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Abstract

The major objective of the present study is to develop small-scale alcohol fuel-based
enzymatic biofuel cells (EFCs) for power generation and alcohol biosensing applications
using alcohol oxidase (AOx) as anodic catalyst. One of the key approaches we propose to
develop the small-scale EFCs is to exclude external pumping system from fabricating the
devices. To make the idea effective, we introduce natural cellulosic materials (cotton or
papers) in the device fabrications to deliver the fuel to the bioanode through passive diffusion
activity. An additional important objective of the present work is to develop a biocompatible
conductive ink with high aqueous stability for fabrication of the bioelectrodes, as these are
vital properties of an ink to harvest stable bioelectrocatalytic function of the redox enzymes
on the electrode surfaces. We studied some biopolymers and eventually identified silk-sericin
and polyethylene glycol (PEG) as suitable materials for developing a graphite-based
conductive ink in a ratio of 0.03:2.0:1.0 for sericin:PEG:graphite. Interestingly, sericin
facilitates transformation of amorphous graphite powder to a crystalline form in PEG
environment that improved the conductivity of the ink (11.2 mS.cm™) by 5.6-folds from the
ink devoid of sericin. The viscosity and shear rate values of the ink were calculated as 0.11
Pa.s and 100s™, respectively, thermos-stability up to 100 °C, and heat of formation (AHj) -
4.204 KJ/g. In addition, the ink coated over paper surface retains high aqueous stability and
the reason being recognized as the enhancement of f—sheets content of sericin by 2.8% upon
mixing it with PEG. Then we moved towards the selection of a cathodic enzyme and used
laccase for the same. The laccase enzyme, which is extracted from Tramates versicolor fungi,
can oxidize phenolic compounds with concomitant reduction of molecular oxygen to water.
Laccase was immobilized on a glassy carbon electrode using a nanocomposite matrix

comprising of osmium tetroxide on poly 4-vinylpyridine, multiwalled carbon nanotubes,
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nafion and carbon black. SEM images revealed that the nanocomposite matrix provides a
porous structure for easy immobilization of the enzyme. Whereas cyclic voltammetry studies
explained that, the nanocomposite matrix offers a highly electroactive surface for facile
diffusion-free electron transfer kinetics. The response of the bioelectrode for oxygen substrate
at the determined formal potential of laccase was established. The heterogeneous electron
transfer rate constant (k;) and surface concentration of the ionic species (/) of the
bioelectrode were discerned as 0.67s™ and 1.32x10™® mol.cm™, respectively. The results infer
the potential application of the constructed bioelectrode as oxygen breathed biocathode for
EFC application. This bioelectrode also offers a reliable electrochemical response towards
pyrocatechol in a biocatalytic mode. The response of the fabricated biosensor was generated
at a potential of 0.14 V from the electrocatalyzed reduction of 1, 2-benzoquinone formed
from the biocatalyzed oxidation of pyrocatechol. The bioelectrode showed a linear range of
output current against pyrocatechol in the concentration range of 3.98 nM-16.71 nM with a
minimum detection limit of 2.82 nM and a sensitivity of 3.82 + 0.31 nA nM™'. After working
on cathodic enzyme, we focus on developing a small sized EFC utilizing paper (pEFC) as
support material for methanol biosensing application. We used the as prepared Graphite-
PEG-Sericin conductive ink for making support electrode for enzymes on chromatographic
paper surface. To this end, we immobilized AOx on anode, and bilirubin oxidase (BOx)
instead of laccase on cathode. It may be mentioned that due to incompatibility of laccase in
physiological pH, we later replaced this enzyme with BOx, which exhibits high activity in the
pH value. The sensor showed a linear range of output current of 0.03125uM -0.5uM (R* =
0.9988), sensitivity of 0.66245 pAuM™ and a detection limit of 0.022 puM for methanol
validating the potential of the pEFC for methanol biosensing application. Next, we report a
methanol-fueled pure EFC fabricated by using AOx and BOx as anodic and cathodic

catalysts, respectively with a focus on power generation. Here, we have fabricated EFC with
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a new design strategy comprising a passive fuel pumping facility to the anode, efficient
anoxic conditions in the anodic chamber and adequate airflow to the cathode for enhancing
oxygen reduction reactions, and a connected storage tank for fuel. A bio-nanocomposite paste
comprising of the as prepared Graphite-PEG-Sericin ink with magnetic nanoparticle over the
supporting carbon cloth electrode was used as the biocompatible enzyme immobilization
matrix for harvesting electron in the EFC through direct electron transfer mechanism. The
open circuit potential of the device increased to 4.3-fold (3.1V) upon stacking six units of the
EFCs in series. The device also rested at a stable state under a light emitting diode as load
with a half-life of 372 days (w.r.t voltage) and a coulombic efficiency of 60%. This
exceptional high operational stability has been accredited to the efficient anoxic setup in the
anodic chamber that supported the stability of AOx, the activity of which was intact even
after 49 days of the operation. This work also validated that the prolonged interaction of
molecular oxygen with AOx significantly inactivates it without affecting the structural
integrity of the enzyme protein. This EFC with improved design and functions is a step
forward for achieving practical application as a standalone power supply to small-scale

devices.
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CHAPTER1

Introduction and Literature Review

Currently, the global fuel demand is met mostly with the fossil fuels. These
conventional fossil fuels are however, not environment friendly, as the process of their
conversion to energy through the conventional technology has been contributing to the
green house effect, elevating the atmospheric CO; levels steadily at an average pace of
2.3% (Coyle and Simmons, 2014). The International Energy Agency has issued certain
directives to neutralize the detrimental effect to the globe, among which exploring energy
efficient technology to generate clean energy from the renewable sources is a key
recommendation (Mohtasham, 2015). Biological fuel cell (BFC)-based energy technology,
in principle, has the potential to addresses the above-mentioned issue. The fuel cells, in
general, are regarded as environmentally friendly technology that directly convert

chemical energy into electrical one (Xiao et al., 2019). Normally, the conventional fuel
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Chapter I Introduction and Literature Review

cells are energy efficient devices that utilize noble metals like platinum, palladium,
ruthenium etc or their alloys as catalysts for the oxidation of fuels like hydrogen, methanol
at the anode and the reduction of the oxidant like oxygen at the cathode. These noble
metals are usually expensive and non-renewable. Moreover, most of the chemical fuel
cells require electrolytes at extremes of pH and temperature, which poses a challenge to

maintain a non-hazardous environment during their operation.

BFCs are a variant of chemical fuel cells employing renewable biological catalysts
as well as renewable (mostly) fuel. These bioelectrochemical devices are normally
operable at near-neutral pH and ambient temperature. In the broadest sense, BFCs can be
defined as a device that are capable of converting chemical to electrical energy via
electrochemical reactions involving biochemical pathways. Electrons produced by the
enzymatic reactions from supplied fuel substrates are transferred to the anode (negative
terminal) and flow to the cathode (positive terminal) linked by a conductive material
containing a resistor, or operated under a load (i.e., producing electricity that runs a
device). By convention, positive current flows from the positive to the negative terminal, a
direction opposite to that of electron flow. The electrons that reach the cathode combine
with protons that diffuse from the anode through a separator (or proton exchange
membrane) and oxygen provided from the air and resulted in the production of water.

BFCs can be categorized mainly into Microbial fuel cells (MFCs) and Enzymatic
BFCs (EFCs) depending on the types of biocatalysts being used to perform the catalysis.
MFCs utilize whole living organisms as the source of complete enzyme pathways (Bullen
et al., 2006). These cells are fabricated using a variety of materials, and involve diverse
design configurations. A wide range of conditions such as differences in pH, temperature,

electrode surface areas, electron acceptor, reactor size, and operation time are involved in
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their operation (Logan et al., 2006). The microbial catalysts based BFCs normally have a
long lifetime and are capable to oxidize the whole fuel organic matter into carbon dioxide.
Conversely, they are limited by low power densities due to slow electron transfer across
microbial cell membranes. On the other hand, EFCs use isolated enzyme proteins to
perform specific reaction catalysis (Bullen et al., 2006). EFC typically possesses higher
power densities (although still lower than conventional fuel cells), but can only partially
oxidize the fuel and have limited lifetimes (typically 7—10 days) due to the fragile nature
of the enzyme (Minteer et al., 2007). The third category of BFCs utilizes cellular
organelles as electrode catalysts that, however, are still in a budding stage.

On the other hand, EFC as a biosensor device has certain advantages. The fuel cell-
based biosensor is a stand-alone system, as unlike other electrochemical devices it does
not require external power sources to drive the bioelectrocatalytic reaction to generate the
electrical signal. In general, a biosensor is an analytical tool consisting of biologically
active material used in close conjunction with a device that converts the biochemical
signal into a quantifiable electrical signal (IUPAC definition). It consists of a bio-
recognition element such as enzymes, antibodies, and whole cells for the specific detection
of the target analyte in spatial contact to a transducer for converting the biochemical signal

into an electrically manageable format through a signal processing unit (Scheme 1.1).
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Scheme 1.1: General configuration of the typical biosensor (Kuri et al., 2021)

1.1. Enzymatic fuel cell: a highlight on the basic principle and operation:

EFC is emerging as a promising power source for powering micro-scale electronic
devices in the field of biomedical, telecommunications, space, and environmental research
(Das et al., 2014). Following the first EFC report by Yahiro and coworkers in 1964
(Yabhiro et al., 1964), the progress in the field of EFC was however, not very encouraging
until 1990s. The research interest on the EFCs however, resurrected since the beginning of
the 1990s due to the growing demand for implantable medical devices in the field of
healthcare such as continuous glucose monitoring, and pacemakers (Barton et al., 2004;
Heller, 2004). The interest was also then fueled by the parallel growth of electronics,
communication, and material sciences owing to their enormous impact on transforming
these bio-based products to potential modern consumer technology. As an example, Sony
had developed an enzymatic biobattery using sugar as the fuel to power a Walkman®, an
mp3 player with speakers or a small remote-controlled car (Sakai et al., 2009).

EFCs have numerous advantages such as the catalysts are renewable (redox

enzymes), which can be extracted from a wide range of living organisms. Further, a wide

4
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range of renewable substrates such as sugars, hydrogen, alcohols, organic acids, and
mixtures of these materials which can be digested by living organisms, can be used as
fuels for EFCs. The operational conditions are very mild as the EFCs can be operated at
room temperature, physiological pH, and ambient pressure. Additionally, the redox
enzymes provide specificity towards their natural fuel substrates. Finally, the EFCs could
be developed as a disposable device as most of its components could be constructed by
using biodegradable, non-hazardous and non-toxic materials (Xiao et al., 2019). A typical

scheme on EFC is shown in figure 1.1

Bioanode Membrane Biocathode
with oxidizing enzyme with reducing enzyme

Figure 1.1: Schematic diagram of a typical EFC consisting of a bioanode, a biocathode,
and a partitioning membrane (optional), (Xiao et al., 2019), Copyright 2019, reprinted with

permission from ACS Publications.

Nevertheless, the EFCs also possess many shortcomings among which poor lifetime and
low power density are widely described. The poor lifetime has been attributed to the low
stability of the redox enzymes in a foreign environment, while the low power densities are

mainly caused by a sluggish electron transfer rate between the enzyme and electrode (Kim
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et al., 2006). The research over the last several decades could, however, made a significant
stride in increasing the lifetime of enzymes by adapting their different immobilization
strategies on solid surfaces (Minteer et al., 2007).

The fundamentals of the fuel cell can be protracted to EFC to evaluate its
performance. As guided by the general principle, an EFC generates electricity when the
electrode reactions are thermodynamically favorable (Logan et al., 2006). The concept
may be defined by the following equation:

AG, = —Egyr X'nE0. 8. ammmae. . .......... W00 ..o b, 1.1
Where, 4G, (J) is the Gibbs free energy, nF' is the charge transferred in the reaction with »
representing the number of electrons per reaction mol, and F is Faraday’s constant
(9.64853 x10* C.mol™"). The electromotive force (Eemy) generated in the fuel cell is due to
the difference between the cathodic (E.,) and anodic (E,,) potential as shown below
(Logan et al., 2006) and can be calculated from the Gibbs free energy change for the
anodic and cathodic reactions (Osman et al., 2011).

Eemt = Bear —Eam cooeeeeernnn o i 1.2

Ideally, the cell voltage should be independent of the current drawn. However, in
reality, this reversible cell voltage (E..;) is not realized even under zero current conditions
due to internal losses and fuel cross over during the operation of the cells. The cell voltage
at zero current is termed as open-circuit potential (OCP). As current is drawn from the fuel
cell (at varying load), the E..; deviates from OCP as a result of the losses which are known
as overpotential as depicted by the following equation (Logan et al., 2006).

Ecet = Eemp — (Cnact T Zncone T IRQ) covevviiiii 1.3

Where #,. is the activation overpotential, #.,,. iS concentration overpotential; / and

Rg represent current and resistance (load), respectively.
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Figure 1.2: Typical variations of the cell voltage and power of an operating fuel cell with
current density. The major losses of cell voltage and the approximate ranges of current

density in which they occur are indicated.

The current generation pattern with respect to the external resistance can be explained
by the polarization curve, which is plotted by considering the change in current density
versus voltage (Mohan et al., 2014). Polarization graphs offer critical information about
the influence of external and internal resistances involved in the functioning of the fuel
cells. There are three distinctive regions at different current ranges (Figure 1.2):

a) At low currents, the dominating parameter is the activation (charge transfer)
overpotential (#,.). These arise from the energy barrier to charge transfer, from the

mediator or enzyme to the electrodes, and vise-versa. The charge transfer
7
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overpotentials depend on the nature of the electrode materials and structure, reactant
activities, performance of catalysts, electrochemical mediators, and operational
conditions (Zhao et al., 2009). Activation losses can be reduced by improving the
electrode catalysis, increasing the electrode surface area, and optimising the operating
conditions (e.g. temperature and pH).

b) The ohmic overpotential (/Rp) is observed at the intermediate current regions. Ohmic
losses are due to the resistance to charge transport through the various components in
the cell, including contact resistances. They include both ionic and electronic
resistances through the current collectors, electrolytes, membrane and electrodes, as
well as the interfaces between these components (Osman et al., 2011). These
overpotentials (separate for the two electrodes) can be approximated if expressions for
the reaction rates are known, e.g. a Tafel’s or Butler—Volmer’s relation. To keep ohmic
losses to a minimum, the membrane must possess a low resistance, the gap between
the electrodes should be optimal and the components in the cells ought to be well
contacted.

c) Concentration overpotential (7..,) is caused by resistance to mass transport, leading to
large concentration gradients, at the interface between electrode surface region and
bulk electrolyte prevalent at high current densities. They can be lowered by proper
reactor design, mixing/aeration and hence reducing diffusion gradients.

The extractable power of a fuel cell (P..z) is the product of the cell voltage (¥ .;r) and the

cell current (Iep), P = Veen (V) X I (A). The power density can be determined by

normalizing the power with respect to the electrode cross-sectional area, electrode volume

or the working volume of the anodic chamber. The resistance at which both the current and
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voltage are optimum for the highest power output is called the cell design point (Mohan et
al., 2014).

The overpotentials as discussed above can be analyzed separately for the two
electrodes if the expressions for the reaction rates are known with the help of Butler—
Volmer’s and Tafel’s relation. The charge transfer overpotentials are controlled by the rate
of heterogeneous electron transfer, and the kinetics of this process is described by the
Butler—Volmer equation (Zhao et al., 2009) when the reactants are abundant and the

current is small enough that the ohmic and concentration overpotentials are negligible:

anFnact,C) ((1—06)71F77act,a
—e

I = Aigfe 7 ) 1.4

Where [ is the current, 4 is the electrode active surface area, a is the charge transfer barrier
(symmetry coefficient), i, is the exchange current density, n is the number of electrons
involved in the electrode reaction, and 7, is the charge transfer overpotential (Zhao et al.,
2009). The Butler—Volmer equation can be simplified in the high overpotential region

(>118/n mV), yielding the Tafel equation (Zhao et al., 2009):

Nact = blogqo (i) .................................................................................... 1.5

Where i is the current density and b is the Tafel slope, which is an important experimental
parameter commonly used to probe the mechanism of an electrode reaction. Plots of
overpotential against log;yi are known as Tafel Plots (Figure 2.3); i, and b are obtained by
extrapolation of the linear region of the curve to 7., = 0 (Zhao et al., 2009). The activation
overpotential can be limited by facilitating direct electron transfer to anode, increasing the

reaction sites by increasing the surface area (Zhao et al., 2009).
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Figure 1.3: Tafel plot for calculation of current density

One of the most important performance parameters of an EFC is the coulombic efficiency,
which is defined as the ratio of coulombs transferred from the substrate to the anode, to the
theoretical maximum coulombs produced if all of the substrate is oxidized (X100%) (Liu et
al., 2005). The coulombic efficiency (CE) of an EFC can be determined by integration of

the area under the current—time curve (Liu et al., 2005) using the following equation:

CE = CC—” X L00YD oo 1.6

Ti
Where C, is the total coulombs calculated by integrating the current over time.

Fl;;siv, where, F is Faraday’s constant (96,485 C/mol.electrons), b; is the

Again, Cp; =

number of moles of electrons produced per mole of the substrate, S; is the substrate
concentration, v is the volume of substrate used and M; is the molecular weight of the
substrate. The major causes of reduced coulombic efficiency are (a) the occurrence of
alternative reactions that do not result in current production; (b) build-up of biomass; and

(c) crossover of the substrate or mixing of the anodic and cathodic reagents, a particular

10
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problem in membrane-less systems (Clauwaert et al., 2008). Another important parameter
to assess the performance of an EFC is the overall energy recovery or energy efficiency

(EEg). Eg can be calculated using the following equation:

B = 2B X 1000 .ceeereeeeeeeeeeeeseeeeeeeeeeeeseeeeeeeeeseeseeseeeeesesssesesseseeeeees e seeeeesseeesseseeeseeee 1.7

ETi

Where, E, (J), is the total energy calculated by integrating the power over time. E7; (J) is
the theoretical amount of energy that can be produced from the substrate, calculated

as, Er; = M};ﬁ; where 4H is the enthalpy change of oxidation of the substrate (Liu et al.,

2005).
1.1.1. Electron transfer mechanism in enzyme-based bioelectrode

The exchange of electrons between electrochemically active redox enzymes and the
electrode is mostly dependent on the specific properties of the enzyme, such as
accessibility of the active site, distance of the redox center from the protein surface, the
nature of the redox cofactor, the innate protein stability and the mode of its immobilization
on the electrode surface (Schmidt and Schuhmann, 1996). So, according to the type of
electrical communication, redox enzymes can be categorized into three groups. The
enzymes with their active site cofactors are poorly or weakly bound to the protein e.g.
NADH, NADP-based enzymes, come under the first group. In these enzymes, the active
site cofactors can diffuse out of the enzymes during the electron transfer processes. The
next group comprises the enzymes (mostly peroxidase) where the active center is located
at the periphery of the enzyme’s protein matrix. These permit easy exchange of electrons
with electrode due to the short electron tunneling distances. The third group of enzymes

contains deeply buried active sites in the protein matrix, e.g. flavin adenine dinucleotide
11
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(FAD) based enzymes (Heller, 1992). So, the transfer of electrons between redox enzyme
and electrode is known to take place through either of the two mechanisms: mediated
electron transfer (MET) or direct electron transfer (DET) (Barton et al., 2004). In MET,
paring of electrons between the redox active centers of the enzyme and the electrode takes
place through some specialized small electroactive molecules. These specialized molecules
are termed as 'electron transfer mediators' (ETM), which shuttles electrons between the
redox center of the enzyme and the electrode. Conversely, the DET mechanism involves

direct electrical communication between the redox centre of the enzyme and the electrode.

The feasibility of electron exchange between the redox centers of proteins and the
electrodes may be elucidated by the electron-transfer (ET) theory of Marcus (Marcus and
Sutin, 1985). The ET rate constant (Kgy) between a donor and acceptor couple is given by
Eq. (2.8), where, d and d° are the distance separating the electron and donor, and the van
der Waals distance, respectively, f is the electron-coupling constant and AG° and 4 are the
free energy change and the reorganization energy associated with the electron-transfer

process, respectively

AGO+2)
Kgr aexp[—p(d — d®)] .exp[—% ....................................................... 1.8

Hence, the electron exchange between two redox sites depends basically on three
factors: the reorganization energy qualitatively signifying the conformational rigidity of
the redox compound in its oxidized and reduced form, the potential difference between the
involved redox entities (as, AG® = ~ — nFn, where, overpotential n = E — E°, E and E’
are applied and standard potential, respectively), and separation between the redox sites

(Das et al., 2016).

12
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1.1.2. Techniques to characterize electron transfer in enzyme-bioelectrode

The formal redox potentials, detection of chemical reactions that precede or follow
the electrochemical reaction, and evaluation of electron transfer (£7) kinetics are usually
measured by a powerful electrochemical technique, known as cyclic voltammetry (CV).
CV is usually carried out with working electrodes at different potential scan rates (v) to
obtain ET parameters. At first, the redox potentials, anodic potential (£,,) and cathodic
potential (E,.) of the fabricated working bioelectrode are determined in an argon-saturated
buffer solution at a fixed scan rate (for example: v = 50 mVs™). If the peak separation
(4Ep) is > 59 mV, which is more than the peak separation of a reversible process (59 mV),
represents a quasi-reversible redox process (Scott and Lukehart 2007). Additionally, with
the increase in scan rate, if the anodic (E,,) and cathodic (£,.) peak potentials shift to more
positive and more negative values respectively increasing the AE,, further suggests a
quasi-reversible process. Besides this, if the magnitudes of anodic (/,,) and cathodic (/)
peak currents increased linearly with increasing scan rate the phenomenon is described as
a surface confined redox process and indicates a thin-layer electrochemical behavior (Scott
and Lukehart 2007). For a quasi-reversible wave, the relationship between peak potential

and scan rate conforms to the following equation (Laviron, 1974):

RT RTInY
anf anf

Ep = E® o Bl 0y eoeeeerneneogrerennc e P s e eeeene e 1.9

Where E, is the peak potential (cathodic or anodic), E’ is the apparent standard potential, R
is the thermodynamic gas constant (8.314 J K™ mol™), F is the Faraday constant (96,500 C
mol'l) and T is the temperature (298 K). The symbols n and v are the electron transfer

number and scan rate, respectively. The value of charge transfer coefficient (o) can be

13
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determined from equation 2.10 by using the slopes from the linear plots of E,, and E,.

versus log v.

5
= e 1.10
pa —Opc

Where, J,, and J,. are the anodic and cathodic slopes of linear region of the plot. Again,
slopes for the anodic and cathodic peaks can be calculated by using the following

equations:

Anodic slope (6pq) = % ................................................................... 1.11
Cathodic slope (8,¢) = _z'z;fT .................................................................. 1.12

The symbols F, R, T have their usual meanings.

The surface concentration of the ionic species (I) (mol cm™) on working bioelectrode can
be estimated from the plot of peak current versus scan rate (v) using the Brown-Anson

model that is based on the following equation (Laviron, 1979):

22
R U, N roerero SRR . S S 1.13
4RT

Where 7 is the number of electrons transferred, and A4 is the surface area of the electrode.
The symbols F, R and T have their usual meanings. The heterogeneous electron transfer
constant (k;) of the bioelectrode could be obtained by the following equation (Laviron

1979):

nFAEp

.................. 1.14

log(ks) = alog(1 — a) + (1 — a)loga — log (%) —a(l—a)

14
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Where (a) is the charge transfer coefficient and (k;) is the heterogeneous electron transfer
rate constant and R, 7, F and »n having their usual meaning. The magnitude of &, designates
the efficacy of the DET between the immobilized enzymes and the electronic unit. In CV
the increasing height of the redox peak with increasing concentration of substrate entails
the involvement of the DET principle in sensing the substrate of interest by the fabricated

enzyme electrode (Kuri et al., 2021).

1.1.3. Challenges on electron transfer in enzyme-bioelectrode

The slow heterogeneous electron transfer in the enzyme—electrode interface and
denaturation of enzymes outside their native environment are regarded as the major
obstacles in developing enzyme-based bioelectrode. Marcus' theory (Marcus and Sutin,
1985) proposed that the kinetics of electron transfer between the electrode and the redox
species is determined by the distance between them as revealed from the above
elaborations. Due to the large gap between the prosthetic group of redox enzyme and the
electrode surface and due to the shielding effect of a protein shell, the electron transfer
through tunneling mechanism is rarely encountered (Gorton et al., 1999). Although the
different fabrication strategies have been utilized for direct transfer of electrons as
discussed in the following sections, the electrical contact efficiency (turn over rate of
electrons) is usually significantly lower than the electron exchange rate between the redox
center of the enzymes and their native electron acceptor or donors. Hence, there has been a
constant effort made to improve the electrical communications between the enzyme and
the base-electrode through different strategies and techniques that subsumed a major

research activity on this enzyme-based electrochemical technology.

15
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1.2. Materials, plateforms and techniques for developing EFC

bioelectrode:

1.2.1. Material for developing bioelectrode:

The efficiency of the electrodes in terms of electron transfer kinetics, mass
transport, stability and reproducibility is governed by the enzyme-electrode interactions,
which in turn is influenced by the materials being used for fabricating the bioelectrode
such as solid support, enzyme, electron transport mediator, and conductive support matrix
(Osman et al., 2011). The immobilization of enzymes on the electro sensing surface is the
vital step for fabricating enzyme bioelectrode. It is done with the help of an immobilizing
matrix whose function is to hold the enzyme molecules on the electrode. The support
matrix should possess good mechanical stability, rigidity and good flow properties for
enzyme activity, and storage stability (Park et al., 2010). Further, it should be flexible to
different pH, temperature, and chemical composition of the solvent, non-degradable and

biocompatible (De Poulpiquet et al., 2014; Kim et al., 2006).

Incorporation of appropriate nanomaterials in the bioelectrode fabrication is known
to enhance electron transfer kinetics between enzymes and the base electrodes (Zhang et
al., 2021). Due to their high surface area, favorable electronic properties and
electrocatalytic effect, the incorporation of nanomaterials in bioelectrodes generates larger
electroactive surface area and linked bioelectrocatalytically active enzyme loading on the
electrodes (Asefa et al. 2009; Kim et al. 2008). Moreover, many of these nanomaterials
help in maintaining bioactivity of the biomolecules on their surface owing to their
biocompatibility nature (Pingarron 2008). These properties of nanomaterials make them an

attractive immobilization matrix for the fabrication of bioelectrode for EFCs. Carbon
16
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nanotubes, graphene, metal nanoparticles (gold and platinum), composite material are
among the most widely used nanomaterials in the area of biofuel cells. Nanoparticles (Np)
alter the electrode surface and generate a microenvironment that may maintain the innate
conformation of the redox proteins. Again, the conductive tunnels of many inorganic Np
help to overcome the shielding effect of the protein shell on the charges (Das et al., 2016).
The frequently used metal nanoparticles are gold Np (AuNp) (Gai et al., 2017); silver Np
(AgNp) (Christwardana et al., 2018), and platinum Np (PtNp) (Sun et al., 2015). For the
electrical wiring of the redox center and aligning the enzyme on the electrode surface, the
AuNp acts as an electrical nano plug (Das et al., 2016). The condensation reaction between
the amino group of enzymes and the carboxyl group of AuNps could be exploited for
immobilization of the enzyme, which may significantly improve the electron transfer rate
of the bioelectrode (Zhang et al., 2021). One more class of Nps worth mentioning for their
applications in EFCs is the magnetic nanoparticles (MNps) such as hematite, ilmenite, and
magnetite. MNps have required characteristics like high coercivity, super paramagnetism,
a low level of toxicity and a low curie temperature (Sarma et al., 2018). Smaller sizes with
an ideal particle size distribution are desirable for better catalytic activity of MNps for
their utilization in EFC applications. Additionally, the MNps may be repeatedly used and

applied to concentrate the conjugated enzymes (Safarikova and Safarik 1999).

Recently, graphite and graphene have been extensively used as the substrate
material for developing enzyme electrodes and using the former, a self-powered DET-
based ethanol biosensor was constructed (Zhang et al., 2021). Graphene has high thermal
conductivity (5000 W.mK™), high surface-to-volume ratio (2630 m’g™), excellent elec-
trical conductivity (1738 Siemens.m™), and biocompatibility. Low cost, ease of
processing, high surface area, and safety are some of the benefits of graphene over CNTs.

17
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The sensor devices with graphene materials possess better sensitivity and signal-to-noise
ratio (Kaushik et al., 2021). A partially modified graphene, known as reduced graphene
oxide (rGO) is also commonly used for the fabrication of electrode materials. This reduced
form is normally prepared by the reduction of graphene oxide (GO). Owing to incomplete
reduction, the rGO contains oxygen-containing functional groups, which offers the strong
hydrophilic properties to the material. This property is suitable for the immobilization of
biocatalysts over the rGO materials (Erickson et al., 2010; Kong et al., 2020) through
various interactions, which is beneficial to improve the efficiency of electron transfer

between biocatalyst and electrode surface (Zhang et al., 2021).

Two or more kinds of materials with different physical and chemical properties may
be combined by physical or chemical methods resulting in the formation of composite
materials. Recently, composite materials have been increasingly used in the construction
of EFC. Among the composite materials, carbon materials with metal particles are
extensively used. Zhang and his colleagues prepared a 3-D rGO/AuNps/nitrogen-doped
carbon nanotube composite material with foamed nickel as the carrier to fabricate the
anode of EFC (Zhang et al., 2017). Again, Campbell and his group (Campbell et al.,
2015) prepared 3D graphene and CNTs gel composites, and immobilized glucose oxidase
(GOx) and bilirubin oxidase (BOx) on the electrode surface to develop a membrane-less

EFC. DET could be realized at both cathode and anode (Zhang et al., 2021)

Apart from the nanomaterials, conductive polymers are also widely used for the
fabrication of enzyme electrodes. The conducting polymers are also termed “synthetic
metals” since they mimic the electrical, electronic, magnetic and optical properties of

metals. They are the resonance stabilized —conjugated organic polymers. The delocalized =

18
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electrons, which furnish the highway for charge mobility along the backbone of the
polymer chain, are the key factors for conductivity in conducting polymer. In addition to
conductivity, these conductive polymers also possess controllable electrochemical
properties, optical transparency, and flexibility in chemical structure, biocompatibility, and
ion selectivity. Nafion (Nf), chitosan (CS), polypyrrole, polyaniline (PANI), polyphenol,
polythiophene, poly-1,3-phenylenediamine, polyvinyl pyridine, polyvinyl alcohol,
polycarbonate, osmium redox polymers, nylon are some of the examples of polymer

(Sarma et al., 2009).

Conductive ink that can be patterned by screen-printing, inkjet printing, or direct
writing method to form conductive tracks is a critical component for making printed
electronic technology or paper electronics suitable for developing chip-based EFCs.
Researchers are also paying more attention to direct writing methods, which can be
applicable to most substrates where printing can’t be achieved. Inks or pastes, consisting
of solid conductive particles such as graphite powder, carbon nanotubes, metal particles
and nanoparticles suspended in mixtures of solvents and additives, such as polymeric
stabilizers, wetting agents and adhesion promoters, were profitably adopted for this
purpose. Inks based on the use of organo-metal compounds or metal precursors were also
proposed, but they require additional heat-treatment to achieve reduction to metallic

species, to achieve the conductivity (Perelaer et al., 2010).

1.2.2. Enzymes for bioelectrode development:

The number of different redox enzymes reported so far, for developing EFCs is
limited. Among the reports, GOx (Ivnitski, 2006; Mano 2008; Yahiro et al., 1964), glucose

dehydrogenase (GDH) (Togo et al., 2007), alcohol dehydrogenase (ADH) (Davis et al.,
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1983; Topcagic and Minteer, 2006), fructose dehydrogenase (Murata et al., 2009a),
aldehyde dehydrogenase (Neto et al., 2013), and lactate dehydrogenase, are widely used as
the anodic catalyst. There is enough scope to explore new redox enzymes as catalysts for
EFCs. One of the focuses in our lab is to search for a stable alcohol oxidizing enzyme
whose co-factor is avidly bound to the protein matrix for EFC and other electrochemical
sensor applications. In this context, AOx has attracted intensive research interest in our lab
for the last decade. These are flavoenzymes belonging to the group of glucose-methanol-
choline (GMC) family. It catalyzes the oxidation of alcohols to the corresponding
aldehyde or ketone with a consequent release of hydrogen peroxide. Based on substrate
specificity, AOx may be broadly classified into four different groups namely, (a) short
chain alcohol oxidase (SCAO), (b) long chain alcohol oxidase (LCAQ), (c) aromatic
alcohol oxidase (AAQ), and (d) secondary alcohol oxidase (SAQO) (Goswami et al., 2013).
SCAO enzymes produced mainly by the methylotrophic yeast (mostly Pichia pastoris) are
also known as methanol oxidase or ethanol oxidase (Alcohol: O, oxidoreductase EC
1.1.3.13). It is an oligomeric enzyme that consists of eight identical subunits arranged in a
quasi-cubic arrangement, each containing an avidly bound cofactor, flavin adenine
dinucleotide (FAD) molecule (Ozimek et al., 2005). The FAD is the main acceptor of
hydride ion from alcohol. Upon oxidation of the substrate, the FAD is reduced to FADH,;
the reduced FAD then transfers the redox equivalents to dioxygen as the final acceptor.
Along with the three major domains namely a FAD binding domain, a substrate-binding
domain and a flavin attachment loop, AOx also possesses two minor domains, viz a FAD-
covering loop and an extended FAD-binding domain. The FAD-binding domain is the
most conserved region, which comprises an ADP-binding motif (Baf) and a specific

nucleotide-binding site GXGXXG (amino acids 13-18 of AOx) (Ozimek et al., 2005). The
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structure of AOXx is irreversibly altered following the dissociation of FAD, which is deeply
buried inside the protein matrix (Zlateva et al. 2001). On account of the strongly bound co-
factor to the redox center of the enzyme, the substrate specificity and irreversible catalytic
oxidation of alcohols, AOx has emerged as a potential biorecognition element for

developing alcohol biosensors (Goswami et al., 2013) as well as alcohol based EFCs.

The cathodic catalysts widely used in EFCs are BOx (Topcagic and Minteer 2006),
laccase (Barton et al.,, 2001; Barriere et al., 2006) with copper ions as cofactors,
horseradish peroxidase (HRP) (Gomez et al., 2010; Ramanavicius and Ramanaviciene
2009) with iron ions as cofactors, and microperoxidase (Ramanavicius et al., 2008). The
use of oxygenase enzymes such as laccase as O; reducing catalyst is advantageous over the
chemical catalyst platinum (Pt) as the latter is expensive and requires high overpotential
for the reduction (Schaetzle et al., 2009). Laccase (p-diphenol: oxygen oxidoreductase, EC
1.10.3.2) is a copper-containing oxidase that catalyzes reduction of molecular oxygen to
water, accompanied by the oxidation of a phenolic substrate. The majority of laccases
reported in the literature were extracted from fungi and less frequently found in higher
plants and bacteria (Morozova et al., 2007). Yoshida first described Laccase in 1883
making the enzyme one of the oldest reported enzymes so far. Later it was characterized
by Bertrand as a metal containing oxidase in 1985. The active site of laccases possess four
copper ions: a mononuclear “blue” copper ion (T1 site) and a three- nuclear copper cluster
(T2/T3 site) comprising of one T2 copper ion and two T3 copper ions; which are
categorized by their spectral and EPR characteristics (Morozova et al., 2007). T1, the
substrate binding site of the enzyme is involved in the oxidation of substrate and transfer
of electron to T2/T3 cluster, while T3 is responsible for oxygen uptake and as a whole, this
T2/T3 site is responsible for the reduction of O, to water (Solomon et al., 1996). The
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copper ions in the active site of laccase facilitate electron transfer by switching their
oxidation states between Cu (II) and Cu (I). The function of the T1 center is to provide a
long-range intramolecular electron transfer from the substrate to the T2/T3 redox copper
center. The T2/T3 copper center plays a key role in the reduction of oxygen. The fully
reduced trinuclear copper center reacts with dioxygen to generate a peroxide level
intermediate and finally, molecular oxygen is reduced to water (Ivnitski and Attanasov,

2007).

1.2.3. Techniques for enzyme immobilization on electrodes

The foremost consideration given for enzyme immobilization on the electrode is to
avoid its detachment and cofactors from the electrode surface. Once immobilized,
enzymes usually exhibit an extended lifetime compared to those in solution. In EFCs,
enzymes can be immobilized onto solid electrode surfaces by a range of approaches that
include physical adsorption, covalent binding, entrapment and cross-linking (Kuri et al.,

2021).

Adsorption refers to the simplest technique of immobilization of the bioreceptor
onto a surface by reversible surface interaction between the bioreceptor and the surface.
Weak forces like van der Waals, hydrogen bonds, hydrophobic interactions and ionic
bonds are involved in this interaction. In this method, the solid support onto which the
immobilization is chosen is placed in contact with a solution containing the dissolved
bioreceptor at optimum pH, ionic concentration, etc., for an appropriate period to allow the
adsorption to take place. The unbound bioreceptor molecules are removed from the surface

by washing with a suitable buffer.
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The covalent binding involves covalent bonds between the bioreceptor and the
transducer surface. The side chains of cysteine (thiol group), lysine (e-amino group),
aspartic and glutamic acids (carboxylic group), imidazole and phenolic groups, which are
not essential for the catalytic activity of the enzyme, are utilized in the binding processes
(Mohamad et al., 2015). The covalent bindings are though stronger than the adsorption-
based immobilization, its preparation procedure is tedious and the enzyme activity may be
reduced. However, one of the very useful covalent techniques known as Self-assembled
monolayers (SAMs) finds enormous importance in developing enzyme based
bioelectrodes. Owing to the well-defined structure of SAMs and simplified protein—SAMs
system, it is possible to systematically study the influence of experimental parameters on
the electron transfer kinetics of redox protein (Behera and Raj, 2007; Yue et al., 2006).
SAMs are formed by chemisorptions of organothiols on an appropriate support like gold or
silver. The ordered SAM on the surface is hold by Metal-sulfur bonds and as per
requirement; the electron transfer distance can be altered by varying the SAM alkyl chain
length (Cooney et al., 2008). On account of the selective and strong interaction of sulfur
groups for gold, SAMs are very suitable systems for immobilizing biomolecules (Davis
and Higson, 2005). SAM (Chaki and Vijayamohanan, 2002), permits the enzyme to adhere
in the right conformation on the electrode surface, resulting in a decreased distance

between the active site and electrode surface leading to effective DET (Freire et al., 2003).

In the entrapment method, the enzyme molecules are confined within the interstitial
spaces of a crosslinked and water-insoluble polymer matrix or semi-permeable
membranes. This localization is independent of the formation of bonds or chemical
coupling between the enzyme and gel matrix or membranes. Matrix pore size is such that
the enzyme is entrapped while the substrate and product molecules can pass through it
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(Aehle 2007; Costa et al., 2005). The matrices used for entrapping enzymes include
polyacrylamide gel, gelatin, collagen, cellulose, starch, silicone and rubber. The
advantages of the technique include an extremely large surface area for contact between
substrate and enzyme within a relatively small volume and the possibility of co-
immobilizing different types of enzymes physically separated from each other in a single
step. The technique does not alter the conformation of the enzyme where only aqueous

solvents are used (Park et al. 2010).

Cross-linking is another irreversible method of enzyme immobilization, which is a
carrier-free immobilization method (Sheldon et al., 2005). It does not involve a support
matrix. The absence of a support matrix is the distinctive feature for enzyme
immobilization by cross-linking. It is based on the formation of cross-links between
enzyme molecules through poly-functional reagents. These reagents react with the enzyme
molecules and create bridges. These bridges are the backbone to hold enzyme molecules
and form cross-linked enzyme aggregate (CLEA). Glutaraldehyde, diazobenzidine,
hexamethylene diisocyanate, and toluene di-isothiocyanate are generally used as cross-
linking reagents. Glutaraldehyde is the most extensively used cross-linking reagent
(Gorecka and Jastrzebska 2011; Sheldon et al., 2005). Quiocho and Richards first
described the cross-linking of a crystalline enzyme by glutaraldehyde in 1964 (Quiocho
and Richards 1964). Their main objective was to stabilize enzyme crystals for X-ray
diffraction studies but they also found the integrity of the catalytic activity of the enzyme.
Enzyme-glutaraldehyde crosslinks are irreversible. These can endure extreme pH and
temperature. Such crosslinking method is used to immobilize enzymes like glucose

isomerase, penicillin amidase. The crosslinking technique is though simple and cost-
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effective, it suffers from a problem of denaturation of the enzyme by the poly-functional

reagent (Chakraborty and Hashmi 2017).

1.3. Fuel for EFC

EFCs generally derive power from renewable sources. The diversity of fuel for
EFCs has been greatly extended to accommodate many organic compounds that are
common intermediates metabolized in living organisms. Hydrogen with its highest energy
density value has been extensively used in traditional fuel cells. It can also be used in
EFCs using hydrogenases as anodic catalysts (Mazurenko et al., 2017; Xia et al., 2016).
However, difficulty in storage and transportation of this low dense fuel has seriously
hampered its application in the field prompting rigorous research to facilitate its
commercial use. A result of the studies has identified formic acid as a stable hydrogen
carrier and has been used to power some EFCs because of its high volumetric capacity (53
g H,L™"), flammability under ambient conditions and low toxicity. On the other hand,
methanol is an encouraging alternative to hydrogen as a fuel due to its easy transportation
and storage, and volumetric energy density, nearly 3-fold higher than that of formic acid.
However, it is toxic to human beings if ingested (Xiao et al., 2019). Moreover, the
theoretical maximum voltage for a methanol/oxygen fuel cell (1.19 V) is nearby to that for
a Hy/O, fuel cell (1.23 V) (Palmore et al., 1998). Another alcohol, ethanol as a fuel source
for EFC has some advantages, such as low cost, non-toxic, wide availability and water
solubility. Besides, ethanol is a renewable energy source that can be generated through the
fermentation of agricultural products. Glycerol is another potential fuel easily acquired
from many biobased fuel industries since it is a by-product of biodiesel production. High

energy density, low toxicity, low flammability, extremely low vapor pressure (Arechederra
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and Minteer 2009) are the other benefits of glycerol as fuel. Pyruvate, a key intermediate
from the glycolysis pathway, has also been utilized as a fuel in EFCs (Sokic-Lazic and
Minteer 2009). Finally, the most regularly studied fuels in EFCs are sugars as they are
inexpensive, renewable, abundant, and safe to use. Sugars can be obtained from the
naturally abundant lignocellulosic biomass (ca. 1x10'" tons/year globally), which are more
uniformly distributed on earth than fossil fuels. Glucose-based EFCs are mainly suited for
implantable applications due to their availability in human blood. Other sugars like
fructose, xylose, sucrose, and maltodextrin have also been investigated for developing

EFCs (Li et al., 2013; Zhu et al., 2011).

One of the parallel efforts to enhance the energy density in EFC is to extract the
entire enthalpic energy stored in the organic fuel substrates. Theoretically, glucose
possesses an energy density of 4,125 Wh.L™' releasing 24 electrons per molecule to
produce carbon dioxide and water. Hence, with the complete enzymatic oxidation of the
glucose units from a 15% maltodextrin solution the energy-storage density of the EFC
could be enriched as high as 596 Ah.kg™", which is an order of magnitude higher than that
of lithium-ion batteries and primary batteries (Zhu et al., 2014). Glycerol has even higher
energy density (6,260 Wh.L™") compared to glucose, or ethanol (5,442 Wh.L"), methanol
(4,047 Wh.L™"), making it a very potential fuel. Nevertheless, pyruvate also has a high
energy density (4,594 Wh.L™), and requires fewer enzymes than glucose for its complete

oxidation.

The studies on alcohol based EFCs are limited. In these limited studies, ADH
(NAD" dependent enzyme) has been widely used (Addo et al., 2011) as anodic catalyst due

to its low redox potential, which supports the anode to function at low potential for
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generating high cell voltage. However, the leaching susceptibility of the cofactor NAD"
from the electrode surface and electrode fouling caused by the polymerization of oxidized
products on the electrode surface eventually increases the overvoltage for oxidation of
NADH (Bartlett et al., 2002). Hence, a redox enzyme with a strongly bound cofactor in the
active center may be a better choice for developing operationally stable EFC. Considering
the above fact, our research group has been focusing on the enzyme AOx, which contains
strongly bound FAD cofactor, as a potential anodic biocatalyst for developing alcohol EFC

(Goswami et al., 2013).

Using alcohols as fuels, the EFC with ADH as an anodic catalyst generated power
densities between 32 and 1000 chm’2 (Kim et al., 2013; Neto et al., 2013). PQQ
dependent ADH has also been used (Yakushi and Matsushita, 2010) in many EFCs. AOx
based bioanode with air breathed laccase biocathode was utilized for generating power in
fuel cell setup using methanol as substrate in our lab (Das et al., 2014). This fuel cell
generated an OCP of 0.61 (£ 0.02) V with a maximum power density of 46 (= 0.002)
nWem™ at an optimum of 1M methanol, 25°C and an internal resistance of 0.024 pQ. The
operation and storage half-life (t;,) of the EFC were 17.22 hours and 52 days, respectively

at a fixed load of 1.85 Q.
1.4. Development of small scale EFC:

Explosive growth occurring recently on wireless consumer electronics and portable
biomedical devices (including body integrated) has prompted intensive research for
developing a stable power supply of smaller dimensions for powering these miniaturized
utilities. In this aspect, small-scale EFCs are emerging as the latest addition to this modern

field of microscale devices (Gellett et al., 2010). However, miniaturization of these bio-
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based power-generating devices confronts several technical difficulties on their simple
fabrication, operational stability, and efficient functions. These devices must provide
similar performances to larger EFCs in terms of efficiency and power density while using
fewer reagents, space and time consumption. Over the last decade, the questions that
loomed over the technical and economic dimension on the miniaturization of EFCs have
been significantly addressed by the emergence of advanced techniques like microfluidics,
lithography, and allied engineering microfabrication tools. Fuel cell technologies often
adopt microfluidic techniques for miniaturization of the devices (Kjeang et al., 2009).
Microfluidics is the science and technology of systems that process or manipulate small
(10°to 10™'® liters) amounts of fluids, using channels with dimensions of tens to hundreds
of micrometres. In these devices, fuel and oxidant streams introduced into a microchannel
proceed in parallel laminar flow without turbulent mixing. However, diffusion happens
across the interface between the two streams transverse to the flow streams. Laminar flow
occurs at low Reynolds numbers (Re) (equation 2.8), where viscous forces are dominant

over inertia forces.

Where, p is the density of the fluid, u represents viscosity of the fluid, L depicts the length
of the channel, U is the mean velocity of the fluid.

Microchannels are commonly fabricated using soft lithography (Zhao et al., 1997)
with T-shaped or Y-shaped geometry. Micro-fluidic fuel cells are typically made of
polydimethylsiloxane (PDMS). Electrodes are either placed in the inner wall of the main
channel or immersed in an electrolyte and placed in the main chamber. The performance
of these cells can be influenced by the efficiency of chemical reactions as well as the size

and geometry of the chamber. Smaller the chamber size efficient is the power density as
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observed. This is due to the larger surface-to-volume ratio, which shortens energy
production start-up time and allows for faster power generation recovery. It is
demonstrated that a high aspect ratio (width/height) microchannel could improve the fuel
utilization and consequently the power density of the fuel cells (Kjeang et al., 2007).

The research on developing small-scale EFCs is limited and among the reports
glucose fuel-based systems have been intensively investigated following different
strategies. Heller and co-workers successfully demonstrated the efficiency of a miniatured
membraneless EFCs functioning under physiological conditions. They have developed the
first handmade miniature device containing electrodes of seven micrometre diameter and
two centimetre long carbon fibers, placed in a polycarbonate support. The anode and
cathode were modified by GOx and either laccase or BOx within, and mediated by redox
osmium-based hydrogels (Mao et al., 2003). The group developed the first miniature
membraneless EFC that delivered a power density of 137uWecm™ at 0.4V (Chen et al.,
2001). This simple device validated the goal of a miniature autonomous sensor—transmitter
system (Bullen et al., 2006; Heller, 2004). Following further modifications, the devices
could deliver higher power densities of 431 pWem™at 0.52 V (Mano et al., 2002) and 440
uWem™ at 0.52 V (Mano et al., 2003), in pH 7.2, 37° C and 15 mM glucose. The high
power density delivered by these devices comes from the cylindrical mass transport at the
carbon fibers and the use of efficient redox polymers to transport electrons. They also
showed that this system produced a power density of 240uWem™at 0.52V when implanted
in a living organism, near the skin of a grape. Later, by replacing carbon fibers with
engineered porous microwires made of oriented carbon nanotubes, the most efficient
glucose/O, EFC ever designed was developed (Gao et al., 2010) and delivered a high

power density of 740 chm'2 at a cell voltage of 0.57 V. The success of the experiment
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achieved probably was due to an increase in the mass transfer of substrates to the
bioelectrodes. Though this approach has made the device significantly simpler and more
compact, external pumps and outlet systems were still required to maintain the fuel
concentration and remove the by-product, respectively, thus indirectly increasing the
overall dimensions of the device (Kjeang et al., 2009). As an alternative to the external
pumping system, a self-pumping or passive pumping method is thought to be a good
option to deliver the fluids in a micro-fuel cell. With the idea of a self-pumping
mechanism, paper-based micro fuel cells may be much more attractive than the traditional
ones. Paper-based microfluidics has been extensively investigated by researchers for
various applications (such as disease diagnostics), in which transport may be sustained due
to the capillary action of fluids through the cellulose fibers and pores in the paper
(Martinez et al., 2010). The fluid flow rates have been found to be very low (2—3ul min™"),
so that a given small volume of fluid can be delivered for a long period of time in contrast
to the syringe pump-based arrangement (Wang et al., 2013). Thus, with the use of paper,
the power generating capacity of the small-scale EFCs may be enhanced significantly due

to the constant laminar flow of fluids for a long time at low volume consumption.

Miniaturization may improve the performance of the EFC for sensor applications as
this act lowers the internal resistance of the device, which makes them energy dense. Non-
ohmic and ohmic resistances are the two components of the internal resistance. Resistance
to the charge transfer and diffusion comprises the non-ohmic resistance. Electrode with
high surface area and supporting good catalytic activity can lower the non-ohmic
resistance. Contrarily, the ohmic resistance affects the output signal. Placing the electrodes
in close vicinity and using electrolytes with high conductivity can reduce ohmic resistance.
Ohmic resistance can be defined as:
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A G = e 1.9

Where, AV is the voltage difference between the anode and cathode, d is the
distance of electrode separation, / is the current, K is the solution conductivity, and 4 is the

cross-sectional area (cm”) through which ionic conduction occurs. The ohmic resistance

can be calculated as, R, = , where [ is electrode length in cm. Therefore, the ohmic

e
(AXK)
resistance can be managed by reducing the d/4 ratio, which can be addressed by

microsystems (Kaushik et al., 2021).

Owing to the porous structure and fluid wicking ability of paper, biofuel (substrate)
could be continuously supplied to the paper electrode without using an external pump.
Enzyme can be easily adsorbed/immobilized on paper surface whereas the conductive ink
and enzyme biocatalysts could be printed on paper using inkjet or screen-printing
technology. It supports the integrity of the biocatalysts used in EFC. The first work on
biofuel cells using paper-based electrodes is probably the work by Jenkins and his
colleagues in 2012. In this work, both anode and cathode were printed on separate paper
sheets and were separated by a dialysis membrane, which acted as the separator. CNT,
enzymes (Laccases or PQQ-dependant aldose dehydrogenase) and mediators (osmium
complexes) containing ink was printed onto Whatman paper. Anodes and cathodes were
connected to the electrochemical device by direct contact with graphite plates and were
separated by a dialysis membrane (Figure 1.4A). The cell could be supplied with 200 puL
of glucose solution and could have an operation time of about 90—100 h (Jenkins et al.,

2012).
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Figure 1.4. EFCs based on paper material. (A) Anodes and cathodes are separated by a
dialysis membrane, (B) electrodes are screen-printed on both sides of a Japanese paper,
(C) electrodes are screen-printed on the same side of the paper with a hydrophilic channel
acting as a membrane, (D) air-breathing cathode and (Ea) single or (Eb) stacked fan-like
biofuel cell painted on two-face of a Whatman paper (Desmet et al., 2016), Copyright

2016, reprinted with permission from Elsevier.

Shitanda and his group developed membraneless paper-based EFC (Figure 1.4B).
They used Japanese paper and anode and cathode was screen-printed on each of the paper
sheet to build a membrane-less EFC. The anode was composed of GOx and
Tetrathiafulvalene (TTF) adsorbed at the surface of Ketjen black/styrene butadiene rubber
polymer. Styrene butadiene rubber is replaced by PTFE at the cathode in order to create a
water repelling electrode. Glucose is supplied by diffusion from a solution to the anode via
the paper fluidic (Shitanda et al., 2013). Next Zhang and his group printed anodes and
cathodes on the same side of the paper, where the hydrophilic channel (or region) between
each electrode acts as a membrane (Figure 1.4C). GDH and BOx were immobilized
together with chitosan onto screen-printed anode and cathode, respectively. In this system,

oxygen from air is diffused to the enzyme in the cathode. The cell was operated with 30
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uL of a glucose solution supplemented by NAD". The cell was operating for 0.75 h and
the power was fully recovered by adding an additional 30 pL of biofuel to the EFC system
(Zhang et al., 2012b). Ciniciato and his group developed different designs of air-breathing
bio cathode and ink based biocathode. In this half-cell, the paper material is used as the
electrolyte support. A carbon ink containing BOx was painted onto nitrocellulose and was
further pressed onto a gas diffusion layer (teflonized carbon black) and a toray paper as
connector (Ciniciato et al., 2012). Atanassov group developed a novel EFC design. They
utilized paper-based quasi-2D microfluidic system to supply biofuel to the enzymatic
layer. The anode was fabricated using GDH immobilized over bucky paper and cathode
was fabricated using BOx immobilized on carbon black over toray paper. The Whatman
filter paper was designed as a fan, anode and cathode being pressed on the handle of the
fan. This geometry permits the improvement of the transport of fuel to the anode. The
handle of the fan was plunged into the substrate solution that reached the anode by
capillary forces but the solution in the fan was evaporated. The evaporation becomes the
main driving force resulting in a quasi-steady-state flow. Power output could be increased
by stacking three electrodes together using carbon yarn (Figure 2.4E) (Narvaez et al.,

2014).

Paper-based biofuel cells are still in their infancy in spite of these inspiring
examples. The stability of the paper itself should be investigated once hydrated. Moreover,
strategies are yet to be developed to improve electron transfer (electrode surface
modification). Again, Atanassov group developed a paper-based biofuel cell with passive
laminar flow to show the impact of flow on the performance of two different enzyme
cascades — for methanol and ethanol substrates. To utilize substrates effectively, they used
enzyme cascades to ensure complete oxidation of methanol. Both cascades demonstrated
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enhanced electrochemical output as a consequence of the decreased diffusion path of the
reaction intermediates. They identified the intermediates diffusion in between the enzym
active sites as the rate-limiting step in cascade operating systems (Desmet et al., 2016; Lau

etal., 2015).

1.5. Approach for the improving EFC voltage

1.5.1. Stacking of EFC:

EFCs may be stacked in series to increase the output voltage of the device, while
cells stacked in parallel can increase the current density (Xu and Armstrong, 2015). Unlike
microbial fuel cells, EFCs do not possess the problem of voltage reversal when stacked
(Oh and Logan, 2007). Sakai and his group developed one glucose/O, EFC with GDH and
BOx that generated a maximum power density of 1.45 = 0.24 mWem™ at 0.3 V and OCP
of 0.8V in the presence of 400 mM glucose. A stacked cell of two individual EFCs
connected in parallel functioned a radio-controlled car (16.5 g) and a memory-type
Walkman uninterruptedly for more than 2 h (Sakai et al., 2009). Again, Xu and Armstrong
fabricated one H,/O, EFC composed of two stacks of four cells in parallel with OCP and
Piax of 2.09 V and 7.84 mW, respectively. It delivered power to an electronic clock and
red LEDs for 8 h with no fall in light intensity (Xu and Armstrong, 2015). A screen-
printed paper-based circular-type EFC system was developed by Shitanda and his group.
With single cell OCP of 0.57 V, five individual cells when serially connected, generated
an OCV of 2.65 V and lightened an LED directly (Shitanda et al., 2017). However, the
overall performance of stacked EFC in serial is limited by the weak EFC. Yet again, the
individual EFCs in the serially connected system should be isolated properly to avoid

short-circuits resulting from ion-conductive electrolytes (Xiao et al., 2019).

34

TH-2758_ 146151005



Chapter I Introduction and Literature Review

1.5.2. Employment of external boost converter:

The voltage generated by an EFC could be increased by externally connecting a
charge pump as a DC-DC converter. A voltage-doubler operates by charging two
capacitors in parallel separately followed by discharge in series. Southcott and his group
fabricated a fluidic glucose/O, EFC with an OCP of 0.47 V in a serum solution that
mimics the human blood circulatory system (Southcott et al., 2013). A single EFC was
connected to a combination of a charge pump with a DC-DC converter, which increased
the voltage from 0.3 to 2 V and from 2 to 3 V, respectively. The resultant device was able
to operate a commercial pacemaker for a continuous period. Jia and his colleagues
reported a wearable biofuel cell printed directly onto textile substrates. For the generation
of electrical energy, the EFC utilized physiologically produced sweat lactate as the fuel.
The cell generated OCV of 0.67V and when two EFCs parallelly connected, it generated 6
uW at 0.376 V, which was scaled up to 3.2 V with an EFC/voltage booster couple that can

illuminate a blue LED bubble requiring 2.5 V and 0.5 mA (Jia et al., 2014).

1.6. Self powered EFC:

Owing to their high sensitivity, reliability, and simplicity, electrochemical
biosensors are the most reliable candidate from commercial point of view. In addition to
being electrochemical, some extra prominent features make EFCs more operational.
Contrasting to electrochemical biosensors EFCs are power generating devices, the
presence of the target analyte in a sample could be sensed directly from their electrical
signal output, thus precluding the need for any external power source (Chouler et al.,
2018). Depending on the effect of the target analyte on the enzyme of the EFCs, the output

signal (current or voltage) may be higher (turn-on sensors) or lower (turn-off sensors) than
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the control signal. For example, if the target analyte is an activator of the enzyme, the EFC
works as a turn-on sensor; again, if the target analyte is an inhibitor of the enzyme, the
EFC operates as a turn-off sensor (Kaushik et al., 2021). The self-powered biosensors have
some advantages, these are (i) this type of sensor comprises of two electrodes, and there is
no need for application of external voltage to the electrodes. (ii) As the system is self-
powered by biological fluids, the sensor may function as an implanted invasive sensing
device. (iii) No application of potential to the electrode makes the operation of the
biosensor device specific, and hence there is no interference by contaminants. (vi) In
absence of the substrate, the system does not generate voltage or current, so, one

concentration of the substrate is sufficient to calibrate the system (Katz et al., 2001).

The first EFC-based self-powered biosensor was developed in 2001 by Willner and
co-authors for sensing glucose and lactate (Katz et al., 2001). After that, Self- powered
enzymatic biosensors for the detection of glucose (Fischer et al., 2016), cholesterol
(Sekretaryova et al 2014), lactate (Hickey et al., 2016), acetaldehyde (Zhang et al., 2012a)
ascorbic acid (Zloczewska et al., 2014), proteins (Wang et al., 2014), explosives (Germain
et al., 2008) were reported. However literature on self powered alcohol biosensors is rare.
Ruff and his group developed a self powered ethanol biosensor using ADH/ redox polymer

based bioanode and AOx/HRP based biocathode (Ruff et al., 2017).

1.7. Key areas and scope

There are a plethora of reports on the development of EFCs. Efficiency, stability,
and simple design are the key research issues on this energy-generating device. However,
commercial EFC products for real-world applications are not yet widely known. The major

hurdles for this sluggish development are generally attributed to their low power density
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and poor operational stability, which is mainly caused by the short lifetime of enzymes

being used as electrode catalysts in these devices.

EFCs of smaller sizes have several advantages among which portability and low
production cost are prominent. For biosensor applications, chip-based devices offer many
benefits in all functionality, handling and economic fronts. The fabrication of such devices
commonly exploits microfluidic techniques, which made the device significantly simple,
compact and enables multiplex analysis of microlitre sample volumes. However, proper
fluid flow (fuel in the present case) in the microfluidic devices and in the macro-sized fuel
cells is usually enacted by coupling an external pump, which eventually increases the
overall dimensions and cost of the device. To mitigate the problem, we proposed to
introduce materials that facilitate fluid flow to the devices through passive diffusion mode.
Cellulose fibre-based materials present in paper and cotton allow the flow of aqueous
liquids within its fibre matrix through capillary action. This property provides the basis for
using paper to fabricate microfluidic systems (Stock and Rice 1974). Therefore, with the
self-pumping mechanism, paper or cotton-based biofuel cells may be much more attractive
than the traditional ones. These paper-based microfluidic platforms can be easily
fabricated by creating hydrophilic channels by adapting various techniques including

photolithography (Martinez et al., 2007).

The enzyme electrodes are the kingpin for the function of EFCs as it is largely
accountable to the operational stability, coulombic efficiency and power density of the
construct. The short lifetime of the redox enzymes is mainly responsible for the poor
operational stability. Additionally, efficient electrical communication between the redox

enzymes and the electrodes is a major challenge since the active centers of most of the
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redox enzymes are buried inside the protein matrices. To overcome this obstacle, two
approaches are widely used: mediated electron transfer (MET) and direct electron transfer
(DET). The MET method even though offers high redox current, the Ileaching
susceptibility of the mediating molecules from the enzyme—electrode interface discourages
this approach to use for cases where operational stability is a critical task. On the other
hand, the DET approach involves the direct transfer of electrons between the enzyme and
the electrode (Das et al., 2016). To facilitate the DET, various highly conductive
nanostructured materials are widely used. Over the past few years, the magnetic
nanoparticles (Fe;O4 Nps) (MNps) have attracted attention for different applications due to
their distinctive properties like good biocompatibility, high surface reactivity, strong super
para-magnetism, low toxicity, and strong adsorption ability to immobilize enzymes.
However, the use of MNps for improving the electrocatalytic performance of enzymes in

EFC i1s limited.

Again, the research on EFC biosensors for the detection of alcohol is not yet
adequately known. We envisage that with the aid of a passive diffusion facility for the
target alcohol in a chip-based platform, and biocompatible electroactive advanced
materials to realize the bioelectrocatalytic function of the redox enzyme with long-term
stability, it would be possible to design a suitable EFC based alcohol biosensor for

practical use.

Considering the enormous potential of EFCs as power generating as well as
biosensing devices, the gaps and challenges to develop such devices as briefly discussed
above, the following objectives have been set for the present investigation embodied in

this thesis.
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1.8. Objectives of the present study

The overall objective of the present investigation is to develop small-scale enzymatic
biofuel cells for power generation application using alcohol as fuel substrate and for

alcohol biosensing application using paper as support material.

The specific objectives of the work are:

» Fabrication of stable and bioelectrocatalytically efficient enzyme electrodes using
highly conductive and biocompatible graphite paste ink with silk sericin as electrode
material.

» Fabrication and characterization of a laccase-based biocathode for developing the
biofuel cell and validate its performance using a suitable substrate.

» Construction of EFC using the enzyme electrodes for power generation application.

» Fabrication of small-scale paper-based EFC for alcohol sensing application.

The entire thesis has been outlined into five chapters as described below, followed by a
short section covering the conclusions on the present work and the scope for future

research.

Chapter I: Introduction and Literature review

This chapter furnishes a brief introduction, summarizes the status and progress in
the area of EFC. It highlights the basic concept of the EFC, underlying electron transfer
mechanism in enzyme based bioelectrode, electrode materials used in EFC, approaches for

improving cell voltage and a brief review on the alcohol detection system with a special
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emphasis on EFC based sensors. The chapter also defines the origin of the work that
comprehends the motivation for pursuing the work, challenges involved and the objectives

undertaken to address the challenges.

Chapter II: Development of Conductive Ink for Fabrication of Enzyme Electrodes

The study in the chapter includes the development of graphite-based conductive
pastes with different biopolymers like chitosan, silk fibroin and silk sericine as stability
and conductive enhancing additives. In particular, graphite pastes containing sericin as an

additive showed better conductivity and stability.

Chapter I11: Fabrication and Characterization of Laccase-based Bioelectrode

This chapter describes the fabrication of laccase-based biocathode for biofuel cell
application. It also illustrates the development of an amperometric laccase-based biosensor
for the detection of pyrocatechol to validate the function of the bioelectrodes for future
EFC applications. The detection principle has been elucidated and the response against

different common interfering agents has been evaluated.

Chapter IV: Development of a Paper-based Enzymatic Biofuel Cell for Alcohol

Sensing Application

This chapter describes a low-cost, self-powered paper-based biosensor for
monitoring of alcohol using an alcohol/oxygen EFC system. The device operating
mechanism has been elucidated and the response against different common interfering

agents has been evaluated.
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Chapter V: Development of Methanol Biofuel Cell through Passive Fuel Delivery

Facility in the Anode Chamber

This chapter describes a new design strategy to develop a methanol fueled EFC
using alcohol oxidase (AOx) in anode and bilirubin oxidase (BOx) in cathode. The EFC
operates through passive fuel delivery approach obviating the need of for an external pump
for continuous and prolonged operation of the cell. The performance of the EFC was

evaluated.

Conclusions and Scope for Future Research

This section recounts the significant conclusions on of the present work.
Furthermore, a brief critical evaluation on of the work and the future scope to advance the

work for a technologically viable device has been projected.
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CHAPTER 11

Development of Conductive Ink for Fabrication of
Enzyme Electrodes

2.1. Overview

One of the major thrusts of current research in the field of biofuel cell-based
biosensors is the development of portable and inexpensive point-of-care diagnostic devices.
Among the various biocatalysts being used in these devices, enzymes are regarded as a
benchmark due to the high selectivity and sensitivity offered by this protein-based
recognition system in the detection of target analyte of interest. The enzyme electrodes are
the kingpin for the proper functioning of these bioelectrochemical devices. For large-scale
production of these small-scale or chip-based EFCs of commercial interest, conductive inks
are explored for developing the electrodes (Kim et al., 2006; Komoda et al., 2012). The inks

generally consist of solid conductive particles such as graphite powder, carbon nanotubes,
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metal particles, organo-metallic compounds, and nanoparticles. These solid materials are
usually suspended in a mixture of solvents and additives, such as polymeric stabilizers,
wetting agents and adhesion promoters, for preparing the ink (Kamyshny and Magdassi,
2014; Perelaer et al., 2010). However, one of the major challenges of developing such ink is
to maintain their combined properties of conductivity and biocompatibility, more importantly
when these inks are intended to use for preparing enzyme-based bioelectrodes (Park et al.,
2007).

Over the last many years, graphites have received intensive interest in developing
conductive ink. Graphite consists of superimposed lamellae of 2D carbon-carbon covalent
networks, referred to as graphene, that form layers as a result of strong van der Waals
interactions (Singh et al 2021). In graphene, the carbon atoms are bonded by sp’
hybridization and the single atomic layer character imparts its outstanding physical properties
(Allen et al., 2010). Graphite powder is though, far less expensive than their processed form
(through exfoliate or other elaborate techniques) graphene, the weak conductive properties
due to the amorphous nature of the graphite hinders its application in developing conductive
ink. Hence, the transformation of the powdered graphite to a higher conductive form through
a simple process may greatly boost the application of these widely available materials in
various fields including developing portable enzyme based electrochemical devices.

Glycols are generally employed as a binder/drying retarding agent in the preparation
of conducting inks for maintaining cohesion among the conductive particles such as the
graphite within the water-based conductive ink composition and to slow down the drying
process so as to permit manipulation of the conductive ink, such as by direct writing before it
has a chance to dry. Polyethylene glycol (PEG) has been widely used as a binder for various
ink formulations (El-Molla, 2007). PEG are water-soluble polymer/oligomer made from the
monomer of ethylene oxide, have excellent wetting properties.
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Herein, we explored various biocompatible materials like silk sericin, silk fibroin
and chitosan for developing a conductive ink using graphite powder as the core conductive
material. They were used in the preparation process of ink as a stability enhancer. Stability
enhancer’s role is to enhance the adherence between graphite particles in the composition and
to prevent the leaching out of the conductive particle when it is applied over substrate once
incubated with water. Silk, a mass-producible natural polymer is of two kinds: one is fibroin,
which is fibrous in nature. The other one is sericin. Sericin is a gum like protein present in
silk-cocoon associated with silk-fibroin. Sericin and fibroin both are biocompatible materials
(Pal et al., 2016). Sericin is progressively used in the cosmetic industry, as an antibacterial
agent and as a biocompatible biomaterial (Zhang 2002). The incorporation of sericin in
hydrogel or poly (vinyl alcohol) (PVA) / poly (vinyl pyrrolidone) (PVP) composites also
enhances their electrical properties (Cheong et al., 2014; Ramesan et al., 2016). Sericin was
found applicable as an enzyme stabilizer (Kishimoto et al. 2009), which is an important trait
for developing enzyme electrode. Chitosan (-1, 4-poly-D-glucosamine), one of the naturally
occurring biopolymers from deacetylation of natural chitin, is another biocompatible
material. It exhibits good film forming capacity, good adhesion to various supports, high
mechanical strengths, and high water permeability. The presence of the reactive amino and
hydroxyl functional groups allows chitosan to be easily modified by covalent
functionalization, making the resulting composites more stable and with tuned properties
(Diaconu et al., 2010).

We report here the development of a conductive ink with graphite powder as a
particulate conductive material using PEG as a binder or as dispersant along with silk sericin
or silk fibroin or chitosan as stability as well as conductivity enhancer. The as-prepared inks
were then characterized and the most conductive and stable ink was used for making carbon

based enzyme electrodes in research work described in the next chapters.
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2.2. Experimental approaches

2.2.1. Reagents and stock solutions

Graphite powder (<20 pum, synthetic), Polyethylene glycol (PEG) and chitosan were
purchased from Sigma-Aldrich. Chitosan was dissolved in 1% acetic acid by ultra-sonication
at 15 Hz for 1 h. Silk fibroin and sericin were extracted in the lab from Bombyx mori cocoons
following a reported method (Rockwood et al., 2011). Whatman chromatographic papers
grade 3 mm Chr (20 cm x 20 cm) were procured from GE health care. All other chemicals
were of analytical grade and used without further purification. The entire experiment was

performed using Elix Millipore water (with resistivity of 15 MQ cm at 25 °C).
2.2.2. Extraction of silk fibroin and silk sericin

Cocoons of Bombyx mori used for the extraction of silk fibroin and silk sericin
(Rockwood et al., 2011) were cut and boiled for 30 min, in 0.02 M of sodium carbonate to
remove sericin. After a thorough rinse with water, the fibroin was removed, squeezed and
placed on aluminium foil to dry in a laminar hood overnight. A total of 9.3 M of LiBr was
used for dissolving the silk fibroin in potassium phosphate buffer for 4 h at 60 °C. The amber
colored fibroin solution was dialyzed against the water until AgNOs test detects no bromide
ion in the silk solution. The final solution with the silk fibroin concentration of 5-6 % (w/v)
was stored at 4 °C until use. For isolation of sericin, the solution remained after separation of
the fibroins was filtered, dialyzed for 48 hours, and then lyophilized. This resultant
lyophilized sericin powder was stored at 4 °C until use. The whole process of extraction of

silk fibroin and silk sericin is described in scheme 2.1.
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Scheme 2.1: Schematic of the silk fibroin and silk sericin extraction procedure (adapted from

Rockwood et al., 2011)

2.2.3. Preparation of conductive ink:

The conductive inks were prepared by mixing 30% (w/v) graphite powder and 60% (w/v)
PEG with about 1% (w/v) water-soluble biopolymers selected from the group consisting of
chitosan, silk fibroin, and silk sericin. The mixing was done by ultra-sonicating for about 30

mins.

2.2.4. Characterization of the prepared inks:

The prepared inks were characterized for conductivity by using two-electrode data
acquisition system (Agilent 34972A LXI, USA). First, all the three types of inks are hand

brushed over chromatographic paper and allowed to dry. The resistance between two points
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(of equal distance) on the ink painted papers was measured through a data acquisition system.

After that, resistivity (p) was calculated using the equation 2.1

p=T .................................................................................................... 2.1

where ‘R’ is resistance, ‘4’ and ‘I’ are cross sectional area and distance between the two
specified points on the paper respectively. Then conductivity can be calculated using the

following equation 2.2

T T . oo T A 22

o=-
P

Where o is conductivity and p is resistivity.

For aqueous solubility study, the conducting inks painted dried chromatographic papers
were incubated in water for three minutes and were observed the traces visually in water for
each conducting inks. This experiment was done to study the aqueous stability of the inks on
paper. Thermal stability of the highest conductive ink was monitored by thermo-gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analysis that were performed
simultaneously in the thermal analyzer (NETZSCH STA-449 F3 Jupiter”, Germany) from RT
to 400°C at a rate of 10° C min~' under dry nitrogen. Again, the degree of crystallinity of all
the individual components of the highest conductive ink and their composites was analyzed
using an X-ray powder diffractometer (XRD) (Rigaku X-Ray Diffractometer TTRAX III,
Japan) equipped with CuKo radiation (A = 1.54178 A) in a continuous scanning mode. The
viscosity of the ink was recorded using a rheometer (Anton Paar Physica MCR 301

rheometer, USA) with 1ml ink loading at RT.
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2.2.5. Characterization of the secondary structure of protein

The Circular Dichroism (CD) spectra of sericin and sericin-PEG composites were
recorded in a Jasco J-815 spectropolarimeter (Japan) calibrated with (+)—10- camphorsulfonic
acid for optical rotation. The spectra were determined within 250-190 nm, in 2 mm path
length suprasil quartz cuvette, at a scan rate of 50 nm min ', 0.1 nm intervals, a time constant
of 1s, and the average of three scans. The temperature of the cell in the range of 25°C was
controlled by using a peltier temperature control unit. The baseline spectrum was subtracted
from the sample and the resultant spectra were smoothed by Savitsky-Golay filter using Jasco
spectral analysis. The secondary structure analysis was performed using the online server
DICROWESB structure estimation program which utilizes the CONTIN program to evaluate

the structure (Yang et al., 1986).

2.3. Results and discussion

2.3.1. Characterization of the ink
2.3.1.1 Conductivity measurement:

Different conductive graphite inks were prepared by combining various
biocompatible polymers that were characterized by measuring resistance using two electrode
systems as discussed in the experimental section. The conductivity values of the inks for the
corresponding graphite inks containing sericin, chitosan, and silk fibroin were 11.2+0.104
mS.cm™, 6+0.036 mS.cm™, and 1.1+0.0116 mS.cm™ indicating the conductivity of the ink
containing sericin is 1.86- and 10.18-fold higher than the ink containing chitosan and silk
fibroin, respectively. For each case, the conductivity values did not change much (< 5%) over
the time up to 600 s measured at a regular interval of time (Figure 2.1). Sericin is a highly
charged molecule (Cheong et al., 2014). The well-ordered charged residues across the protein

chains of sericin may facilitate its charge transfer property in the ink. Again, Patent
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application no. US2011/0291078A discloses the invention of silk fibroin as an insulating
material in the manufacturing of organic thin film transistor (OTFT), where fibroin is used as
a dielectric material of the gate insulating layer. It is in accordance with our result that
graphite ink containing silk fibroin (1.ImS.cm™) exhibits less conductivity than ink
containing silk sericin.

Conducting traces made from higher conductive ink leads to preparation of higher

sensing platform for biosensor or biofuel cell application.

2.3.1.2. Aqueous stability of the conductive inks

The ink prepared only with graphite-PEG mixture was not significantly stable in an
aqueous environment as the inks were easily dissolved following their incubation in water for
three minutes as tested on a filter paper surface. This is due to the high solubility of PEG in
water. In contrast, the inks prepared by mixing graphite and PEG with other biomaterials
were significantly stable as the level of dissolution of the ink particles in the incubating
aqueous environment was practically nil (Figure 2.2). This infers that the selected
biopolymers could strongly stabilize the graphite particles in the PEG environment
preventing their dissolution into aqueous surroundings. This property is an important
requirement for a conductive ink for their deployment to construct stable enzyme electrodes
to catalyze substrate in an aqueous solution. The reason is attributed to the less solubility of
chitosan at neutral pH, highly ordered f structure of silk fibroin and glue like properties of
silk sericin. Moreover, the introduction of PEG into the sericin induces the change of
secondary structure from random coils to £ sheets that decrease sericin solubility in water

(Cho et al., 2003).
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2.3.1.3. Thermal characterization of conductive ink:

Considering the better aqueous stability and conductivity, Graphite-PEG-Sericin ink
was considered for further study. The thermal stability of the ink was analyzed by using TGA
techniques (Figure 2.3 black trace). A reduction in mass of 25 % was observed at ~ 100 °C,
which could be due to the evaporation of residual water from the ink. There was no drastic
change in the mass of the sample during treatment up to 320 °C indicating that the polymer
binders do not degrade within this temperature range. DSC measurement of the ink (Figure
2.3 blue trace) indicates the presence of doublet endothermic peaks, one at 91.5 °C and a
shoulder peak at 62.5 °C. These peaks can be attributed to the melting of the PEG binder
(Pielichowski and Flejtuch 2002). The appearance of another endothermic broad peak at ~275

°C was suggested to be caused by the melting of sericin in the ink (Zhang et al., 2011).

Again, the first derivative curve of DSC was recorded from RT to 600°C at a rate of
10° C min"' under dry nitrogen (Figure 2.4). The complex peak area from this curve was
analyzed (Figure 2.5) to deduce the enthalpy of heat of formation (AH¢), which was found to
be -4204 J/g indicating high thermal stability of the graphite-PEG-sericin ink. Highly
thermally stable conductive is very much required for the fabrication of stable electrode

surface for the preparation of biosensor and biofuel cell.
2.3.1.4. Crystallinity of the conductive ink

The degree of crystallinity of conductive ink was analyzed using an X-ray powder
diffractometer (Figure 2.6 A and B). The 26 range is dominated by peaks at 26.54° which
correspond to graphite crystal plane (0 0 2) lattice spacing distance (Wojtoniszak et al., 2012)
while sericin exhibits two weak intensity peaks at 23.26° and 19.06° (Figure 2.6 A). During
the interaction of graphite with sericin, the peak intensity corresponds to the original (002)

peak of the graphite increases and the peak shifts slightly to the lower angle. Based on Bragg
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formula A=2d sin6, the d (0 0 2) interlayer spacing calculated for graphite and graphite-sericin
were 0.3358 nm and 0.3359 nm, respectively. This can be directly attributed to an interactive
role of sericin that transformed amorphous graphite to a crystalline form, which in turn
enhanced the electrical conductivity of the graphite in the Graphite-PEG-Sericin
nanocomposite ink. Figure 2.6B shows the XRD pattern of PEG, Graphite-PEG and
Graphite-PEG-Sericin. PEG exhibits distinct two peaks at 23.29° and 19.12° (Barron et al.,
2003). The crystallinity of both PEG and graphite decreases in the respective composite
mixture, as evident from the decrease in intensity of the peak corresponds to PEG and
graphite. While the incorporation of sericin to the PEG-graphite composite increases the
intensity of (002) graphite peak at 26.5°. There is a strong positive correlation between
improved electrical conductivity and increased crystallinity through the reduction of
crystalline defects or by increase in ordered structure (Matsumoto et al., 2020). Hence
increased crystallinity results in increased conductivity of the prepared ink, resulting in
improved electrical conducting surface prepared through the ink through coating of

paper/variety of substrate for biosensor/biofuel cell surface.
2.3.1.5. Viscosity of the graphite-PEG-sericin ink

The conductivity of the ink depends on the fluid rate and the composition of the ink.
The fluid rate of ink is related to the ink viscosity. The viscosity of the ink was found to be
around 0.11 Pa.s with respect to time (s) with the corresponding shear rate of 100s™ (Figure
2.7) which is found to be suitable for producing uniform ink film traces on paper/variety of

substrate either through hand written or via discretionarily coating (Chen et al., 2021).
2.3.2. Secondary structures of the protein

Analysis of secondary structures showed that sericin mostly contains S—sheets

(35.4%) and random coils (37.1%) (Figure 2.8), which is in agreement with other reports
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(Teramoto and Miyazawa, 2003). Interestingly, the f—sheets content of sericin was increased
up to 38.2% upon the addition of PEG in the system. The increase in the f—sheets component
reduces the aqueous solubility of the sericin protein, a phenomenon common to other proteins
as well (Cho et al., 2003; Teramoto and Miyazawa, 2003). This fact highlights the aqueous
stability of the nanocomposite ink prepared by mixing sericin in Graphite-PEG system as

discussed above.

In a nutshell, the conducting inks of the present study can be applied over wide range
of platform like human skin, paper, plant leaves etc, since it is made of biocompatible
materials; through direct writing/ brushing technique. Again, it requires less amount of ink
since direct writing/ brushing technique needs less amount of ink as compared to screen

printing or other printing techniques (Bandodkar et al., 2015).

2.4. Conclusions

This work demonstrated for the first time the conductivity enhancement of graphite
powder through material manipulation in a composite polymer matrix system. The reason for
the enhancement has been ascribed to the transformation of the graphite powder to a
crystalline form facilitated by a natural polymer, sericin in a microenvironment supported by
PEG under ambient condition. The exact molecular mechanism for this transformation,
however, needs further investigation to understand. The work also witnessed a significant
improvement in the aqueous stability of the developed ink in the cellulosic paper surface. A
substantial increase in f—sheets content of sericin under the influence of PEG in the
nanocomposite matrix along with its increased viscosity has been attributed to the resulting
aqueous stability of the ink. The prepared ink is particularly useful for preparing conducting
traces through direct writing/ brushing technique. This has an advantage over screen printing

or inkjet printing as it requires fewer amounts of ink and is also applicable over a wide range
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of platforms. Again, the pastes are made from biocompatible polymers. This is particularly an
important trait while preparing enzyme electrodes for the development of biosensor and
biofuel cell. Some of the similar biocompatible conductive ink developed by previous worker
has resistivity of their ink around~15 k€Q/cm (Bandodkar et al., 2015) which is equivalent to
the conductivity of 0.05 mS/cm. Our developed ink exhibit conductivity of 11.2 mS/cm

equivalent resistivity of 100 Q/cm. Table 2.1 compares the resistivity of conductive traces

made by different inks.
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Figure 2.1: Conductivity versus time graph of various graphite conductive inks

53
TH-2758_ 146151005



Chapter 11 Development of Conductive Ink for Fabrication of Enzyme Electrodes

Before incubation with water

After incubation with water for 3 min

Traces of Traces of Graphite- Traces of Graphite- Traces of Graphite
Graphite-PEG paste PEG-Chitosan paste PEG-Sericin paste -PEG-Fibroin paste

Figure 2.2: Images of the conductive traces over paper substrate made from Graphite-PEG,
Graphite-PEG-Chitosan, Graphite-PEG-Sericin and Graphite-PEG-Fibroin conductive inks

before and after incubation with water.
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Figure 2.3: Differential scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA)

studies
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Figure 2.4: First derivative of DSC
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Figure 2.5: Complex peak graph of DSC of Graphite-PEG-Sericin
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Figure 2.6: X-ray powder diffractometer (XRD) pattern of (A) Graphite, Sericin and
Graphite-Sericin composite powder and (B) PEG, Graphite-PEG and Graphite-PEG-Sericin

composite powder
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Figure 2.7: Viscosity of the Graphite-PEG-Sericin ink as a function of time
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Figure 2.8: The Far-UV CD spectra of silk sericin (0.01 %), sericin-PEG composite
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Tables
Method Ink composition Substrate Resistivity Reference
Roller pen | Graphite, PEG, Office paper, | ~15kQ/cm Bandodkar et
water, chitosan, alumina,  skin, al., 2015
xylitol, methylene | plant leaves
green
Fountain SWCNT, water, | Office paper Below 20 kQ/cm Han et al., 2014
pen sodium dodecyl
benzene sulfonate
Fountain Carbon nanofibers, | Photo paper 97=+20 kQ/cm (for | Warren et al.,
pen gellan gum water 1 layer) 2013
solution 34+0.1 kQ/cm
(for 10 layer)
brushing Graphite, PEG, | Chromatography | ~100 Q/cm Present study
sericin, water paper

Table 2.1: Resistivity of conductive traces made by different inks
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CHAPTER II1

Fabrication and Characterization of Laccase-based
Bioelectrode

3.1. Overview

Laccase (EC 1.10.3.2) multi-copper redox enzyme, widely occurring in fungi and
less frequently in higher plants and bacteria (Mayer and Staples, 2002), catalyzes the four-
electron reduction of dioxygen to water along with the oxidation of substrate molecules
(Thurston 1994) without forming toxic H,O, molecule. Phenolic compounds act as the
substrate for the enzyme laccase. The construction of laccase bioelectrode is simple as
laccase does not require H,O, as a co-substrate and any other external co-factor for its
catalysis (Roy et al., 2005). Moreover, thermal tolerance is also a positive feature of laccase
for bioelectrode applications (Kulys and Vidziunaite, 2003). Generally, laccase contains four
copper atoms classified into type 1 (T1), type 2 (T2), and type 3 (T3), according to their

spectroscopic and magnetic properties. T1, the substrate binding site of the enzyme is
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involved in the oxidation of substrate and transfer of electron to T2/T3 cluster, while T3 is
responsible for oxygen uptake and as a whole, this T2/T3 site is responsible for the reduction

of O, to water (Solomon et al., 1996; Morozova et al., 2007).

To initiate proper electrical communications between the redox enzymes and the
conductive electrode support, various conductive nanomaterials and polymers are used to
develop enzyme bioelectrodes. Among the various nanomaterials and polymers, Multiwalled
carbon nanotubes (MWCNT) and Osmium polymers are widely used for fabricating
bioelectrodes (Agui et al., 2008; Gooding, 2005). MWCNTs offer many advantages such as
their similarity in length scales with proteins, good electronic communication with the active
site of redox proteins and their high surface areas for higher enzyme loading on the electrode
surface (Gooding, 2005). Further, MWCNTs exhibit good electrical conductivity, have high
mechanical strength and antifouling property that may contribute to improve sensitivity and
stability of a biosensor (Vatsyayan et al., 2010). Osmium polymer is known as a potential
electron transfer mediator between many redox enzymes and electrodes. Due to the
hydrophobic nature MWCNTs are generally dispersed on the surface of the electrode using

hydrophobic polymer chain of Nafion (Nf) (Wang et al., 2003).

Phenolic compounds constitute a large group of organic pollutants, which are
widely distributed throughout the environment. These compounds are used in the large scale
manufacture of plastics, resins, pesticides, explosives, detergents etc. Phenols are also
breakdown products of natural organic compounds like humic substances, lignins and tannins
(Wollenberger et al., 2008). Certain phenols are highly toxic, allergenic, carcinogenic and
hepatotoxic. Several of these compounds are highly resistant to biotic and abiotic degradation
and therefore, remain in the environment at toxic levels. These phenolic compounds are
highly toxic for humans and animals, as they are rapidly absorbed through the skin and

mucous membrane. Hence, there is a continuously increasing demand for selective and
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sensitive detection of phenols like pyrocatechol and their determination is very important for

evaluating the total toxicity of an environmental sample.

Again, pyrocatechol (1, 2-dihydroxybenzene) or catechol is one of the most
important phenolic compounds and may be released to the environment during its
manufacture and use (Mersal 2009). It has some applications, like, as reagent for
photography, dyeing fur, rubber and plastic production and in the pharmaceutical industry.
Although pyrocatechol is utilized in many industrial applications, they are highly toxic
compounds. In living organisms, it may react with different biomolecules like DNA, protein,
membranes and leads to non-repairable damage (Schweigert et al., 2001). Pyrocatechol in
combination with heavy metals (e.g. Cu®’, Fe’") and in presence of molecular oxygen can

cause breakage of DNA strands (Li and Trush 1994).

Hence, for the above reasons, in the present study, pyrocatechol has been used as
the model compound for developing laccase biosensor. Again, it has been used as the model
compound to study the reductive catalytic property of the laccase-based bioelectrode to
explore the efficiency of the enzyme as a catalyst for the development of biofuel cell cathode.
Here, the pyrocatechol has been proposed to use as a reductive equivalent in the reaction for
conveniently monitoring the catalytic reduction of molecular oxygen on the bioelectrode
surface. The laccase from Trametes versicolor was immobilized in a nano-composite matrix
including osmium redox polymer on the surface of a glassy carbon electrode (GCE). A
detailed account of the characterization of the fabricated laccase electrode, its kinetic

parameters and response of the bioelectrode for the substrate pyrocatechol are presented here.
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3.2 Experimental approaches
3.2.1. Reagents and stock solutions

Laccase (p-diphenol: dioxygen oxidoreductase) from Trametes versicolor (0.5 U /
mg solid), Nafion 117 (Nf) (5% w/v in isopropanol), MWCNT with 95% purity (10-15 nm
outer diameter, 2-6 nm inner diameter and 0.1-10 pm length), osmium tetroxide on poly-
4(vinyl pyridine) (OsO4 on P4VP) and ethylbenzene were bought from Sigma-Aldrich
(India). Tri-sodium citrate from Qualigens (India), monohydrate citric acid from Rankem
(India) and pyrocatechol from Spectrochem (India) were purchased. VULCAN XC 72 grade
carbon black (CB) was purchased from Cabot India Pvt. Ltd. GCE (3.0 mm diameter) was
purchased from Bioanalytical Systems Inc., USA. The stock solution of laccase (10 mg.ml™)
was freshly prepared in 0.1M sodium citrate buffer (pH 4.7), prior to being used. 0.1 M
sodium citrate buffer solution (pH 4.7) prepared with tri-sodium citrate and monohydrate
citric acid was employed as the supporting electrolyte. Again, a working solution of
pyrocatechol (1uM) was freshly prepared in 0.1 M sodium citrate buffer (pH 4.7) prior to
being used. The entire experiment was performed using Elix Millipore water with resistivity

of 15 MQ cm at 25 °C.
3.2.2. Apparatus and measurements

Electrochemical measurements like CV and differential pulse voltammetry (DPV)
were performed with a potentiostat (Autolab PGSTAT 1212, Eco Chemie, Netherland). The
measurements were done in a three-electrode system containing platinum rod as the counter
electrode, Ag/AgCl (saturated KCI) as reference electrode, and GCE or modified GCE as the
working electrode. All potentials were measured and reported relative to the Ag/AgCl

reference electrode. All experiments were performed at room temperature (RT). The images

63
TH-2758_ 146151005



Chapter 111 Fabrication and Characterization of Laccase-based Bioelectrode

of the morphological characteristics of the bioelectrode were obtained on a scanning electron

microscope (SEM) (Leo 1430vp, Germany).

3.2.3. Preparation of bioelectrode

A GCE (diameter, 3 mm) was cleaned first by polishing with alumina slurry, then
washed ultrasonically with 70 % ethanol and deionized water separately for 5 min each and
finally allowed to dry under clean air at RT. A total of 2 mg MWCNTs and 6 mg CB was
added in 4 ml Nf and the mixture was sonicated for 30 mins to form a homogeneous mixture.
Sul of the mixture was dropped onto the GCE and then allowed to dry under clean air to
make GCE/MWCNT-CB-Nf electrode. Thereafter, 10 mg OsO4-P4VP in 1 ml ethylbenzene
was sonicated for 1 hour and then 1mg MWCNT was added to it. The mixture was sonicated
again for 1 hour and then 8 pl of the homogeneous mixture was dropped onto MWCNT-CB-
Nf coated GCE to make the GCE/MWCNT-CB-Nf-OsO4—P4VP electrode. When the nano-
composite mixture on the electrode surface was in semi-dry condition, a total of 10 ul of a
freshly prepared laccase enzyme stock solution was dropped onto it that resulted in the
GCE/MWCNT-CB-Nf-OsO4—P4VP-laccase bioelectrode. The fabricated bioelectrode was
then dried under clean air in the laminar hood at RT. The bioelectrode was immersed in 0.1M
sodium citrate buffer (pH 4.7) for 15 min prior to being used. The bioelectrode was stored in

0.1 M sodium citrate buffer (pH 4.7) at 4 °C when not in use.

Here, in this system, laccase was immobilized by simple electrostatic interaction
between the enzyme and OsO4-P4VP. Laccase is negatively charged in pH 4.7 and osmium
polymer is positively charged, hence there existed electrostatic interaction between laccase

and osmium polymer.
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3.3. Results and discussion

3.3.1. Morphological characterization of the bioelectrode

The surface morphology of laccase immobilized on GCE/MWCNT-CB-Nf-OsO4—
P4VP was performed using SEM. Figure 3.1 shows the SEM images of the electrode at
different fabrication steps. Blank GCE shows a plain homogenous surface (Figure 3.1A)
which reveals GCE is devoid of any immobilized chemical; whereas the GCE/MWCNT-CB-
Nf electrode shows porous morphology (Figure 3.1B), where intertwined thread-like structure
of MWCNTs is clearly visible in the image with higher magnification (inset, Figure 3.1B).
When solution of OsO4s—P4VP-MWCNT was added on the surface of GCE/MWCNT-CB-Nf
electrode, the surface turned into patchy morphology indicating the OsO4—P4VP polymer set
in a pattern on the surface of the MWCNT-CB-Nf layer (Figure 3.1C). Now, when laccase
was added to the MWCNT-CB-Nf-OsO4—P4VP film, the surface morphology of the
generated bioelectrode changed markedly (Figure 3.1D). The patchy surface was filled up
and small globular structures could be seen at many places. This indicates the adsorption of

the laccase in the supporting nano-composite polymer matrix on the electrode surface.

3.3.2. Electrochemical characterization of the bioelectrode

CV was carried out in sodium citrate buffer (pH 4.7) separately purged with argon
and oxygen gas for bare GCE and different modified GCE at major steps of bioelectrode
fabrication to identify the redox potentials of the fabricated working bioelectrodes (Figure
3.2). No clear redox peaks except at around -0.70 V were observed for bare GCE (Figure
3.2A, curve a) and GCE-MWCNT-CB-Nf (Figure 3.2A curve b), suggesting that both the
MWCNT and Nf are electro-inactive in this potential window. The cathodic peak at -0.70 V

indicates O, is electrochemically reduced at the electrode surface. After the adsorption of
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MWCNT-CB-Nf on the GCE surface, an increase in the background current intensity was
observed which is attributed to the increased electroactive surface area of MWCNTs (Figure
3.2A curve b). When OsO4—P4VP is adsorbed on MWCNT-CB-Nf, the magnitude of the
background current decreases with a pair of weak redox peaks appearing at -0.08 V (anodic)
and at -0.12 V (cathodic) (Figure 3.2A curve c), which are attributed to the redox potential of
osmium complex. The laccase enzyme when adsorbed in the nano-composite matrix on the
electrode surface, two sharp quasi reversible peaks at 0.34 V (anodic) and at 0.23 V
(cathodic) were observed (Figure 3.2A curve d). The formal potential of the redox couple
calculated from the average value of anodic and cathodic peak potentials [(E,.tE))/2] was
0.28 V. The present value is in agreement with redox potential values previously determined
for laccase which fall in the range from 0.23 V to 0.59 V (vs Ag/AgCl) for laccase from
different species (Ivnitski et al., 2010; Shleev et al., 2006). The result implies that at a
cathodic potential of about 0.23 V molecular oxygen gets reduced in the redox centre of
laccase. The oxidized redox centre of the laccase is regenerated at an anodic potential of 0.34
V. The result is supported by the fact that when oxygen was expelled from the buffer solution
by purging with argon gas for 15 min, the magnitude of current of the redox pair at 0.34 V
and 0.23 V was significantly decreased (Figure 3.2B curve a) and the current in the redox pair
was regenerated again upon passing the oxygen gas through the buffer solution (Figure 3.2B
curve b). Analysis of the copper centres of multicopper oxidases in the presence of a
chelating agent specific for T2 copper centre has shown that a potential area between 0.0 V
and +0.4 V (vs Ag/AgCl) belongs to O, reducing site for the trinuclear copper center of the

enzyme (Ivnitski et al., 2009).

In absence of oxygen, a clear second redox pair at -0.03 V (anodic) and -0.15 V
(cathodic) was also observed (Figure 3.2B curve a). The result is attributed to the existence of

electrical communication of two copper based redox centres in the laccase enzyme with the
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electrode. When pyrocatechol was added to the buffer, purged with O», a cathodic current of
the bioelectrode in a broad potential range encompassing both the cathodic potentials
obtained in absence of oxygen was recorded (Figure 3.2B curve c). Contrary to the high
cathodic current, only a negligible increase in anodic current was detected. The result implies
that the oxidation of the substrate pyrocatechol on the electrode surface proceeds
biocatalytically and reduction proceeds electro-catalytically as shown in the scheme 3.1. The
broad reduction potential is ascribed to the cumulative electrocatalytic reduction of the redox
centre (~0.23 V) of a fraction of the enzymes and 1, 2-benzoquinone (~0.14 V), which is
generated by the biocatalytic oxidation of pyrocatechol. The 1, 2-benzoquinone generated on
the electrode surface thus entered in a redox recycled process between biocatalytic oxidation

of pyrocatechol and electrocatalytic reduction of the quinone.

Again, to obtain the various electron transfer parameters of the bioelectrode, CV
was carried out with GCE/MWCNT-CB-N{/OsO4-P4VP/laccase bioelectrode in sodium
citrate buffer (0.1 M, pH 4.7) at different potential scan rates (v) (30 to 700 mV/s). At v =50
mV/s, the peak separation (AE,) was about 106 mV (Figure 3.3), which is more than the peak
separation of a reversible process (59 mV), indicating a quasi-reversible redox process (Scott
and Lukehart 2007). Moreover, as the scan rate increases, the anodic (E,,) and cathodic (E,.)
peak potentials shift to more positive and more negative values, respectively, increasing the
AE, further suggesting a quasi-reversible process. Besides this, the magnitude of anodic (/,4)
and cathodic (/,.) peak currents increase linearly with increasing scan rate in the range of 30
to 700 mV/s (Figure 3.3a) as expected for a surface-confined redox process and indicating a
thin layer electrochemical behavior (Scott and Lukehart 2007). For a quasi-reversible wave,
the relationship between peak potential and scan rate conforms to the following equation

(Laviron equation):
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T RT  RTInY
Ep =E + anf anf

................................................................................ 3.1

Where E), is the peak potential (cathodic or anodic), E’ is the apparent standard potential. R is
the thermodynamic gas constant (8.314JK 'mol™), F is the Faraday constant (96500C.mol™),
T is the temperature (298K). The symbols # and v are the electron transfer number and scan

rate, respectively.

The value of charge transfer coefficient (a) can be determined from equation (3.2) by using

the slopes from the linear plots of £,, and E,. versus log v (Fig. 3.3b).

Where, 0,, and J,. are the anodic and cathodic slopes of linear region of the plot,
respectively. Again, slopes for the anodic and cathodic peaks can be calculated following

these equations:

Anodic slope (6,4) = TR TP L E PP P TP TP PP PPP PP PRPT RN TP 33
Cathodic slope (8,.) = _i'z?T ...................................................................... 3.4

The symbols F, R, T have their usual meanings. From the above equations, « is calculated to
be 0.52. From Figure 3.3b, anodic slope ,, was found to be 0.11. By using equation (3.3),
the value of n was found to be 1. Thus, this result revealed that the redox reaction of laccase
in MWCNT-CB-Nf-OsO4-P4VP film was a single electron transfer process. The surface
concentration of the ionic species (1) (mol.em?) onto  GCE/MWCNTs—CB-Nf-OsO,-
P4VP/laccase bioelectrode can be estimated from the plot of peak current versus scan rate (v)
(Figure 3.3a) using Brown-Anson model that is based on the following equation (3.5)

(Laviron 1979):
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n2F2rAd
Ip =N 35
4RT

Where, n is the number of electrons transferred, which is 1, and A is the surface area of the
electrode (0.07 cm?). When the scan rate (v) was 100 mV.s", the anodic peak current (Lpa)
was 8.7x10°A. The total surface concentration was found to be 1.32x10™® mol.cm™. The
heterogeneous electron transfer rate constant (&;) of the bioelectrode could be obtained by the

following equation (3.6) (Laviron 1979):

log(ks) = alog(1 —a) + (1 — a)loga — log (%) —a(l—a) '

The above equation is valid only if the difference of E,, and E,. (AE),) is greater than 200
mV. Taking AE, = 217 mV, at v = 100 mV/s, n = 1 and a = 0.52, the value of k; for the
bioelectrode was calculated to be 0.67 s™ which signifies efficient electron transfer between
ionic species in MWCNT-CB-Nf-OsO4P4VP-laccase film and the electrode. The Electron

transfer characteristics for the bioelectrode are summarized in Table 3.1.
3.3.3. Electrochemical response of laccase bioelectrode to pyrocatechol

Laccase bioelectrode studies were carried out to evaluate the contribution of each
modifier materials employed in developing the biosensor. Figure 3.4 shows the
voltammograms (DPV) obtained using the a) bare GCE, b) GCE/laccase, (¢c) GCE/MWCNT-
CB/laccase (d) GCE/OsO4-P4VP/laccase, and €) GCE/MWCNT-CB-Nf-OsO4—P4VP-laccase
in 16 nM pyrocatechol in 0.1 M sodium citrate buffer solution (pH 4.7) in a potential range
for cathodic current. The cathodic current of 1, 2-benzoquinone reduction to pyrocatechol
was used as the analytical response (cathodic current values are shown in the inset of Figure
3.4). No current was produced with bare GCE (curve a). However, GCE with immobilized
laccase had produced current (1.148><10'6 A) (curve b), indicating laccase oxidizes

pyrocatechol to 1, 2-benzoquinone, which is electrochemically reduced at the electrode
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surface. The current was further increased when laccase was immobilized with MWCNT
(curve c) or OsO4—P4VP (curve d) on GCE, while the magnitude of current with the OsO4—
P4VP was higher than the bioelectrode containing MWCNT alone. Interestingly, the level of
current was highest when laccase was immobilized on GCE/MWCNT-CB-N{-OsOs—P4VP
matrix (curve e). Results infer that both MWCNT and osmium polymer provides a better
electroactive environment for electron exchange between the electrode and the benzoquinone,
and their coexistence in the nanocomposite matrix further facilitates the reduction of 1,2-

benzoquinone synergistically on the electrode surface.
3.3.4. Analytical performance of the laccase bioelectrode for pyrocatechol determination

The response characteristics of the GCE/MWCNT-CB-Nf-OsO4-P4VP-laccase
electrode towards pyrocatechol were investigated by DPV in the potential range of -0.05 to
+0.3V vs. Ag/AgCl, with a step potential of 50 mVs"'. The GCE/MWCNT-CB-Nf-OsO;-
P4VP-laccase electrode was subjected to the increasing amount of pyrocatechol
concentration. It was observed that with the addition of substrate, the current was increasing
at +0.14 V, with a negligible shift in peak position (Figure 3.5A). It indicates the
electrochemical reduction to pyrocatechol from 1, 2-benzoquinone was obtained at a potential
of +0.14 V (vs. Ag/AgCl). Here the cathodic current of 1, 2-benzoquinone reduction to
pyrocatechol was used to construct the response curve. The response curve was constructed
with current vs concentration of pyrocatechol as shown in the Figure 3.5B. As can be
observed, the cathodic current increased with pyrocatechol concentration and the response
curve was linear from 3.98 nM to 16.71 nM with the regression coefficient R = 0.97. The
response characteristics of the bioelectrode for pyrocatechol are summarized in Table 3.1.
The detection limit (DL) for the constructed biosensor was determined from the expression

DL = 3xSD / sensitivity (where SD is the estimated standard deviation for the points used to
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construct the calibration curve and sensitivity is its slope). The detection limit obtained with
the present fabricated laccase biosensor is lower than aminopyrene reduced graphene oxides-
/Chitosan/GCE hybrid film (Zhou et al., 2013), glutaraldehyde functionalized chitosan-
MWCNT/GCE (Tan et al., 2009), MB modified MCM-41/ PVA composite film / Au (Xu et
al., 2009) and CNT-Chitosan composite film (Liu et al., 2006) matrix based laccase biosensor
for determination of pyrocatechol. The high sensitivity of the fabricated bioelectrode over
other reported laccase biosensors emphasizes the advantage of MWCNT-CB-Nf-OsO4-P4VP
based electrode for pyrocatechol sensing over other matrices. Based on the CV and DPV
studies, the electrocatalytic mechanism of the fabricated bioelectrode in detecting

pyrocatechol can be proposed by the following schematic diagram.

OH

©/OH

(Pyrocatechol)

140mV

L O,+4H*

2e

X

(1.2 benzoquinone)

Scheme 3.1. Schematic representation of laccase catalyzed oxidation of pyrocatechol with its

subsequent electrochemical reduction on the bioelectrode.

3.3.5. Operational stability, storage stability and reproducibility of the bioelectrode

The operational stability of the bioelectrode was examined by subjecting a freshly

prepared bioelectrode at optimal working conditions to a 15 nM pyrocatechol solution and
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assessing its response successively for 15 times for a period of 5 h (figure 3.6). After each
measurement, the bioelectrode was kept in sodium citrate buffer (0.1 M, pH 4.7). It was
observed that the bioelectrode retained ~94 % of its initial activity at the end of the 15
measurements. This high operational stability indicates that there was negligible enzyme
leakage from the bioelectrode. This high operational stability may be due to the
biocompatible nanocomposite matrix used for immobilization of the enzyme. The storage
stability of the bioelectrode was checked by carrying out response measurements at the
regular intervals of three days and it was found that it retained about 81% of its initial activity
even after three weeks when stored in sodium citrate buffer (pH 4.7) at 4 °C. The fabrication
reproducibility of the bioelectrode was estimated from the response to 15 nM pyrocatechol at
three bioelectrodes prepared by the same procedure. The results showed an acceptable

reproducibility with a relative standard deviation of 2.8 % for the fabricated bioelectrode.

3.3.6. Interference study

The effect of some potential interferents present in the environment sample such as
sodium fluoride (NaF), sodium azide (NaN3), magnesium sulfate (MgSQO,) and zinc sulfate
(ZnSO4) on biosensor response was studied (figure 3.7). The response was examined by
separately exposing the sensor in 4 nM pyrocatechol solutions with the interferents in 1:1
ratio. Selectivity coefficient (SC) of the biosensor for each interferent was estimated with
respect to the response of the biosensor obtained when it is subjected to only pyrocatechol
using the formula, SC = I..;/ I, where I..; and I. (Saxena et al., 2011a) are biosensor
response for pyrocatechol (4 nM) in the presence and absence of each interferent,
respectively. In most of the cases, it was found that the contribution of these compounds to
the biosensor response is < 5 %, implying negligible significant interference. This high
sensitivity towards pyrocatechol and less significant interference from other interfering

agents may be due to osmium polymer and Nf present in the matrix. The positively charged

72
TH-2758_ 146151005



Chapter 111 Fabrication and Characterization of Laccase-based Bioelectrode

osmium polymer is likely to prevent the positively charged interfering compounds whereas
negatively charged Nf is known to prevent negatively charged soluble compounds (Saxena et
al., 2011b) to penetrate this polymer based enzyme nano-composite matrix. This study
implies that the bioelectrode could be used for pyrocatechol determination without any

significant interference from the substances present in the aqueous test sample.

3.4. Conclusions

The study aimed at fabricating an enzymatic biocathode for biofuel cell application.
For this purpose, GCE-MWCNT-CB-Nf-OsO4-P4VP-laccase bioelectrode was fabricated
where, GCE was modified by MWCNT and CB, uniformly dispersed in Nf matrix; laccase
was immobilized onto this MWCNT-CB-Nf film in which OsO4-P4VP was used as a
mediator. The kinetic parameters at the electrode namely, heterogeneous electron transfer rate
constant (k;), charge transfer coefficient () and surface concentration of the ionic species (1)
were estimated. The response of the electrode for oxygen substrate at the determined formal
potential of laccase was established. The results infer the potential application of the
constructed bioelectrode as oxygen breathed biocathode for biofuel cell application. The
bioelectrode also offers a reliable electrochemical response towards pyrocatechol in a
biocatalytic mode. The results of response characteristics, operation stability, minimum
detection limit and interference studies also validate the potential application of this stable
laccase-based bioelectrode for sensitive, quantitative, and selective detection of pyrocatechol

in aqueous samples.
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Figures
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Figure 3.1: SEM images of (A) GCE, (B) GCE/MWCNT-CB-Nf, (C) GCE/MWCNT-CB-

Nf-0s04—P4VP and (D) GCE/MWCNT-CB-Nf-OsO4—P4VP-laccase.
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Figure 3.2A: CV of (a) GCE (—), (b) GCE/MWCNT-CB-NF (- - -), (c) GCE/MWCNT—
CB-Nf-0sO4-P4VP (——), (d) GCE/MWCNT-CB-Nf-0s0,~P4VP-laccase (---), in O,

gas purged solution of 0.1 M sodium citrate buffer (pH 4.7) at a scan rate of 50 mV.s™.

75
TH-2758_ 146151005



Chapter 111 Fabrication and Characterization of Laccase-based Bioelectrode

6.0x107 -
4.0x10" 1
2.0x107 -

0.0 -

22.0x10° 4

Current (A)

-4.0x107 -

-6.0x10° -’

8.0x10°

E/V (vs. Ag/AgCl)

T T : X :
-0.45 -0.30 -0.15 0.00 0.15 0.30 0.45 0.60 0.75

Figure 3.2B: CV of GCE/MWCNT-CB-Nf-OsO4—P4VP-laccase electrode with

(a) argon (—), (b) oxygen (— — -—), and (c) pyrocatechol (- - -) in 0.1 M sodium citrate buffer

(pH 4.7).
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Figure 3.3: CV of laccase electrode with increasing scan rates viz. 30, 50, 70, 100, 200, 300,
400, 500, 600, 700 mV/s in 0.1 M sodium citrate buffer (pH 4.7) purged with O, (a) Plot of
anodic (/,,) and cathodic (/) peak currents vs. scan rate (b) Plot of anodic (£,,) and cathodic

(Epc) peak potentials vs. log (scan rate).
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Inset: cathodic peak current values for bare GCE and different laccase bioelectrodes.

TH-2758_ 146151005

78



Chapter 111 Fabrication and Characterization of Laccase-based Bioelectrode

4300

4325

4350

Current (nA)

I I I I
-0.05 0.00 0.05 0.10 0.15
E/V (vs. Ag/AgCl)

T T 1
0.20 0.25 0.30

45501 1 R%=0.9737
asa0. |y=3.82608x + 4477.95

4530

4520 -

4510 A

Current (nA)

4500

4490

4480

H10+——T—T T
0 2 4 6 8 1

—1 v T It
12 14 16 18 20

Pyrocatechol conc. (nM)

Figure 3.5: (A) DPV of laccase biosensor with increasing substrate concentration (nM): (a)
0, (b) 3.98, (c) 7.93, (d) 14.77, (e) 15.74, (1)16.71. (B) Response curve obtained for laccase
biosensor for different concentrations of pyrocatechol in 0.1 M sodium citrate buffer (pH
4.7). Each point is an average of at least three independent experiments, error bars represent
the SD.
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Figure 3.6: Operational stability of the laccase biosensor for substrate pyrocatechol. Each

datum point represents the average of the analysis of triplicate values (n=3), error bars

represent the SD.
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Figure 3.7: Effect of potential interfering agents on the laccase-based biosensor response. In
all cases, data points are average of at least three repeat experiments, error bars reflect the

SD.
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Tables

Parameters

Characteristic data

Surface concentration of the ionic species (/)
Charge transfer coefficient (o)

No. of electrons transferred ()

Heterogenous electron transfer rate constant (k;)
Linear range

Detection limit (DL)

Sensitivity

Standard deviation limit

1.32x10" mol.cm™
0.52

1

0.67s™

3.98nM - 16.71nM
2.82 nM

3.82+0.31 nA nM'

3.59 +2.57x10% nA

Table 3.1: Electron transfer kinetics and response characteristics of GCE/MWCNT-CB-Nf-

MWCNT-0sO4P4VP-laccase electrode
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CHAPTER 1V

Development of a Paper-based Enzymatic Biofuel cell for
Alcohol Sensing Application

4.1. Overview

Enzymatic Biofuel cell (EFC) is emerging as a next generation biosensing platform
due to its various advantages such as self-powered facility, high sensitivity, and scope of
scaling down its size into a portable device for point of care and point of need applications
(Kaushik et al 2021 ; Zhang et al., 2012a). For these biosensing applications, the device
should be small, cheap and portable for the convenient of the end-users and to facilitate its
penetration to the consumer market. However, the miniaturization of EFCs is a challenge as
several critical design factors being associated with its performance and operation need to be
carefully addressed. Among the major hurdles, fuel pumping facility and membrane could be
reckoned first as these requirements make the devise complex and bulky. There have been

few reports on these aspects and a search is on to attain a comprehensive solution on the
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subject (Arun et al., 2014; Bich et al., 2019). A recent advancement in this direction is the
identification of cellulosic paper as a suitable substrate for the construction of sensing
platforms that could facilitate the fuel movement through a passive diffusion mechanism. In
general, paper-based materials have received much attention for developing simple, low-cost,
and disposable sensor platforms due to its following advantages: (i) portable, cheap, and
easily accessible, (ii) compatible with biological samples, (iii) can be effortlessly modified to
immobilize different biomolecules (iv) ease of transport, storage and disposal, (v) paper
absorbs liquids through capillary action, which eliminates the need for external pumps to
drive fluid movement (Kakoti et al., 2015). Hence, paper as a biosensing platform complies
well with the ‘ASSURED’ mandate of the World health organization (WHO) for their
application in under-developed and developing nations (Peeling et al., 2006). The word
‘ASSURED’ implies affordable, selective, sensitive, user-friendly, robust, equipment-free

and deliverable.

The detection and quantification of alcohols with high sensitivity and selectivity are
required in different areas, such as food, beverage, clinical and forensic analysis, and pulp
industries (Thungon et al., 2017). Methanol is the simplest alcohol and is a volatile, colorless,
light and flammable liquid. It is of great concern to human health as its even very low
concentration (median lethal dose 1-2 mlkg' body weight) may cause permanent
blindness and other serious health problems. Notably, methanol is widely used as solvents,
preservatives, and is progressively used as fuel in various industrial sectors. Therefore, there
is an urgent need to develop a simple, low-cost, easily operable/accessible, disposable, and
self-powered alcohol sensor for point of care (PoC) (including self-diagnosis), and point of
need (PoN) applications (Kim et al., 2016). The current alcohol analysis methods are based
on long separations steps using gas- (Tiscione et al., 2011), liquid-chromatography

(Pellegrino et al., 1999) or electrophoresis (Legros et al., 2002). However, these methods
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require expensive equipment and highly trained personnel (Bucur and Lucian, 2008). Such
disadvantages could be overcome by using a simple biosensor device containing highly

selective enzymes as its bio-recognition elements.

In this chapter, we report a self-powered paper-based EFC for monitoring methanol,
which is of low cost, disposable and eco-friendly. For creating hydrophilic anode and cathode
chambers and micro-channel for proton movement from anode to cathode, hydrophobic
barriers on chromatography paper were created using AKD (alkyl ketene dimer) by using an
inkjet printer with a modified cartridge in a suitable solvent. AKD is hydrophobic in nature
and acts as a barrier to fluid flow. The as-prepared graphite conductive ink mentioned in the
previous chapter was applied over hydrophilic chambers or channels. AOx and BOx enzymes
entrapped with chitosan were immobilized over ink coated paper platforms to fabricate anode
and cathode respectively. Methanol as an adulterate in other solvents (e.g. ethanol) can also
be determined by this method, since enzymes are substrate specific. A single drop of
methanol sample could operate this EFC based sensor. The performance of the developed
EFC was evaluated for the detection of methanol. A detailed account of the experiment,

results and conclusion are described in this chapter.

4.2. Experimental approaches

4.2.1. Reagents

Whatman chromatography paper grade 3 mm Chr (20 cm*20 c¢cm) were procured
from GE healthcare, Alcohol oxidase (AOx) from Pichia pastoris (21Umg'l protein),
bilirubin oxidase (BOx) from Myrothecium verrucaria and chitosan were purchased from
Sigma-Aldrich. Alkyl ketene dimer (AKD) 1840 was purchased from Flourish Paper and

Chemicals Limited (Mumbai, India). Heptane and methanol were purchased from Merck.
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Silver conductive epoxy was purchased from MG Chemicals and copper wires were obtained
from a local electronics shop. Graphite-PEG-Sericin ink was prepared in the lab using
graphite powder, Polyethylene glycol (PEG) and silk sericin (as discussed in chapter III). The
stock solutions of AOx (10 U) and BOx (10 U) were freshly prepared in 0.1M potassium
phosphate buffer solution (pH 7.5) (KPBS), prior to being used. Again, working solutions of
methanol were freshly prepared in MQ water prior to use. The entire experiments were
performed using Elix Millipore water (with resistivity of 15 MQ cm at 25° C). All other

chemicals were of analytical grade and used without further purification.
4.2.2. Fabrication of paper-based EFC (pEFC) device

The pEFC was developed on Whatman chromatography paper 1. The design pattern
of pEFC was created by using Adobe Illustrator CS6. The pattern consists of two circular
hydrophilic zones of 1.2 cm (diameter) connected by one hydrophilic channel, which had a
dimension of 3 mm width and 4 mm length, where one zone act as anode and the other act as
cathode. The electrode areas (6 mm in length), on the left side of the anode and the right side
of the cathode are created for the connection of pEFC to the data acquisition system (Agilent
34972A LXI, USA). Figure 4.1 shows the schematic diagram of pEFC configuration. After
designing, AKD was printed on paper. AKD is a cellulose hydrophobization agent. The
reactive functional group of AKD is the lactone ring. The two hydrocarbon chains of AKD
impart hydrophobicity to the paper. Hence, AKD-based chemical modification method was
used to make the paper hydrophobic. AKD is added to the —OH groups in cellulose through
an esterification reaction and hydrophobicity arises from the resulting addition of

hydrocarbon chain moieties (Li et al., 2010) (Figure 4.2).

The AKD printing was done in an HP deskjet-100 printer. The cartridge of the

printer was modified by replacing the hydrophobic foam with hydrophilic chromatography
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paper and absorbent cotton. The ink cartridge was filled with 5% (v/v) AKD solution in n-
heptane (Chakma et al., 2016). The printed paper samples were then heated in an oven at 100
OC for 8 min to cure AKD onto the cellulose fibres (Li et al. 2010). Thus the paper was
patterned with distinct boundary between hydrophobic area printed with AKD and
hydrophilic area without it. So, the AKD-patterned paper contains two circular hydrophilic
zones, corresponding to two electrode areas (to the left of anode, right of cathode) and one
hydrophilic channel connecting the anode and cathode. Then, the anode, cathode and
electrode areas were painted with graphite conductive ink. The paper electrodes were then
allowed to dry overnight for further use. Paper-based bioanode was fabricated by spreading
40 pl of AOx solution entrapped into 1% chitosan (dissolved in 1% acetic acid solution) on a
graphite-paper electrode. Again, paper-based biocathode was fabricated by spreading 40ul of
BOx solution entrapped into 1% chitosan (dissolved in 1% acetic acid solution) on a graphite-
paper electrode. After drying bioanode and biocathode at 4 °C overnight, EFC on paper was
obtained. This design allowed the substrate solution to diffuse by capillary force only in the
hydrophilic areas, which served as the chambers of the pEFC. Scheme 4.1 depicts the

fabrication process for alcohol/air pEFC on a paper platform.
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Designing with
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AOx-chitosan on anode Graphite ink
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1: AOx-ch%tosan Paper with graphite ink Microfluidic che!mlel
2: BOx-chitosan formed after curing

Scheme 4.1: Fabrication process for alcohol/air EFC on paper; 1 is Anode, 2 is cathode,

volumetric capacity of anode/cathode is 40 pl.

4.2.3. Apparatus and measurements

The morphological characterization of blank chromatography paper, AKD printed
paper, graphite conductive ink coated paper and bioelectrodes was performed by using Field
emission scanning electron microscope (FESEM) (Zeiss, Model Sigma, Germany), with EHT
3.00 kV. Apparent contact angles for water on AKD coated chromatography paper samples
were measured using Drop Shape Analyzer-DSA25 (Make: Kruss GmbH-Germany).
Uniform drops (2 pL) of water (18.2 MQ.cm) were carefully dropped onto the AKD coated
paper by sessile drop method, using a micrometer syringe assembled with the instrument. The
potential between the anode and cathode was measured with two electrode Agilent 34972A

LXI data acquisition system, USA. An external resistor was used to close the circuit. The

current (/) was calculated using Ohm’s law (I = RL, where V is the voltage, / (A) is the

ex
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current and R, (Q) is the external load) and were normalized to the projected surface area of
the anode; the power output was calculated using the equation, P =V X I, where V is the

voltage, I (A) is the current.

4.2.4. Operating principle of the pEFC device in sensing methanol

The operating principle of our paper-based EFC-based alcohol sensor is described in
scheme 4.2. When a sample containing methanol is introduced into the anode chamber,
methanol oxidization is catalyzed by the AOx (a redox enzyme) immobilized at the anode.
The enzyme then transfers its electrons to the anodic surface. These electrons flow to the air-
cathode through the external circuit. Protons released by the oxidation reaction travel through
the hydrophilic paper channel toward the air-cathode. By using atmospheric oxygen as the
electron acceptor, the cathode completes the redox reaction. The open circuit voltage between
the electrodes and current/power generation from the EFC is a function of methanol

concentration in the sample, creating a self-powered alcohol monitoring system.

0, H,O

CH;0H CH,O u

4 EEEL i Ek
H', SR~

4+—
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[MeOH]
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Alcohol oxidase [ Sericin @ PEG q\% Bilirubin oxidase :Eigil: Graphite
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Scheme 4.2: Schematic diagram of operating principle of EFC-based alcohol sensor on paper

platform
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4.3. Results and discussion

4.3.1. Morphological characterization of pEFC

The surface morphology of the AKD modified surface and the unmodified surface
of the device was analyzed through the FESEM technique. Figure 4.3A shows the FESEM
image of the blank Whatman chromatography paper, the porous and fibrous structure of the
chromatography paper is revealed as expected, whereas porosity of the paper is drastically
reduced in AKD printed part (Figure 4.3B) indicating the AKD is penetrated and polymerized
deeply into the cellulosic network of the paper. Contact angle measurement confirmed the
formation of hydrophobic and hydrophilic zones with corresponding contact angles of 90°

and 25°, respectively (Figure 4.4).

The FESEM images of the critical layers prepared for the fabrication of the
bioelectrodes were captured (Figure 4.5). The morphology of the blank paper (hydrophilic
channel) which possesses porous fibrous like structures (Figure 4.5A) was changed to flake
like morphology upon the incorporation of graphite-PEG-sericin ink on it (Figure 4.5B). The
morphology further changed to a smooth curvature layer following the addition of AOx
(Figure 4.5 C) and BOx (Figure 4.5D) over the ink on chromatography paper indicating

deposition of the globular layered structure of enzyme proteins.

4.3.2. Response analysis of the pEFC:

The volumetric capacity of the channel for the substrate methanol was 40ul. The
electrical response characteristics of the fabricated EFC against methanol substrate were
studied. The OCP with a 0.5 uM methanol sample gradually increased and reached a value of
~397 mV. The power curve for the device with 0.5 uM methanol was generated (Figure

4.6A). The curve was derived and calculated based on the stabilized current value at a given
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external resistance (1 M€, 560 kQ, 480 kQ, 390 kQ, 150 kQ, 100 kQ, 56 kQ, 22 kQ, 10 kQ
and 1 kQ). The maximum power outputs were obtained under a 150 kQ resistor. So the
internal resistance of the system was discerned as 150 kQ. The high internal resistance
observed in our experiments is most likely caused by the poor proton conduction through the
less polar electrolyte between the two electrodes caused by the less polar (than water)
methanol substrate. However, the magnitude of current generated was sufficient for sensitive
detection of methanol. Figure 4.6B shows the calibration curve with a 150 kQ resistor. The

detection limit (DL) for the constructed biosensor was determined from the expression,

DL = _3%SD

= ———— , where SD is the estimated standard deviation for the points used to
Sensitivity
construct the calibration curve. The biosensor shows a high linearity 0.03125 uM to 0.5 uM

(R* = 0.9988) with a sensitivity of 0.66245 pApM ™" and 0.022 uM as DL.
4.3.3. Interference study:

The effect of some potential interfering agents present in blood sample such as
ascorbic acid, uric acid and glucose on biosensor response was studied. The response was
examined by separately exposing the sensor to a 0.03125 uM methanol solutions with the
interferents in 1:1 ratio. Selectivity coefficient (SC) of the biosensor for each interferent was

estimated with respect to the response of the biosensor obtained when it is subjected to only

methanol using the formula, SC = % , Where I.,; and I, (Saxena et al., 2011a) are biosensor
c

responses for methanol (0.03125 pM) in the presence and absence of each interferent,
respectively. In most of the cases, it was found that the contribution of these compounds to

the biosensor response is <5%, implying negligible significant interference.
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4.4. Conclusions

We report here development of a self-powered EFC sensor on the chromatography
paper surface for rapid and sensitive detection of methanol in test samples using AOx-based
anode and BOx-based air-cathode. The constructed pEFC-based sensor offered several
advantages such as the requirement of low sample volume (as small as 40 pL), eco-friendly
as it does not involve any hazardous or toxic component or compounds, and it could be
disposed of by incineration or through the natural biodegradation process. We expect that the
cost of the device will be significantly less than the methanol sensors available in the global
market due to the involvement of a very low-cost sensing platform (paper) and design (no

external pump) in its fabrication process.

Figures

AKD

/ 1.2 cm 1.2 cm \

Electrode Electrode

Hydrophilic channel for H- movement

Figure 4.1: Schematic diagram of pEFC configuration, where 1 is Anode, 2 is Cathode;

Surface area of Anode / Cathode: 1.13 em?
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Figure 4.2: The reaction of alkyl and alkenyl ketene dimers with cellulose. Adapted From Li

et al., (2009).
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Figure 4.3: FESEM image of (A) blank chromatography paper; (B) AKD printed

chromatography paper

Figure 4.4: A sessile drop of MQ water (2ul) applied to the surface of AKD coated
chromatography paper
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Figure 4.5: FESEM image of (A) blank chromatography paper (hydrophilic zone/channel);
(B) Graphite-PEG-Sericin ink over chromatography paper; (C) AOx over Graphite-PEG-
Sericin ink on chromatography paper (D) BOx over Graphite-PEG-Sericin ink on

chromatography paper.
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Figure 4.6 (A) Polarization curve with 0.5 uM methanol (B) Calibration curve for methanol

detection plotted as output current vs. the concentration of methanol with a 150 kQ resistor.
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Development of Methanol Biofuel Cell through Passive
Fuel Delivery Facility in the Anode Chamber

5.1. Overview

Efficient energy conversion and stability are the challenging tasks in biological fuel
cells that prompted intensive research globally to improve this green energy-harvesting
technology for commercial applications. The enzymatic biofuel cells (EFCs), a class of the
biological fuel cells, have received considerable research interest as a renewable fuel-based
energy generating system for powering small scale devices in various sectors including
healthcare, biosensors, and electronics (Cinquin et al., 2010; MacVittie et al., 2013; Garcia et
al., 2016; Kaushik et al., 2020). There are many reports of proof-of-concept on EFCs
focusing on these as the power generating devices. However, the translation of these concepts
to viable products of commercial interest is quite slow due to many technical hurdles, among

which, low power density and poor operational stability of the constructs are prominent (Xiao
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et al., 2019). In general, the poor operational stability of EFC is mainly caused by the short
lifetime of the enzymes being used as electrode catalysts in these devices. Again, for most of
the reported EFCs, the voltage at which usable power could be extracted is significantly low
for practical applications. This limitation could be viewed from the thermodynamic
standpoint. The maximum redox potential gap between two electrodes in most biological fuel
cells is significantly low. For example, the gap is ~1.18 V for glucose/O, EFCs with two-
electron oxidation of glucose, whereas, for lithium-based batteries, it is ~4.2 V. Additionally,
the voltage output of EFCs is reduced by the activation and then ohmic losses, which further
reduce the overall power output from the system (Xiao et al., 2019).

The performance (potential and power density) of EFCs is often limited by the
inefficient electrical communication between the enzymes and the electrodes since the active
centers of most of the redox enzymes are usually buried inside the protein matrices. To
overcome this obstacle, two approaches are widely used: mediated electron transfer (MET)
and direct electron transfer (DET) (Das et al., 2016). The MET approach though offers high
redox current, the leaching susceptibility of the mediators from the enzyme—electrode
interface and toxic nature of most of the mediating molecules discourage this approach to use
for the cases where operational stability and environmental friendly issues are ardent tasks
(Seop et al., 2006). Conversely, the DET approach involves the direct transfer of electrons
between the enzyme and the electrode (Barton et al., 2004; Prasad et al., 2014). To facilitate
the DET, various highly conductive nanostructured materials are widely used. Over the past
few years, the magnetic nanoparticles (Fe;O4Nps) (MNps) have attracted attention for
different applications due to their distinctive properties like good biocompatibility, high
surface reactivity, strong super para-magnetism, low toxicity, and strong adsorption ability to
immobilize biomolecules (Pakapongpan et al., 2017). Some studies also revealed intrinsic

enzyme mimetic activity of MNps (Martins et al., 2010) and their capacity to reduce the
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overpotential of some redox enzymes. As a whole, the use of MNps for improving the
electrocatalytic performance of enzymes in EFC is limited (Ji et al., 2017; Sarma et al.,
2018).

Alcohol as EFC fuel has received increasing attention due to its high energy density,
ease of storage and transport, high aqueous solubility, and low cost as these compounds can
be readily produced from widely available cheap renewable substrates. Among the alcohols,
methanol is the simplest one and superior to many other alternative hydrocarbon substrates as
a fuel source (Yue and Lowther, 1986). For developing EFC with ethanol or methanol as fuel,
NAD" dependent ADH has been widely used (Arrocha et al., 2014) as their low redox
potential (Rincon et al., 2011) favors the anode to function at a low potential for generating
high cell voltage. However, most of the ADHs being used in EFC are NADH-dependent,
with a few exceptions bearing PQQ and heme prosthetic groups (Yakushi and Matsushita,
2010). The ADH based EFC requires to supply NAD" externally, which stand as a technical
difficulty in developing an efficient EFC system due to the leaching susceptibility of NAD"
from the electrode, and occurrence of electrode fouling from the polymerization of oxidized
products on the electrode surface (Vijayakumar et al., 1996), which rise the overvoltage for
the oxidation of NADH. The other prominent alcohol oxidizing enzyme namely, AOx
(Alcohol: O, Oxidoreductase: EC1.1.3.13) has received increasing interest in fabricating EFC
due to their cofactor (FAD) being avidly bound in the reactive center of the enzyme
(Goswami et al., 2013). Presently, the reports on EFC with AOx as electrode catalyst are few
and their improvement for technological upgradation is not yet adequately known (Arrocha et
al., 2014; Das et al., 2014; Ramanavicius et al., 2008; Ulyanova et al., 2014). One of the
major challenges of using these FAD-based oxidase enzymes for developing various
electrochemical (e.g. EFC and voltammetric biosensors) and other devices is their low

stability outside their native environment (Chinnadayyala et al., 2014; Vijayakumar et al.,
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1996). Hence, a comprehensive understanding of the stability and its linked technological
endeavor is the key issue of research involving the AOx and other oxidoreductase enzymes of
its family.

The operation of a typical EFC device usually involves an external pump to
facilitate fuel delivery to the electrode that increases the overall cost and complexity and
offsetting the output power of the fuel cell. Moreover, the inclusion of an external pump
confronts the objective of miniaturization, thus compromising the lightweight and portable
applications of these powering devices. To overcome such problems researchers are striving
to develop self-driven actuation motion via the capillary effect during the operation of

chemical fuel cells, while such studies on the biological fuel cells are yet to be seen (Bich et

al., 2019).
Cathode
g BOx
02 H20
H+
D,
CH;0H HCHO
e AOx

Anode

Scheme 5.1: Schematic diagram of central reactions of anode and cathode

Herein, we attempted to address the two major challenges namely coulombic
efficiency and operational stability in EFC as discussed above through a new design strategy
in a methanol fueled EFC. The EFC was based on the catalysts, AOx (Das et al., 2014) and
BOx (EC 1.3.3.5) in anode and cathode, respectively. BOx is a multi-copper redox enzyme

that catalyzes the reduction of O, to water on a cathodic surface (Murata et al., 2009b). The
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fuel was allowed to contact the anode in a controlled manner through capillary action that
obviates the need for an external pump to prolong the operation of the cell.

The optimum pH for bilirubin oxidase is 7.4 which is very close to that of alcohol
oxidase; on the other hand, laccase has optimum pH of 4.8 which is acidic in nature. In this
present investigation of this chapter, the cathode is present above the anode. For better power
output, both anode and cathode should possess the same optimum pH range. Hence bilirubin
oxidase was chosen instead of laccase, where laccase was used as cathodic enzyme in the
previous chapters.

Additionally, the design and composition of the membrane electrode assembly
(MEA) adapted here, prevent loss of the volatile fuel through evaporation from the anodic
chamber and facilitates bioelectrocatalytic reaction in both the electrodes that drastically
improved coulombic efficiency of the cell. Further, the physicochemical environment of the
bioelectrodes provides stability to the enzyme catalysts, shielding the AOx from molecular
oxygen thus offering exceptional operational stability to the EFC. One of the critical findings
of this investigation is that prolonged interaction of AOx with molecular oxygen drastically
reduces its activity. To understand this phenomenon, docking studies were also performed
and divulged interesting findings on the structural integrity of this enzyme protein upon its
interaction with the molecular oxygen. As a part of the design strategy, we also made an
effort to improve the current density by connecting unit EFCs through series circuit and
substantially improved the power. A detailed account of the characterization and performance

of the fabricated EFC has been described in this chapter.
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5.2. Experimental approaches

5.2.1. Reagents

Carbon cloth (CC) (MPL-W1S1005) was procured from M/s Graphitestore.com
(USA). Hydrophilic conductive paste was prepared in the lab using graphite powder (< 20
um, synthetic), polyethylene glycol (PEG), and silk sericin, which was extracted in the lab
from Bombyx mori cocoons following a reported method (Rockwood et al., 2011). AOx from
Pichia pastoris (21Umg" protein), BOx from Myrothecium verrucaria (25 Umg™ protein),
PEG, Nf, and chitosan were bought from Sigma—Aldrich (India). Acrylic glass of 5 mm
thickness, absorbent cotton, rubber cork, and glass pipes were purchased from local stores in
Guwahati. Methanol was procured from Merck. AOx (1 mg ml™") and BOx (10 mg ml™) were
freshly prepared in potassium phosphate buffer solution (KPBS) (0.1M, pH 7.5). The entire
experiments were performed using Elix Millipore water (with resistivity of 15 MQ cm at 25

°0).
5.2.2. Enzyme assay

The AOx activity was measured by HRP-coupled assay method (Kemp et al., 1988).
The assay was used to monitor the production of H,O; at A49s nm for ABTS radical at 25 °C
(6405=18,400 pM™" cm™"). One unit of enzyme activity is expressed as the amount of enzyme
required to produce 1 pM H,0, min™ at 25 °C. Two sets of AOx enzyme solutions were
prepared. One set under aerobic condition while the other set under anaerobic condition were
maintained at 4 °C. An anaerobic environment was created by argon purging and then sealed.
Each set was divided into five sets and enzyme activity in each set was measured in a regular

interval of seven days.
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5.2.3. Spectroscopic measurement

Spectrophotometric measurements were performed on a Cary 300 bio UV-vis
spectrophotometer (Varian) using 1cm path length quartz cuvette at 25 °C.CD spectra were
recorded using Jasco J-815 (Japan) spectro polarimeter calibrated with 0.06% (w/v) aqueous
solution of (7)-10- camphor sulfonic acid. The spectra were recorded from 290 to 170 nm, in
a 0.1 cm path length suprasil quartz cuvette at 20 °C, at a scan rate of 100 nm min' and 1 nm
bandwidth. The spectra were corrected for baseline. The secondary structure analysis was

performed by using DICHROWEB (Whitmore and Wallace, 2008).
5.2.4. Synthesis of Fe;04 (magnetite) nanoparticles (MNps)

MNps were prepared by co-precipitation of ferric and ferrous salts under the
presence of N, gas (Hariani et al., 2013). A total of 16.25 g of FeCl; and 6.35 g of FeCl, were
dissolved in 200 mL of deoxygenated distilled water. Chemical precipitation was achieved by
vigorous stirring at 30 °C with 2 M NaOH under Nitrogen atmosphere. Following which a
constant pH of 12 and temperature of 70 °C were maintained for 5h. After the system was
cooled to RT, the precipitates were separated by a permanent magnet and washed with
deoxygenated distilled water until pH of the washout become neutral. Finally, Fe;04 MNps

were washed with acetone and dried in an oven at 60-70 °C for further use.
5.2.5. Characterization of MNps

The magnetic properties of the MNps were measured by Vibrating Sample
Magnetometers (VSM) (Lakeshore, 7410 series, USA) at RT. Thermal stability of the MNps
was monitored by thermo-gravimetric analysis (TGA), which was performed in the thermal
analyzer (NETZSCH STA-449 F3 Jupiter), India, from RT to 900°C at a rate of 20° C min '

under dry nitrogen. The Brunauer Emmett Teller (BET) specific surface area measurement
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was performed by N, absorption-desorption at the liquid N, temperature using a
Quantachrome analyzer (model Autosorb-IQ MP), USA. The sample (0.106 g) was degassed
at 120° C for 7 hours before adsorption measurements. The size and morphology of MNps
were observed by FETEM (JEOL MODEL: 2100 F, Japan). Image J software was used to

deduce the size distribution of the MNps from the FETEM images.
5.2.6. Fabrication of bioelectrodes for EFC

A carbon cloth (CC) of 2.5 cm® working area was used as support material for
bioelectrode fabrication. A hydrophilic conductive paste consisting of graphite, PEG and
sericin was applied over the CC (Scheme. 5.2), and dried overnight at RT. In a separate
preparation, a total of 15 mg of MNp was dispersed in 50 pl 5% Nf and sonicated for 30 min.
To this MNp solution, 950 pl of 100% ethanol was added and sonicated for 45 min. A total of
200 pl of MNp/Nf/ethanol solution was then dispersed over the hydrophilic conductive paste
on CC and dried overnight at RT to prepare a nanocomposite paste (NP). Finally, for
preparing the bioanode, 200 pl of 1% AOx solution entrapped in 1% chitosan (CS), was
layered over the NP and then dried in a refrigerator at 4 °C. It resulted in the formation of
CC-NP-AOx-chitosan electrode as bioanode. A similar composition and procedure were
followed for the fabrication of the biocathode, where BOx was used instead of AOx that

resulted in the formation of CC-NP-BOx-CS biocathode.
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Scheme 5.2. Schematic diagram of fabrication of CC-NP-AOx-CS bioanode and CC-NP-

BOx-CS biocathode

5.2.7. Characterization of bioelectrodes

Morphological characterization of bioelectrodes was studied through Field emission

scanning electron microscopy (FESEM) (Zeiss, Model Sigma) study at 3 kV to capture the

images of the critical layers prepared for the fabrication of the bioelectrodes.
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Electrochemical characterization of bioelectrodes was performed by CV. CV was performed
in a potentiostat (Autolab PGSTAT 1212, Eco Chemie, Netherland) using a three-electrode
system containing Ag/AgCl (saturated KCl) as reference electrode, platinum rod as counter
electrode and modified carbon cloth electrode (CC) as the working electrode. All potentials
were measured and reported relative to the Ag/AgCl reference electrode. All the CV

experiments were done under argon purge condition and at RT.

5.2.8. Fabrication of self-pumping EFC

Biofuel cell setup was fabricated in-house using acrylic glass of 5 mm thickness.
The present setup consists of one square plate (11 cm x 11 cm), which acts as the base of the
system. One hollow cylinder of height 4.5 cm, outer diameter 9 cm and inner diameter 8 cm
was sealed with chloroform over the platform. Chloroform was used to paste the upper
portion of the cylinder with acrylic glass containing a hole at the center of 3.3 cm diameter.
The lower portion of the total volume capacity of 100 ml serves as the fuel tank of the fuel
cell system. A small cylinder of 5.5 cm length, which is made of hard paper and wrapped in
aluminium foil, is placed into the large hollow cylinder. Absorbent cotton was stuffed inside
the hollow portion of the small cylinder to facilitate uptake of fuel from the fuel tank through
capillary action. The membrane electrode assembly (MEA) was fabricated by placing the
activated nafion membrane between anode and cathode. The anode side of the MEA was
placed over the cotton layer of the cylinder and the system was sealed with a perforated
rubber cork placed on top of the cathode side of the MEA. For facilitating sufficient airflow
into the cathode side of the MEA, the rubber corks were pierced with glass pipes of 5 mm
diameter. The perforated rubber cork was also used for the application of sufficient pressure
for maintaining the integrity of the MEA. The fuel tank is provided with a screw cap for

introducing fuel when required.
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5.2.9. Operation of self-pumping EFC

The biofuel cell was operated in a batch mode at RT. A data acquisition system was
used to continuously record the voltage outputs of the EFC. For generating the polarization
curve, loads in a range of 1 MQ to 100 Q with 20 minutes of stabilization time at each load,
was employed. The current (I) and power (P) were calculated using Ohm's law (I = V/Rey,
where V is the voltage, I (A) is the current, and R () is the external load) and were
normalized to the projected surface area of the anode. From the slope of the polarization

curve, the internal resistance was calculated (Das et al., 2014). Short circuit current (/s¢c) of
the individual cell was discerned by using the ohm’s law, Ig. = %, Where, Isc is short

circuit current, Voc is open circuit potential, r is resistance. The fill factor (F)) is a significant
factor that depicts the fuel cell performance. The Fy of the EFC was calculated from the

following equation,

P
1 = @ W™ o WY s 5.1
Isc XVoc

Fr
where V. is the open circuit potential (OCP) and /. is the short circuit current, Py is the
maximum power obtained from the polarization curve.

To increase the overall stack voltage, the six individual EFCs (called EFC1 to EFC6)
were serially connected. The internal resistance of the series connected EFCs was calculated

using Kirchhoff’s voltage law, which gives the following formula (equation 5.2) to calculate

the internal resistance of the stacked EFC system.

where Vr = Potential across load ‘R’, Vpc is Open circuit voltage/potential and R is Resistive

load (3kQ) of the blue LED.
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The substrate consumptions in the anodic half-cell of the EFC were analyzed by
High Performance Liquid Chromatography (HPLC) using the Hi-plex H column. The
concentrations of the substrate were estimated by computing the peak area of the injected
samples with the corresponding authentic samples of known concentrations in the
chromatograms. The coulombic efficiency (CE) of the fuel cell was determined by
integration of the area under the current—time curve (Liu et al., 2005) using the following

equation:

CE = CC—P X 100%.... 0 ol s 53

Ti
Where, C,, is the total coulombs calculated by integrating the current over time

FbiS;v

Again, Cp; = , where, F is Faraday’s constant (96,485 C/mol.electrons), b; is the

i
number of moles of electrons produced per mole of the substrate, S; is the substrate
concentration, v is the volume of substrate used and M; is the molecular weight of the
substrate.

Overall energy recovery or energy efficiency was calculated using the following

equation,
Ep = 28 5 100 veeereeeeeeeoeeeeeeeeeeeeeeeseseeessesseeessseeeeeees e e s eeese s et ess s eseeee e es e 5.4
Eri

Where, Ep (J), is the total energy calculated by integrating the power over time.

E7: (J) is the theoretical amount of energy that can be produced from the substrate, calculated

AHSv
as, Ep; = Ml ........................................................................................... 5.5
i

Where, 4H is the enthalpy change of oxidation of methanol (Liu et al., 2005).

5.2.10. Docking study:

The pdb file of AOx (PDB ID: 5i68) was downloaded from RCSPDB

(https://www.rcsb.org/). SDF file of oxygen molecule was collected from Pubchem
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(https://pubchem.ncbi.nlm.nih.gov/compound/977). UCSF Chimera was used for Dock
preparation of the AOx pdb file. PyRx open-source software for Computer-Aided Drug
Design was used for the docking studies. PyRx has an inbuilt AutoDock Vina as the docking
software and it also has Open Babel for importing SDF files, removing salts and energy
minimization. AOx pdb file is uploaded in the PyRx followed by inserting oxygen molecule
in SDF format. Energy minimization of both the molecules is performed and saved in
PDBQT file format. AutoDock Vina Plugin of PyRx is finally used and the dimensions for
docking are specified and docking was performed. The PLIP online web server
(https://projects.biotec.tu-dresden.de/plip-web/plip) was used to further analyze the AOx-
Oxygen interaction. Pymol molecular visualization software was used for the visualization of

the docking results.

5.2.11 Statistical analysis of data:

All the experiments and assays were carried out in triplicate, mean centered and
scaled-up to variance using Origin 6.0 software. Statistical analysis was performed using

analysis of variance (ANOVA). Adobe illustrator CS 20.0 was used for the graphic artwork.

5.3. Results and discussion

5.3.1. Development of enzyme bioelectrodes for EFC

CC was used as a support electrode to harvest electrons due to its low-cost,
conductive nature, and excellent mechanical flexibility and strength (Wang et al., 2015). The
hydrophobic CC was coated with a hydrophilic paste containing graphite powder, PEG and
silk sericin for immobilization of the enzymes. PEG is known to offer support for
maintaining both the activity and biocompatibility of immobilized enzymes (Melo et al.,
2020). Whereas, sericin enhances the crystallinity of the conductive graphene particulates in
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the composition (Yun et al., 2013) (Altman et al., 2011), thus promoting conductivity of the
hydrophilic paste even in the presence of the non-conductive PEG. The astounding effect of
MNps on the function of bioelectrode in biofuel cells is a late entry in the scientific literature
(Sarma et al., 2018). The exact mechanism is though not yet known, the unique properties of
MNPs including super-paramagnetism, high conductivity, large surface-to-volume ratio, and
biocompatibility are often appreciated to justify their applications in bioelectronics fields
(Pakapongpan et al.,, 2017). The prepared MNps were probed for their saturation
magnetization (SM) from the hysteresis loop generated by VSM analysis (Figure 5.1). The
SM was found to be 69 emu g, which is closer to the value (92 emu g') for the bulk
magnetite (Attallah et al., 2016), (Hariani et al., 2013). TGA analysis of the MNps showed
that 89.3% of the residual mass of the sample remains at 896.5 °C; i.e., a reduction in mass of
10.7% was observed (Figure 5.2). This low level of mass reduction could be due to the
evaporation of residual water from the sample. The absence of any major changes in the mass
of the sample even at such high temperature treatment indicates that the MNps are quite
stable within this temperature range. The N, adsorption-desorption isotherm of the MNps is
shown in Figure 5.3. The specific surface area of the MNps estimated by the BET equation

was 91.645 ng'l.

FETEM study indicated that MNps are nanocrystalline, though their shape was
predominantly spherical with some hexagonal in shape (Figure 5.4A). The average size of the
particles is ~13 nm. This size is reproducible when the experiment for synthesis of MNp is
conducted exactly similar to the method described in the section 5.2.4. The high-resolution
transmission electron microscopy (HRTEM) also clearly showed that the product is
crystalline as evident from the lattice pattern despite the particle size was small (Figure 5.4B).
The enzymes were immobilized over the MNps following entrapment with chitosan (f-1, 4-
poly-D-glucosamine). The favorable properties of chitosan such as good adhesion, high
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permeability toward water, biocompatibility and good film formation ability are regarded as a
suitable matrix for enzyme immobilization (Zhou et al., 2010). The FESEM images of the
critical layers prepared for the fabrication of the bioelectrodes were captured (Figure 5.5).
The CC in the magnification of 200X (inset of Figure 5.5A) revealed the network structure of
the CC made from carbon fibres with 20 pum diameters. The image of CC with hydrophilic
paste appearing as flakes completely covered the CC (Figure 5.5 B). Figure 5.5C is the image
of MNp-Nf layer, distributed over the hydrophilic paste and creating small and large pores
for facilitating percolation and encapsulation of the enzyme layer to be added next. Figure
5.5D and Figure 5.5E are the evenly layered enzyme images of respective AOx and BOx
entrapped with chitosan over the NP on CC. The molecular size of AOx is 600 kDa, whereas
the molecular size of BOx is 60 kDa. Due to the large size of AOx, fig 5.5D looks enlarged as

compared to that of fig 5.5E.

CV was carried out in KPBS (pH 7.5) purged with argon gas for bare CC and
fabricated CC-NP-AOx-CS bioanode at a scan rate of 2 mV s™' (Figure 5.6). No redox peak
was observed for bare CC. The bioanode exhibited one anodic peak at -0.24V and one
cathodic peak at -0.44V, displaying a pair of clear redox peaks with a formal potential
[(EpatEpc)/2] of -0.34V, which is close to the value of redox potential of FAD/FADH, system
(Kano, 2002); (Munteanu et al., 2008). Upon addition of 2 pM methanol to the bioanode,
current at the anodic and cathodic peak potential was increased indicating the involvement of

DET mechanism in generating current in the anode.
5.3.2. Development of EFC with fuel self-pumping facility

The AOx bioanode, BOx biocathode and the nafion membrane were
assembled in a fuel cell MEA as described in Section 5.2.8 (Figure 5.7). The EFC set-

up utilized passive diffusion of alcohol fuel through the absorbent cotton material to
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the MEA from the fuel tank at a flow rate of 1.63 x10~ pls™ thus obviating the need

for an external pump for continuous delivering the fuel to the anode.

The power curve was generated for the EFC operated with 1M methanol at RT
(Figure 5.8A). The EFC system showed an open circuit potential (OCP) of 0.719 V with a
maximum power density of 13.71pWem™ and a current density of 53pAcm™ at an external
load of 1 kQ. So, the internal resistance of the EFC was discerned as 1 kQ, which is
comparable to a previous report (Katz and Willner, 2003), but lower than some other reports
(Amir et al., 2009; Halamkova et al., 2012). The low internal resistance implies ease of
charge-transfer on the bioelectrodes. Essentially, high internal resistance has been recognized
as the major cause of reducing power output in biofuel cells. A close proximity between
anode and cathode facilitates charge transfer and reduces the internal resistance (Kaushik et
al., 2020). The compact MEA design strategy adopted in this study offers to position the
bioelectrodes in close proximity, making internal resistance relatively low. The I of the EFC
was calculated to be 0.71 mA. The fill factor of the EFC was calculated to be 27.45%, which
is at a moderate level on a scale compared to the other reported values (Arrocha et al., 2014),
(Katz et al., 1999; Willner et al., 1998). The other reported values of fill factors are tabulated
in the table 5.1. The coulombic efficiency of the fuel was 60.05%, which is the highest ever
value reported so far for pure EFC with alcohol as a fuel substrate. There are no such other
report in literature except Das et al., 2014 (coulombic efficiency of 59.52%) with pure EFC
and with alcohol as fuel substrate. The high columbic efficiency of the EFC may be attributed
to the airtight anoxic designs adopted for the anodic chamber preventing evaporation of the
volatile fuel substrate. Notably, coulombic efficiency is also reduced when the redox
enzymes come in contact with molecular oxygen, which is the terminal electron acceptor for
the redox reaction under natural conditions (Tasca et al., 2010). The energy efficiency of the
system was calculated to be 19.16%. Additionally, the Chitosan entrapped with enzyme of
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the constructed enzyme electrodes acted as a barrier for methanol cross over through the Nf
membrane. It has been reported that the structurally modified PEM with chitosan drastically

reduces methanol crossover (Hasani-Sadrabadi et al., 2011; Hasani-Sadrabadi et al., 2012).

The role of MNps on the performance of the EFC was also examined. The OCP of
the EFC with two different electrodes was measured, one with MNp and the other without
MNp. The maximum OCP of the EFC obtained with CC-NP-AOx-CS as anode and CC-NP-
BOx-CS as cathode was 2.11 times higher than the OCP obtained with the corresponding
anode and cathode devoiding of MNps (Figure 5.8B). The results confirmed the positive
effect of MNps led enzyme electrode on the performance of the EFC.

A comparative analysis was made on the performance of the EFC with previous
reports. Das et al. (2014) developed an EFC using AOx based third-generation bioanode and
an air-breathed laccase biocathode for generating power from methanol fuel. The EFC
generated an OCP of 0.61(£0.02) V with a maximum power density of 46 (+0.002) mWcm™
at an optimum of 1M methanol concentration. Arrocha et al., (2014) designed an EFC with
molecularly orientated AOx and laccase. The EFC achieved OCP of 0.5V with both, ethanol
and methanol, while in short circuit the highest current intensity of 250 pA cm™ was obtained
with methanol. Ramanavicius et al., (2008) reported AOx as a cathodic enzyme co-
immobilized with microperoxidase in ethanol fuelled EFC. The anode of the EFC was
fabricated with quino-hemoprotein-alcohol dehydrogenase (QH-ADH). The OCP of the BFC
was 240 mV and the stability was also not up to the mark for enduring operation. From the
reports, the OCV achieved in the present work for the unit EFC is higher than the previous
reports. However, due to a lack of uniformity in expressing the data in different reports, a

better comparison could not be made on other parameters.
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5.3.3. Power and stability of the stacked EFCs

Biofuel cells are often stacked in series to increase the output voltage of the device
(Miyake et al., 2013). Herein, six units of EFCs (called EFC1 to EFC6) were connected in
series resulting in an increased OCP to 3.1 V. The series stack produced an Isc of 3.9 mA.
The internal resistance of the series connected EFCs was calculated to be 780 Q, which is
marginally lower than the single EFC unit. A blue LED (with 2.7 V operating voltage) when
connected as load (3 kQ) to the stacked EFCs, the voltage of the stacked EFCs dropped from
3.1 V to 2.59V (Figure 5.9 B). The corresponding current and power generated upon loading

the LED were 100 pA and 260pWem™.

The voltage dropped at the beginning for around 1.5 hours and attained a stable
value of 2.46 V, and on the 49™ day of the experiment, the voltage was recorded as 2.42 V
(Figure 5.9 B). Similarly, after connecting the LED, the initial current recorded was ~100 pA
(Figure 5.9C) which decreased for around 1.5 hours and attained a stable current of ~10 pA.
Thereafter, the current dropped gradually to about 5-7 pA and maintained a similar pattern
until the 49™ day. On the 49" day of the experiment, the current recorded was 4.1 pA. Figure
5.9(D) shows the graph of power dissipation by the LED with respect to time from the
stacked EFC. The maximum power was recorded to be 260pWem™, which steeply decreased
for around 1.5 hours and attained an almost stable value of ~ 35 chm’2. On the 49" day, the
power dissipation was ~ 10uWem™. Nevertheless, the LED was glowing for the entire period.
The most remarkable achievement obtained through this design strategy is the operational
stability of the EFC with a half-life (t,) of ~372 days (w.r.t the voltage), which is much
higher than the available reports (Das et al., 2014; Ramanavicius et al., 2008b).

Efforts made to improve the power generation in pure EFC are vast; however, in
most of the cases, the power stability over a time scale with a load is not known to understand
the practical applicability of the developed devices (Prasad et al., 2014; Kang et al., 2018;
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Miyake et al., 2013). The adoption of stacking the chip based EFC through series connection
has been studied with an aim of improving the current signal to a significant level for the
sensing applications (Jeerapan et al., 2016). The majority of the studies has utilized glucose
or lactate as the fuel substrates with an aim of using these devices as biosensors in the
healthcare and sports sectors (Cho et al., 2017; Hickey et al., 2016; Wang et al., 2018).
However, the parallel research on using alcohol as fuel for the utility of EFC as a power
generating device is limited. High potential stability under a load over an extended period of
49 days with unprecedented coulombic efficiency achieved through this study is a step

forward on the technological endeavor of alcohol fuel based EFC.

5.3.4. Role of AOx on the operational stability of the EFC

Poor operational stability of enzyme-based devices is commonly implicated in the
low stability of the proteinaceous biological catalysts that are often attributed to their
structural change (Xiao et al., 2019). To understand the high operational stability of the EFC
developed herein, the kinetic parameters of the AOx enzyme were evaluated under the anoxic
operating condition maintained in the EFC and compared the results with the function of the
enzyme kept under aerobic condition. Michaelis Menten constant (K,) and maximum
velocity (Vi) of the enzyme for the substrate alcohol were discerned from Hanes-Woolf plot
for an incubation period of one month with a week interval time (table 5.2). For day one (0
h), the values are same for both aerobic and anoxic enzyme solutions. However, from day 8"
onwards only anoxic enzyme solutions show activity. The results confirmed that prolong
functional stability of the AOx enzyme is achievable only under anoxic conditions. The effect
of saturated dissolved oxygen on the catalytic function (20% inactivation) of AOx has been

previously reported (Duff et al., 1991).
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To understand the mechanism of oxygen-led inhibition of the enzyme, we analyzed
the structural integrity of the AOx proteins incubated under both the aerobic and anoxic
conditions separately with the help of CD spectroscopy. Interestingly, there was no
significant difference detected in the secondary structural components (helix, beta strand, turn
and random coil) of the protein incubated between the aerobic and anoxic conditions (Figure
5.10). Next, we extended the study to understand the effect of oxygen, which is the co-
substrate and terminal electron acceptor for the reaction under natural conditions, on the 3D
structure of the AOx protein. To this end, docking studies were performed with the assistance
of PyRx software. The AutoDock Vina based docking resulted in nine Protein-Ligand
interaction models with their respective binding affinities (Figure 5.11). The Best-fit docking
structure has a binding affinity of -1.7 kcal mol ™. The docking results indicated that there was
no interaction between AOx protein surface and molecular oxygen as the binding affinities
obtained were too low. Notably, -1 to -2 kcal mol™ is the lower limit of uncertainty and true
convergence of protein-ligand is impossible. The systematic errors of the force field
parameters themselves can give values ranging between -1 to -2 kcal mol” (Limongelli,
2020). The PLIP server also failed to detect any hydrophilic or hydrophobic interactions

confirming the lack of any binding of molecular oxygen with the protein surface of AOx.

The results from the enzyme kinetic, CD and docking studies prompted us to
conclude that the rapid reduction of enzyme activity of the AOx under aerobic incubation
condition was not due to the structural deformation of the enzyme protein. It is likely that a
constant interaction of the dioxygen with the chemical moieties in the tunnel or FAD redox
center causes a detrimental chemical effect to the functional activity of the enzyme, while the
effect is not sufficient to trigger any structural change to the protein. It may be mentioned that
AOx belongs to GMC (Glucose-Methanol-Choline) oxidoreductase family with FAD as its

cofactor. A widely accepted view is that the molecular oxygen preferentially diffuses through
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some specific tunnels of the oxidase protein, converging to the reactive site of the flavin for

the redox reaction (Romero et al., 2018).

In a nutshell, we have performed kinetic studies of AOx enzyme along with CD
studies in aerobic and anoxic conditions to mimic the fuel cell environment. The results
obtained in these experiments contradicted each other. To further understand the reason a
simple docking was performed. We already knew from literature and have mentioned in the
chapter that oxygen reacts with the FAD cofactor. So docking was performed only to know if
oxygen molecule had any reaction with the polypeptides of the protein. Regarding free and
immobilized enzyme, we haven’t performed any experiment and in future we will look in to

the matter.

5.4. Conclusions

A simple EFC design for high operational stability and automatic fuel
dispensing facility has been developed for the first time. The device involves an
integrated fuel storage tank from which the fuel passively and continuously flows to
the MEA for generating power in the EFC. The design makes the fuel cell system
compact and allows the fuel flow to the MEA at a rate governed by the enzyme-
electrocatalytic reaction kinetic, minimizing its pressure force on the integrity of the
enzyme-nanocomposite layer on the electrode surface. Further, the design offers
flexibility to use the cells as either bio-battery or biofuel cell with a maximum open
circuit potential of 3.1 V for six EFC units connected in series. To improve the power
further, the present system offers provision for stacking more number of unit EFCs in
series or in parallel or a combination of both. One of the most important advancements
offered by the present invention is the rational design of the enzyme electrodes and

their mode of assembly in the MEA. These nanocomposite paste-based 3rd generation
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enzyme electrodes operating through the DET principle offer biocompatible and
conductive supports for the catalysts enzymes in anode and cathodes for their efficient
bioelectrocatalytic functions. This new design facilitates adequate airflow to the
cathode for enhancing oxygen reduction reactions and maintains uniform pressure to
sustain the integrity of the MEA. The unprecedented coulombic efficiency (60.05%)
and operational stability (half-life of ~372 days w.r.t voltage) obtained for the EFC has
been attributed to the cumulative effect of anoxic design of the anodic chamber,
passive fuel dispensing facility to the anode, nanocomposite based MEA for efficient
function of the enzyme catalysts, and aerobic design in cathode for facilitating its
ORR. A linked critical finding that emerged from this investigation was the
detrimental effect of the prolonged interaction of the oxygen on the functional activity
of AOx enzymes. Interestingly, it was revealed that the inactivation occurs without
any structural distortion of the enzyme protein. The exciting finding has opened up an
avenue for further research to understand the exact molecular mechanism on the
interaction of dioxygen with the protein matrix and its possible consequence on the
functional integrity of the AOx enzyme. With this efficient design construct as a basis,
further research to optimize the volumetric power density will greatly facilitate the
application potential of the EFC to serve as a stand-alone power supply for small-scale

appliances.
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Figure 5.4. (A) TEM images of MNp (B) HRTEM of MNp (C) Selected Area Electron
Diffraction (SAED) (D) size distribution of MNp

120
TH-2758_ 146151005



Chapter V. Development of Methanol Biofuel Cell through Passive Fuel Delivery Facility
in the anode chamber

; \ - A f
] 4T = 500KV Migs S00KX  SgriA=inlens i1y, i':i OTe S0 Mage SIOKX  SgwAvietes ﬁ ]
WO = 44mm WO 43mm J

~ b, “ : <
- ZEISS BT = 300V ZEINY
= | =
WO = 51 mm Signal A # InLens WO = 32mm

’Hw ENT= 300AV WO 49mm  Mags S00KX SgnelA s intens
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Figure 5.11 (A) Docked pdb structure obtained from Pymol, AOx with oxygen molecule
(inset: Dimensions of the Docking area). (B) PLIP results window screen shot. (C)

Tabulation of different binding poses obtained with their respective binding affinities.

Table
Fill factor Reference
40% Arrocha et al., 2014
25% Katz et al., 1999
25% Willner et al., 1998
27.45% Present work

Table 5.1: Comparative account on the fill factors of some EFCs reported in the literature
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Aerobic condition Anoxic condition
Day Ky (M) Viypax (uM min™) K(uM) Vnas (uM min™)
1 3.32 0.016 3.32 0.016
8 - — 7.41 0.337
15 - - 10.27 0.110
22 - — 18.73 0.442
29 - - 20.18 0.510

Table 5.2: Enzyme activity study of AOx in aerobic and anoxic conditions.
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The major objective defined for the present investigation was to develop small scale
enzymatic biofuel cell (EFC) for power generation application using alcohol as fuel substrate
and for alcohol biosensing application using paper as support material. As the initial step, we
conducted a study for the preparation of carbon based conductive ink for making electrodes
on paper or other support material for fabricating EFC. For this, we have developed three
graphite based conductive paste inks with three biopolymers namely silk sericin, silk fibroin
and chitosan as stability and conductive enhancing additives. In all three pastes polyethylene
glycol (PEG) acts as a binder or as a dispersant or as a drying-retarder agent. Specifically,
graphite pastes containing sericin as an additive showed better conductivity and stability. The
increased conductivity of the paste with sericin is due to the increased crystallinity of the
graphite upon inclusion of sericin which is validated by powdered XRD study. Again,
increased stability of the conductive traces made from the above selected biopolymers might
be attributed to the contributions from the lowering of solubility of chitosan at neutral pH,
developing highly ordered P structure and glue like properties of silk fibroin and silk sericin,
respectively. The incorporation of PEG into the sericin solution is known to induce changes
in secondary structure from random coils to  sheets which decrease the solubility of sericin
in water resulting in increased stability. The prepared ink may be applied to a rigid or flexible
substrate such as paper through direct writing/ brushing technique. Whether the substrate is
flexible or rigid in nature, the substrate may or may not have to be pretreated or pre-coated
with any other substance before applying the ink. Moreover, direct writing/ brushing
technique has an advantage over screen printing or inkjet printing as it requires fewer

amounts of ink and is also applicable over a wide range of platforms. Again, since the pastes
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are made from biocompatible polymers, this is particularly an important trait while preparing
enzyme electrodes for development of biosensor and biofuel cell.

In another work, a laccase-based bioelectrode was successfully developed to act as a
biocathode for biofuel cell application. Laccase was immobilized over osmium polymer
supported MWCNT based nanocomposite matrix on graphite electrode, which provided an
electroactive surface for facile electron transfer between the electrode and the redox center of
the enzyme. The kinetic parameters at the electrode namely, heterogeneous electron transfer
rate constant (k;), charge transfer coefficient («) and surface concentration of the ionic species
(I") were estimated. The response of the electrode for oxygen substrate at the determined
formal potential of laccase was established. The results infer the potential application of the
constructed bioelectrode as oxygen breathed biocathode for biofuel cell application. The
bioelectrode also offers a reliable electrochemical response towards pyrocatechol in a
biocatalytic mode.

In the third phase of our work, we have developed a low-cost, self-powered
paper-based biosensor for monitoring methanol utilizing precisely prepared Graphite-
PEG-Sericin ink. The platform of EFC was prepared by making hydrophilic chambers
and channels surrounded by hydrophobic barriers on chromatography paper through
printing alkyl ketene dimer over the paper. The graphite conductive ink was applied
over the hydrophilic chambers and channels to act as the electrodes of the EFC. This
biofuel cell based biosensor used alcohol oxidase and bilirubin oxidase as anodic and
cathodic enzymes, respectively. However, due to pH incompatibility, we couldn’t use
the laccase enzyme as the cathodic enzyme. The device operating mechanism is based
on alcohol/oxygen enzymatic fuel cell using an electrochemical energy conversion as a
transducing element for methanol monitoring. The biosensor showed a linear range of
output current at 0.03125uM -0.5uM (R2 = 0.9988) with a sensitivity of 0.66245
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wApM™ and detection limit of 0.022 puM. Therefore, the prepared device, which is
likely to be of low cost, has the potential for sensitive and selective detection of
methanol in the clinical and industrial settings of the developing world.

In our final phase of the work, we have developed a simple passively fueled
EFC for high operational stability using carbon cloth as supporting electrode material.
A nanocomposite paste comprised of precisely prepared Graphite-PEG-Sericin ink
with magnetic nanoparticle was applied over carbon cloth for utilizing as immobilizing
matrix for AOx and BOx enzyme for fabricating anode and cathode, respectively. The
device was fabricated in-house using acrylic glass, which comprised an integrated fuel
storage tank from which the fuel passively and continuously flows to the Membrane
Electrode Assembly (MEA) for generating power in the EFC. The design makes the
fuel cell system compact and permits the fuel flow to the MEA at a rate governed by
the enzyme-electrocatalytic reaction kinetic, minimizing its pressure force on the
integrity of the enzyme-nanocomposite layer on the electrode surface. Further, the
design offers flexibility to use the cells as either bio-battery or biofuel cell with a
maximum open circuit potential of 3.1 V for six EFC units connected in series. To
improve the power further, the present system offers provision for stacking more unit
EFCs in series or in parallel or a combination of both. The unprecedented coulombic
efficiency (60.05%) and operational stability (half-life of ~372 days w.r.t voltage)
obtained for the EFC has been attributed to the cumulative effect of anoxic design of
the anodic chamber, nanocomposite based MEA for efficient function of the enzyme
catalysts, passive fuel delivery facility to the anode, and aerobic design in cathode for
facilitating its oxygen reduction reaction (ORR). A concomitant critical finding that
emerged from this work was the detrimental effect of the prolonged interaction of

oxygen on the functional activity of AOx enzymes. Interestingly, it was studied that
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the inactivation occurs without any structural distortion of the enzyme protein. The
exciting finding has opened up a possibility for further research to understand the
exact molecular mechanism on the interaction of dioxygen with the protein matrix and
its probable consequence on the functional integrity of the AOx enzyme. With this
efficient design construct as a basis, further research to optimize the volumetric power
density will greatly facilitate the application potential of the EFC to serve as a stand-
alone power supply for small-scale appliances. In regards to the paper-based EFC
scheme, the construct needs to be coupled with an electronic read-out system in
processor—based integration for quantitative detection of alcohol in the sample.
Overall, the proof-of-concepts developed through this investigation for the fabrication
of EFCs with alcohol oxidase-bilirubin oxidase based catalytic systems for power

generation and sensing applications have great prospects for real-world applications.
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e An enzymatic biofuel cell with passive
delivery system for methanol fuel
developed.

e The control fuel delivery with sealing O,
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performance.
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contributed to its scope of applications.

brane Electrolyte

Mem
Assermbly (MEA)
AOx  Mimic Anoxic condition
CCNPBOXCS
v

M

activity

405nm

Aerobic condition Anoxic condition
h Meon

1 Week Duration

<«

v
EBC 6X

g >
S EBC " s .

Series Connection

operational stability coulombic elliciency

v v

t,,=372 days 60.05%
(voltage basis) (LED as load)

No structural change

AOx: Aleohol oxidase C€C: Carbon cloth CS: Chitosan

Passage for NP: Nanocomposite paste  EBC: Enzyme Biofuel Cell

passive fuel movement BOX: Bilirubin oxidase

ARTICLE INFO

ABSTRACT

Keywords:

Alcohol oxidase
Bilirubin oxidase
Enzymatic biofuel cell
Magnetic nanoparticle
Methanol

Self —pumping

* Corresponding author.

The operational stability, power efficiency, and technical simplicity of enzymatic biofuel cells are the focus area
of research for practical applications of this green energy-generating device. Here, we report some critical
findings on these issues on a methanol-fuelled pure biofuel cell fabricated by using alcohol oxidase and bilirubin
oxidase as anodic and cathodic catalysts, respectively. The cell was fabricated with a new design strategy
comprising efficient anoxic condition in the anodic chamber, adequate airflow to the cathode for enhancing
oxygen reduction reactions, and a passive fuel pumping facility to the anode. A magnetic nanoparticle-based bio-
nanocomposite matrix on the carbon-cloth electrode offered as a biocompatible enzyme immobilization matrix
for harvesting electrons in the cell through the direct electron transfer mechanism as validated by cyclic vol-
tammetry. Six units of the cells, when connected in a series, the device’s potential increased to 4.3-fold (3.1 V)
and rested at a stable state under a load with a half-life of ~ 372 days and a coulombic efficiency of 60%. This
high operational stability has been attributed to the efficient anoxic setup in the anodic chamber that supported
the stability of alcohol oxidase, the activity of which was intact even after 49 days of the operation. This work
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The electrochemical biosensor with enzyme as biorecognition element is traditionally pursued as an
attractive research topic owing to their high commercial perspective in healthcare and environmental
sectors. The research interest on the subject is sharply increased since the beginning of 21st century
primarily, due to the concomitant increase in knowledge in the field of material science. The remarkable
effects of many advance materials such as, conductive polymers and nanomaterials, were acknowledged
in the developing efficient 3rd generation enzyme bioelectrodes which offer superior selectivity, sensi-
tivity, reagent less detection, and label free fabrication of biosensors. The present review article compiles
the major knowledge surfaced on the subject since its inception incorporating the key review and ex-
perimental papers published during the last decade which extensively cover the development on the
redox enzyme based 3rd generation electrochemical biosensors. The tenet involved in the function of
these direct electrochemistry based enzyme electrodes, their characterizations and various strategies
reported so far for their development such as, nanofabrication, polymer based and reconstitution ap-
proaches are elucidated. In addition, the possible challenges and the future prospects in the development
of efficient biosensors following this direct electrochemistry based principle are discussed. A comparative
account on the design strategies and critical performance factors involved in the 3rd generation bio-
sensors among some selected prominent works published on the subject during last decade have also
been included in a tabular form for ready reference to the readers.

© 2015 Elsevier B.V. All rights reserved.
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The present study aims at fabricating a laccase based amperometric biosensor for detection of pyro-
catechol in environmental samples. Trametes versicolor laccase was co-immobilized in a nanocomposite
matrix comprising of osmium tetroxide on poly 4-vinylpyridine, multiwalled carbon nanotubes, Nafion
and carbon black on glassy carbon electrode. The nanocomposite matrix provides a porous structure for
easy immobilization of the enzyme as evident from the SEM images and a highly electroactive surface
for facile diffusion free electron transfer kinetics as discerned from the cyclic voltametric studies. The
heterogeneous electron transfer rate constant (Ks) and surface concentration of the ionic species (I") of
the bioelectrode were 0.67 s~ and 1.32 x 108 mol cm~2, respectively. The response of the constructed
biosensor was generated at a potential of 0.14 V from the electrocatalyzed reduction of 1,2-benzoquinone
formed from the biocatalyzed oxidation of pyrocatechol. The bioelectrode when subjected to differential
pulse voltammetry exhibited a linear faradaic current response against pyrocatechol in the concen-
tration range of 3.98nM-16.71 nM with a minimum detection limit of 2.82nM and a sensitivity of
3.824+0.31 nAnM~"'. The bioelectrode also shows high operational stability and optimum storage sta-
bility up to 3 weeks. The nanocomposite based fabrication method of the laccase bioelectrode thus
shows a great promise for developing a highly sensitive, selective and stable biosensor for detection

of pyrocatechol in environmental samples.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Phenolic compounds are widely used in large scale man-
ufacturing of resins, plastics, pesticides, explosives, detergents
and pharmaceutical products. These compounds are frequently
leached out during their production, transportation and utiliza-
tion, which pollute the environment. Besides, certain phenols have
been reported to be genotoxic, mutagenic, and hepatotoxic [1,2].
Amongst these, pyrocatechol or catechol (1,2-dihydroxybenzene)
isa potential phenolic compound of concern, as it reacts with differ-
ent biomolecules, like DNA, protein, membranes and leads to their
non repairable damage [3]. Additionally, pyrocatechol in combina-
tion with heavy metals (e.g. Cu*,Fe3*) and in presence of molecular
oxygen can cause breakage of DNA strands [4]. Again, many of
these compounds are highly resistant to biotic and abiotic degra-
dation and therefore, remain in the environment at toxic levels.
Thus, there is a continuously increasing demand for selective and

* Corresponding author. Tel.: +91 361 2582202; fax: +91 361 2582249.
E-mail address: pgoswami@iitg.ernet.in (P. Goswami).

0925-4005/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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sensitive detection of these phenolic compounds for evaluating
their toxicity in environmental samples. Apart from the classical
method of Folin—-Ciocalteau, many analytical methods based on
spectrophotometry [5], chemical, and gas chromatographic prin-
ciples [6] have been developed for the detection of pyrocatechol.
Although some of these methods are highly sensitive and reli-
able, they are relatively difficult and often need derivatization and
pre-concentration steps. Such disadvantages could be overcome
by using biosensor devices for fast, specific, accurate and highly
sensitive detection of pyrocatechol in real samples [7-9].

Over the past decade, many biosensors have been developed
using redox enzymes, such as tyrosinase, peroxidase, laccase as
biorecognition elements for the detection of phenolic compounds
[10]. Laccase biosensors have unique merits over tyrosinase biosen-
sors in having high sensitivity and high stability [11]. It also has
more advantage over peroxidases as biorecognition element, since
the background current from hydrogen peroxide limits the sensitiv-
ity of peroxidase biosensor [12].Laccase (EC1.10.3.2) amulticopper
redox enzyme, widely occurring in fungi and less frequently in
higher plants and bacteria [13], have been identified as a poten-
tial catalyst for the determination of phenolic compounds [14].



o

: '*"~-ql

ADVANCED MATERIALS AND
TECHNIQUES ror BIOSENSORS
AND BIOANALYTICAL APPLICATIONS

EDITED BY
PRANAB GOSWAMI

@ CRC Press
Taylor & Francis Group
. : = 2a




'I Fundamentals of Biosensors

Pooja Rani Kuri*, Priyanki Das* and Pranab Goswami
Indian Institute of Technology Guwahati, Assam, India (* equal contribution)

CONTENTS
1.1 INtrodUCtion t0 BIOSEISOIS ......uiiuiiiiiiiieiteeste sttt sttt ettt sttt bt sb et sttt bt et sbe et sbe e s be e bt e st sbtenteebte bt sbeentesbeenaeaneen 2
1,101 HiSEOTY Of BIOSEIISOTS ...cuuieuiiiiiriiiiieiieiieit ettt sttt h et eb ettt st et sb e es et e e b e e st e bt eb e st e bt st e naeeaeen 2
1.2 General Configuration Of @ BIOSEIISOT .......c..eitiriiiiiiiiteitiett ettt ettt ebe e sa bttt e e sb e esb et es et ebeesbeesaesaeenaes 3
1.3 Characteristics/Salient Features of @ BIOSEISOT .......ccivuiiiiiiriiiiieiite ettt sttt st st sae e sae e 3
1.3.1  Selectivity ....cooceevveeeerneenensee® R L L B e 3
1.3.2  SensSitivity ......ccooooceooti S A N o el e, 3
1.3.3  REPIOAUCTDIIIEY ..ottt ettt sttt ettt et ettt et st b e ehe ettt e bt ea e e ebeeat e bt eatenbeest e bt ebeenbtebeeeteeaeesaeemeen 4
L.304 SEADILIEY c.vcveeeieiie ettt ettt st b e eh et h et h e st b s h e bbb et b ettt e b b e 4
1.3.5  RESPONSE TIIMC....c.ueeuiiiiiiitiiiiiieeiie sttt he et sttt ettt e s bt et e s bt eu s e sb e e bt e bt eateebeese e bt emtesbeentesbeebtesueeneesteentenaeenees 4
1.3.60 RECOVETY TIIMC. ..c..eeiiiiiiitiiiiiie ettt ettt ettt ettt et h et eb et eb ettt sat e sh e et eb e bbb e e eb b et e ebbeneeebe et e ebeenaeaneen 4
1.3.7 Linearity and Dynamic RANZE ......coooiuiiiiiiiiiiiiiiieeeeee ettt ettt sh ettt ettt 4
1.3.8  Effect Of PhySiCal ParamEtersS . ....ccueeuiiiiieeieeitiiitieeteeeie sttt et ettt et e ste et estseensaenaeesabeesbeessaesssaensneesseensaennseenses 4
1.3.9  AddItIONAL FACLOTS. .. ..eutiitiitieiiite ittt ettt ettt ettt et et e bt s et st et et et eb e bt e bt eb et e benbeeneen 4
1.4 ClassifiCation Of BIOSEISOTS ...c..ce.uiruteterteeutertieiiente et st et et et e bt et e et estesbesbaeabe et s e et e eseeateesbe bt estesbeebeesbeebseabeesteebeeneebeenbenaeenees 5
1.4.1 Classification of Biosensors Based on the Biorecognition PrinCiple..........cc.coceverieririinenieniininiciieesceieicenen 5
1.4.2  Classification of Biosensors Based on the Biorecognition EICMENt ..........ccccceceeviriineiiineniiiininieneeie e 5
1.4.2.1 Enzyme-Based BIOSEISOIS. ......c..ccuiitiiiiriieiintieteetieite ettt ettt ettt ettt ettt st eateeat et st et ebeenbenbsensesseenee 5
1.4.2.2 TININUNOSEIISOIS ...cutnteniieteettenteeueeteettentettestesttestesueemeeeueensesseenuesheeateehtenteehtenteemeenbeebeenbeabeentesbeentesutentesneenee 6
1.4.2.3  Nucleic ACIA/DINA BIOSEIISOLS ....cueeiertiiiiertieitinteeiteeteetenteete st estesteebtesteeseeeteestesbeeeesbeesesseeseesssensesssensenne 6
1.4.2.4  Cell-Based BIOSEISOIS .....cc.eruieiuirieitieietieie et ete sttt st saeete st st st e tesbeeaeesbesatesaessbesueantenbeebesbeeneesbeenee 7
1.4.2.5 Biomimetic-Based BIOSEISOLS ........ccueiriiitiiriiiiintiitieiesiiete ettt ettt ettt sttt et saeb e seesaeenee 7
1.4.3 Classification of Biosensors Based on the Transducer EICMENLS ........ccccocueiiriiiniiiiiineiiineiiesie e 7
1.4.3.1 Electrochemical BIOSEISOTS ........ccuiruteititieiientt ettt ettt ettt ettt ettt et stt sttt et sae et e saeestesbeesnesteeneeneenee 7
1.4.3.2 OPCAL BIOSEIISOIS ....cuiiiiiiiiiiieiteiteeitett ettt ettt ea et ebe et b e e b et e et s ea bt eatesbeeatentesbeenbesbeenbenbeenbens 12
1.4.3.3  Calorimetric BIOSEISOIS. . c..eeutirtieitiitieitiiteeiteete ettt sttt ettt se et et eas bt ebt et eaeesaeeseenaeebeesbeebeesaeesnenneas 16
1.4.3.4  PieZ0CIECIIC BIOSEIISOIS .. .eeruiiuiirieiiiiiteitintteie it ettt ettt ettt et sb et et e sba bt e satebeesaesseenbesenenneennens 17
1.5 Bioreceptor IMmObiliZation SErAtEZIES . ..c..ceverteetertiriiiitieiieete ettt ettt e st e bt ettt e b e st e saeebe ettt enbesbeeneesaeene 18
L.501 ASOTPLION ..ottt sttt ettt ettt ettt ettt et e b e e bt sbe e sa e bt et e es e b e e ae et e ebe et e ebeesb e e bt e st e ebt et e ebe et e ebe et e beenee 18
1.5.2 CoVAlRNt BINAING ...cutiiititiiiiitieiieee ettt et eb et e bbbt e ettt ebt e bt bt e s bt e bbesbeebben bt ee et e e ebeeneenae 19
1.5.3  EETAPIMCIL. ettt ettt ettt sttt et ettt ettt ettt ebe e se e ebe e s bt eha e e bt eb s et e he st e ebe e bt ebeesbesheesbeebtenbeeut et e enbenteeneenee 20
1.5:4  CrOSSINKINE. .ottt ettt ettt et sttt e at et e e e bt eae e bt eb e sh e e bt e eb s eh e ee e e st s bt esbeebeesbeabeenbe bt ensenbeenteee 20
1.5:5  ATTINILY toveeitiiit ettt ettt sttt bttt h et bbbt et b et 20
1.6 APPLICATION Of BIOSEISOIS .. .veutiiiiiiieiuiiiteeit ittt sttt ettt ettt ettt e bt et sb et sbt e st e e bt e st e et e eat et e et e sbe et e sbtestesbtessesbeeaneebeenseneenee 21
1.6.1 Application in the FOO INAUSIIY......ceciiiiiiiiiiiiieeieie ettt ettt st et s et st eeesbeeneeeae 21
1.6.2  Application in the Fermentation INAUSLIY .......c.ccocuiiiiiiiiiiiiiiee ettt st 21
1.6.3  BiomediCal APPIICALIONS. .....eouiiiiiiiiiiirtieiteieeitet ettt ettt ettt et et et et e bt st sbe st esbe et en bt ebesbee e e sbeeneeene 21
1.6.4  Environmental APPIICALIONS .......eetiutiiitittirteteeitet ettt ettt ettt st et e bt bt e sbe s st e ste s st esbesatesbe st e sbeebeesbeseene 21
1.6.5  Applications i BIOAETENSE ........eeuiiiiiiiiitiiieiiei ettt sttt st et enee 22
1.7 Recent Advances in BioSensor TECANOIOZY .......ccccouiiiiriiiiiiiiiinit ittt sttt et 22
1.7.1  WEArable BIOSEISOIS ... ceuuiiutiiieititeeiteteeit ettt ettt ettt et ettt et e et ebe et bt et s bt et e ebeeat e eb et e ebe et e ebe et ebtenbeebe et eebeenee 22
1.7.2 Tmplantable BIOSEISOTS . ......ccoui ittt ettt ettt sttt ettt ettt ettt et s bttt ebtebe e eb e st sbteseesbten b e st e esbes e enbenbeens 23
1.7.3 Engineered Enzymes for Biosensor DeVEIOPIMENt. ........cc.couiriiiiriiiiiriiiiieieniierteeie ettt 24
1.8 Market Potential fOr BIOSEISOIS. .. ...eoutitiiieiiieitetieit ettt ettt ettt bbbttt be et eb et e a e sbeeat et e eseebeeb et eeaeenee 24
RETETEIICES ...ttt eh et b ettt bt et bt et s bt et eh e e a b e s bt em b e s bt et shtesteshe st e sbeesbesb e ente bt e te et ene 25
TH-2758_146151005



Copyright Permissions

TH-2758_ 146151005




5/10/2021

£ Copyright
'r Clearance
("]

Center

Order Completed

Thank you for your order.

Rightslink® by Copyright Clearance Center

RightsLink’

Publisher: Elsevier
Date: 15 February 2016

A ? =

Home Help Email Support

Author: Cloé Desmet,Christophe A. Marquette,Loic J. Blum,Bastien Doumeche
Publication: Biosensors and Bioelectronics

Copyright © 2015 Elsevier B.V. All rights reserved.

PRIYANKI DAS v

Paper electrodes for bioelectrochemistry: Biosensors and biofuel cells

This Agreement between Mrs. PRIYANKI DAS ("You") and Elsevier ("Elsevier") consists of your license details and
the terms and conditions provided by Elsevier and Copyright Clearance Center.

Your confirmation email will contain your order number for future reference.

License Number

License date
Licensed Content

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content
Title

Licensed Content
Author

Licensed Content
Date

Licensed Content
Volume

Licensed Content
Issue

Licensed Content
Pages

Journal Type

B About Your Work
Title
Institution name

Expected
presentation date

TH-2758_146151005

https://s100.copyright.com/AppDispatchServlet

5065100911936

May 09, 2021

Elsevier

Biosensors and
Bioelectronics

Paper electrodes for
bioelectrochemistry:
Biosensors and biofuel cells

Cloé Desmet,Christophe A.
Marquette,Loic J.
Blum,Bastien Doumeéche

Feb 15,2016

76

n/a

S&T

Development of Small Scale
Alcohol Biofuel Cells using
Enzymes as Catalyst

Indian Institute of Technology

Guwahati

Jul 2021

B Order Details

Type of Use
Portion
Number of
) . . 1
figures/tables/illustrations
Format

Are you the author of

this Elsevier article? No

Will you be

. No
translating?

& Additional Data

Portions Figure 3

& Printable Details

reuse in a thesis/dissertation

figures/tables/illustrations

both print and electronic


javascript:goHome();
javascript:openHelp();
javascript:onOfflineClicked();
javascript:printableLicense();

5/10/2021 Rightslink® by Copyright Clearance Center

Q Requestor Location E Tax Details
Mrs. PRIYANKI DAS Publisher Tax ID GB 494 6272 12
CENTRE FOR ENERGY, IIT
GUWAHATI

Requestor Location

GUWAHATI, 781039
India
Attn: Mrs. PRIYANKI DAS

$ Price
Total 0.00 USD
Total: 0.00 USD
© 2021 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Terms and Conditions

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

TH-2758_ 146151005

https://s100.copyright.com/AppDispatchServlet 2/2


http://www.copyright.com/
http://www.copyright.com/content/cc3/en_US/tools/footer/privacypolicy.html
javascript:paymentTerms();
javascript:closeWindow();
javascript:goHome();
mailto:customercare@copyright.com

5/10/2021 Rightslink® by Copyright Clearance Center

# oo RightsLink” 4 = 2

Center Home Help Email Support PRIYANKI DAS v

Tackling the Challenges of Enzymatic (Bio)Fuel Cells
Author: Xinxin Xiao, Hong-qgi Xia, Ranran Wu, et al
ACS Publications Publication: Chemical Reviews
7 ost Trusted. wost Ched.Most Read. Publisher: American Chemical Society
Date: Aug 1, 2019

Copyright © 2019, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no fee is being
charged for your order. Please note the following:

- Permission is granted for your request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy of it to your publisher/graduate school.

- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission
from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American Chemical Society." Insert appropriate
information in place of the capitalized words.

- One-time permission is granted only for the use specified in your request. No additional uses are granted (such as
derivative works or other editions). For any other uses, please submit a new request.

If credit is given to another source for the material you requested, permission must be obtained from that source.

BACK CLOSE WINDOW

© 2021 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Terms and Conditions
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

TH-2758_146151005

https://s100.copyright.com/AppDispatchServlet


javascript:goHome();
javascript:openHelp();
javascript:onOfflineClicked();
http://www.copyright.com/
http://www.copyright.com/content/cc3/en_US/tools/footer/privacypolicy.html
javascript:paymentTerms();
javascript:goHome();
javascript:closeWindow();
mailto:customercare@copyright.com

