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A Dual-Electrode Approach for Highly Selective Detection of Glucose
Based on Diffusion Layer Theory: Experiments and Simulation

Kang Wang, Dai Zhang, Ting Zhou, and Xing-Hua Xia*!*!

Abstract: A dual-electrode configura-
tion for the highly selective detection
of glucose in the diffusion layer of the
substrate electrode is presented. In this
approach, a glassy carbon electrode
(GCE, substrate) modified with a con-
ductive layer of glucose oxidase/
Nafion/graphite (GNG) was used to
create an interference-free region in its
diffusion layer by electrochemical de-
pletion of interfering electroactive spe-
cies. A Pt microelectrode (tip, 5 um in
radius) was located in the diffusion
layer of the GNG-modified GCE
(GNG-G) with the help of scanning
electrochemical microscopy. Conse-
quently, the tip of the electrode could

the amount of hydrogen peroxide
(H,0,) formed from the oxidization of
glucose on the glucose oxidase layer.
The influences of parameters, including
tip-substrate distance, substrate poten-
tial, and electrolyzing time, on the in-
terference-removing efficiency of this
dual-electrode approach have been in-
vestigated systematically. When the
electrolyzing time was 30 s, the tip—sub-
strate distance was 1.8a (9.0 um)
(where a is the radius of the tip elec-
trode), the potentials of the tip and

Keywords: analytical methods - dif-
fusion layer - glucose - scanning
probe microscopy

substrate electrodes were 0.7V and
0.4 V, respectively, and a mixture of as-
corbic acid (0.3mwm), uric acid (0.3mwm),
and 4-acetaminophen (0.3mm) had no
influence on the glucose detection. In
addition, the current-time responses of
the tip electrode at different tip—sub-
strate distances in a solution containing
interfering species were numerically si-
mulated. The results from the simula-
tion are in good agreement with the ex-
perimental data. This research provides
a concept of detection in the diffusion
layer of a substrate electrode, as an in-
terference-free region, for developing
novel microelectrochemical devices.

sense glucose selectively by detecting

Introduction

Improvement of the selectivity of biosensors remains an im-
portant aspect in the development of electrochemical de-
tecting devices for biochemical analysis."! Glucose oxidase
(GOD)-modified working electrodes are usually used for
the purpose of specific response in the detection of glucose.
Although the oxidation of glucose by GOD is highly specif-
ic, the detection principle of such a biosensor—usually the
amperometric detection of the formed H,O,—is largely un-
specific and, therefore, highly sensitive towards side reac-
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tions caused by chemical impurities. The main interferences
come from the electrochemical oxidation of electroactive
species, for example, ascorbic acid (AA), uric acid (UA) and
4-acetaminophen (4-AP). Traditional interference-removing
methods include coating an additional selective or preoxid-
izing membrane on the front interface of the modified work-
ing electrode,**! detecting glucose by means of a redox me-
diator, direct electron transfer between the enzyme and the
electrodes,” ' and improving the electron-transfer turnover
rate between the active site and the electrode.'?! Other in-
terference-removing methods, such as enzyme microreac-
tors,’l bienzyme systems,'l pre-electrolysis,'” temperature
variation,'” and measuring cathodic current,!'”"¥ were also
used to improve the selectivity of some electrochemical bio-
sensors. For example, Prussian blue can electrocatalyze the
reduction of H,O, at a negative potential. At the reduction
potential of H,0O,, oxidation of interference species such as
AA does not occur.['’]

Here, we report an alternative approach for depleting in-
terfering electroactive species based on the theory of the
electrochemical diffusion layer. When the electrochemical
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oxidation of an interfering electroactive species is diffusion-
controlled, its concentration on the electrode surface ap-
proaches zero and the concentration gradients in the diffu-
sion layer are well defined by the Fick’s laws. Therefore, an
interference-free region is formed in the diffusion layer in
close proximity to the electrode surface. In this case, when a
probe electrode is positioned in the diffusion layer, the elec-
trochemical signal for the interfering electroactive species
should be negligible. Such an electrochemical depletion ap-
proach provides a reproducible and easily controllable
method to improve the practical performance of biosensors
and is promising for the fabrication of electrochemical mi-
crodevices, because of its capability to remove interference
in the diffusion layer. Such a detection concept could open
up a new way for the development of highly selective meth-
ods for glucose detection with two closely positioned work-
ing electrodes. In addition, quantitative investigation and
theoretical simulations of electrochemical depletion would
be helpful for designing interference-free electrochemical
microdevices.

Scanning electrochemical microscopy (SECM) is a scan-
ning probe microscopic technique that positions an ultrami-
croelectrode (UME, tip electrode) a few micrometers above
a specimen to exploit faradic currents.”>?! The tip current is
a function of the tip—substrate distance and also depends on
the nature of the substrate.”” Therefore, an approach curve
could be used to define the distance between the tip and the
substrate. The detailed principle of the feedback mode of
SECM has been described elsewhere.”*! Previous studies
have proved that SECM was a powerful tool in biosensor re-
search. The so-called feedback mode of SECM has been
widely used in the research of microstructured, biochemi-
cally active surfaces. By scanning the tip laterally on the
sample surface and simultaneously measuring the change of
currents, the difference in reaction rates at different loca-
tions on the sample surface can be resolved.” An alterna-
tive way is to observe the enzymatic activity by using the
generation—collection mode of SECM. In this detection
mode the tip electrode acts as an amperometric probe and
detects species generated from the substrate (e.g., H,O, gen-
erated from the immobilized enzyme layer or patterns on
the substrate surface).’***! Normally, enzymatic activity
could be imaged on locally deposited enzyme pat-
terns.[31.394l]

We have co-immobilized GOD in an insulating matrix of
poly-p-phenylenediamine and investigated its interference-
removing ability in the diffusion layer using SECM.* In the
present paper, we report on the construction of a catalytic
biointerface that significantly promoted the electrooxidation
of interfering electroactive species (ascorbic acid, uric acid,
etc.). This results in very high selective detection of glucose
on the one hand, and on the other hand, such a catalytic in-
terface ensures the diffusion-controlled electrochemistry of
these interfering electroactive species, which in turn makes
it easier to simulate the interference-removing process.
Therefore, the finite element method (FEM) was used to
simulate this interference-removing process. As shown in
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Figure 1, a glassy carbon electrode (GCE) modified with a
conductive layer of glucose oxidase/Nafion/graphite (GNG)
was used as a substrate electrode to deplete interfering elec-
troactive species. A Pt microelectrode was located in the dif-
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Figure 1. Scheme and principle of the approach for interference-removal
in the diffusion layer of a GNG-G electrode.

fusion layer of a GNG-modified GCE (GNG-G) by using
SECM to sense the H,0, generated from the oxidation of
glucose on the GOD layer. The oxidation current of H,O,
at the tip electrode served as the response signal of glucose
concentration. By independently applying a proper potential
on the substrate electrode, electroactive species (e.g., AA)
in the diffusion layer of the modified GCE could be deplet-
ed without consumption of H,O,. Thus, a relatively interfer-
ence-free region was formed and highly selective glucose de-
tection could be achieved on the tip electrode.

Results and discussion

Characterization of the GNG layer: In this detection ap-
proach, a mixture of neutralized Nafion and graphite
powder was used to form a conductive matrix layer that re-
tains the bioactivity of the co-immobilized GOD. Neutral-
ized Nafion was used for two reasons. Firstly, Nafion can
conglutinate graphite powder easily and the resulting mem-
branes possess a high adhesion to the electrode surface. Sec-
ondly, neutralized Nafion has been used to stabilize GOD
through the formation of ammonium sulfate residues.[*?
Scanning electron microscopy (SEM) characterization
showed that the surface of the GNG layer was relatively
smooth and the graphite pieces were uniformly dispersed
(see Supporting Information, Figure S1). Therefore, local-
ized detection of H,0O, generated on the GNG layer should
reflect the situation on the whole of the GNG-G electrode
surface.

The activity of the immobilized GOD was tested in a so-
lution of glucose in a phosphate buffer solution (PBS;
20 mm, see Supporting Information, Figure S2). An anodic
current of the enzyme-immobilized electrode in the glucose
solution appeared at potentials higher than 0.45 V. This
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anodic current results from the electrochemical oxidation of
H,O, generated in the enzymatic reaction of glucose with
dissolved oxygen; this indicates that GOD in the matrix of
Nafion/graphite has high activity. An approach curve of the
Pt tip electrode to the GNG-G electrode was measured in
an aqueous solution of KCI (0.1M) containing
[Ru(NH;)4]Cl; (1 mm). The tip current and the distance were
normalized by ir.. and a, respectively, where ir. is the
steady-state tip current in bulk solution and a is the radius
of the tip electrode. The obtained I; versus L curve
(Figure 2, open circles) shows a typical positive feedback,
which fits well to the theoretically calculated one based on
positive feedback for a pure conductor (Figure?2, solid
curve). The observed pure positive feedback was then used
to estimate the tip-substrate distance. In the present case,
the calculated vertical position of the tip electrode is given
relative to the top surface of the GNG layer.

0.5

L

Figure 2. Normalized current—distance curves recorded with a Pt ultrami-
croelectrode (UME; a=5 pm) in a phosphate buffer solution containing
[Ru(NHj;)6]Cl; (1 mm) (open circles). The solid curve denotes the theo-
retically calculated current—distance behavior for a conducting substrate.

Electrochemical properties of the glucose detection ap-
proach: Linear sweep votammograms of AA, UA, 4-AP,
and H,0, on the GNG-G and tip electrodes are shown in
Figure 3. For the tip electrode (Figure 3b), the oxidation cur-
rents of the interfering electroactive species are relatively
large, in spite of the electrocatalytic oxidation of H,O, on
platinum. In the case of the substrate electrode (Figure 3a),
all these chemicals could be electrochemically oxidized on
the GNG-G electrode in the applied potential window. The
oxidation of the interfering electroactive species starts at
more negative potentials (AA: <0.0V, UA and 4-AP:
0.2 V) relative to that for H,0, oxidation (0.5 V). At poten-
tials more positive than 0.3 V, the oxidation rates of the in-
terfering electroactive species reach a diffusion-limited
level. Therefore, by controlling the substrate electrode po-
tential within the range of 0.3-0.4 V, the electroactive spe-
cies in the diffusion layer of the GNG-G can be depleted.
At the same time, H,O, in the diffusion layer is not con-
sumed, due to its higher oxidation overpotential. The diffu-
sion layer of the GNG-G electrode thus creates an interfer-
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Figure 3. Linear sweep voltammograms of a GNG-G electrode (a) and a
Pt tip electrode (b) in PBS (solid curve) and PBS containing H,0, (1 mmM;
dashed curve), AA (1 mwm; dotted curve), UA (1 mm; dash-dot curve), or
4-AP (1 mm; dash-dot—dot curve) at a scan rate of SmVs~.,

ence-free region for glucose detection by the tip electrode
(as shown in Figure 1).

In this glucose detection approach, the removal of inter-
ference is determined mainly by the electrochemical deple-
tion of the interfering species on the substrate electrode and
is not due to the electrostatic repulsion effect between
Nafion and interfering species.”) It should be noted that
1) Nafion used in our configuration was neutralized, so the
negative charge of the membrane was negligible and
2) Nafion was mixed together with graphite powder and
GOD instead of directly coating the outer side of the
enzyme-modified electrode. Accordingly, interfering electro-
active species were electrochemically depleted on the GNG-
G electrode.

Parameters that influence the selectivity of glucose detec-
tion: The selectivity and sensitivity for the detection of glu-
cose by the tip electrode in the diffusion layer of the GNG-
G electrode depends on the tip—substrate distance, owing to
the existence of a concentration gradient of both the elec-
troactive species and the generated H,O, in the tip-sub-
strate gap. Figure 4 shows the influence of the tip—substrate
distance on the detection of glucose and the removal of AA.
In these measurements, a substrate potential of 0.4 V was
used. With regards to the measurements performed on a so-
lution of AA, the difference between the tip currents with
(iraa) and without AA (irpgs) drops almost linearly with the
decrease of the normalized tip-substrate distance L (L=d/a
where d is the tip-substrate distance). When the normalized
tip—substrate distance was less than 4, no difference in the
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Figure 4. Dependence of the tip current difference (ipaa—irpps) and
(ign—irpps) On the normalized tip-substrate distance. Filled squares: in
1mm AA; filled circles: in 1mMm glucose. Tip potential: 0.7 V, substrate
potential: 0.4 V.

two currents was observed, demonstrating that AA could be
completely depleted by the substrate electrode. In contrast,
in the solution of glucose (1 mm), the tip current difference
(with glucose: iry,; without glucose: iypps) increases gradu-
ally with decreasing tip—substrate distance. Within a smaller
tip—substrate distance (L <9), the tip current difference in-
creases rapidly with decreasing tip—substrate distance. This
increase can be attributed to the increase of H,O, concen-
tration near the GNG-G electrode. At the normalized dis-
tance of 1.8, the tip current reaches a peak value, and then
decreases further as the tip approaches the substrate (L=
0.8). This decrease is caused by the sealing glass of the tip
electrode, which hinders the diffusion of glucose from the
bulk solution to the tip—substrate gap and in turn blocks the
formation of H,O,. Therefore, measurements at a normal-
ized tip—substrate distance of 1.8 (corresponding to 9.0 um)
can give results with high sensitivity for the detection of glu-
cose. At this fixed distance, the sensor shows a good repro-
ducibility (RSD=2.2%, n=5, where RSD is the relative
standard deviation and n is the number of tested samples).

The tip currents with (irs) or without (ir,) applying a sub-
strate potential were measured to evaluate the influence of
the substrate potential on the interference-removing effi-
ciency. Here, the interference-removing efficiency measured
in a solution of AA is defined as 1—irg/iy. On the other
hand, when measurements were performed in the presence
of glucose, this value represents the percentage of H,O, in
the tip-substrate gap that was consumed by the substrate
electrode. Figure 5 shows the relationship between the sub-
strate potential and the value of 1—irg/ir,. In these experi-
ments, the normalized tip-substrate distance was kept at
1.8a, and the tip currents (at a tip potential of 0.7 V) were
taken at a polarization time of 30 s. In a solution containing
AA (1mwm, filled squares), the interference-removing effi-
ciency increased with the increase of substrate potential, in-
dicating that better interference-removing capability could
be achieved with more positive substrate potentials. When
the substrate potential was higher than 0.4 V, the interfer-
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Figure 5. Dependence of the interference-removing efficiency on the sub-
strate potential. The tip-substrate distance was kept at 1.8a (9.0 pm) and
the tip currents were taken at the polarization time of 30s. The corre-
sponding ir, of the tip electrode was taken with the substrate electrode
at open-circuit. Ex=0.7 V.

ence-removing efficiency reached 100 %. For measurements
in a solution containing glucose (1mw, filled circles) and
with the substrate potential higher than 0.4 V, the value of
1—ir¢/ity increased gradually, due to the oxidation of the
generated H,O, at the GNG-G electrode. Therefore, 0.4 V
is a proper substrate potential for effectively eliminating
AA by means of a diffusion-limited reaction without con-
suming H,O..

Glucose detection in a solution containing interference spe-
cies: Figure 6 displays the time-dependent amperometric dy-
namic responses of the tip electrode (E;=0.7 V). In the
cases of solutions that did not contain electroactive species,
with (curves a and c) or without (curves b and d) a potential
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Figure 6. Amperometric dynamic responses of a Pt tip electrode with and
without applying a potential of 0.4 V to the substrate electrode. The tip—
substrate distance was kept at 1.8a (9.0 um). a), b): PBS; c¢), d): glucose
(Imm); e), f): AA (0.3mm), UA (0.3mm), 4-AP (0.3mm), and glucose
(1mwm). Curves a), c), and e) were recorded with applying a potential of
0.4 V on the substrate electrode; curves b), d), and f) were recorded with
the substrate electrode at open circuit. E;=0.7 V. Inset: dependence of
the tip currents on the concentration of glucose. Dashed line corresponds
to the open circles: glucose solutions with AA (0.3mm), UA (0.3mwm),
and 4-AP (0.3mwm); solid line corresponding to the open squares: pure
glucose solutions.
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applied to the substrate electrode, the tip currents overlap
well, demonstrating that the applied substrate potential does
not affect the tip current in the solutions of PBS or glucose.
For the mixture containing glucose, AA, UA, and 4-AP,
when no external potential was applied on the substrate
electrode, the obtained steady-state tip current (curve f) was
much higher than those obtained in curves ¢ and d, indicat-
ing that the electroactive species strongly interfere with the
glucose detection. However, when applying a potential of
0.4V on the substrate electrode (curve e), the tip current
dropped dramatically, leading to the same response
(curve e) as that depicted in curves ¢ and d (without electro-
active species) after the polarization time of 25s. The de-
crease of the tip current confirms that the substrate elec-
trode selectively consumed the interfering electroactive spe-
cies at the applied potential.

Calibration curves were obtained for different concentra-
tions of glucose with (Figure 6 inset, dashed line corre-
sponds to open circles) or without AA, UA, and 4-AP
(Figure 6 inset, solid line corresponds to open squares).
These two calibration lines lead to almost the same results
in the tested glucose concentrations. The linear range of glu-
cose detection is 1.0x107°-1.0x 10> m with a correlation co-
efficient of 0.9979 (with interfering electroactive species).

Numerical simulation of the interference-removal process:
As shown in Figure 3, the kinetics of the electrooxidation of
interfering species (AA, UA, and 4-AP) on GNG-G (at
0.4 V) and tip electrodes (at 0.7 V) is diffusion-controlled.
When a potential of 0.4 V is applied to the substrate, the in-
terfering species at the substrate surface is depleted immedi-
ately and a time-dependent concentration gradient appears
along the direction perpendicular to the substrate surface.
Meanwhile, diffusion of the interfering species from outside
solution (bulk) to the tip-substrate gap will inevitably be in-
hibited, due to the large surface area of the sealing glass
wall. Taking the above two factors into account, we used the
finite element method (FEM) to simulate the interference-
removal process. By using cylindrical coordinates, the time-
dependent diffusion problems for interfering species can be
written in dimensionless form as Equation (1) (see
Figure 7), in which L is the normalized tip-substrate distance
(L=d/a).
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Figure 7. Schematic representation of the simulation domain and the pa-
rameters defining the diffusion problem for SECM.
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The dimensionless variables are defined by R=vr/a, Z=27/
a, C;=c/C}, t=1tD/a% in which r and z are the coordinates
in the directions radial and normal to the electrode surface,
respectively; D and c; are the diffusion coefficient and con-
centration of interfering species; C7 is the bulk concentra-
tion of interfering species; a is the tip electrode radius; and ¢
is time. Because the electrooxidation of the interfering elec-
troactive species (e.g., ascorbic acid) is an irreversible proc-
ess, the boundary conditions for the problem under these
conditions are: 1) when t=0: C;=1; 2) when 0<7: 0<R<1
Z=0 (tip electrode surface), C;=0, 0C,/0Z=J (in which J;
is the normalized flux of interfering species at the tip elec-
trode); 1<R<RG Z=0 (RG=rya, glass insulating sheath),
0Cy0Z=0; 0<R<h Z=L (h=rga, L=L/a, substrate elec-
trode surface), C;=0 (when a diffusion-controlled oxidizing
potential is applied on the substrate electrode), dC,/0Z =0
(when no potential is applied on the substrate electrode).
The solution of this problem can be obtained in terms of the
dimensionless current /1 [Eq. (2)].

1

Ii7)=-3 / J1(t,R)RAR 2)

0

Figure 8 shows the simulated tip currents at different tip—
substrate distances. In Figure 8a, only the tip electrode is po-
larized at a diffusion-controlled potential. In Figure 8b, both
the tip and substrate electrodes are polarized at diffusion-
controlled potentials. When there is no potential applied to
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Figure 8. Simulated tip currents in a solution containing interfering elec-
troactive species at different tip-substrate distances. a) A diffusion-con-
trolled potential applied on only the tip electrode, while the substrate
electrode is at open circuit; b) diffusion controlled potentials applied on
both the tip and substrate electrodes.
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the substrate electrode (Figure 8a), the normalized tip cur-
rents at different tip—substrate distances decrease dramati-
cally at the beginning, and then reach a relatively constant
value (typically, 7>80). However, with the application of a
positive potential (i.e., 0.4 V) to the substrate electrode, the
normalized tip current drops abruptly when 7>20, and then
reaches a constant value (typically, 7 >40). In both cases, the
tip currents are prone to decrease at the closer tip-substrate
distances. However, the tip current decreases much more
rapidly when the electrochemical depletion of interfering
species is functioning. Table 1 shows the ratio of Irs to Iro

Table 1. Ratio of the simulated tip currents (I ¢/Ir ) at different tip-sub-
strate distances.

IT.S/IT,[J
Normalized Normalized tip-substrate distance d/a
time 7 0.8 1.8 2.8 3.8 4.8 9.8
40 1.40x107°  7.56x107° 0.0024 0.013  0.040 043
80 8.42x107"" 5.58x10™° 0.0016 0.0087 0.023 0.23
120 629x107"" 4.66x107° 0.0013 0.0070 0.019 0.17
240 476x107"° 343x107° 9.76x107* 0.0045 0.014 0.12
480 3.78x107"" 2.77x107° 7.89x107* 0.0041 0.011 0.092

at different tip—substrate distances. With the shorter tip—sub-
strate distance, this ratio decreases rapidly, indicating that a
shorter tip—substrate distance can give a higher interference-
removing efficiency. This result is consistent with that shown
in Figure 4. At the same time, the tip current ratios decrease
with the increase of normalized time 7, that is, between 7=
40 and 7=480 the ratio decreases from 1/418 to 1/1340 at a
normalized tip—substrate distance of 2.8. This result demon-
strates that the interference-removing efficiency increases
with the increase of the polarization time. These results are
reasonably consistent with those obtained in our practical
system, as shown in Figure 6. Evidently, the present ap-
proach has high interference-removing efficiency.

Conclusion

A novel approach with high selectivity for the detection of
glucose has been established based on the electrochemical
depletion of interfering electroactive species in the diffusion
layer of a substrate electrode. Factors influencing the selec-
tivity of glucose detection were systematically investigated
by using SECM. Both the experimental and simulation re-
sults showed that this interference-removing approach is a
promising scheme for constructing electrochemical microde-
vices. Furthermore, the tip and the substrate electrode can
be printed on a chip at an optimal distance, which makes
this configuration promising for practical applications.
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Experimental Section

Chemicals: Glucose oxidase (EC 1.1.3.4, 200,000 Ug', Sigma) was used
as received. Nafion (wt. 5% solution) and graphite powder (1-2 pum in di-
ameter) were from Aldrich. [Ru(NH;)s]Cl; (Aldrich), uric acid (Lancas-
ter), ascorbic acid, glucose, and phosphate (Nanjing, China) were of ana-
lytical grade. 4-Acetaminophen (Nanjing, China) was of reagent grade.
Glucose was dissolved in 0.05M phosphate buffer solution (PBS, pH 7.4,
containing 0.1m KCl). All solutions were prepared with 18.2MQ deion-
ized water (Purelab Classic Corp., USA).

SECM system: A model CHI 900 SECM (CH Instruments, USA) was
used for the measurement of approach curves. The SECM tip was a Pt
microelectrode (a=5 um, isolating glass outer wall radius r, : a=10). All
electrochemical measurements were performed in a Teflon cell (ca.
2mL). A four-electrode system was used for all measurements with a Pt
wire as counter electrode, Ag/AgCl (in 3m KCl) as reference electrode,
and the Pt tip as the first working electrode. A glassy carbon disk elec-
trode (GCE, 3.5 mm in diameter) modified with a GOD-Nafion-graphite
powder layer was used both as the second working electrode and the sub-
strate of SECM. Before each measurement, the Pt microelectrode was
polished with 0.05 um alumina slurry on microcloth pads. Prior to glucose
detection, the SECM tip electrode was firstly positioned above the
sample surface by approaching the sample surface in 1 mm [Ru(NH;)]Cl;
(1 mm) with a tip potential of —0.3 V. At this potential, [Ru(NH;)s]Cl;
was reduced according to the reaction given in Equation (3).

[Ru(NH;)eJ*" + e~ — [Ru(NH;)** 3)

The tip was stopped when the tip current reached 125% of the steady-
state diffusion-controlled tip current in bulk solution (ir..). The tip-sub-
strate distance was then determined by comparing the measured cathodic
current with the normalized current—distance (I;—L).1) Sample solutions
were then added into the cell after rinsing with PBS (x4; ca. 20s for
each time) to remove any [Ru(NH;)s|Cl; remaining in the tip-substrate
gap. A steady potential was applied on the tip electrode and the current—
time curves were recorded.

Fabrication of GOD-modified substrate electrode: We improved the im-
mobilization process of GOD reported by Karyakin and co-workers.*?! In
our case, the glassy carbon electrode was polished with alumina
(0.05 um) and sonicated in water before modification. Nafion solution
(300 uL, wt. 5%) was neutralized by an aqueous solution of ammonia
(5 uL, wt. 25%) up to pH 5.5. The neutralized Nafion solution was dilut-
ed to 1% by adding absolute ethanol (1195 pL). This Nafion solution
(100 uL, 1%) was then added into 10 mg graphite powder and mixed
under ultrasound for 30 min. A solution of GOD (10 pL; 100 mgmL™, in
PBS pH 7.4) was introduced to the resultant mixture. After thoroughly
stirring, 5 uL of the final mixture was dropped onto the cleaned glassy
carbon electrode and the solvent was allowed to evaporate at a tempera-
ture of 4°C for 30 min. Finally, the formed GNG-G electrode was dipped
in PBS (pH 7.4) for 5 min and was stored at 4°C before use.
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