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Abstract: In this work, glucose oxidase (GOx) has been immobilized onto graphite rod electrodes
through an assisted-chitosan adsorption reaching an enzyme coverage of 4 nmol/cm?. The direct and
irreversible single adsorption of the Flavine Adenine Dinucleotide (FAD) cofactor has been minimized
by electrode incubation in a chitosan (CH) solution containing the enzyme GOx. Chitosan keeps the
enzyme structure and conformation due to electrostatic interactions preventing FAD dissociation
from the protein envelope. Using chitosan, both the redox cofactor FAD and the protein envelope
remain in the active form as demonstrated by the electrochemistry studies and the enzymatic activity
in the electrochemical oxidation of glucose up to a concentration of 20 mM. The application of the
modified electrodes for energy harvesting delivered a power density of 119 uW/ cm? with a cell
voltage of 0.3 V. Thus, chitosan presents a stabilizing effect for the enzyme conformation promoted by
the confinement effect in the chitosan solution by electrostatic interactions. Additionally, it facilitated
the electron transfer from the enzyme to the electrode due to the presence of embedded chitosan in
the enzyme structure acting as an electrical wiring between the electrode and the enzyme (electron
transfer rate constant 2.2 s~1). This method involves advantages compared with previously reported
chitosan immobilization methods, not only due to good stability of the enzyme, but also to the
simplicity of the procedure that can be carried out even for not qualified technicians which enable
their easy implementation in industry.

Keywords: glucose oxidase; adsorption; FAD; denaturation; chitosan; enzyme immobilization;
glucose biofuel cell

1. Introduction

The entire field of enzyme-based electrodes can trace its origin back to the enzymatic
glucose-based electrode fabricated by Clark and Lyons in 1962 with the publication of the
original patent of an amperometric enzyme electrode for glucose sensing [1]. Currently,
the importance of the glucose biosensors market is clear, covering about 85% of the entire
biosensor market in the world, mainly due to the notable biomedical significance of the
rapid and convenient assay of blood glucose in diabetes [2-4]. In addition, other relevant
applications, such as biofuel cells for energy harvesting using molecules such as glucose
as an attractive new power source, take advantage of technological advances related with
GOx enzyme for self-powered, wearable, and implantable biomedical devices [5].

The enzyme GOx catalyzes the oxidation of 3-D-glucose to gluconic acid with molec-
ular oxygen as an electron acceptor with the production of hydrogen peroxide (H;O,)
following reactions 1 and 2. In these reactions the fully oxidized form of Flavine Adenine
Dinucleotide (FAD) catalyzes the oxidation of glucose while the reduced form (FADH);) is
regenerated in the presence of O, producing H,O;. Reaction 3 represents another mecha-
nism in which the electronic transference from the reduced form of the enzyme (FADH,)
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occurs in the absence of mediators or electron acceptors such as oxygen [6-8]. However,
this mechanism, usually called Direct Electron Transfer (DET), has not been proved to drive
the reaction in the absence of mediators or electron acceptors. Currently, reaction 1 and 2
are the most accepted mechanisms to explain GOx redox mechanism since the two flavin
active sites are deeply buried within the structure of the homodimer [9]. For this reason,
efforts regarding GOx immobilization, traditionally focused on achieving DET, should be
focused on stabilization issues related to the loose of the structure instead on the orientation
of the enzyme on the electrodic surface.

Glucose + GOx(FAD) — Gluconic acid + GOx(FADH),) (1)

GOx(FADH,)+0; — GOx(FAD)+H,0; (2)
GOx(FADH,) — GOx(FAD)+2e +2H™ (3)

Particularly regarding bioelectrodes development, GOx should be immobilized onto
suitable conductive support to carry out the enzymatic reaction. For real industrial use
of this technology in long-term devices, the enzyme stability should be preserved to keep
activity in the working medium and enhance enzyme stability towards denaturation of
the enzyme and FAD irreversible adsorption on the electrode in storage and operational
conditions [5,6]. Among the different enzyme immobilization strategies [5,10,11] adsorption
is one of the preferred techniques due to its simplicity and limited decrease in enzymatic
activity despite the disadvantages related to desorption processes, denaturation, and the
method’s low specificity [12].

The use of graphite electrodes as supports in the development of bioelectrodes for
biodevices has been widely spread due to the exceptional electrical properties of such
materials. Additionally, graphite electrodes present a surface able to adsorb biomolecules
due to the affinity of graphite surface for organic entities, so it has been used in several
works as a support for enzyme immobilization using different strategies [13—-16]. When
performing GOx adsorption onto graphite electrodes, one of the main drawbacks comes
from enzyme denaturation due to the most preferable and irreversible adsorption of FAD
included into GOx structure, losing the quaternary structure, and, therefore, the catalytic
activity [17-19]. The denaturation process could be mainly related to enzyme concentration
or ionic strength of incubation solution, temperature, and/or incubation time [19]. This is a
key aspect for the assessment of the enzyme activity since if FAD is irreversibly adsorbed
in a denaturized form of GOXx, can lead to misunderstanding when trying to assess the
direct electrochemistry of the enzyme and to evaluate the bioelectrocatalytic activity in the
presence of glucose [9,20], since no response would be detected.

Inactivation due to denaturation is mainly related to changes in quaternary structure
due to subunit dissociation [21,22]. Hence, preventing subunit dissociation is an impor-
tant strategy for multimeric enzyme stabilization [23]. Some methods based on this idea
have been proposed, such as protein engineering or crosslinking [24-27]. However, these
methods are quite complex and present limitations dealing with the stability of engineered
enzymes or the selection of reaction conditions and reagents for crosslinking, which is usu-
ally a sensitive procedure that can lead to irreversible damage in the enzyme structure [28].
Therefore, the stabilization of multimeric enzymes against inactivation is considered a
particular challenge.

Biopolymers can be used to immobilize enzymes belonging to various catalytic classes
with the retention of good catalytic properties. Moreover, the produced biocatalytic systems
offer improved thermal stability and, in general, are noted for their good reusability [29].
In this sense, several biomaterials are frequently used in research and industry due to the
biocompatibility characteristics very convenient for their extensive potential in industrial
applications. In this sense, biopolymers, such as Polyhydroxyalkanoates, linear polyesters
containing 3-hydroxy fatty acid monomers, or polysaccharides, such as chitosan, are
commonly employed [30,31]. However, sometimes it is necessary to modify these polymers
in certain applications which can lead to modify their mechanical properties.
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Specifically, Chitosan is a widely used polysaccharide obtained from the deacetylation
of chitin, which is the major component in crustacean shells such as shrimps, lobsters, and
crabs. Chitosan properties such as hydrophilicity, low toxicity, biocompatibility, biodegrad-
ability, film-forming ability, and bioactivity attract the interest of biologists and chemists
to explore novel uses of this biopolymer. Chitosan molecules possess a positive charge in
solution due to the amino groups present in their structure, so the low isoelectric point
of some multimeric enzymes, as is the case for GOx, leads to a fast interaction between
proteins and chitosan molecules [31]. For all these reasons, chitosan is the most frequently
used biopolymer for enzyme immobilization [31,32]. Thus, although several methods
using chitosan as the main scaffold for the adsorption immobilization strategy have been
developed so far, several disadvantages have been detected, hindering their applicability
in real-world applications. Specifically, these methods involved multilayer assemblies,
crosslinking steps, acid treatments, and deposition of polymeric films containing GOx
enzyme on the electrode surface [33-36].

Hence, the procedure here presented describes a method for GOx immobilization onto
graphite rod electrodes avoiding enzyme denaturation through adsorption by incubation in
chitosan solutions. The suitability of the method to keep enzyme activity, which is the key
aspect regarding immobilization procedures for bioelectrodes development, is evaluated in
this paper through cyclic voltammetry in oxygen-free solutions to assess electron transfer
between the graphite surface and the active centre of GOx. Moreover, the catalytic response
of the enzyme for energy harvesting in a glucose BFC has been evaluated to confirm the
proper stability of the enzyme using this immobilization procedure.

2. Materials and Methods
2.1. Reagents and Instrumentation

Chitosan of medium molecular weight with a deacetylation degree > 85% and graphite
rod electrodes were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glucose oxidase
(GOx) from Aspergillus niger Type VII, (110 U/mg and a ratio GOx/ catalase higher or equal
to 100, used without extra purification), D-Glucose biotechnology grade standard, and
Hydroquinone (HQ) for mediated electron transfer were from VWR LIFE SCIENCE (Radnor,
PA, USA). For the preparation of Phosphate Buffer Saline (PBS) solutions, Na,HPO,4 and
NaH,PO,4 from VWR LIFE SCIENCE (Radnor, PA, USA), and KCI from Scharlab S.L.
(Barcelona, Spain) were employed. Acetic acid for chitosan solutions was also acquired
from Scharlab S.L. (Barcelona, Spain).

2.2. Apparatus and Electrodes

A Zhaner IM6 electrochemical workstation provided with a PP241 module for high
currents was the equipment used to perform Cyclic Voltammetry (CV) and BFC polarization
curve determination. Electrochemical characterization in a three-electrode cell configuration
was performed using the graphite rod as the working electrode, an Ag/AgCl (3M KCI)
electrode as the reference electrode, and a Pt wire as the counter electrode. Prior to all
the cyclic voltammetry experiments, the electrolyte solution was purged with nitrogen for
30 min and then the inert atmosphere was kept during the recording of the voltammogram.

2.3. GOx Immobilization Procedure

For the immobilization of GOx onto graphite rod electrodes, the adsorption method
was performed through the incubation of the graphite rods in a chitosan solution of GOx
at 4 °C for 72 h. The low-density graphite (LDG) electrodes (Sigma-Aldrich. St. Louis,
MO, USA) were first treated with coarse and fine emery paper. Then, the graphite rod
was sonicated for 15 min in distilled water. Once the electrode was dried, it was cut into
two rods of 7.5 cm and covered with Teflon tape leaving 1 cm in one end for the electrical
connection and 2 cm in the other end as the immobilization surface.

For the immobilization procedure of GOx, 250 mg of chitosan were dissolved in 25 mL
of a 0.3 M acetic acid solution and filtered through a 0.45 um Nylon filter (VWR LIFE
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SCIENCE) before enzyme addition. Then, 5 mL of a solution of 10 mg/mL of GOx in 1%
(w/w) chitosan solution was prepared and stirred for 30 min at room temperature to allow
the self-assembly of the enzyme in the chitosan solution. Graphite rods were incubated in
such solutions for 72 h at 4 °C. After 72 h, graphite rods were removed from the solution
and washed in PBS pH 5.5 for 30 min. The washing procedure was repeated three times
with fresh PBS solutions. The modified bioelectrode (LDG-CH10) was kept in PBS pH 7.55
at 4 °C until use.

FAD adsorption onto the graphite rod electrodes was performed in PBS pH 7 solutions
in the same conditions as reported above. The graphite rod electrode was incubated in
a FAD solution of 10 ug/mL during 72 h at 4 °C. After the 72 h, the modified graphite
electrode (FAD@LDG) was removed from the solution and washed in PBS pH 5.5 solution
for 30 min. This washing procedure was also repeated three times and the FAD-modified
graphite electrodes were kept at 4 °C until use.

For the assessment of enzyme denaturation during the adsorption, immobilization
was performed in PBS as the incubation medium. A volume of 5 mL of a solution of
10 mg/mL GOx in PBS pH 7.55 was prepared. Graphite rods were incubated in such
solutions for 72 h at 4 °C. After 72 h of incubation, the same washing procedure as in
the case of immobilization in chitosan was carried out. The bioelectrode thus modified
(LDG-PBS10), was kept in PBS pH 7.55 at 4 °C until use.

The evaluation of FAD irreversible adsorption on the graphite electrode surface was
evaluated by placing the modified graphite electrode in 5 mL of a KC1 3M solution overnight
with magnetic stirring. Later, cyclic voltammetry experiments were performed at 0.1 V/s
between —0.7 V and 0.4V under inert atmosphere before and after the KCl treatment to
be compared.

2.4. Electrochemical Characterization

The direct electrochemistry of immobilized GOx was evaluated by cyclic voltammetry.
The electrolyte for the cyclic voltammetry experiments was PBS KC1 0.1 M pH 7.55 that was
purged with nitrogen, at least for 30 min, before cyclic voltammogram recording. Cyclic
voltammetry was performed at different scan rates: 25, 50, 100, 150, 200, 250, 300, 400, and
500 mV /s, with a potential window between —0.7 V and 0.4 V.

For activity assays, 1 M glucose solution was prepared before the experiment and left
to mutarrotate overnight. Glucose concentration in the electrochemical cell was increased
by a factor of 5 mM in each addition. Cyclic voltammograms were recorded between
—07Vand 04 Vat0.1V/s.

For the polarization curve, a two-electrode configuration cell with a Pt wire as cathode
and the GOx-modified graphite electrode as anode were employed. The power density was
calculated using the product of voltage and intensity divided by the electroactive surface
area obtained from the Randles—Sevcik equation, as previously reported [37].

For the inhibition assays, a solution of AgNO3 0.1M was used. A suitable amount of
the AgNOj solution was poured into the electrochemical cell to obtain a concentration of
Ag* ions of 1 uM. Then, bioelectrocatalytic activity for glucose oxidation was evaluated by
cyclic voltammetry following the procedure described above.

3. Results and Discussion
3.1. Bioelectrode Modification with Glucose Oxidase

The modification of the LDG electrodes was carried out using chitosan as an immo-
bilization medium where, apart from hydrophobic interactions, electrostatic interactions
between chitosan and the enzyme also act. As a control, the immobilization in PBS, where
only hydrophobic interactions between the enzyme and the support were involved, was
also performed to assess FAD dissociation and irreversible adsorption. The general proce-
dure for the immobilization procedure is schematized in Figure 1. The electrode surface
was first incubated in glucose oxidase (GOx) chitosan-based solution for 72 h at 4 °C for
the selected working concentration of 10 mg/mL of GOx. This incubation time allowed
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the enzyme to be bound to LDG electrodes due to the affinity of carbon-based surfaces for
biomolecules with chitosan entities embedded in the enzyme structure being part of the
whole system [38]. Later, to remove the loosely bound enzyme, graphite rods were washed
using a fresh PBS solution.

o [
‘ Electrochemical |
Ll U ‘E Workstation
U w
PBS or Chitosan Incubation 72 h, Washing in PBS Electrochemical Testing
solution + GOx tls

Figure 1. GOx immobilization procedure and working operation.

The immobilization of the enzyme by incubation in chitosan solutions was confirmed
due to the presence of two redox peaks in the cyclic voltammogram corresponding to the
oxidation-reduction of the active center of the GOx enzyme FAD at —0.22 V and —0.35 V
respectively at 0.2 V/s under N, atmosphere (solid blue line in Figure 2A). The results
indicate that FAD cofactor was undergoing a reversible electron transfer with the graphite
electrode as shown in reaction 3.
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Figure 2. Bioelectrode evaluation for FAD irreversible adsorption. (A) chitosan-based GOx immo-
bilization (solid blue line), chitosan-based GOx modified electrode treated with KCl (blue dashed
line). (B) KCI treatment of the electrodes modified by GOx adsorption using PBS (solid red line)
and FAD direct adsorption (solid green line). Unmodified LDG electrodes (solid black line). All the
voltammograms were acquired at 0.2 V/s in O, free atmosphere.

As mentioned before, bioelectrodes prepared through GOx adsorption on carbon-
based materials can suffer enzyme denaturation during the adsorption [18-20]. The mecha-
nism for this process starts with FAD dissociation from the protein structure (during the
immobilization process or directly from free FAD that commercial GOx can contain as an
impurity) where it is embedded and the subsequent migration towards graphite surface,
leading to FAD cofactor irreversible adsorption due to the affinity of graphite for organic
moieties [39]. The immobilization by incubation of the LDG rod in a biopolymeric solution
of chitosan was carried out to avoid the denaturation of the enzyme taking advantage of
the stabilizing effect of the biopolymeric medium by electrostatic interactions [29,30,40].
However, before the electrochemical characterization of the GOx-bioelectrode prepared in
chitosan solutions, it is necessary to ascertain whether the redox peaks observed in Figure 2
are due or not to denaturized FAD irreversible adsorption.

For this purpose, the bioelectrode prepared by incubation in chitosan solution was
submitted to a treatment with concentrated KCl solutions to assess the enzyme denaturation
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process. It has been reported that treatment with concentrated salt solutions can strip FAD
from flavoenzymes, but the same treatment is ineffective in removing adsorbed FAD from
graphite surfaces [41-43]. Thus, if the specie adsorbed on the graphite surface is the
whole GOx enzyme with its protein embedding structure, basic treatment will strip it
from the electrode surface and the corresponding redox peaks will disappear from the
cyclic voltammogram. In contrast, if the peaks observed come from FAD direct irreversible
adsorption due to denaturation, the redox peaks will remain in the cyclic voltammogram
after the treatment.

Thus, as can be seen in Figure 2A (blue dashed line), redox peaks of chitosan-based
GOx modified electrodes disappear after the treatment with KCl, indicating that signals
were originated from non-denaturized GOx and that no dissociation and irreversible
adsorption of FAD cofactor has occurred.

On the other hand, in the case of immobilization of GOx in PBS (LDG-PBS10), the
redox peaks do not disappear after the treatment with KCI (Figure 2B red solid line), which
points to the fact that FAD has been irreversibly adsorbed on the graphite surface. This
behavior has been confirmed by an experiment of direct adsorption of FAD on the graphite
electrode (FAD@LDG). This modified electrode was also submitted to the KCI treatment
and as expected, the redox peaks remained in the cyclic voltammogram after the basic
treatment, which confirms that FAD has been irreversibly adsorbed on the graphite surface
(see Figure 2B and Figure S1A in Supplementary Materials). Therefore, we can conclude
that the incubation in chitosan solutions favors the immobilization of GOx without FAD
dissociation.

It is worth highlighting that FAD redox peaks in Figure 2B at —0.22 V and —0.35 V
for the GOx enzyme adsorbed on the LDG electrode in PBS, showed a positive shift of
about 140 mV with respect to the redox peak potential of FAD directly adsorbed on the
LDG electrode also in PBS medium. This result suggests that immobilization conditions
and assembly may have distorted the enzyme structure making the flavine center more
accessible [9]. Additionally, it is worth mentioning that KCl treatment can also modify the
electrode surface, which contributes to an increase in the capacitive current after the KCl
treatment, as can be seen in Figure S1B.

3.2. Electrochemistry of Immobilized GOx in Chitosan Solutions

The electrochemical characterization of the GOx bioelectrodes obtained by incubation
in chitosan and PBS solutions was carried out by cyclic voltammetry at different scan
rates in an O, free atmosphere to detect the oxidation-reduction reactions of the FAD
cofactor on the graphite surface (Figure S2). The peak current increases with the scan rate
demonstrating that the redox reaction of the FAD cofactor is a typical surface-confined
process. Enzyme coverage in mol/cm? was obtained from the Equation (2) derived from
Laviron expression (1) [44] for the bioelectrodes prepared by incubating the modified
graphite rod electrode in chitosan and PBS solutions at two different concentrations (see
Table S1).

_ n?F2vAT _ nFQv

I, = 1
P 4RT 4RT M

Q = nFAT )

In these equations, Q is the charge obtained from the integration of the cathodic peak
in the cyclic voltammograms recorded at different scan rates; n corresponds to the number
of transferred electrons (n = 2); F is the Faraday (96,400 C/mol) constant; A is the electrode
electroactive area in cm? obtained from cyclic voltammetry and Randles-Sevcik equation;
and T is the enzyme coverage in mol/cm?. To explore the efficiency of the bioelectrodes
developed, the electron transfer rate constant was also determined from the scan rate
dependence of AEp using the method of Laviron [44]. Values for the electron transfer rate
constant in the LDG electrodes prepared (LDG-CH and LDG-PBS) are presented in Table S1
together with enzyme coverage.
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Enzyme coverage was higher for the electrode LDG-CH10 prepared with the higher
GOx concentration in the chitosan solution with a value near 4 nmol/cm?. The electron
transfer rate constant for the electrodes prepared by incubation in PBS and chitosan solu-
tions of GOx were 1.1 57! and 2.2 s71, respectively. These values are in the same order of
magnitude than similar systems that can be found in literature [18]. Moreover, the values
for enzyme coverage obtained for the electrodes incubated in PBS are lower than those
obtained for the bioelectrodes prepared in chitosan solutions (Table S1). Furthermore, it
is worth mentioning that the values of the electron transfer rate constants obtained for
electrodes modified in PBS solutions are in the same range than those previously reported
for FAD adsorption on graphite electrodes [41].

Several works have been published over the years dealing with Direct Electron Transfer
(DET) between GOx and carbon-based electrodes aimed at the development of glucose
biosensors and biofuel cells [7,21,45,46] but there is no clear evidence that this phenomenon
actually occurs [9,21].

Electron transfer of the bioelectrodes mediated by the flavoprotein FAD embedded into
the GOx structure can be evaluated from the analysis of cyclic voltammetry experiments
acquired in oxygen-free solutions. According to reaction 3, oxidation and reduction of FAD
is a two-electron and two-proton coupled reaction. The cathodic peak obtained in the cyclic
voltammetry is attributed to the reduction of GOx(FAD), while the anodic peak current
is attributed to oxidation of GOx(FADH,). The pH value of the solution will influence
electron transfer of GOx, and both the anodic and cathodic peak potentials will be shifted
to more negative values as the solution pH increases as is observed in Figure S3. Moreover,
formal potential exhibits a linear dependence of pH ranging from 5 to 9 (Inset of Figure
S3) with a slope around to —50 mV/pH (R% = 0.9964), a value close to the theoretical
—59.2 mV/pH for the two-electron and two-proton coupled reaction [11]. In addition,
the linear relationship between peak current and scan rate implies that the bioelectrode
presents the typical behavior of a surface-confined redox process with anodic and cathodic
peak separation characteristic of quasi-reversible redox systems with a mean value lower
than 100 mV [47]. In addition, anodic and cathodic peak currents are on the same order of
magnitude, this being associated with the stability of the adsorbed redox species (Figure S2
Supplementary Materials).

The redox potential of GOx in solution determined by Vogt and co-workers by UV /vis
spectroelectrochemistry was —0.385 V vs Ag/AgCl at pH = 7.4 [48]. According to cyclic
voltammograms, a formal potential (E;,,) of —0.307 V is obtained for chitosan-based
electrodes. This potential is near the values reported for GOx and out of the range for O,
electrochemical reduction [49]. Moreover, this value is in accordance with the values found
in the literature for some GOx-based bioelectrodes where chitosan has been employed as
an immobilization matrix [38,50,51]. In particular, Zhao and co-workers [38] stated that
chitosan, in a protonated state in acidic solutions, can embed a part in the protein acting
as a molecular “wire” that connects the active center of the enzyme with the electrode
surface resulting in an enhancement of electron transfer process. Thus, chitosan with
hydroxyl groups and positively charged amino groups behaves as a polyelectrolyte and
can embed in the protein acting as a molecular wire connecting the graphite electrode
and the GOx enzyme. Then, we assume that, in addition to the “wire” effect, chitosan
as incubation medium modulates the adsorption allowing the migration of the enzyme
towards the electrode surface avoiding unfolding and denaturation due to the electrostatic
interactions that would prevent structure distortion [40]. Thus, the behavior detected
for the bioelectrodes prepared incubating in chitosan solutions points to the successful
immobilization of GOx enzyme onto LDG electrodes surface, and not from FAD irreversible
adsorption due to denaturation, demonstrating a favoring effect of the incubation in
chitosan solutions in the enzyme structure.
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3.3. Evaluation of Immobilized GOx Activity
3.3.1. GOx Activity and Inhibition Assays

To prove the bioelectrocatalytic performance of the GOx adsorbed onto LDG electrodes,
the activity of the enzyme for glucose catalysis has been proved. The bioelectrodes prepared
by incubation in chitosan solutions have been proved not to be denatured and to retain
the quaternary structure of the enzyme and consequently, the bioelectrocatalytic activity
as demonstrated from the results of the KCl assays. Cyclic voltammetry was recorded in
oxygen-free PBS pH 7.55 solutions with increasing concentrations of glucose (Figure 3A) to
check the proper activity of GOx in the electrochemical oxidation of glucose.

10
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g ¢ £
g6 § 6 / = | - Glucose 10 mM
4 /
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g 2 ] /
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Figure 3. GOx activity evaluation in the presence of increasing concentrations of glucose using
(A) Chitosan-modified bioelectrode (LDG-CH10) and (B) PBS modified bioelectrode (LDG-PBS10)
treated with KCl. Voltammograms acquired at 0.1 V/s.

For the bioelectrodes prepared starting from a GOx concentration of 10 mg/mL
(Figure 3), a reduction in the cathodic current density and a small increase in the anodic
current density were observed as a response of the reaction of GOx and glucose. Thus, as
explained in reaction 1, GOx(FAD) is reduced by glucose during oxidation. In addition, in
KCl treated electrodes, there is little or negligible variation in FAD currents in presence of
glucose, which means that there is no active GOx on the electrodic surface (Figure 3B). The
effect observed in the voltammograms is more probably related to the modification of the
double layer due to the addition of glucose to the working solution.

As observed in Figure 3A, the current corresponding to the reduction of FAD to FADH,
decreases with the increase of glucose concentration up to saturation at a concentration
of 15 mM glucose. This phenomenon is due to the simultaneous action of two processes:
enzymatic catalysis and electrode reaction [52]. In the absence of glucose, the total amount
of FAD that is reduced remains constant, being always reduced the same amount of
FAD. However, in the presence of glucose, enzymatic catalysis also occurs; therefore, the
amount of FAD that is reduced (monitored by cyclic voltammetry) is decreased, since it is
participating in the enzymatic catalysis, thus modifying the current obtained.

The bioactivity of the modified graphite electrode was further investigated by em-
ploying mediators to enhance electrochemical currents [7,11]. The cyclic voltammetry in
oxygen-free PBS pH 7 solutions containing 2 mM hydroquinone (HQ) as a redox medjiator
showed, after the addition of glucose, remarkable enzyme activity in presence of the medi-
ator (Figure 4A) while no current increase was observed for the bare graphite rod electrode
when increasing amounts of glucose are added in the presence of HQ (Inset in Figure 4A).
This increase indicates that the presence of a mediator promotes GOx activity. Specifically,
GOx transfers electrons and, thus, regenerates the hydroquinone, which is oxidized to
benzoquinone in the electrode. The result can be explained following reactions 1, 4, and 5:

GOx(FADH,) +2HQ" — GOx(FAD)+2HQ + 2H™ (4)

2HQ — 2e” +2HQ™ (5)
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Figure 4. Cyclic voltammetry in oxygen-free PBS solution of LDG-CH10 bioelectrode using increasing
glucose concentrations (A) in the presence of HQ 2 mM (inset: bare graphite rod) and (B) in the
presence of the inhibitor Ag* 1 uM. Voltammograms acquired at 0.1 V/s.

On the other hand, in order to ascertain whether the bioelectrocatalytic activity ob-
served comes from the immobilized enzyme, an inhibition assay was performed (Figure 4B).
In this way, it can be confirmed that current response obtained is coming from the bioelec-
trocatalytic activity of the enzyme. One of the inhibitors of GOx enzyme activity is the Ag*
ion [53,54] and its presence in low concentrations prevents, totally or partially, the oxidation
of glucose by the enzyme GOx. The chitosan-modified electrodes showing activity towards
glucose oxidation were assayed in an inhibition experiment with silver. Thus, when Ag* in
concentration 1 uM is added to the working solution prior to glucose addition, no changes
were observed when the glucose concentration in the electrolyte solution is increased. This
means that the biocatalytic activity of the enzyme has been inhibited by the Ag* ions.

In Figure 4B, a partial response is observed up to a glucose concentration of 5 Mm in
the presence of silver as inhibitor; further additions return the current density values to the
initial value found when the glucose concentration in the working electrolyte was zero. It
was determined that this behavior is related to the concentration of GOx in the bioelectrode
and its response time, since it is known that as the glucose concentration increases, the
response time required in an inhibition assay with silver also does [55]. Moreover, inhibition
with silver occurs due to the interaction of Ag* ions with the functional groups of the
enzyme; therefore, the higher the concentration of enzyme in the electrode, the greater the
amount of Ag* ions necessary to totally block the catalytic activity [54]. However, in the
case of a bioelectrode prepared with lower concentration of GOx in chitosan (4 mg/mL,
LDG-CH4) the effect of the inhibition with silver is clearly observed (Figure S4).

3.3.2. GOx Activity for Energy Harvesting

Finally, the modified graphite electrode by incubation in chitosan solutions was tested
as proof of the concept of the suitability of the bioelectrode in a glucose biofuel cell for
energy harvesting. For the quantification of the power density achieved in the presence of
glucose, the LDG-CH4 electrode was set as anode due to its faster response as observed in
the inhibition assay. A Pt wire electrode was used as a cathode and 0.1 M PBS pH 7.4 was
used as the working electrolyte. For an electrochemical surface area of 0.07 cm?, obtained
from the Randles-Sevcik equation, the power density delivered using GOx chitosan-based
modification was 119 uW/cm? for a concentration of 20 mM glucose with a cell voltage of
0.3 V (Figure 5). This result shows the proper enzyme immobilization by chitosan presence
and the potential of the bioelectrode prepared for energy harvesting applications.
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Figure 5. Polarization and power density curves of the graphite bioelectrode modified with chitosan
solutions of GOx (4 mg/mL) in the presence of 20 mM glucose.

The power density of 119 uW/cm? delivered by the biofuel cell using the modified
graphite rod as anode is in the range of the values that can be found in the literature for
glucose biofuel cells for similar electrode configurations [5,56]. Thus, these power densities
and currents are more appropriate for energy harvesting, where the high OCP and currents
are desired for the proper operation of biofuel cells. Nonetheless, this approach for enzyme
immobilization would also apply to the development of biosensors, but, in the latter case,
it is convenient to work at lower potentials to avoid possible interferences.

4. Conclusions

The proposed method for GOx immobilization using a chitosan solution allows ex-
tremely simple and highly versatile enzyme attachment on graphite supports. This strategy
allows keeping the stability of the enzyme in terms of quaternary structure, avoiding loss
of FAD and enhancing electron transfer kinetics, leading to a good catalytic activity of
the enzyme for glucose catalysis. By incubating graphite electrodes in chitosan solutions,
FAD adsorption is minimized due to the beneficial effect of the electrostatic interactions in
the chitosan medium. Moreover, chitosan is embedded in the enzyme structure promot-
ing electron transfer between the enzyme and the electrode. Bioelectrocatalytic activity
towards glucose is retained as demonstrated by the electrochemical response obtained for
the electrode when contacted with increasing glucose concentrations in energy harvesting
applications.

Thus, the proposed method to immobilize GOx onto graphite electrodes using chitosan
as an immobilization medium constitutes a simple and easy-to-use approach for GOx
adsorption compared with similar systems reported in the literature so far. To our best
knowledge, the most important achievement of the method proposed is based on its
extreme simplicity since chitosan does not need any modification for the application of
the method but also the ease of the process. These facts allow the use of this strategy in
any kind of application related with bioelectrodes development, such as sensing or energy
harvesting, and could be further extended to other enzymes of similar features. However,
further work will be necessary to evaluate the long-term stability of the immobilization,
and deep evaluation of its features for sensing and energy harvesting for power supply.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polysaccharides3020023/s1. Table S1: Enzyme coverage and
electron transfer rate constant obtained for PBS- and Chitosan-incubated bioelectrodes. Figure S1:
KClI treatment effects in electrodes. Figure S2: GOx immobilization in PBS for (A) 4mg/mL GOx
(LDG-PBS4) and (B) 10 mg/mL GOx, (LDG-PBS10) and in chitosan for (C) 4 mg/mL GOx (LDG-CH4)
and (B) 10 mg/mL GOx, (LDG-CH10). Figure S3: pH dependence of redox peaks in LDG_CH10
electrode. Figure S4: Cyclic voltammetry in oxygen-free PBS solution of LDG-CH4 bioelectrode
with increasing glucose concentration in the absence (A) and in the presence (B) of the inhibitor Ag*.
Voltammograms acquired at 0.1 V/s.
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