5±0.1, was subjected to a potential of -0.60V for 
about 60s and then the voltammogram was recorded by positive potential scanning of the 
modified electrode, the resulting voltammogram produced two new peaks, one at +0.80V 
and other at +1.1V (Figure 9). The former peak may be attributed to guanine oxidation and 
the later due to adenine oxidation. 
 

 
Fig. 9. Differential Pulse Voltammogram in 0.1M acetate buffer at pH4.5±0.1 obtained with a 
thick later ds-DNA modified GCFE after being immersed in 20µg/ml epirubicin solution for  
60 s at potential -0.60V.  

4. Mechanism  

Epirubicin transfers an electron to its quinone portion (Perry, 1996) to generate a free 
radical. The highly reactive free radical formed at -0.60V may oxidize the guanine site of ds-
DNA in which it is intercalated within the double helix, forming drug-DNA complex. 
Besides, the study on drug-DNA interaction at bare GCFE showed that the peak at +0.54V 
as observed in case of pure epirubicin oxidation, at bare GCFE shifts to less positive side 
i.e.+0.45V, on its complexation with ds-DNA, which may be explained as due to interaction 
between epirubicin and 8-oxo-G which is formed as a result of interaction of epirubicin with 
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guanine rich region of ds-DNA. As such, one electron transfer from guanine moiety to 
quinone leading to guanine cation formation appears to be the probable reaction. However, 
due to the tendency of guanine cation to undergo hydrolysis, finally the semiquinone is 
further reduced to form epirubicin and 8-oxo-G. 
Mechanism model 
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Mechanism model : Mechanism of electrochemical epirubicin oxidative damage to DNA 

5. Conclusion  

Voltammetric in-situ sensing of DNA oxidative damage caused by reduced epirubicin 
intercalated into DNA is possible using ds-DNA modified GCFE microfaradaic biosensor. 
The results show that epirubicin intercalated in double helix of DNA can undergo oxidation 
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or reduction and react specifically with the guanine moiety and thus forms mutagenic 8-
oxo-G residue. A mechanism model for the reaction may be proposed. The fabricated 
microfaradaic biosensors are of utmost relevance because the mechanism of interaction of 
DNA-epirubicin at charged interfaces is parallel to in-vivo DNA-drug complex reaction, 
where DNA is in close contact with charged phospholipid membranes and proteins rather 
then when intercalation is in solution. It also promises the use of voltammetric techniques 
for in situ generation of reaction intermediates. As such, is a complementary tool for the 
study of biomolecular interaction mechanism of medicinal relevance.  
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1. Introduction 
One of most enduring topics in the field of biosensors and bioelectronics is cell-based 
biosensors, which are able to convert cellular biological effects to electrical signals, via living 
cells. As the archetypal interface between a biological and an electronic system, the research 
and development of cell-based biosensors are essentially dependent on the combined 
knowledge of engineers, physicists, chemists and biologists. In recent years, the 
miniaturization and expanding applications of cell-based biosensors in biology, 
environment and medicine fields, have drawn extensive attention. 
Light addressable potentiometric sensor (LAPS) is a semiconductor device proposed by 
Hafeman in 1988, and it is now as commonly used as ISFET (Hafeman et al., 1988). LAPS 
indicates a heterostructure of silicon/silicon oxide/silicon nitride, excited by a modulated 
light source to obtain a photocurrent. The amplitude of this light induced photocurrent is 
sensitive to the surface potential and thus LAPS is able to detect the potential variation 
caused by an electrochemical even. Therefore, in principle, any event that results in the 
change of surface potential can be detected by LAPS, including the change of ion 
concentration (Parce et al., 1989), redox effect (Piras et al., 1996), etc. LAPS shows some 
advantages comparing to ISFET while constructing cell-based biosensor. The easier 
fabrication process of LAPS is fully compatible with the standard microelectronics facilities. 
The encapsulation of LAPS is much less critical since no metal contact is formed on the 
surface. Besides, the extremely flat surface makes it compatible to incorporate into very 
small volume chamber, which is important for small dose measurement. Therefore, LAPS 
seems promising for biomedical application. 
Due to the spatial resolving power, LAPS also has an advantage for array sensing 
application (Shimizu et al., 1994). Usually, no additional sensor structure is needed to realize 
the LAPS array sensing. In fact, LAPS is an integrated sensor itself, whose integration level 
is defined by the spatial resolution and the illuminating system. Thus, miniaturization with 
high integration level can be achieved. Many efforts have been drawn on the integration of 
LAPS (Men et al., 2005; Wang et al., 2005). Among these attempts, most are focused on the 

                                                 
*Corresponding address: cnpwang@zju.edu.cn 



  
Biosensors for Health, Environment and Biosecurity 

 

348 

multi-sensing of different ions. Our lab proposed an electronic nose with MLAPS for 
environmental detection, which can detect H+, Fe3+ and Cr6+ simultaneously (Men et al., 
2005). Schooning et al. proposed a 16-channel handheld pen-shaped LAPS which can detect 
pH of 16 spots on the surface (Schooning et al., 2005). For biomedical sensing, our lab 
reported a novel microphysiometer to detect several different ions in cell metabolism (Wu et 
al., 2001a). Besides integrating LAPS to detect different ions, other possible attempts are also 
performed to integrate both abilities of ion concentration detection and extracellular 
potential signal detection, although it is still a long term from realistic application (Yu et al., 
2009). 
While constructing cell-based biosensors, one of the biggest obstacles is that the target cells 
are required to be deposited on predetermined electrodes. Due to the light addressing 
ability, the light addressable potentiometric sensor (LAPS) can overcome this geometrical 
restrict, which makes LAPS an outstand candidate among various cell-based biosensors. 
LAPS show great potential for constructing miniaturized and integrated biosensors. One 
promising solution is the LAPS array for integrated cell-based biosensors. By combining the 
IC techniques, mechanisms, and signal sampling methods, the LAPS array system has been 
greatly improved and miniaturized for biomedical applications. 
LAPS as cell-based biosensors are able to perform longtime monitoring of several different 
cell physiology parameters, including extracellular acidification rate, various metabolites in 
extracellular microenvironment and action potential. These distinguish functions provide 
LAPS some promising applications in biomedical fields, such as cell biology, pharmacology, 
toxicology, etc (Parce et al., 1989; Mcconnell et al., 1992; Wada et al., 1992; Hafner, 2000; 
Wille et al., 2003). Furthermore, the multi functions of LAPS array as integrated cell-based 
biosensors makes the LAPS array system a good platform for drug analysis. 
This chapter covers design and fabrication rules, systems and applications of LAPS. LAPS as 
cell-based biosensors are described in details, including principle, developments, and 
applications. Promising aspects and developments in miniaturization of LAPS array systems 
are introduced for cell-based biosensors. Applications of LAPS as cell-based biosensors are 
provided in biomedical fields, including the interaction of ligands and receptors, drug 
analysis, etc. Some future developments of LAPS as cell-based biosensors are proposed in 
the last part of this chapter. 

2. Principle 
LAPS is a semiconductor based potential sensitive device that usually consists of the metal-
insulator-semiconductor (MIS) or electrolyte-insulator-semiconductor (EIS) structure. As for 
constructing cell-based biosensor, electrolyte is needed for cells living, thus LAPS with EIS 
structure is always adopted. LAPS with EIS structure is schematically shown in Figure 1A. 
The LAPS consists of the heterostructure of Si/SiO2/Si3N4. An external DC bias voltage is 
applied to scan the EIS structure to form accumulation, depletion and inversion layer at the 
interface of the insulator (SiO2) and semiconductor (Si), sequentially. When a modulated 
light pointer illuminates the bulk silicon, light induced charge carriers are separated by the 
internal electric field and thus photocurrent can be detected by the peripheral circuit. The 
amplitude of the photocurrent depends on the local surface potential. By detecting the 
photocurrent of LAPS, localized surface potential can be obtained (Hafeman et al., 1988). 
The basic function of LAPS is for pH detection. Usually, a layer of Si3N4 is fabricated on the 
surface of LAPS as the H+-sensitive layer. According to the site-binding theory, a potential 
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difference which is related to the concentration of H+ in the electrolyte forms at the interface 
of insulator (Si3N4/SiO2) and solution (Siu et al., 1979; Bousse et al., 1982). This potential is 
coupled to the bias voltage applied to the sensor. Larger concentration of H+ provides a 
larger value of this potential difference, causing the I-V curve to shift along the axis of bias 
voltage (Figure 1B). When the bias voltage keeps constant in the middle region, change of 
the photocurrent indicates the pH change of the electrolyte. With the microchamber 
specified for biological assay, the extracellular acidification rate of cells can be monitored in 
the microenvironment by the commercialized CytosensorTM Microphysiomter system. 
 

 
Fig. 1. (A) Working principle of the LAPS. (B) Characteristic I-V curves of n-type LAPS 

Beside the pH detection, attempt has been made for the extracellular detection of electrical 
signals. LAPS is a surface potential detector with spatial resolution. Light pointer used for 
LAPS detection can be focused by microscope and optical lens, which suggests the LAPS 
possible for cell analysis on any non-predetermined testing site. After cells are cultured on 
the LAPS, a focused laser, 10 μm in diameter, is used to illuminate the front side of the chip 
to address the cells to be monitored. Excitable cells such as cardiac myocytes or neuron cells 
can generate extracellular action potential. This potential is coupled to the bias voltage 
applied to the LAPS, which correspondingly changes the amplitude of the photocurrent. 
Thus, by monitoring the photocurrent at a constant bias voltage, extracellular potential 
signals can be detected (Xu et al., 2005). 
Illuminating different sensing areas with modulated lights of different frequencies generates 
a photocurrent signal, from which corresponding information of each testing site can be 
obtained by FFT (Fast Fourier Transform) methods (Cai et al., 2007). Comparing with 
conventional surface potential detectors such as FET or MEA, integration of LAPS array has 
many advantages. The most important feature of LAPS array is the great reduction of the 
required leads. For MEA, the number of required leads is the same as the number of 
electrodes, while for LAPS array, only one lead is necessary, regardless of the number of 
testing sites, which is important for high level integration (George et al., 2000). Besides, 
LAPS can detect extracellular potential as well as ion concentrations (Wu et al., 2001b), 
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which makes it suitable for multi-functional integration. Sensing surface of LAPS is 
extremely flat and free of metal contact. Thus it’s easy for encapsulation of LAPS array and 
fabrication of micro testing chamber. 

3. Device and system 
The LAPS device is a typical EIS structure. Fabrication procedure is easy and fully 
compatible with standard microelectronics facilities. We have introduced in our publications 
the most commonly used LAPS device and system (Xu et al., 2005). In this section, we 
mainly introduce the devices and fabrication process of LAPS array sensors. 

3.1 Devices 
As mentioned before, the LAPS can be treated as an array sensor with no extra structures 
due to the spatial resolution. However, since only a little part of the LAPS surface is 
illuminated with the modulated light pointer, unilluminated parts, where no photocurrent 
flows, act as stray capacitance and cause noises. Therefore, the smaller the total capacitance 
of the device is, the better the potential sensitivity will be. Small effective areas as well as a 
thick insulating layer reduce the total capacitance, and thus improve the potential 
sensitivity. Nevertheless, by reducing the effective LAPS surface to small areas, the 
advantage of the LAPS against surface potential detectors with discrete active sites is lost 
(George et al., 2000). According to our experience in cell experiments, we found 
200μm×200μm a compromised size between cell culture and the noise level (Xu et al., 2006). 
One typical structure of the integrated LAPS array sensor reported for multifunctional 
detection of extracellular pH detection and extracellular potential signals is schematically 
shown in Fig.2 (a). (Yu et al., 2009) The chip has a total area of about 1cm×2cm. Testing areas 
of two different sizes are fabricated on the same silicon chip by heavily doping the silicon 
between the testing areas. For extracellular potential signal detection, about 400 small 
square wells were fabricated in size of 200μm×200μm and the plateau between two adjacent 
testing areas was 100μm in width. Cells were cultured on the areas with small wells for 
potential detection. The depth of the well shaped structure was about several hundred 
nanometers, and we found that cells are more likely to grow on the testing areas of the 
arrays, which had lower altitude. Four larger wells for detection of cell acidification were 
3mm×3mm in size and 1mm away from each other.  
The fabrication process of such LAPS array structures was shown in Fig.2(b). A p-type 
silicon wafer (thickness of 450μm) with <100> crystal orientation was used. First, a thick 
layer of silicon oxide was thermally grown on the surface. Then, after the pattern was 
transferred to the surface using photolithography, all silicon oxide, except that grown on 
testing areas (acting as a protector of substrate at testing areas from being doped in the 
following step), was removed by etching. Thermal diffusion doping was then carried out. 
As the silicon wafer is p-type, boron was selected as the impurity. There were two steps in 
doping process. First, a glass layer containing boron was pre-deposited on the sensing 
surface. Then pre-diffusion doped the surface of silicon to a small depth. After pre-diffusion, 
the glass layer was removed, followed by the redistribution step. During the redistribution 
step, a thick layer of silicon oxide about several hundred nanometers formed on the surface 
of doped areas, which participated in forming a well shaped structure. The doped part of 
the semiconductor was several micrometers in depth to cut off the depletion layer of 
adjacent detection sites. After the doping procedure, silicon oxide layer on testing areas was 



 
Light Addressable Potentiometric Sensor as Cell-Based Biosensors for Biomedical Application   

 

351 

removed. Instead, a thin layer of silicon oxide, 30nm in thickness, was thermally grown on 
testing sites and then a 60nm silicon nitride layer as the sensitive layer to H+ was deposited 
on the sensor chip by PECVD. At last, a thin layer of aluminum (thickness of 200nm) was 
evaporated on the backside of the silicon chip to form an ohm contact. 
 

 
Fig. 2. (a) Schematic diagram of LAPS array sensor structure: the upper one is the full view 
of chip; the lower one is the well-shaped structure of single testing area. (b) Fabrication 
process of the LAPS array. 

3.2 System 
The LAPS system usually requires LED driver, chemical working station, lock-in amplifier, 
sampling card, flow control system, etc. In our work, a potentiostat (EG&G Princeton 
Applied Research, M273A) is employed to control the bias voltage across the silicon bulk to 
form the depletion layer inside. In running process, the bias voltage of LAPS is applied to 
the platinum counter electrode versus the silicon working electrode and the photocurrent 
flows through the working electrode to be detected by peripheral equipment. 
Preamplification is also performed in the potentiostat, which transforms the current signal 
into potential signal. 
In LAPS system, the surface potential signal is amplitude modulated by the high frequency 
light signal, resulting in the high frequency photocurrent signal. Thus, to obtain the original 
surface potential signal, demodulation is required after preamplification. Lock-in amplifier 
is always used for small signal detection, as it can greatly increase the signal to noise ratio 
(SNR), usually an improvement of the SNR for over 106 times. In Our system, the lock-in 
amplifier (Stanford Research System, SR830) is employed. The lock-in amplifier only detects 
the signals in narrow band near the object frequency, determined by the reference 
frequency. Thus, in order to get corresponding surface potential signal from the 
photocurrent signal, it is important to keep the internal reference frequency exactly the same 
as the carrier frequency of the photocurrent signal, which is the light frequency. The laser 
generator supply is controlled by external reference signal generated by lock-in amplifier, 
which has the same frequency as the internal reference signal used for demodulation. 
Therefore, the result of the lock-in amplifier includes the amplitude and phase information 
of the photocurrent signal, which reflects the change of the surface potential signal of the 
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LAPS chip. After signal demodulation by lock-in amplifier, data is then sampled by a 16-bit 
acquisition card to the computer for data screening and further processing by the software. 
Programming can be performed with different programming languages, among which, 
labVIEW is recommended. 
For LAPS array detection, different LAPS array system were established. The simple way is 
to scan the light pointer along the LAPS devices. Each sample contained information at 
corresponding detecting area. However, this solution suffered from low resolution and long 
scanning time, which prevented it from wide application (Nakao et al., 1996). An alternative 
way to perform the LAPS array detection is using multi light sources as the illumination. 
Several light sources were modulated at different frequencies and illuminating different 
area of the LAPS devices. In this situation, each sample contained information of several 
detecting areas. To extract each signal from the overall mixed signal, Fast Fourier Transform 
(FFT) technique is a preferred way. Our lab has reported a novel design that could 
significantly increase the measurement rate of LAPS (Zhang et al., 2001). By illuminating the 
LAPS simultaneously at several different positions, each of which is illuminated with a light 
pointer modulated with different frequencies, the surface potential at all illuminated regions 
can be measured simultaneously by analyzing the resulting photocurrent. Using this 
method, the rate to obtain a complete image of the surface potential distribution across a 
LAPS wafer can be drastically increased compared to the conventional system. However, 
the multi-light LAPS needs to equip a signal generator for each light source. To obtain an 
8×8 image, the system needs to provide 64 signal generators. With LEDs as the light sources, 
this system has a lower resolution and precision. So this method is unsuitable for accurate 
imaging. Moreover, the problem lies in the big volume of the illuminating system, which 
was a main obstacle for highly integrated system, and the longer time for digital 
demodulation, which is not suitable for fast detection such as the detection of extracellular 
action potential.  
Researchers have paid attentions in solving the problems in constructing LAPS array 
system. Our lab also has presented a novel imaging system, shown in Figure 3. With 
microlens array, a single laser is separated into a focused laser line array. Every focused 
laser is modulated separately to a different settled frequency. With a line-scanning control, 
an 8×8 image can be obtained that only needs 8 scanning. Moreover, with different sensing 
materials, this device can be used to detect several components of sample in parallel. (Cai et 
al., 2007) 
To illustrate the constructing of LAPS array system for cell-based biosensors, our system for 
multi detection of cellular parameters were shown in Fig.4 (Yu et al., 2009). A laser light 
with the wavelength at 690nm (red) was used for illumination of extracellular potential 
detection. The laser was modulated at 10kHz by the lock-in amplifier (SR830, Stanford 
Research System), and the power is about 0.2mW. The laser was focused to about 10μm in 
diameter through an optimized microscope so that it can be used to address a cluster of cells 
on the sensor chip. Four LEDs with the wavelength at 625nm (red) were respectively driven 
at four different frequencies of crime numbers to avoid harmonic interference with a power 
of 50mW. These LEDs illuminated the relative four testing areas for acidification detection. 
These five lights illuminated the sensor chip at the same time. A photocurrent signal 
including signals at all these five different frequencies was generated, respectively 
representing information of the five different testing sites. The detecting system was 
designed to sample the overall signal and extract signals at the five different frequencies.  
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Fig. 3. Schematic diagram of the line-scanning light sources based on microlens array. 

 
 

 
Fig. 4. Multi-functional LAPS system for simultaneously detecting extracellular acidification 
and extracellular potential signals. 
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Basically, single spike of action potential recorded lasts only several hundred milliseconds 
or even less (Sprössler et al., 1999; Fromherz.P et al., 2002; Sprössler et al.,1998). Thus, the 
sampling frequency should be high enough not to miss any action potential signals. Besides, 
for real-time monitoring of extracellular potential signals, time delay between sensing and 
display was preferred to be as small as possible. It’s a different situation for acidification 
detection. Usually, the extracellular pH change is a long time effect. Accumulation of H+ in 
extracellular environment will not cause significant signals until several minutes (Hafner, 
2000). Thus, for acidification detection, time delay between sampling and display was less 
critical. 
Usually, there were several seconds interval between two times of sampling. A potentiostat 
(Model 273A, EG&G) was used to apply the bias voltage to the sensor chip and perform the 
I/V-converting. Due to the different requirements in the time delay, two different methods 
were combined for signal recording. For extracellular potential detection, after the overall 
photocurrent signal was I-V converted, the lock-in amplifier was used. As the laser was 
modulated at 10kHz by the internal reference signals of the lock-in amplifier, the output of 
the lock-in amplifier was also the component at 10kHz. Thus, only the signal generated at 
the testing site illuminated by the focused laser was preserved and demodulated, which 
indicated the extracellular potential signal. High sampling frequency up to 100kHz was set 
to monitor the action potential. The lock-in amplifier can perform a fast demodulation of 
signals, and thus little delay was introduced for real-time monitoring. 
For acidification detection, after the overall photocurrent signal of five different frequencies 
was converted to a potential signal, it was directly sampled to the computer for analysis. 
Signals generated at the four different sensing areas were gained separately by digitally 
demodulating the signal by software with FFT methods (Cai et al., 2007) at respective 
illuminating frequencies of the four LEDs, which were four different crime numbers. The 
overall signal was also sampled at 100kHz. Data of one second was sampled every five 
seconds. Thus, there was four seconds for the software to perform digital demodulation of 
the signals at these four different frequencies and then display each part. 

4. Application 
LAPS has many advantages for constructing cell-based biosensors. Since the first publishing 
of the CytosensorTM Microphysiometer, it has been widely used by researchers. Besides, the 
newly proposed cell-semiconductor LAPS device for extracellular potential detection is 
considered as a useful tool for cell electric biology study. Applications of LAPS for cell-
based biosensor are introduced in cell biology, pharmacology, toxicology, environment 
measurement, etc. Several reviews have been published to introduce the applications of the 
microphysiometer (Parce et al., 1989; Mcconnell et al., 1992; Wada et al., 1992; Hafner, 2000; 
Wille et al., 2003). In this section, the application of LAPS sensors, especially the LAPS array 
biosensors for drug analysis, was introduced. 

4.1 Multi-parameter monitoring of cell physiology by LAPS array for drug analysis 
The primary functions of LAPS as cell-based biosensors are monitoring the extracellular 
acidification. Researchers have been working with the Cytosensor Microphysiometer on 
various aspects including the ligand/receptor binding, pharmacology, toxicology, etc. 
However, the microphysiometer suffered a major problem that only H+ can be monitored. In 
recent work, the microphysiometer was usually used together with other instruments for 
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biological detection. To solve this problem, getting more information about the multi-
functional cellular processing of input- and output-signals in different cellular plants is 
essential for basic research as well as for various fields of biomedical applications. 
Therefore, research work with LAPS for extracellular potential detection and multi-
parameter detection of cell physiology was preferred. 
Liu et al. have constructed a cell-semiconductor hybrid device for some applications in drug 
analysis (Liu et al., 2007a). As an agent of β-adrenoceptor agonist that contributes to cardio-
activity, isoproterenol (ISO) enhances the L-type calcium channel activity, which caused an 
increase in Ca2+ signal. As shown in Figure 5, it is obvious that after administration of ISO, 
the beating frequency, amplitude and duration of cardiomyocytes were all increased in a 
dose-depended manner (0.1, 1, 10 μM). The cellular contractibility all recovered after 
washing drugs out at above concentrations. Whereas, as a negative one, carbamylcholine 
(CARB) had opposite effect to ISO, increasing K+ conductance in cardiacmyocytes, and 
signals indicated a decreasing trend. Figure 5A showed the changes of curves to ISO and 
CARB at concentration of 1 μM. We could see that the parameters display the two drugs 
distinct. Furthermore, if we differentiated parameters to each stroke shown in Figure 5BCD, 
more approving results could be got. According to those changes, we know that ISO and 
CARB have direct effects on the duration and amplitude of the strokes 2 and 3, which accord 
with the pharmacological increase of the Ca2+ or K+ ion current, respectively. Thus, 
cooperated with Na+, K+ and Ca2+, targets of a concrete drug can be evaluated 
synchronously by the biosensor system. 
The concentrations of the extracellular ions, such as Na+, K+, Ca2+, may change along with 
the alteration of cell physiology. In order to analyze simultaneously the relations of the 
extracellular environmental H+, Na+, K+, Ca2+ under the effects of drugs, our lab has 
developed a novel microphysiometer based on multi-LAPS (Wu et al., 2001a; Wu et al., 
2001b). The surface of the LAPS is deposited with different sensitive membranes by silicon 
microfabrication technique and the poly- (PVC) membrane technique. Three different 
sensitive membranes are illuminated in parallel with light sources at different frequencies, 
and measured on-line by parallel processing algorithm, Figure 6A. Different sensitive (H+, 
K+, Ca2+) membrane is illuminated on the sensor, simultaneously with three light sources at 
different frequencies (3kHz for K+, 3.5kHz for Ca2+, 4kHz for H+). The photocurrent 
comprises these three frequency components, and the amplitude of each frequency 
component might be measured on-line by software FFT analysis, as shown in Figure 6B. 
Dilantin, i.e. phenytoin sodium, a sort of anti-epilepsy drugs, has significant effects of 
transqulizing and hypnotic and anti-seizure. Moreover, dilantin is also one of the anti-
arrhythmia drugs. It is proved that dilantin has membrane stabilizing action on neural cells 
because it can reduce pericellular membrane ions (Na+, Ca2+) permeability, inhibit Na+ and 
Ca2+ influx, stave K+ efflux, thus, prolong refractory period, stabilize pericellular membrane, 
decrease excitability (Figure 6C). 
Besides combining detection of different metabolites, integration of different functional 
biosensors is also attractive. In our work, we have proposed a LAPS array system for 
simultaneously detection of both the acidification rate and the extracellular signals []. 
Although this system is some distance from realistic application for drug screening, this 
integrated cell-based biosensor can be used for simultaneously detection of both the 
acidification rate and the extracellular signals under certain drug effect.  Comparing to 
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conventional microphysiometer, this system combined both the electrical signal and the 
metabolism signals of cells, which could be of great help in analyzing the cellular response 
to drugs. 
 

 
 

Fig. 5. Plots comparing the response of cardiomyocytes to the carbamylcholine (CARB), 
isoproterenol (ISO) and physiological solution as control. The concentration of drugs are all 
1 μM. Drugs effect on the beat rate (A), amplitude (B) and duration (C) of each extracellular 
potential. Effect of different drug concentration to beat rate (D). Each data point represents 
an average over 50 s. The experimental data is the average value of six times of repetition. 
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Fig. 6. Microphysiometer studies based on multi-LAPS. (A) The schematic drawing of the 
system of the multi-LAPS to different extracellular ions (H+, K+, and Ca2+). (B) Illuminate 
simultaneously at the three sensitive membranes with three light sources at different 
modulated frequencies. (C) H+, K+, Ca2+ analyzed simultaneously by multi-LAPS. 

4.2 LAPS for environment monitoring 
Environment monitoring is a very important aspect in LAPS application. In our work, we 
mainly treated situation with heavy metal ion. We have reported the electronic tongue 
system with LAPS for heavy metal ions monitoring in sea water [][]. However, this system 
requires the ion sensitive membranes of corresponding heavy metal ions which increases the 
cost and was indirect to study the effect of the target sea water to the biological object. 
The LAPS biosensor system has been reported to detect heavy metal ions according to 
changes in parameters describing spontaneous beating of cardiomyocytes under the 
different toxic effects (Liu et al., 2007b). The effects of heavy metal ions on cell function were 
evaluated by comparing the changes of the sensor signals before and after the cells were 
exposed to the toxins. Figure 7 shows the change of frequency, duration and amplitude of 
the signals after the addition of 10 μM heavy metals for each type (Fe3+, Hg2+, Pb2+, Cd2+, 
Cu2+ and Zn2+). Exposure of beating cardiomyocytes to 10 μM Fe3+ decreases the frequency, 
amplitude and duration to about 50% of the basal signal. Similar curves were found for Pb2+ 
and Cd2+ solutions with a smaller decrease of amplitude and duration, however a slight 
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progressive increase of frequency was observed. On the contrary, the three parameters all 
increased in Hg2+ solution. There were no apparent trends with regard to Cu2+ and Zn2+ 
toxic effects on measured parameters (only duration on Zn2+ showed a slight increase). 
Comparing with biosensors using pure enzymes, cell-based biosensors, which use whole 
cells as the bio-recognition elements, LAPS for biosensors can detect agents functionally 
(Bousse, 1996; Stenger et al., 2001). Metal ions are found to have effects on the cellular 
organelles and components, such as cell membrane, mitochondrial, lysosome, endoplasmic 
reticulum, nuclei, and some enzymes involved in metabolism, detoxification, and damage 
repair (Squibb and Fowler, 1981). All these systems are considered to influence metal 
induced cellular responses simutaneously. Therefore, incorporated with whole cells, cell 
based biosensors would offer potential physiological monitoring advantages over devices 
based on isolated enzymes or proteins. And with the help of living cells, especially 
mammalian cells, we could not only detect but also evaluate toxicities of heavy metals with 
cellular physiological changes. 
 

 
Fig. 7. Plots comparing the response of cardiomyocytes to the carbamylcholine (CARB), 
isoproterenol (ISO) and physiological solution as control. The concentration of drugs are all 
1 μM. Drugs effect on the beat rate (A), amplitude (B) and duration (C) of each extracellular 
potential. Effect of different drug concentration to beat rate (D). Each data point represents 
an average over 50 s. The experimental data is the average value of six times of repetition. 
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4.3 LAPS as bioelectronic nose and bioelectronic tongue 
Göpel and his colleague first proposed utilizing olfactory neurons as sensitive materials to 
develop a bioelectronic nose (Gopel et al., 1998; Ziegler et al., 1998; Gopel et al., 2000). They 
suggested the biomolecular function units can be used to develop highly sensitive sensors 
(like the dog’s nose to sense drugs or explosives) as one of independent trends for electronic 
nose or tongue chip. 
When olfactory receptors were expressed on the membrane of a heterologous cell system, 
the binding of olfactory receptors with specific odorant molecules can be detected by QCM 
or SPR. However, these cells were not excitable, so the action potentials produced by the 
interaction of receptors and glands can not be detected. Here will present the olfactory and 
taste cell-based biosensors in our laboratory. The implementation of olfactory and taste cell 
sensors system based on LAPS with artificial olfactory and artificial taste sensor system for 
odor and ion sensor array are described (Liu et al., 2006; Wang et al., 2007; Zhang et al., 
2008). 
Besides the cell-based biosensors, tissue-based biosensors with LAPS were reported as the 
bioelectronic nose, shown in Figure 8 (Liu et al.,2010a; Liu et al., 2010b). The study engaged 
in designing an olfactory epithelium tissue and semiconductor hybrid neuron chip to 
investigate the firing modes of the olfactory receptor neurons under different odor 
stimulations, shown in Figure 9. The theory model of olfactory epithelium coupled to LAPS 
surface after odor stimulation was established and simulated. Extracellular potentials 
obtained before and during odor stimulation could be analyzed on basis of local field 
potentials and differentiated by PCA. All the results reported suggest that the olfactory 
receptor cells respond to odors in a tissue and semiconductor hybrid neuronchip will be a 
novel bioelectronics nose with great potential development. 
 
 

 
 

Fig. 8. Olfactory epithelium tissue hybrid with LAPS. (A) LAPS system with the olfactory 
epithelium on the sensor surface. (B) Sheet conductor model on extracellular potentials 
recording of the tissue layer between electron conductor and electrolyte bath on LAPS. (C) 
Olfactory epithelium tissue fixed on the surface of LAPS observed by the scanning electron 
microscope. 
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Fig. 9. Responses of the extracellular potential changes of olfactory mucosa tissue to odors of 
butanedione (A) and acetic acid (B), with different discharge models (C). 

5. Conclusion 
In this chapter, we engaged the light addressable potentiometric sensor (LAPS) as the cell-
based biosensors for biomedical application. The main purpose was to introduce the 
principle, devices, fabrications, detection systems and applications of the LAPS sensor, 
especially the recent concept of constructing LAPS array for biomedical application. LAPS 
has its own advantages while constructing cell-based biosensors and showed promising 
prospect for application in various areas such as biomedical, environmental, food safety, etc. 
LAPS array can be used for highly integrated sensors system, which is essential in high 
throughput drug screening. By improving the sensitivity, spatial resolution, sampling rate, 
LAPS array could be a super candidate for constructing sensor systems, especially cell-besed 
biosensors. 
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1. Introduction 

Enzymes are without question the most powerful, versatile and efficient, wide-spread 
biocatalysts in the biological world, being responsible for remarkable reaction rate 
enhancements. Enzymes are also very specific, able to discriminate between substrates with 
quite similar structures. They exhibit different types of selectivity (chemo-, enantio-, regio- 
and diastereoselectivity) and can catalyse a broad range of reactions. Moreover they are 
environmentally friendly, acting under mild conditions. They are used in many 
biotechnological domains, as isolated enzymes or whole cells, in free or immobilized form. 
The dual character of an enzyme, as both protein and catalyst, brings face to face the special 
properties of proteins like activity, selectivity, inhibition phenomena, unfolding in a harsh 
environment with the need for stability, reproducibility, long term reusability of the catalyst. 
The catalytic activity of enzymes depends on the integrity of their native protein 
conformation. If an enzyme is denatured or dissociated into its subunits, catalytic activity is 
usually lost. Thus the primary, secondary, tertiary, and quaternary structures of protein 
enzymes are essential to their catalytic activity. Therefore, enzymes cannot be used at high 
temperature, extreme pH or high ionic strength, operation parameters that could lead to 
enzyme deactivation. Another issue that limits the efficiency of the enzymatic reactions is 
the substrate or product inhibition – the enzyme stops working at higher substrate and/or 
product concentration (Chibata, 1978; Smith, 2004). 
So, reliable techniques for protein stabilization are of great practical importance 
(Rothenberg, 2008). Enzymes in biosensors are used in an “immobilized” form. Even though 
at the beginning of the 21th century immobilization of biomolecules may be at a first glance a 
solved problem, reality shows that work has yet to be done in order to obtain stable, long-
living robust and active biocatalysts, even if they are isolated biomolecules (enzymes, 
proteins, nucleic acids), whole cells or other biological species. 
A lot of immobilization methods are available. Among them, sol-gel technology application 
in biosensing has been of great interest in the last two decades. Sol-gel technology (Brinker 
& Scherer, 1990) opens a simple route to produce materials like glasses, monoliths, powders, 
thin films in mild conditions. Inorganic and hybrid organic-inorganic micro and nano-
structered matrices based mainly on silica gels will be briefly described. Enzymes 
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entrapment in silica gels by sol-gel route is now history (Avnir et al., 1994; Gill & Ballesteros, 
2000; Livage et al., 2001; Retz et al., 2000). Application of sol-gel technique in biosensing has 
been a logical consequence (Kunzelmann & Bottcher., 1997; de Marcos et al., 1999; Wang, 
1999). In recent years, the research has been focused on new sol–gel-derived materials to 
make the network more compatible with the biomolecules (Gupta & Chaudhury, 2007; 
Smith et al., 2007). The most important applications are in biocatalysis and biosensing, in 
clinical, environmental, food or process analysis. Till 1992, about 3000 enzymes have been 
recognized by The International Union of Biochemistry, but only a small percent of them is 
commercially available, so the potential of these powerful biocatalysts is not fully exploited 
remaining that future research to increase their use (Faber, 2000). 
This chapter will focus on enzyme biosensors with application in clinical analysis, mainly on 
glucose sensing based on glucose oxidase. Why glucose sensing? Why glucose oxidase? 
More than 60% of research in biosensors is focused on this analyte and this enzyme 
(Newman & Turner, 2005; Yoo & Lee, 2010). Glucose/glucose oxidase system could be, no 
doubt, a case study. The enzyme is very “suited” for sensing, accessible, with very high 
specificity, versatile and, most of all, the subject is of tremendous public importance.   

2. Biosensors – short overview 

2.1 Concepts and definitions 
In a modern, suggestive and concise context, a biosensor is a sensor that incorporates a 
biological sensitive element, i.e. an analytic device that converts a biological response in an 
analytical signal (Velusamy et al., 2010). In a larger acceptation, a biosensor can be defined 
as a compact, self-contained, reversible, integrated bioanalytical device, having a biological 
sensitive component or a biological derivative directly connected to a compatible 
physicochemical transducer. Together, they transpose the concentration of a certain analyte 
or a group of similar analytes, in a measurable response, and are connected to a processor of 
the provided electronic signal (Matrubutham & Sayler, 1998; Rogers & Mascini, 2009; Sing & 
Choi, 2009; Thévenot et al., 1999; Turner et al., 1987; Urban, 2009). 
According to the standard definition given by the International Union of Pure and Applied 
Chemistry (IUPAC), a biosensor is an integrated self-contained receptor-transducer device, 
able to provide selectively quantitative or semi-quantitative analytical information using a 
biologic recognition element, which is in direct spatial contact with a transducer element 
(Justino et al.,  2010; Thévenot et al., 1999), or a device based on specific biochemical reaction 
catalyzed by isolated enzymes, immunosystems, tissues, organelles, or whole cells to detect 
chemical compounds, usually by electric, thermal or optical signals, respectively (Nayak et 
al., 2009).  
A biosensor can be schematically presented as in Figure 1 considering that integrates a 
biological recognition element (bioreceptor) with a physicochemical transducer generating a 
measurable electronic signal, proportional with the concentration of the determined analyte, 
which is then amplified, processed and displayed (Belkin, 2003; Lei et al., 2006; Su et al., 2010; 
Wilson & Gifford, 2005). 

2.2 Components 
It is already known, that biosensors are composed of two main components connected in 
series: a molecular recognition system (biorecognition element or biocatalyst generically called 
bioreceptor) that detects the analyte of interest intimately connected or integrated to a 
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physicochemical transducer (detector), converting the spot target in a measurable electric signal 
(Bergveld, 1996; Justino et al., 2010; Singh & Choi, 2009; Tothill, 2009; Velusamy et al., 2010). 
The biological recognition element of a biosensor is a molecular species that uses a specific 
biochemical mechanism, mediated by enzymes, nucleic acids, antibodies, cellular systems, 
microorganisms etc., to detect the target analyte from biological samples. The biorecognition 
elements can be classified in two broad categories: bioligands (antibodies, nucleic acids, lectins 
etc.) and biocatalysts (enzymes, hormones, vitamins, microorganisms, tissues etc.). The 
bioligands are responsible for binding the considered analyte to the biosensor, for detection 
and measurement of the target compounds from the sample, usually by transforming them 
in an electric, thermal or optical signal. Biocatalysts are substances with activating role in 
biological reactions, in the transformation of substrates to products. After the interaction 
with target species, the physicochemical properties of the sensitive layer (weight, optical 
properties, resistance) are changed. The modified parameter is taken over by the transducer 
and converted in an equivalent, measurable electrical signal which is then amplified. The 
amplified signal, proportional with the concentration of the substance or set of analyzed 
substances, is processed by a signal processor that provides a digital electronic signal which 
can be saved, displayed and analyzed with a proper hardware and software (Castillo et al., 
2004; Justino et al., 2010; Singh & Choi, 2009; Velusamy et al., 2010). 
Many biological recognition elements, which provide the specificity and sensitivity required 
to sense low levels of the sample analyte, are used as bioreceptors to detect bioanalytes such 
as: enzymes, hormones, vitamins, proteins, nucleic acids, antibodies/antigens, whole cells from 
superior organisms, tissues, organelles, liposomes, bacteria, viruses, other microorganisms, cofactors, 
biomimethics etc. (Singh & Choi, 2009; Su et al., 2010; Tothill, 2009; Velusamy et al., 2010;). 
The transducer can be electrochemical (i.e. ion-selective electrodes), heat sensitive (i.e. 
calorimetric), piezoelectric (i.e. acoustic sounds), optical (i.e. optical fibers), magnetic and 
micromechanical or any other combination of these (Velusamy et al., 2010).  
The bioreceptor is responsible for the selectivity and specificity of biosensor towards a certain analyte. 
The detector is not selective but has a great influence on the sensitivity of the biosensor. 
Very often, optimal functioning of biosensors requires the presence of an intermediate 
compound, called mediator, which shuttles redox equivalents between bioreceptor and 
transducer. Depending on the type of contact and integration level of biological recognition 
element and transducer, biosensors have mainly known three generations of development. 
First generation of biosensors have the biorecognition element physically bound or entrapped 
into a membrane fixed on the transducer surface. Electrochemical biosensors of this 
generation include only the biorecognition element and the transducer. Second generation of 
biosensors have the biologically active component directly adsorbed or covalently bound on 
the transducer surface without a semipermeable membrane. In this case, the diffusion of 
mediators, which are not immobilized on the transducer surface, may take place freely. In 
case of third generation of biosensors, the bioreceptor is directly bound on an electronic 
device which transforms and amplifies the signal. The biosensors based on conducting 
polymers belong to this category. 
Even if, apparently, the difference between second and third generation of biosensors does not 
seem significant, setting up the whole sensing chemistry on the transducer surface is a 
complex task. Generally, the methods utilized to immobilize biomolecules on the electrode 
surface are used also for redox mediators (e.g. adsorption, covalent binding to conducting or 
non-conducting polymer backbones, mixing with the electrode material (e.g. carbon paste) 
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or entrapment into a polymeric matrix by ion exchange) to ensure a suitable electron 
transfer pathway (Castillo et al., 2004; Singh & Choi, 2009).  

 

 
Fig. 1. Biosensor device 
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The analyte molecules may comprise proteins, toxins, peptides, vitamins, sugars, metal ions 
etc. The most common signalling principles/elements can be electrons, ions (voltammetry, 
potentiometry, conductivity), protons – pH changes, optical (SPR, ELM, IR), 
electromechanical (QCM), magnetic, heat, pressure, light, mass variation, fluorescence. 
Response variables can be: the potential, current, frequency, mass, temperature and 
pressure, respectively. Typical sensing techniques for biosensors are fluorescence, DNA 
microarray, Surface Plasmon Resonance (SPR), impedance spectroscopy, Scanning Probe 
Microscopy (SPM, AFM, STM), Quartz Crystal Microbalance (QCM), Surface Enhanced 
Raman Spectroscopy (SERS), electrochemical. 

2.3 Classification  
Biosensors can be classified according to many criteria, out of which we mention the 
followings: 
- the bioactive/bioreceptor material 
- the transducer  
- the immobilization technique. 
In general, the bioreceptors or the recognition biological materials can be classified in five 
major classes, as it is shown in Figure 2. The enzymes, antibodies and nucleic acids are the 
main bioreceptor classes that are mostly used in biosensors applications. In general, they are 
immobilized on a support which can be the detector surface, its vicinity or a transporter 
(Ivnitski et al., 2000; Lazcka et al., 2007; Oh et al., 2005; Radke & Alocilja, 2005; Velusamy et 
al., 2010). 
The biosensors classification according to the nature of the variable parameter converted by 
the transducer in electric signal can be seen in Figure 1, but a more complete classification is 
given in Figure 3. 
 

  
Fig. 2. Biosensors classification according to the bioreceptor type 
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Fig. 3. Biosensors classification according to the transducer type 

During the biochemical transformation, the modified parameters that can be detected with 
the electrochemical transducer are: electric current, potential, impedance and conductance. 
Optical transducers are based on the optical properties of the substances, as: absorption, 
reflection, refraction, light scattering, fluorescence, chemiluminescence, phosphorescence 
etc. Due to their sensitivity, the most used optical detection techniques are Raman and 
Fourier Transform Infrared Spectroscopy (FT-IR), Surface Plasmon Resonance (SPR) and 
Fluorescence. The most used types of biosensors are amperometrical, potentiometrical and 
optical ones. The foremost methods based on mass exchanges detected with biosensors 
transducer, depend on the use of piezoelectric crystals. The two major types of sensors based 
on mass variation are Bulk Wave (BW), also called Quartz Crystal Microbalance (QCM), and 
Surface Acoustic Wave (SAW), respectively (Velusamy et al., 2010). 

2.4 Biosensors mechanisms  
According to the interaction mechanism, three types of biosensors can be identified: 
1. biocatalytic (enzymatic/metabolic) biosensors (the recognition element is represented by 
enzymes); 2. biosensors that act based on bioaffinity or biocomplexation (based on recognition 
mechanisms with antibodies, nucleic acids, lectins etc.). 3. biosystems based on microorganisms. 
(Rogers & Mascini, 2009; Thévenot et al., 1999).  
In case of biocatalysis, biorecognition reaction is catalyzed by macromolecules that can be 
present in a biologic environment or have been previously isolated. The substrate interacts 
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with the immobilized biocatalyst on the sensor (surface), then a biocatalyst-substrate 
complex is formed and after the reaction takes place, the product is released and the catalyst 
is regenerated. The substrate consumption or the product release is continuously measured 
and the biological response is converted into an electrically quantifiable signal monitored by 
the integrated detector of the biosensor. These types of biosensors (biocatalytic sensors) 
usually use enzymes, whole cells (cellular microorganisms as bacteria, fungi etc.), cellular 
organelles (mithocondria, cell walls) or tissues (vegetal or animal). Generally, biocatalysts 
based biosensors depend on the use of enzymes. These biological catalysts can be comprised 
in one of the six classes: oxidoreductases (dehydrogenases, oxidases, peroxidases, 
oxygenases), transferases, hydrolases, lyases, isomerases and ligases. Biocatalysis 
underlying mechanisms involve either the catalytic conversion of an analyte from an 
undetectable form in a detectable one or the detection of an analyte that inhibits or mediates 
the enzymatic activity (Rogers & Mascini, 2009; Thévenot et al., 1999).   
In case of bioaffinity, operation of biosensors relies on selective interactions between the 
analyte of interest and biomolecules or organized molecular assemblies, either (present) in 
their biological environment or previously isolated. After the biocomplexing reaction, 
equilibrium is achieved and the analyte is no longer consumed. The equilibrium responses 
are monitored by the integrated detector. The antibodies capacity to specifically recognize 
different molecular structures confers high selectivity to biosensors based on bioaffinity 
(Rogers & Mascini, 2009; Thévenot et al., 1999; Velusamy et al., 2010). 
The class of biosensors based on microorganisms is used for analytes that form a respiratory 
substrate. These can detect either biodegradable organic compounds measured as biological 
oxygen demand or respiration inhibition caused by the analyte of interest. The biosensors 
based on Genetically Modified Microorganisms (GMMs) recognize and report the presence 
of a specific analyte (Rogers & Mascini, 2009). 

2.5 Functional characteristics 
The main functional characteristics of a biosensor are shown in Figure 4.  
The assessment of the functionality of any biosensor must begin with its calibration. This is 
generally performed using standard solutions of the analyte followed by the plot of the 
steady-state response against the analyte concentration or its logarithm. Exceptions are the 
biosensors causing a continuous change in the concentration of the analyte standard 
solutions because they trigger a reaction that takes place throughout the measurement till 
the depletion of the substrate. An example is the glucose potentiometric biosensor based on 
glucose oxidase. In this case the biosensor monitors the ongoing reaction following the 
variation of a parameter which is continuously changing and, at time considered optimal, 
calibration curve is plotted. The value of the followed parameter at optimal time depends on 
the concentration of standard solution in which monitoring is made (Thévenot et al., 1999; 
Bizerea-Spiridon et al., 2010a; Bizerea-Spiridon et al., 2010b; Vlad-Oros et al., 2009;). 

2.6 Applications 
Biosensors represent a rocketed developing field, with an enormous potential in terms of 
detection and control of a large number of analytes with important applications in health, 
agriculture, food industry, environmental monitoring etc. With an annual growth rate 
estimated at 60% (Chaplin & Bucke, 1990), biosensors and analytical techniques in which they 
are involved will play an increasingly important role in the future technology. Some of the  
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Fig. 4. The main functional features of a biosensor 

most important applications of biosensors are presented in Table 1 (Castillo et al., 2004; Justino 
et al., 2010; Lazcka et al., 2007; Mello & Kubota, 2002; Nayak et al., 2009; Rodriguez-Mozaz et 
al., 2005; Rodriguez-Mozaz et al., 2006; Rogers, 2006; Tothill, 2009; Verma & Singh, 2005). 
The recent progress in micro- and nanoscale technologies shows high promises in enabling a 
number of new applications in biosensing. Based on enzyme immobilization techniques, in 
the shape of capsules, beads, columns or membranes, many types of biosensors have been 
developed on a laboratory or even on a commercial scale (Rothenberg, 2008). 

3. Enzyme immobilization by sol-gel technique for biosensing applications  

3.1 Fundamentals of enzyme immobilization for biosensing         
In vivo, nature produces enzymes when they are needed in the biochemical pathways. In vitro, 
in biocatalytic transformations, they have to be recovered and efficiently reused. This may be 
done by immobilization (Lalonde & Margolin, 2002). Immobilized enzymes are defined as 
"enzymes physically confined or localized in a certain defined region of space with retention of their 
catalytic activities, and which can be used repeatedly and continuously" (Chibata, 1978). 
In the last six decades, several methods of immobilization have been developed, starting 
with binding onto natural or synthetic carriers (Chibata, 1978), inclusion in organic or 
inorganic polymeric networks, or cross-linking, sometimes in the presence of inert 
molecules (Murty et al., 2002; Kennedy & Cabral, 1987; Khan & Alzohairy, 2010; Sheldon, 
2007; Ullmann, 1987). 
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For a successful immobilization procedure, three elements have to be considered: a) the 
enzyme, b) the support and c) the nature of enzyme binding to the support (Kennedy & 
Cabral, 1987). The immobilization methods can be divided considering the interaction 
between enzyme and support in: a) physical binding or b) covalent binding to a solid carrier, c) 
entrapment in gel networks or d) cross-linking using (bi)functional agents ( Smith, 2004). 
These methods are widely used for enzymes immobilization. Physically, enzymes are 
adsorbed onto insoluble supports, entrapped within gel networks or encapsulated within 
microcapsules or in/behind semi-permeable membranes. Chemically, enzymes are either 
covalently bound to organic or inorganic carriers or cross-linked with functional agents. 
In the physical binding the interaction between enzyme molecules and solid supports consists 
of stronger, ionic and hydrogen forces or weaker, van der Waals or hydrophobic forces, 
respectively. The physical methods are simple, inexpensive and usually they do not affect 
the catalytic activity of enzymes. The main disadvantage is the reversible binding of enzyme 
to the support (leading to enzyme leaching)(Lalonde &Margolin, 2002; Smith, 2004). 
The entrapment in a gel network is obtained by polymerization or precipitation/coagulation 
reactions in the presence of enzyme. The process is usually very simple, the enzymes 
structure is not affected, but sometimes activity loss may occur. The enzymes are captured 
in the pores network, while smaller or larger substrate or product molecules can diffuse 
throughout the gel towards/from the catalyst. If environmental changes disturb the porous 
network, enzyme leakage could happen. The diffusional limitations due to the polymeric 
matrix are usually problematic. A very important characteristic of entrapment is that it may 
be applied for cell fragments or even whole cells immobilization (Chibata, 1978; Lalonde & 
Margolin, 2002; Smith, 2004). 
In order to perform the coupling the enzymes by covalent binding to inorganic or organic, 
natural or synthetic carriers, a huge number of chemical reactions have been used (Kennedy 
& Cabral, 1987; Sheldon, 2007). The most important advantage is that chemical binding, 
stronger than the methods previously described, leads to more stable biocatalysts. The 
covalent binding is non–specific and activity loss is observed if residues from the active site 
are involved.   
Even though there is an enormous experience in the realm, it is obvious that no general rule 
is available to obtain active, stable, efficient, advanced immobilized biocatalysts with high 
yield and low costs. Stability vs. activity is a perpetual target in all applications.  
An immobilized enzyme has to fulfil a sort of requirements for a good overall activity, such 
as reasonable immobilization yields, high activity and catalytic efficiency, high operational 
stability, limited mass transfer effect, easy handling and reusability (Bickerstaff, 1997; Khan 
& Alzohairy, 2010; Krajewska, 2004; Sheldon, 2007).  
Enzyme immobilization may change the kinetics and other properties essential for catalysis 
(optimum pH or temperature), usually with a decrease of the specific activity. An 
enhancement of enzymes stability (pH, thermal, storage and operational stability) upon 
immobilization is commonly observed – key advantage in enzyme immobilization (Mateo et 
al., 2007; Murty et al., 2002; Petkar et al., 2006). 
The special characteristics of the immobilized enzymes have made them suitable for many 
applications in bioconversion processes or as biomaterials for health and biosensors 
(Coradin et al., 2006; Gupta & Chaudhury, 2007; Khan & Alzohairy, 2010; Kim et al., 2006; Li 
& Takahashi, 2000). The main techniques for enzymes immobilization applied to biosensors 
are shown in Figure 5.  
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Fig. 5. Enzyme immobilization applied to enzymatic biosensors 

In biosensing, immobilization is a key step in coupling of enzyme to electrode. The biosensor 
efficiency relies on solving problems such as: enzyme loss caused by the binding procedure, 
diminished availability of enzyme molecule within the carrier, slow diffusion of substrate 
molecules and active species within the pore network, good transfer of the chemical signal to 
the electrode. Furthermore, in biosensors, reproducibility, rapid answer, operational stability, 
enzyme molecule availability, kinetic parameters are essential for a good response (Coradin et 
al., 2006; Gupta & Chaudhury, 2007; Khan & Alzohairy, 2010; Kim et al., 2006). 

3.2 Sol-gel entrapment – a versatile tool for enzyme immobilization 
Although practice shows that a universal carrier is not known, some characteristics are 
desirable to any material considered for immobilizing enzymes: large surface area, 
hydrophilicity, permeability, insolubility, chemical, thermal and mechanical stability, 
resistance to microbial attack, etc. (Kennedy & Cabral, 1987; Ullmann, 1987). 
Gel entrapment of biomolecules is a well-established method for many years. Gels as agar, 
agarose, gelatin, alginate, chitin, chitosan, carrageenan or polyvinyl alcohol are highly 
biocompatible, accessible, easy to handle and largely used in very different applications. The 
most important disadvantages reside in their organic nature: some of them are mechanically 
fragile, cannot stand for biological attack or are highly toxic (Smith, 2004). 
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Due to their physical properties, inorganic carriers have some important advantages over 
their organic counterparts: high mechanical strength, good thermal stability, high resistance 
to organic solvents and microbial attack, easy handling and regeneration. Inorganic 
supports are stable and do not alter their structure at environmental changes (pH or 
temperature) (Coradin et al., 2006; Kennedy & Cabral, 1987; Ullmann, 1987). 
This chapter will deal with immobilization of enzymes using inorganic carriers. In order to 
make them compatible with organic and bio-molecules, mild synthesis methods are needed. 
Sol-gel synthesis of inorganic gels in conditions as harmless as possible is such an option. 
Silica sol-gel materials have been developed starting with the 1990’s as a versatile and viable 
alternative to classical immobilization methods (Avnir et al., 1994; Reetz et al., 2000, Reetz et 
al., 2003). The sol-gel synthesis of silica gels is a chemical synthesis of amorphous inorganic 
solids starting from metal-organic precursors (Si(OCH3)4 or Si(OC2H5)4 being the most 
commonly used) which undergo numerous catalytic hydrolysis and condensation reactions 
that can be written schematically as follow (Brinker & Scherer, 1990; Park & Clark, 2002): 
 hydrolysis/esterification  

 
Si OR Si OH + H2O  + ROH 

 

(1)

 

 water condensation/hydrolysis 

 
Si O SiSi OH SiOH  + H2O  + 

 

(2)

 

 alcohol condensation/alcoholysis 

 
Si OH SiRO Si O Si +  + ROH 

 

(3)

 

Sol-gel technique implies the silica matrix synthesis, at room temperature and mild 
conditions, around biomolecules or even larger biological species, without altering the 
biological activity (Bhatia et al., 2000; Gupta & Chaudhury, 2007). Biomolecules like 
proteins, enzymes, hormones, antibodies, cell components or even viable whole cells remain 
active in the porous network. Smaller species from the environment may diffuse within the 
matrix and interact with the entrapped biomolecules (Yoo & Lee, 2010).  
This method avoids problems such as covalent modification (strong binding which can 
affect residues involved in the catalytic site) or desorbtion (van der Waals, hydrogen or ionic 
binding). Due to its inorganic nature, silica is a chemically, thermally, mechanically and 
biologically inert material. The high hydrophilicity and porosity make it compatible with 
biological species. More than that, synthesis of sol-gel materials is simple, fast and flexible 
(Avnir et al., 1994; Jin & Breman, 2002; Livage et al., 2001). 
The result of hydrolysis and polycondensation reactions is a colloidal sol that contains siloxane 
bonds (Si-O-Si network) and that, in presence of the target biomolecules or biological species, 
undergoes further condensation reactions till the gelation point is reached, in a time lasting 
from seconds to days. At the gelation point, the silica matrix forms a continuous solid 
throughout the whole volume, with an interstitial liquid phase, containing the biomolecules or 
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biological species. The most important property of this material is its dynamic structure. The 
hydrolysis and condensation reactions continue as far as unreacted hydroxy or alkoxy groups 
are still present in the system, in the aging phase. A nano- or a mesostructured material is 
formed. The water and the alcohol introduced or produced can be removed stepwise, in a 
drying process that leads to a solid in which the pores collapse as solvent is removed. The 
shrinkage of the wet matrix may alter the protein. Fortunately, most applications imply 
function in aqueous environment so complete drying can be avoided.  
The three-dimensional Si-O-Si bonds are formed around the biomolecule which, even 
though is trapped in the cage, remains active in the porous network. The sol-gel matrices 
preserve the native stability and reactivity of biological macromolecules for sensing. More 
than that, they can be obtained as powders, fibers, monoliths or thin films. This versatility 
makes them suitable for biosensing. The formation of thin films is a rather complex process. 
Sol viscosity, gelation time, solvent evaporation, film collapse may influence the 
microstructure of the thin film. This microstructure is essential for the access of small 
molecules and analytes. Dip-coating or spin-coating may be used to obtain thin films with 
reproducible properties. 
Metal alkoxides are the typical precursors for sol-gel technology. The development of silica 
based sol-gels in the materials sciences is mainly based on tetraalkoxysilanes Si(OR)4 or 
organoalkoxysilanes R’(4-x)Si(OR)x, where x = 1-4 and R is an organic residue (R: CH3-, C2H5-, 
C6H5-, R’: CH3-, C2H5-, C6H5-, etc.) (Brinker & Scherer, 1990; Gupta & Chaudhury, 2007). 
Hydrolysis and condensation reactions of organoalkoxysilanes occur in a similar manner: 
 hydrolysis/esterification 

 Si

R`

Si OH

R`

(OR)3 (RO)2+  H2O +  ROH  
(4)

 

 water condensation/hydrolysis 

 
Si OH

R`

SiOH

R`

Si O

R`

Si

R`

(RO)2 (OR)2(RO)2 (OR)2+ +  H2O  
(5)

 

 alcohol condensation/alcoholysis 

 Si OH

R`

Si

R`

RO Si O

R`

Si

R`

(RO)2 (OR)2 (RO)2 (OR)2+ +  ROH 
(6)

 
Precursors containing R’ hydrophobic residues modify the polymeric network. Other 
precursors, containing functions such as vinyl, methacryl or epoxy, may act as network 
forming precursors, due to their reactive monomers (Table 2).  
Organically modified alkoxides act in the hydrolysis and polycondensation reactions 
identically with un-substituted alkoxides. Their reactivity increases in the order: TEOS < 
VTES < MTES. By far the most largely used precursors for the sol-gel matrixes are TMOS 
and TEOS. Due to their low water solubility, an alcohol is needed to avoid phase separation. 
Also, during the hydrolysis and polycondensation processes, an alcohol is released, which 
may cause enzyme inactivation. Tetrakis (2-hydroxiethyl) orthosilicate (THEOS) is a 
completely water soluble precursor which can avoid thermal effects or enzyme unfolding, 
due to biocompatibility of the ethylene glycol released in reaction (Shchipunov et al., 2004).  
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Network modifying precursors Network forming precursors 
Methyltriethoxysilane (MTES) 

Si

O

O

CH3

CH3

CH3
OCH3

 

Metallic alkoxides 
 

M(OEt)4, M = Si, Ti, Zr 
 

Propyltriethoxysilane (PTES) 

Si

O

O
O

CH3

CH3

CH3

CH3

 

Vinyltriethoxysilane (VTES) 

Si

O

O

O
O

O

O

 
Phenyltriethoxysilane (PTES) 

Si

O

O

O

CH3

CH3

CH3  

Methacryloxypropyltriethoxysilane 
 

CH3

O

CH2

O

Si(OEt)3

 

3-aminopropyltriethoxysilane (APTES) 
 

NH2
Si(OEt)3  

3-(Glycidoxypropyl)triethoxysilane (GPTES) 

O Si(OEt)3

O  
Mercaptopropyltriethoxysilane 

 

SH Si(OEt)3  

3-(trimethoxysilyl)propyl acrylate 

Si(OEt)3O

CH2

O

 
Table 2. Examples of network forming and modifying precursors 

To make the sol-gel synthesis compatible with the biomolecules, less invasive reaction 
conditions are needed. Usually to avoid thermal effects, the sol is produced before the 
enzyme is added. TMOS derived gels shrink very much, the enzyme being physically 
restricted in a limited space, which leads to activity loss. Hybrid organic-inorganic matrices 
shrink less. The properties of sol-gel matrices (porosity, surface aria, polarity, rigidity) 
depend on the hydrolysis and polycondensation reactions. They are influenced by the 
precursors, water - precursor molar ratio, solvent, concentrations of the reaction mixture 
components, pressure, temperature, maturation and drying conditions and different 
additives, as pore forming or imprinting agents (Coradin et al., 2006). 
Polymers like alginate, xanthan, gelatin, chitin, chitosan, carrageenan, hydroxyethyl cellulose, 
polyvinyl alcohol, polyethylene glycol, polyacrylamide, 2-hydroxyethyl methacrylate or 
polyethylene oxide may be added in the sol-gel matrix. In this hybrid sol-gel materials 
covalent, hydrogen, van der Waals bindings or electrostatic interactions may occur between 
the inorganic and organic components. The macromolecular additives may act as pore 
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forming agents. The porosity can be tailored by using detergents, ionic liquids, crown-ethers, 
cyclodextrines, etc. D-glucose was used as imprinting agent, being easy to eliminate. 
Additionally PEG and PVA may avoid pores collapse (Avnir et al., 1994; Coradin et al., 2006). 

3.3 Glucose biosensors based on sol-gel immobilized glucose oxidase 
Enzymes applications in health care are of remarkable impact (Table 3). Among them, 
glucose sensing with enzymes is of tremendous importance. Blood glucose level is one of 
the most important parameters in clinical practice, with continuous monitoring in diabetes, 
as one of the most important diseases in humans. Sedentary lifestyle and bad eating habits 
which lead to obesity are important causes of vascular diseases. Glucose level monitoring is 
important also in insulin therapy, dietary regimes or hypoglycemia (Yoo & Lee, 2010). 
Glucose can be measured using three enzymes: hexokinase, glucose oxidase (GOx) and 
glucose-dehydrogenase (GDH). Glucose oxidase (β-D-glucose:oxygen-1-oxidoreductase, 
E.C.1.1.3.4.), discovered by Muller in 1928, is the most used oxidoreductase for glucose 
assay. This enzyme can be isolated from algae, citrus fruits, insects, bacteria or fungi. Most 
studies were carried out with microbial enzymes obtained by fermentation of Aspergillus 
niger and Penicillum notatum strains (Turdean et al., 2005; Wilson & Turner, 1992). Glucose 
oxidase has high substrate specificity for glucose, high activity, high accessibility (mainly 
from Aspergillus niger).  
The glucose biosensor is based on the ability of glucose oxidase to catalyse the oxidation of 
glucose by molecular oxygen to gluconic acid and hydrogen peroxide: 

 
Glucose oxidase-D-glucose + O2 + H2O D-gluconic acid + H2O2 

 
(7)

 

 
H2O2 O2

-+  2H   +   2e+
 

(8)
 

Glucose oxidase, a flavoprotein, as a redox reaction catalyst, requires a cofactor, FAD, which 
is regenerated by reaction with molecular oxygen, so no cofactor regeneration is needed. 
The molecular oxygen consumption or the hydrogen peroxide production during the 
reaction is proportional with the glucose concentration. Hydrogen peroxide is oxidized at 
the electrode and the electron exchange between the enzyme and the electrode (the current 
generated) can be detected amperometrically. On the other hand, D-gluconic acid is released 
in the reaction, the pH decay being proportional with the glucose consumption. The pH can 
be monitored by potentiometric measurements, with a pH-sensitive glass electrode. In both 
cases, the enzyme has to be attached to the sensitive surface of the electrode. So, the 
electrode has a double function: to support the enzyme and to detect a change of a 
parameter (molecular oxygen consumption, pH change) related to the change of the analyte 
concentration. Alternatively, the enzyme can be incorporated in the electrode (carbon paste). 
Three generations of glucose biosensors are described in literature. While H2O2 and D-
gluconic acid production can be monitored potentiometrically, the oxygen consumption can 
be measured amperometrically, for example with a Pt electrode, similarly with the oxygen 
electrode invented by Clark in 1962 (first-generation biosensors). Also, a redox mediator can 
be used to facilitate electrons transfer from GOx to electrode surface. A variety of mediators 
were used to enhance biosensor performances: ferrocenes, ferricyanides, quinines and their 
derivatives, dyes, conducting redox hydrogels, nanomaterials (second-generation biosensors). 
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Enzyme E.C. 
number 

Application 
Markers for disease 

Acetyl cholinesterase 
(AChE) 

E.C.3.1.1.7 important in controlling certain nerve impulses 

Creatine kinase (CK) E.C.2.7.3.2 indicates a stroke or a brain tumour (heart attack) 
Lactate dehydrogenase 
(LDH) 

E.C.1.1.1.27 indicates a tissue damage (heart attack) 

  Clinical diagnoses of diseases 
Alanine 
aminotransferase (ALT) 

E.C.2.6.1.2 sensitive liver-specific indicator of damage 

Alkaline phosphatase 
(ALP) 

E.C.3.1.3.1 involved in bone and hepatobiliary diseases 

Aspartate 
aminotransferase (AST) 

E.C.2.6.1.1 myocardial, hepatic parenchymal and muscle 
diseases in humans and animals 

Butylcholinesterase 
(ButChE) 

E.C.3.1.1.8 acute infection, muscular dystrophy, chronic 
renal disease and pregnancy, insecticide 
intoxication 

Creatine kinase (CK) E.C.2.7.3.2 myocardial infarction and muscle diseases 
Lactate dehydrogenases 
(LDH) 

E.C.1.1.1.27 myocardial infarction, haemolysis and liver 
disease 

Serum pancreatic lipases 
(triacylglycerol lipase) 

E.C.3.1.1.3 pancreatitis and hepatobiliary disease 

Sorbitol dehydrogenase 
(SDH) 

E.C.1.1.1.14 hepatic injury 

Trypsin E.C.3.4.21.4 pancreatitis, biliary tract and fibrocystic diseases 
α-Amylase (AMY) E.C.3.2.1.1 diagnostic aid for pancreatitis 
γ-Glutamyltransferase 
(GGT) 

E.C.2.3.2.2 hepatobiliary disease and alcoholism 

Acid phosphatase (ACP) E.C.3.1.3.2 prostate carcinoma 
  Therapeutic agents 
Asparaginase E.C. 3.5.1.1 leukaemia 
  Clinical chemistry 
Glucose oxidase E.C.1.1.3.4 D-glucose content; diagnosis of diabetes mellitus 
Lactate dehydrogenase E.C.1.1.1.27 blood lactate and pyruvate 
Urease E.C.3.5.1.5 blood urea 
Cholesterol oxidase E.C.1.1.3.6 blood cholesterol 
Luciferase EC.1.13.12.7 adenosine triphosphate (ATP) (e.g. from blood 

platelets); Mg2+ concentration 
  Immunoassays 
Horseradish peroxidise E.C.1.11.1.7 enzyme-linked immunosorbent assay (ELISA) 
Alkaline phosphatise E.C.3.1.3.1 

Table 3. Enzymes applications in health care (Soetan et al., 2010) 



 
Sol-Gel Technology in Enzymatic Electrochemical Biosensors for Clinical Analysis 

 

381 

Conducting organic polymers, conducting organic salts, polypyrrole based electrodes were 
used in the third generation of glucose biosensors, which allowed a direct transfer of electrons 
between enzyme and electrode (Yoo & Lee, 2010). Sol-gel technology may be present in all 
three biosensors generations. Some characteristic examples on how sol-gel immobilization is 
involved in several enzyme biosensors construction are shown in Table 4. 
Both largely used amperometric biosensors or less extended potentiometric biosensors have 
yet to pass efficient, long term functioning exams in time. The main problems that have to 
be overcome: 
a. Amperometric biosensors 
The high polarizing voltage needed may cause interferences. Substances such as ascorbic 
acid, uric acid or other drugs, often present in biological fluids, are oxidized at high 
potential. To avoid this, either redox mediators or modified electrodes are used.  
b. Potentiometric biosensors 
The enzymatic reaction is based on oxidation of -D-glucose to D-glucono--lactone 
catalyzed by glucose oxidase. Three inherent problems may occur. First, molecular oxygen 
is the electron acceptor which produces hydrogen peroxide as product. But, in biological 
fluids, the dissolved oxygen concentration controls the glucose detection limit. Second, 
potentiometric biosensors detect the hydrogen ions produced by the dissociation of D-
gluconic acid. Its low dissociation constant is responsible for the low sensitivity of the 
method. Third, product inhibition by hydrogen peroxide on enzyme activity may occur. 
Though simple and economical, potentiometric biosensors have to find solutions for all this 
problems (better pH sensors and immobilization method, solutions to overcome oxygen 
deficiency and enzyme inhibition) (Liao et al., 2007).   

4. New trends in sol-gel immobilized glucose oxidase biosensors     

Recent studies are focused now on nano- and bio-nanomaterials. Enzyme immobilization 
using methods based on sol-gel combined with smart materials (carbon nanotubes, 
conducting polymers, metal or metal oxide nanoparticles, self assembled systems) could be 
an interesting alternative (Table 4).  
a. Conducting polymers 
New generation of mediator-free (reagentless) biosensors based on direct electron transfer 
uses immobilized enzymes on conducting substrates. Many methods and materials have 
been used to promote the electron transfer from oxidoreductases directly to the electrode 
surface. Among them, conducting biopolymers, nanostructures combined with sol-gel 
matrices are included. Due to their conductivity and electroactivity, they may act as 
electrons mediators between enzyme active site and electrode surface, leading to short 
response time and high operational and storage stability (Teles & Fonseca, 2008).  
Silica conducting polymer hybrids may be synthesized by co-condensation of organosilanes, 
post-coupling of functional molecules on silica surface or non-covalent binding of different 
species. A strategy for silica conducting polymer hybrids synthesis is to modify silica with 
organic functional moieties and then, these functionalized precursors may react to form 
polymer chains in the pores or channels of the silica.  
Polyaniline (PA) is one of the most important conducting polymers. A glucose biosensor 
(PA-GOx/Pt) modified using a sol-gel precursor containing sulphur ((3-mercaptopropyl) 
trimethoxysilane, MPTMS) has good analytical characteristics and does not respond to 
interferences (Yang et al., 2008). 
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Sol-gel immobilization method Enzyme(s) Analyte Ref. 
TEOS derived sol–gel matrixes  Glucose oxidase Glucose Chang et al., 

2010 
Single TEOS sol–gel matrix 
coupled to N-Acetyl-3,7-
dihydroxy-phenoxazine  

Horseradish peroxidase 
Superoxide dismutase 
Xanthine oxidase 

Xanthyne Salinas-
Castillo et 
al., 2008 

Thin sol–gel film derived from 
TEOS sol–gel system  

Acetylcholinesterase 
 

Organophos-
phorous 
pesticides  

Anitha et 
al., 2004 

MTOS sol-gel chitosan/silica and 
MWCNT organic–inorganic hybrid 
composite film 

Chlolesterol oxidase Cholesterol Tan et al., 
2005 

TMOS sol-gel/chitosan inorganic-
organic hybrid film  

Horseradish peroxidase H2O2 Miao et al., 
2001 

One-pot covalent immobilization 
in a biocompatible hybrid matrix 
based on GPTMS and chitosan 

Horseradish peroxidase H2O2 Li et al., 
2009 

Sol-gel organic-inorganic hybrid 
material based on chitosan and 
THEOS 

Horseradish peroxidase H2O2 Wang et al., 
2006 

Chitosan/silica sol–gel hybrid 
membranes obtained by cross-
linking of APTES with chitosan 

Horseradish peroxidase H2O2 Li et al., 
2008 

Immobilization in multi-walled 
carbon nanotubes (MWCNTs) 
embedded in silica matrix (TEOS) 

Urease Urea Ahuja et al., 
2011 

Immobilization in MTOS sol-gel 
chitosan/silica hybrid composite 
film  

Glucose oxidase Glucose Tan et al., 
2005 

Encapsulation within sol-gel 
matrix based on (3-aminopropyl) 
triethoxy silane, 2-(3,4-
epoxycyclohexyl)-ethyltrimetoxy 
silane 

Glucose oxidase Glucose  
 
 

Couto et al., 
2002 

Immobilization in sol-gel films 
obtained from (3-aminopropyl) 
trimethoxysilane, 2-(3,4-epoxy-
cyclohexyl) ethyl-trimethoxysilane 

Lactate oxidase Lactate Gomes et 
al., 2007 

Covalent immobilization onto 
TEOS sol–gel films 

Cholesterol esterase, 
cholesterol oxidase 

Cholesterol Singh et al., 
2007 

Immobilization of the enzyme in a 
TMOS derived silica sol-gel matrix  

Yeast hexokinase Glucose Hussain et 
al., 2005 

Table 4. Sol-gel technique adapted to different enzyme biosensors  
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A mediatorless bi-enzymatic amperometric glucose biosensor with two enzymes (GOx and 
horseradish peroxidase (HRP)) co-immobilized into porous silica-polyaniline hybrid 
composite was obtained by electrochemical polymerization of N[3-(trimethoxysilyl) 
propyl]aniline (TMSPA). The method revealed the advantages of using both conducting 
polymers and silica matrices synergistically in one-pot polymerization and immobilization 
(Manesh, 2010). The co-immobilization of both GOx and HRP, which acts in cascade, allows 
both a glucose measurement that avoids interferences and a signal amplification that 
increases biosensor efficiency.  
b. Carbon nanotubes 
In the last 20 years, carbon nanotubes have been a subject of intense studies. Carbon 
nanotubes (CNT) are carbon cylinders obtained by folding of graphite sheets in single 
(single-walled carbon nanotubes (SWCNT)) or several coaxial shells (multi-walled carbon 
nanotubes (MWCNT)). SWCNT and MWCNT have found important applications in 
biosensing due to some valuable properties, which make them compatible with sensing and 
biomolecules: ordered nanostructure, capacity to be functionalized with reactive groups and 
to link biomolecules and, very important in sensing, enhancement of electron transfer from 
enzyme to electrode. MWCNT were used in hybrid organic-inorganic matrices combined 
with sol-gel and other materials, in sandwich-type structures (Ahuja et al., 2011; Kang et al.,  
2008; Mugumura, 2010). 
c. Metal nanoparticles and self-assembled systems 
Since 1970s, we are witnesses of a rapid growth in nanocience interest for metal 
nanoparticles, such as Au, Pt, Ag, Cu, due to their enormous potential applications in 
catalysis, chemical sensors and biosensors. The biocompatibility of metal nanoparticles is 
based on their property to bind different ligands which, at their turn, can bind different 
biomolecules including enzymes. These nanoparticles have special electronic and photonic 
properties which make them extremely suitable in sensing.  
Self-assembled systems are used in simple and versatile procedures to immobilize enzymes 
on metal or metal oxide surfaces. Organoalkoxysilanes or organochlorosilanes are able to 
undergo processes of self-assembly on glass, silicon or alumina surfaces. Sulphur containing 
molecules have a special well-known affinity to noble metal surfaces. Sulphur containing 
alkoxysilanes can be used as sol-gel precursors to facilitate the binding of not only enzymes 
but also nanoparticles and redox active species to surfaces of Pt, Au, Cu or glassy carbon.  
Biosensors can be fabricated by means of self-assembled double-layer networks obtained 
from (3-mercaptopropyl)-trimethoxysilane (MPS) polymerized on gold electrode. Then, gold 
nanoparticles are attached by chemosorbtion on the double-layer polymer-gold electrode 
and, finally, GOx is bound to gold nanoparticles. Due to very low background current, such 
biosensors exhibit high sensitivity and short response time. The biosensors show a linear 
dependence at very low glucose concentrations and have a very low detection limit (1x10-10 
M). No interferences are observed. The performances of such biosensors may be explained 
considering that the nanoparticle – MPS network produces an increased surface area, thus 
increasing the enzyme loading (Barbadillo et al., 2009; Zhong et al., 2005).   

5. Conclusions  

Research for advanced technologies, including highly efficient enzymes and immobilization 
strategies, based on new materials and improved electrodes continue to be performed. 
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Future trends in the design of robust biological sensors should include new goals such as:  
1. Research for new strains to produce more versatile enzymes with improved 

compatibility, operational activity and stability. 
2. A deeper understanding of matrix–enzyme interaction, protein folding/unfolding and 

mobility phenomena to prevent inactivation. Other goals are: a tight and more specific 
bond of enzyme to matrix, a more tunable pore size distribution, new matrices, with 
improved properties, reduced diffusional barriers and minimal enzyme leaching to 
obtain an efficient and fast response from an operationally stable system. 

3. New electrodes with enhanced analytical characteristics (high operational stability and 
sensibility, long life-time and low detection limit), active in hostile environment. High 
rate response and quick electron transfer from the enzyme to the transducer are 
problems that still wait for better solutions. 

4. Improved immobilization methods for enzymes, a more efficient attachment of the 
enzyme – matrix assembly to the physical transducer, considering that the matrix is the 
key link between enzyme and transducer. A new view of geometry at nano and micro 
scale, to facilitate a better link among biocatalyst, matrix and transducer, based on 
biocompatibility. 

5. Better non-invasive, portable settings for continuous in vivo monitoring. 
Miniaturization, biocompatibility, long term stability, specificity, and, first of all, higher 
accuracy are needed.  

Due to their excellent biocompatibility, silica matrices may contribute to the development of 
new applications for more specific biosensing devices. 
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1. Introduction 

Porphyrins and their metal complexes have been investigated for many years because the 
richness of the properties of these compounds is of interest to a wide range of scientific 
disciplines, from medicine to materials science (Figure 1). Metalloporphyrins in living 
systems play many functions that are essential for life, and the elucidation of both the 
geometric and electronic structures of these compounds is of extreme relevance to a 
detailed understanding of their roles in biological systems. Moreover, the possibility of 
mimicking the complex chemistry exhibited by metalloporphyrins in living organisms 
with synthetic models propitiates the possibility of exploiting then in a wide range of 
different applications, from medical diagnostics and treatments to catalysts and sensors 
(Walker, 2006). 
The heme groups (iron porphyrins) sites are involved in a range of biological functions. 
These roles are developed through various biochemical processes, such as electron transfer 
(e.g., cytochromes a, b, c, and f), in which the heme cycle between low-spin Fe(II) and low-
spin Fe(III) small-molecule binding and transport, catalysis, and O2 activation (e.g. 
peroxidases and cytochromes P450), where high-valent iron centers are involved in several 
chemical reactions, such as hydrogen atom abstraction, hydroxylation, and epoxide 
formation (Figure 1). Heme sites are significantly different from non-heme iron sites in 
which the porphyrin ligand allows the delocalization of the iron d-electrons into the 
porphyrin π system. This distribution of electronic density changes the properties of the iron 
with respect to the flexibility of the central coordination site, the energetics of reactivity, 
and, consequently, to its biological function (Hocking et al., 2007). 
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Fig. 1. Protoporphyrin IX (PpIX) demonstrating the ferrous íon as coordination Center and 
the nitrogens of the four pyrrolic rings acting as coordinating sites (Lewis basis). 

The heme groups (iron porphyrins) sites are involved in a range of biological functions. 
These roles are developed through various biochemical processes, such as electron transfer 
(e.g., cytochromes a, b, c, and f), in which the heme cycle between low-spin Fe(II) and low-
spin Fe(III) small-molecule binding and transport, catalysis, and O2 activation (e.g. 
peroxidases and cytochromes P450), where high-valent iron centers are involved in several 
chemical reactions, such as hydrogen atom abstraction, hydroxylation, and epoxide 
formation (Figure 1). Heme sites are significantly different from non-heme iron sites in 
which the porphyrin ligand allows the delocalization of the iron d-electrons into the 
porphyrin π system. This distribution of electronic density changes the properties of the iron 
with respect to the flexibility of the central coordination site, the energetics of reactivity, 
and, consequently, to its biological function (Hocking et al., 2007). 
The structure-activity relationship of iron-porphyrins as well as the activity-function 
relation of globins is still a great challenge to several researchers. Understanding the 
function of macromolecular complexes is related to a precise knowledge of their structure. 
These large complexes are often fragile high molecular mass noncovalent multimeric 
proteins (Bruneaux et al., 2008). This extraordinary hemoprotein system is widely 
distributed in nature, presenting slight differences between the several types of heme 
proteins. In spite of the various similar physico-chemical properties, the apparently small 
significant differences are responsible for a diversity of characteristics that becomes quite 
distinct the biochemical behavior of these proteins. In this way, the association of 
instrumental tools is essential to elucidate intricate aspects involving the structure-function 
relationship of these protein systems. By combining native mass and subunit composition 
data, structural models can be proposed for large edifices such as annelid extracellular 
hexagonal bilayer hemoglobins (HBL-Hb) and crustacean hemocyanins (Hc) (Bruneaux et 
al., 2008). Association/dissociation mechanisms, protein-protein interactions, structural 
diversity among species and environmental adaptations can also be addressed with these 
methods (Bruneaux et al., 2008). An example of these light structural differences that 
provoke significantly distinct functions is the case of the nitrophorins that are NO-carrying 
hemoproteins, being significantly different of the O2-carrying hemoproteins, such as 
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hemoglobin (Figure 2).  Nitrophorins constitute an example of this complex reality, since 
that these proteins are a group of NO-carrying hemoprotein encountered in the saliva of, at 
least, two species of blood-sucking insects, Rhodnius prolixus and Cimex lectularius, which 
present very elaborated physico-chemical properties deeply associated to its complex 
biochemical role (Berry & Walker, 2007; Knipp et al., 2007). These hemoproteins sequester 
nitric oxide (NO) that is produced by a nitric oxide synthase (NOS) present in the cells of the 
salivary glands, which is a protein similar to vertebrate constitutive NOS. NO is kept stable 
for long periods by ligation as sixth ligand of the ferriheme center. Upon injection into the 
tissues of the victim, NO dissociates, diffuses through the tissues to the nearby capillaries to 
cause vasodilatation, and thereby allows more blood to be transported to the respective site 
of the wound. At the same time, histamine, which causes swelling, itching, and initiates the 
immune response, is released by mast cells and platelets of the victim. In the case of the 
Rhodnius proteins, this histamine binds to the heme iron sites of the nitrophorins, hence 
preventing the victim`s detection of the insect for a period of time, which allows it to obtain 
a sufficient blood meal (Berry & Walker, 2007; Knipp et al.,  2007). It is important to notice 
that great and crescent number of studies that employees porphyrin-like compounds in 
different chemical contexts denotes the extraordinary interdisciplinary and 
multidisciplinary characters of these macrociclic compounds. The applications of porphyrin-
like compounds, metallated or not, in PDT (Moreira et al., 2008), catalysis, electrochemical 
studies, biomimetic studies, and others are a definitive fingerprint of the great biochemical 
and physico-chemical relevance of this chemical system. 
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O
Fe O
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 (1.3)

 
Fig. 2. Iron-Oxygen bound, with the Oxygen molecule (oxygen-oxygen bound axix) 
presenting significant inclination in relation to the iron-oxygen bound axis. 

2. Electronic properties of heme groups 

The delocalization of the Fe d-electrons into the porphyrin ring and its effect on the redox 
chemistry and reactivity of these systems has been difficult to study by optical 
spectroscopies due to the dominant porphyrin π-π* transitions, which obscure the metal 
center (Hocking et al., 2007). In any case, the information obtained from Ligand-to-Metal 
Charge Transfer (LMCT) transitions can be accessed in several cases, mainly when this 
electronic band occurs above 600 nanometers. In this situation, it is possible to infer a higher 
number of relevant physico-chemical data from electronic spectra. Recently, Hocking and 
co-workers (Hocking et al., 2007) developed a methodology that allows the interpretation of 
the multiplet structure of Fe L-edges in terms of differential orbital covalency (i.e., 
differences in mixing of the d-orbitals with ligand orbitals) using a valence bond 
configuration interaction (VBCI) model. This method can be considered an interesting 
alternative to obtain significant information about the heme properties, principally when 
these data are not accessible through UV-VIS spectroscopy. In fact, when this methodology 
is applied to low-spin heme systems, this method allows experimental determination of the 
delocalization of the Fe d-electrons (Figure 3) into the porphyrin (P) ring in terms of both 
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PfFe ó and ð-donation and FefP ð back-bonding. We find that ð-donation to Fe(III) is much 
larger than ð back-bonding from Fe(II), indicating that a hole superexchange pathway 
dominates electron transfer (Hocking et al., 2007).  
 

 
Fig. 3. 3d orbitals splitting related to octaedric complexes that present tetragonal and 
rhomboedric distortions complexos octaédricos devido às distorções. Right side: Assymetric 
distribution of dxz e dyz orbitals intensifies the Jahn-Teller distortions provoking the rhombic 
symmetry. The tetragonal symmetry is favored in the absence of steric precluding.  

3. Hydrophobic isolation of the heme pocket in hemoproteins and the 
aqueous solvent role in the structure-activity relationship 

Binding of water to hemoglobin is the determinant step in the mechanism of allosteric 
regulation (Pereira et al., 2005). An analytical method known as osmotic stress has been 
developed based on this inclusion/exclusion process for situations of low macromolecular 
concentrations. This methodology is being extensively applied to analyze the hydration 
water involved in the interaction of macromolecules (Pereira et al., 2005). Furthermore, the 
water action upon the hemoglobin structure is deeply associated to the native hydrophobic 
isolation inherent to the heme pockets of hemoproteins. This hydrophobic isolation limits 
significantly the access of aqueous solvent to the metallic center, which implicates in a more 
stable redox state as well as lower number of ligand changes of the first coordination sphere 
of the metallic center. Consequently, when the natural hydrophobicity of the native heme 
pocket is maintained, it is limited the occurrence of hemoglobin autoxidation (Figure 4), 
which would be accentuated by the presence of anionic ions in the heme pocket (Figure 5) 
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Fig. 4. Oxygen ligand exit from the first coordination sphere of the ferrous ion, which can 
occur as superoxide anion (autoxidation) or neutral oxygen molecule 

4. pH influence on the oligomeric structure of hemoproteins 

The effect of pH on biological systems has been widely investigated using various models to 
gain insights into the role of protons in modulating biochemical processes. Analysis of the 
stability of high protein aggregates using hydrostatic pressure (>250 MPa) to promote 
protein dissociation has shown that protein aggregation is strongly pH-dependent (Bispo et 
al., 2005). The ability of protons to cause protein conformational changes, including 
allosteric phenomena, means that the study of pH is important for understanding normal 
protein folding and function. In hemoglobins (Hbs), the role of protons in oxygen affinity 
(Bohr effect) has been extensively studied in the physiologic pH range and at extreme 
conditions. The cooperativity in ligand binding is also pH-dependent, with a decrease in 
cooperativity as pH increases. This behavior is responsible for the sigmoidal nature of the 
plot of Hb saturation versus oxygen pressure, with a tendency to assume a hyperbolic shape 
at alkaline pH (Bispo et al., 2005). These properties demonstrated the high sensitivity of the 
oligomeric structure of hemoglobins to the environmental changes. 
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Fig. 5. Autoxidation mechanism favored by the presence of anionic ligand 

5. The interface between redox and oligomeric properties of hemoproteins 

Studies focused on the evaluation of redox potential of human hemoglobins have 
demonstrated a negative value of redox to the couple of quasi-reversible redox peaks, such 
as -0.38 V (versus SCE)  in 0.1 M pH 7.0 PBS obtained through a Hb/gelatin/GCE system 
(Yao et al., 2006). Zhao and co-workers performed their direct electrochemistry with the 
formal potential of -0.032V for hemoglobin and system of ZrO2 nanoparticles with heme 
proteins on functional glassy carbon electrode (Zhao et al., 2005). In fact, the determination 
of redox potential in hemoproteins is frequently associated to complex methodologies, since 
the polypeptide chains and the hydrophobic isolation of the heme pocket preclude the direct 
contact between the electrode and the main redox site of hemoproteins, which is the metallic 
center of heme (ferrous or ferric ion). These redox potentials strongly suggest that the heme 
group of several heme proteins, especially hemoglobins, would be easily oxidized in a short 
time interval, mainly if the accessibility of oxidant agents into heme pocket would not 
deeply precluded.Considering these redox potentials, it is plausible to infer that only the 
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hydrophobic isolation would not be able to avoid the oxidation of the ferrous ion. The 
limitation propitiated by the lateral chains of the aminoacid residues of the heme pocket 
neighborhood is not sufficient to maintain, at least, 95% of heme species in its ferrous form. 
In fact, in mammalian organisms, only 1% of ferric species is considered a normal 
physiological condition, being that the minimum of 99% is reached by the action of 
reductase enzymes, which limits significantly the concentration of ferric form in the 
organism. In any case, the redox potential of most hemoproteins would suggest a more 
representative percentage of oxidized heme species in the respective organisms. However, 
this fact does not occur as function, mainly, of the great compaction that constitutes the 
native state (wild configuration) of the hemoproteins, especially in hemoproteins with great 
supramolecular mass, which is the case of the giant extracellular hemoglobins. This high 
level of compaction of the globin chains limits pronouncedly the accessibility of ions into 
heme pocket. In fact, it is well established that the more intense accessibility of potential 
ligands to the metallic center is a decisive factor to improve the autoxidation rate (Figure 5). 
Liu and co-workers (Liu et al., 1996) claims that the major difference between the Im-cyt and 
cyt c lies in their respective redox potential ( -178 mV for Im-cyt c versus 260 mV for cyt c). 
In this context, the functional relevance of the axial Met80 ligand can be emphasized. In 
summary, the variation in the redox potentials of cytochrome c can be accounted for by 
differences in two effects: (a) the nature of the axial ligation to the iron; (b) the effects of the 
surrounding protein environment. The substitution of axial methionine by imidazole has 
been indicated to decrease the redox potential of cytochrome c by 160 mV. Since the 
imidazole ligated cyt c has a potential of 438 mV lower than the native cyt c, it appears that 
environmental factors may be most important. In fact, axial ligands provided by the side 
chains of His-18 and Met-80 as well as the covalently attached heme not only are essential 
for the structure and function of cytochrome c (cyt c), but they also play an important role in 
the folding process. It has been demonstrated by optical and NMR spectroscopy that one of 
the axial ligands in native oxidized cyt c, Met-80, dissociates more readily, and can be 
displaced by the intrinsic or extrinsic ligands, for instance, in the zinc cyt c used in the 
electron transfer studies or in the alkaline form of the protein (Shao et al., 1996). The high 
reduction potential of cyt c is also caused by exclusion of water from the heme environment 
by the surrounding hydrophobic and bulky amino acids. In Im-cyt c, apparent changes have 
happened to the heme hydrophobic pocket including heme-contact residues within 60 s 
helix, the region around Met80 and the lower left side of the molecule which is near be 
accounted for by changes in the secondary structures for example, the absence of 310 helix 
from Tyr67 to Asn70, the type II turn form from Ile75 to Thr78 and distorted 50s helix from 
51 to 54 (Liu et al., 1996). 
Previous data focused on giant extracellular hemoglobins demonstrated that the initial 
protein unfolding provoked by interaction with low concentration of ionic surfactants 
promotes a surprising increase in the size of the supramolecular protein arrangement, 
probably caused by the discompaction of the chains. Interestingly, only after this slight 
polypeptide chains separation, it is possible to differentiate the physico-chemical and 
spectroscopic behaviors of each chain. Therefore, besides the protection against oxidation, 
the compaction would be the main cause of a very peculiar phenomenon, which is the 
equalization of heme groups, due to the intense compactness of the quaternary structure. 
This proposal is supported by several studies found on autoxidation kinetics that 
demonstrated that an initial loss of intra- and inter-chains contacts is a fundamental pre-
requisite to the initial oxidation of the heme groups. The oxidation phenomenon has 
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demonstrated to be very dependent of the occurrence of some medium perturbation. For 
example, we can mention the pH changes, which, affecting the relation of ionic charges that 
involves the intra- and inter-chains contacts, decrease the compaction level of the quaternary 
arrangement of the protein. In fact, all factors that can perturb the global spatial 
configuration of the polypeptide chains can be considered as potential inductors of 
oxidation, since that the oligomeric alteration of the native form tends to originate a less 
compacted configuration. In this way, pH changes, surfactant addition and oxidant agents 
presence between others, constitute decisive influences that gradually decrease the native 
characteristics of the hemoglobin quaternary and tertiary configurations. Thus, an initial 
discompaction must to occur with concomitant increase of the protein size previously to a 
more representative unfolding process. This gradual process of loss of compaction would be 
the predominant phenomenon if the protein perturbation is small, which can occur when, 
for example, the surfactant concentration or the pH change is low (small distance of the 
neutrality). In more drastic processes, including drastic pH transitions and addition of high 
surfactant concentration, the discompaction is already accompanied by a very pronounced 
protein unfolding and until, in some cases, of an initial chains separation. Probably, in these 
drastic processes, the interaction of surfactants with the protein is a micelle-like 
phenomenon, being characterized by a significant concentration of the ionic surfactants 
molecules on each ionic site of opposite charge situated on the protein surface. On the other 
hand, low concentration of surfactants propitiates a more specific and individual interaction 
between the surfactant molecules and the sites of opposite ionic charge that are encountered 
on the protein surface. 

6. The redox-dependent structure change in hemoproteins: Comparative 
analysis between ferrous and ferric forms 

Many studies focused on understanding the structure-function problem in several 
hemoproteins, such as cytochrome c, have revealed that ferricytochrome c is different from 
ferrocytochrome c in several physical and chemical properties, including global stability, 
compressibility, molecular extent evaluated by low-angle X-ray scattering, hydrogen-
exchange behavior and the chemical reactivity of specific groups (Feng et al., 1990). 
Therefore, the redox state change generates a sequence of relevant events that can alter 
drastically the protein activity. The cytochrome c protein favors the reduced form of its 
bound heme, which means that the heme binds more strongly to the protein in the reduced 
form and therefore makes reduced cytochrome c the more stable form. The higher structural 
free energy level of the oxidized proteins reveals itself when structural stability is measured, 
e.g., in equilibrium denaturation experiments which measure overall stability and, at higher 
resolution, in the hydrogen-exchange rates of individual hydrogens, which depend upon 
local unfolding reactions (Feng et al., 1990). 

7. The iron ligands and the structural implications regarding the 
configuration of the first coordination sphere 

The ligand affinities for O2 and CO in monomeric hemoglobin (Hb) and myoglobin (Mb) are 
exquisitely modulated over wide ranges by relatively few residues within a largely 
conserved globular fold consisting of 7-8 helices with the heme wedged between helices E 
and F and ligated by His(F8) (Kolczak et al., 1997) (Figure 6). Various direct influences have 
been proposed to modulate the stability of the “ligated protein” in comparison with 



  
Biosensors for Health, Environment and Biosecurity 

 

396 

unligated protein, including hydrogen-bond stabilization by the ubiquitous His(E7) of the 
bound O2 (observed in neutron diffraction of MbO2) (Figure 6), steric destabilization by Val 
(E11) for bound CO (observed by tilt or bend of Fe-CO in X-ray diffraction of MbCO or 
HbCO), and pocket polarity as determined by residues  such as B10. A more indirect 
mechanism proposed to modulated ligand affinity in general is the control of the spacing 
between the F-helix and the heme, which must be significantly reduced in ligated form 
when compared with the unligated state (Kolczak et al., 1997). 
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Fig. 6. Distal histidine E7 generating stability to the iron-oxygen bound through the 
formation of a hydrogen bound between the NH group of imidazole and the molecular 
oxygen. 

8. Hemoglobins 

Among the four types of existing respiratory proteins: (a) hemocyanins; (b) hemerytrins; (c) 
chlorocruorins; and (d) hemoglobins, the latter is widely distributed in the vertebrate and 
invertebrate animals (Arndt & Santoro, 1998). In the mollusks, the main oxygen carrier is the 
copper containing hemocyanin and extracellular hemoglobins (erythrocruorins) are 
restricted to two families of clams, Astartidae and Carditidae and one family of freshwater 
snails, the Planorbidae (Arndt & Santoro, 1998). The snail extracellular hemoglobins are 
multi-subunit proteins with reported molecular weights varying between 1.65 and 2.25_103 
kDa. They contain 10 to 12 polypeptide chains of 175–200 kDa linked in pairs by disulfide 
bridges forming five to six subunits of 350– 400 kDa. Each of these chains comprises 10 to 12 
heme binding domains based in its minimum molecular weight of 17.0–22.5 kDa (Arndt & 
Santoro 1998). This pattern is also observed in the branchiopod crustacean Artemia sp which 
contains 9 domains per polypeptide chain and corresponds to the multi-domain, multi-
subunit structure reviewed by Vinogradov (Arndt & Santoro, 1998). This kind of structure 
denotes the relevance of the polypeptide contacts, which are decisive to determine the 
intensity of compaction of the hemoprotein, generating the tertiary and quaternary structure 
that are peculiar to each protein. Hemoglobin (Hb) occurs in all the kingdoms of living 
organisms. Its distribution is episodic among the nonvertebrate groups in contrast to 
vertebrates. Nonvertebrate Hbs range from single-chain globins found in bacteria, algae, 
protozoa, and plants to large, multisubunit, multidomain Hbs found in nematodes, molluscs 
and crustaceans, and the giant annelid and vestimentiferan Hbs comprised of globin and 
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nonglobin subunits. Chimeric hemoglobins have been found recently in bacteria and fungi. 
Hb occurs intracellularly in specific tissues and in circulating red blood cells (RBCs) and 
freely dissolved in various body fluids (Weber & Vinogradov, 2001). 

9. Mammalian hemoglobins 

Mammalian adult hemoglobin (HbA) is a tetramer of two Hb and two Hb subunits (Figure 
7), which is produced in extremely high concentrations (340 mg mL-1) in red blood cells 
(Gell et al., 2009). Numerous mechanisms exist to balance and coordinate HbA synthesis in 
normal erythropoiesis, and problems with the production of either HbA subunit give rise to 
thalassemia, a common cause of anemia worldwide (Gell et al., 2009). In this context, it is 
interesting to notice that Hematrocrit (Ht) levels higher or lower than the normal range can 
influence the physiological function and increase the risk of cardiovascular disease. The Ht 
level is indicative of the proportion of blood occupied by red blood cells, and is normally 
40.7–50.3% for males and 36.1–44.31% for females (Sakudo et al., 2009). 
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Fig. 7. Scheme of the contact 11, which favors the inclination of the distal histidine of  
chain of the human hemoglobin. 

10. Extracellular hemoglobins 

The hemoglobin from Biomphalaria glabrata is an extracellular respiratory protein of high 
molecular mass composed by subunits of 360 kDa, each one containing two 180 kDa chains 
linked by disulfide bridges, being that data regarding the structural and biochemical 
properties indicate that the multisubunit structure of this hemoglobin is compatible with a 
tetrameric arrangement (Arndt et al., 2003). However, there is a great number of 
extracellular hemoglobins that presents a much more complex quaternary structure, 
preseting a higher number of oligomeric subunits, which are called giant extracellular 
hemoglobins (HBLs). 
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11. Giant extracellular hemoglobins (HBLs) 

Assembly of protein subunits into large complexes is an important mechanism employed to 
attain greater efficiency and regulatory control of biological processes. Annelid 
erythrocruorins pose key problems in the design of such large macromolecular assemblages. 
The extracellular nature and giant size of these molecules have made them ideal systems for 
a number of seminal investigations into protein structure (Royer et al., 2000). Natural 
acellular polymeric hemoglobins (Hb) provide oxygen transport and delivery within many 
terrestrial and marine invertebrate organisms. These natural acellular Hbs may serve as 
models of therapeutic hemoglobin-based oxygen carriers (HBOC) (Harrington et al., 2007). 
For instance, acellular Hb from the terrestrial invertebrate Lumbricus terrestris (Lt) 
possesses a unique hierarchical structure and a peculiar ability to function extracellularly 
without oxidative damage. Lumbricus Hb as well as Arenicola Hb is resistant to 
autoxidation, chemical oxidation by potassium ferricyanide, and have low capability to 
transfer electrons to Fe(III)complexes at 37°C. An understanding of how these invertebrate 
acellular oxygen carriers maintain their structural integrity and redox stability in vivo is 
vital for the design of a safe and effective red cell substitute. In fact, this hemoglobin 
presents positive redox potential (Harrington et al., 2007). Homotropic and heterotropic 
allosteric interactions are important mechanisms that regulate protein function. These 
mechanisms depend on the ability of oligomeric protein complexes to adopt different 
conformations and to transmit conformation-linked signals from one subunit of the complex 
to the neighboring ones (Hellmann et al., 2008). An important step in understanding the 
regulation of protein function is to identify and characterize the conformations available to 
the protein complex. This task becomes increasingly challenging with increasing numbers of 
interacting binding sites. However, a large number of interacting binding sites allows for 
high homotropic interactions (cooperativity) and thus represents the most interesting case 
(Hellmann et al., 2008). Giant extracellular hemoglobins are examples of very large and 
cooperative protein complexes. This class of hemoglobins is found in annelid worms that 
contain 144 oxygen-binding sites, such as the giant extracellular hemoglobins of Lumbricus 
terrestris and Glossoscolex paulistus. These proteins show strict hierarchy in structure, being 
that the interaction of various ligands, such as O2, CO and NO, and the principle binding 
behavior of these protein complexes has been considered the main topics to the 
understanding of the respective structure-function relationship (Hellmann et al., 2008). 

12. Giant extracellular hemoglobin of glossoscolex paulistus 

The hemoglobin (Hb) of the annelid Glossoscolex paulistus is a giant extracellular Hb 
(erythrocruorin) that dissociates into low affinity subunits after incubation under pressure 
(with stabilization of the dissociated products), alkalization (mainly around pH 9.0) of 
acidification of medium or surfactant addition (Bispo et al.,  2007). 

13. The influence of ions on the structure-activity relationship: A comparative 
evaluation between vertebrate and invertebrate hemoproteins 

Elucidation of the detailed thermodynamics of heme site ligation and its  linkages to 
heterotropic effectors has required circumvention of the following obstacles: (i) lability of 
the heme iron-oxygen bond precludes the isolation and study of most intermediates; (ii) 
high binding cooperativity greatly reduces the populations of intermediates in equilibrium 
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with the end-state species; and (iii) dissociation of tetramers into dimmers leads to their 
reassembly into tetramers with rearranged configurations of occupied sites (Huang et al.,  
1997). The oxygen binding properties of extracellular giant hemoglobins (Hbs) in some 
annelids exhibit features significantly different from those of vertebrate tetrameric Hbs. 
Annelid giant Hbs show cooperative oxygen binding properties in the presence of inorganic 
cations, while the cooperativities of vertebrate Hbs are enhanced by small organic anions or 
chloride ions (Numoto et al., 2008). This interesting difference must be associated to several 
aspects of the distinct structure-function relationship found in vertebrate and invertebrate 
hemoglobins, respectively. Giant extracellular hemoglobins are known by their acid 
isoelectric points (pI), which is deeply related to several oligomeric and physico-chemical 
properties that are peculiar to this hemoprotein systems, when compared with mammalian 
hemoproteins. In contrast to mammalian or vertebrate tetrameric Hb, invertebrate Hbs show 
remarkable varieties in terms of quaternary structure and oxygen binding properties. Two 
types of extracellular giant Hbs occur in some annelids. Earthworm Lumbricus terrestris has a 
3600 kDa Hb designated as hexagonal bilayer (HBL) Hb, which also occurs in many other 
annelids. Lumbricus Hb shows moderate oxygen affinity and highly cooperative oxygen 
binding properties coupled with inorganic cations and protons (Numoto et al., 2008). The 
heterotropic interactions involving inorganic cations are commonly observed features 
among annelid HBL Hbs. Cations and protons preferably bind to the R state and increase 
the ligand affinity of HBL Hbs; the heterotropic effectors in the annelid HBL Hbs differ 
markedly from those of vertebrate Hbs. Another giant Hb from an annelid is a 400 kDa Hb 
that occurs in some siboglinid polychaetes. Oligobrachia mashikoi, a frenulate beard worm, 
has a 400 kDa Hb composed of four globin subunits (A1, A2, B1, and B2) that form a 24-mer 
hollow-spherical structure. The oxygen binding properties of Oligobrachia Hb are 
qualitatively similar to those of annelid HBL Hbs. It is important to notice that both the 
oxygen affinity and cooperativity of Oligobrachia Hb are enhanced by the addition of Ca2+ 
and/or Mg2+, or by an increase in pH (Numoto et al.,, 2008). Oxygenation properties of 
hemoglobin (Hb) from Oligobrachia mashikoi were extensively investigated. Compared to 
human Hb, Oligobrachia Hb showed a high oxygen affinity (P50 = 1.4 mmHg), low 
cooperativity (n = 1.4), and a small Bohr effect (dH+ =_0.28) at pH 7.4 in the presence of 
minimum salts (Aki, et al., 2007). Addition of NaCl caused no change in the oxygenation 
properties of Oligobrachia Hb, indicating that Na+ and Cl- had no effect. Mg2+ and Ca2+ 
remarkably increased the oxygen affinity and cooperativity. Thus, unlike the vertebrate Hbs, 
but like the annelid extracellular Hbs, the oxygen binding properties of Oligobrachia Hb are 
regulated by divalent cations which preferentially bind to the oxy form (Aki, et al., 2007). 

14. Why the intensity of polypeptide compaction is decisive to the physico-
chemical properties of HbGp? 

The oligomeric compaction, which is dependent of the level of polypeptide compressibility, 
is a fundamental aspect of the structure-activity relationship of HbGp. Probably this fact 
occurs as consequence of two factors: The extraordinarily high hydrophobicity of the 
compacted arrangement, i.e., the native configuration, and the high restriction to the 
accessibility of ions, which can induce the occurrence of autoxidation mechanisms.The 
dielectric constant of the heme pocket neighborhood affects pronouncedly the hydrogen 
bonds developed by the aminoacid residues around the heme, including the distal and 
proximal histidines. These two histidines are extraordinarly important in several processes 
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that control the structure-function of hemoglobins, such as the ligand exchange on the first 
coordination sphere of the metallic center. The physico-chemical properties of these 
important residues can be intensely altered when the polarity of medium is modified, which 
can affect the influence of these residues upon the heme reactivity. 

15. The peculiarities of the unfolding mechanism in alkaline and acid media 

Venkatesh and co-workers (Venkatesh, 1999), studying hemoglobins reconstituted with Cu-
porphyrin and Ni-porphyrin as function of pH, provide significant insight about the 
mechanism of conservation of the native configuration in hemoproteins. In any case, the 
work of these authors supports that the alkaline medium propitiates a higher complexity in 
the equilibria of species when compared with the acid medium (Venkatesh, et al., 1999). The 
higher complexity of species in alkaline medium when compared with the acid conditions 
would be associated to some factors. Firstly, the several specific disprotonation processes, 
which can occur with the different aminoacid residues in alkaline medium, offers a great 
number of potential ligands to the metallic center, together with the aqueous solvent 
molecules, which can to coordinate the metallic center as well as its disprotonated form, i.e., 
the hydroxyl ion. 
In acid medium, the potential ligands can be protonated, depending of their respective 
isoelectric points (pI). This fact limits the number and the efficacy as ligands of the 
aminoacid residues.An interesting example of the influence of the protonation state on the 
properties as ligands can be encountered in the evaluation of the histidine as ligand. 
Actually, histidine is very important ligand to heme proteins, mainly hemoglobins, where 
can to form the bis-histidine complexes, which are commonly called “hemichromes”. In 
alkaline conditions, some configuration can be considered effective ligands to the metallic 
center, while in acidic medium, the number of active states as ligands is pronouncedly 
lower. In this context, it is relevant to notice that the extraordinary level of compaction of the 
polypeptide chains probably is related to an intense and well organized interaction between 
opposite charges. The slight and gradual loss of intra- and inter-chains contacts lightly 
initiates a process of discompaction that is very difficult to be reversed, mainly in giant 
extracellular hemoglobins as function of the extraordinarily large supramolecular mass of 
this class of hemoproteins (approximately 3.6 MDa to Lumbricus terrestris and Glossoscolex 
paulistus hemoglobins). In our previous article, which is focused on drastic pH transitions of 
heme species, it is possible to infer that HbGp presents high level of irreversibility in more 
drastic pH changes. 

16. What are the predominant ferric heme configurations in HbGp? 

Bis-imidazole and bis-pyridine complexes of Fe(III) porphyrins,1-3 including the 
octaalkyltetraphenylporphyrins provide excellent models for bis-histidine coordinated 
heme centers involved in a number of cytochrome-containing systems, examples of which 
include cytochromes b of mitochondrial Complexes II5 and III6-20 and of chloroplast 
cytochrome b6f  (Yatsunyk et al., 2006). In fact, these model complexes, which allow a study 
focused on the first coordirnation sphere as well as the hemoproteins, such as HbGp, that 
present more global information, demonstrates that aquomet, hemichrome and 
pentacoordinate (mono-histidine) species are the predominant forms in heme systems. The 
tendency of hemichrome hexacoordinated species formation immediately after light 
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medium perturbation in the neighborhood of the protein suggests a deeply high sensitivity 
of the F helix, permitting a significant approach of the distal histidine in relation to the 
metallic center. Nevertheless, after this slight spatial modification, the predominant part of 
the polypeptide chains tends to lose great number of intra- and inter-chains subunits 
contacts, favoring a labilization process of the two helices bounded axially to the metallic 
center through the distance increase between the helices that constitute the secondary 
protein structure. This mechanical influence compromises the stability of these axial 
ligations of the metallic center, favoring the respective breakage of one of them, with 
consequent appearance of a significant presence of pentacoordinated ferric species. 
Obviously, in a very large supramolecular system, including 180 biological macromolecules, 
which are the polypeptide chains, depending of the unfolding mechanism, the tension on 
the axial helices would be significantly different to each subunit, which can justify the 
coexistence of several heme species. In other words, we can propose that, in spite of some 
general properties, the polypeptide chains are not submitted strictly to the same unfolding 
process. This fact can explain the coexistence of distinct ferric heme species in each pH 
value, mainly when the medium conditions are very distant of the neutrality (pH=7.0). 

17. The interaction between HbGp and surfactants as resource of physico-
chemical informations 

Surfactants are surface-active agent and belong to the category of amphiphilic molecules. 
They are capable of forming aggregates known as micelles and the concentration at which 
they form is known as the critical micellar concentration (cmc). Surfactants are widely 
employed in biochemistry and biotechnology for the purpose of protein solubilization, 
purification, characterization, and protein structure determination (Miksovska, et al., 2006). 
Surfactant-protein interactions are very common in the fields of medicine, chemistry, 
biology and so on (Liu et al., 2007; van der Veen et al., 2004; Orioni et al., 2006; Vasilescu et 
al., 1999; Stenstam et al., 2003). Many approaches have been focused such as the kind of 
protein-surfactant interaction, the influence of the aggregation state of the surfactant 
(monomer, pre-micellar aggregate and micelle) on the protein structure, the properties of 
the surfactant-protein system, the characterization of the interaction sites on the protein 
surface, the identification of the intermediate protein conformations, etc (Liu et al., 2007; Liu 
et al., 2005; Ajloo et al., 2002). Research involving interaction of cationic and anionic 
surfactants with macromolecules, especially proteins, have been developed (Maulik et al., 
1998; Tofani et al.,  2004), being the interaction of charged headgroups the main focus of 
these works. Furthermore, depending of the concentration, surfactants can act as unfolding 
and denaturant agents, which can be used to evaluate the structural properties of the 
different proteins and their active sites. Studies of the interaction of globular proteins with 
surfactants, in particular with sodium dodecyl sulphate (SDS), have been carried on with the 
aim to understand details of the structure and function of proteins (Yang et al.,  2003; 
Tanford et al.,  1973; Gebicka& Gebick,  1999; Chattopadhyay & Mazumbar, 2003). Three 
ranges of surfactant concentrations associated to different effects on the protein should be 
mentioned. The first one, at stoichiometric surfactant concentration, is related to the finding 
that occurs to specific sites on the protein, due to, mainly, electrostatic interactions (Dayer et 
al., 2002; Moosavi-Movahedi, 2003 et al.,  Decker et al., 2001). At higher surfactant 
concentrations, near to the surfactant critical micellar concentration (cmc), where pre-
micellar aggregates are formed and a massive increase in protein binding due to cooperative 
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ligand interactions takes place (Turro, 1995 et al., Jones, 1995). Above the cmc, at milimolar 
surfactant concentrations, the protein-surfactant interaction is an extremely complicated 
phenomenon. 
Generally, surfactants induce a decrease of the α-helix content, and this effect is smaller for 
cationic than for anionic ones (Tofani et al., 2004). However, in the case of the giant 
extracellular hemoglobins, which are also called erytrocruorins, such as Glossoscolex paulistus 
hemoglobin, this is not true (Santiago et al., 2007). Probably, this is associated to the decisive 
influence of the value of isoelectric point (pI) in the control of the interaction with ionic 
surfactants, since the erytrocruorins are proteins with very acid pI, differently of the most of 
the hemoproteins. Otzen and Oliveberg (Otzen et al.,  2002), studying a small protein S6 in 
the presence of SDS, argue that monomeric SDS binds to the native state, but global 
unfolding would occur only above the critical micelle concentration (cmc). Indeed, this 
verification is corroborated for various works about interaction between surfactants and 
hemoproteins (Oellerich et al., 2003; Tofani et al., 2004; Das et al.,  1999). Oellerich and co-
workers (Oellerich et al., 2003), analyzing the interaction between SDS and cytochrome c, 
explain that the differences observed below and above the cmc are due to the different 
modes of binding of SDS monomers and micelles. These authors argue that alterations of the 
heme structure are common to both modes of interaction, implying that the sites of 
electrostatic and hydrophobic contacts should be located in the vicinity of the cytochrome c 
heme pocket. In agreement with this discussion, Tofani and co-workers (Tofani et al., 2004) 
observed for Horse myoglobin (MbH), that only in a SDS/MbH ratio higher than 400, 
would occur a more significant protein unfolding and, for consequence, a more exposed and 
accessible heme pocket. Studies focused on the SDS-cytochrome c interaction at neutral pH 
have demonstrated that the unfolded state is stabilized when occur the bis-histidine 
(hemichrome) species formation, being that subsequent modifications of the secondary 
structure are rate-limited by the histidine dissociation rate (Das et al., 1999). Therefore, the 
hemichrome formation anchors the E helix into the ferric center, and, with the E and F 
helices maintained connected to the metallic center, the new polypeptide chains 
arrangement is stabilized, at least partially. This observation illustrates the correlation 
between the oligomeric assembly changes with the modifications that occur in the first 
coordination sphere of the metal in hemoproteins. 
The dependence of the kind of protein-surfactant interaction with the surfactant 
concentration is also found to other types of protein. Bovine Serum Albumin (BSA), for 
example, presents initial high affinity binding sites for surfactants, which correspond to an 
intense electrostatic binding, characteristic for anionic compounds and BSA, at higher 
surfactant concentrations become some sort of nucleation sites for binding of “micelle-like” 
aggregates (Gelamo et al.,  2004). In spite of the great predominance of the electrostatic 
contribution in the interaction of SDS with hemoproteins, the hydrophobic contacts present 
a significant importance to the total interaction. Gebicka and co-workers (Gebicka & 
Gebicki, 1999) argue that the hydrocarbon part geometry from the surfactant in the SDS-
cytochrome c interaction is responsible for great influence on the spatial configuration of the 
heme pocket. Polar lipids of biological membranes are predominantly zwitterionic 
phophatidylcholine and phophatidyllethanolamine. Therefore, micelles of the zwitterionic 
surfactant N-hexadecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (HPS) may be 
considered as a convenient model of lipid aggregates (Yushmanov et al.,  1994). In spite of 
this significant biological relevance, the number of works in the literature focusing on the 
interaction of zwitterionic surfactants, such as HPS, with hemeproteins is significantly lower 
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as compared to the studies regarding the interactions of hemeproteins and cationic and 
anionic surfactants. 

18. Technological applications of hemoproteins 

The understanding of interactions between proteins and surfaces is critically important in 
many fields of biochemical science, from biosensors to biocompatible materials. The 
development of biosensors, for instance, presents a critical step that is the immobilization 
of proteins with intact functions onto the surface of a transducer. Although many proteins 
spontaneously adsorb onto solid surfaces, the adsorbed proteins often denature or adapt 
undesirable orientation on the surfaces. In order to avoid these problems, various 
methods have been developed, each with its own advantages and disadvantages 
(Boussaad & Tao, 1999). 
In recent years, a novel technique of layer-by-layer self-assembly has aroused more interests 
among researchers and has been developed into a general approach for fabricating ultrathin 
films on solid surfaces. This molecular architecture method is fundamentally based on the 
alternate adsorption of oppositely charged species from their solutions with precise 
thickness control on the nanometer scale. The layer-by-layer assembly has been extended to 
building up protein or other biomacromolecules films and has been successfully employed 
for the design and construction of biodevices (Shen & Hu,  2005). It is important to notice, 
for example, the development of a novel method for fabricating hydrogen peroxide (H2O2) 
sensor, which has been presented based on the self-assembly of ZrO2 nanoparticles with 
heme proteins on functional glassy carbon electrode (Zhao et al., 2005). The immobilized 
proteins performed their direct electrochemistry with the formal potential of -0.032 V for 
hemoglobin and -0.026 V for myoglobin in pH 6.0, respectively. In fact, the resultant heme-
protein electrode exhibited fast amperometric response (within 10 seconds) to H2O2, 
excellent stability, long-term life (more than one month) and good reproducibility (Zhao et 
al., 2005). Another interesting study was elaborated by Yao and co-workers (Yao et al., 2006), 
which made a electrochemical and electrocatalytic system of hemoglobin immobilized on 
glass carbon electrode containing gelatine films that displayed a fast amperometric response 
to the reduction of H2O2 and nitrite (Yao et al.,  2006). 

19. Hemoproteins as oxygen carrier substitutes and biossensors: Future 
perspectives 

The infusion of Hb-based O2 carriers (HBOCs) generally causes vasoconstriction and 
hypertension due to their ability to efficiently scavenge endothelial-derived nitric oxide 
(NO) and attenuates the vasodilatory NO signal to the vascular smooth muscle (Olson  et al., 
2004; Cole et al.,  2009). However, great efforts are being developed in order to avoid or, at 
least, attenuate this limitation, altering some variables associated to the application of the 
hemoproteins as artificial blood. Indeed, the increasing perspectives of this area are 
motivating several research groups to test the giant extracellular hemoglobins due to its 
autoxidation resistance and immunological suitability. The applications as biosensor are 
also interesting employments of this class of hemoglobin due to great affinity to several 
ligands with great biological relevance, such as NO, CO, O2, CN-, and several aminoacids 
and peptides. This kind of iron ligands constitutes a very important group to the 
physiological medium of several various species. Moreover, these ligands are relevant 
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chemical species to several types of environmental conditions, implying that the giant 
extracellular hemoglobins, such as HbGp, could be applied as biosensor in physiological 
and environmental media. 

20. Technological applications of surfactant-hemoprotein systems 

Several applications have been developed employing the interactions between proteins and 
surfactants (Shan et al., 2008; Hu et al., 2007). An interesting work was developed by Shan 
and co-workers (Shan et al., 2008), which elaborated a self-assembled electroactive layer-by-
layer film of heme proteins with anionic surfactant dihexadecyl phosphate. This film grown 
on pyrolytic graphite (PG) electrodes, showing a pair of well-defined and nearly reversible 
cyclic voltammetry peaks at around -0.35 V vs SCE at pH 7.0, which is characteristic of the 
heme protein Fe(III)/Fe(II) redox couples. Hu and co-workers (Hu, 2007) developed similar 
film using the cationic surfactant didodecyldimethylammonium bromide (DDAB) on PG 
electrodes and demonstrated two pairs of nearly reversible redox peaks at approximately -
0.22 and -1.14 V vs SCE at pH 7.0, which are typical of the hemoglobin  Fe(III)/Fe(II) and 
Fe(II)/Fe(I) redox couples, respectively. Based on the direct electrochemistry of heme 
proteins, the films could also be applied to electrochemically catalyze reduction of oxygen, 
hydrogen peroxide and nitrite with significant lowering of reduction overpotentials. 

21. Conclusions 

The hemoglobin-surfactant interactions also produces oxidation of the metallic center, 
originally in the ferrous form, into the ferric state. The complex oligomeric assembly of 
HbGp subunits may influence the autoxidation rate and the exponential decay behavior. In 
fact, a synergic process in the sequence dissociation-oxidation-dissociation takes place, 
which means that an initial dissociation favors the occurrence of a more intense oxidation 
that, in its time, favors a secondary dissociation process. Subsequently, this synergic cycle 
continues uninterruptedly until a substantial dissociation of the protein fractions, 
characterizing a kind of oxidation-dissociation cooperative effect.  This point is very 
interesting, since the hemes present a very similar behavior in terms of ligand affinity and 
spectroscopic profile to the native form of HbGp, in spite of their significant structural 
differences. This distinction can be observed in the recent studies employing MALDI-TOF-
MS, which denote the great number of coexistent isoforms in each subunit (Oliveira et al., 
2007; Oliveira et al., 2008). In fact, the oligomeric compaction of the native form works as a 
kind of equalization of the different hemes. When the dielectric constant of the medium 
increases as function of the higher freedom of the polypeptide chains, which provokes 
higher aqueous solvent accessibility into heme pocket, the kinetic behavior of the chains 
becomes significantly altered. In this way, it is possible to infer that the global environment 
around the hemes is useful to preclude the iron oxidation as well as to equalize the heme 
properties. Indeed, an extraordinarily complex arrangement with 180 polypeptide chains 
represents effective shielding to all hemes of the integral HbGp. This analysis would explain 
the extraordinarily simple and “pure” RPE spectrum obtained at pH 7.0 with HbGp in a 
native state, in spite of the evident difference between the heme groups, which is 
demonstrated when the aqueous solvent accessibility into heme pocket is intensified. These 
data are in agreement with Moreira and co-workers (Moreira et al., 2006), which 
demonstrate representative presence of aquomet species until pH 4.0. This ferric species is 
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very sensitive to perturbations in the heme pocket neighborhood, being very unstable in 
alkaline medium (Moreira et al., 2008), which reinforces the higher oligomeric stability of 
HbGp in acid medium when compared with the basic environment. It is important to 
register that the mono-aquo ferric pentacoordinate species can be encountered into the heme 
pocket or free in the aqueous solvent, being very difficult to differentiate both 
pentacoordinate species as function of their similarities with respect to their spectroscopic 
data. In fact, the ferric porphyrins, which is free in water solvent maintains its 
pentacoordinated configurations, i.e., the number of coordination continues being five (5). 
This occurs due to the electronic configuration of metallic centers d5, which usually are more 
stable when compared with tetracoordinated configurations (number of coordination four 
(4). Therefore, it is plausible to infer that the compaction level of the whole HbGp is much 
more conserved in acid medium, when compared with alkaline one. Furthermore, the level 
of assembly of the globin chains must be responsible to the difficult of heme distinction, 
when the native state of this protein is well conserved. The present article demonstrates that 
the high level of oligomeric compaction is a determinant factor to the “equalization” of the 
180 hemes of HbGp. In fact, in spite of their different properties when dissociated, the 
hemes present very similarity in the native state of HbGp at pH 7.0. However, the 
interaction with small concentration of ionic surfactants (CTAC and SDS) generates a 
significant increase in the size of the supramolecular system, denoting a representative loss 
of oligomeric compaction. Indeed, this original fact is comprehensible in a protein with an 
extraordinary molecular mass around 3.6 MDa, such as HbGp. This point is decisive to the 
structure-function relationship to HbGp, and probably to others giant extracellular 
hemoglobins, since is associated to several relevant phenomenons, such as ligand exchange, 
oligomeric dissociation and autoxidation. In addition, our present results demonstrate the 
importance of the isoelectric point in the modulation of protein-surfactant interactions, 
especially the electrostatic contribution at low surfactant concentrations, suggesting that this 
parameter is decisive to determine the oligomeric arrangement, as well as the structure-
activity relationships. 
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1. Introduction 

Mitochondria, from the Greek mito (thread) and chondros (grains) are small organelles that 
exist as a network in the cytoplasm of eukaryotic cells, performing a variety of important 
functions including energy production, calcium homeostasis, fatty acid metabolism or heme 
and pyrimidine biosynthesis (Pereira, Moreira et al., 2009). Moreover, mitochondria play a 
critical role in programmed cell death (apoptosis) (Jeong & Seol, 2008; Wang & Youle, 2009). 
Mitochondrial structure comprises two different membranes, the outer (OMM) and the 
inner membrane (IMM)  that functionally separate two distinct compartments, the inter-
membrane space (IMS) and the matrix (Jezek & Plecita-Hlavata, 2009) (Fig. 1). The outer 
membrane encloses mitochondria and it is somewhat identical to other cell membranes, 
including cholesterol in its composition, and is permeable to a large variety of ions and 
metabolites. The inner membrane lacks cholesterol, is rich in the tetra fatty acid-containing 
phospholipid cardiolipin, and basically controls the entry of metabolites and ions into 
mitochondria, through the action of specific transport proteins (Scatena, Bottoni et al., 2007). 
Inner membrane invaginations and membrane enclosed structures which can exist 
connected to the IMM or freely in the mitochondrial matrix are called cristae. It is in these 
latter structures that most of the membrane-bound metabolic proteins and energy-
producing respiratory complexes (complexes I–V) exist (Fig. 1) (Zick, Rabl et al., 2009).  

1.1 Organization and genomics 
Also considered as a reticulum, the mitochondrial network continuously moves, fuses and 
divides in a process tightly regulated by cellular stimuli and disturbances inside this 
organelle (Detmer & Chan, 2007). The shape greatly varies depending on the tissue, 
developmental and physiological state. Within a cell, the distribution of mitochondria is 
unequal depending on the cellular energetic or metabolic demands (Grandemange, 
Herzig et al., 2009). The overall shape of mitochondrial network results from an 
equilibrium between fusion and fission events (Wallace & Fan, 2010). These events allow 
the exchange of organelle contents such as membrane lipids, proteins, solutes, metabolites 
and even mitochondrial DNA (Detmer & Chan, 2007), as well as to provide a balance of 
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the electrochemical gradient (Twig, Graf et al., 2006). Balanced mitochondrial fusion and 
fission is crucial to preserve mitochondrial integrity and functionality (Wallace & Fan, 
2010). Three distinct proteins seem to be involved in mitochondrial fusion: Mitofusins 1 
and 2 (Mfn1 and Mfn2) and Optic Atrophy-1 (OPA-1). Mfn 1 and 2 are GTPases proteins 
that are localized in the OMM and form homo- and hetero-oligomeric complexes between 
themselves and with counterparts in adjacent mitochondria, which mediate their tethering 
(Arnoult, 2007). OPA-1 is a dynamin-related protein that can be found in a soluble form in 
the IMS or tightly associated with the IMM, being a key protein for the fusion of this 
mitochondrial membrane (Arnoult, Grodet et al., 2005). Evidence also suggests that OPA-
1 controls cristae morphology and is implicated in the complete release of cytochrome c 
during apoptosis (Jourdain & Martinou, 2009; Perkins, Bossy-Wetzel et al., 2009). Fusion 
of both membranes is a two-step process that occurs in a coordinate fashion, although the 
precise mechanism remains unclear (Malka, Guillery et al., 2005). Mitochondrial fission 
requires the recruitment of dynamin-related protein 1 (Drp1) from the cytosol to the 
OMM where it forms multimeric rings and spiral-like structures that surround and 
constrict the organelle in a GTP-dependent manner (Sheridan & Martin, 2010). The 
mechanism that triggers this recruitment is still unknown, however, Fis1, a small 
mitochondrial transmembrane protein, seems to be responsible for this mobilization 
(Sheridan & Martin, 2010). 
Mitochondria are the only organelles outside of the nucleus that contain their own genome 
and replicate itself in an independent manner from the nuclear genome. A single DNA 
polymerase (polymerase-gamma), with base excision repair activity, ensures the replication 
of the mitochondrial DNA (mtDNA). Moreover, mtDNA has a particular feature since it is 
exclusively maternally inherited. Each mitochondrion contains approximately 10-15 copies 
of a small circular chromosome that are organized into one or more structures called 
nucleoids. Mitochondrial DNA encodes for 13 proteins that are essential for the electron 
transport and ATP generation by oxidative phosphorylation (OXPHOS) and 2 rRNA and 22 
tRNA (Van Houten, Woshner et al., 2006). The remaining proteins required for 
mitochondrial activity are encoded by the nucleus, synthesized in the cytosol and 
translocated to mitochondria (Wallace, 2008). Mitochondrial DNA undergoes a mutation 
rate that seems to be between 5- to 20- fold higher than what occurs in nuclear DNA 
mutations, although this is not consensual (Malka, Lombes et al., 2006; Scatena, Bottoni et 
al., 2007). The high rate of mutations, if indeed real, can be explained for both the lack of 
mtDNA protective proteins and its proximity to the electron transport chain, where the 
majority of, free-radical production occurs (Fruehauf & Meyskens, 2007). Furthermore, the 
repair mechanism of mitochondrial DNA is less efficient than of nuclear DNA (Berneburg, 
Kamenisch et al., 2006). 

1.2 Oxidative phosphorylation and energy production 
Production of energy within a living cell is performed by the conversion of dietary fats and 
carbohydrates into reducing equivalents. Mitochondria are considered the powerhouses of 
the cell, due to a variety of important energy-producing metabolic pathways in their 
interior. Pyruvate is formed in the cytosol as an end-product of glucose metabolism 
(glycolysis) and can undergo lactic acid or alcoholic fermentation in the absence of oxygen 
(anaerobic conditions). Under aerobic conditions, pyruvate is converted into acetyl 
coenzyme A (acetyl-CoA) by pyruvate dehydrogenase (PDH) in the mitochondrial matrix 
(Pereira, Moreira et al., 2009). 
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Acetyl-CoA enters the Krebs cycle, being oxidized to generate several intermediates 
including NADH and succinate (Fig. 1). Other intermediates of the Krebs cycle are also 
important in several metabolic pathways, including biosynthesis of heme and amino acids 
(Shadel, 2005). Mitochondria can be involved in the -oxidation of fatty acids (Vockley & 
Whiteman, 2002). The end product of this pathway is, once again, Acetyl-CoA, which is 
used in the Krebs cycle. NADH and succinate, among other intermediates that are produced 
by different pathways are oxidized by the electron transport chain, ultimately leading to the 
production of adenosine triphosphate (ATP) in a process known as OXPHOS  (Zick, Rabl et 
al., 2009; Hebert, Lanza et al., 2010)  (Fig. 1). Electrons derived from reduced substrates are 
transferred through several multi-protein complexes (mitochondrial complexes I to IV), 
down their redox potentials and the energy derived from electron transfer is used to pump 
out protons across the IMM at complexes I, III and IV which creates an electrochemical 
gradient between both sides of the IMM. This electrochemical gradient is a proton-motive 
force driving the re-entry of protons towards the matrix through complex V (ATP synthase), 
which is coupled to ATP synthesis (Hebert, Lanza et al., 2010). ATP that is produced is 
exported from the mitochondria by the mitochondrial ADP/ATP translocator (ANT). 
Molecular oxygen is the final electron acceptor in the mitochondrial respiratory chain, which 
is reduced via a sequential four-electron transfer into water by complex IV (cytochrome c 
oxidase, COX). However, some of the electrons that are transferred across the mitochondrial 
electron transport chain can escape and perform a single electron reduction of molecular 
oxygen. This phenomenon occurs continuously even in normal conditions leading to 
formation of superoxide anion (O2●-) and it will be discussed in the next section of this 
chapter. 

1.3 Generation of free radicals  
Among the reactive species that are produced within a living cell, reactive oxygen species 
(ROS) are the most significant. Mitochondrial complexes I and III account for a significant 
proportion of intracellular ROS formation, although complex I is considered the major 
contributor (Adam-Vizi & Chinopoulos, 2006; Soubannier & McBride, 2009).  The 
mitochondrial electron transport chain contains several redox centers, which can react with 
molecular oxygen. As a result, a small amount of electrons leaks from complex I (NADH 
dehydrogenase) and complex III (CoQ cycle), performing a one-electron reduction of 
molecular oxygen that gives rise to superoxide anion (O2●-). Approximately 1-2% of the 
oxygen consumed during OXPHOS under physiological conditions is converted into this 
product (Solaini, Baracca et al., 2010). Superoxide anion produced by respiratory complex I 
is released in the mitochondrial matrix and transformed into hydrogen peroxide (H2O2) 
spontaneously or via manganese superoxide dismutase (MnSOD). In turn, O2●- generated by 
complex III can be released in both sides of the IMM but in the IMS, the dismutation into 
H2O2 is achieved via Cu/Zn-dependent SOD (Cu/ZnSOD). Hydrogen peroxide can be 
converted into water in the mitochondrial matrix by catalase or glutathione peroxidase 
(GSH). Mitochondrial thioredoxin, glutaredoxin and even cytochrome c are other relevant 
ROS scavengers (for a review see (Fruehauf & Meyskens, 2007)). The H2O2 produced can 
also diffuse to the cytosol and trigger the activation of some transcription factors and 
various enzymatic cascades (Cadenas, 2004). General oxidative stress arises when an 
imbalance in the redox steady-state occurs and ROS production exceeds the capacity of the 
cell for detoxification. If H2O2 encounters a reduced transition metal (Fe2+ or Cu2+) or O2●- it 
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can be further reduced in a highly reactive and toxic hydroxyl radical (●OH) by a Fenton or 
Haber-Weiss reaction, respectively (Brandon, Baldi et al., 2006), which is the most potent 
ROS. Although very short-lived, ●OH can damage cellular macromolecules including 
proteins, lipids and nucleic acids. The oxidation of proteins can inactivate and target them 
for degradation; oxidative damage to DNA causes single and double strand-breaks, cross-
link to other molecules and base modifications, while lipid oxidation can generate 
membrane disturbances. As described above, mtDNA represents a critical target of 
oxidative damage since it does not contain histones and it is located in proximity to the 
production site of ROS (Hebert, Lanza et al., 2010). Once damaged, mtDNA can indirectly 
amplify oxidative stress since transcription of critical mitochondrial proteins is defective, 
leading to a vicious cycle of ROS production and eventually triggering cell death. Oxidative 
stress is largely related with aging (Balaban, Nemoto et al., 2005) and is often associated 
with some disorders such as cancer and diabetes (Van Houten, Woshner et al., 2006). 
Reactive nitrogen species (RNS), including nitric oxide and peroxynitrite, can also contribute 
for a regulation of mitochondrial function (especially the former (Brown & Borutaite, 2007)), 
as well for increased mitochondrial damage during pathological conditions (Poderoso, 
2009). 

1.4 Cell death 
Unlike what was thought during several years, cell death is not a process only observed 
when cell tissues are injured by external factors. Actually, cell death is an evolutionary 
conserved and genetically regulated process that is crucial for development, morphogenesis 
and homeostasis in tissues (Martin & Baehrecke, 2004). Programmed cell death (PCD) was 
the first designation attributed to this regulated process. Later, Kerr et al. introduced the 
term apoptosis (Kerr, Wyllie et al., 1972) to designate programmed cell death and these 
designations remain synonymous until now. Cell death was classified into two types: 
apoptosis (programmed cell death) and necrosis (accidental cell death). Nowadays, other 
types of cell death have been identified, including autophagy. Although it has become clear 
that autophagy can work as an adaptive response to nutrient starvation, cell death can occur 
due to autophagy over-stimulation (Rami, 2009). Autophagy is a spatially restricted 
phenomenon characterized by the absence of chromatin condensation and in which parts of 
the cytoplasm are engulfed by specialized double membrane vesicles, so-called 
autophagosomes, and digested by lysosomal hydrolases (Ulivieri, 2010). Mitophagy is a 
specific autophagic elimination of mitochondria, identified in yeast and mammals and 
regulated by PINK-1, among others (Youle & Narendra, 2011). However, if for some reason 
the clearing of old/damaged mitochondria is insufficient, a malignant transformation may 
occur (Morselli, Galluzzi et al., 2009). Necrotic cell death is characterized by a moderate or 
null chromatin condensation and by an increase in cell volume that culminates in loss of 
plasma membrane integrity and swelling of cytoplasmic organelles (Galluzzi, Maiuri et al., 
2007). The disruption of cell membranes leads to the release of cell contents usually resulting 
in local inflammatory reactions and damage to contiguous cells. Several studies have 
already demonstrated that mitochondria can be involved in this type of cell death due to a 
phenomenon called mitochondrial permeability transition (MPT), which results from the 
opening of unspecific protein pores in the IMM. The MPT results in dissipation of 
mitochondrial membrane potential (∆) and leads to an uncoupling of OXPHOS and 
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decreased ATP, leading cells to necrosis (Sharaf El Dein, Gallerne et al., 2009; Zorov, 
Juhaszova et al., 2009). Apoptosis is the best-studied modality of cell death and plays an 
essential role in the maintenance of homeostasis by eliminating damaged, infected or 
superfluous cells in a regulated form that minimizes inflammatory reactions and damage to 
neighboring cells (Jeong & Seol, 2008; Schug & Gottlieb, 2009; Sheridan & Martin, 2010). 
Apoptotic imbalance may contribute to the development of neurodegenerative disorders, 
autoimmune disorders, cancer or even viral infections (Arnoult, 2007; Jourdain & Martinou, 
2009). Apoptotic cells exhibit specific changes, including chromatin condensation, nuclear 
fragmentation, and plasma membrane blebbing. The late stages of apoptosis are 
characterized by fragmentation of the cell-membrane into vesicles called apoptotic bodies 
which contain intact cytoplasmatic organelles or nuclear fragments. These vesicles are 
recognized by the immune system macrophages, preventing inflammatory responses 
(Martin & Baehrecke, 2004; Jeong & Seol, 2008; Tait & Green, 2010). There are two main 
pathways by which a cell can engage apoptosis: the extrinsic (or cell death receptor-
mediated) apoptotic pathway and intrinsic (or mitochondrial-mediated) apoptotic pathway 
(Tait & Green, 2010) (Fig. 2). In both pathways, the apoptotic process is driven by a family of 
cysteine proteases that are expressed as pro-enzymes and are activated by proteolysis. 
These proteases, known as caspases, specifically cleave their substrates at aspartic residues 
and are categorized into initiators (such as caspases -8 and -9) and effectors or executioners 
(such as caspases -3 and -7) (Arnoult, 2007; Jeong & Seol, 2008). Mitochondria are central 
players in the intrinsic apoptotic pathway; in fact, mitochondria retain a pool of pro-
apoptotic factors in the IMS. During the development of the intrinsic pathway, pores are 
formed in the OMM in a process called outer mitochondrial membrane permeabilization 
(OMMP, different from the mitochondrial permeability transition). The OMMP results in the 
release of pro-apoptotic factors, such as cytochrome c and the apoptotic-inducing factor, 
AIF, to the cytosol (Saelens, Festjens et al., 2004; Sheridan & Martin, 2010).  Although the 
effects of pro-apoptotic factors that are released in the cytosol are well characterized, the 
mechanisms underlying the OMMP remains controversial (Martinou & Green, 2001) and 
there are currently several mechanisms that have been proposed. One of these mechanisms 
involves members of Bcl-2 proteins family, which comprises three subgroups; the anti-
apoptotic family members such as Bcl-2 and Bcl-xL, the pro-apoptotic Bax/Bak sub-family 
and the pro-apoptotic BH3-only proteins such as Bim, Bad, Bid, Puma and Noxa. BH3-only 
proteins links cell death signals to mitochondria, where the interplay between various 
members of the Bcl-2 family determines the fate of the cell (Martinou & Green, 2001; Wong 
& Puthalakath, 2008). A mild change in the dynamic balance of these proteins may result 
either in inhibition or exacerbation of cell death. The intrinsic and extrinsic pathways can 
interact with each other at the mitochondrial level where signal amplification occurs (Fig. 2) 
(Saelens, Festjens et al., 2004). 

2. Mitochondria and disease 

As it was discussed in the previous sections, mitochondria are organelles with crucial 
importance in cell bioenergetics, signaling and survival, among others. Mitochondrial 
dysfunction is associated with several diseases, as it will be discussed in the present 
section. 
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Fig. 2. An overview of the extrinsic and intrinsic pathways of apoptosis. The intrinsic and 
extrinsic pathways can crossroad in mitochondria, which leads to signal amplification. IMM, 
inner mitochondrial membrane; IMS, intermembrane space; OMM, outer mitochondrial 
membrane. Figure adapted from (Pereira, Moreira et al., 2009), with permission. 

2.1 Cancer 
As described above, the impact of mitochondria on cellular physiology is not limited to ATP 
production. Due to the importance of mitochondria for cellular functions and cell fate, the 
role of these small organelles in cancer cell biology is becoming increasingly recognized.  
The first suggestion about the role of mitochondria in tumor metabolism appeared in 1920’s, 
when Otto Warburg observed increased glycolysis in tumor cells, even in the presence of 
abundant oxygen. Following this observation, Warburg hypothesized that tumor cells tend 
to obtain most of their energy through aerobic glycolysis (Warburg, 1930). This 
phenomenon, known as the Warburg effect, is considered one of the major metabolic 
alterations observed during cancer development (Warburg, 1956). Since then, several 
hypotheses have been suggested in order to explain the aerobic glycolysis observed in some 
(but not all) cancer cells. An irreversible respiratory impairment was first proposed by 
Warburg (Warburg, 1956). In fact, the author suggested that the origin of cancer cells was in 
an irreversible damage to the respiration apparatus (Warburg, 1956). However, Warburg 
results were questioned when Boyland observed an increase in respiration after addition of 
succinate or fumarate to tumor slices (Boyland & Boyland, 1936). Also, it was described that 
neoplasias can have a normal oxidative phosphorylation capacity when supplemented with 
NAD+ (Wenner & Weinhouse, 1953). More recently, it was demonstrated that oxidative 
phosphorylation can be improved in cancer cells by changing substrate availability 
(Rossignol, Gilkerson et al., 2004). Despite all the arguments against the hypotheses raised 
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by Warburg, the truth is the Warburg effect was an important discovery that allowed for an 
important progress in cancer research and prognosis (Ak, Stokkel et al., 2000). Being 
mitochondria the organelle where several cellular metabolic reactions occur and where the 
majority of cellular energy is produced, the role of mitochondria in cancer development is 
indubitable. For example, mutations in mitochondrial and nuclear genes encoding proteins 
involved in oxidative phosphorylation have been observed in several cancers, suggesting a 
role for defective mitochondrial oxidative phosphorylation in tumorigenesis (for a review 
see (Chandra & Singh, 2010)). Mutations can be acquired during or after oncogenesis and 
result in an inhibition of oxidative phosphorylation, increased ROS production, tumor cells 
proliferation and adaptation to tumor microenvironments (Hung, Wu et al., 2010; Lee, 
Chang et al., 2010). Also, decreased mtDNA copy number has been associated with 
resistance to apoptosis and increased invasiveness (Chandra & Singh, 2010). The loss of 
function of mitochondrial-specific enzymes, such as succinate dehydrogenase and 
fumarate dehydrogenase, results in the accumulation of specific metabolites in the 
cytosol, that can favor the activation of transcription factors (eg. hypoxia-inducible factor, 
HIF), directing the metabolism to aerobic glycolysis (Yeung, Pan et al., 2008; Bellance, 
Lestienne et al., 2009; Marin-Hernandez, Gallardo-Perez et al., 2009) establishing a 
possible correlation between mitochondrial alterations and the Warburg effect observed 
in cancer cells. 

2.2 Mitochondrial DNA diseases 
Besides the nucleus, mitochondria have their own functional genome (Reich & Luck, 1966). 
Mutations in mtDNA are associated with the development of different pathologies. 
Although the mtDNA of an individual is usually identical in all cell types (homoplasmy), 
variations may occur, causing dissimilarities between wild type and mutant mtDNA 
(heteroplasmy). Progressive accumulation of mutant mtDNA in affected tissue will increase 
the severity of the phenotype associated with those mutations. Besides the rate of 
heteroplasmy, the age, gender and environment clearly contribute for the high diversity of 
phenotypes (McFarland, Taylor et al., 2002). The so-called mitochondrial diseases are caused 
by mutations in mtDNA or in nuclear genes that codify for proteins involved in the 
mitochondrial respiratory chain or in overall mitochondrial biology. For the sake of 
simplicity, we will focus now in diseases that are the result from mtDNA mutations. The 
degree of severity of mtDNA alterations and the impact on organ phenotype is determined 
by the threshold effect, or in other words, the dependency of the organ on the mutated 
protein, or on the mitochondrial function itself (Dimauro & Davidzon, 2005). Simplifying, 
this means that organs that are more dependent on energy will be first affected by 
alterations of mitochondrial function caused by mtDNA mutations (Rossignol, Faustin et al., 
2003). Mitochondrial DNA diseases can be divided in two main categories based on the 
genomic origin of the disorder: 1) syndromes due to mtDNA rearrangements or 2) 
syndromes based on mtDNA point mutations. Kearns-Sayre (KSS) and Person Marrow-
Pancreas Syndromes are classical examples of disorders associated with mtDNA 
rearrangements. KSS is characterized by external progressive opthalmoplegia and 
pigmentary retinopathy and is associated with heteroplasmatic mtDNA deletions. Pearson 
Marrow-Pancreas Syndrome is commonly diagnosed during infancy or postmortem and is 
caused by deletions or duplications in mtDNA. It is rarely diagnosed during pregnancy, but 
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should be suspected in the presence of severe anemia or lactic acidosis (Morel, Joris et al., 
2009). Mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes 
(MELAS) is a multisystem mitochondrial maternally inherited disease. It is caused by a 
point mutation characterized by a A to G transition at the position 3260 of the mitochondrial 
genome. It is normally associated with frequent episodes of migraine and intraventricular 
conduction disturbances and syncopal episodes based on paroxysmal atrioventricular block 
have been found already (Connolly, Feigenbaum et al., 2010). Leigh Syndrome is a maternal-
inherited point mutation in polypeptide-encoding genes based disorder. Although still 
largely unknown, it is suggested that the Leigh Syndrome is caused by defects in genes 
coding for the pyruvate dehydrogenase complex, cytochrome c oxidase, ATP synthase 
subunit 6 or complex I subunits (Quintana, Kruse et al.; Naess, Freyer et al., 2009; Quintana, 
Mayr et al., 2009). 

2.3 Diabetes 
Diabetes mellitus (DM) is a metabolic disease characterized by hyperglycemia and 
alterations in carbohydrate, lipid and protein metabolism due to disturbances in insulin 
secretion, having as a long-term consequence, the failure in several organs. As in previous 
cases, mitochondrial multi-tasking suggests an important role of this organelle not only in 
the pathogenesis of this condition, but also in the development of long-term complications. 
Several mitochondrial alterations have been described during the progress of diabetes 
mellitus, including respiratory alterations and altered induction of the MPT (reviewed in 
(Oliveira, 2005)). Besides the heart (Oliveira, Rolo et al., 2001; Oliveira, Seica et al., 2003; 
Santos, Palmeira et al., 2003; Bugger & Abel, 2011), alterations of mitochondrial function 
have been recorded in liver (Ferreira, Seica et al., 2003), kidney (Oliveira, Esteves et al., 
2004), brain (Moreira, Santos et al., 2004) and testis mitochondria (Palmeira, Santos et al., 
2001; Amaral, Oliveira et al., 2008; Amaral, Mota et al., 2009), which show a multi-organ 
scope of hyperglycaemia-induced mitochondrial alterations. Oliveira et al. demonstrated 
that streptozotocin (STZ)-induced diabetes results in inhibition of cardiac mitochondrial 
respiration and increased susceptibility to calcium-induced MPT (Oliveira, Seica et al., 2003). 
In theory, this means that heart mitochondria from diabetic animals are less able to 
withstand a metabolic stress, mimicked in this work by the addition of ADP and calcium. 
Interestingly, heart mitochondria from Goto-Kakizaki (GK) rats have decreased 
susceptibility to the MPT (Oliveira, Rolo et al., 2001). GK rats are an animal model for non-
obese type 2 diabetes, developing hyperglycaemia earlier in life, suggesting that the 
severity/duration of the hyperglycaemic period is important for cardiac mitochondrial 
alterations. Interestingly, different alterations in terms of hepatic mitochondrial respiratory 
activity were found in both STZ-treated and GK rats, such alterations being modulated by 
the age of the animals (Ferreira, Palmeira et al., 2003; Ferreira, Seica et al., 2003). Alterations 
in MPT induction are also widespread to other tissues. Lumini-Oliveira et al. reported that 
18 weeks of STZ treatment lead to a decrease in gastrocnemius mitochondrial respiratory 
control ratio and to decreased calcium-dependent MPT, which may counteract the negative 
effects of hyperglycaemia. It is still unclear what may cause mitochondrial alterations 
during the course of diabetes and why such alterations appear to be organ and age-specific. 
Increased oxidative stress due to increased mitochondrial generation of ROS and/or 
depression of mitochondrial antioxidant defenses may be an attractive mechanism 
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(Kucharska, Braunova et al., 2000; Turko, Li et al., 2003; Kowluru, Atasi et al., 2006; Ren, Li 
et al., 2008; Munusamy & MacMillan-Crow, 2009). A growing body of evidence also 
suggests that mitochondrial dysfunction in pancreatic beta-cells may be also one of the 
initiation factors responsible for depressed insulin release (Mulder & Ling, 2009). In fact, 
mitochondria in beta-cells have a critical role in the release of insulin. Beta cell mitochondria 
play a key role in this process, not only by providing ATP to support insulin secretion when 
required, but also by synthesizing metabolites that can couple glucose sensing to insulin 
exocytosis. ATP alone or possibly modulated by several coupling factors, triggers closure of 
the ATP-sensitive potassium channel, resulting in membrane depolarization that increases 
intracellular calcium and insulin secretion (Liu, Okada et al., 2009; Jitrapakdee, 
Wutthisathapornchai et al., 2011). In several models for diabetes, mitochondrial defects in 
beta-cells have been found (reviewed in (Maechler, Li et al., 2011)), including altered 
expression of the voltage-dependent anion-channel (Ahmed, Muhammed et al., 2011) and 
altered respiratory activity and oxidative stress (Lu, Koshkin et al., 2011). In beta-cell 
mitochondria, increased oxidative stress may be critically important in the pathogenesis of 
the disease (Nishikawa & Araki, 2007), although what exactly leads to that is still a matter of 
debate. What is interesting is that some forms of diabetes are originated by defects on 
mitochondrial DNA, present in pancreatic beta-cells (de Andrade, Rubi et al., 2006; 
Mezghani, Mkaouar-Rebai et al., 2011). Other mitochondrial-relevant alterations in beta-cells 
include enhanced apoptosis in some forms of auto-immune type I and type II diabetes 
(Johnson & Luciani, 2011). 

3. Drug-induced mitochondrial toxicity 

Toxic compounds can interfere and modify physiological mechanisms, leading to cell 
alterations and ultimately damage. In many cases of drug-induced toxicity, mitochondria 
are the preferential target for toxic compounds and one important initiator of cell damage. 
In this section, we will focus on the present knowledge regarding the mechanism of action 
of some selected drugs, whose mechanism of toxicity has a clear mitochondrial component. 

3.1 Anti-cancer drugs 
For five decades, anthracycline antibiotics have played an important role in the treatment of 
a variety of cancer types, due to their efficacy and broad spectrum of activity (Sawyer, Peng 
et al., 2010). The anti-tumor activity of anthracyclines is based on their ability to intercalate 
DNA and to inhibit enzymes involved in DNA replication and transcription such as 
topoisomerase II and RNA polymerases, respectively (Sawyer, Peng et al., 2010). 
Disturbance of DNA function is thought to be the main responsible for tumor cell death, a 
typical behavior shared by other anti-cancer drugs (Singal, Iliskovic et al., 1997). However, 
anthracycline therapy is associated with significant side effects, including cardiotoxicity 
(Chen, Peng et al., 2007; Sawyer, Peng et al., 2010). A particular leading drug of this group, 
Doxorubicin (DOX), has been intensively studied and rapidly stood out from other analog 
molecules due to its efficacy.  Unfortunately, its cardiotoxicity also stood out, although the 
molecular mechanisms are still far of being completely understood (Arola, Saraste et al., 
2000; Horenstein, Vander Heide et al., 2000). The onset of DOX-induced cardiomyopathy is 
characterized by several forms of tachycardia (Bristow, Minobe et al., 1981), altered left 
ventricular function (Hrdina, Gersl et al., 2000), and severe histological changes such as 
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vacuolization of the cytoplasm, loss of myofibrils, altered sarcoplasmic reticulum, 
deposition of lipid droplets, and mitochondrial swelling (Lefrak, Pitha et al., 1973; Olson & 
Capen, 1978; Iwasaki & Suzuki, 1991; Sardao, Oliveira et al., 2009). More evidence suggests 
that mitochondria are a critical target in the development of DOX-induced cardiomyopathy 
(Yoon, Kajiyama et al., 1983; Praet & Ruysschaert, 1993; Jung & Reszka, 2001; Wallace, 2003; 
Berthiaume & Wallace, 2007). Numerous mechanisms for the toxicity of DOX on cardiac 
mitochondrial function have been proposed, such as generation of free radicals (Muraoka & 
Miura, 2003), interaction with mitochondrial DNA (L'Ecuyer, Sanjeev et al., 2006), 
disruption of cardiac gene expression (Berthiaume & Wallace, 2007), alteration of calcium 
homeostasis (Lebrecht, Kirschner et al.), lipid peroxidation mediating disturbance of 
mitochondrial membranes (Mimnaugh, Trush et al., 1985), and inhibition of mitochondrial 
respiration chain, decreasing both intracellular ATP and phosphocreatine (PCr) (Tokarska-
Schlattner, Zaugg et al., 2006). DOX can also interfere with mitochondrial function in other 
targets, including by inhibiting phosphorylation steps (Marcillat, Zhang et al., 1989) or by 
exerting partial uncoupling (Bugger, Guzman et al.). Although several hypotheses have 
been proposed to explain cardiac DOX toxicity, oxidative stress is the most widely accepted; 
in fact, data from the literature indicate that the cardiac tissue is particularly susceptible to 
free radicals due to reduced levels of enzymatic antioxidants defenses when compared with 
other tissues (Hrdina, Gersl et al., 2000). DOX is able to increase ROS through both an 
enzymatic mechanism involving a redox cycle and cellular oxidoreductases such as NADH 
dehydrogenase of complex I or cytochrome P-450 reductase, and through a non-enzymatic 
pathway involving complexes with iron (Fe3+) (Davies & Doroshow, 1986; Doroshow & 
Davies, 1986; Jung & Reszka, 2001; Minotti, Recalcati et al., 2004). DOX-induced oxidative 
stress can also be related with induction of the MPT (Ascensao, Lumini-Oliveira et al.; Zhou, 
Starkov et al., 2001; Oliveira, Santos et al., 2006; Oliveira & Wallace, 2006), which is observed 
in both in vivo and in vitro studies (Pereira & Oliveira, 2010). In vitro, DOX-induced MPT 
pore opening results in mitochondrial depolarization, respiratory inhibition, matrix 
swelling, pyridine nucleotides depletion and release of intermembrane proteins, including 
cytochrome c (Oliveira, Bjork et al., 2004; Berthiaume, Oliveira et al., 2005; Oliveira, Santos et 
al., 2006).  

3.2 Nucleoside-analog reverse transcriptase inhibitors 
Nucleoside reverse transcriptase inhibitors (NRTIs), a class of anti-retroviral drugs, are 
specifically prescribed as a therapy to Acquired Immune Deficiency Syndrome (AIDS). 
Several studies indicate that these drugs induce mitochondrial toxicity by interfering with 
mitochondrial DNA (mtDNA) synthesis (Lund & Wallace, 2004; Lewis, Kohler et al., 2006). 
The targets of NRTIs are reverse transcriptase enzymes but due to the similarities with 
substrates for the mitochondrial enzyme DNA polymerase-gamma, NRTIs also inhibit this 
mitochondrial enzyme, affecting mtDNA copy number (Lewis, Simpson et al., 1994). As 
described above, mitochondrial DNA depletion may be clinically manifested in one or 
several main targets tissues, depending on the energy requirements of that same tissue 
(Rossignol, Faustin et al., 2003). Liver mitochondrial complications as hepatomegaly and 
increased lipid deposits have been primarily observed with dideoxynucleosidesdidanosine, 
stavudine, and zalcitabin. mtDNA depletion has been demonstrated in the liver of HIV 
patients, with each of dideoxynucleosides inducing a time- and concentration-dependent 
mtDNA depletion (Walker, Bauerle et al., 2004). Several NRTIs were shown to directly 
interfere with cardiac mitochondrial respiratory chain decreasing membrane potential and 
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decreasing mitochondrial calcium buffer capacity (Lund & Wallace, 2004). Zidovudine 
(AZT) is the most well-known antiviral and its side effects have been subject of several 
studies focused on studying mitochondrial interactions (Lewis, Simpson et al., 1994). 
Competitive inhibition of thymidine phosphorylation (Lynx, Bentley et al., 2006; Lynx & 
McKee, 2006), induction of superoxide anion formation (Szabados, Fischer et al., 1999; de la 
Asuncion, Del Olmo et al., 2004), inhibition of adenylate kinase activity (Barile, Valenti et al., 
1994), and inhibition of the ANT both in heart (Valenti, Barile et al., 2000) and liver (Barile, 
Valenti et al., 1997) are some of the effects observed in isolated mitochondria incubated with 
AZT and other NRTIs. Inhibition of phosphate transport in rat heart mitochondria by AZT 
was found to be related with increased superoxide anion production, as shown by the 
protective effects of several ROS scavengers (Valenti, Atlante et al., 2002). Oxidative stress 
probably plays the most important role in AZT-induced mitochondrial dysfunction. Indeed, 
a 2-week treatment of rats with AZT leads to increased ROS and peroxynitrite production 
and induced single-strand DNA breaks (Szabados, Fischer et al., 1999). Lipid peroxidation 
and oxidation of cell proteins, determined from protein carbonyl content, increased as a 
consequence of AZT treatment (Szabados, Fischer et al., 1999). Depletion of mitochondrial 
glutathione was also found in mitochondria isolated from the hearts of AZT-treated rats (de 
la Asuncion, Del Olmo et al., 2004). Furthermore, NRTIs are able to indirectly inhibit the 
regulation of mitochondrial complex I by cyclic adenosine monophosphate (cAMP). This 
type of inhibition may explain disturbances observed in many patients regarding ROS 
production, NADH/NAD+ ratio, and high lactate levels (Lund & Wallace, 2008). 

3.3 Anti-diabetic agents 
Treatment of hyperglycemia during diabetes involves the use of hypoglycemic drugs. 
Initially, biguanide agents such as metformin, phenformin and buformin were used for the 
management of hyperglycemia in type 2 diabetes mellitus (T2D). However, these anti-
diabetic drugs rapidly resulted into a number of serious adverse effects, which made the 
pharmacological management of hyperglycemia still a challenge to the clinic. 
Both buformin and phenformin were withdrawn from the market in the 1970´s due to high 
incidence of lactic-acidosis-associated mortality and gastrointestinal symptoms, although 
phenformin is still available in some countries. Metformin is now believed to be the most 
widely prescribed anti-diabetic drug in the world (Correia, Carvalho et al., 2008). The anti-
diabetic effect of metformin and phenformin and increased lactic acidosis observed during 
treatment are suggested to result from a single mechanism, the inhibition of  mitochondrial 
complex I (El-Mir, Nogueira et al., 2000; Correia, Carvalho et al., 2008). Other investigators 
described that inhibition of hepatocyte complex I not only caused not only a reduction of 
blood glucose levels in human subjects but also a complete inhibition of hepatic 
gluconeogenesis, a metabolic process that is significantly increased in T2D contributing to 
the observed fasting hyperglycemia (Hundal, Krssak et al., 2000). In intact cells, metformin 
increases AMP-activated protein kinase (AMPK) activity, resulting in increased fatty acid 
oxidation, down-regulation of lipogenic genes, decreased hepatic glucose production and 
stimulation of glucose uptake (Zhou, Myers et al., 2001). Beyond biguanides, 
thiazolidinediones (TZD) is a class of oral antihyperglycemic drugs also known as 
glitazones that have been used as an auxiliary therapy for diabetes mellitus (Petersen, 
Krssak et al., 2000; Mudaliar & Henry, 2001). Glitazones includes troglitazone, rosiglitazone, 
and pioglitazone, which are used to ameliorate hyperglycemia by increasing insulin-
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stimulated glucose removal by skeletal muscle (Petersen, Krssak et al., 2000; Mudaliar & 
Henry, 2001).  Indeed, TZDs can also be considered insulin sensitizers because they are able 
to lower glucose levels in models of insulin resistance without increasing pancreatic insulin 
production (Kliewer, Xu et al., 2001). The ability of TZD to lower serum glucose levels and 
promote an increase in glucose utilization by accelerating glycolytic flux, can lead to 
excessive lactic acid production. Although lowering glucose efficiently is considered a 
desired effect of TZD, lactic acidosis seems to be a compensatory mechanism to a decrease in 
mitochondrial generated ATP, something that is often observed in diabetic individuals. 
These drugs are known to bind and activate the nuclear peroxisome proliferation receptor γ 
(PPARγ), and interestingly to also inhibit mitochondrial complex I. The efficacy of TZD to 
inhibit complex I or to cause lactate release in skeletal muscle or rat liver homogenates 
follows the sequence troglitazone, rosiglitazone, and metformin, being the latter less 
efficient (Brunmair, Staniek et al., 2004). Several studies reveal that TZDs may increase the 
risk of heart failure (Delea, Edelsberg et al., 2003; Karter, Ahmed et al., 2004), which limits 
their clinical application. The risk for heart failure may lie on mitochondrial impairment as 
consequence of TZD toxicity.  In this case, disruption of NADH oxidation by mitochondrial 
complex I tends to occur, although the toxicity effect may also be the mechanism for the 
pharmacological benefits observed (Scatena, Martorana et al., 2004). This means the border 
line between a desired pharmacological effect and a toxic consequence is very blurred, and 
in fact, long-term and/or large-scale inhibition of complex I activity can lead to ATP 
depletion, oxidative burst and ultimately cell death (Li, Ragheb et al., 2003). An example of 
TZD which had high impact in the clinic is troglitazone (TRO), introduced in 1997 but soon 
withdrawn from the market because of reports of serious hepatotoxicity, receiving a black 
box warning from the U.S. Food and Drug Administration (FDA). In fact, TRO, when 
incubated with HepG2 cells, decreased cellular ATP and  (Tirmenstein, Hu et al., 2002; 
Bova, Tam et al., 2005). Lim et al. also demonstrated that TRO increases intramitochondrial 
oxidative stress that activates the Trx2/Ask1 pathway, leading to mitochondrial 
permeabilization (Lim, Liu et al., 2008). More recently, data indicate that significant mtDNA 
damage caused by TRO is a prime initiator of the hepatoxicity caused by this drug (Rachek, 
Yuzefovych et al., 2009). Overall, the data suggest that the reported mitochondrial effects of 
anti-diabetic drugs, especially complex I inhibition are worth of further attention, not only 
to explain some of its pharmacological effects but also to predict safety during drug 
development. 

3.4 Anti-depressant agents 
Tricyclic antidepressants (TCAs) are heterocyclic chemicals discovered in the early 1950s 
and which have been primarily used to relieve depressive symptoms. Fluoxetine (Prozac), 
an antidepressant of the selective serotonin reuptake inhibitor (SSRI) class, presents some 
cardiovascular side effects and drug-drug interactions. Interestingly, some studies show that 
fluoxetine indirectly affects electron transport and F1Fo-ATPase activity inhibiting OXPHOS 
in isolated rat brain and liver mitochondria (Souza, Polizello et al., 1994; Curti, Mingatto et 
al., 1999). The results obtained by Curti et al., suggested that these effects are mediated by 
the drug interference with the physical state of lipid bilayer of the IMM (Curti, Mingatto et 
al., 1999). In turn, nefazodone is a TCA with a more favorable side effect profile when 
compared to fluoxetine and even with other drugs commonly used to mitigate depressive 
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conditions. Nefazodone was initially considered very advantageous among several other 
TCAs (Davis, Whittington et al., 1997). Initially, the incidence of specific organ toxicity was 
considered very low, and related fatalities by severe toxicity were non-existent on several 
hundred of patients during long periods of treatment (Lader, 1996; Robinson, Roberts et al., 
1996; Davis, Whittington et al., 1997). Among other physiological advantages, nefazodone 
had the ability to treat some patients who did not respond to other TCAs (Ellingrod & Perry, 
1995; Robinson, Roberts et al., 1996). However, some cardiovascular complications such as 
asymptomatic reduced systolic blood pressure and asymptomatic sinus bradycardia, started 
to be detected and considered as markers for cardiotoxicity (Robinson, Roberts et al., 1996). 
Despite the possible therapeutic advantages, the drug was withdrawn from the U.S. market 
in 2004, based on cardiotoxicity and later on some severe cases of adverse hepatoxicity as 
well. Indeed, more recent data show that when compared to buspirone, nefazodone is more 
toxic to hepatic mitochondrial function (Dykens, Jamieson et al., 2008). Dykens et al. 
demonstrated that nefazodone promoted inhibition of mitochondrial respiration and 
increased glycolysis in isolated rat liver mitochondria and in intact HepG2 cells, respectively 
(Dykens, Jamieson et al., 2008). Two other anti-depressant drugs, amineptine and tianeptine, 
can also lead to hepatitis associated with microvesicular steatosis, in fact, their heptanoic 
acid side chain may be responsible for reversibly inhibiting mitochondrial fatty acid 
oxidation by a competitive mechanism (Fromenty, Freneaux et al., 1989). 

3.5 Statins and fibrates 
Statins (or HMG-CoA reductase inhibitors) are a class of drugs used to decrease cholesterol 
levels by inhibiting the enzyme HMG-CoA reductase, which plays a central role in the 
production of cholesterol in the liver. Statins are generally safe and well tolerated, but the 
major side effect, which occurs in about 1% of patients, is skeletal myopathy (Davidson, 
2001). Interestingly, many congenital myopathies are associated with defects in 
mitochondrial enzymes (Cornelio & Di Donato, 1985; Wallace, 2000) and bio-accumulation 
of statins by fast twitch skeletal muscle cells can increase the risk of mitochondrially-
induced rhabdomyolysis (Westwood, Bigley et al., 2005).  Several reports describe acute 
effects of statins on skeletal muscle mitochondria. Lovastatin and simvastatin were reported 
to induce the MPT in vitro and decrease the content of total membrane thiol groups in 
mitochondria isolated from mouse hind limb (Velho, Okanobo et al., 2006). Mitochondrial 
degeneration was observed on rat skeletal muscle fibers treated with cerivastatin (Seachrist, 
Loi et al., 2005). A variety of other statins are known to induce the MPT leading to 
irreversible collapse of the transmembrane potential and release of pro-apoptotic factors 
(Cafforio, Dammacco et al., 2005; Kaufmann, Torok et al., 2006), in a Bcl-xL-preventable 
manner (Blanco-Colio, Justo et al., 2003). Kaufman and colleagues also reported inhibition of 
-oxidation and swelling of isolated skeletal muscle mitochondria by statins (Kaufmann, 
Torok et al., 2006). Ubiquinone coenzyme Q10 (CoQ10) depletion is another hypothetic 
contributor to statin-induced myopathy (Folkers, Langsjoen et al., 1990). Thus, CoQ10 
depletion can contribute to mitochondrial dysfunction leading to statin-induced myopathy 
since CoQ10 acts as an electron carrier in the mitochondrial respiratory chain (Schaars & 
Stalenhoef, 2008). Besides the effects on skeletal muscle, lovastatin and simvastatin inhibit 
mitochondrial respiration of isolated liver mitochondria by a direct effect on complexes II, 
III, IV and V (Nadanaciva, Dykens et al., 2007). Fibrates, in turn, are used as accessory 
therapy in many forms of hypercholesterolemia, usually in combination with statins 
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(Steiner, 2007). Fibrates are structurally related to the thiazolidinediones, and 
pharmacologically act on PPARγ, impairing mitochondrial function (Barter & Rye, 2006). 
In an ex vivo experiment with isolated mitochondria, fenofibrate inhibits complex I 
activity and disturbs rat mitochondrial function (Brunmair, Lest et al., 2004). The fibrates 
ciglitizone, bezafibrate, gemfibrozil, and clofibric acid were reported to increase lactate 
and acetate levels due to increase anaerobic glycolysis and fatty acid beta-oxidation, to 
inhibit NADH-cytochrome c reductase activity, and show a correlation between 
mitochondrial toxicity and inhibition of HL-60 cell growth (Scatena, Martorana et al., 
2004). In opposition, Scatena et al. argued that fibrates induce toxicity by disrupting 
mitochondrial function through a mechanism partly independent on PPARs (Scatena, 
Bottoni et al., 2004). 

4. Environmental pollutants 

Humans are daily exposed to a variety of molecules, which can be present in food, 
beverages and even in the atmosphere. Although most are harmless, either due to their 
intrinsic safety or to the decreased exposure levels, the truth is that some of those molecules 
disturb several biological systems, including mitochondria, leading to short or long-term 
organ toxicity (Wallenborn, Schladweiler et al., 2009). 
Heavy metal toxicity is widespread in the world due to the very large amount of industrial 
activities that release these compounds in nature. Heavy metal toxicity can have different 
aspects and result into different pathologies, including carcinogenesis and vascular diseases 
(Nash, 2005). As expected, the toxicity of heavy metals also impacts mitochondria. 
Cadmium, for example, which has been associated with learning impairments and 
neurological disorders, has been described to cause mitochondrial-dependent apoptosis in 
oligodendrocytes (Hossain, Liu et al., 2009) and in a skin cell line (Son, Lee et al., 2011). 
Cadmium accumulation in the kidney involves alteration of mitochondrial function, which 
results into increased generation of mitochondrial free radicals (Gobe & Crane, 2011), 
similarly to what occurs in other target organs (Cannino, Ferruggia et al., 2009). As 
expected, cadmium, similarly to as mercury and copper, induces the MPT, resulting in 
mitochondrial swelling and activation of basal respiration, as well as in membrane 
depolarization (Belyaeva, Glazunov et al., 2004). Mercury also caused apoptosis in several 
biological models by interfering with mitochondrial function (Shenker, Guo et al., 1998). In 
fact, low concentrations of methylmercury cause inhibition of mitochondrial function, which 
progresses to apoptotic cell death (Carranza-Rosales, Said-Fernandez et al., 2005). 
Mitochondrial respiration in hepatoma AS-30D cells is initially uncoupled for lower 
concentrations and progressively inhibited for higher concentrations, resulting also in 
increased generation of ROS (Belyaeva, Dymkowska et al., 2008). Although in this same 
model, copper (Cu2+) was not as toxic (Belyaeva, Dymkowska et al., 2008), other works have 
shown that copper causes toxicity in astrocytes, due to increased MPT induction and 
oxidative stress (Reddy, Rao et al., 2008). Also, copper decreased , followed by apoptosis 
in MES23.5 dopaminergic cells (Shi, Jiang et al., 2008). Interestingly, at least a significant part 
of copper toxicity in non-human species can also be explained by inhibition of 
mitochondrial function, including activation of the MPT, as observed in trout hepatocytes 
(Krumschnabel, Manzl et al., 2005). Iron has been considered a significant pro-oxidant metal 
due to its role in the formation of hydroxyl radical via Fenton reactions (Stohs & Bagchi, 
1995). Although iron is essential for life, it can pose serious health risks with the liver being 
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the most relevant target. Heavy iron overload, as described during primary (hereditary) or 
secondary forms of hemochromatosis, may cause cirrhosis, liver failure, and hepatocellular 
carcinoma (Bonkovsky & Lambrecht, 2000). In addition, iron can contribute to the 
development or progression of alcoholic liver disease, nonalcoholic liver steatohepatitis, 
chronic viral hepatitis and prophyria cutanea tarda, among other diseases (Bonkovsky & 
Lambrecht, 2000). In thalassemia major, one of the clinical end-points is an iron overload 
resulting from diverse factors. The excess of iron results in ROS formation, damaging 
several intracellular organelles, including mitochondria (Hershko, 2011). The observed 
effects are very close to what has been observed in rats subjected to a single injection of a 
massive dose of iron-dextran. In this case, mitochondria from treated rats showed decreased 
respiratory control ratio (Pardo Andreu, Inada et al., 2009). In another different model, rats 
diet-supplemented with iron lactate showed decreased ATP content in the liver and spleen, 
which was suggested to occur due to mitochondrial alterations (Fujimori, Ozaki et al., 2004). 
An interesting hypothesis is drawn from the work of Liang et al. The authors suggest that 
mitochondrial aconitase may be an important early source of mitochondrial iron 
accumulation in a model for experimental Parkinson's disease, with an oxidative 
inactivation of that enzyme occurring due to iron-mediated oxidative stress (Liang & Patel, 
2004). The role of iron in exacerbating the toxic effects of clinically used drugs is 
demonstrated, among other examples, by the fact that the iron chelator dexrazoxane 
protects cardiac myocytes against the toxicity of DOX (see above), via a mitochondrial 
mechanism (Hasinoff, Schnabl et al., 2003). 
Dioxins are environmental pollutants with a large impact on human health, being by-
products of incineration processes and of production of several chloro-organic chemicals 
(Sweeney & Mocarelli, 2000; Parzefall, 2002). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is 
the best studied and the most toxic dioxin and data are vast describing clear direct effects of 
this compound on mitochondria. Several works identified the inhibition of the 
mitochondrial electron chain and increased generation of ROS as one mechanism by which 
TCDD exerts its toxicity in the heart (Nohl, de Silva et al., 1989) and liver (Stohs, Alsharif et 
al., 1991; Latchoumycandane, Chitra et al., 2002; Senft, Dalton et al., 2002). Senft et al. 
demonstrated that mitochondria are the source of TCDD-induced ROS, although the exact 
mechanism was still not clearly identified (Senft, Dalton et al., 2002). TCDD treatment 
resulted in an increased hydrogen peroxide release by the respiratory chain, although no 
alterations in mitochondrial superoxide dismutase or glutathione peroxidase were observed 
(Senft, Dalton et al., 2002). Interestingly, one week after treating mice with TCDD, coenzyme 
Q levels in the liver decreased, while activities of some of the mitochondrial complexes were 
increased (Shertzer, Genter et al., 2006). These and other results, led to the proposal that 
TCDD causes a defect on the ATP synthase in the liver, resulting in decreased ATP levels in 
the liver (Shertzer, Genter et al., 2006). Results in isolated rat hepatocytes confirmed the 
mitochondrial role on oxidative stress caused by TCDD (Aly & Domenech, 2009). It was also 
demonstrated by using a knock-out model that mitochondrial reactive oxygen production is 
dependent on the aromatic hydrocarbon receptor (Senft, Dalton et al., 2002) and causes 
direct damage to mtDNA (Shen, Dalton et al., 2005). Interestingly, TCDD induces apoptosis 
of human lymphoblastic T-cells, which do not express the aromatic hydrocarbon receptor; 
the mechanism being the triggering of mitochondrial-mediated intrinsic apoptotic pathway, 
mediated by calcium/calmodulin (Kobayashi, Ahmed et al., 2009). Another interesting 
possibility regarding the linkage between mitochondria and TCDD toxicity is the 
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perturbation of reproductive function by that dioxin (Wu, Li et al., 2001). Reported data 
indicate that low doses of TCDD cause increased oxidative stress, including depletion of 
antioxidant enzymes, in mitochondria and microsomal fractions from rat testis, which can 
alter the mitochondrial ability to supply energy to male germ cells (Latchoumycandane, 
Chitra et al., 2002). Mitochondrial interactions of TCDD and the possible carcinogenesis 
associated with dioxin exposure (Knerr & Schrenk, 2006; Jenkins, Rowell et al., 2007) 
(although others disagree, (Cole, Trichopoulos et al., 2003)) were also demonstrated to be 
related since TCDD causes mitochondrial depolarization, stress signaling and tumor 
invasion, besides altering calcium homeostasis (Biswas, Srinivasan et al., 2008). Besides, 
TCDD directly targets mitochondrial transcription and causes a mitochondrial phenotype 
which is similar to what is observed in rho0 cells (Biswas, Srinivasan et al., 2008). 

5. Mitochondrial liability in drug development and safety assessment 

Mitochondria are indeed, the crossroad for many cellular pathways, which explains the 
growing number of publications dealing with the mitochondrial role in cell life and death 
(Pereira, Moreira et al., 2009). As a result of the increased efforts focused on the role of 
mitochondria on a variety of human disorders as cancer, neurodegenerative, cardiovascular 
diseases, obesity, and diabetes, “mitochondrial medicine” emerged as a whole new field of 
biomedical research. Based on the recent developments in this field, a large effort is 
underway to understand how different molecules regulate or damage mitochondrial 
function, with the ultimate goal to improve human health. Two distinct and important 
mechanisms/endpoints by which drugs may inhibit mitochondrial function, can be 
considered (Fig. 3): a) direct interference with mitochondrial respiration/ATP synthesis 
(inhibition of respiratory complex activity, damage by ROS production, uncoupling activity, 
MPT induction) and b) inhibition of mtDNA synthesis. Regardless of the initial trigger, 
inhibition of ATP synthesis and bioenergetic failure of the tissue are severe manifestations of 
mitochondrial impairment. Several drugs or other xenobiotics can drive mitochondrial to an 
irreversible collapse via formation of the MPT pore leading to release of pro-apoptotic 
factors such as cytochrome c. Drugs that alter the normal equilibrium between pro-apoptotic 
and anti-apoptotic proteins, such as Bak/Bax and Bcl-2, can also induce mitochondrial 
failure and eventually cell death. Additional information for drug development and safety, 
as well for toxicity assessments may be achieved by the use of targeted approaches, affinity 
for overexpressed/subexpressed mitochondrial proteins during different diseases types, or 
selective mitochondrial accumulation of delocalized lipophilic molecules with positive 
charge and with different redox actions. Nevertheless, further investigation in these 
endpoints or guidelines of the molecular mechanisms of mitochondria-drug interaction will 
be needed for a better understanding of the mechanism of action involved in mitochondrial 
toxicity, allowing an improvement in the design of safer drugs or hazard assessment of 
xenobiotics with relevant human exposure. Notwithstanding these concerns, until now, 
several high-throughput techniques have been used to test and screen drug safety on 
mitochondrial function and could easily be studied to improve basic knowledge in drug 
development and associated toxicity. 

6. High throughput methods – the faster the better? 

High throughput methods have been developed with the ultimate objective of allowing 
company and research laboratories to perform large-scale screening or biochemical 
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analyses for a certain research or commercial objective. During many decades, low 
throughput methods were used in most research laboratories, including the Clark-type 
electrode or the tetraphenylphosphonium electrode to measure mitochondrial membrane 
potential or , respectively (Pereira, Moreira et al., 2009; Pereira, Pereira et al., 2009). 
Other low-throughput methods to investigate mitochondrial toxicity of several agents 
involved the measurement of activities of components of the mitochondrial respiratory 
chain by using polarographic, spectrophotometric or blue-native gel techniques 
(Barrientos, Fontanesi et al., 2009; Diaz, Barrientos et al., 2009). Although such methods 
are still in use in many laboratories worldwide (and in our own as well), profit-thirsty 
pharmaceutical companies require faster and cheaper methods to screen thousands of 
compounds per month in an attempt to uncover mitochondrial liabilities. For example, in 
the context of mitochondrial toxicity screening in drug development and safety, a 
fluorescence-based oxygen consumption assay was developed to analyze the ability of 
certain compounds to cause mitochondrial dysfunction.  This approach provides detailed 
and specific information about the possible mechanisms of toxicity based on 
measurements of respiratory states 3 and 4 by means of oxygen-sensitive probes. The 
advantages of this particular fluorescence method are the simplicity and large-scale of 
measurement, since it can be adapted to a plate reader system. The results can be 
visualized in real time and quantified in plate reader software (Hynes, Marroquin et al., 
2006). A later development included a combination of five high-throughput assays adding 
important information by identifying enzymes which can be target of the test compounds 
(Nadanaciva, Bernal et al., 2007). A set of immunocapture-based assays to identify 
compounds that directly inhibit oxidative phosphorylation can be used in the early 
evaluation of compound for clinical trials (Nadanaciva, Bernal et al., 2007). The same 
research group improved a method based on fluorescent probes for the study of oxygen 
consumption. The advantage is the possibility of screening several compounds 
simultaneously, being further up-scaled, automated and adapted for other enzyme- and 
cell-based screening applications (Will, Hynes et al., 2006). To test compounds that 
interfere with the synthesis of mitochondrial DNA or mtDNA-encoded proteins, a 96-well 
plate format method, that measures complex IV subunit 1, a protein encoded by mtDNA 
and complex V subunit 1, an nuclear DNA- encoded protein was developed (Nadanaciva, 
Dillman et al., 2010). 
The literature is getting richer in terms of new methods for high-throughput methods to 
evaluate mitochondrial function in different applications. When comparing fibroblasts 
from patients with mtDNA diseases with control subjects, a decrease in ATP production 
rate in muscle with normal OXPHOS enzyme activities was observed (Jonckheere, 
Huigsloot et al., 2010). This and other types of assays allow finding primary and 
secondary mitochondrial dysfunction, which can facilitate the search for genetic defects 
that can lead to mitochondrial diseases (Jonckheere, Huigsloot et al., 2010). Although in a 
smaller scale, the Seahorse Bioscience analyzer can be used for a multi-end point of cell 
and mitochondrial metabolism. In one particular study, the authors measured the 
mitochondrial function of renal proximal tubular cells observing that several 
nephrotoxicants alter mitochondria function before altering the basal respiration (Beeson, 
Beeson et al., 2010). The future will no doubt yield new fast and cost-effective high-
throughput methods to quickly investigate mitochondrial toxicity of xenobiotics in order 
not only to produce safer drugs but also to perform safety screenings on many 
compounds that humans are daily exposed to. 
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Fig. 3. Drugs or environmental xenobiotics can impair mitochondrial function through 
affecting different targets, including mitochondrial oxidative phosphorylation and ATP 
production. Oxidative stress and calcium overload increase the probability of irreversible 
mitochondrial failure via MPT pore, leading to release of pro-apoptotic factors such as 
cytochrome c. In addition, drugs that alter the ratio pro-apoptotic and anti-apoptotic 
proteins, such as Bak/Bax and Bcl-2, can also induce mitochondrial failure. OMM, Outer 
mitochondrial membrane; IMM, Inner mitochondrial membrane; NADH, Nicotinamide 
adenine dinucleotide reduced form; NAD+, Nicotinamide adenine dinucleotide oxidized 
form. 

7. Concluding remarks 

The question in the title suggests that doubts would still exist regarding the use of 
mitochondria as a biosensor for drug-induced toxicity. Hopefully, the present chapter 
provides enough evidence that mitochondria are a critical target in the toxicity of a wide 
variety of agents, ranging from clinically-relevant drugs, to environmental poisons. 
Moreover, it has been here demonstrated that failure of mitochondrial function originates 
several pathologies, which by its turn, contribute to amplify mitochondrial damage. 
Idiosyncratic drug reactions have also been proposed to involve mitochondria as well 
(Lucena, Garcia-Martin et al.). In fact, an individual who has a lower mitochondrial power 
may succumb first to the toxicity of mitochondrial-directed toxicants, even if the original 
mild mitochondrial alterations are asymptomatic. This is extremely critical for patients with 
diagnosed mitochondrial DNA diseases, who are in a high risk of suffering mitochondrial 
failure upon a second hit with a toxicant, either a clinically used drug or an environmental 
pollutant.  
The large number of mitochondrial targets, some of which were not even explored in this 
chapter, and the growing list of compounds presenting mitochondrial liabilities, clearly 
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answers our initial question. The field of mitochondrial pharmacotoxicology (Scatena, 
Bottoni et al., 2007) is now critical for many pharmaceutical companies and for a large 
number of research laboratories which work on basic toxicology (Chan, Truong et al., 2005; 
Dykens, Marroquin et al., 2007; Wallace, 2008; Nadanaciva & Will, 2009; Pereira, Moreira et 
al., 2009; Pereira, Pereira et al., 2009). Some for the sake of profit, others for the good of 
science itself, but all focusing on that little organelle that is in the spotlight right now. 
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1. Introduction 
Glutamate (Glu) is considered the main excitatory neurotransmitter in the central nervous 
system and has a relevant role in several brain functions such as, synaptic plasticity, 
learning and memory processes (Bliss & Collingride, 1993; Fonnum, 1984; Nakanishi, 1992). 
Excessive release of Glu and over stimulation of its receptors has been associated with 
several neurological alterations including such as schizophrenia, Parkinson´s disease, stroke 
and epilepsy (Carlsson & Carlson, 1990; Klockgether & Turski, 1993; Dávalos et al., 2000, 
Morales-Villagrán, et al., 1996; Morales-Villagrán, et al., 2008). Another fast 
neurotransmitter; acetylcholine (Ach) has also been involved in learning and memory (Van 
Der Zee & Luiten, 1999), as well as a modulating agent in seizure activity, since positive 
stimulation of muscarinic receptor M1 could initiate generalized seizures in the basal 
diencephalon of the rat. (Cruickshank et al., 1994). Likewise, direct application of the agonist 
pilocarpine in brain tissue could produce seizures (Turski et al., 1989). To understand better 
the role of these fast acting neurotransmitters during normal or pathological activity, it is 
fundamental to precisely measure these compounds in brain tissue with high specificity and 
temporal resolution. Conventional analysis tools are all bulk-average-based methods, which 
means that the signals taken are an estimation of several physiological events that happen in 
a certain period of time, generally a few minutes. Microdialysis technique has been used to 
measure their extracellular brain concentrations; both in normal as well as in pathological 
conditions and these measurements are generally coupled to High performance liquid 
chromatography method (HPLC). However, such a technique is time consuming an especial 
training is required. Several methods coupled to enzymatic reactions that generate 
Hydrogen peroxide (H2O2) could be another alternative to measure some neurotransmitters, 
since numerous specific oxidases generate H2O2 as product, acting over certain 
neurotransmitters and avoiding the separation process. Measurement could be possible with 
fluorescence technique, like the use of the fluorogenic probe 10-acetyl-3,7-
dihydroxiphenoxazine (AMPLEX RED), which reacts with H2O2 in the presence of 
horseradish peroxidase in 1:1 stoichiometry to produce a highly fluorescence product 
resorufin (Zhou, et a., 1997; Mohanty et al., 1997), which can be measured in a plate reader 
or in a fluorometer (In-vitrogen) but also a fraction collection of samples is required and the 
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time resolution will depend on the frequency of such a collection. Similarly, an alternative 
method to measure the H2O2 produced by enzymatic reactions is the use of an 
electrochemical detection system with about the same time resolution (Morales-Villagrán, et 
al., 2008a). To study the rapid neurochemical alterations during brain activity, the demand 
of rapid, reliable and sensitive determination of Glu and Ach is still a needing process. To 
overcome the necessity of fraction collection and to estimate these neurotransmitters 
concentration during the brain activity and near a real time resolution, the use of an 
enzymatic biosensor is merging.  
These kind of biosensors are generally built with the same principle mentioned above, this 
is, they are constructed with specific enzymes that react with Glu and Ach to produce H2O2. 
In this chapter, it is described the process to built biosensors to monitor Glu and Ach during 
altered brain activity under the effect of 4AP. 

2. Biosensor preparation 
Electrochemical biosensors are prepared according to the method of Hu et al., (1994) with 
several modifications. A 125 μm diameter platinum (Pt) wire 13 mm in length is inserted 
into a fused silica tubing (175 μm i.d., 400 μm o.d.) to strengthen the wire.  To accomplish an 
electrical component a copper wire should be soldered to one end of the platinum wire 
covered with epoxic glue to insulate this terminal. Two mm of Pt wire extending outside the 
tubing is used as an active biosensor surface. Pt wire is covered with a film of a nafion 
solution at 5.0 %, the tip is heated for 3 minutes (~170 oC) and after ten minutes a film of 
cellulose acetate 5.0 % should be applied (acetone/ethanol 2:1). Biosensors are left at room 
temperature before fixing the enzymes. At this point, biosensors for Glu or Ach can be 
prepared using different enzymes, to determine Glu, twenty μl of enzyme mixture are 
prepared in 20 mM of potassium buffer phosphate solution containing: 2% L-Glutamate 
oxidase, 0.3 % ascorbate oxidase, 5% porcine skin gelatin and albumin (2 %). This mixture 
was deposited on a glass surface and 5 μl of 0.0625% glutaraldehyde was added and gently 
shaken, the platinum wire tips were immediately immersed deep into this solution. To 
determine Ach, a different mixture of enzymes is prepared containing 0.4% 
acetycholinesterase and 0.2% choline oxidase, albumin, ascorbate oxidase and porcine skin 
and glutaraldehyde are at the same concentration. Theses biosensors are dried at 37 oC for 
30 minutes and are kept at 4 oC before using. Biosensors kept at this temperature condition 
retain their activity beyond than one moth. 
Biosensor calibrations are carried out in a beaker, immersing a working electrode 
(biosensor), reference and counter electrodes in 20 mM potassium buffer solution with 
continuous shaking at room temperature. In this case, the formed cell was then connected to 
an electrochemical detector LC 4B (Bionalytical Systems), although it can be connected to 
any potentiostat.  The electrical analogical signal coming out from the detector (voltage) can 
be digitized with a regular chromatographic software. It is necessary to reach a baseline 
value before doing any attempt of calibration.  Different aliquots of Glu or Ach are added to 
an individual beaker to get a calibration reference. In fig 1 (A and B) calibrations for Glu and 
Ach are despicted. These biosensors were calibrated in vitro by increasing the substrate 
concentration in the range specified. Every step represents a single addition of Glu (A) or 
Ach (B). A linear regression analysis was done (inset) and the R-values calculated were 0.9 
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and 0.99, respectively. The total voltage scale corresponds to a generated current of 20 nA 
for Glu and 30 nA for Ach calibrations, corresponding to 50 nA/V. These results show that 
biosensors are adequate for their use in vivo conditions.  
 
 
 

 
 
 
 

Fig. 1. Calibration curves for Glu (A) and Ach (B).  

With respect to the speed of neurotransmitters measurement with these biosensors, time 
resolution was evaluated as the beginning of the response in each concentration until they 
reached a maximum value, this time was approximately of 20 seconds. 

3. Animal studies 
These biosensors can be used under anesthesia or in awake animals, as shown here. For Glu, 
biosensors were implanted into the cerebral cortex of rat pups (at three postnatal day) under 
anesthesia, in a three electrodes arrangement working, reference and counter, in order to 
accomplish an electrochemical cell in situ. Every biosensor must be calibrated before its use. 
Once the animal is recovered from anesthesia, the terminal of each electrode is connected to 
the potentiostat through a socket connector and after of an equilibration period to reach a 
baseline, the animal is ready to monitor the Glu extracellular concentration into the brain in 
any experimental condition. In the example showed here, the effect of subcutaneous 
monosodium glutamate administration in neonate rast (5mg/Kg of body weigh) was 
initially tested, resulting in a rise in extracelluar Glu concentration (Fig. 2A), this Glu 
elevation lasted approximately 20 minutes. 
In previous work it has been demonstrated that in immature brain the blood brain barrier is 
not completely developed (Cernak, 2010) besides the high Glu concentration used is enough 
to disrupt the barrier due to an osmotic effect, similar effect has been found with the use of 

A B
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manitol (Rapoport, 2000). Additionally in our previous work, it was showed that similar 
dose of monosodium glutamate can induce important rise in brain extracellular Glu 
concentration tested by internal biosensor and HPLC methods (Lopez-Perez et al., 2010). In 
order to induce seizures convulsion an additional systemic injection of 4-AP (3mg/kg of 
body way) was used, whose effect can be seen in the right side of the fig. 2A. It can be 
observed that after injecting the convulsant drug (50 min after starting recording) an 
increase in the extracellular Glu concentration is present that could be related to the 
intensity of seizure activity. 
To test Ach biosensors, adult rats were used; they were also implanted with three electrodes, 
with the only difference that the working electrode was covered with necessary enzymes to 
determine Ach, and in this case the area of interest was the right thalamus. After a recovery 
period from anesthesia that lasted at least two hours, the animal is connected in a similar 
way as mentioned above to monitor extracellular Ach concentration during seizure activity, 
characterized by strong motor alterations like tonic-clonic convulsions. In the example 
showed here a baseline period of twenty minutes was recorded before testing the effect of 4-
AP administration at 5 mg/kg of body (intraperitoneally). After the convulsant drug 
administration significant increments in Ach appeared that were also related with strong 
seizure behavior activity, this effect lasted about one hour (Fig. 2B) and finally the animal 
were euthanized with an intraperitoneal injection of pentobarbital. The examples showed 
here represent independent animal trials for Glu and Ach, respectively. 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2. Glu biosensor (A) and Ach biosensor (B) register during altered brain activity in vivo. 
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To evaluate the specificity of these biosensors, several controls can be run; one example is to 
test the response in vitro of these biosensors to other molecules that could produce a 
nonspecific signal, like monoamines and ascorbic acid, since without a good preparation a 
false positive result could appear. An example of such control for Ach biosensor is showed 
in Fig. 3A, the first two arrows represent additions of 300 µM concentration of ascorbic acid 
(Aa) and the two following of 80 µM Ach, they are represented by the next two arrows; it 
can be seen that this biosensor response specifically to Ach.  Other way to test the specificity 
of a biosensor in vivo is to use one without enzymes in the cover; such naked or sentinel 
biosensor will not be able to sense any neurotransmitter concentration during any 
physiological conditions (Hascup et al., 2008) or calibration procedure. An example is 
showed in Fig. 3B, were a naked biosensor was inserted in the brain of an adult animal, this 
animal was treated with 4-AP, despite of the fact of appearance of strong seizure convulsion 
no any increase of Ach was detected with this biosensor. Spikes in graph B represent 
movement artifacts during convulsions.  Similar analyses were done for Glu biosensors. 
 
 
 
 
 

 
 
 
 
 
 

Fig. 3. Specificity test for Ach biosensor in vitro (A) and test of a naked or “sentinel” 
biosensor in vivo (B) 

4. Conclusions 
The use of electrochemical biosensors to monitor neurotransmitters concentration during 
normal or pathological activity in brain is an alternative approach that is gaining new users, 
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besides, different strategies to fix enzymes over several substrates are merging, like the use 
of sol gel derivates or other casting materials (Sakai-Kato & Ishikura, 2009; Hyun-Jung et al., 
2010). This is a very important issue; this is trying to get biosensors that last active for more 
prolonged periods, which could overcome the necessity to monitor the neurotransmitter 
concentration for prolonged time or improving the way of fixing the necessary enzymes 
with more molecular movements that could allow such enzymes have more activity, since in 
general a fixed enzyme protein decreases its activity. Recent advances in the use of gold 
nanoparticles due to their increased surface area to enhance interactions with biological 
molecules, geometric and physical properties make them another alternative to prepare 
biosensors (Yang et al., 2009). With the procedure used here to monitor Glu and Ach it is 
shown that it is possible to evaluate the role of these fast neurotransmitters during seizure 
activity, since the increased release of these compounds have been related with the presence 
of a convulsive state, these neurotransmitter alterations have been determined with other 
methods, like microdialysis coupled to HPLC and pharmacological studies (Morales-
Villagrán & Tapia 1996; Morales-Villagrán, et al., 1996), data that match well with the results 
showed here, although the main difference is that using biosensors for monitoring the brain 
the procedure can be done during a real time and with improved resolution. This work was 
supported by CONACyT project # 105 807. 
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1. Introduction 

Infectious diseases are a leading cause of morbidity and mortality in hospitalized patients. 
This fact has placed a tremendous burden on the clinical microbiology laboratory to rapidly 
diagnose the agent responsible for patient’s infection and to effectively provide therapeutic 
guidance for eradication of the microorganisms. Laboratories are expected to perform these 
tasks in a cost-effective and efficient manner. Two common methodologies for antimicrobial 
susceptibility testing in a clinical laboratory are Kirby-Bauer disk diffusion and variations of 
broth microdilution. The principle is based on the detection of bacterium reproduction 
ability under the influence of antibiotics. Therefore the testing time is determined by the 
doubling time of tested bacteria. These methods then usually take from one day to weeks to 
complete the examination. The long incubation period is inevitable for these conventional 
methods. Such a waiting period is not short for clinical doctors who urgently need the 
information to adjust the therapeutic strategy. Therefore it is important to explore new 
template and technology to perform an antimicrobial susceptibility test.  
Surface plasmon resonance biosensing technique is well known for its characteristics of 
label-free, ultra-sensitive, and real-time detection capability. Thus this technique is 
considered as the candidate of the new platform. Surface plasmon polaritons (SPPs) was 
first theoretically predicted by Ritchie in 1957 (Ritchie,1957) based on the analysis of surface 
electromagnetic modes. The SPPs in general can be generated by electrons (Powell & Swan, 
1959) or by light (Otto, 1968) under a proper excitation condition. For SPPs excited by light, 
in general, the dispersion characteristic of SPPs does not allow the energy of a propagation 
wave coupled into this surface mode: The spatial phase of a propagation wave is always 
smaller than that of the surface mode with the same optical frequency on a dielectric-metal 
interface. Thus an evanescence wave generated by a p-polarized light beam through a prism 
is suggested to obtain an extra spatial phase and then excite SPPs on the other surface of the 
metal layer. An alternative method to provide the additional spatial phase is through the aid 
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of a grating, of which the sub-wavelength periodic structure can provide additional spatial 
phase. For the past two decades, SPPs excited by light has been widely applied to the study 
of biomaterial processes, which include biosensors, immunodiagnostics, and kinetic analysis 
of antibody-antigen interaction (Davies, 1996; Rich & Myszka, 2005). The main application 
of SPR biosensors on biomedical science is to analyze the binding dynamics between specific 
antibody and antigen (Davies, 1996; Rich & Myszka, 2005; Safsten et al., 2006; Misono & 
Kumar, 2005). Since the mode characteristics of SPPs depend on the refractive index of the 
material within the dielectric-metal interface of about one hundred nanometers, the 
refractive index of the material determines the resonance incident angle of light, the 
coupling efficiency, the coupling wavelength, and the optical phase of the reflected light. All 
the physical quantities can be measured by the reflected light, which is the uncoupled part 
of the incident light. Therefore, a SPR system does not require fluorescence labeling and 
provides real-time information with very high sensitivity (Chien & Chen, 2004). This also 
guarantees a very small amount of sample needed for the detection of the refractive index 
change through a SPR method.   
Most of the biomedical applications of SPR focus on detection and identification of 
biomolecules.  Extended applications have been applied to the detection and sorting of cells 
or bacteria based on the same principle (Takemoto et al., 1996). The capture of the desired 
biomolecules with or without cells or bacteria attached is achieved through antibodies or 
aptamers pre-coated on the metal thin film, where the SPR occurs. The enormous 
applications of SPR on biomedical science using antibody-antigen affinity can be found in 
Rebecca L. Rich and David G. Myszka’s Survay (Rich & Myszka, 2005). For the methods 
using antibody-antigen binding, specific antibody is required and finding the specific 
antibody is usually not straight forward. This is the reason that characterization of antibody 
is still the main reports from utilization of SPPs. This is also an important reason that a 
method utilizing antibody-antigen interaction is difficult to use for antimicrobial 
susceptibility test. Different from the studies mentioned above, the method introduced in 
this chapter does not require pre-coating of specific antibodies. This method is then more 
versatile and can be used to detect reactions of drugs appearing on cell membranes or cell 
walls. While current antimicrobial susceptible testing methods take one day or more for a 
clinical laboratory to report the testing results (Poupard et al., 1994; Levinson & Jawetz, 
1989), utilizing surface plasmon resonance significantly reduces the time duration to less 
than or about one hour of antibiotics treatment based on our experimental study. Antibiotics 
which modify or damage the cell walls of bacteria, thus, alternate the refractive index of 
bacterium surfaces. 
Differentiation of susceptible strains of bacteria from resistant ones by using surface 
plasmon resonance (SPR) technique is discussed in this chapter. This technique detects the 
refractive index change of tested bacteria subject to antibiotics treatment in real time. Instead 
of detection the antimicrobial susceptibility through the cell doubling time, the SPR 
biosensor technology is used to detect the biochemical change of tested bacteria. A much 
shorter time to obtain the test result is achieved. Because of the feasibility of this 
antimicrobial test method using surface plasmon resonance biosensors, development of new 
biosensors is also very important. 
Escherichia coli JM109 resistant/susceptible to ampicillin and Staphylococcus epidermidis 
resistant/susceptible to tetracycline were chosen for the antimicrobial susceptibility test in 
this study. Since the surface plasmon resonance is highly sensitive to the change of the 
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refractive index of cells near the cell-metal interface, ampicillin as the antibiotic inhibiting 
the synthesis of cell walls was used for the examination of Escherichia coli JM109. This is 
designed for the measurement of direct effect of antibiotics on cells. Different from 
ampicillin, tetracycline works as an inhibitor of protein synthesis. The influence of 
tetracycline on cell walls and cell membranes is then indirect. Therefore, Staphylococcus 
epidermidis used as another type of bacteria susceptible/resistant to tetracycline was used for 
the measurement of indirect effect of antibiotics on cells. 

2. Devices and methods 

The detection principle can be realized on the detection of biochemical change of bacteria 
subject to antibiotics through the detection of their refractive index. This change on the 
refractive index of bacteria is achieved by an SPR biosensor. A chemical treatment of Poly-L-
Lysine on the surface of the Au thin film in the SPR biosensor is used to trap bacteria. The 
Poly-L-Lysine layer does not provide specfic binding to select specific bacterium strain so 
that a pre-purification to select tested bacteria is required for the test. After the tested 
bacterium strain is trapped on the Poly-L-Lysine layer, antibiotic is appled to examine the 
antimicroial susceptibility. 

2.1 Surface plasmon resonance biosensor 
The experimental setup for the examination of drug resistance of the bacteria is shown in 
Fig. 1(a). The setup is the combination of the two parts: one is for the excitation of the 
surface plasmon and the other is the flow cell chamber. For the excitation of the surface 
plasmon, a Helium-Neon laser is used as the light source to provide the laser beam with 
wavelength 632.8 nm. Since surface plasmon can only be excited by p-polarized light, a 
polarized beam splitter is used to separate the p-polarized and s-polarized light. The s-
polarized light is used as the normalization factor to eliminate the deterioration of 
measurement accuracy caused by the laser instability. After the polarized beam splitter, the 
p-polarized light is injected onto the Au thin film through a prism to generate surface 
plasmon. The required phase matching condition to excite the surface plasmon is provided 
by the proper incident angle and the prism, which provides an extra spatial phase along the 
gold film surface through its refractive index of the prism. Matching oil is applied between 
the prism and the glass substrate coated with the Au thin film to avoid occurrence of 
multiple reflection between the prism and the glass slide. The excitation efficiency of the 
surface plasmon by the p-polarized laser beam is measured through the silicon 
photodetector which receives the reflected p-polarized beam from the Au thin layer. When 
the surface plasmon resonance angle is reached, the energy of injected laser beam was 
transformed into the surface plasmon polaritons. Thus, the laser beam reflected from the Au 
layer reaches minimum. The photocurrent generated from the photodetector is amplified 
and transformed into a voltage signal via 16-bit A/D converter（Adventech PCI-1716）. 
The intensity, normalized to the intensity of the s-polarized beam, of the reflected p-
polarized beam as a function of the incident angle is obtained by the computer. Incident 
angle was controlled by a motorized rotation stage through a controller. The other arm that 
is for receiving reflection was controlled accordingly by another rotation stage to measure 
the power of the reflected beam. The resolution of the system on the change of refractive 
index of the dielectrics is 41.4 10 refractive index unit (RIU), which corresponds to the 
value of the SPR angle shift as 0.00867 degree. 
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(a) 

 
(b) 

Fig. 1. SPR biosensor used for the experiment. (a) The configuration of SPR biosensor used 
in the study. The SPPs was excited by 632.8nm He-Ne laser. A polarizer is used to enhance 
the extinction of the laser beam polarization. A polarized bean splitter (BS) direct the s-
polzaried light into a detector for normalization of laser intensity fluctuation. The p-
polarized light is used to excite SPPs. The reflectance of the light is direct to the second 
detector for measurement of resonance angle, and thus measure the refractive index change 
of bacteria subject to antibiotics; (b) Picture of the home-made SPR biosensor. The solid red 
line indicates the laser beam. 
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2.2 Cell chamber 
A flow cell chamber was constructed on the SPR system described above to provide the 
bacteria for testing, DI water for washing, and the antibiotics for the examination of drug 
resistance. An O-ring is attached to the chamber to prevent the liquid leakage. A thermister 
of 10KΩ is used to monitor the temperature of the chamber and a TE cooler is used to 
control the temperature by receiving the temperature information from the thermister. The 
temperature of the cell chamber was controlled with the fluctuation less than 0.1 oC, which 
is achieved by a temperature controller usually used for controlling the temperature of laser 
diodes. As is depicted in Fig 2, the target bacteria are first injected into the chamber through 
the flow channel and attach on the gold film by the adhesion of the Poly-L-lysine. 
Antibiotics are then added to test if the cell walls or membranes are affected. 

2.3 Bacterium adhesive coating 
Poly-L-Lysine has been demonstrated as an effective tissue adhesive for use in various 
biochemistry procedures. Poly-L-Lysine solution is diluted with deionized water prior to the 
coating procedure. The flat glass deposited with Au thin film was immersed in poly-L-lysine 
solution (concentration = 200 ug/ml) for from a couple of hours to 24 hours to interact with 
Au thin film as the preparation of the biochips. Different time intervals provide different 
adhesion of Poly-L-Lysine to the bacteria and antibiotics. After incubation, cells can be 
immobilized on the Au-coated glass. 
 

Gold film

O-ring

Flow in Flow out
Bacteria

Poly-L-lysine

        

 
Fig. 2. Schematic illustration of the SPR device and the mechanisms of the experiment 

2.4 Bacterium preparation 
Preparation of Escherichia coli resistant to ampicillin Penicillin is called β-lactam drugs. An 
intact ting structure of β-lactam ring is essential for antibacterial activity; cleavage of the 
ring by penicillinases （β-lactamase）inactivates the drug (Levinson & Jawetz, 1989; 

laser detecto



 
Biosensors for Health, Environment and Biosecurity 458 

Macheboeuf et al., 2006). The antibiotics bacteria strain, E. Coli JM109, we use was generated 
by transform of ampicillin resistant plasmids to translate β-lactamase to cleave the ring of 
ampicillin. The E. Coli strain was picked out by loop and planted in 5ml LB broth over night. 
Preparation of S. epidermidis resistant to tetracycline The S. epidermidis were picked out by loop 
and were planted in 5ml LB broth over night (20 hours) and then transferred into 100ml LB 
broth (5 hours) for further experiment. 

2.5 Scanning Electron Microscope (SEM) imaging 
The glass slide with Au thin film and bacteria was placed in critical point drying (CPD) 
machine (Samdri-PVT) and filled with Ethanol of 100%. After that liquid CO2 was used to 
replace the ethanol. The Au thin film with bacteria can then be detached from the glass slide 
for SEM imaging. Before taking the images, the sample was coated with Au for better 
conductivity. A scanning electron microscope JEOL JSM-5300 is used for the SEM images. 

3. Antimicrobial susceptibility test 

To test the drug resistance of bacteria using the SPR system, as depicted in Fig. 3, sterilized 
DI water was first injected into the flow cell chamber for 30 minutes to stabilize the system 
after the biochip coated with poly-L-lysine was assembled. Following the stabilization 
procedure, the incubated LA broth was injected into the cell chamber for the bacteria to 
cover the Au metal film. Another washing procedure is applied to remove the bacteria that 
are not bound to the poly-L-lysine coating. After that an antibiotic solution was injected. The 
angle of surface plasmon resonance through the entire procedure was recorded as a function 
of time. 
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bacteria
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Laser Photodiode

 
Fig. 3. Illustration of the experimental procedure. The first step is to stablize the system and 
make sure that the system is operated under a constant temperature; the second spet is to 
inject the bacteria into the cell chmaber for bacterium attachment. After the bacteria are 
attached on the Au thin film, a LA broth is injected into the chamber for washing out the 
unbound bacteria. The third step is to inject the antibiotics. 
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Antibiotics are classified into several categories depending on its mechanisms on the 
interruption of cell activities, namely cell wall synthesis, cell membrane synthesis, protein 
synthesis, folic acid biosynthesis, DNA gyrase, and RNA polymerase.  

3.1 Gram negative bacterium – E-Coli  
3.1.1 Injection with LB 
Since surface plasmon resonance is very sensitive to the refractive index change of the cells 
attached on the thin gold film, ampicillin as the antibiotics interrupting cell wall synthesis is 
chosen in this experiment. The mechanism of ampicillin is depicted in Fig. 4. As is shown in 
Fig. 4(a), the cell wall and membrane of E. Coli consist of outer lipid bilayer and inner 
plasma membranes. Between the two bilayers, the peptide (peptidoglycan) and cross-link 
(peptide-bond) form a rigid layer to constitute cell walls. As is shown in Fig. 4(b), the 
generation of cross-link is achieved by the assistance of transpeptidase. The mechanism of 
ampicillin is to interrupt the activity of transpeptidase and then to interfere cell growth and 
proliferation [6], shown in Fig. 4(c). When the susceptible strain of E. Coli JM109 is subject to 
the action of ampicillin, the cell walls are modified by the antibiotics. This modification 
changes the resonance condition of surface plasmon. The change of the resonance condition 
is revealed on the detector through angular interrogation.  
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Fig. 4. (a) Cell wall structure; (b) Ampicillin mechanism 

(a) 

(b) 



 
Biosensors for Health, Environment and Biosecurity 460 

The SPR angle of antibiotic resistant strain of E. Coli JM109 over the operation procedures 
described above is shown in Fig. 5(a) and that of antibiotic susceptible strain is shown in Fig. 
5(b). The shift of the SPR angle has been referred to the value of the SPR angle before the E. 
Coli was injected into the cell chamber. As shown in Fig. 5(a), the SPR angle increases when 
the bacteria are injected into the cell chamber. After the amount of the bacteria attached to 
the Au thin film coated with poly-L-lysine is saturated, DI water is injected to remove the 
unbounded bacteria. The SPR angle drops dramatically during this procedure. After that the 
3 ug/ml ampicillin is injected to the cell chamber. The value of SPR angle, changed by the 
refractive index of the bacteria, is recorded over time. The same procedure is applied on the 
susceptible strain and the result is shown in Fig. 5(b). The result shows that, after 30 minutes 
treatment of ampicillin, the decrease of the SPR angle for the resistant and the susceptible 
strains is -0.00154 and -0.01608 in respective. The angle shift is about ten times difference 
between the resistant strains and the susceptible strains. It indicates that the ampicillin 
causes the structure of bacteria cell walls loose or even breakdown and thus decreases the 
refractive index of the cell wall of the susceptible E. Coli. Since the antibiotic resistant strain 
is more resistant to ampicillin, the refractive index of its cell wall does not decrease as much 
as the susceptible one’s does. 
    

 
Fig. 5. Kinetic plot of SPR angle shift. The bacteria was treated by ampicillin for 30 minutes: 
(a) Amplicillin resistant case; (b) Ampicillin susceptible case (Chiang et al., 2009). 

This difference of the resonance angle shift can be more pronounced when the concentration 
of the ampicillin increases to 100ug/ml. As was shown in Fig. 6, the angle shift of the 
ampicillin-resistant strain of E. Coli was almost a constant during the treatment of 
antibiotics. However, the angle shift of the susceptible strain increased significantly over 
time. This demonstrates that the angle shift in the case of susceptible strain is indeed caused 
by the treatment of antibiotics. 
The damage degree of the ampicillin, with concentration of 3 ug/ml, on the cell walls of the 
antibiotic susceptible strain is examined by SEM. The E. Coli before the treatment of the 
ampicillin is shown in Fig. 7(a). The antibiotic resistant and susceptible E. Coli after the 
antibiotic treatment are shown in Fig. 7(b) and 7(c) in respective. The comparison of the SEM 
pictures reveals that no significant change on the appearances of the resistant strains and the 
susceptible strains is observed. It can be concluded that the SPR detection method is more 
sensitive than SEM scanning; the change detected by the SPR sensor is not shown in the 
SEM pictures. After 5 hours treatment of ampicillin, the susceptible strains shrank, which 
was verified by SEM. 
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Fig. 6. Kinetic plot of SPR angle shift. The bacteria were treated with ampicillin of 100ug/ml 
for 300 minutes: (a) Amplicillin resistant case; (b) Ampicillin susceptible case 

 

 
Fig. 7. SEM scanning pictures: (a) E-coli without antibiotic treating, (b) ampicillin resistant 
strains after 30 minutes treatment of antibiotics, (c) ampicillin susceptible strains after 30 
minutes treatment of antibiotics. (Chiang et al., 2009) 
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In order to examine the reproducibility of the result, totally ten sets of resistant and 
susceptible strains of E. Coli JM109 were examined and the result was listed in Fig. 8. It 
shows that the detection of the susceptible strains is 100% correct within the limited 
examination number and that of the resistant strains is 90%. The incorrect set could be 
caused by the fall off of the gold film since gold has bad adhesion on glasses. Further 
verification is conducted on this issue. The angle shift difference between the resistant 
strains and the susceptible strains is ranged from two times to more than ten times. The 
variation of the result could due to the different degree of the drug resistance of the bacteria, 
the different distance between the prism and the Au-coated glass, and the coverage 
efficiency of bacteria on the surface of the thin gold film from time to time. Nevertheless an 
acute criterion can be set to separate these strains through the SPR scanning method 
proposed here. 
 

 
Fig. 8. Result of ten sets of resistant and susceptible strains of E. Coli subject to 3 ug/ml 
ampicillin. Solid circle indicates the average value of the angle shift in the case of resistant 
strain; Solid triangle indicates the average value of the angle shift in the case of susceptible 
strain. (Chiang et al., 2009) 

3.1.2 Injection with DI water 
In order to increase the accuracy of the antimicrobial susceptibility test. The coating time of 
Poly-L-Lysine was optimized from 24 hours to a few hours. Meanwhile, the LB injected with 
bacteria and for removing the unbound bacteria was replaced by DI water for reducing the 
interference of LB. After the adjustment, the amount of unbound or unstably bound bacteria 
was reduced significantly. As was shown in Fig. 9, the rinse procedure of DI water did not 
decrease the SPR angle from the saturation phase of bacterium adhesion as much as the 
situation in the injection with LB protocol. The ampicillin of 50ug/ml was applied from the 
time points indicated by the arrows. As shown in Fig. 9 (a), the resistant strain of E. Coli 
showed a positive angle shift right after the starting point of the ampicillin treatment and 
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stay almost unchanged. The sudden increase on the angle shift is the result of adding 
ampicillin.  
 

 
Fig. 9. Kinetic plot of SPR angle shift. The bacteria E. Coli were treated with ampicillin of 
50ug/ml for 100 minutes: (a) Amplicillin resistant case; (b) Ampicillin susceptible case. The 
arrows indicate the time to start the treatment of ampicillin. 

The result has demonstrated that the improved method has better accuracy in comparison 
with the method mentioned in the section 3.1.1. The same method using ampicillin of 
different concentrations, listed as 25 ug/ml, 50 ug/ml, and 100ug/ml, was also performed 
and the result was shown in Fig. 10. The resistant strain and susceptible strain of E. Coli 
were tested and ampicillin-only with bacteria was used as the control group. The tested 
groups subject to ampicillin of 25 ug/ml was marked by green solid circles; The tested 
groups subject to ampicillin of 50 ug/ml was indicated by red solid circles; The tested group 
subject to ampicillin of 100 ug/ml was indicated by blue solid circles. It revealed that the 
resonance angle in the resistant strain group increased because of the higher refractive index 
of ampicillin in comparison with that of DI water. Although the ampicillin can slightly 
increase the resonance angle, the resonance angle in the susceptible strain group still 
decreased due to the loss of cell walls, which has larger effect than that from higher 
refractive index of the ampicillin. This result showed that this method is suitable for the 
ampicillin with concentration ranged from 25 ug/ml to 100 ug/ml. We did not test 
ampicillin with the concentration above 100 ug/ml. For ampicillin with concentration lower 
than 25 ug/ml, the result became not trustable at this moment. Further study is required to 
push the lower limit. 

3.2 Gram positive bacterium – Enterococcus 
The protocol of DI water injection can also be used for gram positive bacteria. This tested 
object is Enterococcus. Similar result was obtained in the test, which was shown in Fig. 11. 
Following the same protocol, the resonance angle of SPP excitation first increased due to the 
higher refractive index of ampicillin in comparison with that of DI water. After the injection 
of the ampicillin, the angle shift of the resistant strain remained positive. However, angle 
shift of the susceptible strain gradually decreased to negative. The result of angle shift 
clearly distinguished the resistant strain from the susceptible strain. 
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Fig. 10. Result of resistant and susceptible strains of E. Coli subject to ampicillin of different 
concentrations. Solid blue circle indicates the value of the angle shift in the case of 100 
ug/ml for resistant strain, susceptible strain, and control group; Solid red circle indicates the 
value of the angle shift in the case of 50 ug/ml for resistant strain, susceptible strain, and 
control group; Solid green circle indicates the value of the angle shift in the case of 25 ug/ml 
for resistant strain, susceptible strain, and control group. 
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3.3 Different antibiotics - tetracycline  
An interesting question has arisen if the same method can be used to detection antimicrobial 
susceptibility by antibiotic with different mechanism. For this purpose and also served as a 
blind test, another bacterium, Staphylococcus Epidermidis, is used. Tetracycline is used as the 
antibiotics in this test. Different from the mechanism of ampicillin, the tetracycline is a 30S 
inhibitor, which blocks the binding of aminoacyl-tRNA to A-site of ribosomes and then 
inhibits the protein synthesis (Malacinski & Freifelder, 1998). It is important to emphasize 
that the surface plasma wave penetrates the contacting bacteria surface of about 100 
nanometers, it is only sensitive to the change of the refraction index within this depth. For 
the antibiotics that interrupt the synthesis of protein, SPR biosensing technique may not be 
able to detect any change of bacteria subject to the treatment of tetracycline since the 
influence of tetracycline passed to the surface of the cells is then indirect. The change of the 
SPR angle of the two unknown strains is shown in Fig. 12(a) and 12(b). As shown in Fig. 12, 
the change of the SPR angle for one of the strains is irregular after the treatment of the 10 
ug/ml tetracycline and that of the other strain showed slightly monotonic decrease over 
time. Based on the curves shown in Fig. 12, it is judged that the strain tested in Fig. 12(b) is 
the susceptible strain and the other is the resistant strain. The result is consistent with the 
antimicrobials property of the strains. This showed that this method can also be used to 
detect antimicrobial susceptibility of microorganisms subject to antibiotics with mechanisms 
other than working on cell walls. 
 
 
 
 
 
 

 
 
 
 
 

Fig. 11. Kinetic plot of SPR angle shift. The bacteria Enterococcus were treated with ampicillin 
of 50 ug/ml for 100 minutes: (a) Amplicillin resistant case; (b) Ampicillin susceptible case. 
The arrows indicate the time to start the treatment of ampicillin. 
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It is import to mention that the serum is not supplied into the system, the growth rate of E. 
Coli should not be a limited factor to generalize the potential of this method to other bacteria 
with longer growth time. An observation of bacteria on microscope has confirmed this 
point. 

3. Conclusion 

We have reported two innovative antimicrobial susceptible testing methods utilizing surface 
plasmon resonance. One is injection with LB liquid. The other is injection with DI water. In 
the study, the drug resistance of the gram negative bacteria, Escherichia coli JM109, and that 
of gram positive bacteria, Enterococcus, can be detected through the methods. This method is 
not limited to the antibiotics with mechanism working on the cell walls. It can be used to 
perform the test when antibiotics works on protein synthesis. The drug resistant of the S. 
epidermidis were successfully detected. Although the principle of the SPR testing method is 
based on the refractive index change of the cell-metal interface of about 100 nanometers, the 
resistance of the S. epidermidis to the tetracycline, which disturbs the protein synthesis, is still 
detectable by this method. This method can differentiate susceptible strain from resistant 
strain in a few hours and has a potential to further reduce the testing time to less than one 
hour if the cell adhesion time to the Au thin layer can be reduced. This method largely 
decreases the cost of time waste on examination and increase the chance for patient to 
survive. 
 
 
 
 
 

 
 
 
 
 

Fig. 12. Kinetic plot of SPR angle shift. The bacteria E. Coli were treated with ampicillin of 50 
ug/ml for 100 minutes: (a) Amplicillin resistant case; (b) Ampicillin susceptible case. The 
arrows indicate the time to start the treatment of ampicillin. (Chiang et al., 2009)  
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1. Introduction  

While originally utilized primarily in prokaryotic organisms, reporter systems such as green 
fluorescent protein (GFP) and its variants, substrate dependent luciferase systems such as 
beetle and marine luciferase proteins, and substrate independent luciferase systems such as 
the bacterial luciferase gene cassette have now become the standards for imaging in the 
mammalian cellular background as well (Fig. 1). This has occurred in part because the use of 
cultured mammalian cells or small animal models has increased steadily over time in order 
to obtain more relevant human proxies for the measurement of cellular processes and 
bioavailability of biomedically relevant compounds of interest. However, the expression and 
detection of these reporter systems in eukaryotic models presents unique challenges not 
encountered in their prokaryotic counterparts. 
The differences in gene expression and cellular compartmentalization between prokaryotic 
and eukaryotic cells represent the major obstacles for the efficient expression of these and 
other reporter systems at the cellular level, but once the line has been crossed from 
expression in single cells to expression in multicelluar organisms, these problems can be 
compounded by the increases in absorption and scattering intrinsic to whole animal 
imaging.  As a result, much consideration must be given to the experimental design 
associated with bioluminescent or fluorescent detection from mammalian cells.  The type of 
system employed, whether it be cell culture or whole animal, the depth of imaging, the 
relevant time period available for data collection, and even the ability to distinguish 
multiple reporter systems from within the same tissue must be understood and 
acknowledged prior to beginning any experiment. 
To better prepare for selection of the most appropriate reporter protein for the detection of a 
bioluminescent or fluorescent signal from mammalian tissue, this chapter will highlight and 
compare the utility of the most commonly available reporter systems as reported in the 
current literature.  Specifically, the chapter will focus on the green fluorescent protein (GFP) 
and its color shifted variants, D-luciferin based luciferase proteins (both from the firefly and 
from click beetles), coelenterazine based luciferase proteins (those from the Renilla and 
Gaussia genera), and the bacterial luciferase gene cassette (lux). A short background of the 
major reporter proteins will be given that explains the biochemical requirements of each, as 
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well as the physical properties that make them unique (emission wavelength, quantum 
yield, etc.). These properties will be considered in relation to how they influence the ability 
to detect the resulting bioluminescent or fluorescent signal using commercially available 
equipment.   
 

 
Fig. 1. Bioluminescent detection from a small animal model.  
The luminescent (as shown here from cells expressing human codon-optimized bacterial 
luciferase genes) or fluorescent signals of a reporter cell line can be detected through the 
tissue of a living small animal host, allowing for localization of the cell population and 
estimation of its size without the need to sacrifice the host. 

To provide a better understanding of the function of each of the reporter systems, relevant 
examples will be cited that illustrate the common use of each reporter system, as well as 
novel examples that show how each can be adapted to function under unique circumstances 
based on their biochemical requirements and physical emission properties. The relative 
strengths and weaknesses of each of the considered reporter systems will also be discussed, 
with an eye towards their role in imaging cellular processes at the level of cell culture 
imaging, near surface detection through tissue in small animal models, and deep tissue 
(beyond subcutaneous) imaging in small animal models. The overall goal is to present a fair 
representation of the potential uses of each of the chosen reporter systems to allow for 
selection of the most appropriate system for a given experimental design. 

2. Imaging concerns in biological tissues 

There are additional concerns when performing data collection from within a living 
medium that must be considered in addition to the traditional focus on experimental 
efficiency.  The detection of a fluorescent or luminescent signal from within a tissue sample 
can be dependent on multiple factors, such as the total flux of photons capable of being 
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produced by the reporter, the population size of reporter cells that are introduced into the 
sample, and the location of those reporter cells within the tissue sample itself (Troy et al., 
2004).  Subsequently, the visualization of the reporter signal is dependent on the absorption 
and scattering of that signal prior to its detection.  One method for overcoming these 
detrimental conditions is to alter the emission wavelength of the reporter signal.  Increasing 
the wavelength can serve to both reduce the amount of scattering and decrease absorption. 
This is possible because the majority of photon absorption is the result of signal interaction 
with endogenous chromophoric material within the cell.  By moving to a longer, more red-
shifted emission wavelength, where the level of absorption within tissue is lower, it is 
possible to detect a greater amount of signal intensity than would be possible from an 
identical reporter with a lower, more blue-shifted emission wavelength (Chance et al., 1998).  
Because of this, it is paramount to consider the emission wavelength of a given reporter 
system, along with the other desired attributes of that reporter, prior to experimental design.  
For example, the bioluminescent signal from the bacterial bioluminescence (lux) reaction is 
produced at 490 nm.  This is relatively blue-shifted as compared to the firefly luciferase 
(Luc)-based bioluminescent probes that display their peak luminescent signal at 560 nm.  
The shorter wavelength of the lux-based signal has a greater chance of becoming attenuated 
within the tissue and therefore may not be as easily detected if it is used in deeper tissue 
applications such as intraperitoneal or intraorganellar injections into a small animal host.  To 
overcome the disadvantage of increased attenuation due to the shorter, blue-shifted 
emission wavelength, similar detection levels using the lux reporter would require a longer 
integration time than would be expected when using the longer wavelength Luc reporter 
following subcutaneous injection.   
It is important to remember that these effects are not specific to bioluminescent reporters 
and hold true when working with fluorescent reporter proteins as well.  However, when 
introducing a fluorescent reporter system into the mammalian cellular environment, one 
must take into account the effect that the excitation wavelength will have on overall 
detectability.  This is because the presence of the excitation signal can result in production of 
high levels of background autofluorescence under small animal imaging conditions, due to 
the presence of chromophoric material within the mammalian cell (Choy et al., 2003; Troy et 
al., 2004).  This can result in difficulty distinguishing the reporter excitation signal from the 
background noise if the two are produced at similar wavelengths.  Unlike a bioluminescent 
system, which does not require an excitation light signal, increasing the duration of this 
signal can lead to a reduction of measureable signal due to the combined results of 
photobleaching of the reactive photocenter of the reporter protein and the associated 
increase in background noise from extended excitation of endogenous chromophoric 
cellular material.  For this reason, the photostability of a particular fluorescent protein must 
be considered in addition to the general concerns of efficiency and brightness that should be 
weighed prior to selection of any reporter protein, fluorescent or bioluminescent, when 
designing any experiment. 

3. Green fluorescent protein (GFP) 

3.1 Introduction 
While the green fluorescent protein (GFP) is not the only fluorescent protein target used for 
visualization in the mammalian cellular background, it is certainly the most well known.  
Widespread familiarity with this reporter, coupled with its longstanding use in both 
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prokaryotic and eukaryotic organisms, is perhaps the major impetus that drives 
investigators to select it as a target for biomarker visualization.  The namesake 504 nm 
emission signal of GFP is relatively low (Patterson et al., 1997) in the green spectrum of 
visible light, making it a less than ideal candidate for high levels of fluorescent penetration 
through mammalian tissue (Chance et al., 1998). This disadvantage has been at least 
partially overcome by the introduction of mutated versions of the GFP protein that have 
been engineered to fluoresce at higher wavelengths where penetration is greater (Tsien, 
1998; Zimmer, 2002).  In addition, fluorescent proteins have since been introduced that 
successfully increase the emission wavelength of the fluorescent signal to a fully red-shifted 
wavelength for more efficient detection through tissue.  This was accomplished first with 
the introduction of the monomeric red fluorescent protein (mRFP1), derived from the red 
fluorescent protein of Discosoma sp. (Campbell, R. et al., 2002). Further engineering was then 
performed to develop more efficient variants such as the popular mCherry and tdTomato 
proteins in use today (Shaner et al., 2004).  Despite these advances in fluorescent reporter 
technology, GFP remains in high use, either in conjunction with or independent of these 
alternate reporter systems. When used properly, it can be an excellent reporter system for 
imaging in the mammalian cellular environment and serves as an excellent model for the 
function of fluorescent proteins in general. 

3.2 GFP structure 
Wild type GFP is composed of a single polypeptide consisting of 328 amino acids (Tsien, 
1998).  The mature protein forms an 11-stranded -barrel that is roughly twice as long as it is 
wide (diameter of 24 Å and height of 42 Å) (Zimmer, 2002).  The only exception to the -
sheet motif is the formation of two short -helices between the 7th and 8th -strands.  These 
two -helical sections act as lids to cover the open ends of the cylinder (Phillips, 1997) and 
support the formation of the fluorophore (Tsien, 1998).  This 11-stranded -sheet 
conformation is very unique and has been termed the -can.  It is hypothesized that the 
tight, almost seamless, structure imparted by the -can formation is what gives the GFP 
protein such a high level of resistance to denaturation by heat and chemical denaturants 
(Ward et al., 1982). 
The historical view of the mechanism suggests the fluorophore is autocatalytically formed 
post-translationally from the side chains of residues 65 – 67 (Phillips, 1997).  Following 
folding into a native conformation, the carbonyl of Ser 65 undergoes a nucleophilic attack 
from the amide of Gly 67 leading to formation of an imidazolinone.  Oxygen then 
dehydrogenates the - bond of Tyr 66 to bring its aromatic side chain into conjugation with 
the imidazolinone, allowing for absorbance and fluorescence to occur (Tsien, 1998).  More 
recently this mechanism has been revisited and it has been proposed that the position of 
backbone residues plays a greater role than initially thought (Fig. 2).  It is hypothesized that 
the tight -can structure holds the residues forming the fluorophore into position, allowing 
Arg 96 to initiate the acid base reactions required to form an intermediate that is stabilized 
by Glu 222 even though it is in an energetically unfavorable state.  This intermediate is then 
oxidized to the highly stable aromatic imidazolone and the fluorophore becomes active 
(Barondeau et al., 2003).  It is the formation and oxidation of the fluorophore that is the 
limiting step in the expression of a mature GFP protein, with the process taking as little as 45 
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minutes following protein synthesis in optimized protein constructs (Crameri et al., 1996) or 
as long as 4 hours in the wild type variant (Heim et al., 1994). 
 

 
Fig. 2. The proposed biosynthetic scheme for the chromophore of GFP. 
The freshly translated protein (upper left) could be trapped by inclusion bodies or remain 
soluable and nonfluorescent (upper center) until oxidation by O2, which could 
dehydrogenate Tyr 66 to form the fluorophore (upper right). The protonated and 
deprotonated species (upper and lower right) may be responsible for the 394 and 470 to 475 
nm excitation peaks, respectively. The excited state of phenols are much more acidic than 
their ground states, so that emission would come only from the deprotonated species.  
Originally published in (Heim et al., 1994).  Copyright by the National Academy of Sciences. 

While this Ser-Tyr-Gly triplet is common among known proteins, it alone is not sufficient to 
cause formation of a fluorophore.  What makes the sequence unique in GFP is a combination 
of steric positioning and acid/base chemistry with the surrounding residues. It is an 
absolute requirement that glycine be present in position 67, as no functional GFP mutants 
have been isolated with any other residue at this position (Phillips, 1997). The freedom 
allowed by the short side chain of glycine allows for proper positioning of the fluorophore 
so that it can properly interact with the surrounding residues (Zimmer, 2002).  These 
interactions provide immobilization of the fluorophore allowing for resonance stabilization 
under excited state conditions (Phillips, 1997). 
It is possible for the native GFP protein to exist as either a monomer or a dimer, with variant 
fluorescent signatures in either state (Phillips, 1997). This is in contrast to homologous 
proteins such as GFP from Renilla reniformis, which is an obligate dimer (Tsien, 1998).  It is 
generally accepted that whether or not GFP is isolated as a dimer or a monomer is 
dependent on the isolation conditions and not the result of any in vivo influences (Palm et 
al., 1997) and that the dissociation constant for the dimer is 100 M (Phillips, 1997).  
Dimerization is localized to the hydrophobic surface formed by the Ala 206, Leu 221, and 
Phe 223 residues and bolstered by a host of other hydrophilic contacts (Tsien, 1998).  When 
these contacts are made the structure of the fluorophore can be altered, presumptively 
because its tight immobilization relative to the backbone associated atoms of neighboring 
residues forces it to change orientation following bond rearrangement (Wu et al., 1996). 
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3.3 GFP mechanism of action 
The wild type GFP protein is able to absorb light at two different wavelengths. A minor 
peak occurs at 475 nm with the major peak at 397 nm. Regardless of which excitation 
wavelength is used, emission occurs only at 504 nm (Patterson et al., 1997). The different 
absorption peaks have been attributed to varying protonation states of the fluorophore, with 
the neutral state corresponding to the major absorption peak at 397 nm and the anionic form 
contributing to the minor peak at 475 nm (Niwa et al., 1996). The large shift between the 
major absorption peak at 397 nm and the emission at 504 nm can be attributed to an excited 
state proton transfer from the side chain of the Tyr 66 residues of the fluorophore (Chattoraj 
et al., 1996) to the carboxylate oxygen of Glu 222 (Zimmer, 2002). 
Based on this interconversion of the fluorophore, a three state model of photoisomerization 
has been put forward to explain the chemical basis for shifts in absorption. This model states 
that excitation of the neutral state fluorophore can cause conversion to the anionic form via 
an intermediate (Chattoraj et al., 1996).  The intermediate is structurally similar to the 
neutral form of the fluorophore, but has become deprotonated at the phenol group of Tyr 66 
(Zimmer, 2002).  Excitation of the anionic form is capable of directly emitting fluorescence, 
while the neutral state must necessarily convert into an excited form of this intermediate 
prior to emission (Jung et al., 2005). While it is possible for the neutral form to convert to the 
anionic form following excitation, this is not the most favorable reaction. The majority of 
excited, neutral fluorophores will convert briefly to the intermediate state, where 
fluorescence will occur followed by reversion back to the neutral state (Chattoraj et al., 
1996).  Interconversion between the neutral and anionic states is possible, but requires both 
proton transfer and conformational change to occur (Zimmer, 2002).  Similarly, the majority 
of anionic fluorophores will revert to the ground state following fluorescent emission, but 
could instead undergo a conformational change to the intermediate state and then continue 
on to adopt a neutral charge state (Chattoraj et al., 1996). 
In a wild type population, GFP contains a 6:1 ratio of neutral to anionic fluorophores (Tsien, 
1998), explaining why the major absorption peak is found at 397 nm. However, upon 
extended UV illumination this peak will begin to decrease and the minor peak will increase 
(Cubitt et al., 1995). This behavior corresponds to the photoisomerization of the neutral 
fluorophore form responsible for the major absorption peak being converted into the anionic 
form as discussed above. While the photoisomerization characteristics of GFP can prove 
problematic for quantification, they do allow for the study of protein movement by 
excitation with intense UV light at 397 nm followed by excitation at 475 nm in order to track 
the movement of the photoisomerized fluorophores (Yokoe & Meyer, 1996). 

3.4 Color shifted GFP variants 
Following the discovery of GFP it was quickly proven that amino acid substitutions were 
capable of altering its fluorescent characteristics.  Since that time, versions of GFP have been 
developed that fold more efficiently at higher temperatures (Crameri et al., 1996), avoid 
dimerization at high concentration (Zacharias et al., 2002), or fluoresce in the blue (Heim et 
al., 1994), cyan (Hein & Tsien, 1996), or yellow (Ormo et al., 1996) wavelengths. The history 
and development of these variants has been reviewed extensively in the past (Tsien, 1998; 
Zimmer, 2002), and they can now all be classified by dividing the known variants into seven 
classes based on spectral characteristics.  When applied in concert, these variants of the GFP 
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protein have given researchers the ability to use multiple GFP-based reporters in the same 
environment at the same time, improving the usefulness and range of this already dynamic 
protein. 

3.5 Red-shifted fluorescent reporter proteins for the mammalian environment 
To further red-shift fluorescent emission wavelengths beyond that of the GFP variants, a 
fluorescent protein from an entirely new organism was used as the starting point. This 
protein was the red fluorescent protein (dsRed) from the Discosoma corals.  dsRed is a 26 
kDa protein that has an excitation wavelength of 558 nm and a resulting emission 
wavelength of 583 nm. It is capable of producing fluorescence with a quantum yield of 0.24 
(Matz et al., 1999) but acts as a tetramer under wild-type conditions, making it problematic 
for use as an efficient reporter in its native state. To overcome the problems associated with 
its tetrameric quaternary structure, dsRed was engineered to functionally express 
fluorescence as a monomer (Campbell, R. et al., 2002) and then further refined through a 
process of directed evolution to produce the popular mCherry protein.  While mCherry is 
only 27% as bright as the original dsRed protein, it has improved photostability and red-
shifted excitation and emission wavelengths at 587 nm and 610 nm respectively, which 
allow it to function more efficiently in the mammalian cellular background (Shaner et al., 
2004). These red-shifted fluorescent reporter proteins are only a few examples of the type of 
improved fluorescent reporter proteins that have been developed for use in mammalian 
imaging, but are representative of the type of mutations that must be engineered to develop 
additional fluorescent reporters for this unique type of imaging. 

3.6 Examples of use as a mammalian biosensor 
3.6.1 Steady state imaging 
Steady state imaging is the classical hallmark of mammalian visualization. This process 
begins with transfecting the gene encoding the fluorescent reporter into a cell line. If the 
researcher is primarily concerned with intracellular processes, this may be all that is 
required.  Once the reporter protein is being expressed within the host cell, its presence can 
be visualized using fluorescent microscopy following excitation at the appropriate 
wavelength. If the goal is to determine the location or population size of the cells within a 
small animal model, the transfected line must first be introduced and then allowed to 
propagate within the host until it reaches a level capable of being detected through the 
native host tissue. This growth period can take several days depending on the size of the 
initial cellular inoculum. When these types of experiments are performed, it is most 
important to take into consideration the wavelength and brightness of the reporter protein 
used to ensure efficient performance. For example, when attempting to localize a single 
protein within a cell, the GFP protein can be fused to the protein of interest, and then 
quickly and easily visualized under fluorescence microscopy.  This is the strategy that was 
taken by Barak et. al. when they developed β-Arrestin 2/GFP fusions that were used to 
significantly improve detection of G-protein coupled receptor activation.  Expression of the 
GFP-fused proteins allowed the investigators to visualize how the conjugate responded to 
ligand mediated receptor activation using confocal microscopy in real-time using living cells 
(Barak et al., 1997). This work has been instrumental in monitoring G-coupled protein 
receptor activation, which represents the single most important target to date for drug 
development and medical therapy. However, while GFP provided an excellent target for 
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detection in single cells, when the goal is localization of a tumor cell population within a 
mouse model, a reporter such as mCherry should be considered because it would allow for 
emission in a more red-shifted wavelength, thereby improving the signal penetration 
through the additional host tissue and allowing for easier detection than would be expected 
from GFP. 

3.6.2 Multi-reporter imaging 
In its most basic form, multi-reporter imaging is simply an extension of steady state imaging 
following introduction of two or more reporter proteins.  Under these conditions, the genes 
for the reporter proteins are introduced into the cell and, following expression, they are 
exposed to their respective excitation signals in a stepwise manner. The resulting emission 
signals can be differentiated either temporally from the staggered excitation signal 
applications or simultaneously based on their differential wavelength characteristics.  In this 
type of approach the most important consideration should be the overlap of the chosen 
reporter excitation and emission wavelengths. Care must be used to select groupings of 
reporters that do not have overlapping emission and excitation signals.  If multiple reporters 
have similar excitation wavelengths, there will be no way to separate their expression times 
since they will be triggered simultaneously. Likewise, if multiple reporters share 
overlapping emission wavelengths, it may not be possible to differentiate their locations 
unless they have disparate excitation wavelengths and their expression is controlled 
temporally.  Finally, caution must be used to ensure the emission wavelength of one of the 
reporters is not within the excitation range of a simultaneously expressed reporter. Under 
these conditions the two signals cannot be differentiated and the initial signal can be 
partially or completely consumed during energy transfer to the second reporter in a process 
referred to as fluorescence resonance energy transfer (FRET). 
In some cases, this type of FRET is the desired outcome. FRET is often used to boost the 
overall fluorescent output of the reporter system by taking advantage of a high penetration 
excitation wavelength of one reporter, and the resulting increased emission properties of a 
second. Alternatively, FRET systems can be used to visualize the interaction of proteins 
within a cell. By creating fusions between two proteins of interest and fluorescent proteins 
such as GFP and its blue-shifted variant, it is possible to visualize when the two proteins of 
interest are interacting at a resolution greater than that achievable using traditional optical 
microscopy. This is possible because these reporters display overlapping emission and 
excitation wavelengths, thereby allowing investigators to determine where the fused 
proteins are interacting by using only a single excitation wavelength and reading the 
opposite partner’s excitation wavelength (Day, 1998).  

3.6.3 Measuring changes in cellular health 
There have been many examples of how fluorescent proteins can be used to monitor 
changes in cellular health, with an extensive review of these studies having been presented 
previously (Aguilera et al., 2006). In general, the methodology behind these types of 
experiments is fairly straightforward. The cell line of interest is first transfected with a 
fluorescent reporter protein, then, following determination of the baseline level of 
fluorescence, the cells are treated with a chemical or compound of interest and changes in 
fluorescent activity are monitored over time. Any resulting decrease in the fluorescent signal 
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relative to untreated control cells indicates a reduction in cellular health.  These types of 
experiments are beneficial because they can present a simple, high throughput method for 
screening large numbers of compounds prior to beginning more in depth analysis. 

3.7 Summary of advantages and disadvantages  
 

Advantages and Disadvantages of Fluorescent Reporters 

Advantages Disadvantages 

Diverse range of colors 
 

Quantitative correlation between signal 
strength and cell numbers 

 
No requirement for addition of exogenous 

substrate chemical 
 

Noninvasive 
 

Can be used in combination for multiple 
labeling 

Potentially high levels of background 
fluorescence upon excitation signal 

 
Can be subject to photobleaching, preventing 

repeated imaging 
 

Non-genetic system leads to diffusion during 
cellular division 

 
Photoexcitation can cause tissue damage at low 

wavelengths 

Table 1. Advantages and Disadvantages of Fluorescent Reporter Use in Mammalian 
Imaging 

4. Luciferase proteins that require exogenous substrate addition 

4.1 Introduction 
At the most basic level, a luciferase protein can be defined as any protein that, upon binding 
to its required substrate, produces a luminescent signal as a product of the ensuing 
enzymatic reaction. The discovery that this signal could be generated without the 
requirement for introduction of an excitatory light signal has been a mainstay of the 
biomedical imaging community because it allows for visualization without increased 
production of unwanted background fluorescence. However, unlike fluorescent reporter 
systems, the majority of luciferase systems require the addition of an exogenous chemical 
substrate to elicit their bioluminescent production.  While there are many different types of 
luciferase proteins that have been isolated to date, there are predominantly two main 
categories that are in common use today: luciferase proteins that utilize D-luciferin as a 
substrate and luciferase proteins that utilize coelenterazine as a substrate. While these two 
classes of luciferase proteins utilize different substrates and therefore different mechanisms 
of action, the end result of the reaction for each results in the production of a luminescent 
signal in the visible range that can often be detected at lower levels than their fluorescent 
counterparts due to the lack of endogenous bioluminescent production in mammalian tissue 
(Close, D., Xu et al., 2010). While this advantage is obvious, it is important to note that the 
injection of required substrate, be it either D-luciferin or coelenterazine, entails the 
introduction of additional concerns over the efficiency of substrate injection, the quality of 
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the substrate being used, the rate of substrate uptake and clearing in the subject tissue, and 
even the cost of the substrate itself. Although each of these factors could have deleterious 
effects on the outcome of a particular experiment, they have not prevented the luciferase 
requiring proteins from becoming the most popular method for visualization in mammalian 
tissues because of their ease of use and high signal quality. 

4.2 Luciferase proteins that utilize D-luciferin as an exogenous substrate 
The chemical 2-(4-hydroxybenzothiazol-2-yl)-2-thiazoline acid is more commonly referred 
to simply as D-luciferin (White, E.H. et al., 1961) and is the substrate utilized by the majority 
of terrestrial bioluminescent organisms. The majority of these organisms are from the order 
Coleoptera and are best represented by the common North American firefly Photinus pyralis 
and the click beetles (Fraga, 2008). Historically, research has focused on determining the 
structure and mechanism of action of the firefly luciferase protein (Luc) as a model for 
substrate-dependent luminescent production, and recent discoveries have indicated that this 
mechanism is similar among all luciferase proteins that use D-luciferin as a substrate (Wood, 
Lam, & McElroy, 1989).  Since its discovery, the Luc protein has grown into the most widely 
used of the bioluminescent reporter systems in mammalian imaging and therefore 
understanding its function is vital to interpreting the majority of published results on the 
subject. 

4.2.1 Firefly luciferase structure 
Luc is a monomeric protein composed of 550 amino acid residues with a molecular weight 
of 62 kDa (Conti et al., 1996). Originating from a eukaryotic organism, the genomic DNA 
encoding the Luc protein is comprised of seven exons and six introns that must be spliced 
out prior to translation in order to form the mature product (de Wet et al., 1986).  The 
primary sequence of Luc shares extensive sequence similarity with the acyl-CoA ligases and 
this homology has been exploited to determine the location of the active site as well as the 
binding sites for its required co-factors (Conti et al., 1996). One interesting feature of the 
protein sequence is a C-terminal tag that directs it to the peroxisome (Viviani, 2002), 
although it does have some functional features of a membrane protein such as a tendency to 
associate with phospholipids (Ugarova, 1989). 
The Luc protein can be divided into two major domains. The N-terminal domain is by far 
the larger of the two and comprises the first 436 residues.  The C-terminal domain is formed 
from residues 440 to 550, and is linked to the N-terminal domain by a 4 residue long flexible 
loop. The large N-terminal domain is rich in secondary structure and is home to an 
antiparallel -barrel and two -sheets that are flanked by -helices. While physically 
smaller, the C-terminal domain also contains a mix of secondary structures including two 
short antiparallel -strands and a three-stranded mixed -sheet associated with three -
helices arranged in an  +  structure. There are four short connecting regions in the crystal 
structure that are too disordered to interpret, however, these regions are all exposed to 
solvent and represent some of the most conserved residues in homologous proteins so their 
exact position is unlikely to effect structure-based predictions (Conti et al., 1996). 
The N-terminal -barrel is distorted into three distinct faces because of its interactions with 
the surrounding structures. Two of the three faces are formed by three-stranded antiparallel 
-sheets, while the third is comprised of two strands of the neighboring major -sheet and 
the disordered region connecting them. Because of this close interaction between the -
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barrel and the two major -sheets, concave depressions are formed on the surface of the 
protein in a “Y” shape. The two major -sheets in the N-terminal domain are each composed 
of eight strands with a core of parallel strands joined to -helices running antiparallel on 
either side of the sheet to form a five-layered ---- tertiary structure.  One sheet consists 
of five parallel and three antiparallel -strands with six associated helices with all but the 
last helix being formed from a continuous section of the polypeptide chain, while the other 
is split between six parallel and two antiparallel strands and six helices and is formed from 
two non-contiguous portions of the polypeptide (Conti et al., 1996). 
There is a wide cleft between the N and C-terminal domains that is bridged by residues 436 
to 440. Although the crystal structure does not include bound substrates, all of the invariant 
residues from the related adenylate-forming enzymes are located on the opposing faces of 
this cleft, sparking the hypothesis that the domains re-arranged following substrate binding 
(Conti et al., 1996).  This hypothesis has been bolstered by the recent crystallization and X-
ray analysis of the related luciferase protein from the Japanese firefly Luciola cruciata. This 
structure was obtained in the presence of bound substrates and shows a much closer 
association between the two domains (Nakatsu et al., 2006). It has even been proposed that 
the C-terminal domain changes orientation multiple times to carry out different steps in the 
luminescent reaction (Branchini, B.R. et al., 2005). 
In order to perform its luminescent reaction, Luc must bind with the luciferin, ATP-Mg2+, 
and oxygen (Hastings, J et al., 1953).  Despite the widespread use of Luc, the actual binding 
sites for these components have yet to be determined conclusively.  There are two current 
models put forth by Ugarova (Sandalova & Ugarova, 1999) and Branchini (Branchini, B. et 
al., 1998) that propose similar active site interactions.  Both models suggest that residues Arg 
218, His 245–Phe 247, Ala 313–Gly 320, and Lys 529 form the binding site for D-luciferin, 
with a hydrophobic surface being contributed directly by Ala 313, Ala 348, Ile 351, and Phe 
247.  The models differ in the importance of Arg 218, with Branchini suggesting that it 
interacts directly with luciferin phenolate (Branchini, B. et al., 1998) and Ugarova proposing 
that this interaction occurs with Arg 337.  These models were bolstered by the Luciola crystal 
structure which showed association at Phe 249, Thr 253, Leu 286, Glu 311–Ser 314, Arg 337–
Tyr 340, and Ala 348 (Nakatsu et al., 2006).  Unfortunately, confirmation of these active site 
models and the determination of the exact binding locations will have to wait until a crystal 
structure is published showing Luc bound to its substrates. 

4.2.2 Firefly luciferase mechanism of action 
The Luc protein catalyzes the oxidation of the reduced D-luciferin in the presence of ATP-
Mg2+ and oxygen to generate CO2, AMP, PPi, oxyluciferin, and yellow-green light at a 
wavelength of 562 nm. It is important to note that D-luciferin is a chiral molecule, and while 
both the D and L forms can bind to Luc and participate in adenylation reactions, only the D 
form is capable of continuing on in the reaction to generate light (Fraga, 2008). This reaction 
was originally reported to occur with a quantum yield of 0.88 (Seliger & McElroy, 1960), but 
has since been shown to actually achieve a quantum yield closer to only 0.41 (Ando et al., 
2007). Because of this high quantum yield, the reaction is well suited to use as a reporter 
with as few as 10-19 mol of luciferase (2.4 X 105 molecules) able to produce a light signal 
capable of being detected (Gould & Subramani, 1988). 
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It has been known since the early 1950’s that the chemical reaction underlying firefly 
luminescence is a two-step process that first requires adenylation of D-luciferin followed by 
oxidation and the production of light (Hastings, J et al., 1953).  Prior to the initiation of the 
reaction, the Luc protein must first bind to D-luciferin. However, at this time it is not yet 
capable of undergoing oxidation or producing light.  The first step in the generation of light 
is the adenylation of the bound D-luciferin with the release of pyrophosphate (Ugarova, 
1989).  The function of this adenylation is to increase the acidity of the C4 proton of the 
thiazoline ring on D-luciferin.  This allows for removal of a proton from C4 causing 
formation of a carbanion (McCapra, F. et al., 1968). This carbanion is then attacked by 
oxygen, displacing AMP and driving the formation of a cyclic peroxide with an associated 
carbonyl group (a dioxetanone ring).  As the bonds supporting this structure collapse, it 
becomes decarboxylated, releasing CO2 and forming an excited state of oxyluciferin in either 
the enol or keto form (Fig. 3) (Ugarova, 1989). 
 

 
Fig. 3. The firefly luciferase bioluminescent reaction. 
The luciferase protein holds the reduced luciferin to allow for adenylation (a).  This process 
is followed by a deprotonation reaction that leads to the formation of a carbanion (b) and 
attack by oxygen (c), driving the formation of a cyclic intermediate (d). As this intermediate 
decays, carbon dioxide is released, forming the excited state luciferin in either the keto (e) or 
enolate (f) form.  Used with permission from (Branchini, B. et al., 1998). 

The kinetics of this reaction can be altered by varying the concentration of the substrates, 
with low concentrations (in the nM range) showing steady light production and high 
concentrations (M range) producing a bright flash followed by decay to 5–10% of the 
maximum (DeLuca, Marlene et al., 1979). There are multiple possible inhibitory compounds 
that could be responsible for the kinetic profile generated under high substrate 
concentrations. It has previously been shown that even though oxyluciferin is a natural 
product of the luciferase reaction, it is capable of remaining bound as an inhibitor to 
enzymatic turnover (Denburg et al., 1969). The same was found to be true of another 
potential byproduct, L-AMP, which can account for up to 16% of the product formed during 
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the luminescent reaction (Fontes et al., 1998).  This may, in part, explain how the addition of 
CoA to the luminescent reaction can result in improved performance. When CoA is added 
during the initial steps of the reaction it prevents the fast signal decay normally observed, 
and when it is added following this decay it can promote re-initiation of the flash kinetics.  
This can be attributed to CoA’s interaction with L-AMP to form L-CoA, resulting in 
turnover of the Luc enzyme and reoccurrence of the luminescent reaction (Airth et al., 1958). 

4.2.3 Click beetle luciferase proteins 
While the Luc protein from Photinus pyralis is the most extensively studied of the D-
luciferin utilizing enzymes, it is certainly not the only example from within this order of 
organisms.  The insects represent a large related group of bioluminescent organisms, with 
over 2500 species reported to be capable of generating light (Viviani, 2002). While the vast 
majority of these luminescent reactions remain unstudied, the main exception is in the 
order Coleoptera (beetles) where systems have been characterized for the click beetles 
(Fraga, 2008). The main advantage of the click beetle luciferase proteins are that they are 
available in a wider array of colors than the firefly Luc protein. Despite these differences 
in emission wavelength, the substrates and mechanism of action are similar to that of the 
more well characterized Luc system, allowing for easy substitution with the Luc system if 
the need arises. Another advantage of the alternate color availability of the click beetle 
luciferases is that they can be used in conjunction with the Luc system and imaged 
simultaneously if a means of differentiating the individual emission wavelengths is 
available. 
While it was originally believed that the different colors of the click beetle luciferase proteins 
were the result of divergent luciferase structures, this was shown not to be the case when the 
sequences of four luciferase genes from Pyrophorus plagiophthalamus with four different 
emission spectra were sequenced and found that they shared up to 99% amino acid identity 
(Wood, Lam, Seliger et al., 1989). There are currently three mechanisms that have been 
proposed to explain the multiple bioluminescent colorations: the active site polarity hypothesis 
(DeLuca, M, 1969), the tautomerization hypothesis (White, E. & Branchini, 1975), and the 
geometry hypothesis (McCapra, F., Gilfoyle, DJ., Young, DW., Church, NJ., Spencer P., 1994). 
The active site polarity hypothesis is based on the idea that the wavelength of light 
produced is related to the microenvironment surrounding the luminescent protein during 
the reaction.  In non-polar solvents the spectrum is shifted towards blue and in polar 
solvents it is more red-shifted. It is questionable, however, if polarity fluctuations can 
account for large scale changes like those that have been observed in P. plagiophthalamus.  
The tautomerization hypothesis states that the wavelength of light produced is dependent 
on if either the enol or keto form of the luciferin is formed during the course of the reaction.  
A recent study has reported that by altering the substrate of the reaction, the keto form of 
the luciferin can produce either red or green light, making this hypothesis unlikely. Finally, 
the geometry hypothesis suggests that the geometry of the excited state oxyluciferin is 
responsible for determining the emission wavelength. In a 90 conformation it would 
achieve its lowest energy state and red light would be produced, whereas in the planar 
conformation it would be in its highest energy state and green light would be produced.  
Intermediate colors would be the result of geometries between these two extremes (Viviani, 
2002). 
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4.2.4 Summary of advantages and disadvantages 
 

Advantages and Disadvantages of the D-luciferin Utilizing Luciferase Proteins 

Advantages Disadvantages 

High sensitivity and low signal-to-noise ratio 
 

Quantitative correlation between signal strength and cell 
numbers 

 
Low background in animal tissues 

 
Variations of firefly luciferase (stabilized and red-shifted) 
and click beetle luciferases (red and green) are available 

 
Different colors allow multi-component monitoring 

Requires exogenous luciferin 
addition 

 
Fast consumption of luciferin can 

lead to unstable signal 
 

ATP and oxygen dependent 
 

Currently not practical for large 
animal models 

 

Table 2. Advantages and Disadvantages of Using D-luciferin Utilizing Luciferase Proteins in 
the Mammalian Cellular Environment 

4.3 Luciferase proteins that utilize coelenterazine as an exogenous substrate 
While the D-luciferin utilizing Luc system may be the most popular for mammalian imaging 
experiments, it is the coelenterazine utilizing luciferase proteins that are the most widely 
occurring. In nature there are examples of these types of luciferase proteins in cnidarians, 
copepods, chaetognaths, ctenophores, decapod shrimps, mysid shrimps, radiolarians, and 
some fish taxa as well (Greer & Szalay, 2002). The coelenterazine substrate has the chemical 
structure of 2-(p-hydroxybenzyl)-6-(p-hydroxyphenyl)-8-benzylimidazo-[1,2-a]pyrazin-3-
(7H)-one (Bhaumik & Gambhir, 2002), and under its native function is bound to an 
associated protein to prevent availability to the luciferase. The strength of this bond is 
dependent on changes in calcium dynamics within the host cell, with increases leading to 
the detachment and subsequent availability of the substrate to participate in the 
bioluminescent reaction (Anderson et al., 1974). This system has been adapted, however, so 
that when the luciferase protein is expressed in a host cell, the coelenterazine substrate can 
be supplied exogenously, triggering the production of light without the need for changes in 
intracellular calcium levels. The primary example of a coelenterazine utilizing reporter is the 
luciferase from the sea pansy Renilla reniformis (RLuc). This protein interacts with its 
coelenterazine substrate to produce bioluminescence at 480 nm (Bhaumik & Gambhir, 2002).  
Because this wavelength is relatively blue-shifted compared to the D-luciferin luciferase 
utilizing proteins and because the two reporters require dissimilar substrates for activation, 
RLuc can be used either as a stand-alone reporter system or in conjunction with the Luc 
variants to simultaneously image multiple locations within the host. This multi-functionality 
has lead to an increase in the popularity of RLuc for mammalian imaging in recent years. 
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4.3.1 Renilla luciferase structure 
Unlike the previously discussed luciferin proteins, those that utilize coelenterazine as a 
substrate have not been found to display high levels of structural similarity, even when 
originating from within the same family. This most likely indicates that they are 
predominantly the result of individual evolutionary events (Loening et al., 2007).  The 
structure of the RLuc gene from Renilla reniformis will be given as an example because it is 
the most laboratory relevant of the coelenterazine utilizing luciferase proteins, but caution 
should be used when attempting to interpret the associated mechanism of action with 
alternate luciferase proteins without first determining their structural discrepancies. 
The RLuc protein is a 37 kDa enzyme comprised of 311 amino acids that exists as a 
monomer in solution.  Crystal structures of the RLuc protein exist (both with and without 
bound substrate) at a resolution of 1.4 Å, however, these were constructed using a modified 
version of the protein that included 8 amino acid mutations (Loening et al., 2007).  These 
mutations were included because they allow for more efficient expression as compared to 
the native enzyme and have not been shown to have a deleterious effect on bioluminescent 
production (Loening et al., 2006). The overall structure of the RLuc enzyme can be broken 
down into two domains.  The core domain takes the form of an /-hydrolase fold (Loening 
et al., 2007), a structure composed of 8 -sheets connected by -helixes. This structure is 
common to hydrolytic enzymes and is known to contain a catalytic triad that is responsible 
for carrying out their associated enzymatic reaction (Ollis et al., 1992). The cap domain is 
located above the core domain and consists of the residues from 146 to 330, which make up 
the region between -helix “D” and -sheet “6” (Loening et al., 2007). 
The N terminal region of the protein is believed to exhibit a flexible conformation in 
solution, with the initial 10–15 residues capable of wrapping around the remainder of the 
protein towards the presumptive enzymatic pocket.  However, it is not believed that these 
residues are absolutely required for securing the bound substrate or for proper steric 
positioning. To illustrate this point, RLuc proteins that have had the first 14 residues 
removed are still capable of producing more than 25% of their original activity. It is believed 
instead that a 10 amino acid flexible region corresponding to residues 153–163 within the 
cap domain is responsible for these actions (Loening et al., 2007).  This is consistent with 
previously characterized, structurally similar enzymes and therefore more likely to be the 
case (Schanstra & Janssen, 1996). 
The active site is believed to center around the catalytic triad, which is composed of the 
amino acids Asp 120, Glu 144, and His 285.  This placement is consistent with that of other 
known /-hydrolase proteins, with the nucleophile (Asp 120) located immediately after 
the fifth -sheet (Loening et al., 2006).  This area is known as the “nucleophile elbow” and 
follows the general sequence pattern of Gly-X-(nucleophile)-X-Gly (Heikinheimo et al., 
1999). In RLuc these residues are Gly 118-His 119-Asp 120-Trp 121-Gly 122. Further 
evidence that this is indeed the location of the active site was gathered by mutational 
analysis which showed that the mutations most detrimental to enzyme function occurred 
either in one of the three proposed catalytic triad residues or in Asn 53, Trp 121, or Pro 220, 
three residues that reside in the rear of the proposed active site pocket. This pocket is 
surrounded by a ring of hydrophobic and aromatic residues such as isoleucine, valine, 
phenylalanine, and tryptophan that are believed to aid in the orientation and binding of the 
coelenterazine substrate. 
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4.3.2 Renilla luciferase mechanism of action  
In the Renilla luciferase bioluminescent reaction the luciferin (coelenterazine) undergoes 
oxidative decarboxylation in the presence of oxygen to produce CO2, the oxidized 
oxyluciferin, and light at a wavelength of 480 nm (Hart et al., 1978).  Under native 
conditions this reaction takes place within specialized subcelluar compartments called 
lumisomes, however, during the course of mammalian expression the protein will be 
located wherever the gene is targeted using common sequence tags.  Activation is also 
simplified during mammalian expression. Unlike under native conditions when the 
coelenterazine substrate would be trapped by an associated binding protein until changes in 
local calcium concentration gradients triggered its release, making it available for binding 
by the RLuc protein (Anderson et al., 1974), during exogenous expression these associated 
binding proteins are not natively present, and therefore the injection of coelenterazine is all 
that is required to elicit a bioluminescent response. 
The coelenterazine substrate can be thought of as containing three complex reaction sites 
that each serve a purpose during binding and subsequent oxidation following interaction 
with the RLuc protein.  The first domain (R1) is a p-hydroxy-phenyl group, the second (R2) 
is a benzyl ring, and the third (R3) is a p-hydroxy-benzyl ring.  While the exact binding 
locations of each region of the substrate has not been confirmed, docking simulations have 
suggested potential locations that can be used to support the current hypothesis for the 
RLuc mechanism of action.  These simulations suggest that the R1 group binds in a position 
where it is accessible to the catalytic triad of Asp 120, Glu 144 and His 285, possibly by 
stabilization due to interaction between the hydroxyl of the R1 group and Asn 53 of the 
RLuc protein.  Further stabilization would be provided by interaction of the R3 domain with 
the Thr 184 residue (Woo et al., 2008). 
Once the substrate has been bound and localized to the active site of RLuc, the chemical 
reaction occurs that produces the telltale bioluminescent signal.  This reaction appears to be 
similar to the chemical reaction that occurs in other coelenterazine utilizing luciferase 
proteins such as aequorin despite their structural differences (Anderson et al., 1974).  Once 
bound to RLuc, oxygen attaches at C2 resulting in the formation of a hydroperoxide.  This 
hydroperoxide then becomes deprotonated (presumably through interaction with the 
catalytic triad) and the resulting negative charge on the hydroperoxide then undergoes a 
nucleophilic attack on C3 of coelenterazine to irreversibly form a dioxetanone intermediate.  
It is this cyclization that then provides the energy required to drive the production of light 
from the overall reaction (Vysotski & Lee, 2004). As the bonds between newly cyclized 
oxygens collapse the peroxide is released as CO2 and the excited, anionic state of 
coelenterazine is formed.  As this form decays a photon is released, and finally the fully 
oxidized luciferin is formed and released (Hart et al., 1978). 

4.3.3 Gaussia luciferase 
Gaussia luciferase (GLuc) represents an interesting example of a coelenterazine utilizing 
luciferase protein that is naturally secreted from the cell.  GLuc is a small 19.9 kDa protein 
consisting of only 185 amino acids that, in the presence of its substrate coelenterazine, will 
produce a bioluminescent signal with a peak at 480 nm similar to RLuc.  However, GLuc has 
some interesting properties that set it apart from RLuc as an imaging target in the 
mammalian environment.  The most unique difference is that the GLuc protein can be 
encoded to either remain in the cell or be naturally excreted depending on the presence or 
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absence of an included signal peptide.  This property allows the resulting luminescent signal 
to be used either for localization within a cell or for facile high throughput screening using 
spent cell culture media without the need to disturb the cells via exposure to coelenterazine.  
In addition to the excretable nature of the GLuc protein, it has also been shown to produce a 
brighter bioluminescent signal than its RLuc counterpart following substrate exposure 
(Tannous et al., 2005).  This means that the same 480 nm bioluminescent signal can be 
achieved as during use with RLuc, but less of the luciferase protein is required to generate 
the same level of signal.  Therefore GLuc, without its associated excretory signal peptide, 
may be a suitable alternative to RLuc if imaging is required at extremely low cell population 
sizes.  While there are other coelenterazine utilizing luciferase proteins available, the 
advantages and utility of GLuc make it the main counterpart to RLuc for laboratory use 
today. 

4.3.4 Summary of advantages and disadvantages 
 

Advantages and Disadvantages of Coelenterazine Utilizing Luciferase Proteins 

Advantages Disadvantages 

High sensitivity 
 

Quantitative correlation between signal strength 
and cell numbers 

 
Stabilized and red-shifted Renilla luciferase are 

available 
 

Secretion of Gaussia luciferase allows for subject-
independent bioluminescence measurement 

 

Requires exogenous coelenterazine 
addition 

 
Low anatomic resolution 

 
Increased background due to oxidation 

of coelenterazine by serum 
 

Oxygen dependent 
 

Fast consumption of coelenterazine can 
lead to unstable signal 

 
Currently not practical for large animal 

models 

Table 3. Advantages and Disadvantages of Using Coelenterazine Utilizing Luciferase 
Proteins in the Mammalian Cellular Environment 

4.4 Examples of use as a mammalian biosensor 
4.4.1 Steady state imaging 
Steady state imaging using substrate requiring bioluminescent protein reporters is 
performed in a similar fashion to imaging using fluorescent reporter proteins, only with the 
injection of the substrate chemical performed in place of stimulation with an excitation 
wavelength. The main advantage offered by the use of the bioluminescent systems is that the 
injection of substrate does not create background luminescence because there are no native 
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bioluminescent proteins in the mammalian tissue.  This allows researchers to achieve detection 
with much smaller cell population sizes when using bioluminescent reporter systems.  The 
most common use of steady state imaging using these types of reporter systems has been for 
the study of tumorigenesis and evaluation of tumor treatment.  For example, Kim and 
colleagues have demonstrated this advantage with the newest generation of these reporters 
designed for tumor detection.  These investigators were able to inject codon-optimized FLuc 
containing 4T1 mouse mammary tumor cells subcutaneously and then image single 
bioluminescent cells at a background ratio of 6:1 (Kim et al., 2010).  This experiment effectively 
demonstrates how substrate utilizing reporters can be used to continuously monitor cancer 
development from a single cell all the way to complete tumor formation. 

4.4.2 Multi-component bioluminescent imaging 
Because the substrate requiring bioluminescent reporter systems are dependent on 
activation by a specific substrate, commonly either D-luciferin or coelenterazine, it is 
possible to use one luciferase of each type simultaneously in the same host.  To trigger 
bioluminescent production from an individual reporter protein, its specific substrate is 
added. This design elicits luminescent production from the target while not activating the 
alternate bioluminescent reporter.  This type of experimental design allows for localization 
of multiple cellular groups from within a single cell or host animal.  It is also possible to use 
a bioluminescent reporter in conjunction with an associated fluorescent reporter in a manner 
similar to FRET, only in this case the original luminescent signal is bioluminescent in nature 
and not fluorescent.  This type of experiment is referred to as bioluminescence resonance 
energy transfer (BRET) and has been used by Angers et. al. to demonstrate the presence of 
G-protein coupled receptor dimers on the surface of living cells.  By tagging a subset of β2-
adrenergic receptor proteins with RLuc and a subset with the red-shifted variant of green 
fluorescent protein, YFP, it was possible to detect both a luminescent and fluorescent signal 
in cells expressing both variants, but no fluorescent signal in cells expressing only YFP since 
no fluorescent excitation signal was used (Angers et al., 2000). 

4.4.3 Overall tumor load imaging 
The naturally secreted nature of the GLuc protein has lead to interesting advances whereby 
it can be used to monitor overall tumor burden in small animal models without the 
requirement of directly imaging the host animal.  This has been demonstrated by Chung 
and colleagues who induced bioluminescence from blood samples of host animals suffering 
from tumors that had been tagged with the gene for expression of GLuc.  Since the GLuc 
protein was secreted into the blood it was possible to correlate bioluminescence of the blood 
sample with overall tumor load without ever having to introduce the coelenterazine 
substrate to the animal.  This process was capable of reporting on tumors at lower levels 
than would have been possible using traditional steady state tumor imaging, and was 
capable of reporting on the dynamics of tumor growth in response to treatment (Chung et 
al., 2009). 

4.5 Concerns related to substrate injection route 
When working with luciferase proteins that utilize an exogenous substrate in small animal 
models, it will be necessary to introduce the requisite substrate through injection.  However, 
the chosen route of substrate injection can have influential effects on the emission of a 
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luminescent signal.  As a result, although logistical concerns may be most pertinent to 
consideration for investigators, the method of injection should be considered in light of the 
proposed objectives of any study (Inoue et al., 2009).  The three most common substrate 
injection routes are intraperitoneal, intravenous, and subcutaneous.  Each results in the 
introduction of the substrate in a unique manner and, although each should elicit 
bioluminescent production of an expressed reporter protein, they will all do so on different 
time scales and with different expression kinetics.  It is therefore important to have a basic 
understanding of the resulting luminescent profiles of each type of injection prior to 
determining which is best suited to an individual experimental design. 

4.5.1 Intraperitoneal injection of substrate 
The appeal of intraperitoneal injection for the majority of researchers  is its convenience, 
however, following this route of injection the substrate must absorb across the peritoneum 
before reaching the luciferase expressing cell populations. Any variations in the rate of 
absorption can lead to variations in the resulting luminescent signal. These variations, even 
when subtle, can increase the difficulty of reproducing the luminescent results (Keyaerts et 
al., 2008).  In addition, investigator error can lead to injection into the bowel, causing a weak 
or non-existent luminescent signal that can be confused with a negative result (Baba et al., 
2007).  Because of the associated diffusion, intraperitoneal injection produces lower peak 
luminescence levels than alternate injection techniques when inducing light production in 
subcutaneous tumor models, however, it has been found that it can also overestimate tumor 
size when used to induce luminescence from intraperitoneal or spleen-localized tumors, due 
to direct contact between the luciferin and the luciferase expressing cells (Inoue et al., 2009).  
The greater availability of the luciferin to the luciferase containing cells increases the 
amount of bioluminescent output by allowing them greater access to their luciferin without 
being limited by diffusion through non-luciferase containing tissue.  This increases the 
influx of the luciferin compound into the cell due to the resulting increased concentration 
gradient. 

4.5.2 Intravenous injection of substrate 
Intravenous injection can be used to systematically profuse a test subject with D-luciferin or 
coelenterazine. It is also a facile method for exposing multiple tissue locations to the 
substrate on relatively similar timescales. Because the administration of the luciferin is 
systemic, it allows for lower doses to be administered to achieve similar luminescence 
intensities as would be seen using alternate injection routes (Keyaerts et al., 2008), however, 
studies using radio-labeled D-luciferin have indicated that the uptake rate of intravenously 
injected substrate is slower in the gastrointestinal organs, pancreas, and spleen than would 
be achieved using intraperitoneal injection (Lee et al., 2003).  It is also important to note that 
when intravenous injection is used, the resulting luminescent signal is often of a much 
shorter duration than would be observed using alternate injection routes (Inoue et al., 2009). 

4.5.3 Subcutaneous injection of substrate 
Subcutaneous injection is often used as an alternative to intraperitoneal injection in order to 
avoid the signal attenuation shortcomings of the intravenous injection route. Bryant et al. 
(Bryant et al., 2008) have demonstrated that repeated subcutaneous injection of luciferin can 
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provide a simple and accurate model for monitoring brain tumor growth in rats, and though 
there is concern that repeated injection could cause excessive tissue damage, it has been 
demonstrated that the repeated subcutaneous injection of D-luciferin or coelenterazine into 
an animal model results in minimal injection site damage while providing researchers with 
bioluminescent signals that correlate well with intraperitoneal substrate injection 
luminescent profiles, albeit with a longer lag time prior to reaching tumor models in the 
intraperitoneal space (Inoue et al., 2009). 

5. The bacterial luciferase proteins 

5.1 Introduction 
Luminescent bacteria are the most abundant and widely distributed of the light emitting 
organisms on earth and can be found in both aquatic (freshwater and marine) and terrestrial 
environments. Despite the diverse nature of bacterial bioluminescence, the majority of these 
organisms are classified into three genera: Vibrio, Photobacterium, and Photorhabdus.  Of these, 
only those from Photorhabdus have been discovered in terrestrial habitats (Meighen, 1991) 
and developed into reporters capable of functioning within the mammalian cellular 
environment (Close, D, Patterson et al., 2010).  It is the terrestrial nature of the bacterial 
luciferase (lux) genes from Photorhabdus that made them suitable for adoption and use in 
mammalian tissues.  The lux genes from the Vibrio and Photobacterium genera are marine in 
nature, and as such their protein products have been naturally adapted to function at lower 
ambient temperatures than those required for mammalian expression.  However, even with 
their propensity to function efficiently at 37°C, the Photorhabdus lux genes required extensive 
modification to carry out the bioluminescent reaction in a non-bacterial host cell.  Natively, 
the lux gene cassette consists of 5 genes organized sequentially in a single operon in the 
form luxCDABE.  The luxA and luxB gene products form the heterodimeric luciferase 
enzyme, and the luxD, luxC and luxE gene products form a transferase, a synthase, and a 
reductase respectfully, that work together to produce and regenerate the required myristyl 
aldehyde co-substrate from endogenous myristyl groups.  Because the substrates required 
by the luxAB heterodimer enzyme consist only of oxygen, FMNH2, and the aldehyde that is 
formed by the luxCDE genes, this system has the unique ability to produce bioluminescence 
without the addition of exogenous substrate addition (Meighen, 1991).  However, unlike the 
native, uncompartmentalized bacterial cellular environment, the mammalian intracellular 
environment does not contain high enough levels of reduced FMNH2 to support efficient 
bioluminescent production.  To alleviate this problem, a sixth lux gene must be co-expressed 
that is not present in all bacterial species.  This sixth gene, frp, encodes an NAD(P)H:flavin 
reductase that helps to cycle endogenous FMN into the required FMNH2 co-substrate 
(Close, D, Patterson et al., 2010). 
To function properly within a mammalian host cell, the 5 lux genes, as well as an additional 
flavin reductase gene (frp), must be expressed simultaneously and at high levels.  To 
accommodate these requirements the genes must be codon-optimized to the human codon 
preference and their expression linked via internal ribosomal entry elements or similar 
promoter independent intervening sequences.  This allows for the relatively normalized 
levels of expression while reducing the overall amount of foreign DNA that must be 
introduced and maintained in the host genome.  When expressed under these conditions, 
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the lux genes are capable of producing a luminescent signal in the mammalian host cell at 
490 nm without the need for any external stimulus (Close, D, Patterson et al., 2010).  
Although limited due to their relatively low luminescent yield compared to the luciferase-
dependent reporter systems and blue-shifted luminescent signal, the unique ability of 
substrate-free luminescent production makes the Lux system a user friendly and attractive 
alternative to the D-luciferin or coelenterazine utilizing systems. 

5.2 Bacterial luciferase structure 
The functional bacterial luciferase enzyme is a heterodimer with a molecular weight of 77 
kDa. The individual  and  subunits are the products of the luxA and luxB genes 
respectfully, and have molecular weights of 40 and 37 kDa.  The two subunits appear to be 
the result of a gene duplication event owing to an approximately 30% amino acid sequence 
identity (Meighen, 1991).  All previously characterized bacterial luciferases appear to be 
homologous and catalyze the same reaction, however, the majority of research has centered 
on the luciferase from the marine bacterium Vibrio harveyi, so the structure described in this 
review will be based on the protein from that organism along with its conventional 
numbering system. 
Individually the  and  subunits of the luciferase heterodimer formed by the luxA and luxB 
genes are capable of producing a very weak bioluminescent signal, but dimerization is 
required for the reaction to proceed at biologically relevant levels (Choi et al., 1995).  This 
finding, along with the similarities in structure between the two subunits would tend to 
implicate the dimer interface as the active site, however, the single active site has been 
proposed to exist only within the  subunit (Baldwin et al., 1995). Indeed, a recent crystal 
structure shows the oxidized FMN substrate bound to the  subunit only (Campbell, Z.T. et 
al., 2009). 
Both of the  and  subunits have similar overall conformations, and assemble into a single-
domain eight-stranded / barrel motif (also known as a TIM barrel after the first identified 
protein with that structure, triose-phosphate isomerase).  The interiors of these barrels are 
packed with hydrophobic residues, as would be expected to aid in folding, while the N-
terminal residues, which are exposed to solvent, contain hydrophilic residues.  The C-
terminal ends are hydrophobic, but are protected from solvent access by the presence of two 
antiparallel -helices.  The dimerization of the two subunits is mediated by a parallel four 
helix bundle centered on a pseudo two-fold axis of symmetry as it relates to the  and  
subunit orientation.  This region is highly populated with glycines and alanines, which 
allows for close contact between the two helical bundles.  The majority of binding force is 
provided by van der Waals interactions across the 2150 Å2 surface area, but twenty-two 
proposed hydrogen bonds, as well as forty-five water-mediated intersubunit hydrogen 
bonds and a series of hydrophobic interactions also aid in attachment (Fisher et al., 1996). 
The active site is most probably a large, open cavity on the  subunit that is open to solvent 
at the C-terminal end of the barrel structure proximal to the  subunit.  Crystal structures of 
the enzyme with an associated flavin show that it is bound here with the isoalloxazine ring 
in a planar conformation.  The ribitol portion of the flavin extends away at an ~45 angle 
while the phosphate is stabilized by the side chains of Arg 107, Arg 125, Glu 175, Ser 176, 
Thr 179, and the backbone amide of Glu 175.  The isoalloxanine ring is held in place through 
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backbone contacts with Glu 175 and Phe 6 and the ribitol interactions cannot be clearly 
defined as occurring directly with the protein or being mediated by co-bound water 
molecules, but they can be localized to individual residues.  The carbonyl oxygen at C2 of 
the ribitol hydrogen bonds with backbone amide hydrogen of Tyr 110, the nitrogen at 
position three forms a hydrogen bond with the backbone carbonyl oxygen of Glu 43, while 
the carbonyl oxygen at C4 hydrogen bonds to either the backbone amide proton or the enol 
form of the backbone carbonyl oxygen of Ala 75.  It is likely, but as of yet unproven, that the 
aldehyde binding location is adjacent to the benzenoid portion of the isoalloxane ring 
because of its proximity to the FMN binding site, size, and abundance of tryptophan and 
phenylalanine residues (Campbell, Z.T. et al., 2009). 

5.3 Bacterial luciferase mechanism of action 
When the bacterial luciferase enzyme is supplied with oxygen, FMNH2, and a long chain 
aliphatic aldehyde it is able to produce light at a wavelength of 490 nm. The natural 
aldehyde for this reaction is believed to be tetradecanal, however, the enzyme is capable of 
functioning with alternative aldehydes as substrates (Meighen, 1991).  The first step in the 
generation of light from these substrates is the binding of FMNH2 by the luciferase enzyme 
and until recently its active site on the enzyme was not known.  It has recently been 
confirmed that FMNH2 binds on the  subunit in a large valley on the C-terminal end of the 
-barrel structure (Campbell, Z.T. et al., 2009).  The nature of the interactions between 
FMNH2 and the amino acid residues in this area is discussed in the structure section above.   
In order for the reaction to proceed the luciferase must undergo a conformational change 
following FMNH2 attachment.  This movement is primarily expressed in a short section of 
residues known as the protease liable region: a section of 29 amino acids residing on a 
disordered region of the  subunit joining -helix 7a to -strand 7a.  The majority of 
residues in this sequence are unique to the  subunit and have long been implicated in the 
luminescent mechanism (Baldwin et al., 1995).  Following attachment of FMNH2 this region 
becomes more ordered and is stabilized by an intersubunit interaction between Phe 272 of 
the  subunit and Tyr 115 of the  subunit. This conformational change has been theorized 
to stabilize the  subunit in a conformation favorable for the luciferase reaction to occur 
(Campbell, Z.T. et al., 2009). 
NMR studies have suggested that FMNH2 binds to the enzyme in its anionic state (FMNH-) 
(Vervoort et al., 1986).  With the flavin bound to the enzyme, molecular oxygen then binds 
to the C4a atom to form an intermediate 4a-hydroperoxy-5-hydroflavin (Nemtseva & 
Kudryasheva, 2007).  It is important to note that this important C4a atom was determined to 
be in close proximity to a reactive thiol from the side chain of Cys 106 on the  subunit 
(Campbell, Z.T. et al., 2009), a residue that has long been hypothesized to play a role in the 
luminescent reaction, but since has been proven to be non-reactive through mutational 
analysis (Baldwin et al., 1987).    
It has been shown, however, that C4a is the central atom for the luciferase reaction and, 
following establishment of the hydroperoxide there, it is capable of interaction with the 
aldehyde substrate via its oxygen molecule to form a peroxyhemiacetal group. This complex 
then undergoes a transformation (through an unknown intermediate or series of 
intermediates) to an excited state generally accepted to be a luciferase-bound 4a-hydroxy-5-
hydroflavin mononucleotide, which then decays to give oxidized FMN, a corresponding 
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aliphatic acid, and light (Fig. 4) (Nemtseva & Kudryasheva, 2007). There have classically 
been many theories proposed to explain the exact process required for light emission that 
continue to expand today as technology for detecting the intermediate complexes has 
improved (Hastings, JW & Nealson, 1977; Nemtseva & Kudryasheva, 2007). 
 

 

Fig. 4. Bioluminescent reaction catalyzed by the bacterial luciferase genes. 
A) The luciferase is formed from a heterodimer of the luxA and luxB gene products.  The 
aliphatic aldehyde is supplied and regenerated by the products of the luxC, luxD, and luxE 
genes. The required oxygen and reduced riboflavin phosphate substrates are scavenged 
from endogenous metabolic processes, however, the flavin reducatse gene (frp) aids in 
reduced flavin turnover rates in some species. B) The production of light, catalyzed by the 
products of the luxAB genes, results from the decay of a high energy intermediate (R1 = 
C13H27).  

5.4 Use as a mammalian biosensor 
Bacterial luciferase is the newest of the bioluminescent reporter proteins to be demonstrated 
for use with mammalian tissues.  As a result, there have not been extensive publications on 
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its use under these conditions.  The initial reports, however, have been promising, with lux-
containing cells capable of being used for steady state imaging both in culture and in small 
animal models (Close, D, Patterson et al., 2010). If the lux cassette genes undergo widespread 
adoption there is no reason to believe they will not become capable of functioning in roles 
similar to the substrate requiring bioluminescent reporter proteins. The main drawback of the 
lux genes for function in the mammalian cellular background has been their low signal 
strength. As a result, they may not be as well suited for small population size cellular imaging 
or deep tissue imaging, where their weak signal may be attenuated prior to detection.  
However, it is important to keep in mind that as this reporter system becomes more common 
it will be subjected to optimization in a process similar to the other common reporter systems. 
If this is the case the utility of the lux reporter system should continue to increase with time. 

5.5 Summary of advantages and disadvantages 
 

Advantages and Disadvantages of the Bacterial Luciferase Gene Cassette 

Advantages Disadvantages 

High sensitivity and low signal-to-noise ratio 
 

Quantitative correlation between signal strength 
and cell numbers 

 
Fully autonomous system, no requirement for 

addition of exogenous substrate 
 

Noninvasive 
 

Stable signal 
 

Rapid detection permitting real-time monitoring 

Bioluminescence at 490 nm prone to 
absorption in animal tissues 

 
Low anatomic resolution 

 
NADPH and oxygen dependent 

 
Not as bright as other luciferases 

 
Currently not practical for large animal 

models 
 

Short history of use 

Table 4. Advantages and Disadvantages of Using the Bacterial Luciferase Gene Cassette in 
the Mammalian Cellular Environment 

6. Conclusions 

This chapter has presented only the most basic and widely used of the mammalian reporter 
proteins and is by no means exhaustive. It is important to recognize that there is no 
universally recognized optimal reporter system and that the choice of a reporter target 
should be made in light of the specific demands of each experimental design.  Each reporter 
system has its own advantages and disadvantages, and each can be adapted to work under 
multiple imaging scenarios.  The constant introduction of improved reporter protein targets 
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and modifications to existing reporter proteins suggest that the future of imaging in 
mammalian tissues should be bright for years to come. 
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1. Introduction 
Bacterial Biosensors are engineered microorganisms that can be used to detect a variety of 
chemicals. These chemicals can include heavy metals, toxins, hormones, hormone-like drugs 
and environmental endocrine-disrupting pollutants. In general, bacterial biosensors are 
engineered to express a biosensing protein, which can selectively bind to a target chemical 
(usually referred to as a “ligand”).  When the target ligand is present, the biosensor protein 
produces an easily readable change in the cell behaviour. For example, the biosensing 
protein may produce a change in fluorescence or enzyme activity, or as shown in Fig. 1 & 2, 
may change the growth rate of the expressing cell when an appropriate ligand is present 
(Gillies et al, 2008; Skretas et al, 2007; Skretas & Wood, 2005a, 2005b, 2005c). 
 

 
Fig. 1. Growth dependent bacterial biosensor cell. A reporter protein gene is contained on a 
carrier plasmid, which is transformed into a microbial strain.  The expressed biosensor 
protein produces a ligand-sensitive growth phenotype.  In this case, the presence of the 
appropriate ligand for the biosensor protein increases the growth rate of the biosensor cells. 

The bacterial biosensors described in this chapter have been developed specifically for 
detecting and identifying chemicals that target human and animal nuclear hormone 
receptors (NHRs). As such, they can be used for identifying potentially valuable drugs for 
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treating a variety of cancers and metabolic disorders, or they can be used to detect and 
identify pathogenic environmental chemicals that act through various NHRs. In drug 
discovery, the link between chemicals binding to NHRs and various disease states is 
recognized across many different metazoans (Hu et al, 2008; Jofre & Karasov, 2008). 
 

 
(a) 

 

 
(b) 

Fig. 2. (a) Schematic representation of the NHR biosensor protein and related growth 
phenotypes (Gillies et al, 2008; Skretas et al, 2007; Skretas & Wood, 2005a). The activity of 
the TS reporter enzyme is dependent on the configuration of the allosteric sensor protein, 
which is modulated by the binding of an NHR ligand.  The activity of TS affects bacterial 
DNA synthesis and cellular metabolism (b). The resulting change in growth phenotype can 
be quantified by optical absorbance at 600 nm in liquid growth medium, allowing an 
indirect determination of the ligand’s agonistic or antagonistic behaviour. Abbreviations: ∆I-
SM (mini-intein splicing domain); MDB-maltose binding domain; TS-thymidylate synthase; 
dUMP- deoxyuridine monophosphate; dTMP- deoxythymidine monophosphate; FdUMP- 
5-fluoro-2’-deoxyuridine 5'-monophosphate; NADP- nicotinamide adenine dinucleotide 
phosphate; LBD-ligand binding domain of nuclear hormone receptor.  
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In humans, aberrant NHR binding of native and other hormone-like compounds is 
associated with a wide variety of disorders (Grycewicz & Cypryk, 2008), including 
dyslipidemia, hypogonadism, endometriosis, cancer, obesity and diabetes, as well as 
reproductive organ dysfunction and infertility (Feldman et al, 2008; Fessler, 2008; Malm et 
al, 2007; Mattsson & Olsson, 2007; Ohno, 2008; Tancevski et al, 2009; Tokumoto et al, 2007). 
Mitigation of these and other disorders, however, can also be accomplished through NHR 
manipulation, where hormone-like compounds can reverse or otherwise treat a wide variety 
of diseases. Similar pathogenic NHR binding effects can be seen in animals, where hormonal 
imbalances arise from environmental endocrine disrupting compounds (EDCs), such as 
pollutants and insecticides. These imbalances can lead to infertile egg production, tissue 
abnormalities, degraded gonadal structure, demasculization, altered species metamorphosis 
patterns and abnormally fast growth (Fernandez et al, 2007; Hu et al, 2008; Katsu et al, 2007; 
Rempel & Schlenk, 2008). For this reason, identification of EDCs and environmental 
screening for endocrine disrupting activity is a critical application as well. 
In humans, there are six major NHR groups, the best studied of which include the Estrogen 
Receptor (ER-like), Thyroid Hormone Receptor (TR-like) and Retinoid X Receptor (RXR-
like) (Doweyko, 2007). Inside the cells, these NHRs bind to DNA and various transcriptional 
co-activators and co-repressors to regulate the transcription of large numbers of genes in 
response to their hormone ligands.  This ability gives NHRs a tremendous impact on cell 
maturation, metabolism and homeostasis (Acosta-Martinez et al, 2007; Baxter & Webb, 2009; 
Brettes & Mathelin, 2008). 
A key element of the NHRs is that, in addition to their native hormones, they can bind to a 
wide variety of endocrine disruptors (EDs) and complex pharmaceuticals (Fig. 3).  Further, 
several subtypes can exist for a given NHR family (e.g., ERα or ERβ, and TRα or TRβ). 
Environmental pollutant EDs that target NHRs include BPA, PCBs, and dioxins, while 
endocrine active compounds in foods can include vitamins, phospholipids, phytoestrogens 
and fatty acids. Many pharmaceuticals have been developed to target NHRs, with the most 
important compounds typically exhibiting highly subtype-selective binding within an NHR 
group. Notable examples include the Selective Estrogen Receptor Modulators (SERMs; e.g. 
Raloxifene and Tamoxifen), and the Selective Thyroid Hormone Receptor Modulator 
(STRM; e.g. Eprotirome, currently in Phase II clinical trials) (Baxter et al, 2004; Leung et al, 
2007). The NHR proteins can also form homo- or hetero- dimers and tetramers within the 
NHR subclasses (e.g., ER-ER; ER-RXR), and can form various combinations of subtype 
homo- and heterodimers (e.g., ERα-ERβ dimer). These aspects of NHR action can greatly 
complicate their function in various cells and organs, leading to a wide variety of tissue-
specific effects in response to ligands of various classes. 
The similar structures and functions of the NHRs makes them a perfect fit for engineering 
biosensors, especially since they can be expressed well in bacteria or yeast cells. 
Additionally, the mechanism by which ligand binding triggers gene expression is well 
known, which has made NHRs and NHR LBDs highly tractable for drug discovery and 
environmental screening in high throughput systems. There are two basic classifications for 
compounds that bind to NHRs: agonists and antagonists. In general, agonist compounds 
tend to trigger hormone-related gene transcription, while antagonists tend to suppress 
transcription.  The exact response of a cell to a given endocrine active compound, however, 
depends on a variety of factors, which include the presence of various co-activators and co-
repressors and aspects of the metabolic state of the cell.  At the molecular level, the primary 
determinant for the differential response of the NHR to these two types of compounds is the 
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Fig. 3. Selected structures of compounds binding to NHRs. Thyroid receptor ligands include 
the compounds T3 (a natural TR agonist), TRIAC (a natural TR agonist), KB-141 (a synthetic 
TRβ-selective agonist) and GC-1 (a synthetic TRβ-selective agonist), while estrogen receptors 
bind tamoxifen (a subtype-selective ER modulator), raloxifene (a subtype-selective ER 
modulator), benzophenone-2 (an ER agonist found in many cosmetics and perfumes), 
GW7604 (a synthetic selective ER downregulator), EM652 (a synthetic selective ER 
downregulator), E2 (17-β-estradiol – the native ER ligand), BPA (an ER agonist and 
suspected ER-disruptor found in many consumer plastics), and DES (an ER agonist, 
formerly available small-molecule therapeutic which has been linked to cervical cancer). 

repositioning of a conserved helix, generally known as helix-12 (Fig. 4a), upon ligand 
binding (Gulla & Budil, 2007; Shiau et al, 2002). When the bound ligand is an agonist, helix-
12 tends to shift towards the NHR binding pocket, creating a charged area on the protein 
surface. This surface is then occupied by a co-activator, which results in initiation of 
transcription (MacGregor & Jordan, 1998; Schapira et al, 2000; Shiau et al, 1998). Antagonists 
are commonly equipped with bulky functional side group(s), causing helix-12 to rotate 
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away from the binding pocket, which typically results in suppression of transcription (Fig. 
4a; (Koehler et al, 2005)). 
 

 
(a) 

 
(b) 

Fig. 4. (a) Comparison of ER ligand binding domain structures, with a focus on helix-12 
repositioning in response to agonist binding (left; ERα bound to genistein, PDB ID: 1X7R) or 
antagonist (right; ERβ bound to 4-hydroxytamoxifen, or Nolvadex®, a common drug used in 
treatment for breast cancer patients, PDB ID: 3ERT). The solvent accessible surface around 4-
hydroxytamoxifen (structure shown in Fig. 3) is underlined in yellow on the right side of the 
compound. Genistein is inside of the active pocket, hidden behind the α-helixes. Upon 
antagonist binding to ER, helix-12 rotates away from the binding pocket due to the 
antagonist’s extended functional group.  This results in a change of the protein surface, 
making it inaccessible to co-activators. (b) Schematic representation of the NHR domains A 
through F (Hewitt & Korach, 2002; Norris et al, 1997). Abbreviations: AF-1 = Activation 
Function-1; AF-2a = Activation Function-2a; AF2 = Activation Function-2; DBD = DNA 
Binding Domain. 

2. Engineered allosteric bacterial biosensor 
In any screening process, the success of finding unique and active compounds depends 
greatly on the sensitivity of the method. A large diversity of available target proteins for 
screening is also essential, especially when searching for subtype-selective agonistic and 
antagonistic behaviours. Additionally, assay limitations must also be considered, such as the 
impacts of solvents used for delivering the test compounds, as well as growth media or 
temperature.  These aspects of the assay can greatly affect the numbers of false positive and 
false negative results, as well as the reproducibility and robustness of the assay.  Finally, for 
high throughput applications in large library drug screening, the assay must be simple, 
economical, and amenable to full or partial automation.  
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To generate bacterial biosensors for detecting hormones and hormone-like compounds, we 
have engineered the ligand-binding domains of various NHR proteins into an allosteric 
biosensor protein scaffold. The biosensor scaffold is composed of four protein domains, 
including a maltose binding domain, an intein stabilization domain, an NHR ligand-binding 
domain (LBD), and a thymidylate synthase (TS) reporter enzyme (Fig. 2). This scaffold is 
designed to link ligand binding by the NHR LBD to the activity of the fused TS reporter 
protein. Thymidylate synthase is a critical enzyme involved in bacterial DNA synthesis, which 
produces a strong growth phenotype on thymineless medium based on its activity. 
Specifically, the TS protein is part of bacterial folate metabolism, where it consumes a single 
methylene tetrahydrofolate molecule as it converts a single molecule of dUMP to dTMP. The 
dTMP is then used for DNA synthesis, which is required for cell growth. In practice, the 
chimeric sensor protein undergoes a structural change when an appropriate ligand is bound to 
the LBD, which alters the activity of the fused TS domain, and leads to a change in growth rate 
of the expressing bacterial cell (Fig. 2). The involvement of TS in the folate cycle allows both 
positive and negative selections for TS activity.  Further, the stringency of the selection can be 
tuned by modulating the incubation temperature and concentrations of the antibiotic 
trimethoprim (Belfort & Pedersen-Lane, 1984; Gillies et al, 2008; Skretas et al, 2007; Skretas & 
Wood, 2005a). Although there are some differences between species, NHRs share similar 
domain structures and sequences within the subgroups, which have allowed new NHR 
biosensors to be generated using the same basic sensor protein scaffold. The biosensing 
microbial strains expressing these proteins are referred to as “Bacterial Biosensors”.  
The NHR bacterial biosensors can be used to screen uncharacterized compounds for their 
effects on a variety of NHR targets.  In particular, this method can be used for the detection 
and differentiation of agonistic and antagonistic compounds, and can be used to determine 
the half-maximal effective concentrations (EC50 and IC50 values) for a given compound 
(Skretas et al, 2007; Skretas & Wood, 2005a). Additionally, these bacterial biosensors can 
detect NHR subtype selectivity of a given compound, as well as species selectivity when 
used with animal-based bacterial biosensors (Gierach et al, 2011).  In this case, the simple 
incorporation of an animal NHR ligand-binding domain generates a sensor for detecting 
ligands against that species. 
The recognition of agonistic or antagonistic behaviour is directly correlated with TS activity 
of the sensor, expressed as an increase or decrease of cell growth on selective growth 
medium (Skretas & Wood, 2005a). In this selection system, TS activity closely depends on 
the conformation of the LBD-ligand complex. Reduced activity of the TS reporter enzyme, 
which is observed in the absence of ligands, or with non-binding or antagonistic ligands, 
results in lower bacterial growth. High TS activity is elicited by agonist binding and can be 
detected by observing the rate of increase in culture optical density at 600 nm (OD600) over 
time. Importantly, the temperature plays an important role in the sensitivity of biosensors, 
and is related to the stability of TS and the cellular demand for dTMP. Therefore, bacterial 
cell growth is typically carried out in 96-well plates, incubated at precisely 34°C in a 
controlled humidity air shaker at 150 rpm (Gawrys et al, 2009; Gierach et al, 2011).  
Key features of the bacterial biosensors 

1. Each biosensor protein contains: Maltose Binding Protein-Intein-T4 Thymidylate 
Synthase Enzyme, with the NHR LBD inserted into the intein domain.  

2. The activity of the fused TS enzyme is modulated by the amount and potency of the 
NHR ligand present.  
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3. TS activity can be detected qualitatively by colony formation on selective agar medium, 
or both qualitatively and quantitatively by observing changes in liquid growth medium 
optical density at 600 nm wavelength over time.  

4. The LBD domain of one biosensor protein can be easily replaced with an alternate LBD, 
which has allowed the construction of functional biosensors for human ERα, ERβ, TRα, 
TRβ, PPARγ, fish (sole) ERβ and porcine (domestic pig) ERβ.  

5. The assay method is non-radioactive, and has been developed for high throughput 
screening (HTS). 

6. This method can detect strong ligands at low nM concentrations. 
7. Weakly bound ligands, such as BPA and Tamoxifen for the human estrogen receptor, 

can be detected at low μM concentrations. 
8. Three steps are required to complete a single set of assays: (a) overnight growth of fresh 

cells in non-selective LB medium; (b) dilution of the cells into a selective thymineless 
medium (–THY medium) and addition of the diluted test compounds and controls (this 
is done robotically in the HTS format); and (c) growth of cultures for 10 to 20 hours at 
34°C, 150 rpm agitation and controlled humidity. 

9. The limitations of the method are: the biosensor is sensitive to the presence of 
detergents, high levels of alcohols, solvents, and lipids (or any generally cytotoxic 
condition). Therefore, the final solvent concentration used in the assay should not 
exceed 1% DMSO or ethanol (test compound vehicle). 

2.1 Construction of the bacterial biosensor strain 
Vector and chimeric proteins 

The biosensor protein is expressed from the pMal-c2 plasmid (New England Biolabs, 
Beverly, MA), where the plasmid backbone encodes the maltose binding protein (MBD) 
under control of the Ptac promoter.  The biosensor gene is constructed through the 
following steps (Fig. 5): (1) the ∆I-SM gene, derived from the full-length Mycobacterium 
tuberculosis RecA intein (Wood et al, 1999), is fused to the C-terminus of the MBD; (2) the 
bacteriophage T4 td gene, encoding T4 TS reporter enzyme, is fused to the C-terminus of the 
∆I-SM gene; (3) the native intein splicing activity is suppressed by mutation of the N- and C-
terminal amino acids of the intein to alanine; (4) the NHR LBD is inserted into the ∆I mini-
intein gene at the location where the original intein endonuclease domain was deleted; and 
(5) the Ptac promoter sequence is mutated to slightly increase basal expression of the overall 
fusion protein (Skretas & Wood, 2005b). The resulting plasmid names have the general form 
pMIT::[NHR], where pMIT stands for plasmid MBD-∆I intein-TS reporter scaffold, and 
[NHR] is the inserted LBD (Fig. 5). The constructed sensor plasmids are then transformed 
into the E. coli TS knockout strain D1210∆thyA::KanR [F-∆(gpt-proA)62 leuB6 supE44 ara-14 
galK2 lacY1 ∆(mcrC-mrr) rpsL20 (Strr) xyl-5 mtl-1 recA13 lacIq] (Skretas et al, 2007). 
A key component of the biosensor protein is the split ∆I-SM mini-intein domain, which is 
thought to increase the stability of the overall fusion and transduce binding information to 
the TS enzyme. Mutations at the N-terminus of the mini-intein (Cys→Ala) suppresses intein 
splicing, while the MBD was added to assure the solubility and increase the activity of the 
chimeric protein. Insertion of the NHR LBD is commonly accomplished by utilizing unique 
AgeI and XhoI restriction sites within the intein, which flank the intein-NHR insertion site 
(Skretas & Wood, 2005b). The constructed biosensors include two different mini-inteins for 
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LBD insertion: 110∆383 and 96∆400 (Wood et al, 1999). The 110∆383 mini-intein was used 
more often, and includes the pMIT::ERβ*(h), pMIT::ERβ*(s), pMIT::ERβ*(p), pMIT::TRβ*(h) 
and pMIT::TRα*(h) biosensors, whereas the 96∆400 intein was used for the pMIT::ERα*(h) 
fusion (Gierach et al, 2011). The specific mechanism of the biosensor action in bacterial cells 
is currently under investigation. 
 

 
Fig. 5. Schematic representation of the plasmid vector pMal-c2 (top), which contains the 
MBD, intein, NHR LBD and TS genes.  The swappable NHR LBD gene is inserted between 
the N- and C-terminal fragments of the intein. Several constructed biosensor protein fusion 
genes are also shown (bottom). In these diagrams, Ptac = Ptac promoter for controlling 
biosensor protein expression; MBD = Maltose Binding Domain; N-Mtu = N-terminal 
segment (typically amino acids 1-110) of the ∆I-SM mini-intein; ERα, ERβ, TRα, TRβ = 
Estrogen Receptors alpha and beta, Thyroid Receptors alpha and beta, respectively, where 
(h) = human, (p) = porcine and (s) = sole; C-Mtu = C-terminal segment of the ∆I-SM mini-
intein; TS = Thymidylate Synthase reporter enzyme.  Plasmid names are shown on the right 
for each of the biosensor genes, where pMIT stands for plasmid MBD-∆I-TS and the :: 
symbol indicates insertion of the indicated LBD. 

2.2 Usage of the NHR bacterial biosensors 
2.2.1 The High Throughput Screening (HTS) 
The application of bacterial biosensors in a 96-well plate HTS format (Fig. 6) is based on an 
earlier protocol that employed glass culture tubes. The original glass culture tube method 
was very labor-intensive, and the number of samples and concentrations was limited by 
incubator space.  Most importantly, large quantities of growth medium and ligands were 
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needed for each experiment. The HTS method in 96-well plates is approximately 100 times 
more sensitive, and the cells, growth medium and ligands are dispensed by a robotic liquid 
handler (Biomek 2000, Beckman-Coulter), which assures greater mixing quality and 
repeatability. 

2.2.2 Agonism and antagonism detection by biosensors 
There are three major tests resulting in detection of ligand agonism and antagonism, as well 
as toxicity of the test compounds for bacterial cells (see Table 1).  
Compounds that stimulate the growth of cells in thymineless medium (-THY) are generally 
considered to be agonists, while antagonists can have no effect, or in some cases can 
decrease the growth of cells in –THY medium. Using estrogen receptor as an example, 
antagonist tests use competitive biosensor binding with estradiol (-THY+E2 assay), where 
antagonist lowers TS activity relative to E2 alone. However, in the TTM and TTM+E2 assays 
the phenotypes are reversed, and low TS activity upon antagonist binding rescues cells.  
This reversal is very helpful in confirming LBD-specific effects, as opposed to more general 
metabolic effects. Toxicity can be determined by adding an uncharacterized compound to 
cells growing in non-selective medium (+THY), where cells grow freely in the presence of 
agonists or antagonists, but toxicity results in a loss of growth. 
 

 
Fig. 6. Schematic representation of the intein-based biosensor method.   

2.2.3 Sub-type receptor selectivity 
The ligand binding domains of receptor subtypes are highly conserved (see Fig. 4), which 
allows multiple receptor subtypes to be used for biosensor generation. Differential binding 
to one biosensor subtype or another allows a quick determination of subtype selectivity for a 
given compound. In previous studies, we were able to confirm the subtype-selectivity of 
compounds bound to the estrogen receptors. Among them propylpyrazole triol (PPT) and 
methyl piperidinopyrazole (MPP) were found ERα selective, whereas DPN, Genistein and 



 
Biosensors for Health, Environment and Biosecurity 

 

510 

Daidzein were ERβ selective.  The Relative Binding Affinities (the EC50 ratio between ERα 
and ERβ) of those compounds were in correlation with the literature; PPT (593), MPP (220), 
DPN (0.01), Genistein (0.002) and Daidzein (0.2) (Skretas & Wood, 2005b). Additionally, the 
TR biosensors were able to detect Triac, GC-1 and KB-141 TRβ selectivity (unpublished 
results), which are also in agreement with reported results (Bleicher et al, 2008; Grover et al, 
2005; Koury et al, 2009; Li et al, 2006; Marimuthu et al, 2002; Martinez et al, 2009; Scanlan, 
2008; Wagner et al, 2001).   
 

  -THY -THY+E2 TTM TTM+E2 +THY 

  34°C 34°C 37°C 37°C 37°C 
High TS 
Activity AGONISM + + - - + 

Low TS 
Activity ANTAGONISM - - + + + 

Low TS 
Activity TOXICITY n/a n/a n/a n/a - 

Table 1. Summary of the NHR bacterial biosensor assays and their conditions, including 
temperatures and growth medium additives for optimizing results (Skretas et al, 2007). The 
+/- signs indicate cell growth below or above the baseline OD600 value obtained for cells in 
the presence of solvent only (which is constant throughout the sample and not higher than 
1%). Abbreviations: TTM: -THY medium with 50μg/mL Thymine and 10μg/mL 
Trimethoprim;  +THY: -THY medium with 50μg/mL Thymine; E2 is 17-β-estradiol, typically 
at 0.1 to 10 μM depending on the test strain. 

2.2.4 Effect of compounds across different species 
We also confirmed in our studies that the effects of tested compounds varied across 
different species, such as sole (Solea solea) and human (Gierach et al, 2011). As expected, 
compounds expressed similar effects when bound to pig and human ERβs, but in some 
cases diverged for sole and human or pig. The fact that the biosensors are able to quantify 
differential effects across species can allow rapid screening of ED pollutants using consistent 
assay protocols, which will eliminate important barriers to comparing these types of data in 
the current literature. This creates great opportunities for understanding crosstalk of 
receptors in a wide range of species, and allows the selectivity of ligands across receptors 
and species to be explored. 

2.2.5 Synergism and competition of natural hormones, pharmaceuticals and EDCs 
There is a great concern that mixtures of EDCs could have stronger and more devastating 
effects than single compounds on health and environment. Since there is no limitation as to 
how many ligands can be tested simultaneously, the biosensor could detect synergistic 
effects acting through the NHR LBD as well. 

3. Bacterial biosensors in drug discovery 
The process of delivering new pharmaceuticals to the market takes approximately 10-15 
years and only one compound in 10,000 has a chance to be approved by the U.S. FDA. The 
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development cost per drug can reach $800 million on average (Brower, 2002). For these 
reasons, there is an urgency to discover new compounds that are more selective and have 
fewer side effects. Early stage discovery and pre-clinical research may take 6-7 years alone. 
  

 
Fig. 7. The process of designing a bacterial biosensor and its utilization. First, the sequence 
of the plasmid is constructed computationally. The template (e.g., pMIT::ERα) stays intact, 
and the insert (N-terminal intein-NHR LBD-C-terminal intein) is swapped to create a new 
biosensor with a different LBD. Next, the plasmid is transformed into a bacterial cell, which 
allows the encoded gene to be transcribed and translated into the active biosensor protein. 
In the presence of an agonist, the activity level of the TS reporter enzyme domain is 
increased, leading to an increase in cellular growth rate (see the graph above). However, 
when antagonists are present the activity of the TS is low, which allows a distinction 
between these two types of the compounds. Cell growth can be quantified by OD600 
measurements. The 3D structures of NHR LBDs proteins (such as the ER LBD shown above) 
can be found in the RCSB Protein Data Bank (PDB). 

Therefore, the development of new methods to rapidly screen millions of ligands against 
new targets is essential and ongoing. The identification of ligands that bind to estrogen 
receptor(s) began with the development of treatments for patients with hormonal 
dysfunctions, cancers, and sexually transmitted bacterial infections. Several early 
pharmaceuticals, such as diethylstilbestrol (DES, a nonsteroidal estrogen synthesized just 
before World War II by Leon Golberg), failed due to their high toxicity and disastrous side 
effects, such as breast cancer and vaginal adenocarcinoma in second-generation girls (Birch, 
1992; Jordan et al, 2008). The first human ER was discovered in 1966 by Jensen and Gorski, 
and it took an additional 30 years until the first mammalian ERβ sequence was cloned 
(Fannon et al, 2001). Interestingly, the compound tamoxifen, as well as second-generation 
benzothiophene derivative selective estrogen receptor modulators (SERMs) (e.g., raloxifene, 
known as Evista® (Pritchard, 2001; Wilkinson et al, 1982)), show unique selective action in 
targeted tissues. In some tissues SERMs act as an estrogen, and therefore their action is 
described as agonistic, but in others they block the effect of estrogen and behave as 
antagonists. In many cases, the mechanism of SERM action is not fully understood, and 
research is ongoing on the roles of the co-regulators, ligands, and cross-signaling proteins 
that mediate ER expression levels across the human body. For example, it was determined 
that ERβ is dominant in the gastrointestinal tract, whereas ERα dominates in liver. Both of 
these receptors are expressed in breast, bone and brain tissue, but in different ratios, 
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allowing direct targeting of specific organs (Gustafsson, 1999). During the last 10 years, the 
number of targeted drug-like compounds produced in industry and academia has increased 
dramatically. These compounds have been developed as fertility drugs, as well as breast 
cancer, prostate cancer and osteoporosis therapeutics. Among them are Toremifene 
(Fareston® by Shire laboratories), lasofoxifene, trioxifene, droloxifene, clomifene (Clomid® 
by Hoechst Marion Roussel, Inc.) and ormeloxifene (originally manufactured by Torrent 
Pharmaceuticals), which was used as a birth control pill, and is now also prescribed to cure 
uterine bleeding (Blizzard, 2008; Fan et al, 2007; Musa et al, 2007; Sanceau et al, 2007). Pure 
antagonists were also synthesized such as ICI 182,780 (Faslodex® by AstraZeneca), which is 
known as a selective estrogen receptor downregulator; SERD (Abdou et al, 2008).  
In previous research, we showed that bacterial biosensors could detect novel compounds 
and determine their behavior as agonists or antagonists (see structures of discovered 
compounds in Fig. 8 and Table 2) (Hartman et al, 2009; Skretas et al, 2007). Compounds a 
and b were found to bind to ER, and their agonistic and antagonistic effects were verified 
using biosensors. The new findings were confirmed by a fluorescence polarization 
displacement assay using extracts of human ERβ and ERα and fluorescently labeled 
estrogen, as well as by analyzing ERE-dependent luciferase gene activity in human 
embryonic kidney HEK:ERβ and breast cancer MCF-7:D5L cells. The relative binding 
affinities of these compounds, determined by competitive binding assays, showed the ERβ 
selectivity of compound b.  Specifically, the RBA (relative binding affinities of the 
compound to estrogen) of compound a and b for ERα were 0.23±0.03 and 0.59±0.09, and for 
ERβ were 1.94±0.024 and 0.78±0.10, respectively (Skretas et al, 2007). An additional study 
using a luciferase reporter system revealed that compound a is an agonist, but compound b 
is a partial agonist and partial agonist/antagonist when bound to ERα and ERβ, 
respectively.  
 

Compound 
Bacterial Biosensor 

Compound 
Bacterial Biosensor 

Agonist Antagonists Agonist Antagonists 
DES + - Tamoxifen - + 
17-β-

estradiol + - 4-hydroxytamoxifen - + 

Estriol + - Clomiphene - + 
17-α-

estradiol + - Raloxifene - + 

Estrone + - ICI182,780 - + 

Table 2. Bacterial biosensor results obtained for hormones and pharmaceuticals screened 
against human ERβ (Skretas et al, 2007). Concentration of the ligands was 5 μM, with the 
exception of tamoxifen at 2 μM. Antagonists were tested in competitive assays against 500 
nM E2. The (+/-) symbols indicate a positive/negative cell growth outcome. 

The other two compounds, c and d, were originally discovered using a computational 
method known as Shape Signatures (Hartman et al, 2009; Nagarajan et al, 2005; Zauhar et al, 
2003). Shape Signatures was created to rapidly compare chemical databases against known 
active compounds to detect similar bioactivity. This in silico method screens specifically for 
polarity and shape similarities by initially using a ray-tracing algorithm well known in the 
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movie industry to computationally draw shapes of objects in 3D space. The solvent-
accessible surface of each molecule is defined by a Smooth Molecular Surface Triangulator 
algorithm (Zauhar, 1995), and  is essential for defining the volume of a molecule. The shape 
of the molecule, as well as the molecular electrostatic potential computed over the surface of 
the molecule, can be compared across large databases and scored rapidly for the most 
promising compounds. The two molecules c and d (Fig. 8) were derived from a Shape 
Signatures screening against GW7604 and EM652 (see Fig. 3).  
Compounds c and d were determined to bind to the active pocket of ER using Computer-
Aided Drug Design methods, and their behavior was examined using the bacterial 
biosensors and an ERα activation immunoassay (ELISA) containing MCF-7 cell extract 
(Hartman et al, 2009; Skretas et al, 2007). The predicted binding mode of compound c 
overlapped the position of Tamoxifen, which binds through weaker van der Waals 
interactions to the active pocket. Compound d showed possible hydrogen bond formation 
with Glu353.  Overall, compounds c and d were found to be orally bioavailable by Lipinski’s 
Rule of Five, which takes into account solubility, molecular weight, and even the number of 
rotational bonds and hydrogen bond donors and acceptors (Hartman et al, 2009). 
 

(a) 

 

(b) 
(c) (d) 

 

AGONIST PARTIAL 
AGONIST/ANTAGONIST ANTAGONIST ANTAGONIST 

Fig. 8. The structures of agonists and antagonists discovered and confirmed by commercial 
as well as conventional methods ER (Hartman et al, 2009; Skretas et al, 2007). Names of the 
compounds: (a) 5-[(1E,3E)-4-(4-hydroxyphenyl)-1,3-butadien-1-yl]-1,3-benzenediol; (b) 2 
(1,1-dimethylethyl)-4-[(1E)-2-(4-hydroxyphenyl)ethenyl]-phenol; (c) 3-(2 
aminophenyl)sulfanyl-1-(4-chlorophenyl)-3-phenyl-propan-1-one; (d) 3-(2 
aminophenyl)sulfanyl-3-(4-bromophenyl)-1-phenyl-propan-1-one.  

4. Environmental endocrine disruptors detection 
Synthetic or natural compounds that interfere with hormonal and homeostatic systems are 
known as Endocrine Disruptors (EDs) (Nilsson, 2000). The targets of EDs can be NHRs, non-
hormonal receptors, or numerous biological pathways involved in hormone synthesis, 
metabolism and excretion. Thus, EDs can cause serious disruption of the endocrine system 
by mimicking natural hormones, which may lead to increased or inhibited transcription of 
hormone-regulated genes. Some of these compounds are now associated with various 
cancers, genetic and reproductive diseases, as well as behavioral and developmental 
abnormalities. A few ED-associated disorders seen in humans are also manifest in other 
species, and include uterine leiomyomas, endometriosis, cancers, diabetes and obesity 
(Bryzgalova et al, 2008; Cook et al, 2007; Goksoyr, 2006; Koda et al, 2007; Kuiper et al, 2007; 
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Lee et al, 2007; Lingxia et al, 2007; Maffini et al, 2006; Negri-Cesi et al, 2008; Nilsson, 2000; 
Safe, 2000). EDs comprise a wide range of chemicals, including solvents, pesticides, and 
pharmaceuticals (e.g., DES), and even naturally occurring phytoestrogens in plants 
(McKinlay et al, 2008). Some EDs accumulate in the body, such as uranium from nuclear 
power plants, lead, mercury and cadmium, which travel to the brain and kidney (Raymond-
Whish et al, 2007; Strumylaite et al, 2008; Vahter et al, 2007). Some weakly binding 
compounds, such as BPA, are embedded in plastic bottles used for water and soft drinks 
(Vandenberg et al, 2007). In particular, BPA has been shown to bind to hormone receptors 
across different species. Despite numerous studies on the negative effects of BPA 
(Vandenberg et al, 2009), to this day its impact on the body is still controversial. However, 
the EPA and FDA are now moving to update their disclosures on BPA in response to an 
internal BPA study showing negative effects of exposure on the brain and prostate, as well 
as on the behavior of infants and children (Keri et al, 2007).  
 

Compound Source 
Hexestrol Synthetic, DES derivative 
Genistein Isoflavone, found in plants e.g. soybeans 

Kaempferol Flavonoid, found in plants e.g. tea, apples 
Naringenin Flavonoid, found in plants e.g. grapefruit 

Diphenylnitrosamine (DPN) Synthetic 
BPA Plastics; e.g. bottles, caps 

Apigenin Flavonoid, found in plants e.g. parsley, celery 

Zearalanols Found in plants e.g. fungi (Fusarium) 
Biochanin A Flavonoid, found in plants e.g. peanuts, soy 

Daidzein Isoflavone, naturally found in plants e.g. soybeans 
Phloretin Found in plants e.g. apple leaves 

Naringenin Flavonoid, found in plants e.g. grapefruit 

Table 3. Selected ER agonists detected by bacterial biosensors, including phytogestrogens 
and synthetic estrogen analogs. BPA, DPN and 17-β-estradiol (natural hormone, ER agonist) 
were additionally confirmed to be agonists in the sole and pig ERβ biosensors. BPA and 
Daidzein, despite the fact that they are weak ER agonists, were also detected (Breinholt & 
Larsen, 1998; Collins et al, 1997; Kuiper et al, 1997; Kuiper et al, 1998; Skretas et al, 2007).  

One of the difficulties in determining the impact of EDs on the human body is that although 
a broad range of assays are available, their results are generally not directly comparable. For 
example, the detection limit of a given compound can vary by a factor of 1000 or more 
across several different in-vivo and in-vitro assays (Charles, 2004; Dobbins et al, 2008; 
Kramer, 1998). Measuring the impacts of these compounds on humans is also very difficult, 
especially when evaluating the cumulative impact of EDs over time on the body. Often, 
these assays cannot distinguish between high overall toxicity of EDs and their agonistic and 
antagonistic effects. Non-sigmoidal functions are also observed for some EDs, which exhibit 
U-shaped and inverted-U-shaped dual dose response curves, such as those seen for 
phytoestrogens and neurotransmitters. For example, at low concentrations some 
compounds may act as agonists, but at high concentrations they may behave more like 
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antagonists (Li et al, 2007; Pinto et al, 2008). Additionally, EDs typically exist in the 
environment in mixtures, and therefore there is a need for newly developed HTS assays to 
assess their effects alone and in combination with other compounds (Charles et al, 2007). 
The effect of an ED alone or in a mixture of EDs in different assays may also vary 
(Benachour et al, 2007; Ramamoorthy et al, 1997).  
Since EDs can be accumulated in the body, their half-life could be longer than expected, and 
contact with these chemicals more frequent than expected.  For example, the BPA daily safe 
uptake is 50 μg/kg as determined by the EPA, but it accumulates in fat tissue over time.  
Therefore, additive daily exposure occurs, resulting from a longer than expected half-life in 
the human body (Diamanti-Kandarakis, 2009). Therefore, understanding the impact of these 
chemicals on the endocrine system and human health is challenging, especially for weakly 
binding EDs like BPA.  
The bacterial biosensors can easily differentiate between bacterial toxicity and endocrine 
activity. Examples of compounds that bind to ERs, and their sources, are shown in Table 3 
Some of them are naturally occurring chemicals found in plants, but others are synthetic. In 
each case, these compounds mimic estrogen, but their structure is not typically steroid-like 
(see examples of DES, BPA in Fig. 3). In some cases, the compounds could be beneficial (e.g., 
chemopreventive properties of Apigenin; antidepressant properties of Kaempferol) as well 
as harmful or epigenetic (BPA, DES and Hexestrol).   

4.1 Screening of home products for estrogenic activity 
The intein-based biosensors are capable of detecting small amounts of estrogenic 
compounds in consumer products such as perfumes, pills and plant extracts. A study using 
the bacterial biosensors showed that chemicals such as benzophenone-2 (see Fig. 3), which is 
a UV absorber used in plastic food containers and cosmetics, can be detected by this 
method. Benzophenone-2 (BP-2) has an agonistic effect on the human ER, and several 
publications suggest estrogenic effects on fish (juvenile fathead minnows) as well rats (Kunz 
et al, 2006; Schlecht et al, 2008; Seidlova-Wuttke et al, 2004). In other studies, BP-2 was 
shown to have an agonistic effect on fish (rainbow trout) and human ERs, and was found to 
be selective for human ERβ in an in vitro bioassay (Molina-Molina et al, 2008). BP-2 was also 
tested in pregnant mice to determine its impact on fetuses, where it was found that BP-2 
may be a cause of hypospadia which is an abnormality in the reproductive organs of male 
fetuses (Hsieh et al, 2007). Additionally, BP-2 suppresses T4 (thyroid hormone), but not T3, 
and has estrogenic activity in rats (Seidlova-Wuttke et al, 2005). The results obtained by the 
bacterial biosensors also suggest an agonistic effect of BP-2 on the human ERβ. Several 
perfumes were tested, including Notes by Celine Dion, Amber Romance by Victoria’s Secret, 
Roma by Laura Biagiotti and Haiku by Avon. All of the tested perfumes that contain BP-2 as 
an ingredient had an agonistic effect on ERβ biosensor, but no effect on the TRβ biosensor. 
Tests of several natural menopause-relief pills showed a weak positive effect in many cases 
as well, which included Black Cohosh and Dong Quai Capsules by Nature’s Way, and Black 
Cohosh and Dong Quai Capsules by Gaia Herbs. Notably, essential oils (e.g., Lavender Oil 
by Plantlife) and soaps were screened but were toxic to the bacterial cells (Gawrys et al, 
2009).   

4.2 Testing endocrine disruptors across species 
The human NHR LBDs of the biosensors can be easily exchanged for animal LBDs and the 
effects due to the same set of ligands can be compared. The sequences of ERβ for Sus scrofa 



 
Biosensors for Health, Environment and Biosecurity 

 

516 

and Solea solea were inserted in place of human ERβ in the pMIT::ERβ*, and the potencies of 
DES, BPA, DPN, Daidzein and E2 were compared. The potencies across species showed that 
DES and E2 have the strongest effect on all of fish, pig and human biosensors. DES was 
almost twice as effective on pig than on fish or human. The weakest effect was noticed for 
BPA in the order human>fish>pig. The half maximal effective concentrations (EC50s) were 
compared to determine relative pseudotransactivation (RPTA, see Equation (1)). The EC50 
values and the standard deviations of data obtained in triplicate can be presented as 
sigmoidal plots of OD vs. log of test compound concentration. The calculations were based 
on nonlinear regression with variable Hill slope (GraphPad Prism 5.01; GraphPad Software, 
La Jolla, CA, USA). 

 RPTA=
2E

50
ligand
50

EC
EC

x100%  (1) 

However, the RPTA values for DPN were quite close to E2 for human (~80%), but showed it 
to be less potent for pig (33%) and fish (12%). An even smaller relative effect was seen for 
Daidzein, commonly found in soybeans, on human ERβ (4%) ≈ pig (4%) > fish (0.9%). 
Similarly, BPA had very little effect on fish (5.6%) > human (0.9%) > pig (0.23%). The two-
tailed p values with 95% confidence interval verified significant correlation between EC50 
values of tested compounds on human and porcine ERβs. There was no correlation of those 
ERs with sole ERβ. To further examine the quality of the assay, the Z’ factor for each 
measurement was calculated, which is an indication of signal to noise in a measurement (see 
Equation (2); (Zhang et al, 1999)). In both cases the data were sufficient to distinguish ER 
agonists across species in HTS set up, where Z’ factor above zero is needed to robustly 
determine whether a given ligand is a potential EDC. In general, all of the tests produced 
very good Z’ factors, ranging from the strong agonist E2 (Z’ factor of 0.4-0.6 across the three 
tested species), to the weaker agonist BPA (Z’ factor of 0.15-0.32) (Gierach et al, 2011).  

 Z’=1- max min

max min

3x(SD SD )
Mean Mean

+
−

 (2) 

The data obtained here were also compared to the literature. The trends of recorded effects 
of ligands on human and pig ERs were similar (DES>>E2>Daidzein>BPA). Weaker binders 
like Daidzein and BPA were also tested previously in a yeast transcriptional assay, and the 
values obtained from these studies closely correlated with our findings (2.5x10-7 M (yeast 
assay) vs. 1.7x10-6 M (bacterial assay) and 1.45x10-7 M (yeast assay) vs. 3.6x10-7 M (bacterial 
assay), respectively; (Chu et al, 2009)). The performance of the Solea solea biosensor was 
more difficult to ascertain, due to a relative lack of available data compared to carp 
(Cyprinus carpio) and rainbow trout (Oncorhynchus mykiss) (Matthews et al, 2000; Matthews 
et al, 2001; Petit et al, 1995). In general, however, in vivo tests in other piscine species were 
less sensitive for weak binders, such as BPA.  In this case, a hepatocyte vitellogenin secretion 
test at up to 100 μM concentration of BPA showed limited response (Smeets et al, 1999). Our 
studies were able to determine the binding effect of BPA in sole at lower concentrations 
(0.10 to 9.85 μM). In other previous assays where piscine ERs were tested, trends in the 
strength of binding were similar to those observed for Daidzein and DPN in the bacterial 
biosensors. The alternate assays included a displacement assay using a trout ER nuclear 
extract, or the previously mentioned hepatocyte vitellogenin secretion assay. A correlation 
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between all of these assays was seen for strong binders, such as E2, which closely 
corresponded with in vivo studies: 50-150 nM (vitellogenin assay) (Smeets et al, 1999) vs. 21-
153 nM (bacterial biosensor assay).  
 

Method Detection Bacterial Host Reference 
Heavy metals 

Green fluorescent 
protein (GFP)-based 
bacterial biosensors 

Cd(II), Pb(II), and Sb(III) in 
sediments and soils Escherichia coli (Liao et al, 2006) 

GFP bacterial 
biosensor As Escherichia coli (Tani et al, 2009) 

Bioluminescent 
bacterial biosensor Cu, Zn, Cd, Co, Ni, Pb Alcaligenes 

eutrophus 
(Collard et al, 1994; 

Diels et al, 1999) 
Fibre-optic 

luminescent bacterial 
biosensors 

Hg and As in soils and sediments Escherichia coli (Ivask et al, 2007) 

Antibiotics 
Colorimetric bacterial 

biosensor dipstick-
based technology 

Tetracycline, streptogramin and 
macrolide in food Escherichia coli (Link et al, 2007) 

Luminescent bacterial 
biosensor Tetracyclines in poultry muscle Escherichia coli (Pikkemaat et al, 2010) 

Hormones, Pharmaceuticals, Endocrine Disruptors 

Cell growth based TS-
deficient NHR 

bacterial biosensors 

Wide variety of compounds e.g. 
estradiol, T3, triac, tamoxifen, 

GC-1, diethylstilbestrol, KB-141, 
daidzein, DPN and genistein 

Escherichia coli

(Gawrys et al, 2009; 
Hartman et al, 2009; 
Skretas et al, 2007; 

Skretas & Wood, 2005a, 
2005b, 2005c ) 

Electrochemical 
bacterial biosensors 

Aromatic hydrocarbons and 
heavy metals Escherichia coli (Paitan et al, 2003) 

Fluorescent and 
luminescent toluene 
bacterial biosensors 

Environmental pollution with 
petroleum products e.g. benzene, 

toluene, ethylbenzene, and 
xylenes

Escherichia coli (Li et al, 2008) 

Bioluminescent 
naphthalene biosensor Naphthalene Pseudomonas 

putida (Werlen et al, 2004) 

DNA 
Bioluminescent 

bacterial biosensor for 
DNA damage, 
alkylation and 
mutagenicity 
recognition 

Genotoxicants included: 
endocrine disrupting chemicals, 

phenolitics and compounds 
causing oxidative stress (e.g. 

H2O2, CdCl) 

Escherichia coli (Ahn et al, 2009) 

Microgravity and 
space radiation 

bacterial biosensors 

Analysis of the level of radiation 
exposure on human body by 

bacterial detection 

Salmonella 
typhimurium (Rabbow et al, 2003) 

Stress-responsive 
bacterial biosensors

DNA damage by oxidative and 
genotoxic conditions Escherichia coli (Mitchell & Gu, 2004) 

Table 4. The review of bacterial biosensors usage.   
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5. Brief overview of other bacterial biosensors 
The intein-NHR bacterial biosensors are useful for ED screening and drug discovery, and 
exhibit many advantages over conventional assays. These advantages are also observed in 
other bacterial biosensor systems, which have been extended into wide range of 
applications.  These include testing for antibiotics in food, as well as detecting DNA damage 
by chemicals and even space radiation. Several examples of other bacterial biosensors are 
included in Table 4.  

6. Conclusions 
The bacterial biosensors presented here are an excellent tool for screening EDs, 
pharmaceuticals, hormones or mixtures of compounds for their agonism or antagonism 
against human NHRs as well as NHRs of other species. These biosensors meet the need for a 
method to rapidly compare the effects of NHR ligands across different species, and to 
estimate the potential danger of chemicals in the environment. These bacterial biosensors 
can be also used to rapidly and cheaply test large amounts of the unknown chemicals for 
possible future uses as lead compounds in pharmaceutical research, including compounds 
with receptor sub-type selectivity. The simplicity of the assay and very low cost are 
attractive key features of this method.  
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1. Introduction 

Since the 19th century, with industrial and urban development and the consequent increase 
in emissions from industrial activities and vehicular emissions have been observed air 
pollution effects on living organisms. Thus, since the beginning of the twentieth century, 
have been carried out several studies that include studies of the effect of pollution on plants 
(Chies,1983). Some features observed in these surveys are genotoxic effects, observation of 
falling leaves, analysis of pigments associated with photosynthetic apparatus, deposition 
and accumulation of chemicals in the leaves, structural and ultrastructural and effects on 
reproductive organs. 
The need for the scientific community to understand what are the environmental agents that 
cause genetic damage in humans has also been since the beginning of last century and, with 
this concern, began to enhance the studies on the processes that cause mutations in cells. To 
meet these challenges, then began to be developed several bioassays Toxicogenetics, from 
the simplest to the most sophisticated (Ribeiro et al.,2003) 
Each year, the amount of radioactive waste from research institutions, hospitals and      
nuclear power plants in Brazil and around the world is growing, and so the need to store 
this waste grows too. Waste storage induces questions for society concerning the amount of 
radiation exposure to man and the environment in the neighborhoods of waste deposit sites.  
In Brazil, the organ responsible for inspecting the deposits of nuclear waste is the National 
Commission for Nuclear Energy (Comissão Nacional de Energia Nuclear- CNEN). The 
stored nuclear waste can be of low or medium activity; the material is previously compacted 
and maintained in steel drums. They can be stored in initial, intermediary or permanent 
deposits. The permanent deposits are protected by thick concrete walls and may house the 
materials for short or midterm intervals of time.  There is, in Brazil, only one permanent 
deposit for waste of small to medium activity where part of the material resulting from the 
cesium-137 accident in Goiânia (1987) is stored. The construction of other prominent 
deposits is under consideration. However, selection for the location of these deposits 
depends on a technical analysis that includes details of different levels of data and 
information. There is also a need to comply with the laws nr 4.118/62 and 10.308/01 
respectively and the regulations NE-6.05 – Management of Radioactive Waste in Radioactive 
Installations (Gerência de Rejeitos Radioativos em Instalações Radiativas), NE-6.06 – 
Selection and Choice of Locations for Deposits of Radioactive Waste (Seleção e Escolha de 
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Locais para Depósitos de Rejeitos Radioativos), NN-6.09 – Criteria of Acceptance for the 
Deposits of Low and Medium Levels of Radioactive Waste (Critérios de Aceitação para 
Deposição de Rejeitos Radioativos de Baixos e Médios Níveis de Radiação) and NE-3.01- 
Basic Directives for Radiological Protection (Diretrizes Básicas de Proteção Radiológica). 

1.1 Effect in cell 
A mutation is defined as a change in DNA sequence, which leads to a heritable change in 
gene function. Agents that change the sequence of DNA (mutagens) are “toxic” to the gene 
and are then called “genotoxic” (Ribeiro et al.,2003). 
In order to assess and prevent the presence of genotoxic agents in the environment is 
necessary to use sensitive indicators to detect the action of these compounds. There are 
plants that are considered ideal for the study of mutagenesis, both in laboratory and in situ 
monitoring, thus acting as bioindicators. Among the tests with the bioindicators, the 
micronucleus test with Tradescantia spp. (Trad-MCN) is considered the most sensitive to 
genotoxic agents (Ennever et al.1998; Ribeiro et al.,2003; Saldiva et al.,2002). The genus 
Tradescantia has been used experimentally since the first studies related to gene activity 
with the action of compounds and chemical agents. The choice is due to a series of favorable 
genetic characteristics, among which stands out the fact that the cells of almost all parts of 
the plant provides excellent material for cytogenetic studies (Ma, 1979; Grant,1998). 
The influence of chemical and physical agents (especially radiation) on the frequency of 
mutations has been extensively studied through analysis of changes observed in 
Tradescantia (Carvalho,2005). Among the features that allow the detection of agents that 
affect the stability of the genome in Tradescantia, some were selected as indicators in 
bioassays for evaluating genetic toxicity: testing the pollen tube mitosis and cell color 
change to pink in hair stem ( Trad-SH) (Rodrigues and Campos, 2006). The evaluation of 
genotoxicity in Tradescantia can also be made by detecting fragments or segments of DNA 
induced by genotoxic agents in the air, soil and water (Carvalho, 2005), was developed as a 
cytogenetic test that is based on the micronucleus (Trad-MCN). Thus, the Trad-MCN test is 
based on the formation of micronuclei, which are a result of chromosome fragmentation, 
visualized in the tetrad stage of stem cells grain (Ma, 1979; Rodrigues, 1999a-b). Micronuclei 
are counted and the frequency in which they occur indicate the toxicity of the environment. 
The micronucleus test in Tradescantia (Trad-MCN) has long been used in environmental 
monitoring, which is due to its effectiveness in detecting chromosomal damage, the 
simplicity with which it is executed and its low financial cost of its methodology. All these 
properties qualify it as an excellent tool for this type of monitoring (Zengh and Qingqiang, 
1999). Moreover, studies over the years about the genetics and development of Tradescantia 
offer strong support for its use as bio-indicator for genetic toxicity testing environment (Ma, 
1982). Micronuclei in stem cells of pollen grains are easily observable and tests with 
Tradescantia have proved valuable in studies of genotoxic agents (Rodrigues et al.,1997;1996; 
Ma and Grant, 1982). 
Researchers at the International Program on Plant Bioassays with the University of Illinois 
(USA), were the first devised and used the micronucleus assay (Trad-MCN) in tetrads to 
assess the genotoxicity of certain agents. The plant used was a hybrid clone 4430 (T. Bush 
hirsutiflora x subacaulis T. Bush), a comparative study with tests of mutations of stem hairs 
(Trad-SH) to assess the effects of 1,2 - dibromoethane, a substance known to mutagenic, on 
the chromosomes of cells in meiosis(Ma, 1979). The basis for the development of this test 
was the fact that the biggest problem in the quantitative assessment of chromosomal 
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fragmentation was the loss of chromosomes in metaphase and his image appeared blurred 
in the preparations of the cells in meiosis. However, if the agent is applied at the beginning 
of Prophase chromosome and continues for a period of recovery, acentric fragments of 
chromosomes become micronuclei at the tetrad stage of meiosis, easily identified on light 
microscopy (Carvalho, 2005). 
The use of the Trad-MCN test for monitoring environmental genotoxic agents was proposed 
after studies involving agents pro-mutagens (benzo-α-pyrene) in polluted cities (Ma, 
1981;1982:1983;1990). In 1983, TH Ma established the protocol for the bioassay Trad-MCN 
[17]. The Trad-MCN with the clone 4430 was also performed to study the fitogenotoxicidade 
substance 2,4 - and 2,6-dinitrotoluene, intermediate in the production of toluene, explosives, 
propellants, among others. The tests showed positive genotoxicity of these two substances, 
but a greater genotoxicity of 2,4-DNT, compared to 2,6-DNT (Gong et al., 2003). 
At the University of Metz-Bridoux, France, studies Tradescantia exposed to 4430 137Cs 
indicated genotoxicity of low doses of gamma and beta radiation emitted by this 
radionuclide (Minouflet et al., 2005). This study inspired this work in an attempt to verify 
the mutational effects on the response of Tradescantia clone 4430 (tentative) and Tradescantia 
pallida exposure to a 137 Cs radiation source. 

2. Materials and methods 

2.1 Biotesting I 
The purpose of this study was to work with Tradescantia clone 4430, but this had some 
limitations when applied to tests that required a longer period of exposure to the source. 
The high temperature, humidity and variations in light intensity, here in Rio de Janeiro 
(Brazil) will affect the system, which favors the emergence of parasites and insects caused 
inhibition of flowering. These factors limit its use to a short period of time in a 
biomonitoring in regions of hot climates and is highly favored regions where they observed 
a mild climate. Although studies to establish positive results for its application in the case of 
ionizing radiation (Ichikawa, 1991;1992; Villalobos-Pietrini et al.,1999; Suyama et al., 2002), 
there was no success in implementing this kind for long periods , as was the aim of this 
work. Then a new species of the same family, Comelinacea, that better fit the environmental 
conditions in Brazil was introduced. Tradescantia pallida (Rose) Hunt. variety purpurea Boom 
is a small ornamental plant from the family Comelinacea the characteristics of which make it 
useful for experiments involving genetic damage to cells especially those originating from 
exposure in a genotoxic environment.   
To develop and experiment biosensors, there is a need to ensure that it meets the 
environmental conditions where it will be used. Hence, the choice of T. pallida resulted from 
its good adaptation to the adverse climatic conditions in the various regions around the 
country. This plant can be found in many streets and gardens of the cities all over the 
country. It is a tetraploid species that has notable resistance to both parasites and insects.  It 
blooms all year round and needs little care and attention to grow.  
T. pallida allows us to obtain response curves of biological damage versus dosage, based on 
the micronuclei methodological system developed by T.H. Ma for Tradescantia clone 4430 
and Vicia faba, in 1992. This methodology has been widely used by various groups of 
researchers to evaluate the damaging effects of genotoxic agents and to obtain a prognosis 
for human health. 
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In this work, we evaluated the responses obtained as Tradescantia pallida, when exposed to a 
radiation source, 137Cs, low activity, in order to further long-term applications. The trial 
established the standard for short environmental conditions of Brazil, and thereby justifies 
the use of plants as biosensor for environmental testing of mutagenesis at low doses of 
gamma radiation. 

2.2 Biotesting II 
Tradescantia pallida (Rose) Hunt. variety purpurea Boom is a small ornamental plant from 
the family Comelinacea the characteristics of which make it useful for experiments 
involving genetic damage to cells especially those originating from exposure in a genotoxic 
environment.   
To develop and experiment biosensors, there is a need to ensure that it meets the 
environmental conditions where it will be used. Hence, the choice of T. pallida resulted from 
its good adaptation to the adverse climatic conditions in the various regions around the 
country. This plant can be found in many streets and gardens of the cities all over the 
country. It is a tetraploid species that has notable resistance to both parasites and insects.  It 
blooms all year round and needs little care and attention to grow.  
T. pallida allows us to obtain response curves of biological damage versus dosage, based on 
the micronuclei methodological system developed by T.H.  Ma for Tradescantia clone 4430 
and Vicia faba (Ma, 1982; 1994). This methodology has been widely used by various groups 
of researchers to evaluate the damaging effects of genotoxic agents and to obtain a prognosis 
for human health. 

3. Experimental procedure 

3.1 Experimental procedure I 
We analyzed four groups containing vessels of Tradescantia pallida. The first group, control, 
and three groups, which varied the time of exposure and hence the dose absorbed by the 
system, including: 24 h, 36h and 48 h, exposed to the same place and the same conditions, 
the background rate, 0.01 mGy. Each group, 30 samples were analyzed. 
The radiometry was measured at each venue in three different distance of 50 cm, 100cm and 
200cm from the source, using a MRA GP500 monitor, model 7237/03.44. Once the locations 
had been selected, vases containing T. pallida were placed, in such a way that twenty 
samples were exposed in each group, over an interval of 24 h, 36h  and 48 h. After being 
exposed, the samples were placed into water, for at least six to eight hours. This is enough 
time for the meiosis process to continue and for the mother cells of the pollen grains to reach 
their tetrad phase. When the tetrad phase is reached, it is possible to see the micronucleus. 
In the final stage, the tetrads are fixed, in a solution of acetic acid and alcohol (1:3, v/v), in 
agreement with the protocol published by T.H. Ma in 1979 and cited by Saldiva et al., 2002. 
To prepare the slides, once the inflorescences are chosen, they are mashed and treated with 
a drop of carmine (contrasting agent), to observe the different stages of the tetrads. The slide 
is squeezed slightly to visualize the tetrads under the microscope, on the same plane. The 
preparation is heated over a Bunsen burner at 80°C; the residuals are removed and the 
slides sealed with enamel. Three hundred tetrads per slide were counted, and by way of a 
table the number of micronuclei/slide was determined.  In each selected group, 30 samples 
were analyzed, totaling 9000 cells per group, that were labeled as pertaining to the control 
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group (Co), group A, group B and group C respectively, in accordance with the levels of 
dosage according to the distance the source. 
Figure 1 shows the experimental scheme in which the samples were exposed to 137Cs source, 
the distance of 50cm, 100cm and 200cm. For a period of 24h, 36h and 48h. 
SUPERIOR VISION  (source the 50cm,100cm and 200cm of height) 
 

 

  Source of Cs137 

 

  Round dish with 5 pots each 
 

 Connecting rod for support of the source 
LATERAL VISION 

 

50cm 
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Fig. 1. Scheme of experimental exposure groups the source of 137Cs, and the distances 
between the source and the biomarkers, 50 cm, 100cm and 200cm 

100cm 

200cm 
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3.1.1 Statistical analysis 
To analyze the data the SPSS 9.0 for Windows  program for statistic treatment was used 
(SPSS, 1999). The parameter variance was determined, in order to compare the counts in 
relation to the three groups from each region, to a level of significance of 0.05, the test t-
Student was also used when comparing the samples ( two in every two groups), in 
compliance with the protocol from  T.H. Ma (1983). 

3.2 Experimental procedure II 
In this research, we have chosen four regions of merit around Brazil, because they contain 
nuclear waste deposits and because of their peculiar characteristics:  
3.2.1 The Radioactive Waste Deposit at the Institute of Nuclear Engineering (IEN), 

located in the city of Rio de Janeiro: this deposit is considered of intermediate level. 
Some of the waste is stored for future use; others are removed to a permanent 
deposit. 

3.2.2 The Radioactive Waste Deposit at the Nuclear Power Plant in Angra dos Reis 
(UNA) - located on the coastline of the state of Rio de Janeiro: it is considered to be 
an initial deposit; it contains richer active waste of low and medium activity. This 
deposit is under the custody of the Eletronuclear Corporation, and is supervised by 
CNEN. 

3.2.3 The Radioactive Waste Deposit at the Institute for Nuclear Energy Research (IPEN) 
- located in the city of São Paulo: considered of intermediate level, however, it has a 
huge store of waste. 

3.2.4 The Radioactive Waste Deposit at Abadia de Goiás (ABADIA): this is the only 
permanent waste deposit in Brazil, for small and medium activity. 

Radiometric readings were carried out at the surroundings of each of these deposits using a 
MRA GP500 monitor, model 7237/03.44. At each waste deposit, three locations were 
selected cordance with the levels of dose rate: (1) CW (Control Waste deposit site) location 
where the dose rate was close to the dose rate measured at the garden where T. pallida was 
cultivated referred to as CG (Control Garden), (2) NE (nearby the entrance door of the waste 
deposit) and DE (along the waste deposit, but 1m distant of its entrance door). 
Once the locations had been selected, vases containing T.pallida were placed, in such a way 
that 10 samples were exposed in each location, over an internal of 24h. After being exposed, 
the samples were placed into water, for at least 6-8hThis is time enough for the meiosis 
process to continue and for the mother cells of the pollen grains to reach their tetrad phase. 
When the tetrad phase is reached, it is possible to see the micronucleus. In the final stage, 
the tetrads are fixed, in a solution of acetic acid and alcohol (1:3, v/v), in agreement with the 
protocol published by T.H. Ma (1982). 
To prepare the slides for microscope observation, chosen inflorescences are mashed and 
treated with a drop of carmine (contrasting agent), to observe the different stages of the 
tetrads. Then, the preparation is heated over a Bunsen burner at  80°C; the residuals are 
removed and the slides sealed with enamel. Three hundred tetrads per slide were counted, 
and by way of a table the number of micronuclei/slide was determined.  In each radioactive 
waste deposit of each selected group, 100 samples were analyzed, totaling 30000 cells that  
were labeled as pertaining  to the control negative  group (Co), groups CW, NE and DE, 
respectively.  
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3.2.1 Statistical analysis 
To analyze the data the SPSS 9.0 for Windows  program for statistic treatment was used 
(SPSS, 1999). The parameter variance was determined, in order to compare the counts in 
relation to the three groups from each region, to a level of significance of 0.05, the test t-
Student was also used when comparing the samples ( two in every two groups), in 
compliance with the protocol from  T.H. Ma (1983). 

4. Results  

4.1 Results and commentaries of experimental procedure I 
As previously mentioned Tradescantia clone 4430, had some limitations when applied to 
tests that require a longer period of exposure to the environment. In hot climate cities such 
as Rio de Janeiro, was not successful in implementing this kind, and some plants died or not 
getting the bloom necessary. 
With Tradescantia pallida, were analyzed 30 samples of each group and analyzed 9.000 cells 
per day for each of the groups, totaling 98.000 cells analyzed at the end of the experiment. 
Every count was compared with a control group (Co) of plants from the location of 
cultivation where the dosage rate measured was 0.26 Gy/h. 
Table 1 presents a sample of the dosage rates resulting from each groups.  The vessels with 
the inflorescences of T. pallida were placed at the site of exposure at a fixed distance of 50, 
100 and 200 cm, respectively, for groups A, B and C (Table.1). The activity of the source of 
Cs-137 was 121KBq (2009). 
 

Groups 
Time exposure 

(h) 
Taxa Dose Total tetrads analyzed (cell) 

Co* ----------- 0.26 µGy/h 36000 
Grup A  (50 cm) 24 / 36/ 48 4.15 µGy/h 36000 
Grup B (100cm) 24 / 36/ 48 9.58  mGy/h 36000 
Grup C (200cm) 24 / 36/ 48 2.13 mGy/h 36000 

*Co is the control group from the cultivated location.  

Table 1. Exposure data of Biosensor 

Equations (1) and (2) show the relation between the dose and time. The dose is directly 
proportional to the time of exposure, so, for the control group, it is expected that there will 
be an increase in micronucleus frequency of  cells  of  pollen grains  of  T. pallida. When 
comparing the groups A, B and C, it is expected that there is an increase in frequency of 
micronuclei, proportional to the increase of exposure time. 

 dX/dt = A / d2  (1) 

 dD = 0.869 dX (in ar)             (2) 
where:  
dX  = the exposure rate,  
dD = the dose rate, 
  = a constant related to the specific radiation (tabulated values) of 137Cs 
d= distance from the source to the biosensor. 
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Table 2 and the graph in Figure 2 represents the number of micronuclei per hundred cells 
analyzed, the results of the exposure of the biosensor that relates the dosage rates to the 
mutational effects observed in each group.  The graphic in question showed a slight growth 
even that load dose rates. 
 

 
                       Temps 

   Groups 

Micronuclei per 100 cell 

24 h 36h 48h 

Co 1.3 1.3 1.3 

A 1.7 1.9 2.0 

B 2.2 2.5 2.6 

C 2.5 2.7 3.0 

Note: Co is the control group from the cultivated location 

Table 2. Represents data obtained from exposure of the biosensor, per group analyzed in 
relation to distance and time of exposure. 

 

 
Note: Co is the control group from the cultivated location 

Fig. 2. MCN/100 cell for groups Co, A, B and C 

By statistical analysis it was observed that in the control group, Co, the wrapping other 
groups had a significant increase when exposed to a source of 137Cs. When comparing the 
groups A and B and A and C, we also observed a significant difference between them, both 
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for the exposed 24, 36 and 48 h. However, when comparing groups B and C, especially for 
times of 36 and 48 h, there were no significant differences between them. This suggests that 
there may have been an adaptation of the biosensor stress he underwent, or that this 
triggered a device to respond to stress. From the results, after comparison, we observed an 
increased frequency of micronuclei with a significant difference (p<0.05). Was also a linear 
relationship between absorbed dose and the response of Tradescantia pallida, although this 
has been a small increase in mutational frequency. 
These results can be compared with those obtained in the literature. Villalobos-Pietrini et al. 
(1999) found a significant result, compared with the control containing the Tradescantia 
clone 4430, which exposed of a 800mGy with a source of Co-60 and found a response 17 
MCN / 100. Suyama et al. (2002) reported research results that are consistent with the curve 
of the present study, positive response of the TRAD_MCN, for T.pallida when compared 
with the study had been validated previously for  Tradescantia clone 4430 by Ma. 

4.2 Results and commentaries of experimental procedure II 
A total of 12000 cells were analyzed for each waste deposit. Every count was compared with 
the control group (CG) from the location of cultivation where the dose rate measured was 
0.26µGy/h. Table 3 show the dose rates at each location for groups in each waste deposit. 
Table 4 presents the number of micronuclei per hundred cells (MCN/100) analyzed for each 
group. The results tend to indicate higher micronuclei frequency per tetrads at the location 
of higher dose rates. 
 

Location 
(Abbreviation) 

Waste deposit 
sites 

Dose rates 
(µGy/h) 

IEN (Institute of 
Nuclear 

Engeneering) 

 
 

UNA 
(Nuclear 

Power 
Plant at 

Angra dos 
Reis) 

 
 

IPEN (Institute 
for Nuclear 

Energy 
Research) 

 
 

ABADIA 
(Abadia of 

Goias) 

Control garden 
(CG) 

0.26 0.26 0.26 0.26 

Control waste 
site (CW) 

 
0.44 0.35 0.44 0.26 

Nearby the 
entrance (NE) 

21.9 25.4 30.0 2.20 

Distant of the 
entrance (DE) 

35.1 46.5 137 3.10 

CG: negative control (garden where T.pallida was cultivated); CW: positive control (location of the waste 
deposit site where the dose rate was close to the dose rate measured at the garden); NE: location nearby 
the entrance door of the waste deposit; DE: location 1m distant of the entrance door of the waste 
deposit. 

Table 3. Dose rates (µGy/h) at each location for each waste deposit site 
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First of all, to verify the influence suffered by the biosensors during transportation to the 
location of exposure, the frequencies MCN/100 tetrads were compared on the control points 
of the cultivation, CG (cultivation garden) with the frequencies at the positive control 
groups CW (radioactive waste deposit sites).  From this comparison no significant difference 
was found (p>0.05), which leads one to conclude that the biosensor did not suffer any 
damages from stress during transportation. 
 

Location 
(Abbreviation) 

Waste deposit 
sites 

(MCN/100) tetrads 
IEN (Institute of 

Nuclear 
Engeneering) 

 
 

UNA 
(Nuclear 

Power 
Plant at 

Angra dos 
Reis 

 
 

IPEN (Institute 
for Nuclear 

Energy 
Research) 

 
 

ABADIA 
(Abadia of 

Goias) 

Control garden 
(CG) 

1.26 1.26 1.26 1.26 

Control waste 
site (CW) 

 
1.37 1.73 1.43 1.20 

Nearby the 
entrance (NE) 

1.60 2.00 2.57 1.33 

Distant of the 
entrance (DE) 

1.93 2.27 5.90 1.47 

Table 4. Number of micronuclei per hundred cells (MCN/100) for each location in the 
neighborhoods of deposits of radioactive waste as a function of dose rate 

On comparing the NE and DE groups to the control group (CG), different responses could 
be observed. Thus, no significant difference was observed for the NE groups at IEN an 
ABADIA deposits. On the contrary, for groups NE at UNA and IPEN deposits (intermediate 
level) showed a significant increase (p<0.05) in mutational frequency. For group DE, a great 
a difference was found at the deposits of UNA, IEN and IPEN; only the deposit at ABADIA 
showed no significant increase when compared with the control (cultivation location). 
Recent studies, using the species Tradescantia pallida, compare its sensitivity to the effects of 
exposure to radiation with those from genotoxic agents (Celebruska_Wasilewska, 1992; 
Ichikawa, 1991;1992 Gomes et al.,2001). The mutagenesis scale shown in figure 2 is coherent 
with that obtained by Suyama et al Suyama et al.(2002) when the studying a methodology of 
biomonitoring tests with Tradescantia, when exposed to x-rays. Villalobos-Pietrini et al.(1999) 
used this method with the biosensor when comparing the Tradescantia clone 4430, having 
registered and increase in the mutational frequency from 7 MCN/100 to 17MCN/100, when 
the plants were submitted to a dose of 0.8 Gy from a source of 60Co. Recent studies have 
shown that the sensitivity of Tradescantia to the effects of radiation serve as a way of 
connecting gamma radiation dosage rates to which it was submitted to the mutational 
frequency from low dose rates , using the micronuclei a methodology (Santos leal et al., 
2005;2008) 
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5. Conclusion 

In the study of radiobiology, the system based on cells of Tradescantia pallida (Trad-MCN), 
is being considered. The sensitivity of the Tradescantia micronucleus has been used widely 
and has demonstrated the relation between radiation dose and frequency mutational 
obsevarded at low doses, looking through these studies contribute to the vexed question of 
the effects of low doses and their consequences for human health (Ma et al.,1994; Gomes et 
al., 2002; Santos et al.,2005; Santos et al.,2008). 
This system carries the advantage of observing meaningful data in a short period of time, 
being able to meditate effects on human health and to prevent possible accidents, when 
adopted as periodical monitoring. 
The biosensor T. pallida exhibits a noticeable quantity of cell alteration in the short time 
following radiation exposure. Hence, the effects caused on the environment might be 
anticipated, and by extension on the human being, as a result of its occupation exposition 
level. The use of method is recommended, therefore into the environment acclimatization, 
and may be used, in addition, in the prevention of radiological accidents. 
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