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A self-powered electrochemical sensor (SPS) has been designed for sensitive detection of glucose
based on the glucose oxidase (GOD)/polyvinyl ferrocene (PVF)/ poly(diallyldimethylammonium
chloride) (PDDA —reduced graphene oxide (RGO)/glassy carbon electrode (GCE) as a bioanode and
bilirubin oxidase (BOD)/PDDA-RGO/GCE as a biocathode. The signal amplification of electron
mediator in the electrochemical anode has been investigated in details. The results exhibited that the
electron mediator did amply the signal of SPS and the mediator existed on the surface of electrode was
better than that existed in a solution. The electrodes constructed under the optimal conditions have
been used to develop a glucose SPS which showed a wide linear range from 0.1 mM to10 mM (R?
=0.997) and a low detection limit of 23.7 uM (S/N=3). Therefore, the newly developed SPS was
sensitive and facile for glucose detection, which could promise the possibility of its application in real
samples.

Keywords: self-powered electrochemical sensor, signal amplification, electron mediator, glucose
oxidase

1. INTRODUCTION

Quantitative determination of glucose concentration is an issue of great importance in daily life
because glucose is one of the most widely distributed saccharides in nature and one of the most
important carbohydrates.[1-5] It is living cell energy source and metabolic intermediate in organism.
People ingest glucose from food to maintain life activities. While elevated glucose level in blood will
damage nerves and blood vessels and then pave the way for heart disease, diabetes mellitus and
stroke.[6-11] Therefore, there is an urgent demand for a fast and reliable glucose sensor. Among these
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previously developed methods, electrochemical sensor has attracted wide attentions due to its high
sensitivity, easy operation and low cost.[12-16]

Over the past few years, electrochemical sensors have achieved great achievements based on
the development of nanomaterials.[17-20] Various nanomaterials with good catalytic activity including
metal, bimetal, metallic oxide, carbon and composite nanostructures have been developed as
electroactive materials to construct electrochemical nonenzymatic glucose sensor.[21-25] However,
these nanomaterials could easily aggregate on electrode surface and fall off from the electrode.
Besides, most of nonenzymatic glucose sensors were carried out at high potential under alkaline
reaction conditions, which limited their direct application for glucose detection in blood. Many organic
compounds would make interference to glucose detection at high potential. Enzymatic glucose sensors
showed remarkable catalytic ability, high selectivity and fast response under mild conditions.[26-30]
For example, a glucose biosensor used in phosphate buffer solutions (PBS, 0.2 M, pH 7.0) was
developed based on the three-dimensional (3D) porous carbon electrodes as a support materials to
immobilize glucose oxidase (GOD).[31] It was used to detect glucose in blood without any
pretreatment and showed high selectivity and nice stability. However, general enzymatic glucose
biosensors always were carried out at about -0.5 V based on the reduction of O,. At such negative
potential, many organic compounds mentioned above would also make interference to glucose
detection. Furthermore, the performance of enzymatic glucose biosensors strongly depended on the
amount of O in the solution.

Self-powered sensors (SPSs) are composed of a bioanode and a biocathode to provide the
power for the sensing events without external applied voltage.[32-35] The SPSs sense analytes on the
basis of chemical-to-electrochemical energy transformations in which the power output provides the
analytical signal because the power density or open circuit potential (OCP) depend largely on the
concentration of the analytes. Since no external voltage is applied to the two electrodes, the SPSs show
very high selectivity. As the system is self-powered by biological fluids, the SPSs can also be
implanted in body as an invasive sensing device. To date, many kinds of self-powered platforms have
been constructed for chemical and biological sensing.[12,34,36-40] Willner and co-workers firstly
described a glucose SPSs with an anode consisting of glucose oxidase (GOD) reconstituted on a flavin
adenine dinucleotide-modified monolayer and a layered crosslinked cytochrome c/cytochrome oxidase
cathode.[41] Kakehi et al. developed a miniaturized glucose SPSs integrated with a wireless system in
2007. [42] In 2011, Dong’s group firstly introduced the logic concept into SPSs to propose the first
self-powered logic enzymatic biosensor.[36] Although a lots of SPSs have been developed, the
sensitivity of the SPSs was always neglected which is vital issue.

In this work, a SPS was developed for glucose sensing by using GOD/polyvinyl ferrocene
(PVF)/poly(diallyldimethylammonium chloride) (PDDA)-reduced graphene oxide (RGO)/glassy
carbon electrode (GCE) as a bioanode and bilirubin oxidase (BOD)/PDDA-RGO/GCE as a biocathode,
respectively. The effect of electron mediator on signal amplification of SPSs has been explored in
detail.
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2. EXPERIMENTAL SECTION

2.1. Materials

GOD (EC 1.1.3.4, 140 U mg™), BOD (5.6 U mg™) and PDDA (MW 200000-350000, 35 wt%)
were obtained from Sigma-Aldrich. Graphite powder (99.95%, 325 mesh) was purchased from
Aladdin Ltd (Shanghai, China). Ferrocene (Fc), polyvinyl ferrocene (PVF) and some other reagents
were purchased from Beijing Chemical Reagent Factory (Beijing, China). The PBS (0.2 M) was
prepared by mixing 0.2 M NaH,PO, and 0.2 M Na;HPO,. The GOD solution (10 mg/mL) and BOD
solution (5 mg/mL) were prepared in 0.2 M PBS (pH 7.0), respectively. Ultra-pure water purified by a
Millipore-Q System (p>18.2 MQ cm) was used whole experiments.

2.2 Fabrication of PDDA-RGO nanocomposites

Graphene oxide (GO) was synthesized based on previous method. The PDDA-RGO was
prepared by reducing GO by PDDA. Briefly, the dispersion of GO (60 mg of GO in 20 mL water) was
sonicated for 40 min. After that, 800 puL of 35 wt% PDDA was added into the dispersion and kept
stirring for 10 min. Then the dispersion was heated at 90 °C for 5 h while the color turned from yellow-
brown to black. The resulting dispersion was filtered and washed with ultra-pure water for 3 times.
The PDDA —RGO was dried under vacuum at 60 ° C to become solid samples. Finally, the solid
samples were dispersed in ultra-pure water to spread into 0.5 mg mL"* PDDA —RGO dispersion.

2.3. Preparation of modified electrode

5 uL of 0.5 mg mL™* PDDA-RGO suspension was dropped onto the cleaned GCE surface and
subsequently dried at room temperature. Then 5 pLL 5 mg mL™ BOD or 5 puL 10 mg mL™? GOD was
casted onto the PDDA-RGO/GCE and dried at 4 °C for 4 h. Finally, the BOD/PDDA-RGO/GCE as a
biocathode and GOD/PDDA-RGO/GCE as a bioanode were rinsed by ultra-pure water to remove
weakly bound molecules and was stored at 4 °C for further use.

5 uL 5 mg mL™ PVF which has been dispersed in ethanol was dropped onto the PDDA-RGO
IGCE and subsequently dried at room temperature. Then 5 pL 10 mg mL™ GOD was casted onto the
PVF/PDDA-RGO/GCE and dried at 4 °C for 4 h. Finally, the GOD/PVF/PDDA-RGO/GCE as a
bioanode were rinsed by ultra-pure water to remove weakly bound molecules and was stored at 4 °C
for further use.

2.4. Instrumentations

A CHI 750D electrochemical workstation (Shanghai, China) was used all over electrochemical
experiments. In the experiments to optimize the conditions, a two-electrode configuration was used
with a Pt electrode (0.2 mm) as the reference electrode and the bare or modified electrodes as the
working electrode. In the experiments to detect glucose by the SPSs, the GOD/PVF/PDDA-RGO/GCE



Int. J. Electrochem. Sci., Vol. 10, 2015 9145

and BOD/PDDA-RGO/GCE were used as a biocathode and a bioanode, respectively. Open circuit
potential (Voc) values were recorded. In other experiments, a three-electrode configuration was used
with a platinum wire as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference
electrode, and the modified or bare GCE electrodes as the working electrode.

3. RESULTS AND DISCUSSION

3.1 Electrochemical characterization of GOD/PDDA-RGO /GCE

Firstly, the electrochemical characterization of GOD/PDDA-RGO/GCE without electron
mediator has been investigated (Figure 1).
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Figure 1. (A) The OCP of GOD/PDDA-RGO /GCE in 0.2 M, pH 7.0 PBS in the (a) absence and (b)
presence of 10 mM glucose. (B) Schematic illustration of GOD/PDDA-RGO /GCE catalyzing
glucose without mediator.

As shown in Figure 1A, the open circuit potential (OCP) at the GOD/PDDA-RGO /GCE
bioanode shifted from 40.8 mV (Figure 1A, curve a) to 27 mV (Figure 1A, curve b) after the addition
of 10 mM glucose. This result clearly indicated that the oxidation of glucose catalyzed by GOD
resulted in the OCP change. As shown in Figure 1B, with the addition of glucose, glucose was
catalyzed into gluconic acid by GOD.y (oxidized state) which has been modified on the electrode
surface and GOD, itself has been transformed into GOD,¢q (reduced state) to result in the increase of
GODyeg. Then, a large number of GOD,eqy lost electrons via PDDA-RGO to oxidize into GODy,
resulting in the electrons gradually increased on the electrode surface. In the two-electrode system, no
current between the electrodes occurred and accordingly the electrons gradually accumulated on the
anode electrode surface, which resulted in the decrease of anode electrode potential.[14, 28, 43] The
mechanism could be shown as following:

GODyx + glucose —— GODy¢q + gluconolactone (1)

GODyeg ——> GODgy + 2H" +2¢ (@)
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3.2 Signal amplification of ferrocene for GOD/PDDA-RGO /GCE

The electrocatalytic response of GOD/PDDA-RGO /GCE to glucose after the addition of the
electron mediator (Fc) using the three-electrode configuration was investigated (Figure 2A). Figure 2A
showed the cyclic voltammograms (CVs) of the GOD/PDDA-RGO /GCE bioanode with and without
the addition of 10 mM glucose in 0.2 M, pH 7.0 PBS containing 10 mM Fc(COOH), at 100 mV s™. In
the absence of glucose, two pairs of redox peak at 0.45 V and 0.55 V were observed, resulting from
Fc(COOH), reversible transition on the electrode surface (Figure 2A, curve a) and it indicated that the
electron mediator can achieve electron transfer at the electrode surface. After the addition of 10 mM
glucose, a remarkable increase in the anodic current and an obvious decrease in the cathodic current
were found, indicating the efficient oxidation of glucose (Figure 2A, curve b).
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Figure 2. (A) The CVs of the GOD/PDDA-RGO /GCE bioanode without (curve a) and with (curve b)
10 mM glucose in 0.2 M, pH 7.0 PBS containing 10 mM Fc(COOH), at 100 mV s™. (B) The
CVs of the GOD/PDDA-RGO /GCE bioanode under different concentrations of Fc(COOH); in
0.2 M, pH 7.0 PBS at 100 mV s™. (C) The OCP of GOD/PDDA-RGO /GCE in 0.2 M, pH 7.0
PBS containing 10 mM Fc(COQOH), in the (a) absence and (b) presence of 10 mM glucose. (D)
Schematic illustration of GOD/PDDA-RGO /GCE catalyzing glucose with Fc(COOH),.

As shown in Figure 2D, glucose was catalyzed into gluconic acid by GOD. and the produced
GODyeg Was oxidized by the Fc(COOH),0 subsequently. The FC(COOH),eq has been oxidized on the
electrode surface and lost a large number of electrons to lead to the increase of anodic current. It
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indicated that the Fc(COOH); has involved in the electron transfer of GOD.[44, 45] The mechanism
could be shown as following:

GODyx + glucose —— GODyq + gluconolactone 3
FC(COOH)20x+GOD e ———> GODgx+ FC(COOH)req 4
FC(COOH)ze¢ ———> FC(COOH)0x +e (5)

Then, the effects of Fc(COOH), concentration on the performance of the GOD/PDDA-RGO
IGCE were investigated as shown in Figure 2B. Figure 2B showed the plot of the Fc(COOH);
concentration versus the CVs response of GOD/PDDA-RGO /GCE. With the increasing of
Fc(COOH), concentration from 2.5 mM to 10 mM, the oxidation peak current increased gradually
because Fc(COOH), involved in the electron transfer of GOD. When the more Fc(COOH), existed in a
solution, the more its conduction electrons, the stronger the electrochemical amplification in a certain
range. When the Fc(COOH), concentration has been increased to 12.5 mM, the oxidation peak current
trended to an almost constant value. Therefore, the 10 mM Fc(COOH), was used for the experiments.

As shown in Figure 2C, the OCP at the GOD/PDDA-RGO /GCE bioanode with 10 mM
Fc(COOH); shifted from 92 mV (Figure 2C, curve a) to 28 mV (Figure 2C, curve b) after the addition
of 10 mM glucose, which indicated that the Vo, of GOD/PDDA-RGO /GCE with Fc(COOH); has a
larger change than that without Fc(COOH), after added the same 10 mM glucose. Therefore, it proved
that the Fc(COOH); has a nice signal amplification for the glucose detection.

3.3 Signal amplification of PVF in the GOD/PVF/PDDA-RGO/GCE

It has been reported that the electron mediator modified on the electrode surface could
participate in electron transfer and amplify current signals due to close contact with the electrode.[46,
47] Therefore, the PVF polymer containing ferrocene has been introduced to modify the electrode
surface. The CVs and OCP has been used to evaluate the amplification ability of PVF (Figure 3). As
shown in Figure 3A, without the addition of glucose to solution, a pair of well-defined and quasi-
reversible redox peaks (Figure 3A, curve a) that originated from the PVF on the electrode were
observed and it proved the PVF achieved a good electron transfer on the electrode surface. After
addition of 10 mM glucose, the shape of the CVs at GOD/PVF/PDDA-RGO/GCE electrode distinctly
changed and an obvious increasing in the oxidation peak current was found; at the meantime, the
reduction peak current was decreased (Figure 3A, curve b).

As shown in Figure 3D, glucose has been catalyzed to glucose acid by GODy and then the
produced GODyeqy has been oxidized to GOD.y by PVF. Finally, a large number of PVF4 has been
oxidized to PVF. on the electrode surface. The results demonstrated that the immobilized GOD
molecules were bioactive and still maintained their natural biocatalytic activities toward their substrate,
glucose. The PVF could effectively amply the signal. The mechanism could be shown as following:

GODyx + glucose —— GODy¢q + gluconolactone (6)

PVFox+ GODrgy ———> GODgx + PVFeg (7

PVFeg —> PVFte (8)
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Figure 3. (A) The CVs of the GOD/PVF/PDDA-RGO/GCE bioanode without (curve a) and with
(curve b) 10 mM glucose in 0.2 M, pH 7.0 PBS at 100 mV s*. (B) The CVs of the
GOD/PVF/PDDA-RGO/GCE bioanode under different concentrations of PVF in 0.2 M, pH 7.0
PBS at 100 mV s, (C) The OCP of GOD/PVF/PDDA-RGO/GCE in 0.2 M, pH 7.0 PBS in the
(@) absence and (b) presence of 10 mM glucose. (D) Schematic illustration of
GOD/PVF/PDDA-RGO/GCE catalyzing glucose.

The amount of PVF on the GOD/PVF/PDDA-RGO/GCE was optimizingd as shown in Figure
3B. As the amount of PVF on the GOD/PVF/PDDA-RGO/GCE increased from 15 pg to 25 pg,
the oxidation peak current gradually increased and more than 25 pg, the current response began to
decrease because the PVF layer was too thick to hinder the electronic transmission between GOD and
electrode surface. Therefore, the 15 pg PVF has been selected as the optimal conditions for the
following experiments.

The GOD/PVF/PDDA-RGO/GCE was further investigated by the OCP catalytic response to
glucose as shown in Figure 3C. With the addition of 10 mM glucose, the OCP at the
GOD/PVF/PDDA-RGO/GCE electrode changed from 168 V (Figure 3C, curve a) down to 8 V (Figure
3C, curve b), indicating the largest response for the glucose detection.
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3.4 Electrocatalytic response of BOD/PDDA-RGO/GCE towards O,

It is well known that the BOD can be used as a biocatalyst to selectively catalyze the four-
electron reduction of oxygen.[48-50] The direct electron transfer (DET) of BOD at an electrode
modified by various carbon materials such as highly oriented pyrolytic graphite, porous carbonaceous,
carbon nanotubes (CNTSs), carbon spheres, and plastic-formed carbon has been reported. In this study,
the BOD/PDDA-RGO/GCE electrode was constructed as a biocathode for reduction of O,. Figure 4
showed the CVs of BOD/PDDA-RGO/GCE electrode in N, (Figure 4, curve a), air (Figure 4, curve b),
and oxygen (Figure 4, curve c)-saturated PBS (pH 7.0). As shown in Figure 4, a significant reduction
current was observed at -0.55 V in oxygen-saturated PBS (pH 7.0). The reduction current in oxygen-
saturated PBS (curve c) was larger than that in air-saturated PBS (pH 7.0) and N»-saturated PBS (pH
7.0) (Figure 4, curve a), suggesting that reduction currents observed at BOD/PDDA-RGO/GCE
resulted from BOD-catalyzed oxygen reduction. This result further demonstrated that the BOD was
successfully modified on the BOD/PDDA-RGO/GCE and retained good biological activity (BOD-
catalyzed O, reduction can be realized).
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Figure 4. CVs of GOD/PVF/PDDA-RGO/GCE under nitrogen (a), air (b), or oxygen (c)-saturated
PBS (pH 7.0) with a scan rate of 100 mV s *, respectively.

3.5 Self-powered biosensors for glucose detection

Using the GOD/PVF/PDDA-RGO/GCE as a bioanode and the BOD/PDDA-RGO/GCE as a
biocathode, a SPS was successfully developed as shown in Scheme 1.
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Scheme 1. Schematic illustration of the SPSs fabricated by using the GOD/PVF/PDDA- RGO/GCE as
a bioanode and BOD/PDDA-RGO/GCE as a biocathode..

In the bioanode, GOD,x Was used as a biocatalyst for bioelectrocatalytic oxidation of glucose to
gluconic acid and GOD, itself has been reduced to GODyeq. Then, GODy¢q has been oxidized by PVF
and PVF.q was oxidized on the electrode surface to release the electron. In the biocathode, dissolved
O, intercepted the glucose oxidation-derived electrons from the bioanode, and it should react with the
cathodic enzyme (BOD) and be reduced into water under normal circumstances (Scheme 1). As a
result, the amount of electron transfer from the bioanode to the biocathode was based on the amount of
glucose, which was used as SPSs for glucose sensing.
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Figure 5. (A) The OCP of the SPSs with different concentration of glucose in 0.2 M, pH 7.0 PBS. (B)
The calibration curve of glucose detection.

For the detection of glucose, a glucose solution with various concentrations was added into the
SPSs. The OCP of the SPSs was recorded until a stable response was observed. The data was shown in
Figure 5. As shown in Figure 5A, with the increasing concentration of glucose, the OCP increased
gradually. That is because with the addition of glucose, the bioanode potential decreased gradually,
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while the biocathode potential was essentially kept constant. The difference was measured and
increased as the increase of glucose. Figure 5B showed the calibration curve, in which the increase of
AOCEP value (the difference between OCP of the SPSs in the absence of glucose and OCP of the SPSs
in the presence of glucose) increased linearly with the increasing glucose concentration ranging from
0.1mM to10 mM (R? =0.997). The linear range of our method was comparable to those reported for
other electrochemical sensors as shown in Tabel 1. The low detection limit was estimated to be 23.7
uM glucose (S/N =3). Therefore, the method was sensitive and facile for glucose detection, which
could promise the possibility of its application in real samples.

Table 1. Comparison analytical performance of glucose biosensor based on the GOD catalysis.

Glucose biosensors Linear range Detecting limit Ref.
(mmol L™)  (umol L™
GOD/PVA-Au-pphTEOS 1.0~8.0 0.7 [51]
Nafion-MGF-GOD / GCE 1.0~12.0 250 [52]
GOD/MWCNT-CS 1.0~10.0 20 [53]
GOD/ERGO/poly-Lysine. 0.25~5 - [54]
GOD-Nafion/GaHCF-CILPE 0.2~6.0 50 [55]
GOD/BSA/AuUNP-PbNW/Pt 0.05~2.2 2 [56]
GOD/GCS/NCNTs 0.048~0.857 - [57]
Self-powered glucose biosensor 0.1~10 23.7 This work

4. CONCLUSION

In summary, by using the PDDA-RGO to immobilize the GOD and BOD well, the
GOD/PVF/PDDA-RGO/GCE as a bioanode and BOD/PDDA-RGO/GCE as a biocathode were
successfully used to build the bioelectrocatalysis-based SPSs for the sensing of glucose. The CVs and
OCP has been used to explore the electron transport on the bioanode and biocathode surface. The
electronic mediator has been introduced for electrochemical signal amplification. It was found that the
electronic mediator not only could have a good current signal amplification of the bioanode, but also
could effectively enlarge their potential signal. Furthermore, the electronic mediator has been modified
on the electrode surface is superior to the electronic mediator was in solution.
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