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Amperometric biosensors and biofuel cells are mostly based on immobilized enzymes or living cells. Among the

many oxidoreductases, glucose oxidase (GOx) is used mostly in biosensor design. The same GOx can be well

applied for the development of biofuel cells and self-charging capacitors based on the operation of biofuel cells. 

Enzymatic Biosensors  Biofuel Cells

1. Introduction

CPs-based layers play a number of different roles in the design of amperometric sensors because they can serve:

(i) as an immobilization matrix ; (ii) as a diffusional barrier for enzymatic reaction substrate, which increases the

so called apparent Michaelis constant (K ) for immobilized enzymes and, therefore, in this way can extend the

linear-range of amperometric biosensors ; and (iii) and in some cases, they act as charge transfer mediators .

Therefore, the entrapment of enzymes within conducting polymer-based structures enables some bioanalytical

characteristics (such as limits of detection and linear ranges) of biosensing systems to be changed. Biosensors

based on GOx, which is modified by conducting polymers (e.g., polyaniline, polypyrrole, or polythiophene) have

been reported and in such systems, soluble redox mediators (ferrocene, benzoquinone, 2,6-dichlorophenol

indophenol, phenazine methosulfate, and some others) were applied in order to facilitate charge transfer between

the enzyme and electrode. Facilitation of indirect CT by the application of some nanomaterials (such as metal and

semiconductor nanoparticles) is rather simple, therefore it is applied in most electrochemical enzymatic biosensors

 and biofuel cells .

2. Development

Several ‘generations’ of amperometric biosensors are determined according to the applied charge principle. In

‘first-generation’ amperometric biosensors, charge is transferred via enzymatic reaction products   (e.g., if

oxidases are applied, then electrons from one substrate are transferred to dissolved oxygen and hydrogen

peroxide is formed ); in the case of such amperometric sensors, the analytical signal can be based on

electrochemical registration of decreasing oxygen concentration or increasing hydrogen peroxide concentration

(Figure 1A).
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Figure 1. Charge transfer from glucose oxidase (GOx): (A) via formed hydrogen peroxide; (B) via redox mediator

M /M .

In the ‘second generation’ of amperometric biosensors, dissolved charge transfer mediators are applied that

transfer the charge while oxidized/reduced forms of these redox mediators diffuse between the redox-able active

site of the enzyme to the electrode (Figure 2B). In the ‘third generation’ of amperometric biosensors, charge

transfer is based on the direct exchange of charge carriers between the enzyme’s active site and electrode ,

and the same effect can be exploited in direct electron transfer-based biofuel cells    (Figure 2); to

improve/facilitate this process, conducting polymers can be applied . Sometimes, additional sophisticated

‘wiring’ routes are applied in order to establish the charge transfer between the redox sites of enzymes and

electrodes .
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Figure 2. Charge transfer within PQQ-Heme dependent alcohol dehydrogenase, and direct electron transfer from

PQQ-Heme dependent alcohol dehydrogenase, which can be applied in the design of biofuel cells   and

amperommetric biosensors of the third generation.

It should be noted that fast and efficient charge transfer is especially critical for the action of biofuel cells. It should

be noted that in addition to the charge transfer between the enzyme and electrode, very critical is the

understanding of the charge carrier pathways and their dynamics within oxidoreductases applied in the design of

bioelectronics-based devices . From the scientific point of view, understanding of the charge transfer

pathways and mechanisms is extremely important in order to exploit enzymes efficiently , which is important

during the design of biofuel cells and biosensors. In some redox enzymes, charge transfer pathways are rather

complex because some radicals of amino acids can be involved in intrinsic charge transfer pathways . Such

amino acids (e.g., tryptophan and tyrosine ) are mostly based on aromatic radicals and they can attend not only

in intrinsic, but also in extrinsic charge transfer pathways that are typical for various biological systems .

Both electron- and hole-based charge transfer pathways can be observed between some redox enzymes (e.g., in

GOx) and some conducting polymers that act as p-type organic semiconductors (e.g., carbazole-derivatives) .

Some other p-type semiconducting polymers (including poly(3,4-ethylenedioxythiophene (PEDOT) due to suitable

ionization potential, which is below 5.0 eV) show sufficient ability to transfer holes . It was predicted that charge

transfer via hole hopping to some extent protects enzymes from oxidative damages . Such polymers are able to

not only transfer charge via holes, but can even inject them into the intrinsic charge transfer pathway of some

redox enzymes including glucose oxidase as reported for some carbazole derivatives  or PEDOT .

Application of such p-type semiconducting polymers is very promising for biosensors and biofuel cells because it

enables the stability of the enzymes to be retained for a longer period of time, therefore, in some of our works, we

applied several p-type semiconducting carbazole-based derivates for the development of rather stable glucose

oxidase-based biosensors . The action of such glucose biosensors is well supported by DFT-based

computations , which enabled the charge transfer mechanism to be elaborated not only in polymer, but also
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inside the enzyme, and to calculate charge transfer characteristics   that were in agreement with those

determined by experimental approaches . All these properties of conducting polymers can be applied during the

development of advanced biosensors, which will have analytical characteristics better suitable for particular

analytical purposes (e.g., the entrapment of redox enzymes), which initially possess rather low K , within CPs

enables the increase in the ‘upper limits of analyte determination’ due to the formed CP-based ‘diffusion layer’ 

. In this way, glucose biosensors can be based on glucose oxidases that mostly have rather low K , which

are mostly much lower than the glucose concentration in the blood serum .

Some CPs can facilitate electron transfer between the active-site of the enzyme and electrode , which is

important during the development of biofuel cells and amperometric biosensors . However, active-sites in some

redox enzymes are located within the protein backbone. Therefore, charge transfer to/from these active-sites is not

possible even through conducting polymer-based structures.

In some of our previously published studies, we determined that charge transfer could be established by structures

based on polyphenontraline   and carbazole-based derivatives . During the modeling of amperometric

biosensors, glucose oxidase is applied as a model enzyme. Therefore, glucose oxidase was entrapped within

some CPs . However, electron transfer from the active-site of enzymes and the electrode still remains a

challenging problem in these structures, the most frequent charge transfer is established by dissolved redox

mediators or by electrodeposited conducting polymers . Therefore, in some biosensors, conducting polymers can

serve as electron transfer mediators and as a matrix within which redox enzymes are immobilized . The

applicability of conducting polymers can be improved by the formation of various copolymers based on monomers

that form conducting polymers (e.g., in this way, specific functional groups, which are required for covalent

immobilization of enzymes (namely, carboxylic groups, amino groups, etc.), can be introduced) . In this way, the

pyrrole-2-carboxylic acid was polymerized into particles of poly-(pyrrole-2-carboxylic acid) (PCPy) by chemical

polymerization initiated by H O , and then covalently modified by glucose oxidase via formed amide bonds, which

were formed after the activation of carboxylic groups by N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide (NHS). During this activation step, EDC reacts with carboxyl

groups and forms active O-acylisourea intermediates, which couple NHS and form amine-reactive N-

sulfosuccinimidyl esters on the surface of the PCPy layer that during the next step react with the amino groups of

glucose oxidase. Then, this GOx/PCPy nanocomposite was applied for the modification of graphite electrodes and

applied in the design of a glucose sensor  (Figure 3).
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Figure 3. Formation of poly-(pyrrole-2-carboxylic acid), followed by the activation of carboxylic groups and covalent

immobilization of glucose oxidase (GOx).

The immobilization of enzymes enables biosensors to be applied for continuous and/or repeating measurements of

analytes, however, despite numerous efforts to retain the stable activity of enzymes, they gradually lose their

activity, which negatively influences the accuracy of the analytical signal . Hence, limited stability of

amperometric biosensors is a drawback that requires special attention and, therefore, these biosensors require

additional calibration procedures that are performed periodically and/or periodical exchange/replacement of

enzyme-based structures.

It should be noted that various charge transfer reactions play a very important role in photosynthesis, metabolic

pathways, and many other biological and artificial redox systems . Both electron and hole transfer

mechanisms are important for charge transfer in biosensors and biofuel cells. However, recent developments in

electrochemistry and bioelectronics mostly take into consideration only the electron transfer-based reactions. For

this reason, advanced understanding of the charge transfer mechanisms and pathways is required for the

development of advanced bioelectronics-based devices. In addition, charge hopping and/or tunneling mechanisms

 can be involved for the charge transfer between electrodes and redox enzymes or other redox proteins 

. These mechanisms provide the ability to transfer charge through rather long distances, however, the efficiency

of these charge transfer mechanisms is not very high and is always determined by the electrical potential of

electrodes and redox potentials of used materials. Conducting polymers, which are used for the modification of

electrodes applied in the design of amperometric biosensors and/or biofuel cells, can provide hole- or electron-

based conductivity. Therefore, charge transfer between these conducting polymers and redox enzymes could also

be evaluated in such a way that takes into account the many different mechanisms of charge transfer between

redox enzymes and conducting polymers .

3. Conclusions

Efficient charge transfer (CT) plays a crucial role in the design of biosensors and especially in the development of

reliable biofuel cells. In order to improve CT in these bioelectronics-based devices, some nanomaterials are

applied. Indirect CT is the most frequently exploited during the design of biosensors and even during the

development of biofuel cells, here, nanomaterials, especially metal and semiconductor nanostructures, play an

important role. Nanocomposites based on conducting polymers and some nanomaterials can provide various

technological advantages including increased surface area, which is required for the establishment of higher

current densities that are of special interest during the development of biofuel cells. In addition, CPs offer very

attractive ways for the immobilization of enzymes. Among the many different methods used for the formation of

conducting polymer-based structures and nanostructures, electrochemical deposition is one of the most efficient

due to the possibility of precise control of the polymerization process by the adjustment of the most suitable

electrochemical parameters. In addition to electrochemical synthesis, oxidizing agents, redox enzyme, and

microbes can be applied as initiators of CP synthesis, which all confirmed that through these ways, formed CP-

based enzyme/CP composites could be applied in the design of biosensors and biofuel cells. In enzymatic-

[31]

[32][33][34]

[35][36] [37]

[38]

[4][14]



Amperometric Biosensors and Biofuel Cells | Encyclopedia.pub

https://encyclopedia.pub/entry/7299 6/9

electrochemical biosensors and biofuel cells, some other characteristics of the enzyme/CP-based layer are also

very important, namely, density, permeability, and thickness of the structure, which is formed over the electrode.

Direct charge transfer (DCT), which is very often simply called direct electron transfer (DET), from enzymes, except

DCT/DET for a few types of enzymes (hemoproteins, Cu ion-based proteins, and some other enzymes), is still very

rarely realized. Despite of this evaluation of DCT/DET is a very interesting and promissing research direction,

which in the future will provide many interesting solutions. Recently, some rather sophisticated DCT/DET pathways

from enzymes toward electrodes have been established by several research groups. In some of these DCT/DET

routes, conducting polymers (CPs) such as polypyrrole and carbazole-derivatives were applied. In some of our

research and theoretical calculations, we have demonstrated that not only electron transfer, but also hole transfer,

can play a role and can be well exploited in the design of bioelectronics-based devices.

The good biocompatibility of some conducting polymers provides new possibilities for their application as ‘stealth

coatings’ in the design of implantable biosensors and biofuel cells.
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