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Advanced bioelectronic devices, such as high-power biofuel cells (BFCs) and highly efficient
biosensors, are limited by the difficulty of electron transfer between enzymes and electrodes.
Previously reported methods for achieving electron transfer from enzymes to electrodes have relied on
the use of complex biomolecule immobilization procedures, complicated matrix materials, or enzyme
engineering, resulting in potential relative toxicity, high cost, as well as limited stability. Here, we
report a facile method for the rapid preparation of a glucose oxidase (GOx) anode with direct electron
transfer (DET) for glucose BFCs and biosensors. GOx is directly incorporated into pretreated carbon
paper (CP) by adjusting the pH of the incubation medium during the immobilization process.
Eexcellent bioelectrocatalytic activity is obtained when GOXx is incorporated into CP near the pl of
GOx. The electron transfer rate constant (k) and the apparent Michaelis-Menten constant (k,;”*) are

estimated to be 12.08 + 1.0 s and 0.13 + 0.01 mM, respectively. These findings may be extended to
the development of highly conductive nanomaterials and the immobilization of other enzymes or
biomolecules, providing a promising platform for the development of BFCs, biosensors, and other
bioelectrochemical devices.
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1. INTRODUCTION

With the development of advanced bioelectronic devices, such as high-power biofuel cells
(BFCs) and highly efficient biosensors, studies of the direct electrochemistry of redox
proteins/enzymes on the electrode surface are becoming increasingly important. In addition to having
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practical value, findings from such studies could aid in understanding the fundamental mechanisms of
biological redox reactions [1-5]. Owing to its high sensitivity to glucose, glucose oxidase (GOXx) has
received considerable attention as a potential enzymatic component of BFCs, and for use in real-time
glucose monitoring related applications. However, establishing direct electron transfer (DET) between
the immobilized GOx and conventional electrodes is a challenge due to the inaccessibility of GOx
active centers, which are deeply embedded within a thick insulating protein shell [6,7]. Many attempts
at immobilization have been employed to reduce the distance and to improve electron transfer between
the active center of GOx and the electrodes [8-11]. These attempts have incorporated various
immobilization methods (e.g., physical adsorption [12], cross-linking [13], covalent binding
entrapment in gels [14] or membranes [15], self-assembly [16] and layer-by-layer [17] processes), and
inorganic/organic matrixes (e.g., metal nanoparticles [18], nanostructured metal oxides [19], carbon
nanotubes [10, 20-24], grapheme [25-28], semiconductor nanoparticles [29-32] and conducting
polymer nanowires [33]).

Although DET can be achieved on enzyme-modified bioelectrodes, the high cost and complex
immobilization procedures for these materials are barriers to their mass commercialization. Therefore,
there is great interest in developing a facile procedure enabling enhanced DET to electrodes from
immobilized GOx in its natural conformation. Characteristics of the immobilization process, such as
pH and temperature, affect the biological activity of the immobilized enzyme and the affinity between
the enzyme and the support matrix [34-36]. Differences in the surface charge distribution between an
enzyme and a support matrix lead to spatial conformation changes of the enzyme molecule during
immobilization [36]. Stanciuc and colleagues recently explored the behavior of enzymes under
different pH and temperature conditions, in terms of the relationships among processes, structures, and
functions. The enzyme molecule adopted a more flexible conformation under acidic conditions, with
the active center being exposed on the molecular surface at optimum pH. Thus, pH treatment can affect
the activity and stability of the enzyme molecule [37].

Inspired by previous studies on the behavior of enzymes under different conditions, we
developed a facile method for the rapid preparation of a GOx anode with DET for glucose BFCs and
biosensors. This method involves adjusting the pH of the incubation medium during the
immobilization process. For the support matrix, we used carbon paper (CP) pretreated with a mixed
acid solution, which provided good physical and electrical properties and facilitated easy specimen
preparation. Using this method, we successfully realized DET from the immobilized GOx to the
modified electrode, as well as good bioelectrocatalytic activity for glucose oxidation. The proposed
method is highly recommended as a promising platform for advanced bioelectronic device
applications.

2. EXPERIMENTAL

2.1. Reagents and materials

GOx (EC1.1.3.4; from Aspergillus niger, ~200 U mg™), D-B-glucose(99.5%), biotin,
streptavidin-Cy5, carbon paper (CP), cacodylate, osmium tetroxide, a commercial glucose oxidase



Int. J. Electrochem. Sci., Vol. 12, 2017 7105

activity assay kit, paraformaldehyde, glutaraldehyde, hexamethyldisilazane, 0.1 M cacodylate buffer
(pH 7.4), were supplied from Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification. Sodium hydrogen phosphate, sodium dihydrogen phosphate, phosphoric acid (85.11%),
nitric acid (65%), sulfuric (98.3%), alcohol(99.8%), calcium choride (Sinopharm Chemical Reagent
Co., Ltd., China) were of analytical grade or better quality and used without further purification. Milli-
Q ultrapure water (Millipore, = 18.2 MQ c¢m) was used throughout the study.

2.2. Preparation of GOXpr=x/CP

CP was used as the support matrix to prepare the modified electrodes. First, CP was cut into a
square with an area of 0.5 cm?. To obtain a highly specific surface with a three-dimensional (3D)
architecture, the CP square was treated under air for 10 min with a mixed solution of concentrated
sulfuric and nitric acids at 3:1 v/v. The resulting pretreated carbon paper sample was washed with
abundant Milli-Q ultrapure water until the pH of the wash fluid was neutral. The washed CP was
placed in an oven at 120 °C for 1h.

Next, GOx was attached to the pretreated CP (GOX,y1=x/CP, where X is the pH of the incubation
medium). Attachment was achieved by adding 20 mg mL™ GOx at various pH values (2, 3, 4, 5, and 7)
to the CP and incubating the mixture in a refrigerator overnight. Then, the GOX,n=x/CP samples were
washed with 0.1 M PBS (pH 7.2). The CP sample with immobilized GOx was stored in PBS (0.1 M,
pH 7.2) at 4 °C, and used as the anodic electrode for enzymatic BFCs.

2.3. Instruments and Characterizations

The distribution of GOx on the CP surface was studied using confocal laser scanning
fluorescence microscopy (PerkinElmer UltraVIEW VoX) and field emission scanning electron
microscopy (JSM-6701F, JEOL). In this instance a fluorescent conjugate was used for labeling the
GOXpu=x/CP (x=2, 3, 7) electrode surface using the covalent bond between the amino groups of GOx
and the carboxyl groups of biotin. The background control was performed using the biotinylated
fluorescein surface of the CP. The GOx,n-x/CP electrode surface was labeled in two steps. An
incubation step with 100 pL of biotin/streptavidin-Cy5 solution (10 mM of biotin and 0.02 mg mL™ of
streptavidin-Cy5 fluorescent dye) in PBS (0.1 M, pH 7.2) at 25 * 2 °C during 60 min was performed.
After that, three washing steps with PBS (0.1 M, pH 7.2) at 25 + 2 “C during 5 min were performed
[38].

In preparation for FESEM of the GOxpn=x/CP (X=2, 3, 7), the samples were fixed overnight at 4
*C in 20 volumes of modified Karnowsky’s fixative (2% paraformaldehyde, 2.5% glutaraldehyde, 1.7
mM CaCl, in 0.1 M cacodylate buffer, pH 7.4). The fixed samples were washed twice in 0.1 M
cacodylate buffer (pH 7.4) and postfixed in osmium solution (1% osmium tetroxide in 0.1 M
cacodylate buffer) overnight at 4 °C. The samples were washed twice with double-distilled water,
dehydrated in ascending grades of alcohol (30%, 50%, 70%, 95%, and 100%), treated for 5 min with
hexamethyldisilazane (Electron Microscopy Supplies, Ft. Washington, PA), dried, and sputter coated
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with gold (ISMSCD-2, sputter coater device). As a control, the bare CP and pretreated CP were treated
using the same procedures.

Zeta potentials of pretreated CP in PBS at various pH values were characterized by dynamic
light scattering on a Zeta Sizer Nano ZS instrument (Powereach, JS94H, Shanghai). A CHI 660E
workstation was used to collect electrochemical data. All experiments were conducted at 25 + 2 °C
with a conventional three-electrode system under the cyclic voltammetry (CV) cycle, electrochemical
impedance spectroscopy (EIS) and chronoamperometry (CA). Electrodes included the prepared
electrode as the working electrode, a platinum sheet with a surface area of 2 cm? as the counter
electrode, and Ag/AgCl (3 M KCI) as the reference electrode. Except in the pH-dependent
experiments, 0.1 M PBS (pH 7.2) was employed as the supporting electrolyte.

Only B-D-glucose acts as a substrate for the enzymatic reaction with GOx. Therefore, the
glucose stock solution (prepared in PBS) was subjected to mutarotation at 4 °C for at least 24 h before
use. Before the CV experiments were performed, the electrolyte was deoxygenated by bubbling highly
purified argon through the solution at least 30 min. An argon atmosphere was maintained over the
solution during the electrochemical measurements. The apparent Michaelis-Menten constant (K,;”") of
GOx was measured by the chronoamperometric i-t response. Aliquots of B-D-glucose stock solution
were added into 30 mL of stirred PBS in an electrochemical cell. The mean value of the anodic current
(in pA) was plotted against the B-D-glucose concentration (in mM).

2.4. Design and testing of the BFC

To maximize the bioelectrocatalytic activity of the prepared bioanode, a hybrid BFC design
was employed. This design consisted of the GOX,n=x/CP anode and an air-breathing Pt cathode. The
anode fuel reservoir and the cathode holder of the cell were connected with a salt bridge. The anode
fuel reservoir was operated at room temperature and fed with a fuel solution of B-D-glucose stock
solution (0.1 M, pH 7.2) under highly purified saturated argon. A 2 cm? platinum sheet, used as the
cathode, was placed in Britton-Robinson buffer solution (B-R buffer solution, pH 3, prepared with
equimolar of 0.04 M phosphoric acid, boric acid and acetic acid; the pH was adjusted with 0.2 M
NaOH solution) under highly purified saturated oxygen. To minimize the negative impact of the
cathode on the overall performance of the BFC, the working temperature of the Pt cathode was
increased to 90 + 10 °C. The current density and power density of the BFC were calculated using data
from the polarization curve.

3. RESULTS AND DISCUSSION

3.1. Surface characteristics of GOXpn=,/CP

Figure S1 shows the FESEM images of bare CP and pretreated CP before enzyme
immobilization. Whereas the bare CP surface appears smooth and compact, the pretreated CP surface
is composed of multiple thin, stacked, and laminated sheets connected to each other. The pretreated CP,
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with its larger specific area and 3D structure, can potentially be used as a support matrix for GOx
immobilization.

O

‘%&# ﬁ‘f})
O O OA CPO (©) C C
Above pl (pH 5, 7) Near pl (pH 3, 4) Below pl (pH 2)
pPH

Figure 1. (A) Confocal laser scanning fluorescence microphotograph for the GOXpn=2, 3, 7/CP. The laser
excitation is at 640 nm and the voltage is 360 V. (B) FESEM images of the surface of the
GOxXph=2, 3, 7/CP. (C) Schematic representation on the effect of pH on the adsorption of GOXx in
CP. The isoelectric point (pl) of GOx is 4.2, where the protein net charge is expected to be
neutral [39], above this value, for example, at a pH of 5 and 7, it is negative, and below this
value, is positive (i.e. 4, 3 and 2).

Confocal laser scanning fluorescence microscopy and FESEM were used to evaluate the
distribution of the GOx on the CP surface at various pH values. As shown in Figure 1A, the intense
fluorescence area of the GOX,n=x/CP increases with the decrease of the pH from 7 to 2. The intense
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fluorescence area corresponds to GOx bonding with the fluorescent marker. It indicates that the
distribution of GOx on the CP surface under acidic conditions is much greater than that under neutral
conditions. The FESEM images of the GOXx,1=,/CP also indicate that GOx adsorbed on the CP surface
with different aggregate morphologies depends on the pH of the incubation medium (Figure 1B), and
the adsorption of the immobilized GOx increases with decreasing pH of the incubation medium.

These differences in distribution and morphology may be related to the surface charge
distribution between the GOx molecules and the CP [39]. The isoelectric point (pl) of GOx is 4.2
whereas the protein net charge is expected to be neutral, while above this value, for example at an pH
of 5 and 7, it is negative, and below this value, it is positive (i.e. 4, 3 and 2) [39]. Zeta potentials of the
CP surface in the GOx solution at all tested pH values are negative (Table S1). Considering this fact it
can be argued that since at a pH of 4, 3 and 2, where the GOx molecules are positively charged, a
higher adsorption is expected to occur. This is due to an increase in the hydrophobic interactions and
attractive forces between GOXx (positive) and the pretreated CP surface (negative), creating a highly
packed GOx layer on the CP surface resulting in higher adsorption, see Figure 1C. However, a thick
layer of GOx film was formed on the CP surface when the pH was very low (pH 2; Figure 1A and
Figure 1B). This thick insulating layer of GOx hinders electron transfer from the GOx active center to
the electrode surface. The results from the FESEM are consistent with those from confocal laser
scanning fluorescence microscopy.

3.2. DET of GOXpn=«/CP

The direct electrochemical catalysis reaction of flavin adenine dinucleotide (FAD/FADH,) is a
crucial symbol of DET between GOx and the electrodes as well as for the cofactors that are the main
places to complete the redox reaction where two electrons and two protons are transferred [40]. The

reaction mechanism is shown in formula (I):
GOx (FAD) + 2H" + 2e” < GOXx (FADH)) QP

Therefore, the electrochemical behaviors of different GOxy=x/CP samples were investigated.
As shown in Figure 2, a pair of distinct and symmetric redox peaks is observed for all samples except

GOxpn=7/CP. The redox peak current density of GOx/CP increases with the decrease of the pH. The
formal potential (E®) is determined as the average of the cathodic and anodic peak potentials. The E°

values are -0.47, -0.45, -0.46, and -0.46 V at pH values of 2, 3, 4, and 5, respectively. Our results are
consistent with those reported in the literature for the reversible reaction of FAD within GOx [29, 41].
This observation demonstrates the successful immobilization of GOx on the electrode surface and the
achievement of good electrical coupling between the enzyme and the electrode. However, the CV
curve of GOx,n=2/CP shows a very wide peak separation between the anodic and cathodic peaks (AE,
378 mV), indicating weak protein adsorption properties and sluggish electron transfer.
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Figure 4. CVs of the CP and the GOx,n=3/CP electrodes in Ar-saturated 0.1 M PBS.

Electrochemical impedance spectroscopy was used to determine the electron transfer resistance
between the GOx and the electrodes [38, 40]. In the Nyquist plots of Figure 3, a semicircle in the high
frequency region and a straight line in the low frequency region are displayed. Here, each semicircle
diameter is used to estimate the interfacial electron transfer resistance (R of the GOx [3, 21, 40].
Obviously, the Ry of GOXyn=3/CP is estimated to be minimum, indicating significantly improved
electrical conductivity of GOXpn=3/CP compared with that of GOXpr=2457/CP. The achievement of
good electrical coupling and significantly improved electron transfer resistance of GOXyn=3/CP can be
attributed to the appropriate surface charge distribution and the one-step facile immobilization method
of the bioanode. Therefore, we chose GOxpn=3/CP as the optimal electrode in the following
experiments.

The DET of GOxpn=3/CP was investigated and characterized by CVs in 0.1 M PBS (pH 7.2)
with a scan rate of 10 mV s™. As depicted in Figure 4, the GOXpH=3/CP electrode exhibits a pair of
well-defined and quasi-reversible redox peaks that originated from the reversible reaction of FAD
while the CP does not show any redox peaks. This shows that there is a distinct redox peak associated
with FAD within GOx, further indicating the successful achievement of DET between the GOx active
center and the electrode.

3.3. Bioelectrocatalytic activity of GOXyn=3/CP

The bioelectrocatalytic activity of GOxpn=3/CP was investigated and characterized by CVs.
During the process, the redox reactivity of FAD was measured in the O,-free state because we intended
to exclude interference by O, on the FAD redox reaction. However, because the GOXpn=3/CP is
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actually used in air state while carrying out the glucose oxidation reaction at the anode of the EBC, it is
necessary to investigate the influence of glucose and O, on the reactivity of GOXpn=3/CP. The
following are reactions that are associated with the reaction of GOxpn=3/CP [22, 41, 42]:

Glucose + GOx (FAD) —Gluconolactone + GOx (FADH)) (1
0, + GOx (FADH,) — H,0, + GOx (FAD) an
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Figure 5. CVs of the GOx,n=3/CP in Ar-saturated PBS, O,-saturated PBS, Ar-saturated PBS containing
0.1 M glucose, and O,-saturated PBS containing 0.1 M glucose. Scan rate is 10 mV s, and 0.1
M PBS (pH 7.2) is used as the electrolyte.

Figure 5 shows impact of glucose on the redox reaction of FAD in an O,-free state and in air-
state . For the test of the O,-free state, 0.1 M glucose was provided and the result was compared with
the result of the test performed without the provision of glucose. As shown, the cathodic peak of FAD
(forward reaction of reaction 1) is decreased, while the anodic peak of FAD (backward reaction of
reaction I) remains unchanged. This indicates that when glucose is provided, some immobilized GOx
participate in the glucose oxidation (reaction Il). This glucose sensitivity therefore proves our DET
GOx,n=3/CP bioanode can function as a sensitive glucose sensor without any mediators.

When O, is included, the CV curve shifts downward. This could be explained if a superposition
of reaction I and reaction 111 occurs. Since GOXx is an oxygen autophagy enzyme (as shown in reaction
I11) and O; is a perfect electron accepter [39], then reaction 111 is rapid [42]. That’s to say, once GOx
(FADHs,) is produced in the O,-saturated state (forward reaction of reaction 1), it is reduced to GOx
(FAD) quickly (reaction Ill). Therefore, when the oxidation of GOx (FADH,) from the electrode
(backward reaction of reaction 1) decreases, the reduction of GOx (FAD) from the electrode (forward
reaction of reaction I) increases. When 0.1 M glucose is fed to the O,-saturated electrolyte, the CV
curve is shifted upward. This situation is attributed to the O,. When glucose and O, are both included,
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superposition of reaction I, 11 and 111 occurs. Glucose oxidation (reaction I1) produces GOx (FADH,),
and this relieves the need of GOx (FADH,) provided from the electrode for O, reduction (reaction Il1).
So the anodic peak of FAD (backward reaction of reaction 1) is increased [40, 43].

These results further demonstrate that the GOx molecules immobilized at pH 3 maintain their
natural biocatalytic activities toward the substrate (glucose), again indicating that the GOXpn=3/CP
prepared by this facile method can be used as a bioanode for glucose-based BFC and sensors [40].

3.4. ks and K,;7F of GOXpn=3/CP

Figure 6A shows the CVs of the GOXx,n=3/CP electrode in 0.1 M Ar-saturated PBS with the pH
increasing from 5 to 9 at a scan rate of 10 mV s™. The value of E° varies linearly relativity as the pH

increases with a slope nearly equal to the theoretical value of 59 mV pH™ (insert of Figure 6A),

suggesting a quasi-reversible and surface-controlled electrochemical reaction with an equal number (n
=2) [23, 25, 27, 29, 42].
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Figure 6. (A) CVs of the GOxpn=3/CP in Ar-saturated 0.1 M PBS with pH values of 5, 6, 7, 8 and 9.
The inset is the plot of formal potential vs. pH. The scan rate is 10 mV s™. (B) CVs of the
GOxpn=3/CP at different scan rates in Ar-saturated 0.1 M PBS (pH 7.2). Inset is the relationship
between the peak current and the scan rate.

Another way to probe the redox reaction of GOXxpn=3/CP is to calculate the electron transfer rate
constant (ks). As ks increases, the electron transfer rate increases. This promotes the redox reaction of
FAD within GOx. ks can be measured by Laviron theory [27, 44],

ks = mnFv/RT (V)

where m is a constant determined by AE,, n is the electron transfer number, F is the Faraday
constant, v is the scan rate, R is the universal gas constant, and T is the temperature (room temperature).
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CV measurements were used to determine the value of k_ for GOxpn=3/CP (Figure 6B). The

calculated ks value, 12.08 + 1.0 s, is larger than the value reported for a modified GOXx electrode in a
conductive nanomaterial [45-49]. It indicates that the proposed fabrication method for the enzymatic
modified electrode promotes DET and an increased electron transfer rate.

The small value of AE, for GOXpn=3/CP is 40 mV at a scan rate of 1 mV s (Figure S2). This
agrees well with the theoretical value, and indicates a fast electron transfer process [27]. All of the
results indicate that the DET of GOx could be achieved by reducing the pH of the incubation medium
during the immobilization process. The CV of GOxpn=3/CP was scanned continuously in 0.1 M PBS
(pH 7.2), the voltammetric response remains almost constant even after 50 cycles (see Figure S3),
indicating that the DET of GOx immobilized on the surface of CP has good stability.

As shown in the inset of Figure 6B, the redox peak current increases linearly as the potential
scan rate increases from 5 to 50 mV s, further demonstrating that GOX,n=3/CP is a surface reaction-
confined system [50]. Faraday’s law is used to estimate the average surface concentration of
electroactive GOx (I7, in mol cm™) in the GOXpH=3/CP electrode from CVs [51].

l, = NFQV/4RT = n*F?AI" VIART (V)
This equation can be transformed as follows [40]:
I = Q/nFA (V1)

where Q is the charge consumed in CVs, n is the electron transfer number, F is the Faraday
constant, and A is the effective surface area of the electrode. The calculated I of the GOXpn=3/CP is
7.80 x 10”° mol cm™, which is one or two orders of magnitude larger than values reported previously
[27, 43, 46, 48, 49]. This shows that the immobilized GOx incubated under acidic conditions (pH 3)
has a perfect affinity to the CP and can be maintained with high catalytic activity and stability.

Amperometry was used to determine the relationship between the electrocatalytic reduction
current and the glucose concentration. Figure 7A shows the chronoamperometric i-t response of the
GOXpH=x/CP electrodes to glucose, where the amperometer was operated at -0.46V in 30 mL of Ar-
saturated 0.1 M PBS.

The steady-state current of GOX,n=x/CP (X=2, 3, 4, 5, and 7) increases with the addition of
aliquots of glucose (Figure 7B). The electrode responds rapidly to the addition of glucose. Anodic

current values of the COxp1=3/CP electrode change linearly as the glucose concentration is increased
from 0.01 to 0.9 mM (Figure 7C).The apparent Michaelis-Menten constant (K,.7”) provides an

indication of enzyme-substrate kinetics and the biological activity of the immobilized enzyme [23].
K,'F is determined from an Eadie-Hofstee plot using Lineweaver-Burk equation [23, 50].

s = Ulax + K22 [(11axC) (Vi)

where Ig is the steady-state current after the addition of substrate (glucose), c¢ is the bulk

substrate concentration, and lax iS the maximum current measured under saturated substrate conditions.
K,.7¥ can be calculated by analyzing the slope and intercept of the plot of the reciprocals of the steady-
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state current vs. glucose concentration (Figure 7C). The K77 of the immobilized GOx was calculated

to be 0.13 £ 0.01 mM, which is much lower than the value of 0.85 mM reported for immobilized GOx
on carbon nanodots [49, 51]. It implies that the GOx immobilized by our method and the prepared
electrode possesses relatively high enzymatic activity and affinity for glucose, respectively.

The apparent rate of catalysis (Kcat, Or turnover rate constant), which represents the maximum
number of substrate molecules that can be converted into products per catalytic site, is calculated from

the Lineweaver-Burk plot according to the equation [45], Imax = NFAKcat, Where Inax 1S the maximum
current. When K,;7¥ and Ky values for the immobilized GOx are determined for different pH values

(Table S2), the optimal values are obtained at pH 3.
The electrocatalytic characteristics (such as ks, /™ and K277) of GOx-modified bioanode toward

the oxidation of glucose are compared to some of the bioanodes previously reported for the
electrocatalytic oxidation of glucose (Table 1).

Table 1. Comparison of electrocatalytic characteristics between GOXxyn=3/CP electrode and other
modified electrodes.

apy
Electrode ks (s I (mol cm) Ko™ (MM) " Reference
GOx-CNT mat 1.71 (3.27+0.2) x 10" 2.8 [46]
Nafion/GOx/Ag-Pdop@CNT/GCE 3.6 n.d. 5.46 [47]
GOx/AP/GCE 4.25 1.23 x 10 2.95 [48]
GOx-CNDs/GCE 6.28+0.05 4.08x 10" 0.85+0.03 [49]
GOXph=3/CP 12.08+1.00 7.80x 10° 0.13+0.01 This work

3.5. BFC tests

Using the proposed method, glucose can be directly and bioelectrocatalytically oxidized near
the redox active potential of GOx on a GOx/CP electrode via a DET reaction. This approach could be
desirable for increasing the open circuit voltage (OCP) of the cell and for constructing a bioanode for
use in DET-type BFCs. We used a GOX,n=x/CP enzymatic electrode as the bioanode of a glucose/air
BFC. The polarization curve of the hybrid BFC, consisting of a freshly prepared GOxp=3/CP bioanode

and an air-breathing Pt cathode, reveals that the bioanode generated an OCP of 0.79 V, a maximum
power density of 65 uW cm™, and a maximum current density of 216 uA cm™ (Figure 8A). Reducing

the pH of the incubation medium enhances the current density and power density (Figure 8B),
although the power density decreases when the pH is too low (i.e., pH 2). These data corroborate the
Kinetic results and the morphology of the immobilized GOx on the CP surface.
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Figure 8. (A) The polarization curves and power outputs of the glucose BFCs: GOXp=3/CP bioanode
vs. platinum foil biocathode in 30 mL 0.1 M PBS containing 0.1 M glucose and 30 mL O,-
saturated 0.1 M B-R solution, respectively. (B) Power density curves as a function of the pH.
(C) Stability test of the biofuel cell (GOx, glucose//Pt, O;). The value of power density control
(100%) corresponds to 65 uW cm™.
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Comparing our data with previous literature is difficult due to the many experimental
differences. Nevertheless, the maximum power density value for the GOXpn=3/CP DET system are
comparable to values from recent studies employing similar GOx modified anodes and Pt cathodes [27,

52]. The maximum power density generated by the GOX,n=3/CP system remained constant for 2 days
at 65 + 3 uW cm™ and retained 91% of its initial value after 10 days (Figure 8C). These results

demonstrate good stability of the bioelectrode over this period.

Considering all of the electrochemical data and BFCs test results, we conclude that the
GOxpH=3/CP bioanode is very easy to prepare using our method, and that the electrocatalyst permits
efficient DET between GOx and the electrode. The proposed method is highly recommended as a
potential platform for use in advanced bioelectronic device applications.

4. CONCLUSIONS

A simple and convenient biomolecule immobilization approach, which does not employ
specific reagents or involve a complex multistep process, has been proposed for the fabrication of a
GOx modified electrode with DET for glucose BFCs or biosensors. In this approach, GOx is
incorporated directly into CP by adjusting the incubation medium to a lower pH (i.e., pH 3) during the
immobilization process. The immobilized GOx was capable of electrons transfer with the electrode
directly and efficiently due to the electron relaying function of CP. In addition to describing a versatile
platform for biomolecule immobilization, this work provides a new insight into the preparation of
other enzymes or biomolecules for potential applications in many fields, such as BFCs, biosensing, and
other bioelectrochemical devices.

SUPPORTING INFORMATION:

Figure S1. SEM images of (a) bare CP and (b) pretreated CP.

(2) The zeta potentials of the pretreated CP in the GOx solution at various pH values.
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Table S1. Zeta potentials of the pretreated CP in the GOXx solution at various pH values.

Incubation
pH of GOx 2 3 ) ° !
Zeta potential 85+5 B67+2 52+2 43+4 22+2
/mV

(3) The peak-peak separation of GOXpp=3/CP.

40

-2

20
0l
20

40|

Current Density / pA cm

-60 |-

-80 |

09 08 07 06 05 04 03 02 &1 00
Potential / V vs. Ag/AgCl

Figure S2. CVs obtained at GOXp1=3/CP operated in 20 mL Ar-saturated 0.1 M PBS contained 0.1 M
B-D-glucose stock solution, scan rate: 1 mV s,

(4) The stability of GOx,pn=3/CP electrode.
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Figure S3. CVs obtained at GOxpH=3/CP operated in 20 ml Ar-saturated 0.1 M PBS contained 0.1 M
B-D-glucose stock solution, scan rate: 10 mV s, circles: 50.

(5) The K;F* and K, of different GOx immobilized at various pH values
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Table S2. Apparent Steady-State Michaelis-Menten constant K" and catalytic efficiencies K. of

immobilized GOx at different pH values.

pH 2 3 4 5 7
KorP

P 0.70:0.04  0.13+0.01  0.39+0.03  0.54+0.05  1.45+0.15
K

[ x10°12 I\I;lﬂ::m'z sl 69.4+4.2 117.6+£9.4 53.8+4.3 29.1+2.6 9.6+1.0
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