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ABSTRACT 

KINETICS OF REDOX POLYMER MEDIATED BIOANODES 
 

By 

Harshal M Bambhania 

 

Osmium-based redox polymer mediated glucose oxidase electrodes were characterized in 

the absence and presence of O2 for use as anodes in glucose/O2 based biofuel cells. In N2 

saturated conditions, glucose oxidation current density of up to 2 mA/cm2 was observed whereas 

significant loss in current was noticed in the presence of O2 saturated conditions. Mediating 

performance of the synthesized redox polymers with respect to GOx and effect of oxygen in the 

system was quantitatively studied in terms of mediator redox potential, osmium loading and 

diffusivities.  

A one-dimensional model of a redox polymer-mediated, enzyme electrode was developed 

in order to account for the presence of oxygen. Kinetic parameters were determined by fitting to 

the experimental current density measurements for varying potential, glucose and O2 

concentrations. Kinetic parameters specific to the mediator reaction were an order of magnitude 

higher than other homogeneous mediated systems ascribed to better mediation efficiency of the 

synthesized redox polymers. Bimolecular rate constants for GOx-oxygen reaction were found to 

be an order of magnitude lower than that of the free solution, which can be attributed to the 

reduced activity of immobilized GOx. Performance of the system was analyzed via simulation 

under various conditions. 
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Chapter 1: Introduction  

Fuel cell background  

 The increasing difficulty of contemporary energy supplies and associated problems of 

pollution and global warming are a major impetus for research into alternative renewable energy 

technologies. Fuel cells, as an efficient chemical energy conversion technology and clean energy 

carrier have a great potential to quench the insatiable global energy demand. William R. Grove1 

and C.F. Schoenbein2 identified fuel cell technology in 1839 and it has transformed into a huge 

area of research in the modern era.3 

As shown in Figure 1.1, fuel cells are the electrochemical devices that convert chemical 

energy into electrical energy. They can be related to batteries in having anodes and cathodes, but 

unlike batteries, a constant supply of fuel (glucose, methanol, H2 etc.) at the anode and oxidant 

(O2 or air) at the cathode is required for a continuous operation. Ions generated during oxidation 

and reduction are transported from one electrode to the other through ionically conductive but 

electronically insulating electrolyte.3 

Conventional fuel cells are based on polymeric electrolyte, alkaline, molten carbonate or 

phosphoric acid and ion-conductive oxide that are used mainly for stationary (on-site power 

generation) and portable applications (motor vehicle).4 Each type of fuel cell has its own 

advantages and disadvantages. Alkaline fuel cells allow the use of non-precious metal catalysts 

but suffer from electrolyte degradation due to CO2 contamination from air. Molten carbonate 



 

2 

fuel cells can tolerate high concentration of carbon monoxide in fuel streams but suffers from 

slow start-up due to high temperature (~650 °C) and sealing problems. Solid oxide fuel cells 

offer high performance but high operating temperature (~600-1000 °C), precluding rapid start-

up and demanding compatibility between materials in terms of thermal expansion.4 The well-

researched polymer electrolyte membrane fuel cell (PEMFC)5,6 gains advantage over other fuel 

cell systems due to its low-temperature operation (~ 60-140 °C), high power density, fast start-

up and system robustness. Numerous efforts have been made to reduce the use of platinum and 

to develop non-precious metal catalysts.7-9 However, activity and stability issues present 

significant challenges for state-of-the-art non-precious metal catalysts in practical PEMFC 

applications.7 This has motivated research into other categories of power generating devices, 

which could answer the challenges associated with the contemporary fuel cell technologies. Bio 

fuel cells are be a promising candidate due to their ability to oxidize high molecular weight fuels, 

leading to high theoretical energy density, and can operate at room temperature and neutral pH.10  

Biofuel cells 

The notion of a biofuel cell was recognized in the early 19th century when M.C. Potter 

observed the liberation of electrical energy due to disintegration of organic compounds by 

microorganisms.11 The first working biofuel cell, based on the glucose-glucose oxidase system 

using microbes, was reported by Davis and Yarborough in 1962.12 Biofuel cell research 
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escalated in the 1990s due to emergence of advanced electrode designs and increasing demand 

from applications requiring small energy generating sources.10,13-16 

Compared to conventional fuel cell technology, commercial development of bio fuel cells 

are still in the fundamental research stage because of their low stability and power output, but 

they have successfully spread their wings in the area of bioelectronics like biosensors,10,17,18 

portable electronic and implantable devices,10,19,20 music players,21 by taking an advantage of 

inherent biocatalytic properties of enzymes like low temperature, mild pH operation, specificity 

towards its substrates and low cost. They also possesses huge potential to make their way into 

medium-scale electronic devices like cell phones and laptops because of the high theoretical 

energy density of biofuel such as methanol (1000-3200 W h kg-1)22 as compared to conventional 

Li+ storage material in Li-ion batteries (100-250 W h kg-1).23 

From the several classes of biofuel cells, three main categories can be distinguished 

depending upon their working mechanism and type of biochemical species used to produce the 

electric power. Firstly, the enzymatic fuel cells10 (EFCs) which utilizes enzymes as renewable 

biocatalysts that convert alternative fuels like sugars, methanol and higher alcohols to electric 

power. In contrast, microbial fuel cells24 (MFCs), utilize microorganisms rather than enzymes 

for energy conversion. Finally, hybrid biofuel cells,13 which can utilize photochemical and 

biological systems for the generation of an electric power. 
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MFCs use entire microorganisms as small reactors that eliminate the need for isolation of 

a particular enzyme. Though MFCs offer longer lifetimes25 as compared to EFCs, electron 

transfer to an electrode can be significantly hindered,19 leading to small power densities26 and 

lower volumetric efficiency16 resulting from the usage of entire microbe as opposed to an 

isolated enzyme in the case of an EFCs system.  

Enzymatic fuel cells (EFCs) 

Composed of high molecular weight protein structure assembled around the catalytically 

reactive atoms, enzymes accelerate the rate of specific chemical reactions at mild temperature 

and physiological conditions to yield variety of species. Enzymes may be purified from animal 

tissues, plants and microbes by taking advantage of specific enzyme properties.27 Enzymes gain 

advantage over precious metal catalysts like platinum and palladium in terms of the selectivity 

towards its substrate, cost and catalyzing restricted number of reactions per type.28 Out of six 

major classes of enzymes, oxidoreductase enzymes (redox enzymes) catalyze electron-transfer 

reactions, making them viable for use as electrocatalysts, provided that efficient electrical 

connection is made between an enzyme and the electronically conductive electrode.   

As opposed to metallic catalysts, enzyme active centers are often buried deep in the 

polypeptide structure, which necessitates efficient electrical contact. This can be achieved via 

two ways depending upon the location of an enzyme active site. Firstly, enzymes such as laccase 

and peroxidases, in which the redox active centers are located on the surface of a protein shell, 

can undergo direct electron transfer (DET) with the adjacent electrode.10,29,30 Secondly, 
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enzymes like glucose oxidase (GOx), with active centers deeply buried in their polypeptide shell 

shows poor DET with the current collector and require the use of small redox molecules called 

mediators to shuttle electrons from the electrode, known as a mediated electron transfer 

(MET).10,30 Enzymes like glucose dehydrogenase (GDH) and alcohol dehydrogenase can also be 

categorized under MET mechanism due to diffusive action of nicotinamide adenine dinucleotide 

(NADH/NAD+) redox center, which is often loosely bound to the protein structure.30 Figure 1.2 

illustrates these two approaches for the electrical communication of laccase enzyme to the 

electrode.31 

Mediated electron transfer 

The main purpose of mediators is to increase the rate of electron transfer between enzyme 

active site by eliminating orientation dependence and by facilitating electron transfer over 10-

100 nm length scales, enabling immobilization of enzymes far from the electrode surface. 

Mediators and enzymes may coexist in solution, only the mediator may be present in a 

solution with the enzyme immobilized on the electrode surface,32 or both mediators and the 

enzymes may be entrapped on the electrode surface using materials such as Nafion®
, chitosan or 

silica gel matrix.33-35 Mediators or enzymes can be immobilized using crosslinkers,36,37 

electrodeposition38,39 or via layer-by layer mechanisms40. Freely diffusing mediators achieve 

electron transport by translation back and forth from the electrode whereas immobilized 

mediators undergo electron self-exchange with neighboring mediator moieties. Both of these 

operations can be characterized via apparent electron diffusion coefficient (Dapp).10,41,42 For the 
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diffusional mediators such Ferrocenes and Ferri/ferrocynaide (K3[Fe(CN)6]) Dapp values are in 

the order of 10-5 cm2 s-1 as compared to 10-9 cm2 s-1 for the immobilized mediators attributed to 

restricted motion of the confined species.30,41 

Quantitative performance of biofuel cells  

As an energy-producing device, a biofuel cell must generate high current density (i) and 

high cell potential (Ecell) to yield the maximum power density (P) per geometric electrode area. 

 P = iEcell  [1.1] 

Where, Ecell=Ecathode-Eanode. Figure 1.3 shows the schematic of mediated enzyme design found 

in a glucose/O2 biofuel cell operating at pH 7.10,43 Enzyme catalyzed anodic and cathodic 

reactions are shown below (Equation 1.2 and 1.3).  

Anodic reaction: C6H12O6   glucose oxidase⎯ →⎯⎯⎯⎯⎯⎯⎯   C6H10O6 + 2H+ + 2e−

(glucose)                                (gluconolactone)
   [1.2] 

Cathodic reaction: 
1
2O2 + 2H+ + 2e−   laccase⎯ →⎯⎯⎯⎯   H2O  

[1.3] 

Overall reaction: C6H12O6 + 1
2O2 ⎯ →⎯ C6H10O6 + H2O

 (glucose)                   (gluconolactone)
  [1.4] 

Generally, the power output of EFCs depends on the difference in redox potential of the two 

mediators employed on each biocatalytic electrode (Equation 1.5).10 
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       E fuel
0 < Ea−enzyme

0 < Ea−mediator
0 ||  Power  || Ec−mediator

0 < Ec−enzyme
0 < EO2

0  [1.5] 

where E fuel
0 represents the redox potential of the fuel such as glucose. Ea−enzyme0  and 

Ec−enzyme0  denotes the redox potentials of the employed enzymes on anode and cathode 

respectively. Ea−mediator
0  and Ec−mediator

0  represents the redox potential of the chosen 

mediators for anode and cathode side respectively. Therefore, in order to extract the maximum 

power from the mediated EFCs, selection of the appropriate mediators are limited to those with 

redox potentials close to that of the chosen enzyme. For example, the selection of an anodic 

mediator having redox potential very close to that of an anode enzyme will increase the cell 

potential. However, this approach leads to reduction in the catalytic rates governed by the 

enzyme-mediator overpotential or the electron transfer driving force, 

(ΔET = Emediator
0 − Eenzyme0 ), which influences the electron transfer efficiency.36 The 

ramifications of ΔET  on electron transfer kinetics have been evaluated for various freely 

diffusive mediated systems.44-46 One of such system, in which Zakeeruddin and co-workers 

synthesized a series of iron, osmium and ruthenium based diffusive complexes in the context of 

biosensor applications and from the bimolecular rate constant of GOx-mediator reaction (Figure 

1.4a), it was found that the efficient mediation window (ΔET ) for GOx is between 0.14 to 0.54 

V relative to standard hydrogen electrode (SHE) for tris-(4,4′-substituted-2,2′-bipyridine) 

complexes of osmium.47 Recently, Gallaway et al.,36 extended this inquiry for the oxygen 

cathodes catalyzed by laccase, in which both the biocatalyst and mediator were immobilized 

where the optimum mediator potential based on the bimolecular rate constant between laccase 



 

8 

and mediator reaction (Figure 1.4b) was found to be 0.17 V/SHE below the laccase enzyme 

potential with an anode poised at 0 V/SHE. In an MET system, electrode potential controls the 

relative concentrations of the mediator redox states at the electrode surface, as governed by the 

Nernst equation (Equation 1.6), which correlates the chemical activity and electric potential of an 

electrochemical cell. 

 E = E0 + RT
nF

ln CO
*

CR
*  [1.6] 

where, E  is the electrode potential, E0  is the redox potential of the mediator which is defined as 

the oxidation/reduction potential measured under standard conditions, CO* and CR*  are the 

respective bulk concentrations of the oxidized and reduced mediator species at a given electrode 

potential. In any electrochemical cell, three types of overpotential exists:10,19,48 1) Activation 

overpotential which stem from the finite rate of reaction at the electrode surfaces. 2) Ohmic 

overpotential, which arises due to resistances associated with the electrolyte, ion-conducting 

membrane and electrical connections. 3) Concentration overpotential attributed to the mass 

transport limitations at high current regime in the electrode polarization curves. Though 

incorporation of the mediator introduces an additional overpotential-that between enzyme active 

center and the mediator, appropriate mediator selection increases the reaction rate by interacting 

with the electrode at a rate faster than the DET system, which requires specific orientation of 

enzyme towards the electrode. 

 Even though the first enzyme-based biofuel cell was reported in 1964 which used GOx as 

an anodic catalyst and glucose as the fuel,49 use of mediator to facilitate the electron transfer in 
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EFCs was recognized in 1981. Phenazine methosulphate and phenazine ethosulphate were used 

as a mediators but instability of these salts at high pH made them unsuitable for further use in the 

biofuel cell.50 This encouraged the use of N,N,N′,N′-tetramethyl-4-phenylenediamine (TMPD) 

as a mediator in quinoprotein methanol dehydrogenase based biofuel cell with platinum 

electrodes that produced 2 μW cm-2 power.51 In the same period, Kulys et al., studied 

tetracyanoquinodimethane mediator based glucose oxidizing GOx electrode for various enzyme 

concentrations and electrode potentials.52 In 1984, Cass et al.,53 used various ferrocene 

derivatives with range of redox potentials (0.35 V to 0.65 V/SHE), as oxidants for GOx in the 

context of biosensors for amperometric determination of glucose. Since then, electrocatalytic 

enzyme mediation has been demonstrated using quinones,54,55 conducting salts such as 

Tetrathiafulvalene (TTF) and Tetrathiafulvalene-tetracynoquinodimethane (TTF-TCNQ),56 

K3[Fe(CN)6], Methylene blue,57 ABTS,58 Methyl viologen,59 Methylene green,60 complexes of 

iron, ruthenium, cobalt, osmium and many other compounds.45,47  

Osmium redox polymer mediation 

Albeit vast literature on various formats of MET based biofuel cells, the most successful 

designs are based on the osmium based redox polymer mediators due to their stability, fast redox 

kinetics, rich organometallic chemistry and broad range of oxidation-reduction potentials.21,36,61 

Redox polymers are electrochemically active macromolecules, in which the redox active 

moieties are incorporated into the polymer backbones like polyvinylimidazole (PVI), 

polyvinylpyridine (PVP), poly(allylamine), polypyrrole, poly(ethylenimine) (PEI), either by 
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electropolymerization or at the complexation stage of the redox polymer synthesis.38,62-67 

"Redox hydrogel", is a term often used for such water-soluble polymers, which swell upon cross-

linking to form a substrate-permeable, electron-conductive redox-active network.36,41 Heller et 

al.68 employed such osmium-based redox polymer mediators for immobilization and mediation 

of GOx for amperometric detection of glucose. Since then variety of osmium based mediated 

systems have been developed and characterized depending on the desired applications.36,69,70 

However, the mobility of the redox pendants becomes limited when such polymers are 

immobilized on the electrode surface, such that electron transport take place by hopping between 

neighboring active centers as described through an expression developed by Blauch and Savént71 

which relates the mediator diffusivty, Dapp to the redox site concentration, cm in bounded-

diffusion systems: 

                                                 
Dapp = 1

6
kex (δ

2 + 3λ2 )cm
 [1.7]

 

where kex is the electron self-exchange rate constant, δ is the electron tunneling distance, λ is the 

range of bounded motion for the redox centers. 

The redox potential is a key parameter that controls the overall performance of mediated 

enzymatic fuel cells. Redox potential of the osmium-based complexes can be tailored by altering 

the ligands attached to the Os active site.63,72 Utilizing electron-withdrawing (terpyridine, 

dipyridyl, PVP) or electron-donor (chloride ion) characteristics of the attached ligand, redox 

potential of the Os center can be effectively tuned to the chosen enzyme. As shown in Figure 1.5, 
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co-ordination number of six and attachment of two similar bidentate ligands (2,2′-Bipyridine, 

4,4′-Dimethyl-2,2′-Bipyridine or 4,4′-Dimethoxy-2,2′-Bipyridine) and chloride to the Os center  

gives low potential mono-valent redox sites, whereas mixed ligands (2,2′:6′,6″-terpyridine and 

2,2′-Bipyridyl or 4,4′-Dimethyl-2,2′-dipyridyl and 2,2′:6′2″-Terpyridine) with no chloride 

ligand generates high potential bi-valent redox active moieties.31,36,63,73,74 As shown in Figure 

1.6, hypothetical redox potential of such organometallic complexes can be predicted using 

"Lever analysis",36,74 based on the following expression, which was obtained by fitting a straight 

line through literature redox potential value data: 

 Epred
0 /V = 0.711 aiEL (Li ) − 0.236∑  [1.8] 

where, Epred
0 is the theoretical redox potential of the mediator, EL is the ligand parameter for a 

particular ligand Li, ai is the degree of chelation of the ligand.36 For example, the redox potential 

of PVI-[Os(2,2′-bipyridine)2Cl]+/2+ redox polymer mediator can be speculated as follows: EL of 

PVI, 2,2′-bipyridine and Cl- are  0.181, 0.26 and -0.24 respectively.36,74 ai for PVI, 2,2′-

bipyridine and Cl- are 1, 2 and 1 respectively. Substituting these values in equation 1.8 yields the 

hypothetical redox potential of 0.45 V/SHE. Similarly, the redox potential of the PVI-[Os(4,4′-

dimethyl-2,2′-bipyridine)2Cl]+/2+ can be predicted as 0.33 V/SHE. General structures of the 

osmium-based mediators are shown in Figure 1.5.31 
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Glucose oxidase enzyme for enzymatic fuel cell anodes  

Enzymes used in the enzymatic biofuel cells or biosensors must have high activity toward 

a cheap and easily available fuel or commercially important analyte, high turnover number and 

high stability. Glucose oxidase (GOx) is one of the most widely used oxidoreductase enzymes 

for this purpose, catalyzing the oxidation of β-D-glucose to glucono-δ-lactone and hydrogen 

peroxide.75 In 1928, Muller et al.76 reported the activity of GOx in the extracts of Aspergillus 

niger and subsequently this enzyme has been isolated from this fungal mold77 and other sources 

like bacteria, algae, insects and citrus fruits.78-81 As shown in Figure 1.7, GOx is a dimeric 

flavoprotein, made up of two identical subunits of molecular weight of ~80000 Daltons each, and 

containing one molecule of noncovalently bound coenzyme flavin adenine dinucleotide 

(FAD/FADH2), that undergoes two-electron, two-proton redox reaction.75,77 FAD is typically 

bound within the enzyme but it can be removed from the enzyme shell (apoenzyme) and 

covalently attached to a mediator species previously immobilized on the electrode surface.82 The 

reversible potential of FAD/FADH2 is -0.23 V/SHE at pH 7 and when immobilized in a GOx 

enzyme, it is -0.12 V/SHE.30,83 In a GOx-catalyzed redox reaction, the substrate of GOx can be 

separated into two groups:84 1) Where FAD works as an initial electron acceptor and is reduced 

to FADH2 in the reductive half reaction by oxidation of substrate like β-D-glucose which has the 

highest specificity towards GOx. 2) In the oxidative half reaction where, FADH2 is being 

oxidized by one (Ferri/ferrocyanide,85 Ferrocene salts86, Osmium redox polymers68) or two 



 

13 

electron acceptors (O2,87 Quinones85) out of which O2 is the natural electron acceptor of GOx 

enzyme. Apart from its role in the biofuel cells and biosensors, GOx finds uses in food and 

beverage additives, wine production, gluconic acid production, oral hygiene and many more.81 

The minimum distance between the FAD site and the electrode-contacting periphery of 

GOx is more than 13 Å which is a major reason for poor DET of GOx due to increased electron 

tunneling distance with respect to the adjacent current collector.17,88 However, several cases of 

DET have been reported for the GOx enzyme, where it was immobilized either on a thiol-

modified gold surface89 or on a nanotubes assembly90,91 to increase the electron transfer rate 

from the FAD. Also, the catalytic current of 450 μA cm-2 have been observed via oxidation of 

glucose when GOx was immobilized with PEI on nanotubes-coated carbon paper.92 Recently, 

Mano et al.,93 deglycosylated (removal of sugar residues) the GOx that produced highly DET 

active deglycosylated GOx enzyme (dGOx) capable of oxidizing the glucose on a glassy carbon 

electrode at an unusual potential of -0.29 V/SHE (redox potential of the GOx enzyme) with the 

production of 240 μA cm-2 of current density. 

Heller and co-workers were the first to incorporate the GOx into cross-linked redox 

polymer film, using polyethylene glycol diglycidyl ether (PEGDGE) as a cross-linker and PVP-

Os(bpy)2Cl redox polymer for the context of amperometric biosensors producing ~0.5 mA cm-2 

of glucose oxidation current density.68 Since then various osmium polymer derivative based 

enzymatic biofuel cells have been reported. EFCs with two 7 μm diameters 2 cm long carbon 
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fiber based micro enzyme electrode producing 137 μW cm-2 have been demonstrated.94 These 

electrodes were also implanted in a grape and the resulting cell exhibited power density of 240 

μW cm-2 at a cell potential of 0.52 V.95 Another example in which the introduction of 13-atom 

long flexible spacer arm between polymer backbone and osmium pendent in the anodic polymer 

produced the power of 268 μW cm-2 at 0.78 V in 15 mM glucose solution in combination with a 

laccase-based cathode.96 Willner and Katz82 presented a different class of biofuel cell by non-

compartmentalizing the glucose/O2 biofuel cell where active site of the anodic enzyme GOx was 

removed from the enzyme shell and covalently attached to pyrroloquinoline quinone (PQQ) 

species previously immobilized on a gold electrode, whereas on the cathode side immobilized 

cytochrome c was complexed with cytocrhome oxidase and was subsequently cross-linked with 

glutaric dialdehyde. A cell comprising of these two electrodes generated maximum power 

density of 5 μW cm-2 at pH 7 in 1 mM glucose and air-saturated buffer at 0.04 V of cell 

potential.  

Recently, a similar class of biofuel cell based on GOx and laccase was constructed with 

monoolein cubic phase as an immobilization matrix producing 7 μW cm-2 of power density at 

0.125 V potential output. Other examples of EFCs based on common enzymes for glucose 

oxidation like GDH and cellobiose dehydrogenase (CDH) can also be found in the 

literature.21,97,98 One noteworthy achievement was the biofuel cell developed by Kano and co-

workers that produced maximum power density of 1.5 mW cm-2 at 0.3 V. This was 

accomplished by using carbon fiber (CF) based bioanode made up of GDH, NADH and vitamin 
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K3 (as a mediator) combined with Bilirubin oxidase (BOD) and K3[Fe(CN)6]) mediated CF-

biocathode separated by cellophane, which enabled the fabrication of passive-type biofuel cell 

with high output.21 

In glucose/O2 based EFC, presence of O2 affects the mediation efficiency by scavenging 

electrons from the reduced active site of GOx (Equation 1.9) and hence current at the electrode 

surface due to competing reaction of O2 with mediator at the GOx-based anode, which lowers 

the overall performance of such biofuel cell.99,100  

                                                     O2  + Ered  →  H2O2  + Eox   [1.9] 

Loss in performance can also be ascribed to the formation of hydrogen peroxide (H2O2) due to 

reaction between GOx enzyme and O2, which adversely affects the reduced active site (Ered) of 

GOx. This necessitates the extraction and comprehension of kinetic information of such 

immobilized redox polymer mediated electrodes for its use in GOx based EFC. 

Overview of this work 

 The overall objective of this work is to quantify and elucidate the effect of oxygen on the 

catalytic performance of the osmium redox polymer mediated GOx electrodes from the 

experimental outcomes and extraction of the kinetic parameters via simulation using one-

dimensional mathematical model, which incorporates the effect of oxygen. 
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Chapter 2 describes the synthesis of such redox polymer mediated GOx electrodes and their 

characterization in the presence of N2, air and O2 saturated conditions.  

Chapter 3 demonstrates the modeling of such enzymatic fuel cell electrode to obtain the kinetic 

parameters pertinent to the system in the absence and in the presence of oxygen. It is 

demonstrated that in the presence of oxygen, redox polymer competes for the electrons of the 

glucose at the active site of GOx, which is responsible for the reduction in performance of such 

GOx based redox polymer mediated electrodes in the presence of O2. 

Chapter 4 summarizes this work and discusses about the future outlook. 
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Figure 1.1: Schematic representation of a fuel cell. (For interpretation of references to color 
in this and all other images, the reader is referred to the electronic version of this thesis) 
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Figure 1.2: Illustration of mechanisms for electron transfer from an electrode surface to an 
enzyme. (a) Direct electron transfer (DET). (b) Mediated electron transfer (MET) where the 
electron is carried by a redox-active mediator capable of communication with both the enzyme 
active site and the electrodes.29  
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Figure 1.3: Potential schematic of a glucose-oxygen biofuel cell. The potentials are specified 
versus standard hydrogen electrode (SHE).10
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Figure 1.4: (a) Graph of second order rate constant between reduced GOx and diffusive 
osmium complexes of varying potentials.47 (b) Graph of bimolecular rate constant for laccase-
mediator (kcat/Km) and laccase-oxygen (kcat/Ks) reaction for different redox polymers with 
varying potentials.36  
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Figure 1.5: General structure of the osmium based redox polymers elucidating the role of the 
chelated ligands in governing redox potential of the mediator.34 
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Figure 1.6: Ligand electrochemical parameter series for Os(III)/Os(II) couple in water.36,74 
Square and circle markers represent the literature and predicted redox potential values of the 
osmium based redox polymers. 
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Figure 1.7: Structure of the GOx dimer from Aspergillus niger. Two FAD active sites are 
shown as red spheres. Figure generated from its crystal structure using PyMol. 
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Chapter 2: Synthesis and Characterization of Osmium Redox Polymer Mediated 

Glucose Oxidase Electrodes 

Abstract 

Two osmium based redox polymer mediated glucose oxidase (GOx) electrodes were 

synthesized and characterized in the presence of N2, air and O2. We report glucose oxidation 

current density up to 2 mA/cm2 for poly(n-VI12[Os(bpy)2Cl]+/2+ redox polymer mediated GOx 

electrode which is approximately 1.5 times higher than previously reported values for similar 

electrodes. Mediating performance of the synthesized redox polymers with respect to GOx and 

effect of oxygen in the system was quantitatively elucidated in terms of mediator redox potential, 

osmium loading and diffusivities. 

Introduction 

Biofuel cell technology is gradually finding its space in the area of bioelectronics by 

taking an advantage of unrivaled biocatalytic attributes of the enzymes to convert chemical 

energy directly to electrical energy.1-4 Biofuel cells gains advantage over other contemporary 

fuel cell technologies due to biocatalysis aspects of the enzyme that are unmatched by other 

catalysts like Pt due to selectivity towards its substrate, near room temperature and neutral pH 

operation.5 Enzymatic electrodes suffer in terms of low activity when compared with noble 

metal catalysts. However, as in the case of micro-scale size power producing devices requiring 

low power output, enzymatic biofuel cell gains upper hand over other energy producing 

devices.1  
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In the present work, we synthesize and characterize two osmium redox polymer mediated 

GOx electrodes, and examine the effect of O2 on the performance of such enzyme-catalyzed 

electrodes. We have used two different redox polymers for this purpose: (A)- poly(N-

vinylimidazole[Os(2,2′-bipyridine)2Cl]+/2+) and (B)- poly(N-vinylimidazole[Os(4,4′-dimethyl-

2,2′-bipyridine)2Cl]+/2+).21 The structure of these two polymers is shown in Figure 2.1. As 

shown in Table 1, the physical properties of these polymers mainly differ in three important 

aspects: First, the redox potential of the central osmium atom, which is modulated by the type of 

ligands attached to it37 and hence affecting the thermodynamic driving force of mediation or the 

electron transfer driving force (ΔET ).21 Second and third being the osmium loading and 

apparent electron diffusivity or mediator diffusivity (Dm) respectively, which greatly influence 

the catalytic performance of such redox polymer mediated enzyme electrodes.21 

Experimental 

Reagents and Chemicals 

 Ultrapure N2, air and O2 were purchased from the Airgas (Great Lakes, MI). Potassium 

hexachloroosmiate (K2OsCl6) was purchased from the Alfa Aesar (Ward hill, MA). 4,4′-

dimethyl-2,2′-bipyridine (dm-bpy), 2,2′-bipyridine (bpy), Sodium hydrosulphite, 

Dimethylformamide (DMF), ethylene glycol, ethanol, acetone, diethyl ether, 1-vinylimidazole 

(VI), Azobisisobutylonitrile (AIBN), and Glucose oxidase (GOx) from Aspergillus niger were 

purchased from the Sigma-Aldrich (St. Louis, MO). Sodium phosphate monobasic and dibasic, 
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Sodium bicarbonate and Dextrose were purchased from the J.T. Baker (Phillipsburg, NJ). 

Sodium periodate was purchased from the Acros organics (NJ). Polyethylene glycol diglycidyl 

ether (PEGDGE) was obtained from the Polysciences Inc., (Warrington, PA). All the chemicals 

were used as received. Ultrapure deionized (DI) water was used to make all the solutions. 

Redox Polymer Synthesis 

 Redox polymers A and B were synthesized in-house following the literature procedures21 

but it is briefly explained in this section. Overall synthesis method can be divided into three 

parts. The first step is preparation of polymer backbone like polyvinylimidazole (PVI) or 

polyvinylpyridine (PVP). The second part is construction of the osmium pendent and third 

operation is complexation of the backbone and osmium pendent followed by precipitation, ultra 

purification and drying. Both the polymers have PVI backbone and polymer A was synthesized 

by polymerization of VI (20.75 g) by AIBN (0.06545 g), which initiates the free radical 

polymerization in 40 ml ethanol at 80 °C for 2 hrs (no stirring), followed by precipitation in 

acetone and filtration.38 Average molecular weight of the synthesized PVI was determined to be 

46 kDa by the dilute solution viscometry and glass transition temperature of 177.1 °C was 

measured by the differential scanning calorimetry, which is very similar to literature value.21 The 

osmium pendent was prepared by reacting K2OsCl6 (511 mg, 1.04 mmol) and bpy (342 mg, 2.19 

mmol) in 40 ml DMF at 175 °C under the continuous sparging of argon for 1hr, followed by 

cooling, addition of ~15 ml ethanol and precipitation in ~500 ml of rapidly stirred diethyl ether. 

Dark red product was filtered and dried overnight in the fume hood.21 The [Os(bpy)2Cl2]Cl was 
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reduced by dissolving it in a 16 ml of 2:1 solution of 1% sodium hydrosulphite solution. After 1 

hr cooling in ice bath, crystallized [Os(bpy)Cl2] was collected by filtration and dried (524 mg, 

yield 62 %). In final step, [Os(bpy)Cl2]  (155 mg, 0.271 mmol) was complexed with PVI (236 

mg, 2.4 mmol) in a 90 ml of ethanol at 95 °C for three days.21,39 At the end, product was 

purified over a Millipore YM-10 ultrafiltration membrane to remove unreacted species and 

stored as a 10 mg/ml solution in water.36 Redox polymer B was also prepared in the similar 

manner. At each step of the polymer synthesis, redox potential of the synthesized compound can 

be confirmed with the predicted value21,37 by cyclic voltammetry40 as Gallaway et al.12 

observed during the reaction progress of poly(N-vinylimidazole[Os(terpyridine)(4,4′-dimethyl-

2,2′-bipyridine)2]2+/3+), where they demonstrate that variation in the reaction conditions can 

have a profound effect on the synthesized polymer in terms of osmium loading and therefore on 

the mediator diffusivity and hence on the enzyme electrode performance. 

Glucose Oxidase Electrode Preparation 

 Planar redox hydrogel film electrodes were produced on a 3 mm diameter, glassy carbon 

rotating disc electrodes (RDEs). RDEs were fabricated in-house from the type 1 glassy carbon 

rods (Alfa Aesar, MA). Prior to using, electrode surface were sanded with various ultrafine grit 

sandpapers (Buehler, IL) and polished to mirror finish with 0.3 μm alumina slurry followed by 

sonication in DI water to remove any residual alumina.41 No electrochemical features were 

observed on the bare RDEs after cleaning when tested at 50 mV/s scan rate, 1000 rpm rotation in 

the 250 mM, pH 7, 38 °C phosphate buffer.  
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GOx bioanodes were prepared by drop casting 4 μl aliquot containing periodate oxidized 

GOx (39.5 wt%), redox polymer (59.5 wt%) and PEGDGE (3 mg/ml) (1 wt%) with a total mass 

loading of 0.726 mg/cm2.42 We have chosen this composition because optimum performance of 

such electrodes have been reported43 at ~ 40 % by mass GOx value. Resulting electrodes were 

cured in air at room temperature for ~14-16 hrs before testing.  

Electrochemical Studies 

Electrochemical measurements were conducted in the pH 7, 38 °C, 250 mM phosphate 

buffer electrolyte without any NaCl in it because negatively charged chloride ions screens the 

positively charged redox polymers that reduces the electrostatic repulsion between adjacent 

polymers and this causes long chains of the macromolecules to bundle up and prevent them to 

comply with the negatively charged enzyme surface, which results in a poor electron transfer 

between redox polymer mediator and the GOx enzyme.43 The electrodes were rotated at 1000 

rpm using a pine rotator (Pine Instrument Co., PA) in a one-compartment 100 ml water-jacketed 

cell. Platinum wire was used as counter electrode with an Ag |AgCl as a reference electrode 

(BAS, West Lafayette, IN) or cathode. Prior to testing, depending on the type of experiment, 

electrolyte was either sparged with N2, air or O2 for 40-45 mins. Concentration of O2 in the 

solution was considered as 0 mM, 0.18 mM and 0.86 mM for N2, air and O2 saturated conditions 

respectively.44 Data were collected with a VST Potentiostat and EC-Lab® software (Bio-logic 

USA, LLC, TN). All the potentials were ohmic resistance corrected by measuring the high-

frequency (100 kHz) resistance or the real electrochemical impedence of the cell and it was 
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found to be 64±4 Ω, which is attributable to the migration resistance of the bulk electrolyte.21 

This yields the buffer conductivity (κ) of 55 mS cm-1 from the relation RΩ = (4κrO)-1, where rO 

is the electrode radius.  

Results 

Two water-soluble, osmium based redox polymers were synthesized for the GOx 

mediation purpose and their performance was analyzed quantitatively in the absence and 

presence of oxygen. Albeit similar study has been performed previously,11,43 we have modeled 

such mediated enzyme electrodes (Chapter 3) in order to understand and have an accurate 

knowledge of the kinetics of such system, where apart from the glucose and mediator, oxygen 

also acts as a co-substrate of GOx, which affects the performance of such electrodes. 

Redox mediator potential, loading and catalytic film performance 

Figure 2.2 shows cyclic voltammograms (CVs) of two redox polymer mediated GOx 

electrodes in the absence of glucose substrate from which the mediator redox potential, Em0 , 

(Table 2.1) was calculated and it matches well with the value predicted by ″Lever analysis″21,37 

and the literature reports.21 It can be seen that in the presence of oxygen, redox mediator 

performance was unaffected. As shown in Table 2.1, osmium loading (m) in the synthesized 

redox polymers was determined via inductively coupled plasma mass spectrometry (ICP-MS) 

carried out by West Coast Analytical Service, Inc. (Santa Fe Springs, CA) and were comparable 

to the previously reported values21 for the same polymers.  
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Representative polarization curves for glucose oxidation in the N2, air and O2 saturated 

buffers are shown in Figure 2.3. Glucose oxidation current begins as the working electrode 

potential advances above the mediator redox potential, increases with increasing potential until 

the potential independent plateau current (ipl) is reached. This plateau current depends on the 

mediator and substrate concentration, electron and substrate transport in the film, enzyme 

concentration and kinetics of the system.21,45,46 

 Figure 2.4 depicts the effect of oxygen on the steady state current density at various 

glucose concentrations when electrodes were poised at 0.6 V/SHE and rotated at 1000 rpm in the 

presence of N2, air and O2 saturated conditions. It can be observed that at low glucose 

concentrations (< 5 mM), reduction in current density in the presence of oxygen is approximately 

greater than 50% and this effect decreases as the glucose concentration increases. 

Electron transport 

The performance of the modern electrodes is mainly limited by the electron transport via 

redox polymer mediators.5,21,47 Charge transport in such redox films are characterized by the 

apparent electron diffusion coefficient, Dm, which can be estimated from the Randles-Sevcik35 

or the Cottrell analysis.21,40 As shown in Figure 2.5(a), we obtain the mediator diffusivity (Table 

2.1) by using Randle-Sevcik equation (Eq. 2.2), where peak current density (ip) was found to 

vary linearly with square-root of the scan rate (υ ), indicative of the semi-infinite diffusion.21 
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where F is Faraday’s constant, R is gas constant, T is the solution temperature, n is number of 

electrons transferred in the redox reaction, Cm is the active mediator concentration and υ  is the 

scan rate. Dm in such redox polymers scales linearly with their osmium loading as demonstrated 

by Gallaway et al.,21 and similar trend was observed for the synthesized redox polymers in the 

present work. It can be seen from the Figure 2.5(b) that oxygen does not impact the redox 

polymer mediator diffusivity, therefore it can be deduced that the reduction in GOx enzyme 

electrode performance in the presence of O2 is entirely due to the loss of electrons at reduced 

active site of the GOx, which was not shown in the previously reported analyses.11,43 

Film thickness and active osmium concentration 

 Hydrogel film thickness is one of the important parameter that affects the performance of 

the redox polymer mediated enzyme electrodes in terms of mobility of the redox active centers 

or the charge propagation and the species transport.34 Also, it has been shown that such films 

swell upon hydration.21,34 Dry and wet (Swollen) film thickness measurements has been 

approached in the literature using atomic force microscopy (AFM),48 environmental scanning 

electron microscopy (ESEM),34 profilometry21 and confocal microscopy.35 Generally, the dry 

film thickness of such redox polymer films fall in the range of ~0.5-1.2 μm. When compared 

with the dry film thickness, upon hydration, a swelling factor of ~1.1 to 3 has been observed for 
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various redox polymer films.21,34,35,48 As shown in Figure 2.6, in this work we measure the dry 

film thickness of 3 mm diameter GOx and polymer A containing films identical to those used in 

the RDE measurements on the thin mica sheets by AFM and we obtain a value of ~0.75±0.2 μm 

when measured at the three different location in the film, which is matched well with the 

previously reported values.21 

 Apart from mediator diffusivity, the active osmium concentration is another pivotal 

parameter that governs the performance of such redox polymer mediated enzyme electrodes.21 In 

the present work, we deposit ~ 4 M of redox polymer on one electrode, but it is important to 

have the quantitative knowledge of an active osmium concentration or an active osmium centers 

that facilitates the electron diffusion. Chakraborty et al.21 used a Square-wave voltammetry 

(SWV) technique,49 to access the active osmium content for similar redox hydrogel based 

electrodes. SWV provides accurate information about the electro-active species by estimating the 

charge transferred due to faradic reactions only. In this work, we obtain the electro-active 

osmium concentration (Cm) (Table2.1) from the integrated redox charge in the cyclic 

voltammetry,31,40 which is comparable to the previously reported values.21,35 

Electrode stability 

Figure 2.7 depicts the stability of the polymer A and B mediated GOx electrodes (rotating 

at 1000 rpm) when electrolyte was continuously sparged with N2, Air and O2. Steep initial 

decrease in the current density was observed for polymer B mediated electrodes and this can be 
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attributed to the lower ΔET  when compared with polymer A. Half-life (time at which the current 

density reduces to half of its maximum value) of such electrodes were reported to be ~60 hrs 

when operated in a flow cell assembly.50 In our studies, half life of ~24 hrs and ~15hrs was 

observed for polymer A and B mediated GOx electrodes in the case of N2 saturated conditions 

but performance of the electrodes declined considerably in the presence of O2, which can be 

attributed to the competing reaction of O2 with redox polymer at the GOx active site for 

electrons of the glucose substrate. Loss in performance in the presence of O2, can partly be 

attributed to the formation of H2O2, which is known to inactivate the reduce form of GOx.51 

Other reasons for the decay in current for all the electrodes could be due to the denaturation or 

loss of enzyme or mediator from the cross-linked hydrogel, which is subjected to high shear over 

a long timescale of the experiments.52 

Discussion 

It can be seen from Figure 2.3 and 2.4 that in the presence of O2, enzyme electrode 

performance drops due to an electron scavenging action of O2 at the reduced active site of the 

GOx (Equation 1.9).11 Sun53 also conducted similar study using two different osmium based 

redox polymers in a flow-through cell assembly, where similar trend was observed in case of O2 

saturated conditions. We report the highest current density of ~2 mA/cm2, for the glucose 

oxidizing redox hydrogel film on a planar bioanode prepared with GOx, mediated with polymer 
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A, operating at 38 °C and 1000 rpm, when 250 mM, pH 7 phosphate buffer (No NaCl) was 

saturated with N2 gas, which to our knowledge is greater than a factor of ~1.5 higher than any 

previously reported values.11,26,54 This can be attributed the superior mediator performance, 

higher loading of species on an electrode and increased electrolyte strength. 

 Despite of similar material loading (0.726 mg/cm2) in both redox polymer mediated GOx 

electrodes significant difference in the performance can be observed. It can be observed that the 

current densities produced by polymer B mediated electrodes are ~ 40% of polymer A based 

electrodes. This can be mainly attributed to two characteristics of the employed redox polymer. 

First, is the mediator redox potential, which determines the electron transfer driving force (ΔET ) 

with respect to GOx. Polymer A has 100 mV greater ΔET  than that of the redox polymer B, 

which can be one of the reason for better performance of the polymer A based electrodes. 

Secondly, superior performance of polymer A mediated GOx electrodes can also be attributed to 

the higher osmium loading (m) as compared to polymer B, which controls the diffusivity21 and 

active osmium concentration (Cm).  

Presence of O2 in the system greatly affects the performance of the GOx electrodes not 

by influencing of mediator transport but via impacting the kinetics of the GOx enzyme, which is 

elucidated in the Chapter 3 through mathematical modeling of such redox polymer mediated 

enzyme electrodes. 
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Conclusions 

Using two different osmium based redox polymers, the impact of oxygen on the 

performance of mediated enzyme electrodes were studied. Lower current densities were 

observed for the electrodes comprising of low potential based mediator due to lower driving 

force with respect to GOx enzyme and osmium loading. In the presence of O2, reduction in 

performance of such redox polymer mediated enzyme electrodes was observed, attributed to the 

competition for electrons between O2 and mediator at the reduced active site of GOx. 
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Table 2.1: Redox polymer properties 
 

RP Structural Formula Em0   
(V | SHE) 

m 
(Os Wt %) 

Dm 
(× 10-9 cm2/s) 

Cm 
(mM) 

ΔET  
(V) 

A poly(n-VI12[Os(bpy)2Cl]+/2+ 0.43 9.34 2.18 ± 0.03 660 ± 35 0.55 

B poly(n-VI22[Os(dm-bpy)2Cl]+/2+ 0.33 7.3 1.50 ± 0.02 380 ± 28 0.45 
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Figure 2.1: Structure of synthesized redox mediators. A - poly(N-vinylimidazole[Os(2,2′-
bipyridine)2Cl]+/2+)  , B - poly(N-vinylimidazole[Os(4,4′-dimethyl-2,2′-bipyridine)2Cl]+/2+). 
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Figure 2.2: Cyclic voltammograms (CVs) of GOx enzyme electrodes mediated by (a) A and (b) 
B in the presence of N2, Air and O2 saturated conditions. Experiments were conducted in the 245 
mM phosphate buffer (No NaCl), pH 7, 38 °C, 50 mV/s scan rate. Redox hydrogel composition 
was 59.5 % redox polymer, 39.5 % GOx and 1 % cross linker by mass with a total material 
loading of 0.726 mg/cm2.
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Figure 2.3: Anode performance of the GOx electrodes in the presence of N2, Air and O2. 
Polarization curves of (a) RP A and (b) RP B mediated GOx electrodes. Experiments conducted 
in the 38 °C, 245 mM phosphate buffer (No NaCl), pH 7 containing 50 mM glucose substrate at 
1000 rpm rotation. Scan rate 1 mV/s. Total material loading of 0.726 mg/cm2

 with same 
composition as mentioned in Figure 2.2. 
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Figure 2.4: Substrate dependence curves of (a) RP A and (b) RP B mediated GOx electrodes. 
Electrodes were poised at 0.6 V | re:SHE and rotated at 1000 rpm. Other experimental conditions 
are same as mentioned in Figure 2.2 
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Figure 2.5: (a) Scan rate dependence of RP A and B as a Randles-Sevcik plot. Fitted line 
vanishes to the origin, indicating semi-infinite diffusion. (b) Apparent e- diffusivity (Dm) of 
mediators as a function of oxygen fraction. Experimental conditions are same as mentioned in 
Figure 2.2 
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Figure 2.6: AFM image showing the cross section of RP A-GOx film. Material loading was 
0.726 mg/cm2 with 59.5 % redox polymer, 39.5 % GOx and 1 % cross linker by weight.  
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Figure 2.7: Glucose oxidation stability of the GOx electrodes in the chronoamperometry test 
mediated by (a) RP A and (b) RP B poised at 0.6 V | SHE. Experiments were conducted under 
N2, Air and O2 in 245 mM, pH 7 phosphate buffer (No NaCl) with 50 mM glucose at 38 °C, 
1000 rpm. 
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Chapter 3: Kinetics of Osmium Redox Polymer Mediated Glucose Oxidase 

        Electrodes 

Abstract 

 The kinetic parameters of glucose-oxidizing osmium redox polymer mediated glucose 

oxidase (GOx) electrodes are estimated and elucidated in the presence and absence of oxygen via 

novel mathematical approach which incorporates the effect of competitive oxygen reduction. The 

glucose-oxidizing electrode described in the previous chapter was simulated on one dimension 

using a reaction-diffusion model in which the oxygen reduction reaction is treated as a first-order 

step. Results were found to be in excellent agreement with the experimental data. In the presence 

of oxygen, the redox mediator competes with oxygen for electrons at the reduced GOx active 

site. It is demonstrated that in the absence and presence of oxygen, turnover number (kcat) of the 

enzyme remains constant indicative of a competitive inhibition mechanism. Fitting of the model 

to experimental data yields a rate constant, kO, which characterizes the impact of oxygen on 

electrode performance. 

Introduction 

 In biofuel cells or biosensors, enzymes convert chemical energy of substrates into 

electrical energy and this transformation can be enhanced greatly using electron transfer 

mediators such as osmium complexes, ferrocenes, quinones, which are either immobilized on the 

electrode surface or present in the solution as a homogeneous system.1-6 Despite the high 

diffusivities of dissolved mediators, an immobilized mediator is often preferred because redox 
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active species can be retained near the electrode surface to maintain the high mediation 

efficiency.7 Current generated at the electrode surface is a useful quantity for sensing of the 

substrate as an analyte, as in biosensors, or for producing power in a biofuel cell. In enzymatic 

biofuel cell (EFC) applications, it is desired to have high power output and therefore high current 

density and reaction rate. Mathematical models can be used to identify and optimize pivotal 

experimental parameters such as diffusivity of mediators, loading of biocatalysts, amount of 

substrates, mediators and inhibitors etc. that affect the performance of EFCs. Models must 

incorporate deliberation of various processes like electron and species transport, reaction kinetics 

and combination of these, which controls the overall performance.8 Mathematical treatments of 

such systems have been presented in the literature, which are based on either traditional species 

material balance with reaction and mass transport conditions8-10 or based on metabolic control 

analysis11 (MCA) or statistical analysis methods.12  

Andrieux and Saveant investigated the redox polymer mediated system and related 

limiting processes to the concentration profiles internal and external to the film.13-15 Bartlett et 

al. extended the analysis by considering Michaelis-Menten enzyme kinetics and presented one-

dimensional catalytic film model with steady state material balances on the substrate and 

mediator considering transport only by diffusion and it has been extensively used for elucidating 

the kinetics of an immobilized and diffusive enzyme-mediator system.8,16 Gallaway et al. used 

this approach to obtain the kinetic information of O2 reducing laccase-based electrodes having 

different osmium redox polymer mediated redox hydrogels.3 It was found that the rate constant 
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between laccase and O2 was slightly lower than in the free solution. It was also shown that the 

rate constant between mediator and laccase scales linearly at low electron transfer driving force 

(ΔET ) and becomes constant as ΔET  increases. Tamaki et al.17 used this technique to model 

glucose oxidation on the high surface area carbon black redox polymer mediated enzyme 

electrode, where they claim that the mediator diffusivity is not a rate determining step for overall 

electrode kinetics. Using some of the limiting cases from the Bartlett et al.,8 Calvo and 

coworkers obtained the kinetic parameters for several layer-by-layer self-assembled ultrathin 

films (<100 nm) of osmium and ferrocene mediated glucose oxidase (GOx) electrodes having 

spatially ordered enzyme assemblies.18-21  

In glucose/O2 EFC, oxygen is required for the cathode but it also engages in a competing 

reaction at the GOx based anode, which decreases the overall efficiency of the cell (Equation 

1.9). Using an efficient redox mediator or an oxygen insensitive enzyme like pyronase 

dehdrogenase22 such effect of oxygen can be minimized. Glykys et al.11 used metabolic control 

analysis (MCA) analysis to probe an EFC based on the osmium redox polymer mediated GOx 

anode and laccase cathode. They applied the MCA analysis on the experimental data from the 

literature3,23 and albeit fitting to the experimental data was poor they conclude that variation in 

the O2 concentration in solution would not affect the GOx kinetics as long as the mediator 

concentration is high. However, this prediction was not experimentally verified.  

This work focuses on the extraction and elucidation of the kinetics of glucose-oxidizing 

osmium redox polymer mediated GOx films in the presence and absence of oxygen. Redox 
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hydrogel thickness (L) for such electrodes is usually ~1μm (as discussed in the chapter 2) 

therefore gradients in substrate concentration in the film are usually trivial3 due to high diffusion 

coefficient (~10-5 cm2 s-1) and saturated conditions but mediator concentration inside the film 

varies significantly, which can be attributed to slow electron transport, characterized via an 

apparent diffusion coefficient, Dm, of the order of 10-9. Electrochemical regeneration of osmium 

based redox polymer mediators at the electrode is typically fast and reversible3,24 but the overall 

reaction rate may be limited by the enzyme kinetics if is ΔEet is low,3 Michaelis constant with 

respect to the mediator is high,3 or an inhibitor is present.25 

We have adapted the model work of Bartlett et al.,8 in order to consider the absence and 

presence of oxygen in the mediated glucose electrode. The governing equations described below 

are solved numerically using MATLAB®. The consequences of the several key parameters like 

mediator properties, glucose and oxygen concentration are explored via simulation and 

governing equations can be solved analytically for certain limiting cases. 

The Model 

In general enzyme-catalyzed electron transfer between two substrates can be described by 

the bi-bi-ping-pong mechanism where the first product is released before the second substrate 

attaches to the enzyme.3,10,26 Figure 3.1a shows the general reaction scheme of reaction rate in 

the redox hydrogel film-modified enzyme electrodes, which may be limited by several factors 

namely electron transport via mediator, enzyme kinetics, substrate transport and may be affected 
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by the presence of inhibitors like methanol in the case of laccase based enzyme electrodes or 

oxygen for the GOx based electrodes.3,8,13,23,25 For example in case of mediated GOx 

electrodes, the glucose and mediator can be considered as an individual substrates of GOx. 

However when oxygen is present in such system, it can be considered as a third substrate, which 

is a natural oxidizing agent of GOx. Three reaction steps can therefore describe the overall 

glucose oxidation: 

 
νs  S  +  Eox  kE⎯ →⎯   νs  P  +  Ered
        (aq.)                               (aq.)

 [3.1] 

 
νm  Mox   +  Ered   km⎯ →⎯   νm  Mred   +  Eox
              (aq.)                                       (aq.)

 [3.2] 

   
νo  O2   +  Ered   kO⎯ →⎯   νo  H2O2   +  Eox
           (aq.)                                        (aq.)

  [3.3] 

The glucose-oxidizing enzyme anode in the presence of O2 is illustrated in Figure 3.1a, adapted 

from Bartlett et al.,8 where S is glucose, P is glucono-δ-lactone, Mox and Mred are the oxidized 

and reduced osmium moieties of the redox polymer, Eox and Ered are the oxidized and reduced 

form of the enzymes. Stoichiometric coefficients νs, νp, νm and νo are 0.5, 0.5, 1 and 1 

respectively. km, kE and kO are the second order rate constants describing the reaction between 

the enzyme and mediator, glucose and oxygen respectively. Assuming Michaelis-Menten 

kinetics for glucose we can write 
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kE = kcat
KS + [S]   [3.4] 

where kcat and KS are the turnover number of enzyme and apparent Michaelis constant with 

respect to glucose respectively. Apparent Michaelis constant for mediator can be defined as 

KM =
kcat
km

. 

Therefore we can write following non-linear second-order differential equations which describes 

the reaction and diffusion within the film: 

 
∂[Mox ]

∂t
= DM

∂2[M ]
∂x2  -  km[Ered ][Mox ]

                                                  (aq.)
  [3.5] 

  
∂[S]
∂t

 = DS
∂2[S]
∂x2     -  kcat [Eox ][S]

KS + [S]
                                            (aq.)

  [3.6] 

 
∂[O2 ]
∂t

 = Do
∂2[O2 ]
∂x2   -  ko[Ered ][O2 ]

                                                 (aq.)
  [3.7] 

 

∂[Eox ]
∂t

 =   km[Ered ][Mox ]  -  kcat [Eox ][S]
KS + [S]

 +   ko[Ered ][O2 ]

                          (aq.)                         (aq.)                      (aq.)
  [3.8] 

 

Now assuming that enzyme is bound within the film (not free to diffuse) and at steady state, 

  Ered = kcatET [S]
(KS + [S])(km[Mox ]+ kO[O2 ]) + kcat [S]

  [3.9] 
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where ET = Eox + Ered represents the total concentration of the immobilized enzyme, [S], [MOX] 

and [O2] indicates substrate, oxidized mediator and oxygen concentration respectively. Dm, DS 

and DO are the diffusivities of mediator, substrate and oxygen in the film respectively. Values of 

DS and DO are taken from the literature as 7×10-6 cm2 s-1 and 1.5×10-5 cm2 s-1 respectively.3,20 

At steady state, eqs. (3.5), (3.6) and (3.7) reduce to the following by substitution of [Eox] or 

[Ered] from equation (3.8): 

     DA
∂2[Mox ]

∂x2
= kmkcatET [S][Mox ]
(KS + [S])(km[Mox ]+ kO[O2 ]) + kcat [S]

 [3.10] 

 DO
∂2[O2 ]
∂x2

= kOkcatET [S][O2 ]
(KS + [S])(km[Mox ]+ kO[O2 ]) + kcat [S]

 [3.11] 

 DS
∂2[S]
∂x2

= kcatET [S](km[Mox ]+ kO[O2 ])
(KS + [S])(km[Mox ]+ kO[O2 ]) + kcat [S]

 [3.12] 

Following Bartlett et al.,8 Eqs. (3.8), (3.9) and (3.10) can be made dimensionless by introducing 

following parameters: 

 

s = [S]
ps[S]∞

;   a = [Mox ]
pa[MT ]∞

;   o = [O2 ]
po[O2 ]∞

;   χ = x
L

;   κ = L kmET
Dm

   

  η = DskmKS
Dmkcat

;     γ = KSkm[MT ]∞
kcat [S]∞

;     β = KSkO[O2 ]∞
kcat [S]∞

;     µ = [S]∞
KS

;     d = DS
Do

 

 [3.13] 

where [MT ]∞ , [S]∞  and [O2]∞  are the bulk concentration of mediator, glucose substrate and 

oxygen in the system respectively. Ratio of concentration of species into film to that of the bulk 
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solution is described by ps, pa  and po, which denotes the substrate, mediator and oxygen 

partition coefficient respectively.  s, a and o are the dimensionless concentrations of substrate, 

mediator and oxygen respectively. L  is the thickness of the hydrogel. χ  is the normalized 

distance from the electrode interface. κ , γ , η  and µ  have their usual meanings as described by 

Bartlett et al.8 β  and d are the additional parameters that stem from our model. β  is similar to 

that of γ  which describes the balance between two forms of the enzyme. Along with oxidized 

mediator, now oxygen also oxidizes the reduced form of GOx. When β >>1, GOx enzymes will 

be in the oxidized form and when β <<1, the reduced form of GOx predominates. But this 

situation is coupled with γ  which also controls the oxidation state of GOx. The parameter d is 

the ratio of substrate diffusion to that of oxygen diffusion in the film. The system will be 

substrate limited when d<<1. Substitution of parameters from eq. (3.13) to equation (3.10), 

(3.11) and (3.12) gives 

   
d2a
dχ2

= κ 2as
(γ a + βo)(1+ µs) + s   [3.14] 

 
d2o
dχ2

= κ 2osη−1βd
(γ a + βo)(1+ µs) + s   [3.15] 

 
d2s
dχ2

= κ 2asη−1γ
(γ a + βo)(1+ µs) + s

+ κ 2osη−1β
(γ a + βo)(1+ µs) + s   [3.16] 

Dimensionless boundary conditions for eqns. (3.14) – (3.16) are as follows: 
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  at χ = 0;  ds
dχ

= 0;  do
dχ

= 0;  a = ae   [3.17] 

 at χ = 1;  s = 1− σ1
ds
dχ

⎛
⎝⎜

⎞
⎠⎟

;  o = 1− σ2
do
dχ

⎛
⎝⎜

⎞
⎠⎟

;  da
dχ

= 0   [3.18] 

 

Dimensionless parameters σ1 and σ2 characterizes the glucose and oxygen boundary conditions 

which accounts for the mass transfer correction of both the species at the film-solution 

interface.27 

 σ1 = δ1DS ps
LD1

;      δ1 = 4.98DS
1/3ν1/6ω−1/2   [3.19] 

 σ2 = δ2DOpo
LD2

;    δ2 = 4.98DO
1/3ν1/6ω−1/2

  [3.20] 

where,  

D1  = Glucose diffusion coefficient in bulk solution. 

D2 = Oxygen diffusion coefficient in the bulk solution.  

δ1 = Diffuse layer thickness of glucose at the film-solution interface 

δ2 = Diffuse layer thickness of oxygen at the film-solution interface 

pS = Partition coefficient of glucose at the film-solution interface 
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pO = Partition coefficient of oxygen at the film-solution interface 

ν  = Kinematic viscosity of the electrolyte 

ω = Rotation rate of electrode in rpm.  

Mostly because glucose and oxygen concentration gradients internal to the film are found to be 

negligibly small (Figure 3.1b), D1 and D2 are assumed to be equal to DS and DO respectively. 

The parameter ae in eqn. (3.17) is dimensionless mediator concentration, which can be defined 

as: 

  ae =
1

1+ exp(−ε)
 and ε = (E − E0 )nF

RT
  [3.21] 

where ε is the dimensionless potential obtained from the Nernst equation28 assuming that the 

electrode kinetics for the mediator at the electrode is fast and reversible. E is the potential at the 

electrode surface, E0 is the formal potential of the mediator couple, n is the number of electrons 

transferred by mediator at the electrode surface, F is the Faraday constant, R is the universal gas 

constant and T is the absolute temperature. Now the flux mediator at the electrode surface that is 

measured as a current can be given as8 

  jobs = −Dm
d[Mox ]
dx

⎛
⎝⎜

⎞
⎠⎟ x=0

  [3.22] 

and in dimensionless form 

  Jobs =
Ljobs

Dm[MT ]
= − da

dχ
⎛
⎝⎜

⎞
⎠⎟ x=0

  [3.23] 
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Therefore current measured at the electrode surface is 

   i = nFAjobs   [3.24] 

where i  is the current in ampere and A is the electrode area in cm2. 

Key assumptions of the model are i) Simple Michaelis-Menten kinetics for the reaction of 

enzyme and glucose substrate ii) Second order reaction between enzyme-mediator and enzyme-

oxygen iii) Both enzyme and mediator are confined within the film iv) Partition coefficients at 

the film-solution interface for mediator, substrate and oxygen is equal to 1. In the absence of O2, 

this model reduces to the two substrate ping-pong model proposed by Bartlett et al.8 where they 

have solved two non-linear differential equations numerically and approximate analytical 

solutions are presented for several limiting cases. Our model also incorporates the mass transfer 

correction27 for glucose and oxygen at the film-solution interface and iR correction was applied 

to all the electrode potentials to account for the Ohmic losses in the bulk electrolyte.3,28 In 

Chapter 2, the charge transport of mediator (Dm) which is one of the critical parameter that 

governs the performance of such redox polymer mediated enzyme electrodes was quantified 

along with the active mediator concentration which is responsible for the current at the electrode 

surface. Nominal loading of the redox polymer mediator on one electrode is ~4 M but only 660 

mM (~17%) of it is active for polymer A and 380 mM (~10%) for polymer B as determined by 

Coulometry28 in chapter 2.  Another variable that greatly influence the reaction rate and kinetics 

of such electrode is active or "wired"24 enzyme concentration that is responsible for the catalytic 

conversion of substrate into product. Several examples can be found in the literature in which the 
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kinetic parameters for GOx mediated reaction are taken from the analysis under aerobic 

conditions with O2 as a natural electron acceptor without any additional justification of the effect 

of redox mediator.29-31 One such example in which, Calvo et al.18 obtained the active enzyme 

concentration of ~2.2 × 10-13 mol/cm2 for self-assembled poly(allylamine) based osmium redox 

polymer mediated GOx electrodes by fitting the substrate variation data (like Figure 3.2a or 3.2c) 

to the ping-pong rate expression32 after assuming  kcat and KS value of 700 s-1 and 25 mM 

respectively which, are the kinetic parameters of GOx in free solution with O2 as the natural 

redox partner. In those spatially ordered enzyme assemblies only ~1% of the deposited enzymes 

was effectively wired by the redox mediator. In this work along with mediator and cross-linker, 

we drop cast nominal enzyme loading of ~1.79× 10-9 mol/cm2 on one electrode and with their 

approach for polymer A mediated GOx electrodes under N2 saturated conditions, we get active 

enzyme loading of 4.23 × 10-11 mol/cm-2 which is ~ 2.35 % of the nominal loading. However, it 

is arguable to assume the kinetic parameters of the free solution for such redox polymer 

mediated enzyme studies. Also, the assumptions made in their analysis are limited for the thin 

films of ~0.1 μm or less whereas in our case hydrogel film thickness is of the order of ~1 μm. 

This necessitates the extraction and elucidation of kinetic parameters for such system where 

species are confined and randomly distributed on the electrode surface. Gallaway et al.3 

extracted and elucidated the kinetics of such several osmium redox polymer mediated laccase 

electrodes by slight modification in the two-substrate ping-pong model of Bartlett and Pratt.8 
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Here we have solved three equations (3.15), (3.16) and (3.17) using bvp4c solver of MATLAB® 

and code for all simulations are provided the Appendices section. 

Results and discussion 

Determination of kinetic parameters 

Table 3.1(a) shows the formula and physical properties of the synthesized redox 

polymers. In chapter 2, they were used for the GOx mediation purpose and characterized in the 

presence and absence of O2. Table 3.2 shows the list of various parameters and nominal values 

that are used in the model. In absence of oxygen, the above model simplifies to traditional two-

substrate, Bartlett and Pratt presentation3,8 and pertinent kinetic parameters like kcat, km and KS 

of Table 3.1(b) were obtained using model as shown in Appendix A by fitting the appropriate 

substrate variation and polarization curve data for N2 saturated conditions. Appendix C shows 

the input file for the various parameters used in the two-substrate model. From Figure 3.2, it can 

be seen that numerical predictions of the current density showed an excellent agreement to the 

experimental data for polymer A mediated electrodes whereas modest fitting was observed for 

polymer B mediated electrodes attributed to the Nernstian behavior assumption of fast and 

reversible kinetics for mediator couple at the electrode surface. It can be seen from the cyclic 

voltammograms of Figure 2.2 (Chapter 2) that kinetics of polymer B mediated electrodes are not 

as fast or reversible as predicted by the Nernst equation hence the moderate fitting. 

Turn over number (kcat) and apparent Michaelis constant (KS) for GOx is in the free 

solution are normally ~1000 s-1 and ~25 mM respectively which are generally obtained from the 
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spectrophotometric analysis under aerobic conditions.33 Whereas in our analysis we obtain kcat 

of ~17 and ~12 s-1 for polymer A and polymer B mediated GOx electrodes, which is around two 

orders of magnitude lower than the values in the free solution where O2 was the final electron 

acceptor rather than the mediator.34-36 Since the loading of active enzyme in the film is difficult 

to assess, the obtained turnover number can be compared with values from free solution by 

multiplying with nominal enzyme loading to yield the maximum enzyme velocity, Vmax= kcat ET. 

Taking this approach we obtain Vmax values of 0.31 and 0.21 M-1 s-1 for polymer A and B 

respectively. Whereas Vmax values for ultrathin GOx-osmium redox polymer mediated films falls 

in the range of ~0.015 - 0.023 M-1 s-1.20 Heller and co-workers37,38 obtained the kinetic 

parameters of osmium redox polymer mediated GOx electrodes in the presence of N2, Air and 

O2 using Eadie-Hofstee plots.39 They report apparent KS of 18.7, 37.5 and 64.5 mM for N2, Air 

and O2 saturated PVP-Os(bpy)2Cl mediated GOx electrodes respectively. However, this 

approach does not account for the mediator mass transport limitations. 

When the two-substrate model was used to fit the experimental data of Air and O2 

saturated conditions for polymer A mediated electrodes, kcat values remained the same as that of 

the N2 saturated conditions indicative of the competitive inhibition kinetics of O2 with KS values 

of 12.3 mM, 17.1 mM and 35.1 mM for N2, Air and O2 saturated conditions respectively. 

Increase in KS value indicates that oxygen also binds with the enzyme, which can also be seen, 
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from the Figure 3.2a and 3.2c. In the presence of Air and O2, bimolecular rate constant of 

reaction between enzyme and oxygen, kO was extracted using proposed three-substrate model 

(Appendix B) as described above by fitting the oxygen concentration and respective plateau 

current density data by keeping kcat, KS and km constant as obtained from the N2 saturated 

conditions. In our model we show a linear rate expression for GOx-oxygen reaction because 

when we used the non-linear Michalies-Menten type of model similar to that of GOx-substrate 

reaction, errors in the extracted kinetic parameters were very large indicative of the fact that kO, 

which is a bimolecular rate constant of the enzyme-O2 reaction is an important quantity that 

characterize the whole system better than the individual turn over number and binding constant 

with respect to O2. 

One thing to be noted over here is reported kcat values in Table 3.1(b) are the glucose 

turnover number. To convert to mediator turnover rate, it must multiplied by two since two 

mediator moieties required to take two electrons from the reduced GOx active site which are 

then get transported to the electrode.35,40 Obtained KS values for both the mediated enzyme 

electrodes are almost equal and it is comparable to literature values for polymer A mediated GOx 

electrodes.38 Extracted values of kO for such immobilized redox hydrogel mediated system is 

approximately one magnitude lower than the value in free solution which is ~1.6 × 10-6 M-1 s-1 

where measurements were made using stopped flow experiments and kinetic constants were 

either obtained from lineweaver-burk polts41 or bi-bi ping-pong rate expression.35,36 This could 

be due to hindrance offered in the GOx-oxygen binding, by the large concentration of osmium 
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molecules, which are present in the film as compared to oxygen.3 Also, it could be ascribed to 

the competing reaction between redox polymer and oxygen at the GOx active site, which might 

affect the electron scavenging capacity of oxygen like it does for the redox polymer.  

Effect of glucose and oxygen concentration 

 Figure 3.3 shows the simulated dimensionless profiles of redox polymer mediator, MOX, 

glucose substrate, S, oxygen, O2, reduced enzyme, Ered and catalytic reaction rate, R, within the 

film for redox polymer A mediated GOx electrodes in N2, Air and O2 saturated conditions. It can 

be seen that when O2 is present in the system, oxidized mediator concentration increases, which 

is discernible from the fact that O2 being more efficient electron capturing agent due to its higher 

bimolecular rate constant with respect to GOx and higher diffusivity (DO) as compared to that of 

the redox polymer (Dm). Albeit oxygen concentration in the film (~ 0.18 mM for Air and ~ 0.86 

mM for O2 saturated systems)42 is much lower than that of the mediator concentration (~ 660 

mM), it reduces the current density by >10% in air saturated conditions and >30% when 

electrodes are operated in the O2 saturated solutions. We can also see that reduced GOx 

concentration in the film decreases in the presence of oxygen, because along with the mediator, 

oxygen also oxidizes the reduced GOx enzyme.  

 Figure 3.4 shows the simulation results for the effect of oxygen on the performance of the 

polymer A and B mediated GOx electrodes at 50 mM glucose concentration. We can see that 

increase in oxygen concentration in the system lowers the current density at the electrode surface 
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due to removal of electrons by O2 from the reduced active site of GOx (Equation 1.9). This can 

be helpful in the design of glucose/O2 based EFC, where performance of the cell can be 

predicted at particular O2 concentration in the system. Our study is limited to only two redox 

polymers therefore it would be difficult to comment on the effect of mediator redox potential on 

the bimolecular rate constants of the system unlike Gallaway et al.3 and Zakeeruddin et al.,43 

where they conclude their study based on the wide range of mediator redox potentials. 

It can be recognized that parameter space of the simulation for such enzymatic mediated 

electrodes remains large and we have limited our discussion to the effect of oxygen 

concentration. Gallaway et al.27 explored the consequences of other important parameters like 

mediator diffusivity, mediator concentration and electrode rotation speed, which are some of the 

major factors that needs significant attention while engineering the performance of such 

immobilized redox polymer mediated enzyme electrodes. 

Conclusions 

One-dimensional model of a redox polymer mediated, glucose-oxidizing GOx enzyme 

electrode was developed which accounts for the effect of oxygen and pertinent kinetic 

parameters were successfully extracted by fitting the model to the appropriate experimental data. 

Obtained kinetic parameter like kcat and km is lower when compared with other homogeneous 

GOx-mediated systems but comparable when coupled with the appropriate enzyme 

concentrations. Bimolecular rate constant for GOx-oxygen reaction was found to be an order of 

magnitude lower than that of the free solution due to competition between mediator and oxygen 
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for the electrons at the reduced active site of GOx. Performance of the system was analyzed via 

simulation under various conditions. In the presence of oxygen, the reaction rate with respect to 

mediator and hence the current density at the electrode surface decreases due to unproductive 

reaction with oxygen. 
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Table 3.1: (a) Redox polymer properties. (b) Extracted kinetic parameters of the redox polymer-
GOx films 
 
(a)  
 

RP Structural Formula Em0   
(V | SHE) 

Dm 
(× 109 cm2/s) 

ΔET  
(V) 

A poly(n-VI12[Os(bpy)2Cl]+/2+ 0.43 2.18 ± 0.03 0.55 

B poly(n-VI22[Os(dm-bpy)2Cl]+/2+ 0.33 1.50 ± 0.02 0.45 

 
 
(b)  
 

RP kcat (s
-1) km (M-1 s-1) KS (mM) ko (× 10-5 M-1 s-1) 

Vmax (M s-1) 

A 17.3 ± 0.6 211.9 ± 23.5 12.3 ± 0.9 1.66 ± 0.3 0.31 

B 12.1 ± 1.9 35.9 ± 3.7 11.7 ± 2.3 0.37 ± 0.06 0.22 
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Table 3.2: Parameters and nominal values used in the model 
 

Parameters Value References 

Hydrogel film thickness, L 1 µm assumed 

Diffusivity of polymer A, Dm 2.18 ± 0.03 cm2 s-1 measured 

Diffusivity of polymer B 1.50 ± 0.02 cm2 s-1 measured 

Diffusivity of glucose substrate, DS 7 × 10-6 cm2 s-1 3 

Diffusivity of oxygen, DO 1.5 × 10-5 cm2 s-1 20 

Nominal enzyme loading, ET 18 mM measured 

Bulk substrate concentration, ST 50 mM measured 

Active mediator concentration for polymer A, Mox 660 ± 35 mM measured 

Active mediator concentration for polymer B, Mox 380 ± 28 mM measured 

Bulk oxygen concentration in Air saturated condition, OT 0.18 mM 42 

Bulk oxygen concentration in oxygen saturated condition 0.86 mM 42 

Kinematic viscosity of electrolyte, ν  0.01 cm2 s-1 assumed 

Electrode rotation speed, ω 1000 rpm measured 
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 Figure 3.1: (a) Schematic representation of the immobilized redox polymer mediated enzyme 
electrode showing the processes considered in the model.8 (b) Sample concentration profiles for 
the one-dimensional film model.27 Diffuse layer thickness for glucose substrate is shown as 
δ1.[S]∞  and [O2]∞  are the bulk concentration of glucose substrate and oxygen in the 

electrolyte. [S] and [O2] are the glucose and oxygen concentration in the film respectively. Mox 
and Mred represents the oxidized and reduced form of the mediators respectively. Ds, Dm and Do 
represents the diffusivities of substrate, mediator and oxygen respectively.
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Figure 3.2: Comparison of experimental data to the numerical prediction. Kinetic parameters 
used in the fitted curve accounts for the mass transfer correction of glucose and oxygen at the 
film-solution interface. (a) and (c) are the plateau current density for polymer A and B mediated 
GOx electrodes for varying glucose concentration under N2, Air and O2. (c) and (d) are the 
ohmic resistance corrected polarization curves or polymer A and B in 50 mM glucose solution, 
250 mM PBS buffer (pH 7, 38 °C). Dashed lines in all graphs indicate numerical model results 
simultaneously fitted to the glucose variation and polarization curves. 
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Figure 3.3: Simulated concentration and reaction rate profiles within the electrode film for A 
mediated GOx electrode in the presence of (a) N2 (b) Air and (c) O2. Simulation parameters are 
taken from the Table 3.1 and 3.2. R/Rmax represents the ratio of mediator reaction rate to its 
maximum value. 
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Figure 3.4: Simulation results for the effect of oxygen on GOx enzyme electrode performance 
at 50 mM glucose concentration, with all parameters as indicated in Table 3.1 and 3.2. Current at 
the electrode surface goes down with increase in O2 concentration in the system. Measured 
experimental values are shown for polymer A and B mediated GOx electrodes. 
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Chapter 4: Summary and Future Outlook 

Mediated enzyme electrodes were prepared from the glucose-oxidizing enzyme glucose 

oxidase (GOx) from Aspergillus niger and two osmium based redox polymer mediators, which 

have redox potential difference of ~100 mV. These enzyme electrodes can be used as bioanodes 

for biofuel cell applications. 

 In Chapter 2, efforts have been made to characterize the GOx electrodes based on the 

mediator redox potential and osmium loading of the synthesized polymers in the presence of N2, 

Air and O2 and such electrodes produced the highest current densities reported till date. For a 

complete biofuel cell based on mediated enzyme electrodes, it is desirable to have an anode 

mediator with lower redox potential, but suffers due to lower current density when ΔET , the 

electron transfer driving force or the overpotential between mediator and the enzyme decreases. 

Performance of such electrodes also deteriorates in the presence of inhibitors. For GOx based 

anodes, as we have seen in this work, reduction in the electrochemical performance and stability 

was observed due to competitive reaction of oxygen with mediator for electrons at the active site 

of GOx. 

 In Chapter 3, a one-dimensional model of a redox polymer mediated, glucose-oxidizing 

GOx enzyme electrode was demonstrated, which also accounts for the effect of oxygen and 

relevant kinetic behavior of the system was elucidated. To our knowledge, we are first to report 

the detailed kinetic parameters of such GOx based redox hydrogel films, where accurate 

estimation of the active enzyme loading is difficult. Therefore, obtained kinetic parameter like 
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kcat was multiplied with total enzyme loading (ET) to yield a parameter called maximum enzyme 

velocity, Vmax in order to have a fair comparison with the kinetics of the similar systems, where 

mediation of GOx was conducted using dissolved complexes or with redox polymers entrapped 

in an ultrathin films. Vmax of the studied electrodes were found to be an order of magnitude 

higher than the literature findings, which can be ascribed to a superior mediation capacity of the 

synthesized polymers. Also, the bimolecular rate constant (kO) for GOx-oxygen reaction was 

found to be an order of magnitude lower than in free solution, which can be attributed to the 

electron competition reaction with mediator or inhibition of oxygen-GOx binding by osmium 

moieties. 

As a power-producing device, it is imperative to maximize the overall cell potential by 

identifying the optimal electrode design to achieve the optimum biofuel cell performance. 

Optimum mediator potential of 0.66 V relative to standard hydrogen electrode (SHE) for laccase-

catalyzed cathode has been proposed in the literature based on the experimental data and 

elucidation of kinetics via modeling of eight different osmium based redox polymers having 

potentials ranging from 0.85 to 0.11 V/SHE. In the present work, we have analyzed two redox 

polymer mediated GOx electrodes and similar study can also be undertaken for such bioanodes 

in order to have a realistic picture of the optimum biofuel cell performance. 

The proposed model can be used to obtain the kinetic parameters of complex three-

substrate enzymatic system. Optimum parameters, operating conditions and performance of the 

cell can be predicted and quantified via mathematical modeling. This would help to improve and 

optimize the system at molecular scale in the context of biofuel and biosensor applications. 
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Although osmium based redox mediators are widely used, issues regarding toxicity and 

cost limits their use for in vivo applications. With objective to develop low cost, lightweight, 

manufacturable and reproducible EFC system and to compete against Li-ion batteries having 

limited energy storage density for small power applications, novel mediator chemistry must be 

identified and synthesized. 

With ability to extract power from the ambient fuels, biofuel cell technology has the 

potential to meet civilian and military needs for use as a compact, lightweight, small-scale power 

generating devices.  
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Appendix A: MATLAB  code for one dimensional film-model in N2 saturated 

conditions∗ 

function [jobs,out]=bp_project_N2(in) 
  
 % Defining dimensionless variables 
  
    kappa=in.L*sqrt(in.vm*in.kA*in.ET/in.DA); 
    eta=(in.vm*in.DS*in.kA*in.Ks)/(in.vs*in.DA*in.kcat); 
    gamma=(in.kA*in.Ao*in.Ks)/(in.kcat*in.ST); 
    mu=(in.ST/in.Ks); 
     
    sigma1 = (in.delta1 * in.DS * in.k) / (in.L * in.Ds);   % 
Dimensionless parameter that characterizes the substrate 
boundary condition 
  
    eps = (in.n * in.F * (in.E-in.E0))/(in.R*in.T);         % 
From the Nernst equation 
    ae = 1/(1+exp(-eps));                                   % 
Dimensionless potential boundary condition at the electrode 
surface from the Nernst eqn 
  
 % Dimensionless thickness of the hydrogel film 
  
    x0=linspace(0,1,100); 
  
 % Forms the initial guess for bvp4c 
   
    solinit = bvpinit(x0,[.5 0 1 0]); 
   
 % Calls the bvp4c solver 
     
    sol = bvp4c(@deriv, @bc, solinit); 
  
    x    = sol.x; 
     
    a    = sol.y(1,:);               % Dimensionless mediator 
concentration 
    dadx = sol.y(2,:);               % Dimensionless mediator 
flux 
     
    s    = sol.y(3,:);               % Dimensionless substrate 
concentration 

                                                 
∗ This code was assembled with the kind help of my advisor Dr. Scott Calabrese Barton 
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    dsdx = sol.y(4,:);               % Dimensionless substrate 
flux 
     
     
 % Extraction of current density at the elctrode surface in 
mA/cm2 
  
    jobs = (- 1 * in.F * in.DA * in.Ao * sol.y(2,1) * 1000) / 
in.L; 
 
% Dimensionless non-linear differential equations 
     
    Ra= kappa^2*a.*s./(gamma*a.*(1+mu*s)+s) .* (a >= 0) .* (s >= 
0); 
    Rs= Ra.*(gamma/eta).*(Ra>=0); 
     
 % Dimensionless reduced enzyme concentration in the film 
  
    e2=s./((gamma*a.*(1+mu*s)+s)).* (a >= 0) .* (s >= 0); 
  
 % Plot the results 
     
    plot(x,a,'-r',x,s,'--g',x,Ra/max(Ra(:)),'-b',x,e2,'--
b');figure(gcf) 
    axis([0,1,0,1]); 
    xlabel('\chi'); 
    ylabel('Dimensionless concentration profile'); 
    legend('a - Oxidized mediator','s - Substrate','R / 
Rmax','Reduced enzyme','Location','Southwest'); 
  
    function dzdx=deriv(x,z) 
         
        a= z(1); 
        va=z(2); 
         
        s= z(3); 
        vs=z(4); 
         
        Ra= kappa^2*a*s/(gamma*a*(1+mu*s)+s) * (a >= 0) * (s >= 
0); 
        Rs= Ra*(gamma/eta)*(Ra>=0); 
         
        dvadx= Ra; 
        dadx= va; 
         
        dvsdx= Rs; 
        dsdx= vs; 
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        dzdx= [dadx; dvadx; dsdx; dvsdx]; 
     
    end %dzdx 
     
    function res= bc(z0,z1) 
         
        a0=  z0(1);  a1= z1(1); 
        va0= z0(2); va1= z1(2); 
         
        s0=  z0(3);  s1= z1(3); 
        vs0= z0(4); vs1= z1(4); 
         
     % Nernst BC on a at electrode-film interface 
        res(1)= a0 - ae; 
         
     % Zero flux BC on 's' at electrode-film interface 
        res(2)= vs0; 
         
     % Zero flux BC on 'a' at film-solution interface 
        res(3)= va1; 
         
     % Concentration BC on 's' at film-solution interface 
        res(4)= s1 - 1 + (sigma1*vs1); % This BC incorporates 
the MT resistance 
        %res(4)= s1 - 1  ; % 
  
     % force res to be a column vector 
        res=res(:); 
  
    end % bc 
  
    out=sol; 
    out.in=[kappa,eta,gamma,mu,ae,sigma1]; 
    out.a = a; 
    out.dadx=dadx; 
    out.s = s; 
    out.dsdx=dsdx; 
    out.Ra = Ra; 
    out.Rs = Rs; 
    out.jobs=jobs; 
    out.e2=e2; 
     
end % bp_project_N2 
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Appendix B: MATLAB code for one-dimensional film model in the presence of Air 

and O2
∗ 

 function [jobs,out]=bp_project_oxy(in) 
  
 % Dimensionless variables 
  
    kappa=in.L*sqrt(in.vm*in.kA*in.ET/in.DA); 
    eta=(in.vm*in.DS*in.kA*in.Ks)/(in.vs*in.DA*in.kcat); 
    gamma=(in.kA*in.Ao*in.Ks)/(in.kcat*in.ST); 
    mu=(in.ST/in.Ks); 
  
     beta=(in.ko*in.OT_O*in.Ks)/(in.kcat*in.ST); 
    d = (in.vo*in.DS*in.ST)/(in.vs*in.DO*in.OT_O); 
     
  %   
beta=(in.kcat_O*in.OT_O*in.Ks)/((in.Ko+in.OT_O)*in.kcat*in.ST); 
% Beta for the two parameter model 
   
    eps = (in.n * in.F * (in.E-in.E0))/(in.R*in.T);       % From 
the Nernst equation    
    ae = 1/(1+exp(-eps));                                 % 
Dimensionless potential boundary condition at the electrode 
surface from the Nernst eqn 
  
    sigma1 = (in.delta1 * in.DS * in.k) / (in.L*in.Ds);   % 
Dimensionless parameter that characterizes the substrate 
boundary condition 
    sigma2 = (in.delta2 * in.DO * in.k) / (in.L*in.Do);   % 
Dimensionless parameter that characterizes the oxygen boundary 
condition 
     
 % Dimensionless thickness of the hydrogel film   
     
    x0=linspace(0,1,100);        
   
 % Forms the initial guess for bvp4c 
     
    solinit = bvpinit(x0, [1 0 1 0 1 0]); 
     
 % Calls the bvp4c solver 
     
    sol = bvp4c(@deq, @bc, solinit); 

                                                 
∗ This code was assembled with the kind help of my advisor Dr. Scott Calabrese Barton 
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    x    = sol.x; 
     
    a    = sol.y(1,:);                 % Dimensionless mediator 
concentration 
    dadx = sol.y(2,:);                 % Dimensionless mediator 
flux 
     
    o    = sol.y(3,:);                 % Dimensionless oxygen 
concentration 
    dodx = sol.y(4,:);                 % Dimensionless oxygen 
flux 
     
    s    = sol.y(5,:);                 % Dimensionless substrate 
concentration 
    dsdx = sol.y(6,:);                 % Dimensionless subsrate 
flux 
     
    
 % Extraction of current density in mA/cm2 
 
jobs = (- 1 * 96485.5 * 2.18e-9 * 659.7e-6 * sol.y(2,1) * 1000) 
/ 1e-4; % Current density for '1b' 
 
 % Dimensionless non-linear differential equations 
   
    Ra = 
(kappa.^2.*a.*s)./((((gamma.*a)+(beta.*o)).*(1+(mu.*s)))+s).*(a>
=0).*(o>=0).*(s>=0); 
    Ro = 
(kappa.^2.*o.*s.*(beta*d/eta))./((((gamma.*a)+(beta.*o)).*(1+(mu
.*s)))+s).*(a>=0).*(o>=0).*(s>=0); 
    Rs = (Ra.*gamma/eta)+(Ro./d).*(Ra>=0).*(Ro>=0); 
   
 % Dimensionless reduced enzyme concentration in the film 
  
    
e2=s./((((gamma.*a)+(beta.*o)).*(1+(mu.*s)))+s).*(a>=0).*(o>=0).
*(s>=0); 
     
 % Plot the results 
%      
    plot(x,a,'-r',x,s,'--g',x,o,'-k',x,Ra/max(Ra(:)),'-
b',x,e2,'--b');figure(gcf) 
    axis([0,1,0,1]); 
    xlabel('\chi'); 
    ylabel('Dimensionless concentration profile'); 
    legend('a - Oxidized mediator','s - Substrate','o - 
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Oxygen','R / R_{max}','Reduced enzyme','Location','Southwest'); 
  
      function dzdx = deq(x,z) 
         
        a= z(1); 
        va=z(2); 
         
        o= z(3); 
        vo=z(4); 
         
        s= z(5); 
        vs=z(6); 
     
        Ra = 
(kappa^2*a*s)/((((gamma*a)+(beta*o))*(1+(mu*s)))+s)*(a>=0)*(o>=0
)*(s>=0); 
        Ro = 
(kappa^2*o*s*(beta*d/eta))/((((gamma*a)+(beta*o))*(1+(mu*s)))+s)
*(a>=0)*(o>=0)*(s>=0);            
        Rs = ((Ra*gamma/eta)+(Ro/d))*(Ra>=0)*(Ro>=0); 
         
        dvadx= Ra; 
        dadx= va; 
         
        dvodx= Ro; 
        dodx= vo; 
         
        dvsdx=Rs; 
        dsdx= vs; 
         
        dzdx= [dadx; dvadx; dodx; dvodx; dsdx; dvsdx]; 
             
      end % dzdx 
     
      function res = bc(z0,z1) 
             
        a0=  z0(1);  a1= z1(1); 
        va0= z0(2); va1= z1(2); 
         
        o0=  z0(3);  o1= z1(3); 
        vo0= z0(4); vo1= z1(4); 
         
        s0=  z0(5);  s1= z1(5); 
        vs0= z0(6); vs1= z1(6); 
             
      % Nernst BC on a at electrode-film interface 
        res(1)= a0 - ae; 
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      % Zero flux BC on 'o' at electrode-film interface 
        res(2)= vo0; 
             
      % Zero flux BC on 's' at electrode-film interface 
        res(3)= vs0; 
         
      % Zero flux BC on 'a' at film-solution interface 
        res(4)= va1; 
         
      % Concentration BC on 'o' at film-solution interface 
        %res(5)= o1 - 1; 
        res(5)= o1 - 1 + (sigma2*vo1); % This BC incorporates 
the MT resistance 
         
      % Concentration BC on 's' at film-solution interface 
        %res(6)= s1 - 1; 
        res(6)= s1 - 1 + (sigma1*vs1); % This BC incorporates 
the MT resistance 
  
      % force res to be a column vector 
        res=res(:); 
             
      end % bc 
     
    out=sol; 
    out.in=[kappa,eta,gamma,mu,beta,d,ae,sigma1,sigma2]; 
    out.a = a; 
    out.dadx=dadx; 
    out.o = o; 
    out.dodx=dodx; 
    out.s = s; 
    out.dsdx=dsdx; 
    out.Ra = Ra; 
    out.Ro = Ro; 
    out.Rs = Rs; 
    out.jobs=jobs; 
    out.e2=e2; 
  
end % bp_project_oxy 
 

Function for fitting the film model (for RP A mediated system in the presence of 

N2) 

% "xy=[]’" is a matrix of experimental data having 3 columns. 
Three coulmns have substrate conc. (mol/cm3), potential (volts 
re:SHE) and current density (mA/cm2) data respectively.  
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p(1).data='ST'; 
p(2).data='E'; 
  
p(3).param='kcat'; p(3).init=17.5; 
p(4).param='kA';   p(4).init=2.12e5; 
p(5).param='Ks';   p(5).init=12e-6; 
     
in=intest_1b; 
  
out=funfit2(@bp_project_N2,xy,in,p,true); 
 

Function for fitting the film model (for RP A mediated system in the presence of 

O2) 

% "xy" is a matrix of experimental data having 2 columns. Two 
% coulmns have oxygen conc. (mol/cm3) and corresponding current 
density (mA/cm2) respectively.  
  
xy = [1e-20 0.18e-6 0.86e-6; 2.01 1.8157 1.3665]'; 
  
p(1).data='OT_O'; 
  
p(2).param='ko';   p(2).init=1.66e8; 
  
in=intest_1b; 
  
out=funfit2(@bp_project_oxy,xy,in,p,true); 
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Appendix C: Input file for the bp_project_N2(in) function (for RP A mediated 

system) 

function in=intest_1b 
  
% Diffusivitiy Values 
    
   in.DA = 2.18e-9;     % Diifusivity of the mediator in cm2/s 
   in.DS = 7e-6;        % Diffusivity of the substrate (glucose) 
in hydrogel in cm2/s (Literature value from Calvo's 2005 paper) 
   in.DO = 1.5e-5;      % Diffusivity of the oxygen from Josh's 
kinetics paper 
  
% Concentration values 
   
   in.ET   = 17.96e-6;    % Total enzyme concentration in 
mol/cm3 ---> To convert in to mM multiply by 1e6 
   in.ST   = 50e-6;       % Total bulk substrate concentration 
in mol/cm3 
   in.Ao   = 659.7e-6;    % Total mediator concentration in 
mol/cm3 from CV integration 
   in.OT_O = 0.86e-6;     % Total bulk oxygen concentration in 
air saturated conditions in mol/cm3 
   in.OT_A = 0.18e-6;     % Total bulk oxygen concentration in 
oxygen saturated conditions in mol/cm3  
   
% Kinetic parameters for N2 saturated conditions at 1000 rpm 
   
   in.kcat = 17.3;        % Turn over number in s-1 
   in.kA   = 212e3;       % second order rate constant for 
mediator in cm3/mol/s ---> To convert in to M-1 s-1 multiply by 
1e-3            
   in.Ks   = 12.3e-6;    % Michaelis constant for substrate in 
mol/cm3 ---> To convert in to mM multiply by 1e6 
  
   % At 0 rpm or No mass transfer correction  
%    in.kcat= 17.82; 
%    in.kA= 212e3; 
%    in.Ks= 14.735e-06; 
    
% Kinetic parameters for O2 saturated conditions   
  
 in.ko   = 1.66e8;      % Second order rate constant for 
mediator in cm3/mol/s ---> To convert in to M-1 s-1 multiply by 
1e-3            
    
%    in.kcat_O = 1400;     % Turn over number in s-1 
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%    in.Ko     = 7e-6; % Michaelis constant for oxygen in 
mol/cm3 ---> To convert in to mM multiply by 1e6 
  
    
% Various constants 
  
   in.vm = 1;             % Stoichiometric coeff. of mediator 
   in.vs = 0.5;           % Stoichiometric coeff. of substrate 
   in.vp = 0.5;           % Stoichiometric coeff. of product 
   in.vo = 0.5;           % Stoichiometric coeff. of oxygen 
  
   in.E0 = 0.43;         % Reversible potential of the mediator 
in volts re:SHE 
   in.E  = 0.0;          % Fixed potential of the system in 
volts re:SHE 
   in.n  = 1;            % Number of electrons transfered at the 
elecrode surface 
   in.R  = 8.314;        % Gas constant in J/mol/K 
   in.F  = 96485.4;      % Faraday's constant in C/mol 
   in.T  = 313;          % Temperature of the system in deg K 
   in.L  = 1e-4;         % Hydrogel film thickness in cm 
   
% Data in the following section will be used to incorporate the 
effect of substrate mass transport 
  
  in.v     = 0.01;          % kinematic viscosity in cm2/s 
  in.omega = 1000;          % RDE rotation speed in rpm 
  in.Ds    = 7e-6;          % Ds is the glucose diffusion in the 
bulk solution in cm2/s 
  in.Do    = 1.5e-5;          % Do is the oxygen diffusion in 
the bulk solution in cm2/s 
  in.k     = 1;             % Partition coefficient of glucose 
and oxygen into the hydrogel film from the solution 
   
  in.delta1 = 4.98 * (in.DS^(1/3)) * (in.v^(1/6)) * (in.omega^(-
1/2));% Thickness of the diffuse layer in cm at 1000 rpm 
  in.delta2 = 4.98 * (in.DO^(1/3)) * (in.v^(1/6)) * (in.omega^(-
1/2));% Thickness of the diffuse layer in cm at 1000 rpm 
 
 

 
 
 
 


