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ABSTRACT 

The development of enzymatic biosensors and enzymatic biofuel cells (EBFCs) 

has been a significant area of research for decades. Enzymatic catalysis can provide for 

specific, reliable sensing of target analytes as well as the continuous generation of power 

from physiologically present fuels. However, the broad implementation of enzyme-based 

devices is still limited by low operational/storage stabilities and insufficient power 

densities. Approaches to improving upon these limitations have focused on the 

optimization of enzyme activity and electron transfer kinetics at enzyme-functionalized 

electrodes. Currently, such optimization can be performed through enzyme structural 

engineering, improvement of enzyme immobilization methodologies, and fabrication of 

advantageous electrode materials to enhance retained enzyme activity density at the 

electrode surface and electron transfer rates between enzymes and an electrode. In this 

work, varying electrode materials were studied to produce an increased understanding on 

the impacts of material properties on resulting biochemical, and electrochemical 

performances upon enzyme immobilization and an additional method of electroactive 

enzyme-based optimization was developed through the use of polymer-based protein 

engineering (PBPE). First, graphene/single-wall carbon nanotube cogels were studied as 

supports for membrane- and mediator-free EBFCs. The high available specific surface 

area and porosity of these materials allowed the rechargeable generation of a power 

density within one order of magnitude of the highest performing glucose-based EBFCs to 

date. Second, two additional carbon nanomaterial-based electrode materials were 

fabricated and examined as EBFC electrodes. Graphene-coated single-wall carbon 

nanotube gels and gold nanoparticle/multi-wall carbon nanotube-coated polyacrylonitrile 

fiber paddles were utilized as electroactive enzyme supports. The performance 
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comparison of these three materials provided an increased understanding of the impact of 

material properties such as pore size, specific surface area and material surface curvature 

on enzyme biochemical and electrochemical characteristics upon immobilization. Third, 

PBPE techniques were applied to develop enzyme-redox polymer conjugates as a new 

platform for enzymatic biosensor and EBFC optimization. Poly(N-(3-

dimethyl(ferrocenyl) methylammonium bromide)propyl acrylamide) (pFcAc) was grown 

directly from the surface of glucose oxidase (GOX) through atom-transfer radical 

polymerization. Utilization of the synthesized GOX-pFcAc conjugates led to a 24-fold 

increase in current generation efficiency and a 4-fold increase in EBFC power density 

compared to native GOX. GOX-pFcAc conjugates were further examined as working 

catalysts in carbon paper-based enzymatic biosensors, which provided reliable and 

selective glucose sensitivities and allowed a systematic analysis of sources of instability 

in enzyme-polymer conjugate-based biosensors and EBFCs. The knowledge gained 

through these studies and the in-depth characterization of an additional layer of 

optimization capacity using PBPE could potentially enhance the progress of enzymatic 

biosensor and EBFC development. 
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Chapter 1: Introduction 

1.1 Enzyme-Based Biosensors and Biofuel Cells 

The catalytic and operational properties of enzymes have made them a significant 

research target for an array of applications.[1-5] Their unique combination of efficient, selective 

catalysis and benign operational conditions make them ideally suited for particular uses with 

decades of research already devoted to expanding and optimizing their industrial, medical and 

analytical capabilities.[5-9] The innovation of the first enzyme electrode by Clark and Lyons in 

1962 marked the advent of research into the development of enzyme-based bioelectronics that 

has produced a variety of impactful devices and technologies.[1, 10, 11] Since this initial 

discovery, investigations into enzymatic biosensors and enzymatic biofuel cells (EBFCs) have 

yielded hundreds of scientific publications and patents with several devices already on the 

market, however, there yet remain persistent operational, applicability, and feasibility issues to 

address for their broad implementation.[12-15] 

1.1.1 Operation and development of enzymatic biosensors and biofuel cells 

In general, enzymatic biosensors and EBFCs operate through the oxidation and/or 

reduction of physiologically-present molecules at or near an electrode surface via enzymatic 

catalysis.[1, 16] Both systems rely on the consistent turnover of target substrate coupled with 

efficient electron transfer between the working enzyme and the electrode surface.[14] This 

electron transfer can be either oxidative or reductive toward the working enzyme (i.e. oxidative = 

electron transfer from enzyme/solution to electrode; reductive = electron transfer from electrode 

to enzyme/solution) dependent on the selected enzyme and device configuration.[17] The work 

presented here was primarily aimed at investigation of oxidative, or anodic, enzymatic systems. 

It is worth noting, that much research has also been performed on the development of microbial-
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based biosensors and biofuel cells, which utilize whole cells as working catalysts. The redox 

reactions occurring within these systems can be enzymatic; however, whole microorganisms are 

necessary for operation.[18-20] In this report, I focus exclusively on enzymatic biosensors and 

EBFCs that use independent electroactive enzymes as the working catalysts. Owing to the broad 

selection of available working enzymes, an array of substrates can be specifically targeted 

depending on the system of interest.[21, 22] Applications ranging from the sensing of, or current 

generation by varying sugars and alcohols to DNA, RNA and antibodies have been explored; 

however, perhaps the most prevalent and impactful are glucose-driven systems, which were the 

target of this work.[21-30] 

Electrochemical enzymatic biosensors rely on specific substrate turnover with reaction 

rates and resulting electrochemical responses directly correlated to substrate concentrations.[1] 

Fluctuations in biosensor output can be monitored through changes in cell voltage 

(potentiometric), electrode conductance (conductometric) or current response (amperometric) 

with most reported systems focusing on amperometric measurements.[31] Amperometric 

responses are generally produced through an externally applied voltage relative to a known 

reference electrode such as a saturated calomel electrode (SCE) or an Ag/AgCl electrode.[32] 

The system developed by Clark and Lyons consisted of an enzymatic layer entrapped over an 

oxygen-sensing electrode by a semipermeable membrane.[10] In this case, the working enzyme 

was glucose oxidase (GOX), which catalyzed the oxidation of β-ᴅ-glucose by molecular oxygen 

to glucono-δ-lactone and hydrogen peroxide.[10, 33] Amperometrically detected fluctuations in 

oxygen concentration caused by the enzymatic reaction, coupled with glucose oxidation were 

correlated to changing glucose concentrations. This technology was soon expanded to systems 

with multiple electrodes for improved reliability against interfering agents and to hydrogen 
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peroxide-based sensors to directly monitor the enzymatic reaction product.[34, 35] These types 

of sensors that target the detection of enzymatic reaction product or co-substrate were first-

generation glucose biosensors (Figure 1.1A).[1] Similar systems are still a topic of investigation 

due to their simple and easily miniaturized sensing methodology, but are susceptible to 

unreliability stemming from fluctuations in bulk oxygen concentration and oxidation of other 

physiologically present species at the high applied working potentials required for hydrogen 

peroxide oxidation.[1, 36-38] 

 

Figure 1.1 Schematic representation of amperometric glucose-driven enzymatic biosensor 

generations. A) First-generation glucose biosensors detect glucose concentration through 

oxidation or reduction of enzymatic reaction product or co-substrate at the electrode surface. B) 

Second-generation glucose biosensors detect glucose concentration by MET between the enzyme 

active site and the electrode upon substrate turnover. C) Third-generation glucose biosensors 

detect glucose concentration by DET between the enzyme active site and the electrode. 

Enzymatic reaction of GOX depicted. MedOx and MedRed signify oxidized and reduced forms of 

electron mediator, respectively. 

To increase reliability, groups have investigated the use of externally added, non-

physiological redox-active compounds to shuttle electrons between the working enzyme and the 

electrode through what was termed mediated electron transfer (MET).[39-41] These second-
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generation glucose biosensors use redox species such as ferrocene-, osmium-, cobaltocene-, or 

quinone-containing compounds as intermediates between enzymatic reaction and electron 

transduction at the electrode (Figure 1.1B).[39, 42] Redox mediators have been incorporated at 

enzyme-modified electrodes in a variety of ways to combat use-specific challenges, but are yet 

prone to interference by oxygen as a competitive oxidant and to increased instabilities due to the 

additional redox components/steps.[1, 43] Thus, much research has been performed on the 

fabrication of third-generation glucose biosensors capable of direct electron transfer (DET) 

between the enzyme active site and an electrode (Figure 1.1C).[44-46] However, reliable DET 

has been reported for only a few electroactive enzymes due to the dense protein layer 

surrounding many enzyme active sites.[45-47] The primary target of work in this area has been 

the development of electrode materials and enzyme immobilization strategies that allow close 

interaction between the enzyme active site and the electrode to reduce the necessary electron 

transfer distance.[45, 48] This mediator-less operation is an active topic of current research. 

Shortly after the emergence of the first enzyme electrode, Yahiro et al. reported on the 

first glucose-driven EBFC in 1964.[49] This EBFC was composed of a GOX-catalyzed, iron 

powder-mediated anode and a platinum-based cathode.[49] Several early EBFCs operated with 

similar configurations using MET at an enzyme-modified anode and a non-enzymatic, reducing 

platinum-cathode.[13] The first EBFC to use both an enzyme-modified anode and an enzyme-

modified cathode was reported by Laane et al. in 1984, which utilized the enzyme 

chloroperoxidase to catalyze the reduction of hydrogen peroxide generated by gold-based 

catalytic activity at the cathode.[50] Since these pioneering studies, many varying configurations 

of glucose-driven EBFCs have been reported with fully enzymatic catalysis at both electrodes 

and with varying electron transfer methodologies similar to enzymatic biosensors (Figure 1.1). 
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Common oxygen reducing cathodic working enzymes reported include the multicopper oxidases 

laccase and bilirubin oxidase (BOD).[51, 52] In general, glucose driven EBFCs convert the 

chemical energy present in glucose into electrical power through glucose oxidation at an 

enzyme-modified anode and the reduction of a final electron acceptor (generally molecular 

oxygen) at an enzyme-modified cathode (Figure 1.2).[14] The transfer of electrons between the 

enzyme active sites and electrodes has been achieved through oxygen-mediated electron transfer, 

MET and DET.[13, 14] On average, EBFCs generate lower power densities compared to their 

conventional counterparts (i.e. solid oxide fuel cells, lithium ion batteries, direct 

methanol/ethanol fuel cells, etc.), but their mild optimal operating conditions, inherent 

biocompatibility and high specificity provide for an ease of miniaturization and hold promise 

toward the powering of implantable or wearable devices.[8, 11, 13, 53, 54] 

 

Figure 1.2 Schematic representation of glucose-driven EBFC. Current generation by 

enzymatic oxidation of glucose and electron transfer at an enzyme-modified anode followed by 

transduction of electric current through an external circuit (depicted as variable resistor) and 

electron transfer and oxygen reduction at an enzyme-modified cathode. Electron transfer 

depicted as either DET or MET with GOX at anode and BOD at cathode. 
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Enzymatic biosensors and EBFCs operate according to similar methodologies, but differ 

in terms of performance metrics. The performances of enzymatic biosensors are mainly reported 

in terms of sensitivity (i.e. change in current density per change in glucose concentration; mA 

µM
-1

 cm
-2

), linear range (i.e. glucose concentration range in which a linear current density 

response is observed), limit of detection (i.e. lowest glucose concentration capable of being 

detected as a function of sensor sensitivity and signal-to-noise ratio), selectivity (i.e. response to 

glucose relative to other potential substrates) and response time (i.e. time between actual change 

in glucose concentration and steady current response observed).[21] The sensitivities of GOX-

based biosensors are commonly reported between 10-50 µA mM
-1

 cm
-2

 with some systems 

reaching above 100 µA mM
-1

 cm
-2

 over linear ranges of 1 µM to 10 mM glucose.[55-63] These 

values are applicable to diabetes patient monitoring as the average blood glucose level is around 

5.5 mM.[1, 64] Enzymatic biosensor limits of detection as low as 0.1 µM glucose have been 

reported with response times less than 1 s.[58, 63, 65, 66] The superb selectivity of GOX has 

also afforded excellent sensitivity in the presence of other sugars.[33, 55] Conversely, EBFC 

performances are mainly reported in terms of maximum power density (i.e. the amount of power 

produced per unit area; mW cm
-2

) and open-circuit voltage (i.e. observed difference in redox 

potential between anode at cathode with no current; OCV).[22] Power densities on the order of 

several mW cm
-2

 have recently been reported with OCVs near 1 V, which is roughly the 

maximum theoretical voltage attainable in a glucose/O2 fuel cell as governed by the 

thermodynamic redox potentials of the reactions occurring at the anode and cathode.[11, 13, 67-

70] Such values have prompted the in vivo study of several such systems.[53, 71, 72] 

A major determining factor in the performance of either system type is the observed 

active enzyme density at the electrode surface.[43, 52, 73] This measure is defined as the rate of 
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substrate turnover observed as electric current per unit area and is dependent on the enzyme 

loading (i.e. amount of working enzyme immobilized at or near the electrode surface per unit 

area) the specific substrate turnover rate (i.e. rate of target substrate oxidation/reduction of each 

immobilized enzyme (kcat)) and the rate/efficiency of electron transfer between the enzyme and 

the electrode. The electrochemically observed rate is a function of losses within the system as 

well as overall rate limiting steps. These losses and rates are the main focus of developmental 

research into enzymatic biosensors and EBFCs as they are directly determined by the selection of 

system components and their method of combination.[13, 14, 43]  

Another key issue in the viable implementation of enzymatic biosensors and EBFCs is 

stability, both during operation and during storage.[11-13, 15] Enzymatic biosensors must relay 

reliable, consistent information regardless of storage time or sensing conditions while continuous 

glucose sensors must perform the same action while persisting in the test environment 

throughout operation.[15, 74] EBFCs take these demands one step further with the need for 

constant power generation.[12] Currently, the stability of these enzyme-based systems is one of 

the major hurdles yet to be overcome, which must occur for their broad applicability. In order to 

achieve a greater understanding of the factors that influence performance and stability of 

enzyme-modified electrodes, I focused on the investigation of GOX-based systems as GOX is 

the most widely studied electroactive enzyme used in enzymatic biosensors and EBFCs, and thus 

provided a high level of impact for future works as well as a high degree of comparison with 

previous reports.[16] 

1.1.2 Glucose oxidase 

Fungal β-ᴅ-glucose:oxygen 1-oxidoreductase (EC 1.1.3.4), more commonly referred to as 

GOX is a dimeric, flavin-containing glycoprotein composed of 2 identical subunits, each with a 
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molecular weight of ~80 kDa (Figure 1.3).[75] The activity of GOX toward β-ᴅ-glucose 

oxidation is extremely selective with the next fastest sugar oxidation (i.e. mannose) proceeding 

at a rate less than 1 % of that for β-ᴅ-glucose.[33, 75] This trait is advantageous for the design 

and operation of enzymatic biosensors and leads to increased selectivity compared to alternative 

working enzymes such as glucose dehydrogenases.[76, 77] The primary sequence and crystal 

structure of GOX from A. niger have been determined and investigations into the likely 

mechanism of action for glucose oxidation and the subsequent reduction of varying electron 

acceptors have been reported.[33, 78-81] GOX-catalyzed glucose oxidation and oxidant 

reduction obey the Ping Pong Bi Bi mechanism occurring at the flavin adenine dinucleotide 

(FAD)-based active site of GOX (Figure 1.3B).[33, 82] The re-oxidation of this cofactor can be 

achieved by molecular oxygen, quinones or 1-electron acceptors such as ferrocene, each with 

their own reaction kinetics.[33, 83-85] The FAD-based active site is in close proximity to 3 

amino acids: Glu412, His516 and His559 with His516 participating in the likely glucose 

oxidation mechanism.[33, 80] This reaction scheme proceeds through deprotonation of the C1-

hydroxyl group of glucose by His516 coordinated with a direct hydride transfer from the C1-

hydroxyl group to FAD.[33, 86] The thermodynamically determined redox potential of this 

reaction is roughly -0.4 V versus Ag/AgCl, which makes GOX an advantageous anodic working 

enzyme for EBFCs when combined with oxygen reducing enzymes such as laccase or BOD that 

possess redox potentials close to 0.5 V versus Ag/AgCl.[11, 87] The well characterized structure, 

mechanism and electrochemical characteristics of GOX along with its beneficial properties 

toward enzymatic biosensors and EBFCs have made GOX the most widely applied electroactive 

enzyme from the first report of an enzyme electrode through today. 
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Figure 1.3 Structure and features of glucose oxidase from Aspergillus niger. A) GOX 

monomer from A. niger. B) GOX monomer from A. niger with FAD highlighted (yellow). C) 

GOX monomer from A. niger with hydrophobic residues highlighted (blue). D) GOX monomer 

from A. niger with lysine residues highlighted (yellow). 

1.2 Enzymatic modification of electrode surfaces 

The successful operation of enzymatic biosensors and EBFCs heavily relies on the 

effective immobilization of working enzymes at or near an electrode surface, which can be 

achieved in a variety of ways.[43, 88] As discussed, both system types depend on consistent, 

reliable substrate turnover and electron transfer at the enzyme-electrode interface throughout 

operation. The interactions at this interface are crucial to the overall device performance and are 

a direct function of the utilized electrode materials and employed enzyme immobilization 

strategy.[88, 89] A major goal of the work presented in this dissertation was to develop an 

increased understanding of the impacts of electrode material properties on resulting enzyme 

biochemical characteristics upon immobilization and to correlate those trends to the observed 

electrochemical performances. 

1.2.1 Enzyme immobilization approaches 

In general, enzyme immobilization approaches can be divided into 3 main categories: 

attachment to a support, encapsulation within a carrier, and crosslinking without a support.[2, 43] 
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Multiple variations on and combinations of these strategies have been applied toward the 

development of enzymatic biosensors and EBFCs.[43] Effectual immobilization of the working 

enzymes serves to retain enzymatic activity at the electrode surface throughout operation and 

improve overall device stability by reducing the propensity of enzyme detachment and enzyme 

deactivation during use.[88, 90] However, the process of immobilization can also cause initial 

losses in enzymatic biochemical activity, so optimization of immobilization strategy is important 

to improving overall device performance.[91, 92] 

Perhaps the most commonly applied enzyme immobilization strategy for any enzyme-

based application is attachment to a solid support, as electron transfer at an electrode interface is 

necessary for charge collection.[2, 93] This attachment can be achieved by adsorption through 

hydrophobic/electrostatic interactions, by affinity binding or by covalent binding.[43] Enzyme 

adsorption is the most straightforward approach and benefits from a lack of additional design 

concerns, but is also generally non-specific, which can lead to an average of enzyme orientations 

at the enzyme-support interface as well as adsorption of other proteins or substances.[43, 94] For 

instance, hydrophobic residues on the surface of GOX are fairly evenly distributed, so directed 

immobilization cannot be achieved through physical adsorption (Figure 1.3C).[95] As the FAD-

based active site of GOX is deeply buried beneath the protein surface, proper orientation 

minimizing the distance between FAD and an electrode is crucial toward promoting DET.[96] 

On the other hand, the cathodic working enzymes laccase and BOD exhibit hydrophobic or 

negatively charged pockets near their electron accepting sites, which has allowed for directed 

orientation through adsorption.[97-100] Studies have also shown high degrees of enzyme 

denaturation upon physical adsorption dependent on support properties as a result of extensive 

interactions with the support surface (i.e. multipoint attachment) and interactions with adjacent 
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proteins.[89, 90] Enzyme immobilization through affinity binding (i.e. biotin-avidin binding, 

metal ion-chelator interactions etc.) can alleviate some of these concerns but generally require 

additional enzyme-modification steps.[43, 101] 

The covalent immobilization of enzymes is achieved through activation of naturally 

occurring functional groups on the protein surface by multi-functional reagents such as 

glutaraldehyde or carbodiimide followed by binding to a functional support.[91, 102-104] For 

example, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) forms direct linkages between 

carboxylic acids and primary amines and is commonly used to attach proteins to functionalized 

surfaces.[105] This method of attachment can provide stronger linkages to prohibit protein 

leaching and decrease denaturation caused by direct surface interactions compared to physical 

adsorption.[89, 106] However, many proteins, such as GOX, exhibit multiple, distributed surface 

functionalities, making directed orientation difficult to achieve (Figure 1.3D). Creative methods 

aimed at achieving directed, covalent binding have focused on such methods as the reconstitution 

of apo-enzyme onto materials pre-functionalized with cofactor and enzyme immobilization onto 

surfaces pre-functionalized with substrate.[25, 107, 108] 

The entrapment of working enzyme within a carrier matrix at an electrode surface can 

serve to retain enzymatic activity within the target system while maintaining or even enhancing 

enzyme functionality, but can also hinder substrate diffusion.[109-112] Careful design of the 

entrapment matrix is necessary for efficient operation. These matrices can consist of networks or 

gels made up of crosslinked, electrospun or electropolymerized polymers, nanofibers or other 

nanomaterials, etc.[6, 67, 112, 113] Matrix physical properties such as porosity, hydrophobicity, 

stiffness and density govern the resulting diffusional/biochemical activity characteristics but 

effective electron transfer pathways must also be established for efficient operation.[109, 114-
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118] Several groups have fabricated entrapment matrices consisting of conductive materials or 

with redox-functionalized components in order to meet this need.[67, 117, 119-121] The 

surrounding of working enzymes with conductive material has been shown to reduce orientation 

effects (i.e. achieve electron transfer with the enzyme active site despite orientation).[96, 122, 

123] Polymer-based systems are some of the most advantageous due to their flexibility and 

capability for tunable functionalization to bind proteins as well as mediator molecules. 

Finally, crosslinked protein aggregates have also been reported, generally in combination 

with entrapment or binding to a surface.[43, 124-127] Kim et al. reported significant increases in 

both GOX and laccase weight-based specific activities upon precipitation, crosslinking and 

adsorption onto polyaniline (PANI) fibers. This method can help to concentrate enzymatic 

activity at a surface but can lead to losses in molecule specific biochemical activities caused by 

distortion of protein structure from extensive or intramolecular linkages.[88] To reduce these 

effects, carrier proteins such as serum albumins have commonly been introduced to form a 

crosslinked protein matrix around the working enzymes.[128, 129] Many reported systems have 

utilized a combination of these approaches to reach optimal performances.[1, 22, 43] Post-

immobilization modifications such as coatings, membranes, etc. can be applied to any fabricated 

enzyme-based material to reduce leaching and prevent interference from compounds present in 

operational solution.[67, 130-133] The applied immobilization approach acts in concert with the 

selected support or entrapment material to yield the observed performance. 

1.2.2 Enzyme-modified electrode materials 

The overall goal of enzyme immobilization in enzymatic biosensors and EBFCs is to 

retain the maximum enzymatic activity possible within a given volume, while enhancing 

stability, retention and functionality. To achieve these goals, nanostructured materials such as 
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carbon nanotubes (CNTs), graphene and metal nanoparticles have been intensely studied.[134-

144] These materials possess high specific surface areas (SSA) available for enzyme interaction 

to promote large active enzyme loadings upon attachment and generally exhibit tunable surface 

functionalities, high conductivities and robust mechanical characteristics.[140, 142] Their 

nanoscale dimensions also hold promise toward the development of DET-type systems; with 

some debate over whether GOX-nanomaterial DET has been observed.[138, 145, 146] Such 

nanostructured materials can further be used to fabricate 3-dimensional, porous structures for 

greater loadings caused by entrapment of the working enzymes in the conductive network.[67, 

69, 73, 119, 147, 148] To date, 3-dimensional nanomaterial-based systems have produced some 

of the highest performing enzymatic biosensors and EBFCs.[44, 67-70] 

An excellent example of these types of systems can be found in the work reported by 

Cosnier et al., which presented an EBFC consisting of GOX and catalase entrapped within a 

compressed multi-wall carbon nanotube (MWCNT) disk as an anode and a similar laccase-

MWCNT disk as a cathode.[67] Both functionalized electrodes were partially coated with 

silicone and a cellulose membrane to enhance stability. Catalase served to eliminate the build-up 

of hydrogen peroxide during operation to improve GOX stability. This EBFC showed a 

maximum power density of 1.25 mW cm
-2

 and an OCV of 0.95 V with 96% and 22% of initial 

power density retained after 30 days and 1 year of storage, respectively.[67, 149] This 

performance was also successfully exhibited as an implanted device within a rat model.[72] 

Incorporation of a naphthoquinone mediator within the anodic network increased the power 

output by 23% but also decreased the observed OCV to 0.76 V and resulted in decrease to 40% 

initial power retained after only 7 days.[68] These redox mediators served to increase the 

attainable current density due to improved electron transfer rates, but decreased the achievable 
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maximum potential difference between anode and cathode. These trends highlighted some of the 

advantages and drawbacks to MET in EBFCs.[39]  

Alternatively, the utilization of conductive or redox-functionalized polymer networks for 

working enzyme entrapment has proven effective at improving observed enzymatic biosensor 

and EBFC performances and stabilities.[114, 115, 117, 150] Crosslinked polymer networks of 

inherently conducting polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT), 

polypyrrole (PPY), PANI or polyacetylene can provide conductive networks of entrapped 

electroactive enzyme with high specific retained activities as the protein structures are not 

confined to a surface.[114, 151-154] These materials conduct electrons along a π-conjugated 

polymer backbone, to effectively “wire” electroactive enzymes to an electrode.[114] Enzyme 

retention within the networks can be enhanced through covalent binding to the polymer 

backbone or optimization of crosslinking extent.[155, 156] Similarly, the “wiring” of enzymes at 

an electrode surface has been achieved using crosslinked networks of redox-functionalized 

polymers such as poly(4-vinylpyridine) (PVP), poly(N-vinylimidazole) (PVI) or 

polyethylenimine (PEI). [117, 157-159] In these systems, redox centers such as ferrocene, 

osmium or quinones incorporated into side chains covalently bound to the polymer backbones 

transfer electrons between the enzyme active sites and the electrode via electron self-

exchange.[117] Such polymer materials are effective at improving observed current densities and 

device responses due to the rapid rates of electron transfer within the network and the tunability 

of the redox moieties themselves.[115, 160-164] However, conventional polymerization methods 

limit the tailorability and optimization capacity of the polymer networks. 

For each immobilization approach and support/entrapment material, the resulting device 

characteristics are a function of the interactions at the enzyme-material interface.[89-91] These 
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interactions are governed by the support properties such as porosity, pore size, SSA, surface 

curvature and surface chemistry.[89, 90, 92, 165] The observed current densities depend on not 

only the rates of electron transfer but also the retained biochemical activities. As a result, careful 

selection of fabrication conditions is crucial to optimal performance. The influence of enzyme-

material interactions on enzyme biochemical characteristics upon immobilization has been well 

characterized (i.e. impact of material properties on immobilized enzyme kinetic parameters), but 

the extension of these trends to observed electrochemical performances was not extensively 

covered, which was a major focus of the work presented in this dissertation. [89, 90, 92, 165] 

1.3 Electron transfer pathways at enzyme-modified electrodes 

In all enzymatic biosensors and EBFCs, the efficient transfer of electrons between the 

working enzymes and an electrode surface is crucial to effective operation. The optimization of 

enzyme-electrode electron transfer pathways has been an area of avid research for many years 

with new and innovative materials and methods constantly being developed.[39, 46, 117, 138, 

166, 167] In general, the electrochemical oxidation or reduction of an enzyme active site can be 

achieved by MET or DET, but with varying mechanisms dependent on the system components 

and method of fabrication with drawbacks and advantages to each approach. 

1.3.1 Mediated electron transfer 

The incorporation of redox mediators into enzyme-based systems can improve observed 

current densities by increasing electron transfer rates and efficiencies between the enzyme active 

sites and the electrode surface.[39, 68, 117, 168] Utilization of MET can improve performance 

by increasing the rates of active site oxidation/reduction while decreasing unwanted 

oxidation/reduction of natural substrates (i.e. oxygen reduction by GOX). This method allows for 

enzymatic biosensor operation at lower applied working potentials compared to first-generation 
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biosensors, which has led to increased reliability and specificity.[1] However, the operation of 

EBFCs through MET requires the redox potentials of utilized mediators to lie within the bounds 

of working anodic/cathodic enzyme working potentials, which decreases the maximum 

theoretical OCV. Reliance on these intermediate groups also decreases overall stability due to 

potential losses through mediator leaching or inactivation.[39] The method of mediator 

incorporation into enzymatic systems must thus be carefully designed to prevent this leaching, 

not only to maintain device performance but also to protect the working environment as many 

such compounds can be toxic.[1, 169] 

Mediator functionality can be incorporated into enzymatic biosensors and EBFCs through 

a variety of methods. The most standard approach is the use of freely diffusing, small-molecule 

mediator compounds or their concurrent entrapment or adsorption along with working 

enzymes.[39, 68, 69] These types of systems generally require the use of coatings to limit 

leaching; however, loss of mediator functionality at the electrode surface can still be a major 

issue.[12, 13, 68, 69, 169] Thus, mediator groups have been covalently attached to the enzyme 

surface directly or through polymer tethers to form electron relays capable of intermolecular or 

intramolecular electron transfer with the enzyme active site.[160, 162, 163, 170, 171] Redox-

functionalized enzymes have exhibited improved current densities relative to unmodified 

versions with electron transfer rates dependent on mediator type, tether length and polymer tether 

type.[162, 170] Further, the mechanism of electron transfer (i.e. intramolecular or 

intermolecular) has been shown to depend on tether length.[162] Specifically, mediators bound 

directly to the surface of GOX achieved re-oxidation of FAD intramolecularly as did tethered 

mediators with chains longer than 10 bonds, while shorter chains re-oxidized FAD within 

adjacent GOX molecules intermolecularly due to differences in chain mobility.[162, 170] 
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Successful immobilization of redox-functionalized enzymes can help to reduce losses through 

leaching, but intramolecular electron transfer between the enzyme active site and bound 

mediators has been found to be rate limiting.[170, 172] Optimization of enzymatic biosensors or 

EBFCs based on redox-functionalized enzymes has been limited to mediator-specific tailoring 

and variation in tether type and length while tether attachment site and density were difficult to 

control.[160, 162, 163, 170, 171] 

Another common approach is the entrapment of working enzymes within polymer 

networks or hydrogels with redox groups covalently bound to the polymer backbones.[13, 117, 

159, 173] Redox polymer-based systems conduct electrons via the self-exchange of electrons or 

holes between colliding reduced and oxidized redox centers to effectively “wire” enzymes to an 

electrode.[117, 159] As such, the electron transfer rates depend directly on the mobility, 

hydration and spacing of these tethered redox groups.[117, 160, 174] Pioneering work in this 

area was performed by Heller et al. who developed various ferrocene- and osmium-based 

polymers with differing redox potentials, electron diffusion coefficients and self-exchange 

rates.[13, 117, 150, 160, 175-178] Generally, rates of enzymatic substrate turnover (kcat) and 

electron self-exchange through redox-polymer networks are much higher than rates of enzyme 

active site re-oxidation.[117, 170] Crosslinked redox polymer networks can provide high 

retained biochemical activities with efficient means of charge collection with some system 

stabilities limited by loss of mediator functionality during operation through mediator 

decomposition.[161, 179, 180] Tailorability of these systems is similar to redox tethers at 

enzyme surfaces with higher densities of redox groups within the network. Conventional 

polymerization methods limit optimization capacity and tailorability of enzyme-polymer 
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interactions, thus the development of a new, enzyme-redox polymer platform for use in 

enzymatic biosensors and EBFCs was a major target of the work presented in this dissertation. 

1.3.2 Direct electron transfer 

The ideal result of enzymatic biosensor and EBFC fabrication would be stable enzyme 

immobilization at an electrode while retaining complete enzymatic biochemical activity and 

achieving efficient, non-rate limiting DET. This configuration would be optimal as rate losses 

from hindered electrochemical kinetics and voltage losses from the utilization of electron transfer 

mediators would be eliminated; however, successful realization of these enzyme-modified 

surfaces has been extremely difficult to achieve for some enzymes.[138, 167] DET with 

electroactive enzymes was first reported in 1978 by Berezin et al. who showed successful 

reduction of a fungal laccase and subsequent oxygen reduction at an electrode surface.[181] 

Since this report, DET with cathodic enzymes such as laccase and BOD with nanostructured 

surfaces has been further developed and combined with enzyme orientation studies to improve 

the performance of enzyme-modified cathodes.[97, 98, 182-186] 

Establishment of reliable DET with GOX is more difficult to achieve due to the deeply 

buried FAD-based active site more than 15 Å below the protein surface.[46, 47, 146, 187] Many 

reports have claimed successful DET with GOX while others have reported that true DET with 

GOX at nanomaterial surfaces may not be possible.[69, 138, 145, 146, 188-191] A distinction 

needs to be made to define GOX DET and how it can be confirmed as many such studies have 

not provided an adequate level of proof. DET of FAD within immobilized GOX can be 

successfully observed through several electrochemical characterization methods such as cyclic 

voltammetry (CV); however, the observation of reversible electron transfer via the appearance of 

faradaic peaks does not, on its own, prove DET with GOX, merely FAD. Here, I define “GOX” 
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as the biochemically active enzyme that oxidizes β-ᴅ-glucose to glucono-δ-lactone at its FAD-

based active site. 

 

Figure 1.4 Schematic representation of GOX DET. A) Immobilization of GOX at an electrode 

resulting in reversible electron transfer with FAD but biochemically inactive GOX. B) 

Immobilization of GOX at an electrode resulting in biochemically active GOX but incapable of 

electron transfer to electrode. C) DET of GOX immobilized at an electrode with biochemically 

active GOX and subsequent electron transfer with electrode surface. 

Stevenson et al. reported an elegant study that showed CV traces of immobilized FAD 

(without protein) were identical to those of immobilized GOX without substrate.[145]. This 

result suggested that studies claiming to have observed DET with GOX may have, in fact, 

characterized DET with free FAD that had detached from GOX or with FAD contained within 

deformed, inactive GOX.[145] The successful immobilization of biochemically active GOX can 

be confirmed through observation of an anodic current shift in CV traces upon introduction of 

glucose in de-oxygenated solution.[145] Observed current fluctuations in oxygen-containing 

solution do not adequately confirm DET as oxygen and hydrogen peroxide are electrochemically 

active. Ye et al. reached a similar conclusion with GOX immobilized at graphene surfaces, 

claiming the presence of 2 distinct GOX populations: closely associated, inactive GOX that 

exhibited electron transfer with contained FAD (Figure 1.4A), and a second GOX layer that 
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remained biochemically active but was not capable of electron transfer with the electrode surface 

(Figure 1.4B).[146] Confirmation of GOX molecules capable of both, electron transfer with the 

electrode surface and glucose oxidation, is necessary for definitive DET (Figure 1.4C). 

However, several studies have adequately shown successful DET with GOX in enzymatic 

biosensors and EBFCs.[67, 107, 138, 192] In particular, the inclusion of catalase within the 

system presented by Cosnier et al. coupled with the high observed current density confirmed 

DET with GOX as produced hydrogen peroxide would have rapidly been eliminated by catalase. 

[67] However this DET was not ideal as the addition of anodic mediator improved the current 

output.[67, 68] Covalent attachment of FAD to surfaces followed by reconstitution of apo-GOX 

has also been shown to allow successful DET with GOX at CNT surfaces.[107, 192, 193] 

Unfortunately, direct interactions with solid surfaces can also lead to increased protein 

denaturation and subsequent biochemical activity losses.[89, 91, 92] For instance, the level of 

current density reached by Cosnier et al. required the use of extremely high GOX concentrations, 

which showed limited retained specific biochemical activity within the fabricated electrode.[67] 

Such factors have prompted many groups to focus on developing new immobilization 

approaches and electrode materials as well as on alternate electron transfer methodologies such 

as stable and tailorable MET. 

1.4 Polymer-based protein engineering 

The polymer-modification of proteins was first reported in 1977 by Davis et al. who 

studied the impact of poly(ethylene glycol) (PEG) attachment on the immunogenicity and 

circulation lifetime of bovine serum albumin and catalase.[194, 195] Since these studies, protein 

modification through the attachment or growth of polymers has greatly expanded in terms of 

both the utilized extent of protein PEGylation and the available methods of polymer-based 
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protein engineering (PBPE).[196] The attachment of pre-synthesized polymers to proteins 

through a “grafting to” approach eliminates the need for protein exposure to harsh 

polymerization conditions (i.e. temperature or organic solvent); however, polymer conjugation 

density, attachment site specificity and protein-polymer conjugate purification can all be 

hindered. Conversely, polymer growth directly from the protein surface through a “grafting 

from” approach can allow controllable polymer densities but restricts polymerization conditions 

to those that will not harm protein structure or function. Both approaches have proven capable of 

improving enzyme stability and enhancing functionality.[197-202] 

PBPE utilizes controlled radical polymerization (CRP) methods to synthesize well-

defined, tailorable polymers with control over product molecular weight or degree of 

polymerization (DP).[203] The most promising of these methods include stable free radical 

polymerization (SFRP) (such as nitroxide mediated polymerization (NMP)), atom-transfer 

radical polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT) 

polymerization.[203-208] In particular, ATRP and RAFT polymerization have been widely 

applied to the tunable generation of enzyme-polymer conjugates with enhanced activities, 

stabilities and functionalities through a “grafting from” approach.[209-214] This method 

proceeds through initial modification of the protein surface with ATRP initiator molecules or 

RAFT chain transfer agents followed by polymer growth from these initiator sites. [209, 210, 

214] For example, accessible lysines on the surface of a protein (Figure 1.3D) can be targeted 

using NHS-functionalized initiator molecules for predictable surface modification.[215, 216] 

The large library of available monomers, including functional or stimuli-responsive polymer 

types can provide for the rational engineering of enzyme function through PBPE.[200, 209, 210, 

215, 217-222] Such modification has been shown to increase enzyme stability under adverse 
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conditions such as extreme pH and temperature, as well as impart additional functionalities 

incorporated into the polymer coating.[200, 215, 218, 223, 224] In terms of enzymatic biosensors 

and EBFCs, the incorporation of redox-functionality into the grown polymer side-chains could 

provide tailorable performance of the resulting enzyme-redox polymer conjugates. The 

encapsulation of individual working enzymes by a dense redox polymer coating could provide 

enhanced electron transfer efficiencies despite orientation upon immobilization. The 

development of such methods would result in an additional layer of optimization capability in the 

design of enzymatic biosensors and EBFCs. Thus, the investigation of these possibilities was a 

significant target of the work presented in this dissertation. 
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Chapter 2: Membrane/Mediator-Free Rechargeable Enzymatic Biofuel Cell Utilizing 

Graphene/Single-Wall Carbon Nanotube Cogel Electrodes 

2.1 Introduction 

The prospect of sustainable energy generation from readily available and renewable 

biofuels through the use of enzymatic biofuel cells (EBFCs) has been the target of significant 

research in recent years.[22, 225-228] EBFCs utilize enzymes to convert the chemical energy in 

fuels such as glucose,[67, 69, 119] fructose[25, 26, 229] or alcohols[27, 28, 98] into electrical 

power via oxidation of fuel at the anode and reduction of an oxidant (typically molecular 

oxygen) at the cathode. The mild operating conditions and inherent biocompatibility of the 

enzyme-based systems, along with the high specificity of enzymes, leading to membrane-less 

platforms and thus an ease of miniaturization, make EBFCs ideal candidates for the continuous 

powering of implantable devices.[53, 71, 72] However, EBFCs currently suffer several key 

limitations including limited power output, instability over time and lack of reusability, which 

must be overcome to make their utilization a reality. 

The low power output and short lifetime of EBFCs stems from multiple factors, with the 

main contributors being poor electron transfer from enzyme active site to electrode, and low 

levels of active enzyme loading onto the electrodes. Attempts to solve these issues have been 

focused on design improvements to electrode materials and enzyme immobilization strategies. 

As the redox active sites of many electroactive enzymes are buried deeply within the 3-

dimensional protein shell, it is difficult to establish direct electron transfer (DET) to the 

electrode.[145, 166] For example, the flavin adenine dinucleotide cofactor (FAD)-based active 

site of glucose oxidase (GOX), the most commonly studied anodic enzyme, is located roughly 15 

Å below the protein surface, resulting in a large electron transfer resistance.[47] There have been 

two broadly investigated methods aimed at improving electron transfer efficiency. First, small 
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molecules have been used as mediators (i.e. osmium- or ferrocene-containing complexes, 2,2’-

azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS), etc.)[69, 160, 230-233] that serve to 

mediate electron transfer from active site to electrode. Second, electrode materials that possess 

large available surface areas and are capable of close communication with the enzyme active 

site, such as carbon nanotubes, graphene or metal nanoparticles, have been utilized to increase 

active enzyme loading density and enhance electron transfer rates from enzyme to electrode.[67, 

69, 119, 134] 

Mediated electron transfer (MET) type systems have been proven to possess enhanced 

electron transport capabilities and thus higher power outputs compared to identical setups 

without mediators, but also have several drawbacks.[68, 232, 234] For MET to be feasible, the 

redox potentials of the applied mediators must lay within the bounds of the anodic and cathodic 

enzyme prosthetic site redox potentials, thus reducing the maximum theoretical open-circuit 

voltage (OCV) of the overall system. Additionally, the leakage and instability of mediator groups 

adds toxicity and further power instability concerns for the EBFC, respectively. For instance, a 

naphthoquinone mediator was shown to increase EBFC power output by 23% compared to an 

identical EBFC without a mediator. However, power stability and OCV of the mediated systems 

were markedly decreased to 40% power retained and 0.76 V, respectively, after 7 days, 

compared to 96% power retained and 0.95 V, respectively, after 30 days in the non-mediated 

system.[67, 68] The presence of free mediator, by design or by leaching from the electrode due 

to their low molecular weight, can also increase potentially harmful effects in vivo and 

necessitate the use of a membrane to separate anodic and cathodic compartments, which adds to 

system complexity.[69] Thus, there exists a large drive to develop improved EBFCs with 

increased power densities utilizing materials capable of promoting electron transfer without the 
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need for these types of externally added redox mediators.[166, 228] In this report, we define 

systems operating without the addition of external redox mediators as “mediator-free”. 

Nanostructured materials such as nanotubes[134, 135] and nanoparticles[133, 136, 137] 

are well suited to enhance observed current densities.[138-140] Carbon nanotubes (CNTs) are 

particularly advantageous materials for this purpose because of their high electrical conductivity, 

nanometer scale dimensions, electrochemical stability and high aspect ratios.[67, 140] 

Nevertheless, many configurations utilizing CNTs have still required the use of mediators to 

achieve optimal performance and there is much debate over whether CNT-based systems are 

truly capable of achieving DET with FAD-containing enzymes such as GOX.[69, 145, 146, 232] 

However, CNT-based or CNT-decorated systems have boasted some of the highest reported 

power densities to date[68-70, 232] even without the use of mediators.[67] Power densities of 

mediator-free, CNT-based EBFCs have reached up to 1.25 mW cm
-2

, which corresponded to 

1.66 mW mL
-1

 and 33 mW g
-1

 of GOX, for a system composed of enzyme-modified compressed 

disks of multi-wall CNTs.[67] The electron transfer rate constant (ks), which is a key measure of 

electron transfer efficiency, in systems using GOX immobilized on CTs has been shown to reach 

up to 13 s
-1

.[69]Graphene has also attracted significant interest as an electrode material for 

enzyme-based systems due to its excellent thermal and electrical conductivity, good 

biocompatibility and high specific surface area.[69, 144, 235] CNTs, graphene and other 

nanomaterials can further be manipulated to form 3-dimensional, porous structures that allow for 

high enzyme loading and connectivity with an ease of substrate diffusion through formed 

networks.[67, 119] Incorporation of large amounts of enzyme within such a network serves to 

surround the enzyme with conductive material to reduce the loss of electrons to outside electron 

acceptors (i.e. molecular oxygen) and potentially reduce the leaching of enzyme during 
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operation. Previous reports have investigated such 3-dimensional systems; however, most have 

exhibited reduced available surface area and enzyme activity after fabrication[67] or required the 

use of external mediators.[68, 69, 119] Unfortunately, due to the fabrication process and 

porosity, these electrodes cannot simply be reused by replacing degraded enzymes with fresh, 

active enzymes. 

 

Figure 2.1 Schematic representation of graphene/SWCNT cogel-based EBFC. Immobilized 

GOX at the anode oxidizes glucose to gluconolactone and transfers electrons to the cogel 

electrode. Electrons are transferred to BOD at the cathode, which then reduces molecular oxygen 

to water. 

Herein, we report on the development of the first glucose-based, mediator-free EBFC 

utilizing free-standing cogels of graphene and single-wall carbon nanotubes (SWCNTs) as 

electrodes (Figure 2.1). The graphene/SWCNT cogels were fabricated by mixing suspensions of 

graphene oxide and individually dispersed SWCNTs at suitable concentrations that led to 

percolating networks of interspersed graphene and SWCNTs (Figure 2.2). These gels possessed 

high specific surface area (SSA), porosity, and electrical conductivity that allowed high enzyme 

loading, unhindered substrate transport to the working enzymes and efficient charge collection 
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from the working enzymes. GOX from Aspergillus niger was used as the anodic enzyme of 

interest and the multicopper oxidase bilirubin oxidase (BOD) from Myrothecium sp. was the 

cathodic enzyme. We further determined the electrochemical characteristics of both anode and 

cathode individually as well as the simple, membrane- and mediator-free full cell. Finally, we 

examined the reusability of the electrodes by washing away degraded enzymes and then 

reloading the electrodes with fresh, active enzymes. 

 

Figure 2.2 Graphene/SWCNT cogel. A) Graphene/SWCNT cogel was formed by mixing 

individually dispersed SWCNTs with graphene oxide in a 5:1 ratio by weight. B) SEM 

micrograph of graphene/SWCNT aerogel with scale bar representing 5 µm. 

2.2 Materials and Methods 

2.2.1 Materials 

Ultrapure Milli-Q grade water (resistivity of 18.2 MΩ·cm) was used for all experiments. 

SWCNTs batch CG 200 with average diameter of 1 nm and average length of 1 µm were 

purchased from Southwest Nanotechnologies Inc. Graphite flakes were purchased from Bay 

Carbon Inc. GOX from Aspergillus niger (100-250 units mg
-1

), hydrogen peroxide and 

horseradish peroxidase were purchased from Sigma Aldrich. BOD from Myrothecium sp. (2.7 



 

28 

 

units mg
-1

) was purchased from Amano Enzyme Inc. All chemicals were of analytical grade and 

used as received. Sodium phosphate buffer (0.1 M, pH 7.0), used for preparation of enzyme 

solutions and testing of electrodes, was prepared from phosphate salts. 

2.2.2 Equipment 

Sonication and centrifugation of nanotube solutions were carried out using a Thermo 

Fisher 500 probe tip sonicator and a Beckman Coulter L-100K ultracentrifuge, respectively. 

Adsorption spectra of SWCNT solutions were measured using a Varian Cary 5000 UV-vis NIR 

spectrophotometer. Fluorescence spectra were collected using a visible spectrum capable Horiba 

Jobin Yvon Nanolog spectrofluorometer with samples placed in a 1 cm path length quartz cell 

(Starna). Entrance slit width was 10 nm, emission slit width was 5 nm, excitation was centered at 

280 nm and emission signal was collected from 300-400 nm with a 1 s integration time and 2 nm 

step size. The excitation and emission gratings were blazed at 500 nm and had 1200 grooves 

mm
-1

. Data was plotted as corrected signal intensity over corrected lamp intensity to account for 

variations in gratings and excitation intensity. Critical point drying of ethanol saturated gels was 

performed on an Autosamdri 815 critical point dryer (Tousimis Research Corporation). Aerogel 

surface area was measured through nitrogen adsorption and desorption at 77 K using a Gemini 

VII 2390 surface area analyzer (Micromeritics) using the Brunauer-Emmett-Teller (BET) 

theory.[236] Pore volume and pore size distribution were calculated from the measured 

desorption isotherms using the Barret-Joyner-Halenda (BJH) calculation scheme. The 

characteristic morphologies of the aerogels were imaged using scanning electron microscopy 

(SEM; FEI Quanta 600) at 10 kV. Electrical conductivities of the gels were measured by 2-probe 

contact direct current measurements using a Fluke 287 True RMS multimeter. 
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All electrochemical measurements were performed using a conventional 3-electrode 

electrochemical cell utilizing a KCl saturated Ag/AgCl electrode and a 0.5 mm platinum wire 

electrode as reference and counter electrodes, respectively, and the gel electrode under study was 

used as the working electrode. Biofuel cell performance was monitored using a Fluke 287 True 

RMS multimeter with an IET Labs RS-200 resistance decade box used to manually vary EBFC 

resistance. GOX kinetic analysis was performed using the standard GOX ABTS activity assay at 

varying glucose concentrations, monitoring change in absorbance at 415 nm. 

2.2.3 Fabrication of graphene/SWCNT cogels 

SWCNT dispersions were prepared as described previously.[237-240] Briefly, we first 

sonicated SWCNTS in sodium dodecylbenzenesulfonate (NaDDBS) solution (1.0 wt%) at a 

SWCNT:NaDDBS ratio of 1:10 at 60 W for 2 h and removed aggregates through centrifugation 

at 3500 rpm for 15 min. We then determined the concentration of dispersed SWCNTs through 

UV-Vis spectroscopy using an extinction coefficient of 2.6 abs mL mg
-1

 mm
-1

 at 901 nm and the 

Beer-Lambert law.[237] We synthesized graphene oxide via modified Hummers’ method.[241, 

242] The graphene oxide was then thoroughly washed by multiple water rinse and centrifugation 

steps. Subsequently, we added graphene oxide to the dispersed SWCNT suspension at a 

graphene oxide:SWCNT ratio of 1:5, briefly sonicated to mix and concentrated to ~0.3 wt% 

carbon-based materials via slow water evaporation at 60 °C. To form the desired shape, we 

degassed and pipetted the solution into 2 mm thick rectangular molds. The mixed suspension of 

graphene oxide and SWCNTs gelled within a few minutes to 2 hours. We allowed these 

graphene oxide/SWCNT cogels to set for roughly 12 h to improve their mechanical integrity. We 

removed the NaDDBS surfactant from the cogels by repeated washing with ultrapure water and 1 

washing with nitric acid (1 M) for 20 min followed by thorough washing with ultrapure water to 
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neutralize acid within the cogels. The graphene oxide was then converted to graphene by 

hydrothermal reduction of graphene oxide/SWCNT cogels at 185 °C for 18 h. Finally, water was 

exchanged with ethanol at increasing concentrations up to 100% and the cogels were 

transformed into aerogels via critical point drying. We further reduced graphene using pyrolysis 

at 900 °C for 6 h to yield the final graphene/SWCNT aerogels. The fabrication process of 

graphene/SWCNT cogels and aerogels is summarized in Figure 2.2. We refer to an interspersed 

network of graphene and SWCNT in any liquid as a cogel and in air as an aerogel. All 

graphene/SWCNT cogel-based electrodes used in this study had a cross-sectional area of ~0.3 

cm
2
 and were ~0.2 cm thick. 

2.2.4 Preparation and test of EBFCs 

To load enzymes into the cogel electrodes, we incubated individual graphene/SWCNT 

aerogels in 2 mL of enzyme (GOX or BOD) solution (1 mg mL
-1

 in 0.1 M sodium phosphate 

buffer (pH 7.0) for 4 h at 4 °C. To induce complete loading of these electrodes with enzyme 

solution, without collapsing the cogels, we applied a weak pulsed vacuum for several minutes 

using a benchtop vacuum pump prior to incubation. We then individually washed each enzyme-

loaded cogel in 5 mL of 0.1 M sodium phosphate buffer (pH 7.0) for 10 min to remove weakly 

bound enzyme. To characterize the distribution of GOX within the porosity of the cogel matrix, 

we examined graphene/SWCNT cogels with and without GOX functionalization using 

fluorescence spectroscopy. GOX-modified cogels were sliced to isolate the outside of the cogels 

exposed to enzyme solution during incubation from the inside portion not directly exposed. The 

slices were then dispersed into 0.1 M sodium phosphate buffer (pH 7.0) via physical agitation 

and sonication to form a homogenous solution. Fluorescence spectra were collected and 

compared to that of graphene/SWCNT cogel without enzyme functionalization as well as 
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graphene/SWCNT cogel dispersed into solution with a known GOX concentration equal to that 

determined through electrochemical GOX loading analysis. Finally, we carried out EBFC 

measurements in glucose-containing (100 mM) air-saturated 0.1 M sodium phosphate buffer (pH 

7.0; 200 mL) under stirring with enzyme-loaded cogel electrodes securely attached to wire leads 

via copper clips that were minimally exposed to buffer solution. Reloading of EBFC electrodes 

was carried out after 20 min incubation in nitric acid (1 M) and thorough washing with ultrapure 

water. 

2.3 Results and Discussion 

2.3.1 Material characterization 

We have previously shown that suspensions of SWCNTs can undergo sol-gel transition 

to form robust, 3-dimensional networks owing to van der Waals forces acting between 

individually dispersed nanotubes.[237-239, 243, 244] Aerogels of CG 200 SWCNTs prepared 

using this process typically had electrical conductivities of κ ~1 S cm
-1

 and high SSA of ~1290 

m
2
 g

-1
, which made them highly attractive as EBFC electrodes.[237] However, the majority of 

pores within the reported SWCNT gels had diameters of ~2-8 nm, which was likely too small for 

efficient internalization of globular proteins such as GOX (8 x 7 x 8 nm).[237, 245] We 

hypothesized that a network of micrometer-sized graphene sheets and SWCNTs would likely 

possess larger pores throughout the formed matrix and thus enhance globular protein 

internalization. 

Consequently, we fabricated free-standing, 3-dimensional graphene/SWCNT cogels 

(Figure 2.2) having a density of 7.1 mg mL
-1

 and examined their pore/surface area 

characteristics and morphologies via BET and SEM, respectively (Figure 2.3 and Figure 2.2B). 

As expected, more than 70% of total pore volume in the graphene/SWCNT cogels was made up 
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of pores having a radius greater than 10 nm, as calculated from BET surface area measurements 

according to the BJH calculation scheme (Figure 2.3), meaning a large majority of the electrode 

material was potentially accessible to the diffusion of electroactive enzymes. The micron-scale 

graphene sheets, which formed scroll-like structures[246] within the SWCNT matrix, were easily 

discernable in SEM images from the nano-sized SWCNTs (Figure 2.2B). The final 

graphene/SWCNT aerogels possessed moderate electrical conductivity (κ = 0.2 S cm
-1

) and 

ultrahigh surface area (SSA = 846 m
2
 g

-1
), and were further functionalized via physical 

adsorption of GOX or BOD to form EBFC anodes or cathodes, respectively. 

 

Figure 2.3 Pore size analysis of graphene/SWCNT cogel. A) Pore size distribution of 

graphene/SWCNT cogel. B) Cumulative pore volume with increasing pore size of 

graphene/SWCNT cogel. Pore size information from BJH calculation scheme of BET surface 

area analysis. 

2.3.2 Characterization of GOX-modified graphene/SWCNT cogel anodes 

The GOX-catalyzed oxidation of glucose proceeds as follows: 

GOXFAD + glucose →  GOXFADH2 + gluconolactone          (2.1) 

GOXFADH2  →  GOXFAD + 2H
+ + 2e−                                         (2.2) 
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In Equation (2.2), the re-oxidation of the FAD-based GOX active site can be facilitated by an 

electrode, molecular oxygen or an externally added redox mediator. Upon GOX 

functionalization, we electrochemically characterized the cogel anodes to evaluate their 

performance. OCV evolutions of the cogel with and without immobilized GOX were examined 

to evaluate overpotentials within the system (Figure 2.4). The OCV of the GOX-modified anode 

in the presence of 10 mM glucose was -0.05 ± 0.01 V versus Ag/AgCl. The thermodynamically 

determined redox potential of the FAD/FADH2 redox couple has been shown to be 

approximately -0.36 V versus Ag/AgCl.[11] The overpotential between the thermodynamically 

determined and experimentally observed redox potentials suggested decreases in native enzyme 

activity due to partial denaturation upon physical adsorption or blockage of electrically 

connected FAD sites to glucose binding.[91, 247] Nevertheless, the observed decrease in OCV 

upon anode functionalization indicated successful adsorption of enzyme and electron transfer 

between the active site and electrode. 

 

Figure 2.4 Open circuit voltages of graphene/SWCNT cogel-based anode and cathode. OCV 

evolution of BOD-modified graphene/SWCNT cogel cathode (blue), graphene/SWCNT cogel 

cathode without BOD-modification (black), GOX-modified graphene/SWCNT cogel anode (red) 

and graphene/SWCNT cogel anode without GOX-modification (green). Anodic measurements 

carried out with 10 mM glucose in argon-saturated solution and cathodic measurements carried 

out in O2-saturated solution. Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0). 
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Cyclic voltammetry (CV) measurements of the GOX-modified graphene/SWCNT cogel 

anodes showed obvious oxidation and reduction peaks at -0.34 V and -0.51 V versus Ag/AgCl, 

respectively, which indicated quasi-reversible electron transfer between the FAD-based active 

site of GOX and the electrode surface (Figure 2.5A). 

 

Figure 2.5 Electrochemical performance of graphene/SWCNT cogel-based anode. A) 

Characteristic CV traces of bare copper clip (black), graphene/SWCNT cogel anode without 

GOX-modification (blue), GOX-modified graphene/SWCNT cogel anode (red) and GOX-

modification graphene/SWCNT cogel anode with 10 mM glucose (green) at a scan rate of 50 

mV s
-1

. B) Characteristic CV traces of GOX-modified graphene/SWCNT cogel anode at varying 

scan rates of 10 mV s
-1

 (blue), 20 mV s
-1

 (red) and 30 mV s
-1

 (green). C) Dependence of anodic 

(blue circle) and cathodic (red square) peak potentials on the logarithm of scan rate for GOX-

modified graphene/SWCNT cogel anodes at varying scan rates. D) Dependence of anodic (blue 

circle) and cathodic (red square) peak currents on scan rate for GOX-modified 

graphene/SWCNT cogel anodes at varying scan rates. Experiments performed in argon-saturated 

0.1 M sodium phosphate buffer (pH 7.0). 
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Additionally, the current response increased slightly upon the addition of glucose into the 

system, which suggested some level of GOX activity. This result further confirmed the 

successful incorporation of GOX into the cogel network as the discussed faradaic response was 

absent in CV scans of graphene/SWCNT cogel anodes without GOX-modification (Figure 2.5A) 

and no current shifts were observed upon the addition of glucose to control materials (i.e. 

graphene/SWCNT cogel and copper clip without GOX-modification) (Figure 2.6). 

 

Figure 2.6 Electrochemical performances of anodic system control materials. Characteristic 

CV traces of bare copper clip (black), bare copper clip with 10 mM glucose (blue), 

graphene/SWCNT cogel anode without GOX-modification (red) and graphene/SWCNT cogel 

anode without GOX-modification with 10 mM glucose (green). Experiments performed in 0.1 M 

sodium phosphate buffer (pH 7.0) at a scan rate of 50 mV s
-1

. 

However, these results alone did not sufficiently prove that we observed DET between 

biocatalytically-active GOX and the cogel electrode. Stevenson et al. recently reported 

significant evidence that DET with biocatalytically active GOX at CNTs was not possible and 

that electrochemical responses observed in DET claiming studies were a result of free FAD 

adsorbed onto the CT surfaces.[145] This conclusion was also reached by Ye et al. concerning 

graphene surfaces.[146] Stevenson et al. further suggested that the appearance of anodic current 

upon glucose addition in argon-saturated solution was likely the most appropriate signature of 
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DET with an FAD-containing enzyme such as GOX.[145] To study the potential DET of GOX 

immobilized onto graphene/SWCNT cogels in depth, we performed amperometry along with 

additional CV traces on GOX-modified graphene/SWCNT cogel anodes (Figure 2.7). We 

observed a slow anodic shift in current upon the addition of glucose to GOX-modified 

graphene/SWCNT cogel anodes in argon-saturated solution (Figure 2.7A) and in O2-saturated 

solution (Figure 2.7B) with applied voltage held at the observed anodic formal potential (-0.42 

V versus Ag/AgCl). The appearance of this shift in argon-saturated solution suggested DET 

between GOX and the cogel electrode. We further examined the response of GOX-modified 

graphene/SWCNT cogel anodes to glucose addition by measuring CV characteristics at a scan 

rate of 5 mV s
-1

. In both argon- and O2-saturated solution, anodic current increased upon the 

addition of glucose, which indicated current generation through the oxidation of glucose by 

electrically connected GOX (Figure 2.7C,D). Also, we noted a significant decrease in the 

cathodic peak current in O2saturated solution, which we attributed to a decrease in local O2 

concentration due to the GOX-catalyzed reduction of O2 to hydrogen peroxide (Figure 2.7D). To 

ensure this cathodic peak and amperometric shift were not results of O2 reduction at the electrode 

surface uncoupled from GOX kinetics, we performed CV traces of graphene/SWCNT cogel 

anodes without GOX-modification in both argon- and O2-saturated solutions and observed no 

change (Figure 2.7E). From these results, we postulated that DET between GOX and 

graphene/SWCNT cogels was observed and, independent of these findings, we defined the 

system to be mediator-free, as no external redox mediators were added at any point. 
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Figure 2.7 Characterization of GOX electron transfer with graphene/SWCNT cogel 

electrodes. A) Typical amperometric profile of GOX-modified graphene/SWCNT cogel anodes 

in argon saturated solution with applied potential held at -0.42 V versus Ag/AgCl (5 mM glucose 

injection indicated by arrow). B) Typical amperometric profile of GOX-modified 

graphene/SWCNT cogel anodes in O2-saturated solution with applied potential held at -0.42 V 

versus Ag/AgCl (5 mM glucose injection indicated by arrow). C) Characteristic CV traces of 

GOX-modified graphene/SWCNT cogel anodes in argon saturated solution before (black) and 

after (blue) 10 mM glucose injection. D) Characteristic CV traces of GOX-modified 

graphene/SWCNT cogel anodes in O2 saturated solution before (black) and after (blue) 10 mM 

glucose injection. E) Characteristic CV traces of graphene/SWCNT cogel anodes without GOX-

modification in argon-saturated solution (black) and O2-saturated solution. Experiments 

performed in 0.1 M sodium phosphate buffer (pH 7.0). CV traces performed at a scan rate of 5 

mV s
-1

. 
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We further investigated the electron transfer between immobilized GOX/FAD and 

graphene/SWCNT cogels by measuring the CV characteristics of the GOX-modified anode at 

varying scan rates (Figure 2.5B). The observed dependence of anodic and cathodic peak 

potentials on the logarithm of scan rate from 10 to 100 mV s
-1

 was examined (Figure 2.5C) and 

used to determined anodic electrochemical parameters according to:[248, 249] 

𝐸𝑝,𝑐 = 𝐸
′° − [

𝑅𝑇

𝛼𝑛𝐹
] ln [

𝛼𝐹𝑛

𝑅𝑇𝑘𝑠
𝑣]  (2.3) 

𝐸𝑝,𝑐 = 𝐸
′° + [

𝑅𝑇

(1−𝛼)𝑛𝐹
] ln [

(1−𝛼)𝐹𝑛

𝑅𝑇𝑘𝑠
𝑣]       (2.4) 

In Equation (2.3) and Equation (2.4), E’° is the formal potential of the system equal to the 

average of anodic and cathodic peak potentials, α designates the charge transfer coefficient of the 

system, v is the scan rate used, n is the number of electrons transferred in the reactions, ks is the 

heterogeneous electron transfer rate constant and T, R and F are temperature, the ideal gas 

constant and Faraday’s constant, respectively. Based on these equations, n and α were calculated 

from the slopes of the linear trends observed at high scan rates (Figure 2.5C). Specifically, the 

fit lines passing through these points gave linear trends whose slopes were equivalent to -

2.3RT/[αnF] for the cathodic peaks and 2.3RT/[(1-α)nF] for the anodic peaks (Equation (2.3) 

and Equation (2.4)).[248] Thus, α and n were found to be 0.5 and 0.54, respectively.  The 

calculated α value was similar to other studies reported.[134, 190] However, the calculated value 

of n was markedly lower than the theoretical value for the conversion of FAD to FADH2 in GOX 

(i.e. 2), which suggested potentially hindered electron transport. Further, the ks of the anodic 

system was calculated according to:[248] 

log 𝑘𝑠 = 𝛼log(1 − 𝛼) + (1 − 𝛼) log 𝛼 − log (
𝑅𝑇

𝑛𝐹𝑣
) − 𝛼(1 − 𝛼) (

𝑛𝐹Δ𝐸𝑝

2.3𝑅𝑇
)          (2.5) 
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From Equation (2.5), the ks of the graphene/SWCNT cogel-based system was estimated to be 

0.23 ± 0.01 s
-1

, which was slightly lower than similar reports due to increased separation of peak 

potentials.[147, 189, 190] 

The anodic and cathodic peak currents of GOX-modified graphene/SWCNt cogel anodes 

increased linearly with scan rate (Figure 2.5D). This result implied that the system was limited 

by the electron transfer occurring at the enzyme-electrode interface rather than by diffusion. 

Further, we used the slopes of these trends to estimate the loading of electroactive species 

immobilized onto the electrode surface according to:[32] 

𝐼𝑝 =
𝑛2𝐹2𝛤𝐴

4𝑅𝑇
𝑣                                      (2.6) 

In Equation (2.6), Γ signifies the surface coverage of electroactive species (i.e. 

FAD),[234] A is the surface area available for electroactive species adsorption and Ip is the peak 

current. The estimated SSA coverage of FAD/FADH2 was 1.44 x 10
-12

 mol cm
-2

 or 1.73 x 10
-8

 

mol cm
-2

 of cross-sectional area, which indicated the efficient internalization of GOX into the 

cogel matrix resulting in high loadings. Assuming an average diameter of 8 nm for each GOX 

molecule, the calculated loading corresponded to more than 20% of available cogel SSA being 

occupied by electroactive GOX presuming two molecules of FAD indicated one GOX molecule. 

This loading was almost 2 orders of magnitude higher than similar 3-dimensional structures 

based on Pd aerogels or graphene foams decorated with SWCNTs.[69, 119] Using the apparent 

concentration of immobilized GOX, we determined the retained GOX kinetics upon 

immobilization. Specifically, the catalytic rate constant (kcat) of immobilized GOX was 46 ± 3 s
-1

 

compared to 316 ± 16 s
-1

 for native GOX (Figure 2.8). This decrease has been commonly 

reported for immobilized enzymes due to partial denaturation at the enzyme-nanosupport 
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interface upon attachment.[91, 141] Despite the reduction of catalytic efficiency, kcat was greater 

than the observed ks, which suggested an electron transport limited system. 

 

Figure 2.8 Kinetic analysis of immobilized and native GOX. A) Initial rate of reaction at 

varying substrate concentration for GOX physically adsorbed onto graphene/SWCNT cogels. B) 

Initial rate of reaction at varying substrate concentration for native GOX. Experiments performed 

in 0.1 M sodium phosphate buffer (pH 7.0). Error bars represent 1 standard deviation between 6 

trials. 

We analyzed tryptophan fluorescence within GOX-modified cogels to evaluate the 

presence of internalized GOX. Tryptophan has been reported to exhibit an emission peak 

between ~308-355 nm depending on local environment.[250, 251] Thus, detection of tryptophan 

fluorescence within the cogel network would correspond to internalized enzyme. The observed 

peak fluorescence varied depending on location of analyzed cogel slice (i.e. cogel interior versus 

exterior) with peak intensity indicative of GOX amount present (Figure 2.9). The interior slice 

of the GOX-modified graphene/SWCNT cogel anode exhibited a similar but slightly higher peak 

signal intensity compared to the sample that contained a known concentration of GOX equal to 

the electrochemically determined GOX loading. This result was expected as not all of the 

internalized GOX would be capable of electron transfer to and from the cogel electrode due to 

enzyme orientation effects, resulting in increased distance between FAD and the nanomaterial 
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surface. We found the extent of these orientation effects and potential GOX agglomeration to be 

much greater at the exterior of the electrode, evident from the increased fluorescence peak 

intensity of the exterior slice (Figure 2.9). These results confirmed distribution of GOX within 

the entirety of the graphene/SWCNT cogel and showed the presence of GOX that was not 

capable of electron transfer with the cogel network along with electroactive GOX. 

 

Figure 2.9 Tryptophan fluorescence spectra of dispersed graphene/SWCNT cogels with 

and without GOX-modification. Corrected signal intensity over corrected lamp intensity of 

graphene/SWCNT cogel without GOX modification (black), graphene/SWCNT with known 

concentration of native GOX added equal to electrochemically determined GOX loading (blue) 

and GOX-modified graphene/SWCNT cogel anodes exterior slice (red) and interior slice (green). 

Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0). 

2.3.3 Characterization of BOD-modified graphene/SWCNT cogel cathodes 

BOD is a multicopper oxidase that, when utilized as a cathodic working enzyme, accepts 

electrons from an electrode at its T1 copper site and transfer those electrons approximately 13 Å 

along a His-Cys-His chain to its T2/T3 copper site where molecular oxygen is reduced to water 

in a 4-electron transfer mechanism according to:[182, 252] 

O2 + 4H
+ + 4e− → 2H2O                                              (2.7) 
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The observed OCV of the BOD-modified graphene/SWCNT cogel cathode was 0.53 ± 

0.01 V versus Ag/AgCl, which was in agreement with reported OCVs in similar studies (Figure 

2.4).[253] This value was slightly more positive than the thermodynamically determined value of 

the T1 copper site of BOD, which has been reported to be approximately 0.47 V versus 

Ag/AgCl.[87] The observed increase in OCV compared to bare graphene/SWCNT cogel 

cathodes under similar conditions confirmed the presence of immobilized BOD and, more 

importantly, showed the efficient electron transfer between enzyme active site and electrode. 

Lower overpotentials were likely achieved for BOD compared to GOX due to the closer 

proximity of the T1 electron acceptor site to the surface of BOD relative to the FAD active site 

of GOX.[252] 

To further confirm the presence of electrically connected enzyme on the cathode, we 

examined BOD-modified graphene/SWCNT cogel cathodes using CV. CV sweeps did not yield 

any redox transformation evident by the lack of faradaic current response, which was consistent 

with previous reports on the electrochemical activity of BOD and other multicopper oxidases 

(Figure 2.10).[185, 254] However, upon addition of molecular oxygen to the BOD-modified 

system, a significant decrease in cathodic current was observed with an onset potential of oxygen 

reduction of ~0.4 V versus Ag/AgCl. This result showed the capability of immobilized BOD to 

achieve DET and efficiently reduce oxygen to water at the cogel electrode surface.[119, 255, 

256]We stress that no response to the addition of molecular oxygen occurred in our system 

without BOD-modification, which showed that the immobilized enzyme was solely responsible 

for O2 reduction (Figure 2.11). 
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Figure 2.10 Electrochemical performance of graphene/SWCNT cogel-based cathode. 

Characteristic CV traces of bare copper clip (black), graphene/SWCNT cogel cathode without 

BOD-modification (blue) and BOD-modified graphene/SWCNT cogel cathode (red) in argon-

saturated solution and BOD-modified graphene/SWCNT cogel cathode in O2-saturated solution 

(green) at a scan rate of 50 mV s
-1

. Experiments performed in 0.1 M sodium phosphate buffer 

(pH 7.0). 

 

Figure 2.11 Electrochemical performances of cathodic system control materials. 

Characteristic CV traces of bare copper clip in argon-saturated solution (black), bare copper clip 

in O2-saturated solution (blue), graphene/SWCNT cogel cathode without BOD-modification in 

argon-saturated solution (red) and graphene/SWCNT cogel cathode without BOD-modification 

in O2-saturated solution (green). Experiments performed in 0.1 M sodium phosphate buffer (pH 

7.0) at a scan rate of 50 mV s
-1

. 
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2.3.4 Characterization of graphene/SWCNT cogel-based EBFC performance 

We set up EBFC using a single GOX-loaded graphene/SWCNT cogel anode and a single 

BOD-loaded graphene/SWCNT cogel cathode (Figure 2.1), and tested power output through the 

manual variation of circuit resistance while measuring voltage output. The performance of an 

EBFC can be expressed through the use of two main characteristics: OCV and power density. 

For our mediator-free graphene/SWCNT-based system, the OCV was 0.61 ± 0.05 V and the 

cross-sectional power density was 0.19 ± 0.03 mW cm
-2

 operating at 0.44 V (Figure 2.12). 

 

Figure 2.12 Performance of graphene/SWCNT cogel-based EBFC. Graphene/SWCNT cogel-

based EBFC performance and cell-polarization curves. Experiments performed in air-saturated 

0.1 M sodium phosphate buffer (pH 7.0). Error bars represent 1 standard deviation of 3 trials. 

This power output corresponded to 0.08% of native GOX activity relative to GOX 

turning over glucose at the experimentally determined kcat of native enzyme and GOX loading. In 

other words, we found the experimental power density to have an efficiency of 0.08% of the 

maximum, corresponding to the calculated amount of GOX per unit area generating current from 

glucose at the reported kcat of native GOX. The observed percentage activity was in agreement 

with similar EBFC systems.[67] The experimental full-cell OCV was in good agreement with the 

difference between OCVs of the individual anode and cathode (i.e., -0.05 V and 0.53 V versus 
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Ag/AgCl, respectively) as expected. The polarization curve showed the maximum power output 

corresponded to a current density that was lower than the onset of concentration losses caused by 

limited diffusion of reactants and products (i.e., increased negative slope at high current density) 

(Figure 2.12).[225] Further, we tested the operation of the EBFC at pH 5.5 for optimal GOX 

biocatalytic activity, but observed essentially no change from the EBFC performance at pH 7.0 

(Figure 2.13).This result confirmed that the overall system was limited by electron transfer at the 

anode and not intrinsic enzyme activity. 

 

Figure 2.13 Graphene/SWCNT cogel-based EBFC performance under optimal GOX 

conditions. Graphene/SWCNT cogel-based EBFC performance and cell-polarization curves at 

optimal GOX pH. Experiments performed in air-saturated 0.1 M sodium phosphate buffer (pH 

5.5) with 100 mM glucose. Error bars represent 1 standard deviation of 3 trials. 

We further verified that the oxidation of glucose by GOX generated the observed current 

in the system through a series of control experiments without GOX-modification. First, we 

immersed the copper leads alone in the EBFC solution with no graphene/SWCNT cogels or 

enzyme and tested for current generation. Then, we examined the performance of EBFCs with 

bare graphene/SWCNT cogels without any adsorbed enzyme as an anode and a cathode, 

followed by tests using a bare cogel as the anode and a BOD-modified cogel as the cathode. The 
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resulting performance and polarization curves exhibited negligible current generation, which 

confirmed a GOX-driven system (Figure 2.14). 

 

Figure 2.14 Graphene/SWCNT cogel-based EBFC performance without GOX-

modification. A) Graphene/SWCNT cogel-based EBFC performance and cell-polarization 

curves using copper leads alone. B) Graphene/SWCNT cogel-based EBFC performance and cell-

polarization curves using non-modified anode and cathode. C) Graphene/SWCNT cogel-based 

EBFC performance and cell-polarization curves using non-modified anode and BOD-modified 

cathode. Experiments performed in air-saturated 0.1 M sodium phosphate buffer (pH 7.0) with 

100 mM glucose. Error bars represent 1 standard deviation of 3 trials. 

An interesting question that has never been addressed for EBFCs was whether the 

electrodes can be reloaded when the enzymes degrade. The robustness and simple loading 

procedure of our system allowed us to clean and then “refill” the electrodes with active enzymes. 

Rejuvenation of power output by cyclic removal of degraded enzyme with acid and replenishing 
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the system with fresh, active enzyme generated a power density of 0.15 ± 0.02 mW cm
-2

 (Figure 

2.15). 

 

Figure 2.15 Continuous performance and recharging of graphene/SWCNT cogel-based 

EBFC. Performance of graphene/SWCNT cogel-based EBFC over time. Acid washing of 

degraded enzyme and reloading with active enzyme after 18 h (red) followed by repeated 

performance (blue). Experiments performed in air-saturated 0.1 M sodium phosphate buffer (pH 

7.0). with 100 mM glucose. 

Conventionally, the power densities of fuel cells have been reported in cm
-2

 as the flow of 

current is a flux through the electrode surface. Most reported EBFC systems are essentially 2-

dimensional, such as functionalized coatings on pre-existing material surfaces (i.e., glassy carbon 

electrodes (GCE), buckeypaper, etc.).[233, 257-259] Recently, however, EBFC systems utilizing 

3-dimensional electrodes have gained increased attention and resulted in enhanced power 

densities due to the possibility of increased active enzyme loadings and connectivity.[67-69, 232, 

260] Thus, the need to report power densities volumetrically has arisen to allow for meaningful 

comparisons between studies. The volumetric power density of this system utilizing ~2 mm thick 

graphene/SWCNT cogel electrodes was 0.65 ± 0.22 mW mL
-1

. Further, it was important to 

characterize the system in terms of gravimetric power density to show the power output per mass 

of catalyst. The loading density of GOX onto the graphene/SWCNT co-gel anodes was estimated 
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through CV analysis at varying scan rates knowing each GOX molecule contains two FAD 

sites.[32, 189] The gravimetric power density of this system was 140 ± 20 mW g
-1

 GOX, which 

was more than 4-fold greater than the elegant systems based on compressed disks of multi-wall 

CNTs and enzymes.[67] This increase compared to the similar mediator-free system was 

attributed to the fabrication procedure and high porosity of our system, which allowed the 

majority of incorporated enzyme to have access to both the electrode surface for electron transfer 

and to freely diffusing substrate.  

The membrane-and mediator-free EBFC we describe herein can be added to a small but 

growing literature on similar systems,[67, 261, 262] including a setup resulting in a nearly 

identical cross-sectional power density that was successfully implanted into rats.[72] Multiple 

other studies have been able to produce higher performing fuel cells but have also required 

mediated electron transfer and even setups with multiple compartments separated by a semi-

permeable membrane, adding complexity and additional toxicity concerns.[68-70] Further, other 

mediator-free systems have commonly required more complicated electrode functionalization 

steps prior to enzyme immobilization[261, 262] or large amounts of bulk enzyme due to low 

enzyme activity retention.[67] Due to the porosity, high SSA and significant electrical 

conductivity of the electrode materials used herein, we have been able to achieve relatively high 

enzyme loadings and rapid charge collection without significant loss, which resulted in a 

significant power density despite hindered electron transport. High enzyme loadings are relative 

to reported studies that used similar 3-dimensional nanomaterial networks and enzyme 

immobilization strategies.[69, 119] A comparison of various relevant studies focused on glucose-

driven EBFCs utilizing graphene or carbon nanotube-based electrode materials is presented in 

Table 2.1. The EBFC reported herein had a power output within an order of magnitude of the 
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highest performing systems to date.[68-70] Our data showed that the anodic electron transfer rate 

constant was lower than other investigators have found,[69] leading to a clear path for further 

improvement in our EBFC. 

Table 2.1: Performance of published glucose-driven EBFC systems utilizing graphene- or 

carbon nanotube-based electrode materials
 

Anode Cathode 
Mediator-free/MET 

(membrane Y/N) 

OCV 

(V) 
Power density Ref 

GOX-graphene/SWCNT 

cogel 

BOD-graphene/ SWCNT 

cogel 
Mediator-free (N) 0.61 

0.19 mW cm
-2

 

0.65 mW mL
-1

 

This 

work 

GOX/catalase-compressed 

MWCNT disk 

Laccase-compressed 

MWCNT disk 
Mediator-free (N) 0.57 

0.19 mW cm
-2

 

0.16 mW mL
-1

 
[72] 

PQQ-GDH-PANi/ 

MWCNT-Au electrode 

BOD-MWCNT-Au 

electrode 
Mediator-free (N) 0.68 0.07 mW cm

-2
 [261] 

GOX-SWCNT/PPY 3D 

composite 

Tyrosinase-CNP/PPY 

composite 
Mediator-free (N) 0.19 0.16 mW mL

-1
 [262] 

GOX/catalase-compressed 

MWCNT disk 

Laccase-compressed 

MWCNT disk 
Mediator-free (Y) 0.95 

1.25 mW cm
-2

 

1.66 mW mL
-1

 
[67] 

Crosslinked GOX clusters-

MWCNT/Nafion 
Pt/C/Nafion Mediator-free (Y) 0.43 0.18 mW cm

-2
 [259] 

GOX/FCA-Pd aerogel BOD-Pd/Pt aerogel MET (N) 0.40 0.02 mW cm
-2

 [119] 

Nafion/GOX/FCA-3D 

graphene 

Nafion/laccase-3D 

graphene/PTCA/DA 
MET (N) 0.40 0.11 mW cm

-2
 [235] 

(MWCNT/thionine/ 

AuNPs)GDH 
MWCNT/PLL/laccase MET (N) 0.70 0.33 mW cm

-2
 [263] 

vaCNT/PABMSA/PQQ-

GDH 
vaCNT/PQQ/BOD MET (N) 0.80 0.12 mW cm

-2
 [264] 

PPY/SWCNT/GOX PPY/laccase/ABTS MET (N) 0.77 
1.39 mW cm

-2
 

232 mW mL
-1

 
[232] 

GOX/PEDOT/MWCNT/ 

PVI-Os 

BOD/PEDOT/MWCNT/ 

PAA-PVI-Os 
MET (N) 0.70 

2.18 mW cm
-2

 

793 mW mL
-1

 
[70] 

GOX-graphene/SWCNT 

foam 

Laccase/ABTS-

graphene/ SWCNT foam 
MET (Y) 1.20 2.27 mW cm

-2
 [69] 

GOX/catalase/NQ-

compressed MWCNT disk 

Laccase-compressed 

MWCNT disk 
MET (Y) 0.76 

1.54 mW cm
-2

 

1.92 mW mL
-1

 
[68] 

MET, mediated electron transfer; OCV, open circuit voltage; MWCNT, multi-wall carbon 

nanotube; PQQ-GDH, pyrroloquinoline quinone dependent glucose dehydrogenase; PANi, 

polyaniline; PPY, polypyrrole; CNP, carbon nanopowder; FCA, ferrocenecarboxylic acid; PTCA, 

3,4,9,10-perylene tetracarboxylic acid; DA, dopamine; AuNPs, gold nanoparticles; PLL, poly-L-

lysine; vaCNT, vertically aligned carbon nanotube; PABMSA, poly(3-aminobenzoic acid-co-2-

methoxyaniline-5-sulfonic acid; PEDOT, poly(3,4-dioxythiophene); PVI-Os, poly(N-

vinylimidazole)-[Os(4,4’-dichloro-2,2’-bipyridine)2]
+/2+

; NQ, naphthoquinone. 
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2.4 Conclusions 

We have developed and characterized a membrane- and mediator-free EBFC utilizing 

novel graphene/SWCNT cogel electrodes. The glucose/O2-fueled system proved capable of 

producing a power density of 0.19 ± 0.03 mW cm
-2

, 0.65 ± 0.22 mW mL
-1

 or 140 ± 20 mW g
-1

 

GOX with an OCV of 0.61 ± 0.05 V without the addition of external redox mediators. Compared 

to previous studies, the EBFC we describe was a robust, high power output system despite 

significantly hindered anodic electron transfer. We attributed this performance to the high 

available surface area and porosity of the electrode material allowing for large loading of active 

enzymes relative to similar studies and ease of glucose diffusion through the cogel based 

electrode. The nanoscale structure and high electrical conductivity of the cogels facilitated 

electron transfer to the electrode surface and charge collection through the electrode without any 

toxic redox mediators. The robustness of the cogels and our custom-designed loading procedure 

also allowed for the reloading and reuse of the EBFC. This study demonstrated the potential of 

such a system and highlighted areas of possible improvement for enhanced EBFC performance. 

Future work will focus on increasing electron transfer efficiency and long-term stability. 
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Chapter 3: Improved Power Density of an Enzymatic Biofuel Cell with Fibrous Supports of 

High Curvature 

3.1 Introduction 

Immobilized enzymes are used in a wide range of applications.[2, 88] The conjugation of 

enzymes onto or within support materials serves to impart biological function to non-biological 

materials while providing enhanced enzyme stability and a means of retaining enzymatic activity 

at a surface.[90, 106, 142, 265] Enzyme-based biofuel cells (EBFCs) use immobilized enzymes 

to generate electrical power from renewable fuels.[43, 266] Such systems have been reported to 

generate power densities of up to 2 mW cm
-2

 from sugars such as glucose and fructose, thereby 

enabling the continuous powering of some implantable devices.[25, 53, 67, 68, 70, 72] For 

EBFCs to function effectively, the working enzymes must be immobilized at or near an electrode 

surface so that electron transfer between the enzyme active site and the electrode structure 

continues during operation. The interactions at the enzyme-support interface influence these 

properties and thus the overall performance, making the choice of support material crucial.[88, 

89, 91] 

The operation of EBFCs is based on the oxidation of a fuel at the anode and the reduction 

of a final electron acceptor (generally molecular oxygen) at the cathode. The capability of these 

devices to operate at physiological conditions and the biocompatibility of reactants and products 

make EBFCs ideally suited for operation in vivo.[91] During operation, electrons are transferred 

between the enzyme active site and the electrode surface either directly (direct electron transfer 

(DET)) or through an intermediate redox molecule (mediated electron transfer (MET)). The 

achievable power density of a given EBFC is a function of the efficiency of electron transfer, the 

degree of enzyme loading onto the electrode surface and the retained enzyme kinetics.[16, 225] 

In designing an EBFC support material, three key parameters for consideration are support 
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curvature, pore size and specific surface area (SSA). A porous material with high SSA provides 

ample surface area for enzyme adsorption, which can lead to high enzyme loadings. However, 

without appropriate pore sizes, much of the material may not be accessible to the target enzyme, 

effectively reducing the available surface area. Further, studies have shown a direct influence of 

support curvature on retained activity of immobilized enzyme.[2, 89, 91] This impact has been 

attributed to increased nonspecific interactions between the enzyme and surfaces with lower rates 

of curvature (i.e. larger diameter) as well as between adjacent enzymes leading to increased 

protein denaturation upon adsorption.[89, 90] Evaluating the impact of each of these design 

parameters is crucial to the efficient design of future EBFC systems. 

To optimize power, nanomaterials have become increasingly popular electrode materials 

due to their high available surface area and their potential to facilitate efficient electron 

transfer.[140, 228] Nanomaterials have also been proven to be capable of enhancing immobilized 

enzyme stability while preserving enzyme function.[90, 106, 118, 142, 265, 267-275] For 

instance, Wu et al. recently reported the significantly increased stability of a GOX-based 

biosensor against trypsin, ethylenediaminetetraacetic acid (EDTA) and long-term storage when 

the enzyme was incorporated into zeolitic imidazolate framework nanocrystals.[267] Two of the 

most widely used classes of nanomaterial are gold nanoparticle (AuNP)- and carbon nanotube-

based surfaces. Both of these nanomaterials possess excellent electrical conductivity, high SSA 

and an ease of functionalization making them ideal for enzyme interaction.[228] For example, 

Cosnier et al. reported one of the highest performing and most versatile EBFC systems to date 

based on compressed pellets of multi-wall carbon nanotubes (MWCNTs) operating via DET[67] 

and MET,[68] which was further shown to successfully function within a rat model.[72] Shleev 

et al. have exhibited the potential of AuNP-functionalized electrodes to form intricate systems 



 

53 

 

capable of operating within the eye toward forming “smart” contact lenses.[276, 277] Similarly, 

our group has investigated the capability of these materials to form high-performing biosensors 

and EBFCs. Our studies showed the capability of carbon nanotube- and AuNP-based materials to 

form highly porous networks, which allowed high enzyme loadings and reliable operation 

without the need for external mediators.[191, 278, 279] Despite significant research into 

developing efficient EBFCs, the application of EBFCs is currently limited due to challenges 

stemming from poor electron transfer efficiency and enzyme stability at the enzyme-

nanomaterial interface.[14] A thorough understanding of the impact of electrode material 

characteristics such as surface curvature, SSA and pore size on resulting EBFC performance was 

the goal of the work described herein. 

Gold/MWCNT fiber paddle electrodes[191] and graphene-coated single-wall carbon 

nanotube (SWCNT) gel electrodes[238, 280]
 
were modified with electroactive enzymes and their 

electrochemical properties determined. Glucose oxidase (GOX) and bilirubin oxidase (BOD) 

were used as anodic and cathodic catalysts, respectively. Both of these model electroactive 

enzymes are used throughout EBFC and biosensor research and have been thoroughly 

characterized.[47, 77, 182, 281] Gold/MWCNT fiber paddle electrodes were fabricated via the 

electrospinning of polyacrylonitrile (PAN) fibers containing gold salt followed by reduction and 

deposition of AuNPs and subsequent coating with MWCNTs.[191] Graphene-coated SWCNT 

gels were formed by mixing suspensions of individually dispersed SWCNTS and slowly 

decreasing water content until percolation occurred, forming a network of interconnected 

SWCNTs that was then coated with a continuous graphene layer through the cyclization and 

reduction of glucose.[238, 280] These two systems were characterized in terms of anodic and 

cathodic electrochemistry as well as EBFC performance. We also determined how material 
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morphology and surface properties impacted performance of each electrode. The objectives of 

this study were to provide an in-depth, side-by-side comparison of two materials with varying 

surface curvature, SSA and pore size to aid in the efficient design of future EBFC and biosensor 

systems. 

3.2 Materials and Methods 

3.2.1 Materials 

Ultrapure milliQ grade water (resistivity of 18.2 MΩ·cm) was used for all experiments. 

Sodium phosphate buffer (0.1 M, pH 7.0) was prepared from phosphate salts and used for the 

preparation of enzyme solutions and testing of electrodes. GOX Type VII from Aspergillus niger 

(100-250 units mg
-1

) was purchased from Sigma-Aldrich. BOD from Myrothecium sp. (2.7 U 

mg
-1

) was purchased from Amano Enzyme Inc. MWCNTs with average diameter of 11.5 nm and 

average length of 30 µm were purchased from Cheap Tubes, Inc. CoMoCAT SWCNTs (batch 

CG 200) with average diameter of 1 nm and average length of 1 µm were purchased from 

Southwest Nanotechnologies Inc. All chemicals were of analytical grade and used as received. 

3.2.2 Electrode fabrication 

We prepared gold/MWCNT fiber paddle electrodes[191] and graphene-coated SWCNT 

gel electrodes[238, 240, 280] as previously described. To obviate the need for surfactant, we 

performed the electrophoretic deposition of MWCNTs used in the fabrication of gold/MWCNT 

fiber paddle electrodes with 0.02 mg mL
-1

 MWCNTs in 33% ethanol.[191] For testing, we 

formed graphene-coated SWCNT gel electrodes in 2 mm thick rectangular molds and cut ≈0.5 

cm
2
 sections. 

To form enzyme-modified anodes and cathodes, we incubated individual electrodes in 1 

mg mL
-1

 enzyme solution (GOX or BOD in 0.1 M sodium phosphate buffer (pH 7.0)) for 4 h at 4 
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°C to allow enzyme attachment via physical adsorption. Using a bench-top vacuum pump, we 

applied a weak pulsed vacuum for several minutes prior to incubation of graphene-coated 

SWCNT gels to enhance enzyme internalization. Then, we briefly washed each electrode to 

remove loosely bound enzyme prior to individual electrochemical examination or EBFC testing. 

3.2.3 Material microstructural characterization 

SSA of graphene-coated SWCNT gels was measured through nitrogen adsorption and 

desorption at 77 K using a Gemini VII 2390 surface area analyzer (Micromeritics) using the 

Brunauer, Emmett and Teller (BET) theory.[236] Pore volume and pore size distribution were 

calculated from the measured desorption isotherms using the density functional theory (DFT) 

calculation scheme.[237] Scanning electron microscope (SEM) images were taken using a 

FEI/Aspex Explorer and FEI Quanta 600 scanning electron microscope for the gold/MWCNT 

fiber paddle and graphene-coated SWCNT gel, respectively. Transmission electron microscope 

(TEM) images were collected using a FEI Titan 83 TEM. 

3.2.4 Electrode characterization 

Total GOX loadings were determined using a standard bicinchoninic acid (BCA) assay 

kit (ThermoFisher Scienctific). GOX-modified electrodes were incubated at room temperature 

with shaking at 100 rpm in 1 wt% sodium dodecylbenzenesulfonate (NaDDBS) for 4 h and 

supernatant tested for protein concentration. All electrochemical measurements were performed 

using a conventional three-electrode electrochemical cell utilizing a KCl saturated Ag/AgCl 

electrode and a 0.5 mm diameter platinum wire electrode as reference and counter electrodes, 

respectively. Gold/MWCNT fiber paddle electrochemically active surface area was measured 

through the electrochemical oxidation/reduction of ferrocenecarboxylic (FeCOOH) acid at the 

electrode surface via cyclic voltammetry (CV).[279] EBFC performance characteristics were 
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evaluated in 200 mL of air-saturated 0.1 M sodium phosphate buffer (pH 7.0) containing 0.1 M 

glucose under stirring and using a Fluke 287 True RMS multimeter with an IET Labs RS-200 

resistance decade box to manually vary circuit resistance. 

3.3 Results and Discussion 

3.3.1 Material characterization 

The performance characteristics of enzyme-nanomaterial conjugates greatly depend on 

the surface properties of the nanomaterial.[89, 91] Enzyme loading and substrate accessibility are 

a function of available surface area and porosity while specific enzyme activity and stability 

depend on enzyme conformation at the nanomaterial surface, which can be impacted by support 

surface curvature, enzyme orientation and binding affinity.[192, 228] All of these interactions 

coupled with the electron transfer characteristics of the system are the target design parameters 

of enzyme-based bioelectronics. Many studies have shown the impact of material characteristics 

on enzyme biochemical activity and stability, but the effect of these material properties on 

enzyme electrochemical activity has not been adequately described.[2, 89, 91] Toward this goal 

we fabricated two differing electrode systems based on commonly used classes of nanomaterials 

to determine their capabilities as electroactive enzyme supports and to compare their varying 

performance characteristics as a function of material properties. The chosen electrode materials 

were gold/MWCNT fiber paddles and graphene-coated SWCNT gels, which possessed 

extremely different surface curvature, pore sizes and SSA. The surface curvature of materials 

such as carbon nanotubes and electrospun fibers are determined by diameter, with larger 

diameter materials possessing a lower degree of curvature.[89-91] 

We found both electrode materials consisted of interconnected, porous networks of 

individual polymer fibers or SWCNTs (Figure 3.1). SEM images of gold/MWCNT fiber paddles 
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showed ≈1 µm diameter PAN fibers coated with 0.5 – 0.7 µm AuNPs and with 11.5 nm diameter 

MWCNTs (Figure 3.1A-C). Pore sizes between adjacent fibers were on the order of several 

micrometers, which allowed unhindered access to both substrate and adsorbing enzyme.[245] 

Imaging of graphene-coated SWCNT gels revealed a percolating network of 1 nm diameter 

SWCNTs (Figure 3.1D) coated with multiple layers of graphene (Figure 3.1E). This structure 

was consistent with previous reports of similar materials.[238, 280] 

 

Figure 3.1 Morphological examination of electrode materials. A-C) SEM images of 

gold/MWCNT fiber electrode at varying magnifications. White arrows indicate formation of 

MWCNT-interconnection between neighboring fibers. D) SEM image of graphene-coated 

SWCNT gel. E) TEM image of graphene-coated SWCNT gel. 

The SSA of the gold/MWCNT fiber paddles was too low to be reliably measured by a 

BET system. Hence, we probed the electrochemically active surface area (ECSA) of the 
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gold/MWCNT fiber paddles through the oxidation and reduction of the small redox molecule 

FeCOOH via CV (Figure 3.2A,B).[279] At high scan rates, the anodic and cathodic peak 

currents increased linearly with scan rate, which indicated a surface-limited system.[32] The 

slopes of these curves were used to calculate the FeCOOH loading at the electrode surface, 

which yielded a calculated ECSA of 3.6 m
2
 g

-1
 that qualitatively reflected the SSA of the 

paddles.[32] The ECSA of a material depends on the conducting nature of the electrode being 

studied and is thus a measure of surface area available for interaction with redox molecules.[282] 

In this study, the ECSA is comparable to the SSA of the material as only the surface area capable 

of electron transfer with redox molecules would yield electrochemically active immobilized 

enzyme or substrate reduction/oxidation. For simplicity and comparison with graphene-coated 

SWCNT gels, we refer to the ECSA of the gold/MWCNT fiber paddles as SSA. We examined 

the SSA of the graphene-coated SWCNT gels using BET analysis of nitrogen adsorption and 

desorption and modeled pore distribution using the DFT calculation scheme (Figure 

3.2C,D).[236, 237] These gels possessed a SSA of 686 m
2
 g

-1
 with the majority of the total pore 

volume made up of pores less than 15 nm in radius. Some of the pores were too small to allow 

unhindered internalization of enzymes such as GOX (8 x 7 x 8 nm) throughout the gel 

structure.[245] Both materials were further modified via physical adsorption of GOX and BOD 

and electrochemically characterized. 
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Figure 3.2 Specific surface area analysis of electrode materials. A) Representative CV trace 

of FeCOOH at gold/MWCNT fiber paddle electrode at a scan rate of 5 mV s
-1

. B) Dependence of 

anodic (filled circle) and cathodic (filled square) peak current densities on scan rate at high scan 

rates of FeCOOH at gold/MWCNT fiber paddle electrodes. CV experiments performed in argon 

saturated 0.1 M sodium phosphate buffer (pH 7.0). C) Pore-size distribution of graphene-coated 

SWCNT gels. D) Cumulative pore volume with increasing pore size of graphene-coated 

SWCNT gels. Pore-size information from DFT calculation scheme of BET surface area analysis. 

3.3.2 Anodic system comparison 

The anodic enzyme GOX catalyzes the two-electron oxidation of glucose to 

gluconolactone and the subsequent reduction of molecular oxygen to hydrogen peroxide. EBFC 

anodes utilize the oxidation half of this reaction to generate electrical current through the transfer 

of electrons to an electrode surface by DET or MET instead of to oxygen. Alternatively, 
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oxidation of generated hydrogen peroxide can occur at the electrode surface effectively using 

molecular oxygen as a natural electron mediator.[145, 188] 

We electrochemically characterized GOX-modified anodes formed from each of the two 

electrode materials. CV traces of GOX-modified anodes of both materials showed obvious 

oxidation and reduction peaks with formal potentials of -0.43 V versus Ag/AgCl (Figure 3.3). 

This formal potential was indicative of quasi-reversible oxidation/reduction of the flavin adenine 

dinucleotide cofactor (FAD)-based active site of GOX. The identical formal potential of the two 

systems suggested a similar conformation of electrochemically active GOX at the enzyme-

nanomaterial interface in both systems. Graphene-coated SWCNT gel anodes exhibited a 

significantly higher capacitive current response than our gold/MWCNT fiber paddle anodes. We 

believe this property reflected the larger SSA of the graphene-coated SWCNT gel as opposed to 

our gold/MWCNT fiber paddles (Figure 3.3).[283] 

 

Figure 3.3 Electrochemical performance of anodic systems. A) Characteristic CV traces of 

bare gold wire (black), gold/MWCNT fiber paddle anode without GOX-modification (blue), 

GOX-modified gold/MWCNT fiber paddle anode (red) and GOX-modified gold/MWCNT fiber 

paddle anode with 0.1 M glucose (green). B) Characteristic CV traces of bare copper clip 

(black), graphene-coated SWCNT gel anode without GOX-modification (blue), GOX-modified 

graphene-coated SWCNT gel anode (red) and GOX-modified graphene-coated SWCNT gel 

anode with 0.1 M glucose (green). Experiments performed in argon-saturated 0.1 M sodium 

phosphate buffer (pH 7.0) at a scan rate of 50 mV s
-1

. 
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Figure 3.4 Electrochemical performance of graphene-coated SWCNT gel anode at low scan 

rate. Characteristic CV traces of bare copper clip (black), graphene-coated SWCNT gel anode 

without GOX-modification (blue), GOX-modified graphene-coated SWCNT gel anode (red) and 

GOX-modified graphene-coated SWCNT gel anode with 0.1 M glucose (green). Experiments 

performed in argon-saturated 0.1 M sodium phosphate buffer (pH 7.0) at a scan rate of 5 mV s
-1

. 

 

Figure 3.5 Electrochemical performance of anodic control materials. A) Characteristic CV 

traces of bare gold wire (black), bare gold with 0.1 M glucose (blue), gold/MWCNT fiber paddle 

anode without GOX-modification (red) and gold/MWCNT fiber paddle anode without GOX-

modification with 0.1 M glucose (green). B) Characteristic CV traces of bare copper clip (black), 

bare copper clip with 0.1 M glucose (blue), graphene-coated SWCNT gel anode without GOX-

modification (red) and graphene-coated SWCNT gel anode without GOX-modification with 0.1 

M glucose (green). Experiments performed in argon-saturated 0.1 M sodium phosphate buffer 

(pH 7.0) at a scan rate of 50 mV s
-1

. 
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To better exhibit the faradaic peaks of GOX at graphene-coated SWCNT gels, we 

additionally performed the CV analysis at a lower scan rate of 5 mV s
-1

, which yielded identical 

results (Figure 3.4). Upon the addition of glucose to either GOX-modified anode, we observed 

no appreciable shift in current response. This result demonstrated that no current generation was 

being driven by DET and suggested that current was produced via hydrogen peroxide oxidation 

using oxygen as a natural electron mediator (Figure 3.3). No faradaic peaks or shifts in current 

were observed in trials with materials lacking GOX modification (Figure 3.5). 

By performing CV scans at varying scan rates, we were able to determine the loading of 

FAD at the anodic material surface and the heterogeneous electron transfer rate constant 

(ks)(Figure 3.6). We calculated the loadings of FAD using the dependence of anodic and 

cathodic peak currents with increasing scan rate (Figure 3.6A,C). The linearity of this plot 

indicated that the efficacies of both systems were limited by the rate of electron transfer to the 

electrode surface rather than diffusion.[32] Gold/MWCNT fiber paddle anodes had an 

electrochemical loading of 3.92 x 10
-10

 mol FAD cm
-2

 whereas graphene-coated SWCNT gel 

anodes had an electrochemical loading of 1.99 x 10
-11

 mol FAD cm
-2 

(where the area was the 

cross-sectional area of the electrode). We examined the accuracy of these values in representing 

the total GOX loading by removing adsorbed enzymes from GOX-modified electrodes using the 

surfactant NaDDBS and testing the resulting supernatants via standard BCA assay. The resulting 

total GOX loadings were 2.60 x 10
-10

 mol GOX cm
-2

 and 1.57 x 10
-11

 mol GOX cm
-2

 for 

gold/MWCNT fiber paddle anodes and graphene-coated SWCNT gel anodes, respectively. These 

values were slightly higher than the apparent loadings determined electrochemically assuming 

two FAD molecules corresponded to each GOX molecule. The increased total loading compared 

to the electrochemically determined loading is likely due to one or both FAD sites in some 
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adsorbed GOX molecules not being electrochemically connected to the electrode surface, which 

is consistent with similar materials.[146] These loading results suggested extensive GOX 

coverage throughout the gold/MWCNT fiber paddles, but limited internalization into the 

graphene-coated SWCNT gels, meaning that GOX was likely only adsorbed at the outer gel 

surface. 

 

Figure 3.6 Loading and electron transfer rate analysis of anodic systems. A) Dependence of 

anodic (blue circle) and cathodic (red square) peak current densities on scan rate for GOX-

modified gold/MWCNT fiber paddle anodes at varying scan rates. B) Dependence of anodic 

(blue circle) and cathodic (red square) peak potentials on the logarithm of scan rate for GOX-

modified gold/MWCNT fiber paddle anodes at varying scan rates. C) Dependence of anodic 

(blue circle) and cathodic (red square) peak current densities on scan rate for GOX-modified 

graphene-coated SWCNT gel anodes varying scan rates. B) Dependence of anodic (blue circle) 

and cathodic (red square) peak potentials on the logarithm of scan rate for GOX-modified 

graphene-coated SWCNT gel anodes at varying scan rates. Experiments performed in argon-

saturated 0.1 M sodium phosphate buffer (pH 7.0). 
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We further calculated the ks for each system using the dependence of anodic and cathodic 

peak potentials on the logarithm of scan rate (Figure 3.6B,D).[248, 284] We found the ks values 

to be 0.95 ± 0.01 s
-1

 and 0.98 ± 0.07 s
-1

 for gold/MWCNT fiber paddle anodes and graphene-

coated SWCNT gel anodes, respectively.  Electron transfer resistances between adsorbed FAD 

and the electrode surface were clearly similar in both systems, which further suggested similar 

conformations of electrochemically active GOX at the electrode surfaces. 

The appearance of faradaic peaks in CV traces of GOX-modified materials confirmed the 

presence of electrochemically active FAD at the electrode surface, but these data alone did not 

definitively prove that GOX was biochemically active (Figure 3.3).[145] To examine if 

biochemically active GOX was successfully adsorbed onto the electrode materials, we monitored 

the current output of each GOX-modified anode upon the successive addition of glucose (Figure 

3.7). When the potential of the each anode was held at 0.8 V versus Ag/AgCl in an oxygen 

saturated solution, an obvious increase in anodic current was observed (Figure 3.7A,C). This 

response corresponded to the electrochemical oxidation of hydrogen peroxide produced by GOX, 

which confirmed the presence of biochemically active GOX turning over glucose in both 

systems under study.[1, 191] 
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Figure 3.7 Amperometric performance of anodic systems. A) Typical amperometric profile of 

GOX-modified gold/MWCNT fiber paddle anode in O2-saturated solution with potential held at 

0.8 V versus Ag/AgCl. B) Typical amperometric profile of GOX-modified gold/MWCNT fiber 

paddle anode in argon-saturated solution with potential held at -0.43 V versus Ag/AgCl. C) 

Typical amperometric profile of GOX-modified graphene-coated SWCNT gel anode in O2-

saturated solution with potential held at 0.8 V versus Ag/AgCl. D) Typical amperometric profile 

of GOX-modified graphene-coated SWCNT gel anode in argon-saturated solution with potential 

held at -0.43 V versus Ag/AgCl. Glucose injections indicated by arrows with resulting glucose 

concentration given in mM. Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0). 

Examination of the increasing current density upon glucose addition allowed the 

calculation of maximum current density (Jmax) and apparent Michaelis-Menten constant (KM
app

) 

for both systems (Figure 3.7). The GOX-modified gold/MWCNT fiber paddle anodes yielded a 

Jmax of 0.23 ± 0.01 mA cm
-2

 and an apparent KM
app

 of 18.8 ± 2.6 mM glucose, whereas the GOX-
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modified graphene-coated SWCNT gel anodes achieved a Jmax of 0.57 ± 0.03 mA cm
-2

 with an 

apparent KM
app

 of 33.8 ± 4.8 mM glucose. Coupled with the calculated total GOX loadings, these 

Jmax values become 8.85 x 10
8
 mA mol

-1
 of GOX and 3.63 x 10

10
 mA mol

-1
 of GOX for the 

gold/MWCNT fiber paddle anodes and the graphene-coated SWCNT gel anodes, respectively. 

The higher current generation rate per mol of GOX immobilized onto the graphene-coated 

SWCNT gel electrodes suggested much greater biochemical activity at the electrode surface. 

This finding was consistent with reports stating that enzymes adsorbed onto curved 

nanomaterials retain more activity on supports with smaller diameters.[89, 90] Interestingly, 

GOX adsorbed onto the graphene-coated SWCNT gel electrode also exhibited an increased 

KM
app

, which was indicative of interference with substrate binding by the smaller diameter 

SWCNTs. The detection of hydrogen peroxide oxidation showed the capability of both material 

systems to perform as functioning enzyme-based electrodes. However, when the working 

electrode potential was held at the observed FAD formal potential (-0.43 V versus Ag/AgCl) in 

argon-saturated solution, no sustained current response was observed for either anode material 

(Figure 3.7C,D) (small peaks observed resulted from mixing effects). The absence of a current 

response upon glucose injection under these conditions confirmed the inability of either electrode 

material to collect electrons from the GOX active site via DET. In contrast, in a previous study, 

we showed the capability of a similar anodic material made up of a graphene/SWCNT cogel to 

achieve DET with GOX.[278] The larger pore sizes of the cogel material aided in greater GOX 

internalization compared to the graphene-coated SWCNT gels, suggesting that GOX must be 

entirely surrounded by a nanoscale conducting material, such as SWCNTs, in order to exhibit 

DET, which was consistent with previous reports.[96, 123, 285] 
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We further characterized the GOX-modified anodes in terms of open circuit voltage 

(OCV) to analyze the extent of overpotentials that limited the rate of electron transfer between 

GOX and each electrode material (Figure 3.8). Analysis of the GOX-modified gold/MWCNT 

fiber paddle anodes in an argon-saturated solution with 0.1 M glucose resulted in an OCV of 

0.18 V versus Ag/AgCl, which was significantly higher than the thermodynamically determined 

value of -0.36 V versus Ag/AgCl.[11] 

 

Figure 3.8 Open-circuit voltage analysis of electrode materials. A) OCV measurements of 

gold/MWCNT fiber paddle anode without GOX-modification (green), GOX-modified 

gold/MWCNT fiber paddle anode (red), gold/MWCNT fiber paddle cathode without BOD-

modification (black) and BOD-modified gold/MWCNT fiber paddle cathode (blue). B) OCV 

measurements of graphene-coated SWCNT gel anode without GOX-modification (green), GOX-

modified graphene-coated SWCNT gel anode (red), graphene-coated SWCNT gel cathode 

without BOD-modification (black) and BOD-modified graphene-coated SWCNT gel cathode 

(blue). Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0) containing substrate: 

anodic in argon saturated solution with 0.1 M glucose; Cathodic in O2-saturated solution. 

We hypothesize that at least some of this effect was caused by oxygen reduction at the 

gold/MWCNT fiber paddle anode surface at voltages of ~0 V versus Ag/AgCl and lower (Figure 

3.9A). Since OCV is a measure of the voltage at which no current is observed, at voltages below 

this threshold, oxygen that remained or diffused into the argon-saturated solution was likely 
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reduced to water and generated cathodic current. GOX-modified gold/MWCNT fiber paddle 

anodes yielded decreased cathodic current due to the local depletion of oxygen and production of 

hydrogen peroxide via GOX reaction. However, reduction of remaining oxygen or produced 

hydrogen peroxide still occurred (Figure 3.9B). Examination of the GOX-modified graphene-

coated SWCNT gel anodes under the same conditions resulted in an OCV of -0.15 V versus 

Ag/AgCl (Figure 3.8B). The observed overpotentials could also have been caused by partial 

GOX denaturation or steric hindrance of its active site upon immobilization yielding reduced 

activity and electron transfer resistances between the buried FAD-based active site of GOX and 

the electrode surface, which contributed to the deterrence of electron transfer.[47] Larger 

overpotentials at the gold/MWCNT fiber paddle electrode were consistent with increased GOX 

deformation and hence lower biochemical activity at the larger diameter gold/MWCNT fibers. 

 

Figure 3.9 Analysis of oxygen/hydrogen peroxide reduction at gold/MWCNT fiber paddle 

anodes. A) Characteristic CV traces of gold/MWCNT fiber paddle anodes without GOX-

modification in argon-saturated (black) and in O2-saturated solution (blue). B) Characteristic CV 

traces of GOX-modified gold/MWCNT fiber paddle anodes in O2-saturated solution (black) and 

GOX-modified gold/MWCNT fiber paddle anodes in O2-saturated solution with 0.1 M glucose 

(blue). Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0) at a scan rate of 50 

mV s
-1

. 
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3.3.3 Cathodic system comparison 

The cathodic multicopper oxidase BOD catalyzes the 4-electron reduction of oxygen to 

water at its T2/T3 copper-containing active site upon accepting electrons at its T1 copper-

containing active site.[182] To determine the presence of overpotentials in the cathodic systems, 

we analyzed BOD-modified gold/MWCNT fiber paddle cathodes and BOD-modified graphene-

coated SWCNT gel cathodes according to OCV (Figure 3.8). The enzyme-modified cathodes 

yielded OCVs of 0.53 V versus Ag/AgCl and 0.50 V versus Ag/AgCl for gold/MWCNT fiber 

paddle cathodes and graphene-coated SWCNT gel cathodes, respectively (Figure 3.8). These 

values were consistent with the thermodynamically determined value of the T1 copper site of 

BOD.[87] The increase in OCV compared to non-modified control showed the presence of 

successfully adsorbed BOD with no appreciable overpotentials. To further examine cathodic 

characteristics, we performed CV scans of each cathode material before and after BOD 

modification (Figure 3.10). No faradaic peaks were observed for either material system, which is 

consistent with previous studies.[254, 278] 

BOD-modified gold/MWCNT fiber paddle cathodes showed obvious oxygen reduction at 

onset potentials of 0.45 V versus Ag/AgCl and 0 V versus Ag/AgCl (Figure 3.10A). Non-

modified gold/MWCNT fiber paddle cathodes only exhibited oxygen reduction beginning at 0 V 

versus Ag/AgCl consistent with anodic measurements, which confirmed BOD adsorption and 

DET (Figure 3.11A). Similarly, BOD-modified graphene-coated SWCNT gel cathodes exhibited 

oxygen reduction at an onset potential of 0.4 V versus Ag/AgCl whereas no oxygen reduction 

was observed in non-modified trials, which confirmed DET with physically adsorbed BOD 

(Figure 3.10B and Figure 3.11B). 

 



 

70 

 

 

Figure 3.10 Electrochemical performance of cathodic systems. A) Characteristic CV traces of 

bare gold wire (black), gold/MWCNT fiber paddle cathode without BOD-modification (blue) 

and BOD-modified gold/MWCNT fiber paddle cathode (red) in argon-saturated solution and 

BOD-modified gold/MWCNT fiber paddle cathode in O2-saturated solution (green). B) 

Characteristic CV traces of bare copper clip (black), graphene-coated SWCNT gel cathode 

without BOD-modification (blue) and BOD-modified graphene-coated SWCNT gel cathode 

(red) in argon-saturated solution and BOD-modified graphene-coated SWCNT gel cathode in 

O2-saturated solution (green). Experiments performed in 0.1 M sodium phosphate buffer (pH 

7.0) at a scan rate of 50 mV s
-1

. 

The capability of both cathodic materials to achieve DET with adsorbed BOD was 

additionally confirmed via amperometry (Figure 3.12). We observed a rapid increase in cathodic 

current upon oxygen bubbling into argon-saturated solution for both gold/MWCNT fiber paddle 

cathodes and graphene-coated SWCNT gel cathodes. Larger current density at the graphene-

coated SWCNT gel electrode suggested increased loading and/or biochemical activity of BOD. 

Combined, these results highlighted the capability of BOD to achieve efficient DET with AuNP- 

and carbon nanotube-based materials whereas this functionality was not observed for surface 

adsorbed GOX. Efficient electron transfer from the BOD active site to electrodes with these 

types of materials was consistent with previous findings.[97, 148, 256, 278] 
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Figure 3.11 Electrochemical performance of cathodic control materials. A) Characteristic 

CV traces of bare gold wire in argon-saturated solution (black), bare gold with in O2-saturated 

(blue), gold/MWCNT fiber paddle cathode without BOD-modification in argon-saturated 

solution (red) and gold/MWCNT fiber paddle cathode without BOD-modification in O2-

saturated solution (green). B) Characteristic CV traces of bare copper clip in argon-saturated 

solution (black), bare copper clip in O2-saturated solution (blue), graphene-coated SWCNT gel 

cathode without BOD-modification in argon-saturated solution (red) and graphene-coated 

SWCNT gel cathode without BOD-modification in O2-saturated solution (green). Experiments 

performed in 0.1 M sodium phosphate buffer (pH 7.0) at a scan rate of 50 mV s
-1

. 

 

Figure 3.12 Amperometric performance of cathodic systems. A) Typical amperometric 

profile of BOD-modified gold/MWCNT finer paddle cathode in argon-saturated solution with 

potential held at 0.2 V versus Ag/AgCl. B) Typical amperometric profile of BOD-modified 

graphene-coated SWCNT gel cathode in argon-saturated solution with potential held at 0.2 V 

versus Ag/AgCl. Beginning of O2 bubbling indicated by arrows. Experiments performed in 0.1 

M sodium phosphate buffer (pH 7.0). 



 

72 

 

3.3.4 EBFC comparison 

We separately examined symmetric EBFCs consisting of a single GOX-modified anode 

and a single BOD-modified cathode using either gold/MWCNT fiber paddle electrodes or 

graphene-coated SWCNT electrodes. All trials consisted of the manual variation of circuit 

resistance and the monitoring of resulting cell voltages in air-saturated 0.1 M sodium phosphate 

buffer (pH 7.0) containing glucose (0.1 M). Gold/MWCNT fiber paddle electrode-based systems 

yielded a maximum power density of 0.42 ± 0.06 µW cm
-2

 and full-cell OCV of 0.22 ± 0.02 V 

(Figure 3.13A). Graphene-coated SWCNT gel-based systems generated ~10 times larger 

maximum power density of 3.56 ± 1.09 µW cm
-2

 but identical full-cell OCV of 0.22 ± 0.03 V 

(Figure 3.13B). Recall that the graphene-coated SWCNT gel electrodes had ~10 times lower 

GOX loading. The identical OCV values confirmed similar electron transfer limitations in both 

systems where the increased power density of the graphene-coated SWCNT gel-based system 

was consistent with a higher degree of GOX biochemical activity at the anode. Further, when the 

EBFC systems were examined without enzyme-modification, we observed negligible power 

density, which confirmed GOX and BOD were solely responsible for power generation (Figure 

3.14). Individual characterization of the anodic and cathodic components of each system showed 

EBFCs made up of either material to be limited at the anode as electron transfer was not 

hindered by cathodic overpotentials and efficient DET with BOD was observed. 
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Figure 3.13 EBFC performance comparison of electrode materials. A) Gold/MWCNT fiber 

paddle-based EBFC performance and cell-polarization curves. B) Graphene-coated SWCNT gel-

based EBFC performance and cell-polarization curves. Experiments performed in air-saturated 

0.1 M sodium phosphate buffer (pH 7.0) with 0.1 M glucose. C) OCV comparison of 

gold/MWCNT fiber paddle-, graphene-coated SWCNT gel- and graphene/SWCNT cogel-based 

EBFCs. D) Maximum power density comparison of gold/MWCNT fiber paddle-, graphene-

coated SWCNT gel- and graphene/SWCNT cogel-based EBFCs. Error bars represent 1 standard 

deviation of 3 trials.[278] 
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Figure 3.14 Control EBFC performance. A) EBFC performance and polarization curves using 

bare gold wire. B) Gold/MWCNT fiber paddle electrodes without enzyme-modification-based 

EBFC performance and polarization curves. C) EBFC performance and polarization curves using 

bare copper clips. D) Graphene-coated SWCN gel electrodes without enzyme-modification-

based EBFC performance and polarization curves. Experiments performed in air-saturated 0.1 M 

sodium phosphate buffer (pH 7.0) with 0.1 M glucose. Error bars represent 1 standard deviation 

of 3 trials. 

For comparison, we calculated the theoretical power density of each system based on the 

electrochemically determined GOX loading and operating voltage that correlated to the 

maximum power density. Assuming GOX operation at the previously determined native kcat, 

experimental maximum power densities corresponded to 0.03% and 4.28% of theoretical values 

for gold/MWCNT fiber paddle- and graphene-coated SWCNT gel-based systems, 

respectively.[278] This result showed that despite allowing a 20-fold higher GOX loading due to 
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unhindered internalization by larger pore sizes, the gold/MWCNT fiber paddle-based system 

yielded a ~10 fold lower maximum power density than the graphene-coated SWCNT gel-based 

system. Enzymes immobilized onto curved nanomaterials have been shown to lose a greater 

percentage of enzymatic activity when adsorbed onto supports with lower degrees of curvature 

(i.e., larger diameter). This has been attributed to increased interaction between hydrophobic 

portions of the enzyme surface and the hydrophobic nanomaterial surface leading to a greater 

degree of enzyme deformation upon adsorption.[89] Thus, it was possible that the larger 

diameter PAN fibers coated with AuNPs and MWCNTs in the gold/MWCNT fiber paddle 

system caused relatively greater GOX denaturation upon adsorption compared to the graphene-

coated SWCNT gel system. The 40-fold greater current generation rate per mol of GOX 

observed at the graphene-coated SWCNT gel anode was consistent with higher GOX specific 

activity at the electrode material of higher curvature. These results highlighted the importance of 

not only targeting high working enzyme loadings, but also providing maximum retained activity 

and charge collection capability. 

The two EBFC systems described in this study allowed us to delve into the interactions of 

electroactive enzymes with commonly used electrode materials. We recently described an EBFC 

that had significantly higher power density that is included in Figure 5C,D.[278] The increased 

power density of this graphene/SWCNT cogel-based EBFC was driven by a GOX loading 2 to 3 

orders of magnitude greater than the systems discussed in this study, but with GOX fully 

internalized into a three-dimensional conducting matrix. The increased GOX loading was 

possible due to the high SSA of the graphene/SWCNT cogels (846 m
2
 g

-1
) coupled with pore 

sizes that allowed unhindered access of GOX throughout the electrode material (70% of pores 

greater than 10 nm).[278] The encapsulation of GOX into the electrode structure allowed some 
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measure of DET to be achieved, but yielded decreased current generation efficiency (0.08% 

relative to native GOX at the observed loading) compared with the graphene-coated SWCNT 

gel-based system, which possessed a comparable SSA (686 m
2
 g

-1
)[278] This result emphasized 

the need for electrode materials to possess not only high SSA, but also appropriate pore sizes to 

maximize enzyme accessible surface area. The high anodic loading allowed this system to 

produce a power density within one order of magnitude of the highest performing systems 

reported to date.[67-70, 278] Together, the data we have generated on these three EBFC designs 

has taught us that ample SSA for enzyme adsorption, appropriate pore size for enzyme/substrate 

internalization and high surface curvature for retained enzyme activity were critical elements in 

driving efficacy. 

3.4 Conclusions 

We have thoroughly characterized and compared glucose-driven EBFCs based on two 

vastly differing materials. We showed that gold/MWCNT fiber paddle electrodes and graphene-

coated SWCNT gel electrodes were capable of generating power densities of 0.42 ± 0.06 µW 

cm
-2

 and 3.56 ± 1.09 µW cm
-2

 with OCVs of 0.22 ± 0.02 V and 0.22 ± 0.03 V, respectively, upon 

modification with GOX and BOD. We found that electroactive enzyme performance was a 

function of support curvature, pore size distribution and SSA. This work highlighted the 

potential of both materials to operate as enzyme-modified electrodes, and also demonstrated the 

limitations of each with DET between GOX and electrode surfaces remaining one of the most 

challenging hurdles in EBFC design. Future work will be focused on improving anodic electron 

transfer efficiency of GOX. 
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Chapter 4: Polymer-Based Protein Engineering Grown Ferrocene-containing Redox 

Polymers Improve Current Generation in an Enzymatic Biofuel Cell 

4.1 Introduction 

Enzymatic biofuel cells (EBFCs) have been intensely studied as prospective power 

sources for the future of implantable devices.[13, 53] These fuel cells capitalize on the 

biocompatibility, specificity and mild operating conditions of enzymes to generate electrical 

power from physiologically present fuels without added toxicity concerns.[225, 286] The general 

operation of an EBFC consists of two separate redox reactions occurring at enzyme-modified 

electrodes connected through an external circuit.[16, 22] The magnitude of power capable of 

being produced is governed by the density of current generated and the potential difference 

between the anodic and cathodic redox reactions.[16, 17] A major limiting factor in these 

systems is the inefficient generation of current at the anode.[12, 14] 

The density of current produced (Jmax) at enzyme-modified anodes is proportional to the 

density of anodic working enzyme activity. This activity density depends on the loading of 

working enzyme incorporated onto the electrode material per unit area and the rates of two 

reactions: the turnover of substrate (i.e., fuel) by the anodic working enzymes and the transfer of 

electrons from the active sites of these enzymes to the supporting electrode material. 

Consequently, there are two main strategies to improving anodic Jmax in EBFCs. One approach is 

to maximize enzyme loading density through the design of electrode materials with greatly 

increased available surface area for enzyme attachment through the incorporation of 

nanomaterials such as metal nanoparticles, graphene and carbon nanotubes.[137, 140, 287] 

These materials have further been fabricated into three-dimensional conducting matrices with 

extremely high specific surface area (SSA), which have produced some of the highest 

performing EBFCs to date with power densities reaching 2 mW cm
-2

.[67-69]  
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The other approach to improving anodic Jmax is to enhance the observed reaction rates of 

the immobilized enzyme. The turnover rate constants (kcat) of enzymes are impacted by the 

process of immobilization dependent on the characteristics of the support material, as well as on 

the immobilization method employed.[89, 91, 288, 289] Similarly, the heterogeneous electron 

transfer rate constants (ks) of electroactive enzymes are a function of support material, 

immobilization method and target working enzyme.[258, 288, 290] Much of the resistance to 

electron transfer limiting ks in such systems stems from the location of the enzymatic active sites 

being deeply buried within the protein shell.[145, 166] The transfer of electrons to the electrode 

surface also must compete with electron transfer to the natural enzyme co-substrate. Thus, the 

observed Jmax is generally limited by inefficient electron transfer between the enzyme active sites 

and the electrode surface. Attempts to mitigate electron transfer resistances have focused on the 

use of small molecule redox mediators and directed orientation immobilization strategies.[39, 68, 

163] Also, polymer nanocomposite materials containing carbon nanotubes or metal nanoparticles 

have been shown to facilitate direct electron transfer (DET) with electroactive enzymes due to 

the capability of these nanomaterials to interact with the enzyme active site.[291-295] 

In mediated electron transfer (MET) type systems, the anodic working enzymes are re-

oxidized by small molecule redox mediators that then transfer electrons to the electrode. These 

mediators are capable of reaching the buried active site more readily than the electrode materials, 

thus, increasing the percentage of available electrons that are transferred to the circuit rather than 

the natural electron acceptor. For instance, Reuillard et al. reported that the addition of free 

naphthoquinone to a glucose oxidase (GOX)/multi-walled carbon nanotube (MWCNT)-based 

anode resulted in a 14-fold increase in current output.[68] However, the use of free mediators 
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within EBFCs raises additional toxicity and stability concerns, and also necessitates membrane 

separation of anode and cathode.[39, 69] 

To minimize the rate at which mediator leaches into solution, groups have incorporated 

redox moieties into polymer networks to effectively “wire” redox enzymes to electrodes[11, 160] 

Specifically, the incorporation of anodic working enzymes into ferrocene, osmium and quinone 

containing polymer networks have been shown to enhance electron transfer efficiency between 

the enzymes and the electrode surfaces without the presence of freely diffusing mediator 

molecules.[158, 296, 297] Polymer-based protein engineering (PBPE) using atom transfer 

radical polymerization (ATRP) offers a method to tailor enzyme function through tunable 

modification of the enzyme surface with rationally designed functional polymers. ATRP is a type 

of controlled radical polymerization that provides the formation of polymers with low 

polydispersity indices (PDI), enzyme-friendly reaction conditions and a large library of available 

monomers including ferrocene-containing monomers.[197, 218, 298-300] A large density of 

polymer can be grown from the surface of target enzymes using the “grafting-from” method in 

which polymerization is initiated directly from the enzyme surface eliminating steric limitations 

of pre-grown polymers.[211] Application of these methodologies to model enzymes has been 

shown to not only enhance enzyme activity and stability, but also allow predictable engineering 

of enzyme function through modification with temperature and pH responsive polymers.[215, 

217, 218, 222] However, the impact of redox mediator-containing polymers grown from the 

surface of enzymes has not been previously investigated. 

Herein, we report on the functionalization of the anodic working enzyme GOX with 

ferrocene-containing redox polymers through PBPE (Figure 4.1). We chose GOX because it is 

notoriously difficult to achieve DET between the flavin adenenine dinucleotide (FAD) cofactor 
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active site within GOX and an electrode surface.[138, 145, 146] Poly(N-(3-

dimethyl(ferrocenyl)methylammonium bromide)propyl acrylamide) (pFcAc) was grown from 

covalently attached, water-soluble initiator molecules on the surface of GOX in a “grafting from” 

approach using surface initiated-ATRP (SI-ATRP).  

 

Figure 4.1 Schematic representation of GOX-pFcAc formation using PBPE. 1) Preparation 

of FcAc monomer. 2) ATRP initiator modification of native GOX. 3) “Grafting from” ATRP 

reaction to produce GOX-pFcAc conjugates 

The GOX-pFcAc conjugates were subsequently immobilized through physical adsorption 

onto paddle-shaped electrodes made up of electrospun polyacrylonitrile fibers coated with gold 

nanoparticles (AuNPs) and MWCNTs. We have previously reported on the fabrication and 

characterization of these gold/MWCNT fiber paddles modified with native GOX.[191, 288] 

GOX-pFcAc conjugates and GOX-pFcAc-gold/MWCNT fiber paddle electrodes were 

thoroughly characterized in terms of biochemical and electrochemical properties. We further 

determined the EBFC performance of GOX-pFcAc-gold/MWCNT fiber paddle anodes when 

coupled with gold/MWCNT fiber paddle cathodes modified with bilirubin oxidase (BOD) 

prepared as previously described.[288] The objectives of this study were to examine the 
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capabilities of PBPE to promote the effective “wiring” of the buried GOX active sites to an 

external electrode by thorough characterization and comparison of the performance of GOX-

pFcAc conjugates to that of native GOX. 

4.2 Materials and Methods 

4.2.1 Materials 

Sodium phosphate buffer (0.1 M, pH 7.0) prepared from phosphate salts and ultrapure 

milliQ grade water (resistivity of 18.2 MΩ·cm) was used in all experiments unless otherwise 

stated. GOX type X-S from Aspergillus niger and horseradish peroxidase type VI-A were 

purchased from Sigma Aldrich. BOD from Myrothecium sp. was purchased from Amano 

Enzyme Inc. Tris[2-(dimethylamino)ethyl]amine (Me6TREN) was synthesized as described 

previously.[301] MWCNTs with average diameter of 11.5 nm and average length of 30 µm were 

purchased from Cheap Tubes, Inc. Dialysis tubing (25 kDa molecular weight cutoff, 

Spectra/Por®, Spectrum Laboratories Inc.) was purchased from Fisher Scientific. All chemicals 

were of analytical grade and used as received. 

4.2.2 Synthesis of N-(3-dimethyl(ferrocenyl)methylammonium bromide)propyl acrylamide 

We first mixed 3-bromopropylamine hydrobromide (10 g, 45.6 mmol) and 

trimethylamine (15.9 mL, 114 mmol) in 100 mL ultrapure water and slowly added acryloyl 

chloride (4.1 mL, 50.7 mmol) at 0 °C. After stirring at room temperature for 1 h, the mixture was 

cooled to 0 °C and adjusted to pH 7.0 using 6 N hydrochloric acid. We extracted N-(3-

bromopropyl) acrylamide with four additions of ethyl acetate (50 mL) and washed the organic 

phase twice with saturated NaHCO3 aq. (50 mL), twice with 10 wt% citric acid aq. (50 mL) and 

twice with saturated NaCl aq. (50 mL). The organic phase was then dried over anhydrous 

MgSO4 and evaporated to remove ethyl acetate; yield 8.0 g (90%). 
1
H NMR (300 MHz, CDCl3), 
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δ 2.14 (m, 2H, J = 6.6 Hz, NHCH2CH2CH2Br), 3.44 – 3.52 (m, 4H, NHCH2CH2CH2Br), 5.67 

(dd, 1H, J = 1.5 and 10.2 Hz, alkene), 5.98 (broad s, 1H, amide proton), 6.12 (dd, 1H, J = 10.2 

and 17.1 Hz, alkene) and 6.31 (dd, 1H, J = 1.5 and 17.1 Hz, alkene) ppm. Next, a mixture of N-

(3-bromopropyl) acrylamide (2.4 g, 12.5 mmol) in acetonitrile (25 mL) was added to a solution 

of (dimethylaminomethyl)ferrocene (3.0 g, 12.5 mmol) in acetonitrile (25 mL) and stirred at 

60°C overnight. After the mixture had cooled to room temperature, we added diethyl ether (300 

mL) and stored the solution at 4 °C overnight. N-(3-dimethyl(ferrocenyl)methylammonium 

bromide)propyl acrylamide (FcAc) was finally filtered and washed with diethyl ether; yield 3.2 g 

(59%), mp. 124 – 127 °C. 
1
H NMR (300 MHz, CDCl3), δ 2.22 (m, 2H, J = 5.7 Hz, 

NHCH2CH2CH2Br), 3.10 (s, 6H, CH2 N
+
(CH3)2CH2), 3.52 (t, J = 5.7 Hz, 2H, 

NHCH2CH2CH2N
+
), 3.84 (t, 2H, J = 5.7 Hz NHCH2CH2CH2N

+
), 4.29 – 4.57 (11H, Ferrocene 

and CH2 between Ferrocene and ammonium) 5.63 (d, 1H, J = 10.2 Hz, alkene), 6.34 (d, 1H, J = 

16.5 Hz, alkene) and 6.57 (dd, 1H, J = 10.2 and 16.5 Hz, alkene), 8.33 (broad s, 1H, amide 

proton) ppm. IR (KBr) 3453, 3384, 3267, 3053, 3012, 2956, 1675, 1658, 1621, 1542, 1463, 

1445, 1407, 1312, 1230, 1103, 1003, 987, 864, 845, 812 and 514 cm
-1

. 
1
H NMR spectra were 

recorded on a spectrometer (300 MHz, Bruker Avance) in the NMR facility located in the Center 

for Molecular Analysis, Carnegie Mellon University, with CDCl3. Routine FT-IR spectra were 

measured by KBr pellet method using a Nicolet IR200 FT-IR spectrometer (Thermo Scientific) 

located in the Department of Chemistry, University of Pittsburgh. 

4.2.3 Preparation of GOX-pFcAc conjugates 

Synthesis of ATRP initiating molecules was carried out as previously described.[215, 

218] Synthesized initiating molecules (50 mg, 0.18 mmol) and GOX (300 mg, 0.002 mmol 

protein, 0.06 mmol primary amine) were dissolved in 0.1 M sodium phosphate buffer (pH 8.0) 
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and stirred for 3 h at 4 °C. The solution was then dialyzed against 0.1 M sodium phosphate 

buffer (pH 7.0) for 48 h at 4 °C. We determined the resulting initiator modified GOX (GOX-Cl) 

concentration and number of initiating sites per GOX molecule via standard bicinchonic acid 

(BCA) assay kit (Thermofisher Scientific) and fluorescamine protein assay, respectively. We 

modeled the expected sites of modification using computational analysis via lysine available 

surface area and predicted pKa UV-vis spectra were recorded using a UV-vis spectrometer 

(Lambda 2, Perkin Elmer). 

To synthesize GOX-pFcAc conjugates, the GOX-Cl initiator complex (110 mg, 0.017 

mmol initiator) and FcAc (73 mg, 0.17 mmol) were first dissolved in a 20 mL mixture of 80% 

ultrapure water and 20% 1,4-dioxane and bubbled with argon for 1 h. In a separate flask, 

Me6TREN (5.36 µL, 0.02 mmol) was dissolved in ultrapure water (2 mL) and bubbled with 

Argon for 10 min. Copper(I) chloride (1.98 mg, 0.02 mmol) was then added to the Me6TREN 

solution and bubbled with argon for 50 min prior to the addition of the GOX-Cl/FcAc solution to 

the copper/Me6TREN solution. Upon combining the two solutions, the reaction mixture was 

incubated at 4 °C for 5 h with stirring. The resulting solution was purified by dialysis against 0.1 

M sodium phosphate buffer (pH 7.0) using 25 kDa molecular cutoff dialysis tubing for 48 h at 4 

°C (final 2 h of dialysis against ultrapure water) and then lyophilized. 

4.2.4 Fluorescamine protein assay 

The GOX-Cl sample solution (150 µL, 3 mg mL
-1

) in 0.1 M sodium phosphate buffer 

(pH 8.0) was mixed with fluorescamine solution (50 µL, 3 mg mL
-1

) in DMSO and incubated at 

room temperature for 15 min. Fluorescence of the sample with excitation at 365 nm and emission 

at 470 nm was measured using a Synergy H1 Hybrid Multi-Mode microplate reader (Biotek). 

The number of initiating sites per GOX molecule was determined by comparison of the 
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fluorescence to a standard curve. The standard curve was obtained from native GOX prepared as 

above with varying concentration ratio in 0.1 M sodium phosphate buffer (pH 8.0). 

4.2.5 Computational analysis of ATRP initiator modification of GOX 

Computational analysis of GOX from Aspergillus niger structure was used to evaluate 

lysine and N-terminus reactivity. The crystal structure of the monomer of GOX is readily 

available from the Protein Data Bank (PDB code: 1GAL). 

Accessible surface area (ASA) of free amine residues was calculated using the ASA-

View (DSSP algorithm).[302] Values of ASA are presented as a ratio relative to the surface area 

that was presented when residue X was in the extended state of Ala-X-Ala. When residue X was 

completely surrounded by its neighboring residues, its relative solvent accessibility was 0. The 

threshold for exposed lysine residues was defined as the average protein lysine accessibility of 

0.4.[303] Reactivity of free amine residues was determined by pKa calculations using PROPKA 

2.0.[304] This program predicts pKa values for all ionizable groups present in a target protein by 

empirically establishing relationships based on desolvation effects, hydrogen-bonding and 

charge-charge interactions. 

4.2.6 GOX-pFcAc conjugate characterization 

We determined the enzyme content of lyophilized GOX-pFcAc powder using the 

standard BCA assay kit. Hydrodynamic diameters (Dh) of native GOX and GOX-pFcAc were 

determined via dynamic light scattering (DLS) using a Nanoplus zeta/nano particle analyzer 

(Particulate Systems). GOX and GOX-pFcAc kinetic analysis was performed using the standard 

GOX 2,2’-azino-bis(3-ethylbenthiazoline)-6-sulfonic acid (ABTS) activity assay. 
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4.2.7 Electrode fabrication 

We prepared gold/MWCNT fiber paddle electrodes as previously described.[191, 288] 

Enzyme-modified electrodes were formed by incubating individual gold/MWCNT fiber paddle 

electrodes in 1 mg mL
-1

 enzyme solution (10 mL, GOX, BOD or GOX-pFcAc) in 0.1 M sodium 

phosphate buffer (pH 7.0) at 4 °C for 4 h to allow for physical adsorption of enzyme/conjugate. 

Electrodes modified with both native GOX and FcAc monomer were formed by similar 

incubation with both 1 mg mL
-1

 GOX and 0.26 mg mL
-1

 FcAc monomer. We then gently washed 

each fiber paddle to remove loosely bound enzyme prior to individual electrode characterization 

of EBFC testing. Scanning electron microscope (SEM) images were taken using a Hitachi S-

2460N SEM. 

4.2.8 Electrode characterization 

Total GOX loadings were determined as previously described.[288] We performed all 

electrochemical measurements using a conventional three-electrode electrochemical cell utilizing 

a KCl saturated Ag/AgCl reference electrode and a 0.5 mm diameter platinum wire counter 

electrode. EBFC performances were tested in 200 mL of air saturated 0.1 M sodium phosphate 

buffer (pH 7.0) containing 0.1 M glucose with stirring. A Fluke 287 True RMS multimeter was 

used to measure circuit voltage with circuit resistance varied manually with an IET Labs RS-200 

resistance decade box. 

4.3 Results and discussion 

4.3.1 Preparation of GOX-pFcAc conjugates 

PBPE has proven capable of adding functionality to enzymes through modification of the 

enzyme surface with stimuli responsive polymers.[215, 217, 218, 222] We investigated the 

extension of these capabilities to ferrocene-containing redox polymers grown from the anodic 
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working enzyme GOX (Figure 4.1). To ensure highly modified enzyme-polymer conjugates, we 

utilized a water-soluble, NHS-functionalized ATRP initiator to react with primary amines on the 

surface of GOX.[215] Each GOX dimer possessed 32 available primary amines including the N-

termini.[47] Upon ATRP initiator modification, we determined that there was an average of 25 

initiating sites per GOX molecule using a fluorescamine protein assay. Thus, there were 25 

separate sites on each enzyme from which pFcAc polymers could be grown. We modeled the 

expected sites of initiator modification using computational analysis of predicted primary amine 

accessible surface area (ASA) and pKa (Figure 4.2).[302, 304]  

 

Figure 4.2 Modeling of expected ATRP initiator modification sites within GOX monomer. 

ASA relative to residue X in fully extended state of Ala-X-Ala. Threshold for exposed lysine 

residues defined as the average protein lysine accessibility. Residues within 4 Å of active site 

marked with filled circle. 

This analysis showed 6 lysine residues per monomer were buried with a relative ASA 

below 0.4, which is the average value for lysines within proteins.[303] Thus, it was predicted 

that the 10 exposed primary amines per monomer (ASA greater than 0.4; Figure 4.2) were 

modified in each GOX molecule. Discrepancy between predicted (20 accessible) and observed 

(25 modified) number of initiator sites per GOX molecule was likely due to the computer 

analysis using a static model with actual ASA fluctuating in solution. Nevertheless, it was 
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predicted that at least one lysine per monomer as well as the N-termini within 4 Å of the GOX 

active site were modified, which may lead to interference with biocatalytic activity but would 

also be conducive to charge collection (Figure 4.2). 

GOX-pFcAc conjugates were prepared using a “grafting-from” approach in which FcAc 

monomers were extended from the chlorine functionalized ATRP initiators.[218] Enzyme 

content of the prepared GOX-pFcAc was determined using a standard BCA protein assay kit. 

From this information, and assuming all initiating sites participated in polymerization, we 

estimated the molecular weight of the conjugates to be approximately 204 kDa, assuming 

equivalent polymerization from each ATRP initiator modified GOX molecule (GOX Mw = 160 

kDa; FcAc Mw = 435.19 Da).[77] Details for BCA determined molecular weight calculations are 

provided in our previous reports.[215, 217] The structure of pFcAc grown from free ATRP 

initiator without NHS functionality was confirmed via 
1
H NMR (Figure 4.3). 

 

Figure 4.3 
1
H NMR spectra of pFcAc polymer in CDCl3. 

1
H NMR spectra and corresponding 

protons of pFcAc polymer.The FT-IR spectra of native GOX exhibited strong absorbance at 

3298 cm
-1

 attributed to N-H stretching, along with characteristic peaks at 1654 cm
-1

 and 1542 

cm
-1

 assigned to the amide I band (C=O stretching of peptide bonds) and to the amide II band 



 

88 

 

(N-H bending and C-N stretching of peptide groups), respectively (Figure 4.4).[295] Analysis of 

pFcAc free polymer showed a broad N-H stretching peak at 3430 cm
-1

. The FT-IR spectra of 

GOX-pFcAc displayed a combination of the features of its components (i.e. native GOX and 

pFcAc) including characteristic amide peaks at 1654 cm
-1

 and 1545 cm
-1

 (Figure 4.4). These 

results suggested the successful functionalization of GOX with pFcAc chains while maintaining 

the secondary structure of the enzyme.[291, 295] 

 

Figure 4.4 Component FT-IR analysis. A) FT-IR spectra of native GOX. B) FT-IR spectra of 

pFcAc polymer. C) FT-IR spectra of GOX-pFcAc conjugate. 
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4.3.2 Characterization of GOX-pFcAc conjugates 

We characterized our GOX-pFcAc conjugates in terms of their retained native activity 

using the standard GOX ABTS activity assay. Monitoring initial rates of reaction (vi) at varying 

glucose concentrations, we determined the kcat and Michaelis-Menten constant (KM) of both 

native and modified GOX (Figure 4.5). GOX and GOX-pFcAc produced kcat values of 471.8 ± 

6.9 s
-1

 and 48.0 ± 0.9 s
-1

, respectively. The ten-fold decrease in kcat was indicative of hindered 

substrate turnover by GOX-pFcAc. 

 

Figure 4.5 Kinetic analysis of native GOX and GOX-pFcAc. A) Initial rate of reaction at 

varying glucose concentrations of native GOX. B) Initial rate of reaction at varying glucose 

concentrations of GOX-pFcAc. Experiments performed in 0.1 M sodium phosphate buffer (pH 

7.0). Error bars represent 1 standard deviations of 3 trials. 

Upon examination using DLS, we found a large degree of aggregation in aqueous 

samples of GOX-pFcAc with particle sizes reaching 6 – 7 µm compared to the average 

determined particle size of GOX of 11.6 ± 3.6 nm. We further discovered that GOX activity was 

inhibited by increasing concentrations of FcAc monomer, which likely contributed to the 

observed loss of activity (Figure 4.6). The KM of an enzyme is the substrate concentration at 

which the reaction rate is half of theoretical maximum. This value is driven by the tightness of 

substrate binding to the enzyme. The KM values of GOX and GOX-pFcAc were found to be 23 ± 
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1 mM glucose and 7 ± 1 mM glucose, respectively. This result suggested GOX-pFcAc possessed 

a high affinity for glucose, despite substantially hindered substrate turnover. GOX-pFcAc 

conjugates were subsequently incorporated into gold/MWCNT fiber paddle electrodes via 

physical adsorption. 

 

Figure 4.6 Residual activity analysis of native GOX in varying concentrations of FcAc 

monomer. Residual activity was determined relative to activity with no FcAc monomer present. 

Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0). with 0.3 M glucose. Error 

bars represent 1 standard deviation of 3 trials. 

4.3.3 Characterization of GOX-pFcAc-modified electrodes 

We have previously reported on the fabrication and thorough electrochemical 

characterization of native GOX physically adsorbed onto gold/MWCNT fiber paddle 

electrodes.[191, 288] Briefly, the electrodes were prepared by the electrospinning of 

polyacrylonitrile fibers containing gold salt followed by reduction and deposition of AuNPs with 

subsequent electrodeposition of MWCNTs.[191, 288] In depth characterizations of the resulting 

electrode morphology can be found in our previous reports.[191, 288] Characteristic SEM 

images of gold/MWCNT fiber paddle electrodes before and after GOX-pFcAc functionalization 

showed retention of electrode morphology upon conjugate immobilization (Figure 4.7). 
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Figure 4.7 Morphological examination of gold/MWCNT fiber paddle electrodes. A-C) SEM 

images of gold/MWCNT fiber paddle electrode at varying magnifications. D-F) SEM images of 

GOX-pFcAc-gold/MWCNT fiber paddle electrodes at varying magnifications. 

Cyclic voltammetry (CV) traces of gold/MWCNT fiber paddle anodes showed a single 

reduction peak at 0.5 V versus Ag/AgCl, which was attributed to further gold salt reduction to 

AuNPs within the fibers (Figure 4.8).[305, 306] GOX-pFcAc-gold/MWCNT fiber paddle 

anodes exhibited obvious oxidation and reduction peaks having a formal potential of 0.44 V 

versus Ag/AgCl and peak separation of 0.02 V indicating reversible electron transfer between 

ferrocene and the anode surface (Figure 4.8A). Upon the addition of 0.01 M glucose to solution, 

an obvious shift in anodic current was observed, which signified MET between bioactive GOX 

and the electrode through attached pFcAc polymer. The observed formal potential was stable 

over a wide range of pH, which was consistent with the pH independence of ferrocene redox 

activity (Figure 4.8B).[307] The slightly increasing formal potential exhibited at pH lower than 
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4.0 could result from a greater resistance to oxidation caused by positively charged GOX under 

those conditions (GOX pI = 4.2).[308] 

 

Figure 4.8 Electrochemical performance of GOX-pFcAc-gold/MWCNT fiber paddle 

anodes. A) Characteristic CV traces of gold/MWCNT fiber paddle anode of gold/MWCNT fiber 

paddle anode (black), GOX-gold/MWCNT fiber paddle anode (blue), GOX-pFcAc-

gold/MWCNT fiber paddle anode (red) and GOX-pFcAc-gold/MWCNT fiber paddle anode with 

10 mM glucose in 0.1 M sodium phosphate buffer (pH 7.0). B) GOX-pFcAc gold/MWCNT fiber 

paddle anode formal potential at varying buffer pH in either 0.1 M sodium phosphate buffer (pH 

5.0-9.0)(red square) or 0.1 M citrate buffer (pH 2.0-6.0). Error bars represent 1 standard 

deviation of 3 trials. C) Nyquist plots of electrochemical impedance spectra for gold/MWCNT 

fiber paddle anode (black circle), GOX-gold/MWCNT fiber paddle anode (blue square) FcAc 

monomer-gold/MWCNT fiber paddle anode (purple diamond) and GOX-pFcAc-gold/MWCNT 

fiber paddle anode (red triangle) in 0.1 M KCl with 1.0 mM Fe(CN)6
3-/4-

 at 0.2 V versus 

Ag/AgCl. Inset: equivalent circuit used to fit data. CV experiments performed in argon-saturated 

solution at a scan rate of 10 mV s
-1

. 
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We performed electrochemical impedance spectroscopy (EIS) to examine the surface 

characteristics of the gold/MWCNT fiber paddle anodes with various adsorbed materials (Figure 

4.8C). Nyquist plots of the impedance spectra showed nearly straight trends for gold/MWCNT 

fiber paddle anodes and FcAc monomer-gold/MWCNT fiber paddle anodes, which were 

characteristic of diffusion limited systems.[309] Upon adsorption of native GOX, an insulating 

protein layer was formed at the electrode surface, evident from the appearance of the 

semicircular portion of the resulting spectrum (Figure 4.8C). The diameter of this semicircular 

region corresponded to the resistance to electron transfer of GOX-gold/MWCNT fiber paddle 

anodes with the Fe(CN)6
3-/4-

 redox probe. We then fit this data to an equivalent circuit (Figure 

4.8C inset) to determine the corresponding electron transfer resistance (Ret), which was 

calculated to be 96.8 ± 2.8 Ω.[310] The Randles equivalent circuit incorporated (Ret), 

electrolyte/solution resistance (Rs), double layer capacitance (Cdl) and Warburg impedance 

(W).[310] EIS examination of GOX-pFcAc-gold/MWCNT fiber paddle anodes revealed a Ret of 

3.5 ± 0.2 Ω, which proved decreased resistance to electron transfer by modification of GOX with 

pFcAc (Figure 4.8C). 

Next, we examined the properties of the GOX-pFcAc-gold/MWCNT fiber paddle anodes 

by running CV traces at varying scan rates (Figure 4.9). The dependence of ferrocene faradaic 

peak current on scan rate allowed for the calculation of ferrocene loading at the anode surface for 

GOX-pFcAc-gold/MWCNT fiber paddle anodes and gold/MWCNT fiber paddles modified with 

both native GOX and free FcAc monomer (GOX/FcAc monomer-fiber paddle anodes; Figure 

4.9A,C; Table 4.1) (Wang, 2000). The FcAc monomer concentration used for GOX/FcAc 

monomer-gold/MWCNT fiber paddle anodes was selected according to the estimated molar ratio 

consistent with the native GOX concentration in the incubation. The linear dependence of peak 
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current on scan rate showed that both systems were limited by electron transfer at the ferrocene-

electrode interface rather than by diffusion (Figure 4.9A,C).[32] Additionally, we determined 

the total GOX loading at the anodes by removing adsorbed GOX or GOX-pFcAc using sodium 

dodecylbenzenesulfonate surfactant and calculating the enzyme content of the resulting 

supernatant via standard BCA assay kit (Table 4.1). The roughly 2-fold greater ferrocene 

loading and 1.6-fold greater total GOX loading observed for GOX-pFcAc conjugates compared 

to the GOX/FcAc monomer mixture suggested polymerization of pFcAc from the surface of 

GOX allowed ferrocene groups preferential interaction with the anode surface due to the lack of 

native GOX adsorption while also providing greater GOX retention at the anode surface. Further, 

the total GOX loading of GOX-pFcAc was found to be similar to that of native GOX absorbed 

with no FcAc present (Table 4.1).[288] 

 

Table 4.1: Functional parameters of GOX-pFcAc-gold/MWCNT fiber paddle anodes
 

Gold/MWCNT fiber 

paddle anode 

Ferrocene 

loading x 10
-10

 

(mol cm
-2

) 

Total GOX 

loading x 10
-10

 

(mol cm
-2

) 

ks (s
-1

) Jmax (mA cm
-2

) 
KM

app
 

(mM glucose) 

GOX N/A 2.60 [288] 0.95 ± 0.01 [288] 0.24 ± 0.01 41 ± 7 

GOX-pFcAc 6.24 2.25 2.86 ± 0.46 0.50 ± 0.02 50 ± 8 

GOX/pFcAc monomer 3.18 1.37 5.35 ± 0.41 0.18 ± 0.01 52 ± 8 

a
Jmax and KM

app
 values relative to amperometry in O2-saturated solution with cell potential held at 

0.8 V versus Ag/AgCl 
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Figure 4.9 CV characterization of GOX-pFcAc-gold/MWCNT fiber paddle anode. A) 

Dependence of anodic (blue circle) and cathodic (red square) peak currents on scan rate for 

GOX-pFcAc-gold/MWCNT fiber paddle anodes. B) Dependence of anodic (blue circle) and 

cathodic (red square) peak potentials on the logarithm of scan rate for GOX-pFcAc-

gold/MWCNT fiber paddle anodes. C) Dependence of anodic (blue circle) and cathodic (red 

square) peak currents on scan rate for GOX/FcAc monomer-gold/MWCNT fiber paddle anodes. 

D) Dependence of anodic (blue circle) and cathodic (red square) peak potentials on the logarithm 

of scan rate for GOX/FcAc monomer-gold/MWCNT fiber paddle anodes. Experiments 

performed in argon-saturated 0.1 M sodium phosphate buffer (pH 7.0). 

The dependence of ferrocene faradaic peak potential on the logarithm of scan rate 

allowed for the determination of ks in each configuration (Figure 4.9B,D; Table 4.1).[248, 284] 

The 1.9-fold lower ks of GOX-pFcAc-gold/MWCNT fiber paddle anodes compared to 

GOX/FcAc monomer-gold/MWCNT fiber paddle anodes suggested slightly increased electron 
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transfer resistances stemming from polymerized pFcAc despite the increased ferrocene loading. 

The observed ks of GOX-pFcAc was 3-fold higher, however, compared to GOX-gold/MWCNT 

fiber paddle anodes determined by the dependence of GOX faradaic peak potential on the 

logarithm of scan rate.[278]  

We characterized electrical current generation via biocatalytic turnover of glucose in 

GOX-pFcAc-gold/MCWNT fiber paddle anodes through amperometry at varying glucose 

concentrations and cell potentials (Figure 4.10). Monitoring the increases in current density in 

argon-saturated solution with the cell potential held at the determined formal potential of pFcAc 

(0.44 V versus Ag/AgCl) provided characterization of glucose oxidation by GOX and MET 

through ferrocene to the electrode surface (Figure 4.10A). 

 
Figure 4.10 Amperometric performance of GOX-pFcAc-gold/MWCNT fiber paddle 

anodes. Typical amperometric profiles of gold/MWCNT fiber paddle anode (black), FcAc 

monomer-gold/MWCNT fiber paddle anode (purple), GOX-gold/MWCNT fiber paddle anode 

(red), GOX/FcAc monomer-gold/MWCNT fiber paddle anode (blue), and GOX-pFcAc-

gold/MWCNT fiber paddle anode (green) upon successive glucose additions in A) argon-

saturated solution with cell potential held at 0.44 V versus Ag/AgCl, and B) O2-saturated 

solution with cell potential held at 0.8 V versus Ag/AgCl. Experiments performed in 0.1 M 

sodium phosphate buffer (pH 7.0). Glucose injections indicated by arrows with values 

representative of final glucose concentration in mM upon injection. 
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The highest current density was observed for non-functionalized gold/MWCNT fiber 

paddle anodes due to the direct oxidation of glucose by AuNPs at this potential (Figure 

4.11).[311, 312] However, this activity was eliminated upon adsorption of FcAc monomer and 

inhibited upon adsorption of native GOX (Figure 4.10A).  

 

Figure 4.11 Amperometric evaluation of gold electrochemistry within GOX-pFcAc-

gold/MWCNT fiber paddle anodes. Typical amperometric profiles of gold/MWCNT fiber 

paddle anode (black), FcAc monomer-gold/MWCNT fiber paddle anode (purple), GOX-

gold/MWCNT fiber paddle anode (red), GOX/FcAc monomer-gold/MWCNT fiber paddle anode 

(blue), and GOX-pFcAc-gold/MWCNT fiber paddle anode (green) upon successive glucose 

additions in argon-saturated solution with cell potential held at 0.44 V versus Ag/AgCl. 

Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0). Glucose injections indicated 

by arrows with values representative of final glucose concentration in mM upon injection. 

GOX-pFcAc- and GOX/FcAc monomer-gold/MWCNT fiber paddle anodes exhibited 

reproducible current responses upon successive glucose injections (Figure 4.10). The steady-

state current densities reached after glucose injection allowed the calculation of apparent 

Michaelis-Menten kinetics characteristic of MET (Figure 4.12). The apparent Michaelis-Menten 

constants (KM
app

) for the enzyme within GOX-pFcAc-gold/MWCNT and GOX/FcAc monomer-

gold/MWCNT fiber paddles anodes were 19 ± 10 mM glucose and 13 ± 5 mM glucose, 



 

98 

 

respectively, which showed similar affinities for glucose in both configurations. The maximum 

current density (Jmax) of MET for GOX-pFcAc-gold/MWCNT fiber paddle anodes was 

somewhat higher at 0.09 ± 0.01 mA cm
-2

 than that for GOX/FcAc monomer-gold/MWCNT fiber 

paddle anodes at 0.05 ± 0.01 mA cm
-2

 revealing a slightly decreased resistance to electron 

transfer between FAD in GOX and the electrode surface through the ferrocene moieties. 

Apparent activity from GOX-gold/MWCNT fiber paddle anodes under these conditions was 

attributed to retained AuNPs glucose oxidation at due to incomplete coverage by enzyme alone 

(Figure 4.12A).  

 

Figure 4.12 Apparent MET kinetic analysis of GOX-pFcAc-gold/MWCNT fiber paddle 

anodes. A) Apparent MET kinetic analysis from amperometry of GOX-gold/MWCNT fiber 

paddle anodes. B) Apparent MET kinetic analysis from amperometry of GOX-pFcAc-

gold/MWCNT fiber paddle anodes. C) Apparent MET kinetic analysis from amperometry of 

GOX/FcAc monomer-gold/MWCNT fiber paddle anodes. Experiments performed in argon-

saturated 0.1 M sodium phosphate buffer (pH 7.0) with cell potential held at 0.4 V versus 

Ag/AgCl. Error bars represent 1 standard deviation of 3 trials. 
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We previously reported on electrical current generation by GOX-gold/MWCNT fiber 

paddles in O2-saturated solution with cell potential held at 0.8 V versus Ag/AgCl.[288] At this 

potential, hydrogen peroxide produced from GOX was oxidized at the electrode surface, 

effectively using oxygen as a natural electron mediator. In configurations containing ferrocene, 

MET was also observed at these conditions, which allowed for a measure of total current 

generation capabilities (Figure 4.10B). [1, 191]Again, examination of increasing current density 

upon successive glucose injections provided for calculation of apparent Michaelis-Menten 

kinetics (Figure 4.13; Table 4.1). Glucose oxidation by AuNPs was not observed under these 

conditions (Figure 4.10B). The increased KM
app

 for all configurations was indicative of similar 

GOX/substrate interactions at each functionalized anode. GOX-pFcAc-gold/MWCNT fiber 

paddle anodes exhibited the highest overall Jmax despite a ten-fold lower kcat than native GOX 

and a nearly 2-fold lower ks than ferrocene at GOX/FcAc monomer-gold/MWCNT fiber paddle 

anodes (Table 4.1). The decreased overall current generation of GOX/FcAc monomer-

gold/MWCNT fiber paddle anodes compared to GOX-gold/MWCNT fiber paddle anodes was 

consistent with the inhibition of native GOX biocatalytic activity (Figure 4.6) 

Assuming the determined kcat values were the maximum rates of electron production 

from the 2-electron oxidation of glucose, the maximum specific current generation rates for 

GOX and GOX-pFcAc were 9.10 x 10
7
 A mol GOX

-1
 and 9.25 x 10

6
 A mol GOX

-1
, respectively. 

Combining these rates with the calculated total GOX loadings, the maximum theoretical Jmax 

values for GOX-gold/MWCNT fiber paddle anodes and GOX-pFcAc-gold/MWCNT fiber 

paddle anodes became 23.7 mA cm
-2

 and 2.1 mA cm
-2

, respectively. Thus, the current generation 

efficiency of GOX-pFcAc-gold/MWCNT fiber paddle anodes calculated as the percent of Jmax 

observed relative to the maximum possible Jmax was 24%, whereas the same value for GOX-
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gold/MWCNT fiber paddle anodes was only 1%. These results highlighted the effective “wiring” 

of the GOX active site to the electrode by pFcAc grown from the surface of GOX while also 

maintaining a portion of native GOX activity. The dramatic increase observed in anodic 

efficiency motivated us to examine the performance of GOX-pFcAc-gold/MCWNT fiber paddle 

anodes in an EBFC. 

 

Figure 4.13 Apparent total kinetic analysis of GOX-pFcAc-gold/MWCNT fiber paddle 

anodes. A) Apparent total kinetic analysis from amperometry of GOX-gold/MWCNT fiber 

paddle anodes. B) Apparent total kinetic analysis from amperometry of GOX-pFcAc-

gold/MWCNT fiber paddle anodes. C) Apparent total kinetic analysis from amperometry of 

GOX/FcAc monomer-gold/MWCNT fiber paddle anodes. Experiments performed in O2-

saturated 0.1 M sodium phosphate buffer (pH 7.0) with cell potential held at 0.8 V versus 

Ag/AgCl. Error bars represent 1 standard deviation of 3 trials. 
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4.3.4 GOX-pFcAc-based EBFC performance 

GOX-pFcAc-based EBFCs were constructed with a single GOX-pFcAc-gold/MWCNT 

fiber paddle anode and single BOD-gold/MWCNT fiber paddle cathode connected through an 

external circuit without membrane separation. BOD is a multicopper oxidase that catalyzes the 

reduction of oxygen to water and is commonly used as a cathodic working enzyme in EBFCs due 

its proven capability of DET.[100, 182] The performances of all EBFCs were tested through the 

manual variation of circuit resistance while monitoring circuit voltage (Figure 4.14). 

 

Figure 4.14 EBFC performance of GOX-pFcAc-gold/MWCNT fiber paddle anodes. 

Performance and cell-polarization curves of EBFCs with GOX-pFcAc-gold/MWCNT fiber 

paddle anodes and BOD-gold/MWCNT fiber paddle cathodes. Experiments were performed in 

air-saturated 0.1 M sodium phosphate buffer (pH 7.0) with 0.1 M glucose. Error bars represent 1 

standard deviation of 3 trials. 

For EBFCs utilizing GOX-pFcAc-gold/MWCNT fiber paddle anodes, the observed 

maximum power density was 1.66 ± 0.47 µW cm
-2

, which was 4-fold greater compared to 

EBFCs using GOX-gold/MWCNT fiber paddle anodes.[288] Further, the open circuit voltage 

(OCV) of EBFCs with GOX-pFcAc-gold/MWCNT fiber paddle anodes was 0.27 ± 0.01 V, 

which was similar to those modified with native GOX.[288] These results showed the capability 

of pFcAc modification through PBPE to increase current density without limiting the cell 
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voltage, a common disadvantage in MET-type systems.[39, 68] Further, EBFCs constructed with 

GOX/FcAc monomer-gold/MWCNT fiber paddle anodes exhibited maximum power densities of 

only 4 ± 2 nW cm
-2

 with decreased performance likely a result of inhibited GOX activity by free 

FcAc and detachment of free FcAc in the membrane-less system (Figure 4.15). Non-

functionalized gold/MWCNT fiber paddle anodes were previously shown to demonstrate 

negligible power generation.[288] These results confirmed the benefits of pFcAc “wiring” GOX 

to the electrode surface and thus increasing electron transfer rates for greater power generation 

despite decreased GOX biocatalytic activity.  

 

Figure 4.15 EBFC performance of GOX/FcAc monomer-gold/MWCNT fiber paddle 

anodes. Performance and cell-polarization curves of EBFCs with GOX/FcAc monomer-

gold/MWCNT fiber paddle anodes and BOD-functionalized gold/MWCNT fiber paddle 

cathodes. Experiments performed in air-saturated 0.1 M sodium phosphate buffer (pH 7.0) with 

0.1 M glucose. Error bars represent 1 standard deviation of 3 trials. 

A major issue in the development of EBFCs has been the instability of power generation 

over time.[12, 228, 313] The use of free redox-mediators within EBFCs introduces additional 

stability concerns due to the tendency of these small molecule mediators to diffuse away from 

the working system.[39] The output power density of our EBFCs utilizing GOX-pFcAc-
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gold/MWCNT fiber paddle anodes steadily decreased during continuous operation (Figure 

4.16A). 

 

Figure 4.16 Electrochemical stability of GOX-pFcAc-gold/MWCNT fiber paddle anodes. 

A) Characteristic residual power density of EBFC with GOX-pFcAc-gold/MWCNT fiber 

paddles anodes and BOD-gold/MWCNT fiber paddle cathodes under continuous operation. 

Residual power density relative to maximum power density at t = 0. Experiments performed in 

air-saturated 0.1 M sodium phosphate buffer (pH 7.0) with 0.1 M glucose. B) Dependence of 

anodic (blue circle) and cathodic (red square) peak currents on time for consecutive CV traces of 

GOX-pFcAc-gold/MWCNT fiber paddle anodes. Experiments performed in argon-saturated 0.1 

M sodium phosphate buffer (pH 7.0) at a scan rate of 10 mV s
-1

. 

This instability was likely caused due to enzyme activity and electron transfer 

functionality loss at the modified gold/MWCNT fiber paddle anodes. Indeed, consecutive CV 

traces of GOX-pFcAc-gold/MWCNT fiber paddle anodes confirmed a continuous decrease in 

ferrocene faradaic current density, which suggested either detachment of GOX-pFcAc from the 

electrode surface over time, loss of electron transfer efficiency through pFcAc or a combination 

of these factors (Figure 4.16 and Figure 4.17).[39, 180] This configuration did not solve the 

issue of power generation stability, but conjugation of redox polymer directly to the enzyme 

surface provides the potential for simultaneous covalent attachment of working enzyme coupled 

with redox mediator for increased stability, which will be a goal of our future work.  
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Figure 4.17 Electrochemical stability of GOX-pFcAc-gold/MWCNT fiber paddle anodes. 

Consecutive CV traces of GOX-pFcAc-gold/MWCNT fiber paddle anodes. Experiments 

performed in argon-saturated 0.1 M sodium phosphate buffer (pH 7.0) at a scan rate of 10 mVs
-1

. 

The characterizations described in this study allowed us to evaluate the use of PBPE to 

grow ferrocene-containing redox polymers from the surface of GOX via “grafting from” SI-

ATRP as a new method toward the development of MET-type EBFC anodes. Indeed, the 

prepared GOX-pFcAc-gold/MWCNT fiber paddle anodes exhibited a dramatically increased 

current generation efficiency compared to unmodified GOX despite a lower biocatalytic turnover 

rate. This improvement in performance provided a 4-fold increase in EBFC power density over 

native GOX with a large loss of power generation observed when free FcAc monomer was 

adsorbed along with GOX. Our immediate next steps are to fully characterize EBFC stability and 

to report on strategies we are developing to overcome the low stability observed within our 

systems.  

4.4 Conclusions 

We have developed and thoroughly characterized a GOX-based electrode system formed 

by the growth of poly(N-(3-dimethyl(ferrocenyl)methylammonium bromide)propyl acrylamide) 

from the enzyme surface via PBPE techniques followed by the physical adsorption of these 

GOX-pFcAc conjugates onto gold/MWCNT fiber paddle electrodes. The final GOX-pFcAc-
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gold/MWCNT fiber paddles anodes proved capable of MET through the covalently attached 

redox polymer chains while maintaining GOX biocatalytic activity. The effective “wiring” of 

GOX through pFcAc led to a 24-fold increase in current generation efficiency compared to 

native GOX adsorbed onto the same electrode material. This performance enhancement extended 

to the capability of GOX-pFcAc-gold/MWCNT fiber paddle anodes coupled with BOD-

gold/MWCNT fiber paddle cathodes to produce a 4-fold greater EBFC power density (1.7 µW 

cm
-2

) compared to GOX-gold/MWCNT fiber paddle anodes without the presence of free 

mediator and thus no need for compartmentalization. With a variety of potential polymer types, 

mediator groups and working enzymes to select from, PBPE represents a powerful new tool in 

the development enzyme-mediator conjugate synthesis toward improved MET-type EBFCs. 
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Chapter 5: Intramolecular Direct Electron Transfer through Poly-Ferrocenyl Glucose 

Oxidase Conjugates to Carbon Electrodes: 1. Sensor Sensitivity, Selectivity and Longevity 

5.1 Introduction 

Reliable, accurate determination of glucose concentrations is of high importance in a 

range of applications including food processing and diabetes management. [1, 15, 38] In 

particular, enzyme-based biosensors have been intensely studied due to their superb selectivity, 

specificity and sensitivity. [21, 43, 314] Enzyme-based amperometric biosensors 

electrochemically detect a target analyte using an enzyme as the recognition element coupled 

with transduction of the biocatalytically generated electrons into an electric current at an 

electrode surface with an applied potential.[21] Commonly, glucose oxidase (GOX) is used as 

the working enzyme to catalyze glucose oxidation at its flavin adenine dinucleotide cofactor 

(FAD)-based active site according to: 

GOXFAD + glucose → GOXFADH2 + gluconolactone          (5.1) 

GOXFADH2 + O2 → GOXFAD + H2O2           (5.2) 

The development of enzyme-based glucose biosensors began with the work of Clark and 

Lyons, who in 1962 proposed the detection of glucose through monitoring of oxygen depletion at 

an oxygen reducing electrode caused by this GOX mediated reaction.[10] Similar systems were 

later developed based on detection of hydrogen peroxide.[35] These types of biosensors, that 

depend on the detection of enzymatic reaction product or co-substrate, were first-generation 

glucose biosensors.[1] Selectivity and sensitivity issues caused by oxidation of other 

physiologically present species at the high working potentials required and reliance on oxygen 

concentration, respectively, led researchers to develop second-generation glucose biosensors. 

These types of devices rely on redox mediators such as ferrocene-, osmium- or quinone-
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containing compounds to shuttle electrons between the enzyme active site and the electrode 

surface [33, 55] according to: 

GOXFADH2 + 2MedOx → GOXFAD + 2MedRed + 2H
+          (5.3) 

2MedRed
electrode
→      2MedOx + 2e

−       (5.4) 

where MedOx and MedRed represent the oxidized and reduced versions of the selected mediator, 

respectively. Utilization of these mediators allowed for operation at working potentials closer to 

the redox potential of the working enzyme, but freely diffusing redox groups also posed 

significantly increased stability and toxicity concerns.[1] Unfortunately, the dense protein layer 

surrounding the GOX active site hinders reliable electron transfer directly from the active site to 

an electrode (third-generation glucose biosensors).[44] 

The limited applicability of second-generation glucose biosensors using diffusive 

mediators resulted in the development of systems that utilized enzymes entrapped within redox 

containing polymer networks [160, 315] as well as electron relays attached directly to the 

enzyme surface. [122, 162, 163, 170, 316] Conjugation of redox groups to the backbone of an 

enzyme-containing polymer network or directly to an enzyme surface served to reduce leaching 

of the potentially toxic molecules while still promoting improved electron transfer efficiencies. 

[1, 117, 170] In particular, ferrocene-based systems have been intensely studied for both cases 

due to the chemical stability, pH and oxygen independence and well characterized, reversible 

electron transfer kinetics of ferrocene. [168] A wide array of ferrocene-containing polymer 

systems has been reported with varying polymer types and configurations that effectively “wire” 

the entrapped enzymes to the electrode by conducting electrons through the polymer network via 

self-exchange of electrons or holes between colliding reduced and oxidized redox centers. [117, 

159] Individual electron relays attached to the surface of GOX such as ferrocene-
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monocarboxylic acid or ferrocene-acetic acid were shown to promote intramolecular electron 

transfer from the FAD-cofactor-based active site of GOX to the attached ferrocene groups and 

subsequently to an electrode. [122, 170]  

We previously reported initial findings on a combination of these approaches in which 

we grew ferrocene-containing polymers directly from the surface of GOX using polymer-based 

protein engineering (PBPE).[317] Briefly, poly(N-(3-dimethyl(ferrocenyl) methylammonium 

bromide)propyl acrylamide (pFcAc) was grown from GOX in a “grafting from” approach via 

atom transfer radical polymerization (ATRP). The resulting GOX-pFcAc conjugates yielded a 

24-fold increase in current generation efficiency and a 4-fold increase in enzyme-based biofuel 

cell (EBFC) power density.[317] PBPE represents a well-controlled method to tailor enzyme 

function through modification with a wide library of designed, functional polymers.[196, 200, 

209, 215, 217-223, 317] For GOX-pFcAc-based electrodes, modification of the enzyme surface 

with polymer chains that contained pendant ferrocene groups at each monomer provided the 

possibility of both intramolecular electron transfer as well as electron conduction via self-

exchange through the grown polymer chains and neighboring GOX-pFcAc conjugates. 

Herein, we report on the thorough characterization of a GOX-pFcAc-based glucose 

biosensor operating using a combination of intramolecular electron transfer and self-exchange 

electron conduction mechanisms (Figure 5.1). Human serum albumin (HSA) was crosslinked 

along with GOX-pFcAc within a viscous chitosan solution and drop cast onto carbon paper 

strips. HSA was chosen as a carrier protein to promote an extensively crosslinked network and 

inhibit GOX-pFcAc leaching while reducing local GOX concentrations to limit potential H2O2 

local accumulation and reduce GOX structural changes.[128, 129] Utilization of GOX-pFcAc 

conjugates allowed the use of simple carbon paper-based electrodes without a complicated 
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immobilization procedure. The objectives of this study were to electrochemically characterize 

GOX-pFcAc-HSA-carbon paper electrodes and evaluate their glucose sensing capabilities and 

longevity during storage and operation. 

 

Figure 5.1 Schematic representation of GOX-pFcAc-based sensing. Intramolecular electron 

transfer through GOX-pFcAc conjugates via self-exchange through covalently coupled ferrocene 

compounds to carbon paper electrodes. 

5.2 Materials and Methods 

5.2.1 Materials 

Sodium phosphate buffer (0.1 M, pH 7.0) prepared from phosphate salts using ultrapure 

milliQ grade water (18.2 MΩ·cm) was used in all experiments unless otherwise stated. GOX 

type X-S from Aspergillus niger, albumin from human serum, chitosan (medium molecular 

weight), poly-L-lysine (70-150 kDa) and heat inactivated serum from human male AB plasma 

were purchased from Sigma Aldrich. AvCarb© MEGL370 carbon paper was purchased from 
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Fuel Cell Earth. Succinate succinimidyl polyethylene glycol (NHS-PEG-NHS; MW 5000) was 

purchased from NANOCS. All chemicals were of analytical grade and used as received. 

5.2.2 Biosensor fabrication 

We prepared GOX-pFcAc conjugates as previously described.[317] Chit-GOX-pFcAc-

HSA-carbon paper electrodes were formed by drop casting 20 µL of 5 mg mL
-1

 NHS-PEG-NHS, 

10 mg mL
-1 

HSA and 1 mg mL
-1

 GOX-pFcAc (GOX:HSA 1:30 molar ratio) in viscous chitosan 

solution onto 2 x 0.5 cm carbon paper strips and drying at 4°C overnight. For electrodes 

modified with native GOX, the same concentrations were used. Viscous chitosan solution was 

prepared by stirring 1 wt % chitosan in 1% acetic acid solution at 60 °C for 4 h. Enzyme-

functionalized electrodes without chitosan coating were formed by dissolving the 

enzyme/crosslinker mixture in 0.1 M sodium phosphate buffer (pH 7.0) rather than viscous 

chitosan solution. 

5.2.3 Biosensor characterization 

We performed all electrochemical measurements using a conventional three-electrode 

electrochemical cell utilizing a KCl-saturated Ag/AgCl reference electrode and a 0.5 mm 

diameter platinum wire counter electrode. Reported current densities are relative to the geometric 

surface area of dried, drop cast solution. Initial glucose concentration of heat treated human AB 

serum was determined using a TRUEresult
®
 glucose test meter and TRUEtest glucose test strips 

from NIPRO diagnostics. 
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5.3 Results and Discussion 

5.3.1 Characterization of Chit-GOX-pFcAc-HSA-carbon paper electrodes 

We previously showed the capability of GOX-pFcAc conjugates to improve electron 

transfer efficiency in enzyme-modified electrodes.[317] The performance of these conjugates led 

us to investigate their application toward enzyme-based glucose biosensors (Figure 5.1). GOX-

pFcAc conjugates were fabricated through PBPE by attaching water soluble, NHS-functionalized 

ATRP initiators to primary amines on the GOX surface (i.e. accessible surface lysines and N-

termini) and growing pFcAc by “grafting from” ATRP as described previously.[317] The 

resulting GOX-pFcAc conjugates were crosslinked along with HSA by a dual NHS-

functionalized PEG linker within a viscous chitosan solution at a molar ratio of 30:1 HSA:GOX. 

Crosslinking with inert carrier proteins has been shown to improve retained enzymatic activity 

through reduction of intramolecular linkages that could cause extensive conformational changes 

and through limitation of local H2O2 accumulation that could lead to GOX deactivation.[43, 128, 

129, 318, 319] Analysis by SDS-PAGE confirmed crosslinking with the appearance of broad, 

streaked bands in lanes that included crosslinker (Figure 5.2). The viscous chitosan solution 

slowed the precipitation of GOX-pFcAc conjugates, which allowed for more consistent electrode 

preparation. GOX-pFcAc-HSA or Chit-GOX-pFcAc-HSA solutions were subsequently drop cast 

onto carbon paper strips and dried overnight prior to use.  
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Figure 5.2 SDS-PAGE analysis of protein crosslinking. Lane 1: protein ladder; Lane 2: 5 mg 

mL
-1

 NHS-PEG-NHS; Lane 3: 1 mg mL
-1

 HSA; Lane 4: 1 mg mL
-1

 GOX; Lane 5: 1 mg mL
-1

 

GOX-pFcAc; Lane 6: 10 mg mL
-1

 HSA and 1 mg mL
-1

 GOX-pFcAc; Lane 7: 10 mg mL
-1

 HSA, 

1 mg mL
-1

 GOX-pFcAc and 5 mg mL
-1

 NHS-PEG-NHS; Lane 8: 1 mg mL
-1

 poly-L-lysine; Lane 

9: 1 mg mL
-1

 poly-L-lysine and 5 mg mL
-1

 NHS-PEG-NHS; Lane 10: protein ladder. 

Redox-polymer networks conduct electrons via self-exchange of electrons or holes 

between colliding reduced and oxidized redox species whereas intramolecular electron transfer 

within redox-modified enzymes is achieved through re-oxidation of the enzyme active site by 

redox groups bound to the enzyme surface near the active site.[117, 170] Reports claim that 

conduction by electron hopping is rarely observed in either case and that intramolecular 

electroactivity relies on the location of a few key redox groups close to the FAD-based active site 

of GOX rather than the number of redox-modified sites.[117, 170] Our previous characterization 
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of GOX-pFcAc conjugates suggested the presence of pFcAc chains within 4 Å of the GOX 

active site and confirmed multiple pendant ferrocene groups per chain.[317] Thus, we 

hypothesized that GOX-pFcAc conjugates were capable of intramolecular electron transfer 

between the FAD-based GOX active site and covalently bound pFcAc chains followed by 

electron self-exchange through the GOX-pFcAc conjugates to an electrode surface. 

Cyclic voltammetry (CV) traces of control and enzyme-modified carbon paper electrodes 

confirmed heterogeneous electron transfer between GOX-pFcAc conjugates and the electrode 

surface (Figure 5.3). GOX-pFcAc-HSA-carbon paper electrodes and Chit-GOX-pFcAc-HSA-

carbon paper electrodes showed clear oxidation and reduction peaks with peak separations of 

0.08 V and 0.07 V, respectively, characteristic of quasi-reversible electron transfer. Both 

electrode types exhibited a formal potential of 0.41 V versus Ag/AgCl (Figure 5.3A). This result 

suggested the presence of chitosan during fabrication did not significantly impact electron 

transfer between GOX-pFcAc and the carbon paper surface. Indeed, linear sweep voltammetry 

(LSV) analysis of GOX-pFcAc-HSA-carbon paper electrodes and Chit-GOX-pFcAc-HSA-

carbon paper electrodes yielded matching glucose oxidation onset potentials, which proved that 

the incorporation of chitosan during fabrication did not introduce additional overpotentials 

within the network (Figure 5.3B). An obvious oxidative shift was observed upon the injection of 

10 mM glucose to Chit-GOX-pFcAc-HSA-carbon paper electrode CV trials, which indicated 

turnover of glucose by bioactive GOX and subsequent electron transfer through pFcAc to the 

carbon paper electrodes (Figure 5.3A). 
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Figure 5.3 Electrochemical characterization of Chit-GOX-pFcAc-HSA-carbon paper 

electrodes. A) Typical CV traces of carbon paper electrode (black), GOX-pFcAc-HSA-carbon 

paper electrode (red), Chit-GOX-pFcAc-HSA-carbon paper electrode (blue) and Chit-GOX-

pFcAc-HSA-carbon paper electrode with 10 mM glucose (green) in argon-saturated 0.1 M 

sodium phosphate buffer (pH 7.0) at a scan rate of 10 mV s
-1

. Inset: low current density range of 

typical CV traces. B) Typical LSV traces of carbon paper electrode (black), GOX-pFcAc-HSA-

carbon paper electrode (red) and Chit-GOX-pFcAc-carbon paper electrode (blue) in argon-

saturated 0.1 M sodium phosphate buffer (pH 7.0) with 10 mM glucose at a scan rate of 1 mV s
-

1
. C) Chit-GOX-pFcAc-HSA-carbon paper electrode formal potential at varying buffer pH in 

either 0.1 M sodium phosphate buffer (pH 5.0-9.0)(red square) or 0.1 M citrate buffer (pH 2.0-

6.0)(blue circle). Error bars represent 1 standard deviation of 3 trials. 

The observed formal potential of Chit-GOX-pFcAc-HSA-carbon paper electrodes was 

found to be stable over a wide range of pH, consistent with the pH-independent oxidation and 

reduction of ferrocene (Figure 5.3C).[307, 320] The slight increase in formal potential exhibited 
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below pH 3.0 could have been caused by an increase in oxidation resistance due to positively 

charged GOX under those conditions (GOX pI = 4.2).[308] The insensitivity of such ferrocene-

based glucose biosensors to variations in pH leads to increased reliability compared to first-

generation GOX-based glucose biosensors, which vary in response with pH as a result of proton 

exchange during the complete enzymatic reaction (Equation (5.1) and Equation (5.2)).[320] 

The confirmation of GOX bioactivity coupled with successful electron transfer through GOX-

pFcAc conjugates to carbon paper electrodes motivated us to investigate Chit-GOX-pFcAc-

HSA-carbon paper electrodes as enzyme-based glucose biosensors. 

5.3.2 Chit-GOX-pFcAc-HSA-carbon paper glucose sensing 

We determined the glucose sensing behavior of the enzyme-modified electrodes using 

amperometry at varying glucose concentrations with cell voltage held at the observed formal 

potential of pFcAc at pH 7.0 (0.41 V versus Ag/AgCl) (Figure 5.4). Stepwise, reproducible 

increases in current density upon glucose injection were observed in assays using either GOX-

pFcAc-HSA-carbon paper biosensors or Chit-GOX-pFcAc-HSA-carbon paper biosensors, but 

not when testing GOX-HSA-carbon paper biosensors (Figure 5.4A). Negligible current 

generation by native GOX at carbon paper electrodes under these conditions confirmed electron 

transfer through pFcAc rather than by oxidation of biocatalytically produced H2O2 as in first-

generation glucose biosensors.[1, 317] In each assay, the solution was stirred briefly upon each 

glucose injection and capacitive current influence from carbon paper was removed through 

background subtraction of steady-state current density with no glucose present. 
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Figure 5.4 Glucose sensing analysis of Chit-GOX-pFcAc-HSA-carbon paper biosensors. A) 

Typical amperometric sensing evaluation of GOX-HSA-carbon paper biosensor (black), GOX-

pFcAc-HSA-carbon paper biosensor (red) and Chit-GOX-pFcAc-HSA-carbon paper biosensor 

(blue) in air-saturated 0.1 M sodium phosphate buffer (pH 7.0) with brief stirring upon glucose 

injection. Potential held at 0.41 V versus Ag/AgCl. Glucose injections indicated by arrows with 

resulting concentrations given in mM. B) Average current density 20 to 10 s prior to subsequent 

glucose injection at each corresponding glucose concentration (data fit to Michaelis-Menten 

kinetics model). C) Linear fit of average current density data. Error bars represent 1 standard 

deviation of 3 trials. 

We used the average steady-state current density response upon glucose addition to 

calculate apparent Michaelis-Menten kinetics of heterogeneous electron transfer (Figure 5.4B). 

Steady-state responses to glucose additions were reached within 2 min. GOX-pFcAc-HSA-

carbon paper biosensors and Chit-GOX-pFcAc-HSA-carbon paper biosensors exhibited apparent 
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Michaelis-Menten constants (KM
app

) of 45.7 ± 12.4 mM glucose and 22.3 ± 2.7 mM glucose, 

respectively, which was characteristic of a greater affinity for glucose binding within the 

chitosan-containing network. Chit-GOX-pFcAc-HSA-carbon paper biosensors also showed a 

much more consistent response evident by the lower magnitude of standard deviation between 

trials (Figure 5.4B). The GOX-pFcAc-HSA-carbon paper biosensors were, however, capable of 

generating a higher maximum current density (Jmax) (35.60 ± 3.84 µA cm
-2

) than Chit-GOX-

pFcAc-HSA-carbon paper biosensors (11.63 ± 0.45 µA cm
-2

). GOX-HSA-carbon paper 

biosensors showed dramatically lower responses to glucose than GOX-pFcAc conjugate-based 

biosensors with a KM
app

 of 11.3 ± 2.9 mM glucose and Jmax of 0.38 ± 0.03 µA cm
-2

 (Figure 

5.4B).  

Biosensor responses were linear over the concentration range 0.1 – 10 mM glucose, 

which spanned normal physiological conditions (4.4 – 6.6 mM) (Figure 5.4C).[1] GOX-pFcAc-

HSA-carbon paper biosensors yielded an average glucose sensitivity of 0.47 ± 0.03 µA mM
-1

 

cm
-2

 (R
2
 = 0.9236) whereas Chit-GOX-pFcAc-HSA-carbon paper biosensors showed an average 

glucose sensitivity of 0.33 ± 0.01 µA mM
-1

 cm
-2

 (R
2
 = 0.9536). GOX-HSA-carbon paper 

biosensors exhibited much lower responses with an average glucose sensitivity of only 8.3 ± 2.9 

nA mM
-1

 cm
-2

 (R
2
 = 0.2255). The relatively low impact of chitosan on biosensor sensitivity 

coupled with increased response reproducibility led us to further investigate Chit-GOX-pFcAc-

HSA-carbon paper biosensors. We estimated the limit of detection for Chit-GOX-pFcAc-HSA-

carbon paper biosensors to be 0.07 mM glucose based on the signal-to-noise ratio. The observed 

glucose sensing metrics were similar to previously described glucose biosensors utilizing redox-

polymers.[173, 321-323] 
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We tested the physiologic applicability of the Chit-GOX-pFcAc-HSA-carbon paper 

biosensors by examining glucose sensing in human serum (Figure 5.5). Compared to sensing in 

buffered solution, experiments carried out in human serum or whole blood contain many sources 

of interference and instability including interactions with proteins, enzyme inhibition by 

transition metal ions and interfering oxidation reactions at the electrode surface.[324-326] 

Indeed, glucose sensing characteristics in human AB serum were far less reproducible than in 

buffered solution (Figure 5.5). Nevertheless, we observed both Jmax and the average glucose 

sensitivity to be greater than assays in buffered solution with values of 110.5 ± 7.9 µA cm
-2

 and 

29.38 ± 13.71 µA mM
-1

 cm
-2

 (R
2
 = 0.2610), respectively. The observed KM

app
 also decreased to 

6.9 ± 1.5 mM glucose. These results were likely due to the constant stirring during the 

amperometric evaluation required to maintain serum dispersion. Further, the reported linear 

range of glucose concentrations (3.89 – 4.79 mM total glucose including 3.79 mM glucose 

initially as determined using a commercial glucose test meter) resulted in an extremely low 

correlation coefficient (R
2
 = 0.2610), which limit reliable glucose concentration determination 

(Figure 5.5C). However, Chit-GOX-pFcAc-HSA-carbon paper biosensors clearly retained GOX 

bioactivity and electron transfer capabilities throughout the serum sensing evaluation (Figure 

5.5).  
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Figure 5.5 Glucose sensing analysis of Chit-GOX-pFcAc-HSA-carbon paper biosensors in 

human serum. A) Typical amperometric sensing evaluation of Chit-GOX-pFcAc-HSA-carbon 

paper biosensors in air-saturated serum from human AB plasma under constant stirring. Potential 

held at 0.41 V versus Ag/AgCl. Glucose injections indicated by arrows with resulting 

concentrations given in mM. B) Average current density 20 to 10 s prior to subsequent glucose 

injection at each corresponding glucose concentration (data fit to Michaelis-Menten kinetics 

model). C) Linear fit of average current density data. Error bars represent 1 standard deviation of 

3 trials. 

GOX is commonly used for the development of glucose biosensors due to its superior 

selectivity toward glucose compared to other glucose oxidizing enzymes such as glucose 

dehydrogenase.[38] Chit-GOX-pFcAc-HSA-carbon paper glucose sensors exhibited superb 

selectivity when challenged with other sugars (Figure 5.6). This characteristic would prove 

beneficial toward physiologic application to limit response fluctuations caused by other sugars.  
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Figure 5.6 Selectivity of Chit-GOX-pFcAc-HSA-carbon paper biosensor glucose sensing. 

Typical amperometric evaluation of Chit-GOX-pFcAc-HSA-carbon paper biosensors in air-

saturated 0.1 M sodium phosphate buffer pH 7.0 with constant stirring upon injections of varying 

sugars. Potential held at 0.41 V versus Ag/AgCl. Injections indicated by arrows with resulting 

concentrations given in mM. 

 

Figure 5.7 Interference impacts on Chit-GOX-pFcAc-HSA-carbon paper biosensor glucose 

sensing. Typical amperometric evaluation of Chit-GOX-pFcAc-HSA-carbon paper biosensors in 

air-saturated 0.1 M sodium phosphate buffer pH 7.0 with constant stirring upon injections of 

varying sugars and interfering agents. Potential held at 0.41 V versus Ag/AgCl. Injections 

indicated by arrows with resulting concentrations given in mM. 

However, physiologically present interfering agents (i.e. ascorbic acid and uric acid) had 

a significant impact on current generation (Figure 5.7). Ascorbic acid and uric acid were both 
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likely oxidized by the electrode material or ferrocene groups at the applied potential [327, 328]. 

Thus, additional design concerns would need to be implemented prior to operation in 

physiological samples. 

5.3.3 Response and longevity tailoring of Chit-GOX-pFcAc-HSA-carbon paper biosensors 

Utilization of GOX-pFcAc conjugates capable of both intramolecular re-oxidation of the 

FAD-based GOX active site and electron transfer by self-exchange through pFcAc allowed for a 

simple fabrication approach to form carbon paper-based glucose biosensors. Consequently, we 

were able to predictably tailor the response of Chit-GOX-pFcAc-HSA-carbon paper biosensors 

by varying the GOX-pFcAc concentration during fabrication (Figure 5.8A). All other fabrication 

parameters were held constant. The resulting peak current density at 10 mM glucose injection 

resembled a first order increase with increasing GOX-pFcAc concentration (Figure 5.8B). 

 

Figure 5.8 Amperometry of Chit-GOX-pFcAc-HSA-carbon paper biosensors with varying 

GOX concentration in fabrication. A) Typical amperometric evaluation of Chit-GOX-pFcAc-

HSA-carbon paper biosensors fabricated using 20 mg mL
-1

 (orange), 10 mg mL
-1

 (purple), 5 mg 

mL
-1

 (green), 2 mg mL
-1

 (blue), 1 mg mL
-1

 (red) or 0.5 mg mL
-1

 (black) upon 10 mM glucose 

injection in air-saturated 0.1 M sodium phosphate buffer (pH 7.0). B) Average peak current 

density of Chit-GOX-pFcAc-HSA-carbon paper biosensors with varying GOX concentration in 

fabrication upon 10 mM glucose injection. Error bars represent 1 standard deviation of 3 trials. 
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This type of trend was characteristic of intramolecular electron transfer as intermolecular 

electron transfer rates would likely increase more rapidly with GOX-pFcAc concentration.[162, 

170] In our system, intermolecular electron transfer would occur if a pFcAc group attached to 

one GOX molecule were to re-oxidize the active site of another GOX molecule. As such, we 

would expect the observed current density to resemble a second order increase with increasing 

GOX-pFcAc concentration due to not only an increasing density of GOX molecules individually 

generating current but also an increasing rate of GOX active site re-oxidation. The capability to 

reliably vary the biosensor response during fabrication could prove useful when tailoring a single 

system for multiple applications. Although current density response by Chit-GOX-pFcAc-HSA-

carbon paper biosensors was tailorable in magnitude, the rate of current loss relative to peak 

current density was independent of GOX-pFcAc concentration, which indicated similar 

instability sources between assays (Figure 5.9). 

 

Figure 5.9 Longevity analysis of Chit-GOX-pFcAc-HSA-carbon paper biosensors with 

varying GOX-pFcAc concentration in fabrication. Typical amperometric evaluation of Chit-

GOX-pFcAc-HSA-carbon paper biosensors fabricated using 20 mg mL
-1

 (orange), 10 mg mL
-1

 

(purple), 5 mg mL
-1

 (green), 2 mg mL
-1

 (blue), 1 mg mL
-1

 (red) or 0.5 mg mL
-1

 (black) upon 10 

mM glucose injection in air-saturated 0.1 M sodium phosphate buffer (pH 7.0). Current density 

normalized to maximum current density recorded during each trial. 
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We similarly investigated Chit-GOX-pFcAc-HSA-carbon paper biosensor response by 

varying the volume of solution drop cast onto carbon paper strips during fabrication (Figure 

5.10A). All other constituent concentrations were held constant. However, the resulting peak 

current densities appeared independent of drop volume (Figure 5.10B). Combined, these results 

suggested that the Chit-GOX-pFcAc-HSA-carbon paper biosensors current density response 

depended directly on the immobilized density of GOX-pFcAc. Again, we observed similar 

longevity profiles despite changes in drop volume indicative of matching activity losses during 

operation (Figure 5.11). 

 

Figure 5.10 Amperometry of Chit-GOX-pFcAc-HSA-carbon paper biosensors with varying 

drop volume in fabrication. A) Typical amperometric evaluation of Chit-GOX-pFcAc-HSA-

carbon paper biosensors fabricated using a drop cast volume of 100 µL (brown), 50 µL (orange), 

20 µL (purple), 10 µL (green), 5 µL (blue), 2 µL (red) or 1 µL (black) upon 10 mM glucose 

injection in air-saturated 0.1 M sodium phosphate buffer (pH 7.0). B) Average peak current 

density of Chit-GOX-pFcAc-HSA-carbon paper biosensors with varying drop size in fabrication 

upon 10 mM glucose injection. Error bars represent 1 standard deviation of 3 trials. 
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Figure 5.11 Longevity analysis of Chit-GOX-pFcAc-HSA-carbon paper biosensors with 

varying drop volume in fabrication. Typical amperometric evaluation of Chit-GOX-pFcAc-

HSA-carbon paper biosensors fabricated using a drop cast volume of 100 µL (brown), 50 µL 

(orange), 20 µL (purple), 10 µL (green), 5 µL (blue), 2 µL (red) or 1 µL (black) upon 10 mM 

glucose injection in air-saturated 0.1 M sodium phosphate buffer (pH 7.0).  Current density 

normalized to maximum current density recorded during each trial. 

The use of paper-based glucose test strips as disposable, single use devices for 

determining glucose concentrations is widespread in home glucose monitoring.[329] This 

application places particular emphasis on reproducibility between test strips after storage. We 

tested the impact of dry storage by examining the resulting current density upon 10 mM glucose 

injection after varying periods of dry storage at 4 °C. Our Chit-GOX-pFcAc-HSA-carbon paper 

biosensors exhibited excellent storage stability with no significant loss of function after 4 weeks 

(Figure 5.12). Naturally, the application of our system towards continuous glucose monitoring 

requires the development of a deep, mechanistic understanding of the observed stability losses 

observed during continuous operation. We present those data in the next paper in this series. 
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Figure 5.12 Storage stability evaluation of Chit-GOX-pFcAc-HSA-carbon paper 

biosensors. Average amperometric current density of Chit-GOX-pFcAc-HSA-carbon paper 

biosensors upon 10 mM glucose injection after electrode storage. Biosensors stored dry at 4 °C. 

Sensing performed in air-saturated 0.1 M sodium phosphate buffer (pH 7.0) with brief stirring 

upon injection. Potential held at 0.41 V versus Ag/AgCl. Error bars represent 1 standard 

deviation of 3 trials. 

Herein, we investigated the tailoring of glucose current density response through the 

variation of biosensor fabrication parameters. This capability was afforded by the combination of 

intramolecular electron transfer by electron relays bound at the GOX surface and electron self-

exchange through multiple redox moieties per chain with multiple chains bound to individual 

conjugates as well as electron self-exchange through adjacent conjugates. The performance of 

this configuration was particularly promising due to the high degree of potential optimization 

capable of being carried out at the level of individual conjugates. This work can be expanded and 

optimized using the high level of control represented by PBPE. Specifically, PBPE techniques 

allow the tailoring of polymer chain length and attached chain density, which can be extended to 

vary the enzyme to polymer ratio within the system of interest. Further, the pendant chain length 

and spacing between pendant redox groups along the polymer backbone can be tailored to 

modify redox group mobility, electron self-exchange rates and intramolecular electron transfer 

rates. The proof of performance presented here thus opens the door for new developments in 
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high performance enzyme-based bioelectronics through PBPE, which will be the target of future 

studies. 

5.4 Conclusions 

We have fabricated and thoroughly characterized a glucose biosensing platform based on 

GOX-pFcAc conjugates generated using PBPE. Chit-GOX-pFcAc-HSA-carbon paper biosensors 

were formed through the crosslinking of GOX-pFcAc conjugates along with HSA by a dual 

NHS-functionalized PEG linker within viscous chitosan solution and subsequent drop casting 

onto carbon paper strips. The combination of intramolecular electron transfer between the FAD-

based GOX active site and pFcAc with electron self-exchange through pFcAc within the 

crosslinked network yielded a glucose sensitivity of 0.33 ± 0.01 µA mM
-1

 cm
-2

 and superb 

selectivity when challenged with sugars other than glucose. The biosensor response to glucose 

concentration was dependent on fabrication design and the sensor was stable through long-term 

storage. This report showed the glucose sensing capabilities of a system that merged the 

properties of redox polymer-containing networks with those of redox relay-functionalized 

enzymes. The combination of electron transfer mechanisms within individual conjugates 

represents a highly tailorable system with multiple degrees of potential optimization through 

PBPE.  
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Chapter 6: Intramolecular Direct Electron Transfer through Poly-Ferrocenyl Glucose 

Oxidase Conjugates to Carbon Electrodes: 2. Mechanistic Understanding of Long-Term 

Stability 

6.1 Introduction 

Many advances in enzyme-based biosensing technologies have been made in recent 

decades.[1, 21, 43, 314] Despite strides forward in sensor sensitivity, miniaturization and 

electron transfer modalities, a persistent deficiency in long-term stability limits the feasibility of 

many continuous-glucose monitoring systems.[15, 55, 74] True continuous-glucose monitoring 

devices should be capable of reliable determination of glucose concentrations while persisting in 

the test environment (i.e. physiological solution) for such a time as to make their use 

economically viable. A general sensing method displayed by enzyme-based amperometric 

biosensors proceeds by enzyme-catalyzed oxidation of the target substrate followed by 

transduction of the generated electrons into a detectable current at an electrode surface.[21] This 

sensing mechanism must produce a consistent response to changes in glucose concentration over 

time through limited deterioration of observed glucose turnover/electron transfer rates at an 

enzyme-functionalized electrode.[330] The most widely utilized enzyme for glucose biosensing 

is glucose oxidase (GOX), which catalyzes glucose oxidation according to: 

GOXFAD + glucose → GOXFADH2 + gluconolactone            (6.11) 

Enzymatic glucose oxidation is facilitated by the reduction of the flavin adenine 

dinucleotide cofactor (FAD)-based active site of GOX (Equation (6.1)).[77] Transduction of the 

resulting electrons into electric current must subsequently be achieved through electron transfer 

between reduced GOX and an electrode, which can occur through a variety of means.[1] The 

location of FAD deeply buried beneath the protein surface makes direct electron transfer difficult 
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to reliably achieve.[44] The most straightforward alternate approach is the utilization of the 

natural electron acceptor of GOX, oxygen by: 

GOXFADH2 + O2 → GOXFAD + H2O2             (6.2) 

H2O2
electrode
→      O2 + 2H

+ + 2e−         (6.3) 

This path of electron conduction effectively uses oxygen as a natural electron mediator 

leading to the oxidation of hydrogen peroxide at positively charged electrodes (Equation (6.3)) 

and is one example of a first-generation glucose biosensor.[1, 35] Concurrent fluctuations in 

oxygen concentration caused by the GOX-catalyzed reaction can also be monitored through 

oxygen-reducing electrodes.[10, 21] Alternatively, small molecule redox mediators such as 

ferrocene-, osmium- or quinone-containing compounds can take the place of oxygen as electron 

mediators for current generation at lower working potentials (second-generation glucose 

biosensors).[33, 39, 55, 163] Ferrocene-based systems have been avidly researched due to 

reversible electrochemical kinetics, chemical stability and pH independence.[168, 180] The 

functionalization of enzyme-based biosensing systems with ferrocene redox mediator moieties 

has been achieved through several approaches including the use of freely diffusing ferrocene 

redox mediators, the immobilization of GOX within ferrocene-modified polymer networks and 

the conjugation of ferrocene-containing molecules directly to the GOX surface.[115, 122, 160, 

162, 170, 315, 316] Each of these methods follows the general electron transduction scheme of: 

(GOXFADH2)Fc
electrode
→      (GOXFADH2)Fc

+ + e−      (6.4) 

(GOXFADH2)Fc
+ → (GOXFADH

∗ )Fc + H+                (6.5) 

(GOXFADH
∗ )Fc

electrode
→      (GOXFADH

∗ )Fc+ + e−               (6.6) 

(GOXFADH
∗ )Fc+→ (GOXFAD)Fc + H

+             (6.7) 
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Individual ferrocene moieties (denoted Fc) serve to mediate electron transfer between 

FAD and an electrode through ferrocene oxidation into the ferrocenium ion (denoted Fc
+
) by an 

applied working potential.[33] This ferrocene mediated oxidation of FAD can be achieved by 

diffusive mediators or through ferrocene redox groups conjugated to an external polymer 

backbone or directly to the GOX surface.[1] FAD oxidation by ferrocene groups conjugated to 

the surface of each respective GOX molecule has been termed “intramolecular electron 

transfer”.[162] 

Each enzyme-based biosensing approach is vulnerable to both general and individual 

sources of instability. Loss of enzyme activity at the electrode surface is a vital concern to be 

addressed in the design of any enzyme-based biosensor. This decrease in the rate of glucose 

turnover per unit area can occur through leaching of GOX molecules from the system or through 

deactivation/denaturation of GOX molecules during device storage and operation. Variations in 

active GOX density would lead to unreliable glucose sensing responses.[21, 288] First-

generation glucose biosensors that depend on the detection of oxygen or hydrogen peroxide are 

further susceptible to sensitivity variations caused by fluctuating oxygen concentrations as well 

as selectivity issues resulting from the oxidation of physiologically present interfering agents (i.e. 

ascorbic acid, uric acid, etc.) at the required working potentials.[1] Hydrogen peroxide has been 

shown to also cause loss of GOX activity.[319] Any change in response output over time would 

necessitate additional design considerations to ensure consistent, accurate glucose readings. 

Second-generation glucose biosensing systems that utilize diffusive redox mediators are 

prone to leaching of the small molecule redox groups due to their diffusive nature, which not 

only reduces the rates of mediated electron transfer (MET) over time, but also raises toxicity 

concerns.[1] Thus, the conjugation of these redox groups onto polymer backbones or the 
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working enzymes themselves could serve to limit leaching while retaining mediating 

capabilities.[39, 115, 117, 159] However, efficiency of the electron transfer pathways by 

intramolecular electron transfer and electron self-exchange through adjacent mediator groups 

must be maintained to avoid losses in transfer rates and thus observed current densities. These 

losses could occur through degradation of the selected mediator or decreased mobility of pendant 

redox chains.[117, 180] Ideally, an enzyme-based biosensing system should be easily tailorable 

to identify and address sources of instability. 

Enzyme modification through polymer-based protein engineering (PBPE) has proven 

capable of tailoring enzyme function by tunable engineering of the enzyme surface with 

responsive or active polymers.[196, 200, 209, 215, 217-220, 317, 331] Utilization of atom 

transfer radical polymerization (ATRP) can provide precise control over the extent of enzyme-

polymer modification and resulting enzyme-polymer conjugate characteristics.[197, 300] Using 

these methods, we designed a GOX-polymer conjugate system based on poly(N-(3-

dimethyl(ferrocenyl)methylammonium bromide)propyl acrylamide) (pFcAc) grown from ATRP 

initiator sites attached directly to the GOX surface that proved capable of enhancing electron 

transfer efficiency in GOX-functionalized electrodes.[317] The method of electron transfer 

employed by these GOX-pFcAc conjugates combined intramolecular electron transfer to oxidize 

the FAD-based active site with electron self-exchange through the pFcAc chains on the surface 

of the GOX conjugates (Equation (6.4) and Equation (6.6)). We recently described the use of 

GOX-pFcAc conjugates as sensitive glucose-based biosensors and herein we report on the 

systematic analysis of potential sources of operational instability within the GOX-pFcAc-

modified electrodes observed during characterization of glucose sensing capabilities. Chit-GOX-

pFcAc-HSA-carbon paper biosensors were formed through the crosslinking of GOX-pFcAc 
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conjugates along with human serum albumin (HSA) within chitosan (Chit)-containing solution 

and subsequent drop casting onto carbon paper strips. These biosensors were capable of electron 

transduction via both pFcAc mediated intramolecular electron transfer through GOX-pFcAc 

conjugates (Equations (6.4)-(6.7)) and oxygen mediated electron transfer (Equations (6.2)-

(6.3); Figure 6.1). We identified the major sources of instability within the enzyme-polymer 

conjugate-containing network and used that knowledge to optimize stability. 

 

Figure 6.1 Schematic representation of electron transfer paths in GOX-pFcAc-modified 

biosensors. Intramolecular electron transfer coupled with electron self-exchange through GOX-

pFcAc conjugates proceeded at or above 0.41 V versus Ag/AgCl (IFc = current density through 

ferrocene mediation). Electron transfer mediated through oxygen resulted in hydrogen peroxide 

oxidation at 0.8 V versus Ag/AgCl (𝑰𝑶𝟐= current density through oxygen mediation). Iobs = 

observed current density. 

6.2 Materials and Methods 

6.2.1 Materials 

Sodium phosphate buffer (0.1 M, pH 7.0) prepared from phosphate salts using ultrapure 

milliQ grade water (18.2 MΩ·cm) was used in all experiments unless otherwise stated. GOX 

type X-S from Aspergillus niger, albumin from human serum, peroxidase from horseradish type 
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VI-A and chitosan (medium molecular weight) were purchased from Sigma Aldrich. AvCarb© 

MEGL370 carbon paper was purchased from Fuel Cell Earth. Succinate succinimidyl 

polyethylene glycol (NHS-PEG-NHS; MW 5000) was purchased from NANOCS. All chemicals 

were of analytical grade and used as received. 

6.2.2 Biosensor fabrication 

We prepared GOX-pFcAc conjugates as previously described.[317] Chit-GOX-pFcAc-

HSA-carbon paper electrodes were formed by drop casting 20 µL of 5 mg mL
-1

 NHS-PEG-NHS, 

10 mg mL
-1 

HSA and 1 mg mL
-1

 GOX-pFcAc (GOX:HSA 1:30 molar ratio) in viscous chitosan 

solution onto 2 x 0.5 cm carbon paper strips and drying at 4 °C overnight. For electrodes 

modified with native GOX, the same concentrations were used. Viscous chitosan solution was 

prepared by stirring 1 wt % chitosan in 1% acetic acid solution at 60 °C for 4 h. Enzyme-

functionalized electrodes without chitosan coating were formed by dissolving the 

enzyme/crosslinker mixture in 0.1 M sodium phosphate buffer (pH 7.0) rather than viscous 

chitosan solution. Ellipsometry images were collected using a VCA optima series contact angle 

measurement system (AST products). 

6.2.3 Biosensor characterization 

We performed all electrochemical measurements using a conventional three-electrode 

electrochemical cell utilizing a KCl saturated Ag/AgCl reference electrode and a 0.5 mm 

diameter platinum wire counter electrode. Reported current densities are relative to the geometric 

surface area of dried, drop cast solution. 

Protein leaching assays were performed by incubation of functionalized electrodes in 0.1 

M sodium phosphate buffer (pH 7.0) with samples of supernatant taken at varying time points. 

Amounts of protein leached were monitored using both protein content and GOX activity assays. 
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Protein concentration was determined using a standard micro bicinchoninic acid (µBCA) assay 

kit (ThermoFisher Scientific). GOX activity in solution was determined using the standard GOX 

2,2’-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) activity assay with native GOX 

and GOX-pFcAc solution kinetic parameters determined previously.[317] 

6.3 Results and Discussion 

6.3.1 Chit-GOX-pFcAc-HSA-carbon paper biosensor long-term stability 

We previously reported on the synthesis of GOX-pFcAc conjugates by “grafting from” 

ATRP.[317] These conjugates were formed through the growth of pFcAc chains directly from 

ATRP initiator sites covalently bound to the GOX surface. The fabrication of conjugate-

modified carbon paper electrodes through GOX-pFcAc and HSA crosslinking within Chit-

containing solution followed by drop casting onto carbon paper strips and their thorough 

characterization as glucose-based biosensors were described in a related paper. The overall 

performance of these biosensors led us to investigate their long-term stability in order to 

understand potential sources of instability within enzyme-based biosensors that utilize enzyme-

polymer conjugates for both glucose oxidation and electron transfer. 

The stability of Chit-GOX-pFcAc-HSA-carbon paper biosensors, GOX-pFcAc-HSA-

carbon paper biosensors and GOX-HSA-carbon paper biosensors in air-saturated solution was 

dependent on applied working potential during operation (Figure 6.2A). We previously observed 

that operation at the formal potential of pFcAc (0.41 V versus Ag/AgCl) resulted in an initial 

decrease in observed current density until a steady-state value was reached for biosensors with or 

without Chit. GOX-HSA-carbon paper biosensors produced negligible current density under 

these conditions.[317] This result highlighted the necessity of pFcAc modification to achieve 

current generation at 0.41 V versus Ag/AgCl. However, upon switching of the applied potential 
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to 0.8 V versus Ag/AgCl, the observed current density consistently increased for each biosensor 

(Figure 6.2A). Successive switches in applied potential maintained these trends. 

 

Figure 6.2 Long-term operational stability of Chit-GOX-pFcAc-HSA-carbon paper 

biosensors in air-saturated solution. A) Typical amperometric evaluations of GOX-HSA-

carbon paper biosensor (black), GOX-pFcAc-HSA-carbon paper biosensor (red) and Chit-GOX-

pFcAc-HSA-carbon paper biosensor (blue) at varying applied voltages after 10 mM glucose 

injection. Voltages reported versus Ag/AgCl. B) Schematic representation of available electron 

transfer pathways under operation at 0.41 V versus Ag/AgCl. C) Schematic representation of 

available electron transfer pathways under operation at 0.8 V versus Ag/AgCl. Experiments 

performed in 0.1 M sodium phosphate buffer (pH 7.0). 
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Operation at 0.41 V versus Ag/AgCl allowed ferrocene-mediated electron transfer to 

proceed by intramolecular oxidation of FAD by pFcAc chains and electron self-exchange 

through GOX-pFcAc conjugates (Figure 6.2B; Equations (6.4)-(6.7)).[117, 170] However, 

electron transfer through oxygen mediated hydrogen peroxide oxidation could not occur at this 

voltage despite the possibility of hydrogen peroxide production in the oxygen-containing 

solution, which was confirmed by negligible GOX-HSA-carbon paper current generation 

(Figure 6.2A).[188] The obvious initial decrease in observed current density for Chit-GOX-

pFcAc-HSA-carbon paper biosensors suggested partial loss of GOX-pFcAc activity at the carbon 

paper electrode, which could have resulted from decreasing densities of GOX catalyzed glucose 

oxidation rates (GOX leaching and/or diminished turnover rate of each GOX molecule), losses in 

ferrocene-mediated electron transfer functionality or a combination of these factors.[317] 

Upon switching of the applied voltage to 0.8 V versus Ag/AgCl, oxidation of hydrogen 

peroxide occurred at the carbon paper electrodes (Figure 6.2C; Equation (6.3)). Consistently 

increasing observed current densities for each sample under these conditions suggested retention 

of GOX activity during operation with native GOX-modified biosensors reaching the highest 

relative current density values (Figure 6.2A). Previous characterization of GOX-pFcAc 

biocatalytic glucose turnover rates showed a one order of magnitude decrease in GOX turnover 

number (kcat) upon pFcAc functionalization, which could account for increased current 

generation by native GOX.[317] The impact of glucose consumption during operation was 

assumed to be negligible due to the total volume used in each assay (15 mL). The total 

consumption of glucose during the course of each assay would have resulted in changes to bulk 

glucose concentrations of less than 0.2 mM estimated by (overestimating constant current output 

of 100 µA cm
-2

): 
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(
100 µA

cm2
) (0.093 cm2)(60,000 s) (

6.242 x 1018 e−

Coulomb
)(
glucose molecule

 2 e−
)(

mol

6.022 x 1023
) = 2.9 µmol 

(0.15 − 0.0029 mmol glucose)

0.015 L
= 9.8 mM at end 

Examination of continuous biosensor operation under alternate conditions showed similar 

trends (Figure 6.3). Specifically, upon injection of a ten-fold greater glucose concentration, 

initial losses of current density at 0.41 V versus Ag/AgCl, and the extent of increased current 

density at 0.8 V versus Ag/AgCl, were both amplified (Figure 6.3A). Increased relative 

observed current densities were likely caused by increased turnover rates at the higher glucose 

concentration.[317] When the applied voltage was held at 0.8 V versus Ag/AgCl initially, slow 

increases in observed current density showed the impact of continuous operation conditions on 

rates of hydrogen peroxide generation and subsequent oxidation (Equations (6.2)-(6.3); Figure 

6.3B). These results highlighted the potential importance of film swelling on observed current 

density as increased rates of substrate diffusion and higher mobility of GOX and pFcAc pendant 

chains could result from greater degrees of swelling within the crosslinked film.[117] 

Interestingly, observed current densities upon switching of applied potential to 0.41 V versus 

Ag/AgCl after operation at 0.8 V versus Ag/AgCl approached zero, which may have been caused 

by hydrogen peroxide mediated inactivation of GOX at higher concentrations or deterioration of 

the ferrocene-mediated electron transfer pathway (Figure 6.3). 
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Figure 6.3 Long-term operational stability of Chit-GOX-pFcAc-HSA-carbon paper 

biosensors in alternate conditions. A) Typical amperometric evaluations of GOX-HSA-carbon 

paper biosensor (black), GOX-pFcAc-HSA-carbon paper biosensor (red) and Chit-GOX-pFcAc-

HSA-carbon paper biosensor (blue) at varying applied voltages after 100 mM glucose injection. 

B) Typical amperometric evaluations of carbon paper electrode (black), GOX-pFcAc-HSA-

carbon paper biosensor (red) and Chit-GOX-pFcAc-HSA-carbon paper biosensor (blue) at 

varying applied voltages after 10 mM glucose injection. Arrows indicate glucose injection. 

Experiments performed in air-saturated 0.1 M sodium phosphate buffer (pH 7.0). Voltages 

reported versus Ag/AgCl. 

The overall target of GOX-pFcAc-based biosensing was stable operation through pFcAc 

mediated electron transfer to decrease potential interference from physiologically present 

compounds and reliance on oxygen. To specifically characterize this electron transfer pathway 

we monitored continuous operation in an argon-saturated solution, thereby removing oxygen-

based chemistry from the system (Figure 6.4A). Chit-GOX-pFcAc-HSA-carbon paper 

biosensors and GOX-pFcAc-HSA-carbon paper biosensors showed a continuous decrease in 

observed current density despite changes in applied potential. Increased initial observed current 
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densities at 0.41 V versus Ag/AgCl relative to operation in air-saturated solution were indicative 

of greater densities of intramolecular electron transfer between FAD and attached pFcAc chains 

caused by eliminated competition of FAD reduction by oxygen (Figure 6.4B). Over time, GOX-

HSA-carbon paper biosensors exhibited slowly increasing current generation at 0.8 V versus 

Ag/AgCl, which suggested the slow diffusion of oxygen into the test cell during the course of the 

investigation. The observed trends confirmed the presence of sources of instability within the 

ferrocene-mediated electron transfer pathway. Thus, careful examination of each source of 

instability to understand the mechanism of current density loss was crucial to the development of 

enzyme-polymer conjugate-based biosensing systems for long-term applications. 

 

Figure 6.4 Long-term operational stability of Chit-GOX-pFcAc-HSA-carbon paper 

biosensors in argon-saturated solution. A) Typical amperometric evaluations of GOX-HSA-

carbon paper biosensor (black), GOX-pFcAc-HSA-carbon paper biosensor (red) and Chit-GOX-

pFcAc-HSA-carbon paper biosensor (blue) at varying applied voltages after 10 mM glucose 

injection. Voltages reported versus Ag/AgCl. B) Schematic representation of available electron 

transfer pathways under operation at 0.41 V or 0.8 V versus Ag/AgCl. Experiments performed in 

0.1 M sodium phosphate buffer (pH 7.0). 
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6.3.2 General-sources of instability in Chit-GOX-pFcAc-HSA-carbon paper biosensors 

Some of the major sources of instability in second-generation biosensors that rely on 

diffusive redox mediators are the leaching of working enzyme and small molecule mediator from 

the immobilization matrix during operation.[1, 39] Our system that utilizes covalently bound 

mediator-containing chains to the GOX surface may also have been susceptible to similar losses 

through conjugate leaching. We evaluated the propensity of GOX to leach from the crosslinked 

network by monitoring the concentration of total protein and GOX activity in solution 

surrounding incubated biosensors. Increases in total protein content were measured by standard 

µBCA assay, which reported protein concentration in solution through colorimetric analysis of 

bicinchoninic acid binding to Cu
+1

 formed by reduction of Cu
+2

 by protein in alkaline medium 

(Figure 6.5).[332, 333] After 24 h, total protein detected in solution corresponded to 34.0 ± 1.5 

% and 26.4 ± 1.4 % of initially incorporated GOX for GOX-pFcAc-HSA-carbon paper 

biosensors and Chit-GOX-pFcAc-HSA-carbon paper biosensors, respectively, with the greatest 

increase in detected protein occurring after 30 min (Figure 6.5A). This result validated that the 

inclusion of Chit increased protein retention at the carbon paper surface. Interestingly, dissolved 

Chit also affected the apparent protein concentration and slightly increased estimated amounts of 

leached protein (Figure 6.5B). Since we used a ten-fold greater amount of HSA than GOX 

during crosslinking of each biosensor it was likely that 90% of the leached protein was HSA. 
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Figure 6.5 Total protein concentration leaching analysis. A) Average percentage of GOX-

pFcAc retained at carbon paper electrode for GOX-pFcAc-HSA-carbon paper biosensors (red) 

and Chit-GOX-pFcAc-HSA-carbon paper biosensors (blue) incubated in 0.1 M sodium 

phosphate buffer (pH 7.0) as measured by total protein content in supernatant. B) Corresponding 

protein concentration of varying chitosan concentrations relative to protein standard. Protein 

concentrations determined via µBCA assay. Error bars represent 1 standard deviation of 3 trials. 

To examine GOX-specific leaching, we tested for GOX activity in solution during 

incubation through GOX ABTS activity assay (Figure 6.6). Apparent GOX concentration in the 

supernatant was estimated using the previously determined GOX-pFcAc kcat (48.0 ± 0.9 s
-

1
).[317] We observed negligible GOX-specific leaching from either GOX-pFcAc-HSA-carbon 

paper biosensors or Chit-GOX-pFcAc-carbon paper biosensors during incubation (Figure 6.6). It 

should be noted that the GOX activity analysis assumed the retention of GOX activity 

throughout biosensor fabrication and leaching analysis. Combined, these assays implied strongly 

that GOX leaching was not a major source of instability for Chit-GOX-pFcAc-HSA-carbon 

paper biosensors.  
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Figure 6.6 GOX activity leaching analysis. Average percentage of GOX-pFcAc retained at 

carbon paper electrode for GOX-pFcAc-HSA-carbon paper biosensors (red) and Chit-GOX-

pFcAc-HSA-carbon paper biosensors (blue) incubated in 0.1 M sodium phosphate buffer (pH 

7.0) as measured by GOX biocatalytic activity in supernatant. GOX activity measured using 

GOX ABTS activity assay. Error bars represent 1 standard deviation of three trials. 

Increased observed current densities in all samples operating in air-saturated solution at 

0.8 V versus Ag/AgCl relative to operation at 0.41 V versus Ag/AgCl implied that the 

biocatalytic turnover of glucose by GOX (Equation (6.1)) was much faster than ferrocene-

mediated intramolecular electron transfer and electron-self-exchange through GOX-pFcAc 

conjugates (Equations (6.4)-(6.7)).[170] Thus, during operation in glucose-containing, argon-

saturated solution, the majority of GOX molecules would be in a reduced state at any given time. 

To determine if deactivation of reduced GOX contributed to the observed instability of 

ferrocene-mediated electron transfer (Figure 6.4A), we tested the continuous operation of Chit-

GOX-pFcAc-HSA-carbon paper biosensors in argon-saturated solution at 0.8 V versus Ag/AgCl 

and evaluated changes in observed current density upon removal of the applied argon blanket 

(Figure 6.7). Specifically, it has reported that the reduced form of GOX was generally more 

stable to fluctuations in operating conditions (i.e. temperature and pH), however, the reduced 
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form was also 100-fold more susceptible to inactivation by hydrogen peroxide.[334] Consistently 

reduced GOX within Chit-GOX-pFcAc-HSA-carbon paper biosensors proved to retain activity 

during operation in argon-saturated solution with a constant, linear increase in current density 

observed upon removal of the applied argon blanket (Figure 6.7). This consistently increasing 

current production, similar to continuous operation in air-saturated solution, indicated that GOX 

deactivation was not a major source of instability despite obviously increasing hydrogen 

peroxide concentrations during operation. 

 

Figure 6.7 Long-term stability of reduced GOX. Typical amperometric evaluation of Chit-

GOX-pFcAc-HSA-carbon paper biosensor after 10 mM glucose injection. Experiments 

performed in 0.1 M sodium phosphate buffer (pH 7.0). Inset: enlarged view of low current 

density range. Solution initially argon-saturated. Arrows indicate glucose injection and removal 

of argon blanket. Applied voltage held at 0.8 V versus Ag/AgCl. 

Hydration and swelling of the crosslinked film could have increased current densities, 

observed at 0.8 V versus Ag/AgCl, over time as a result of increased substrate and GOX-pFcAc 

diffusion. Electron self-exchange in redox polymer networks proceeds through the propagation 

of electrons or holes by collisions between neighboring reduced and oxidized redox centers 

tethered to polymer backbones.[117, 150, 335] In such systems, electron hopping is rarely 

observed as hydration and swelling have been shown to increase electronic conductivity by 
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enhancing the mobility of the pendant redox sites over short distances. If electron hopping were 

dominant, the increased distances between neighboring sites resulting from swelling would lead 

to decreased electronic conductivities.[117] We observed the degree of swelling within our 

crosslinked film by examining film thickness before and after incubation in buffer (Figure 6.8; 

images depict cross-sectional film profiles with perspective parallel to carbon paper surface).  

 

Figure 6.8 GOX-pFcAc film swelling. A) Typical film thickness of prepared GOX-pFcAc-

HSA-carbon paper biosensors. B) Typical film thickness of GOX-pFcAc-HSA-carbon paper 

biosensors after 1 h incubation in 0.1 M sodium phosphate buffer (pH 7.0). C) Typical film 

thickness of prepared Chit-GOX-pFcAc-HSA-carbon paper biosensors. D) Typical film 

thickness of Chit-GOX-pFcAc-HSA-carbon paper biosensors after 1 h incubation in 0.1 M 

sodium phosphate buffer (pH 7.0). Scale bars = 1 mm. 

Using the approximate size of individual GOX-pFcAc conjugates (diameter = 10.5 nm; 

GOX diameter ≈ 8 nm; pFcAc radius of gyration estimated by good solvent approximation ≈ 1.5 
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nm) [245, 336] and the known electrode area modified by drop casting (area of dried drop = 0.09 

cm
2
), we estimated the maximum film thickness at which GOX-pFcAc conjugates would retain 

constant connectivity between conjugates to be roughly 8 µm. The incorporation of Chit slowed 

the rate of swelling (Figure 6.8C,D), but the thickness of Chit-GOX-pFcAc-HSA-carbon paper 

biosensors exceeded 8 µm after only 1 h of incubation (Figure 6.8D). 

To determine if loss of connectivity between conjugates impacted current generation, we 

examined the performance of Chit-GOX-pFcAc-HSA-carbon paper biosensors after varying 

periods of storage in 0.1 M sodium phosphate buffer (pH 7.0) for up to 4 weeks (Figure 6.9A). 

Analysis of current generation at 0.41 V versus Ag/AgCl allowed specific characterization of 

changes in ferrocene-mediated electron transfer. Increased observed current densities after 

incubation showed the improvement of electron transfer rates within the crosslinked network 

upon hydration (Figure 6.9A). This result further confirmed that biosensor performance was not 

significantly affected by conjugate leaching. Combination of the observed extent of swelling and 

improved current densities upon hydration agreed with reported improvements in electronic 

conductivities of redox polymer networks, but also suggested an important role of conjugate 

diffusion within the crosslinked network as neighboring GOX-pFcAc conjugates would likely 

not be in continuous contact during operation. We further examined the impact of film hydration 

via polarization analysis before and after 1 day of wet storage (Figure 6.9B). We observed 

obvious decreases in overpotential after film swelling. In other words, a lower applied voltage 

would be necessary to achieve the same current density after hydration, which was characteristic 

of improved electron transfer efficiencies. These results are very promising in terms of long-term 

storage stability, but perhaps at the expense of reliability. Thus, complete hydration of the 

biosensor would be required prior to continuous sensing. Overall, Chit-GOX-pFcAc-HSA-
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carbon paper biosensors showed electron transfer characteristics similar to redox polymer 

networks as well as diffusive electron mediation through GOX-pFcAc conjugates, without 

significant leaching or deactivation of enzyme-polymer conjugate. 

 

Figure 6.9 Impact of film swelling on Chit-GOX-pFcAc-HSA-carbon paper biosensor 

performance. A) Average current density produced by Chit-GOX-pFcAc-HSA-carbon paper 

biosensors upon 10 mM glucose injection at 0.41 V versus Ag/AgCl after wet storage in 0.1 M 

sodium phosphate buffer (pH 7.0) at 4 °C. B) Typical polarization curves of carbon paper 

electrode (black), Chit-GOX-pFcAc-HSA-carbon paper biosensor (blue) and Chit-GOX-pFcAc-

HSA-carbon paper biosensor after 1 day storage in 0.1 M sodium phosphate buffer (pH 7.0) 

without (red) and with 10 mM glucose (green). Polarization determination performed without 

(dotted line) or with (solid line) 10 mM glucose. Experiments performed in air-saturated 0.1 M 

sodium phosphate buffer (pH 7.0). 

6.3.3 Ferrocene-specific instability in Chit-GOX-pFcAc-HSA-carbon paper biosensors 

GOX-pFcAc conjugate-based biosensors showed continuously decreasing current 

generation when ferrocene-mediated electron transfer (Equations (6.4)-(6.7)) was specifically 

characterized (Figure 6.4), but proved resistant to general sources of activity loss. To identify 

sources of instability in ferrocene-meditated electron transfer, we carried out successive cyclic 

voltammetry (CV) scans under varying conditions (Figure 6.10).The reproducibility of CV 

traces varied depending on the pH and electrolyte. 
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Figure 6.10 Instability of reversible electron transfer with ferrocene. A) 25 successive CV 

traces of Chit-GOX-pFcAc-HSA-carbon paper biosensor in 0.1 sodium phosphate buffer (pH 

7.0). B) 25 successive CV traces of Chit-GOX-pFcAc-HSA-carbon paper biosensor in 0.1 

sodium phosphate buffer (pH 5.0). C) 25 successive CV traces of Chit-GOX-pFcAc-HSA-carbon 

paper biosensor in 0.1 sodium sulfate buffer (pH 7.0). D) Retained anodic peak current density 

relative to scan 1 for Chit-GOX-pFcAc-HSA-carbon paper biosensors in 0.1 M sodium 

phosphate buffer (pH 7.0) (black circles), 0.1 M sodium phosphate buffer (pH 5.0) (red squares) 

and 0.1 M sodium sulfate buffer (pH 7.0) (blue diamonds). Experiments performed in argon-

saturated solution at a scan rate of 10 mV s
-1

. 

Under normal operating conditions (0.1 M sodium phosphate buffer (pH 7.0)), Chit-

GOX-pFcAc-HSA-carbon paper biosensors exhibited rapidly reducing  peak current densities 

with each successive scan (Figure 6.10A,D). This result indicated a rapid loss in reversible 

electron transfer between the electrode and pFcAc chains. The observed loss was slowed when 

tested in 0.1 M sodium phosphate buffer (pH 5.0) (Figure 6.10B,D) and was nearly stable when 
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tested in 0.1 M sodium sulfate buffer (pH 7.0) (Figure 6.10C,D), which suggested instability of 

ferrocene-electrode electron transfer was a function of electrolyte conditions. These losses were 

consistent with the decomposition of ferrocenium in the presence of nucleophiles and 

nucleophilic anion uptake in the polymer structure.[161, 179, 180] Sodium phosphate buffer 

contained nucleophilic dibasic sodium phosphate, which was present in higher concentrations at 

pH 7.0 relative to pH 5.0 and would thus lead to a higher degree of ferrocenium instability. 

Studies have reported on nucleophilic anion uptake in the presence of secondary amino groups 

leading to film collapse in ferrocene-modified thin films via film dehydration.[161, 179] Similar 

instabilities have been reported for some ferrocene-containing redox polymer systems while 

others exhibited successful function in phosphate-containing solution, which suggested that the 

mechanism of ferrocenium activity loss was dependent on polymer structure.[116, 337, 338] 

The impact of these sources of instability was further confirmed when Chit-GOX-pFcAc-

HSA-carbon paper biosensors were tested in non-nucleophilic sodium sulfate buffer (Figure 

6.10C,D), which showed relatively stable ferrocene oxidation and reduction. Thus, we concluded 

that ferrocenium degradation during operation led to consistently decreased overall rates of 

ferrocene-mediated electron transfer in the crosslinked film, which was evident in argon-

saturated solution (Figure 6.4), but did not impact oxygen-mediated current generation (Figure 

6.2A,C). This mechanism of instability was likely a function of the amount of time each 

ferrocenium ion persisted in the system (i.e. magnitude of difference in rates of ferrocene 

oxidation by electrode and ferrocene reduction through intramolecular electron transfer). Indeed, 

CV analysis of Chit-GOX-pFcAc-HSA-carbon paper biosensors in 0.1 M sodium phosphate 

buffer (pH 7.0) at differing scan rates showed instability of reversible electron transfer of pFcAc 



 

148 

 

to be dependent on the time ferrocenium was present rather than the number of successive 

oxidation and reduction cycles (Figure 6.11). 

 

Figure 6.11 Influence of scan rate on GOX-pFcAc long-term electron transfer stability. A) 

Retained percentage of peak anodic current density relative to scan number of Chit-GOX-pFcAc-

HSA-carbon paper biosensors at a scan rate of 10 mV s
-1

 (black) and 100 mV s
-1

 (red). B) 

Retained percentage of peak anodic current density relative to time of Chit-GOX-pFcAc-HSA-

carbon paper biosensors at a scan rate of 10 mV s
-1

 (black) and 100 mV s
-1

 (red). Experiments 

performed in argon-saturated 0.1 M sodium phosphate buffer (pH 7.0) 

These results highlighted the necessity of increased rates of intramolecular electron 

transfer to reduce the persisting lifetime of ferrocenium during operation. Intramolecular electron 

transfer rates of surface bound ferrocene-containing compounds have been shown to generally be 

much lower than GOX-catalyzed glucose turnover and electron self-exchange through polymer 

networks.[170] Ferrocene-mediators bound to the surface of GOX through flexible chains have 

exhibited varying rates of intramolecular or intermolecular electron transfer dependent on chain 

length and thus mobility.[162] To characterize Chit-GOX-pFcAc-HSA-carbon biosensors 

operating at rapid rates of ferrocene-mediated electron transfer, we examined long-term 

operation at varying applied voltages in argon-saturated solution with freely diffusing FcAc 

(Figure 6.12). Maximum current density and long-term stability of current output were increased 
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under operation at both 0.41 V and 0.8 V versus Ag/AgCl (Figure 6.12A). These trends were 

indicative of increased rates of FAD oxidation by the freely diffusing FcAc relative to pFcAc 

bound to the GOX surface comparable to oxygen-mediated electron transfer (Figure 6.12B) 

(FcAc was incorporated into the tested solution at a concentration similar to dissolved oxygen). 

Increased stability may also have been influenced by the higher overall concentration of 

ferrocene in the tested environment, which could reduce the impact of ferrocenium degradation. 

The increased potential long-term stability of Chit-GOX-pFcAc-HSA-carbon paper biosensors 

indicated a path toward improvement for sensing systems based on enzyme-polymer conjugates. 

 

Figure 6.12 Long-term operational stability of Chit-GOX-pFcAc-HSA-carbon paper 

biosensor with freely diffusing FcAc. A) Typical amperometric evaluation of Chit-GOX-

pFcAc-HSA-carbon paper biosensor at varying applied voltages after 10 mM glucose injection 

with 0.2 mM FcAc. Voltages reported versus Ag/AgCl. Experiment performed in argon-

saturated 0.1 M sodium phosphate buffer (pH 7.0). B) Schematic representation of available 

electron transfer pathways under operation at 0.41 V or 0.8 V versus Ag/AgCl with freely 

diffusing FcAc. 
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We characterized the long-term operational stability of Chit-GOX-pFcAc-HSA-carbon 

paper biosensors and identified their major sources of instability as well as resistances to some 

general sources of instability exhibited by other enzyme-based biosensing systems. These results 

showed the potential of enzyme-polymer conjugate-based biosensors toward continuous glucose 

sensing coupled with the thorough evaluation of glucose sensing characteristics reported in our 

prior study. Chit-GOX-pFcAc-HSA-carbon paper biosensors exhibited performance 

characteristics similar to those in redox polymer networks and diffusionally mediated systems, 

but without leaching of conjugate or GOX deactivation from within the crosslinked network. Our 

characterization of this system was mostly performed in neutral, phosphate-containing solutions 

as reliable operation under these conditions would be important in predicting potential 

physiological applications. Our suspicions of a nucleophile-based instability would need to be 

addressed, and current work focused on engineering of grown polymer structures that could 

enhance intramolecular electron transfer rates and inherent mediator stability. The knowledge 

gained in this study will advance the next-generation electroactive enzyme-polymer conjugates 

synthesized using PBPE for biosensing applications. 

6.4 Conclusions 

We have characterized the long-term operational stability of Chit-GOX-pFcAc-HSA-

carbon paper biosensors and we have identified major sources of instability as well as 

advantageous operational characteristics. GOX-pFcAc conjugates generated through PBPE using 

ATRP were crosslinked, along with HSA in a Chit-containing solution, and drop cast onto 

carbon paper strips to form glucose-based biosensors that exhibited characteristics of systems 

based on redox polymer networks as well as those using diffusional redox mediators. GOX-

pFcAc conjugates did not leach from the crosslinked film and GOX retained biocatalytic activity 
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during operation. Crosslinked film swelling prior to use resulted in an increased glucose 

response. Ferrocene-mediated electron transfer rapidly degraded due to ferrocenium 

decomposition and nucleophilic anion uptake during operation, which is now our focus of 

interest as we move toward implementation of GOX-pFcAc-based biosensors. The identification 

of instability sources within enzyme-polymer conjugate-based biosensing systems provided us 

with a clear path forward in the development and optimization of such materials for continuous 

glucose sensing through PBPE. 
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Chapter 7: Future Directions and Overall Conclusions 

7.1 Future Directions 

The work presented in this dissertation showed the potential of 3-dimensional carbon 

nanomaterial-based structures and polymer-based protein engineering (PBPE) toward the 

development of high-performance enzymatic biosensors and enzymatic biofuel cells (EBFCs). 

The tailorability of these approaches provides many additional possibilities for future 

development. The combination of enzyme-polymer conjugates synthesized using PBPE with 

electrode materials designed to maximize accessible surface area could promote optimized 

biosensor and EBFC performance and stability. In particular, PBPE presents an incredible 

amount of control over resulting conjugate characteristics. The development of PBPE methods 

with electroactive enzymes and redox polymers could lead to systems with rationally tailored 

degrees of polymerization (DP), redox-containing side chain lengths and spacing along the 

polymer backbone, polymer chain density on the enzyme surface and predictable modification of 

targeted sites as well as incorporation of block copolymer systems for additional solubility or 

immobilization functionality. Future work in these areas should focus on optimization of 

enzyme-polymer conjugate characteristics and the incorporation of these conjugates into 

suitable, advantageous electrode support materials. 

7.1.1 PBPE of GOX 

The modification of glucose oxidase (GOX) through PBPE presented in this dissertation 

focused on the use of ferrocene-containing polymers. One of the main limiting issues with this 

system was the solubility of the grown polymer, which hindered precise control over certain 

polymer characteristics such as DP.[317] The future development of these methods should focus 

on rationally tailorable polymer systems with facile control over both polymer and resulting 
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enzyme-polymer conjugate characteristics. Toward this goal, we synthesized a GOX-polymer 

conjugate that utilized a naphthoquinone (NQ)-based redox mediator by first controllably 

growing poly(2-(dimethylamino)ethyl methacrylate) (pDMAEMA) and subsequently 

functionalizing the terminal amine of each side chain with 6-bromomethyl-1,4-naphthoquinone 

to form GOX-pNQ conjugates (Figure 7.1). This method could allow greater control over 

conjugate characteristics as tailorable enzyme-pDMAEMA conjugates have been reported.[215, 

219] NQ is an advantageous and tailorable mediator for anodic enzyme-based systems as its 

redox potential can be similar to that of the GOX active site.[33, 68, 163] 

 

Figure 7.1 Schematic representation of GOX-pNQ conjugate synthesis. 1) Preparation of 6-

bromomethyl-1,4-naphthoquinone. 2) ATRP initiator modification of native GOX and “grafting 

from” ATRP reaction to produce GOX-pDMAEMA conjugates. 3) Formation of GOX-pNQ 

conjugates. 
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DMAEMA (Sigma Aldrich; passed over a column of basic alumina prior to use) was 

polymerized from the surface of GOX from Aspergillus niger (Type X-S, Sigma Aldrich), 

modified with ATRP initiator, in a “grafting from” method using 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA; Sigma Aldrich) as ligand for the copper catalyst  

with a targeted DP of 50 (i.e. 50:1 molar ratio of DMAEMA monomer to –Br initiator in 

polymerization) (Figure 7.1).[215] GOX-pDMAEMA conjugates were isolated by dialysis and 

lyophilization with enzyme content of resulting powder determined using a standard BCA 

protein assay kit. The successful formation of GOX-pDMAEMA conjugates was confirmed by 

dynamic light scattering (DLS; Nanoplus zeta/nano particle analyzer (Particulate Systems)) and 

through gel permeation chromatography (GPC; Waters 2695 Series with a data processor, 

equipped with 3 columns (Waters Ultrahydrogel Linier, 500 and 250)) analysis of pDMAEMA 

cleaved by acid hydrolysis.[215] DLS measurements showed an increase in average 

hydrodynamic diameter (dhyd) upon polymerization with GOX-pDMAEMA conjugates dhyd = 

36.6 ± 12.3 nm compared to native GOX dhyd = 7.3 ± 0.2 nm. Evaluation of cleaved pDMAEMA 

by GPC yielded a narrow elution peak indicative of an average obtained DP of 43.7 with a 

narrow polydispersity index (PDI) of 1.23. The polymer structures of GOX-pDMAEMA 

conjugates and cleaved –pDMAEMA were confirmed by 
1
H NMR in D2O (Figure 7.2). These 

results suggested a well-controlled polymerization. 
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Figure 7.2 
1
H NMR spectra pDMAEMA materials. A) 

1
H NMR spectra of GOX-pDMAEMA 

in D2O. B) 
1
H NMR spectra of cleaved –pDMAEMA in D2O. 

Upon determination of the successful synthesis of GOX-pDMAEMA conjugates, it was 

important to evaluate retained biochemical kinetics as polymer-modification of proteins can 

impact enzymatic activity.[317] Indeed, the solution biochemical activities of GOX-pDMAEMA 

differed from that of native GOX (Figure 7.3). GOX biochemical kinetics were determined 
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using the standard GOX 2,2’-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) activity 

assay with change in solution absorbance monitored at 415 nm. We found the kcat and KM of 

native GOX to be 637.6 ± 16.7 s
-1

 and 37.3 ± 3.8 mM glucose (Figure 7.3A), respectively, 

whereas the kcat and KM of GOX-pDMAEMA was 80.6 ± 1.7 s
-1

 and 27.5 ± 2.5 mM glucose 

(Figure 7.3B), respectively. This decrease in kcat was indicative of hindered glucose turnover; 

however, many GOX-based systems have exhibited overall limitations based on electron transfer 

kinetics and efficiencies with lower rates than our determined biochemical activities.[12, 13] 

 

Figure 7.3 Kinetic analysis of native GOX and GOX-pDMAEMA. A) Initial rate of reaction 

at varying glucose concentrations of native GOX B) Initial rate of reaction at varying glucose 

concentrations of GOX-pDMAEMA. Experiments performed in 0.1 M sodium phosphate buffer 

(pH 7.0) 

GOX-pDMAEMA conjugates were subsequently functionalized with 6-bromomethyl-

1,4-naphthoquinone to form GOX-pNQ conjugates (Figure 7.1). Estimated by mass yield of 

GOX-pNQ product, we determined roughly 74% of the available side chains were successfully 

NQ-functionalized. Biochemical kinetic parameters and hydrodynamic diameters were unable to 

be determined due to the low solubility of GOX-pNQ conjugates. We characterized successful 

NQ-functionalization and GOX secondary structure retention through FT-IR (Figure 7.4; Perkin 

Elmer Frontier). 



 

157 

 

 

Figure 7.4 Component FT-IR analysis. A) FT-IR spectra of free pNQ polymer. B) FT-IR 

spectra of native GOX. C) FT-IR spectra of GOX-pDMAEMA. D) FT-IR spectra of GOX-pNQ. 

The FT-IR spectra of free pNQ polymer synthesized similarly to GOX-pNQ conjugates 

but with free ATRP initiator exhibited absorbance peaks at 1727 cm
-1

 and 1601 cm
-1

, 

characteristic of C=O stretching within ester groups of the methacrylate polymer side chains and 
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v(C=C) stretching of the naphthoquinone, respectively (Figure 7.4A).[339] Native GOX FT-IR 

spectra showed characteristic absorbance peaks at 1644 cm
-1

 and 1535 cm
-1

 assigned to the 

amide I band (C=O stretching of peptide bonds) and to the amide II band (N-H bending and C-N 

stretching of peptide groups) within GOX, respectively (Figure 7.4B).[295] FT-IR analysis of 

GOX-pDMAEMA conjugates (Figure 7.4C) and GOX-pNQ conjugates (Figure 7.4D) 

displayed a combination of the features of their components with un-shifted amide II peaks in 

both (GOX-pDMAEMA and GOX-pNQ amide II = 1535 cm
-1

), slightly shifted amide I peaks in 

both (GOX-pDMAMEA amide I = 1650 cm
-1

 and GOX-pNQ amide I = 1657 cm
-1

), un-shifted 

methacrylate ester peaks in both (GOX-pDMAEMA and GOX-pNQ methacrylate ester C=O 

stretching = 1727 cm
-1

) and a characteristic shoulder of pNQ v(C=C) stretching in GOX-pNQ at 

1605 cm
-1

. These results suggested the successful functionalization of GOX with each targeted 

polymer while conserving the secondary structure of the enzyme.[291, 295] 

Enzyme-modified electrodes were fabricated by crosslinking GOX-pNQ (1 mg mL
-1

) 

along with human serum albumin (HSA; 10 mg mL
-1

; Sigma Aldrich) by a dual NHS-

functionalized poly(ethylene glycol) (PEG) linker (NHS-PEG-NHS; 5 mg mL
-1

; NANOCS) 

within 1 wt% chitosan (Chit) solution followed by drop-casting (20 µL) of the resulting 

dispersion onto carbon paper strips (AvCarb© MEGL370; Fuel Cell Earth) and drying at 4 °C 

overnight. Cyclic voltammetry (CV) traces of control and enzyme-modified carbon paper 

electrodes exhibited multiple faradaic peak couples for each material (Figure 7.5). Chit-GOX-

HSA-carbon paper electrodes and Chit-GOX-pDMAEMA-HSA-carbon paper electrodes were 

fabricated in an identical approach to Chit-GOX-pNQ-HSA carbon paper electrodes. Control CV 

scans of bare carbon paper showed a pair of redox peaks with a formal potential of 0.08 V versus 
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Ag/AgCl, which suggested the presence of impurities within the carbon paper. These peaks 

appeared in CV scans of each material (Figure 7.5A). 

 

Figure 7.5 Electrochemical characterization of Chit-GOX-pNQ-HSA-carbon paper 

electrodes. A) Typical CV traces of carbon paper electrode (black), Chit-GOX-HSA-carbon 

paper electrodes (green), Chit-GOX-pDMAEMA-HSA-carbon paper electrodes (purple), Chit-

GOX-pNQ-HSA-carbon paper electrodes (red) and Chit-GOX-pNQ-HSA-carbon paper 

electrodes with 10 mM glucose (blue) in argon-saturated solution. B) Typical CV traces with 

extended voltage range of Chit-GOX-pNQ-HSA-carbon paper electrodes (red) and Chit-GOX-

pNQ-HSA-carbon paper electrodes with 10 mM glucose (blue) in argon-saturated solution. C) 

Typical CV traces of Chit-GOX-pNQ-HSA-carbon paper electrodes (red) and Chit-GOX-pNQ-

HSA-carbon paper electrodes with 10 mM glucose (blue) in air-saturated solution. D) 

Characteristic amperometric evaluation of Chit-GOX-HSA-carbon paper electrode (green) and 

Chit-GOX-pNQ-HSA-carbon paper electrode (red) in air-saturated solution upon 10 mM glucose 

injection (indicated by arrow). Experiments performed in 0.1 M sodium phosphate buffer (pH 

7.0). CV scans performed at a scan rate of 100 mV s
-1

. 
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Chit-GOX-HSA-carbon paper electrodes displayed an additional pair of faradaic peaks 

having a formal potential of -0.46 V versus Ag/AgCl characteristic of electron transfer with the 

flavin adenine dinucleotide (FAD) cofactor of GOX, which were present in traces of all 

electrodes containing GOX (i.e GOX, GOX-pDMAEMA, and GOX-pNQ) (Figure 7.5A).[145] 

A third pair of redox peaks with a formal potential of -0.14 V versus Ag/AgCl appeared in CV 

scans of Chit-GOX-pNQ-HSA-carbon paper electrodes. Indeed, extended voltage range scans of 

Chit-GOX-pNQ-HSA-carbon paper electrodes more greatly exhibited these peaks, which 

suggested successful reduction/oxidation of pNQ at the electrode surface (Figure 7.5B). 

Unfortunately, upon the addition of 10 mM glucose to trials using Chit-GOX-pNQ-HSA 

carbon paper electrodes, no significant anodic shifts signifying glucose oxidation and mediated 

electron transfer (MET) through pNQ chains were detected (Figure 7.5A,B). However, in air-

saturated solution and at low voltages where oxygen reduction could occur, a decrease in 

observed reducing current was evident of retained biochemical turnover of oxygen by GOX. 

(Figure 7.5C). In other words, upon injection of 10 mM glucose into trials using Chit-GOX-

pNQ-HSA-carbon paper electrodes, decreased local concentrations of oxygen were 

electrochemically observed, which indicated the presence of biochemically active GOX (Figure 

7.5C). These results suggested the immobilization of active GOX at the electrode surface, but 

limited MET through pNQ chains. To directly analyze current generation via MET, we 

performed amperometric evaluations of Chit-GOX-HSA-carbon paper electrodes and Chit-GOX-

pNQ-HSA carbon paper electrodes in air-saturated solution with applied working voltage held at 

0 V versus Ag/AgCl, which was oxidative toward the observed formal potential of pNQ (i.e. -

0.14 V versus Ag/AgCl) (Figure 7.5D). Upon injection of 10 mM glucose we observed a slight 

increase in anodic current generated by Chit-GOX-pNQ-HSA-carbon paper electrodes (Figure 
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7.5D). This trend was indicative of successful biochemical turnover of glucose by GOX and 

subsequent MET through pNQ chains to the electrode surface. However, the amperometric 

response was very low compared to other systems and to the theoretical current density possible 

from the known concentration of immobilized GOX, which showed large limitations to 

biochemical activity, electron transfer efficiency or a combination of these factors.[117, 317] 

The observed biochemical and electrochemical characteristics of GOX-pNQ conjugates 

require additional improvement prior to impactful utilization. Nevertheless, the successful, 

controlled “grafting from” polymerization of pDMAEMA at the surface of GOX, followed by 

modification with redox mediator functionality was extremely promising toward the 

development of enzymatic biosensors and EBFCs. This approach could provide an additional 

layer of optimization capacity within such systems. Future investigations should be performed to 

optimize performance by careful variation of polymer and enzyme-polymer conjugate 

characteristics. Specifically, grown polymer DP, redox-containing side chain length and spacing 

along the polymer backbone, polymer chain density at the surface of GOX and targeted polymer 

attachment sites should be carefully varied to maximize retained biochemical activity while 

promoting rapid, efficient electron transfer from enzymatic FAD to an electrode. The utilized 

redox mediator within these polymer-based systems should be selected and tailored to the 

desired working redox potential with promising candidates including the studied quinone-based 

mediator as well as developed osmium-based materials.[117, 158, 163, 340-343] These studies 

can be combined with the development of ideal strategies for GOX-polymer conjugate 

immobilization onto suitable, high surface area electrode materials such as 3-dimensional carbon 

nanomaterial-based structures to yield viable enzyme-based devices. 
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7.1.2 PBPE of cathodic enzymes 

The design of enzyme-polymer conjugates discussed in this dissertation focused on the 

increased electron transfer efficiency of the anodic working enzyme GOX. However, for 

continuous power generation using EBFCs, stable, enzyme-modified cathodes would also be 

required. The cathodic working enzymes bilirubin oxidase (BOD) and laccase electrochemically 

catalyze the 4-electron reduction of molecular oxygen to water at T2/T3 copper-containing active 

sites upon accepting electrons from an electrode at a T1 copper-containing active site.[182, 185, 

252, 344] These enzymes are capable of achieving efficient direct electron transfer (DET) with 

electrode surfaces due to the location and orientation of their active sites.[100, 182-185, 344] 

However, these multicopper oxidases are susceptible to inactivation by anionic inhibitors present 

in solution such as Cl
-
, F

-
 and OH

-
 as well as hydrogen peroxide.[281, 345] For instance, we 

observed the biochemical activity of BOD to rapidly decrease in the presence of the GOX 

reaction, but this loss could be mitigated by the addition of catalase to eliminate the build-up of 

hydrogen peroxide (Figure 7.6) BOD activity was measured using the standard BOD ABTS 

activity assay with change in solution absorbance monitored at 415 nm in the presence of 0.25 

unit mL
-1

 GOX and 100 mM glucose. One unit of GOX Type X-S purchased from Sigma 

Aldrich is defined as the amount that will oxidize 1.0 µmole of β-ᴅ-glucose to ᴅ-gluconolactone 

and hydrogen peroxide per minute at pH 5.1 and 35 °C. One unit of catalase from bovine liver 

purchased from Sigma Aldrich is defined as the amount that will decompose 1.0 µmole of 

hydrogen peroxide per minute at pH 7.0 and 25 °C. 
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Figure 7.6 BOD activity loss in the presence of GOX reaction. BOD biochemical activity over 

time in the presence of GOX reaction with no catalase and no glucose (blue filled circle), no 

catalase (red filled square), 1.25 unit mL
-1

 catalase (green filled triangle), 2.5 unit mL
-1

 catalase 

(purple filled diamond), 6.25 unit mL
-1

 catalase (brown open square) and 12.5 unit mL
-1

 catalase 

(black open circle). Experiments performed in 0.1 M sodium phosphate buffer (pH 7.0) with 0.25 

unit mL
-1

 GOX and 100 mM glucose. 

Some laccases are even unstable at the OH
-
 concentration in neutral solution.[346, 347] 

Operation in near-neutral solution in the presence of anionic compounds is required for 

implementation in physiologic applications. Thus, we examined the activity profiles at varying 

pH for BOD from Myrothecium sp. and laccase M120 purchased from Amano Enzyme Inc. 

(Figure 7.7). Laccase was observed to exhibit optimal activity well below neutral pH (optimal 

kcat at pH = 3.0) with nearly no activity observed at pH 7.0 (Figure 7.7A) while BOD maintained 

fairly high activities under neutral conditions (Figure 7.7B). All activities were measured using 

the standard ABTS activity assay. These characterizations highlighted the need for laccase 

stabilization for successful, long-term application. 
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Figure 7.7 BOD and laccase pH activity profiles. A) Biochemical kcat of laccase at varying pH. 

B) Biochemical kcat of BOD at varying pH. Experiments performed in 0.1 M sodium phosphate 

buffer for pH 5.0-9.0 and 0.1 M citrate buffer for pH 2.0-4.0. 

Multicopper oxidase inhibition by anionic molecules has been reported to proceed 

through competitive inhibition by binding at the T1 copper-containing active site or to the His-

Cys-His chain that is used to intramolecularly transfer electrons between the 2 active sites.[346, 

347] To combat these instabilities, PBPE could be applied to reduce interactions with anionic 

compounds. The modification of protein surfaces through PBPE has been shown to augment 

enzyme activities and stabilities.[215, 217-219, 222] Toward the stabilization of laccase through 

PBPE, we grew poly(oligo(ethylene glycol)methyl ether methacrylate (pOEGMA) from ATRP 

initiator-modified laccase.[215] OEGMA monomer (Mn = 475) and tris(2-pyridylmethyl)amine 

(TPMA) were purchased from Sigma Aldrich with OEGMA passed through a basic aluminum 

oxide column to remove inhibitors prior to use. The resulting laccase-pOEGMA conjugates were 

adsorbed onto carbon paper strips (AVCarb© MEGL370; Fuel Cell Earth) by incubating 0.5 cm 

x 2 cm strips in 1 mg mL
-1

 laccase solution for 4 h then drying overnight and electrochemical 

characteristics compared to those similarly functionalized with native laccase (Figure 7.8).  
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Figure 7.8 Electrochemical characterization of laccase-pOEGMA-carbon paper electrodes. 

A) Typical CV traces of laccase-carbon paper electrodes in argon-saturated solution (black) and 

in oxygen saturated solution (red). B) Typical CV traces of laccase-pOEGMA-carbon paper 

electrodes in argon-saturated solution (black) and oxygen saturated solution (red). C) 

Characteristic amperometric evaluation of laccase-carbon paper electrodes (black) and laccase-

pOEGMA-carbon paper electrodes (red) in argon-saturated solution upon oxygen bubbling 

(indicated by arrow). Experiments performed in 0.1 M citrate buffer (pH 3.0). 

Unfortunately, electrochemical characterizations of the laccase-pOEGMA-carbon paper 

electrodes exhibited significantly hindered DET capabilities (Figure 7.8). Specifically, CV 

traces with and without oxygen showed a greatly decreased capacity for oxygen reduction by the 

pOEGMA-modified laccase (Figure 7.8A,B). Native laccase exhibited 2 separate onset 

potentials for oxygen reduction: the first around 0.6 V versus Ag/AgCl and the second around 0 

V versus Ag/AgCl (Figure 7.8A). Laccase-pOEGMA-carbon paper electrode CV traces only 
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yielded weak oxygen reduction beginning at 0 V versus Ag/AgCl (Figure 7.8B). Indeed, 

comparative amperometric evaluations with applied cell potential held at 0.2 V versus Ag/AgCl 

resulted in greatly decreased current densities by the polymer-modified laccase upon addition of 

oxygen (Figure 7.8C). 

The observed electrochemical performances were likely a result of decreased biochemical 

activities upon modification and reduced DET efficiencies caused by the polymer coating. 

Careful design of cathodic enzyme-polymer conjugates incorporating efficient electron transfer 

pathways while imparting stability against anionic inhibitors is necessary for the development of 

stable enzyme-based cathodes. Some studies have suggested that incorporation of negatively 

charged polymers into the cathodic systems can provide resistance toward anionic inhibition of 

these cathodic enzymes.[70] Thus, future studies should focus on the targeted modification of 

BOD and laccase with negatively charged polymers such as poly(styrenesulfonate) (PSS) or 

poly(carboxylacrylamide) (pCAM) while maintaining DET capabilities. The successful 

development of such methods could prove vital to the continuous powering of implantable 

devices by EBFCs. 

7.2 Overall Conclusions 

In this work, carbon nanomaterial-based structures and polymer-based protein 

engineering (PBPE) were applied toward the development of next-generation enzymatic 

biosensors and enzymatic biofuel cells (EBFCs). Key goals throughout the completion of this 

dissertation were to increase the level of understanding on the impacts of electrode material 

properties on resulting biochemical and electrochemical characteristics in enzyme-based 

systems, and to develop a tailorable method of electroactive enzyme redox-functionalization 

using PBPE. Utilization of graphene/single-wall carbon nanotube (SWNCT) cogels with suitable 
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pore size and high available specific surface area (SSA) allowed the fabrication of EBFCs 

capable of producing rechargeable power densities within one order of magnitude of the highest 

reported systems to date. Material properties of the fabricated 3-dimensional structures allowed 

extremely high loadings of the anodic working enzyme glucose oxidase (GOX) and served to 

surround the enzymes with conductive material to promote direct electron transfer. Further 

EBFC investigations using graphene-coated SWCNT gels and gold nanoparticle/multi-wall 

carbon nanotube-coated polyacrylonitrile fiber paddles provided a comparative evaluation of 

electrode material properties such as SSA, pore size and support surface curvature to exhibit 

their specific influence on the biochemical and electrochemical characteristics of immobilized 

enzyme. It was discovered that the support surface curvature governed the retained biochemical 

kinetics with extended influence on electrochemical rates while total enzyme loadings were a 

function of SSA and pore size. For the design of GOX-redox polymer conjugates, PBPE 

techniques were applied toward the development of tailorable methods of electroactive enzyme 

functionalization for enhanced electron transfer efficiencies. Poly(N-(3-dimethyl(ferrocenyl) 

methylammonium bromide)propyl acrylamide) (pFcAc) was grown directly from the surface of 

GOX through atom-transfer radical polymerization in a “grafting from” approach. The resulting 

GOX-pFcAc conjugates showed a 24-fold increase in electron transfer efficiency and provided a 

4-fold increase in EBFC power density relative to native GOX. The modified electrochemical 

properties exhibited by GOX-pFcAc conjugates were further applied to the fabrication of reliable 

and selective enzymatic glucose-based biosensors. The conjugation of redox polymers directly to 

the surface of the electroactive enzymes combined the characteristics of diffusively mediated 

enzymatic systems with those based on redox polymer networks. An in-depth study of potential 

sources of instability allowed the identification of strengths and weaknesses toward the 
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continuous operation of these enzyme-redox polymer conjugate based materials. GOX-pFcAc-

modified electrodes were found to be resistant to common sources of instability exhibited by 

diffusively mediated systems with deactivation of the ferrocene mediator determined to be the 

key source of instability. Refinement of this PBPE approach leading to controllable enzyme 

functionalization would provide an additional layer of optimization capacity to enzymatic 

biosensors and EBFCs. Promising approaches to produce such a synthesis method were 

evaluated. Future studies toward this goal should focus on the development and combination of 

polymer-functionalized anodic and cathodic enzyme-polymer conjugates with suitable, 

advantageous electrode materials with high accessible surface areas to produce fully optimizable 

enzymatic systems. The potential implications of these methods could lead to next-generation 

sensing technologies and power sources for implantable devices with broadened implementation 

of enzyme-based bioelectronics. 
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