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Abstract

In this study, an enzymatic electrode for glucose biosensing and bioanode of
glucose/air biofuel cell has been fabricated by immobilizing poly (methylene
green) (polyMG) for electrocatalytic NADH oxidation and NAD"-dependent
glucose dehydrogenase (GDH) for oxidizing glucose on carbon nanodots
(CNDs). The polyMG-CNDscomposites obtained by electro-polymerization
of dye MG molecules adsorbed on CNDs display excellent electrocatalytic ac-
tivity toward NADH electro-oxidation at a low overpotential of ca. —0.10 V
(vs. Ag/AgCl) and the integrated enzymatic electrode shows fast response to
glucose electrooxidation. Using the fabricated GDH-based enzymatic elec-
trode, a glucose biosensor was constructed and exhibits a wide linear dynamic
range from 0 to 8 mM, a low detection limit of 0.02 pM (S/N = 3), and fast
response time (ca. 4 s) under the optimized conditions. The developed glu-
cose biosensor was used to detect glucose content in human blood with satis-
factory results. The fabricated GDH-based enzymatic electrode was also em-
ployed as bioanode to assembly a glucose/air biofuel cell with the lac-
case-CNDs/GC as the biocathode. The maximum power density delivered by
the assembled glucose/air biofuel cell reaches 3.1 uW-cm ™ at a cell voltage of
0.22 V in real sample fruit juice. The present study demonstrates that poten-
tial applications of GDH-based CNDs electrode in analytical and biomedical
measurements.
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1. Introduction

It is the essential groundwork to fabricate enzymatic electrodes for constructing
enzyme-based electrochemical biosensors and enzymatic biofuel cells (BFCs) [1]
[2] [3] [4] [5]. Glucose-responsive enzymatic electrodes, which are responsible
for electrochemical glucose biosensors or bioanodes of glucose-based BFCs with
glucose as fuels, have attracted much attention [6] [7] [8] [9] [10]. Two types of
commercially available enzymes, glucose oxidase (GOx) and glucose dehydro-
genases (GDH), are generally employed to construct glucose-responsive enzy-
matic electrodes [1]-[10]. The GDH family is classified into three different types
on the basis of its cofactors, nicotinamide adenine dinucleotide-dependent GDH
(NAD-GDH), flavin adenine dinucleotide-dependent GDH (FAD-GDH), and
pyrroloquinoline quinone-dependent GDH (PQQ-GDH) [11]-[16]. Among these
enzymes, NAD-GDH is widely favored to be chosen to construct enzymatic
electrode because it is insensitive to oxygen and highly specific to glucose
[11]-[16]. As a result, the NAD-GDH based enzymatic electrode is allowed to
improve the accuracy and selectivity of electrochemical biosensor of glucose and
reduce the cross-talk of glucose/O, BFC. In order to expand the bioelectrochem-
ical applications of NAD-GDH enzymatic electrode, extensive studies are fo-
cused on recycling the cofactor by regenerating NADH from the enzymatically
produced NAD" cofactor through electrochemistry methods [11]-[20]. However,
direct electrochemical oxidation of NADH generally requires an applied poten-
tial as high as Ca. 0.75 V (versus Ag/AgCl) although the theoretical thermody-
namic potential for NADH/NAD+ couple is as low as —0.32 V (versus NHE)
[11] [12] [13] [14] [15]. Fast mediated oxidation of NADH using a redox en-
zyme and an electron mediator is required to lower the overpotential in order to
reduce the interfering of glucose biosensor or improve the open-voltage of glu-
cose/O, BFC [11]-[20]. On the other hand, proper immobilizing materials for
hosting enzymes are required to retain the bioactivity of the enzymatic elec-
trodes [2] [3] [19] [20] [21] [22]. Up to now, various kinds of materials such as
conducting polymers, metallic nanoparticles, carbon-based materials, and hybr-
id composites have been used as immobilizing materials to construct enzymatic
electrodes [2] [3] [19] [20] [21] [22]. Among these immobilizing materials, car-
bon-based materials have been intrigued due to the good electric conductivity
and biocompatibility [16] [18] [23] [24] [25] [26].

In this study, a NAD-GDH based enzymatic electrode was fabricated, on
which NAD-GDH was immobilized on carbon nanodots (CNDs) with in-situ
electrochemical polymerized methylene green (polyMG) on CNDs as elec-
tro-oxidation electrocatalyst for NADH, to construct glucose electrochemical

biosensor and the bioanode for glucose oxidation in glucose/air BFC.

2. Materials and Methods

Glucose Dehydrogenase (GDH, EC.1.1.1. 47, from Leuconostoc mesenteroides)

and fungal laccase (EC 1.10.3.2) from Zrametes Versicolor were obtained from
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Sigma Chemical Co. NADH, NAD" (disodium hydrate) was purchased from
Fluka. Methylene green (MG) were supplied by No. 3 Shanghai Chemical Rea-
gent Company. 0.10 M phosphate buffer solution (pH 7.0) was prepared by
mixing the stock solutions of 0.10 M Na,HPO, and KH,PO, and adjusting the
desired pH values with 0.1 M NaOH or H,PO,. Real sample fruit juice used in
this study was bought from a local supermarket. All other chemicals were of
analytical grade and used without further purification. 0.10 M phosphate buffer
solution (pH 7.0) was used as supporting electrolyte in all electrochemical mea-
surements unless otherwise noted. All aqueous solutions were prepared with ul-
trapure water (218.25 MQ-cm) throughout the experiments.

Carbon nanodots were prepared with candle soot as starting material using
the reported methods in our previous publications [18] [25] [26]. Typically, 4.0
mg of candle soot was suspended in 10.0 mL of mixed solvent (V e/ Vehanol =
1:1) and sonicated for 20 min. Then the black mixture was centrifuged with
3000 rpm for 2 min to remove large-size particles. The supernatant was col-
lected and centrifuged again for 6 min with 6000 rpm and then a black preci-
pitate was obtained. The obtained dry carbon nanodots were dispersed in N,
N-dimethylformamide (DMF) under sonication of 30 min. Finally, a black ho-
mogeneous solution with a concentration of 2.0 mg-mL™" was acquired for fur-
ther use.

The electrochemical experiments were carried out on CHI 66°C potentiostat
(CHI, Shanghai) with a conventional three-electrode cell. A glassy carbon (GC)
electrode or modified electrode was used as the working electrode, a Ag/AgCl as
the reference electrode, and a platinum wire as the counter electrode. The elec-
trochemical measurements were performed at room temperature and repeated
minimum three times.

Glassy carbon electrodes (GC, 3-mm in diameter) surface were successively
polished on polishing cloth using 0.3 and 0.05 um alumina slurry, respectively.
After polishing to mirror surface, the electrodes were rinsed thoroughly with
water under sonication for 3 min and then let them dried at room temperature.
A 20 pL of the CNDs dispersion was dropped on the GC electrodes. After dried
under lamp, the CNDs modified electrodes (CNDs/GC electrode) were im-
mersed into the aqueous solution of MG (0.15 mM) for 8 h. The electrodes were
then thoroughly rinsed with distilled water to remove the adsorbed MG and po-
larized at +0.85 V vs. Ag/AgCl in 0.10 M phosphate solution (pH 7.0) for 1h for
the electro-polymerization form polyMG/CNDs nanocomposites onto the elec-
trodes (denoted as polyMG-CNDs/GC electrode). After that, the electrodes were
taken out of the solution, thoroughly rinsed with distilled water and air-dried.
The enzyme solution was prepared by dissolving 5 mg GDH in 1.0 mL 0.10 M
pH 7.0 phosphate buffer solution. 20 pL aliquot of the enzyme solution dropped
on the pretreated polyMG-CNDs/GC then let it dry at room temperature, and
then 3 pL aqueous solution of nafion (0.5%, wt%) was further coated onto the

electrodes to cross-link the enzyme onto modified electrodes.
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For the assembly of glucose/air BFC, the GDH-polyMG-CNDs/GC and lac-
case-CNDs/GC electrode were used as bioande for glucose oxidation and bioca-
thode for oxygen reduction, respectively. Fruit juice containing glucose was used
as the fuel solution to characterize the performances of the as-prepared BFC at
ambient air atmosphere. The real sample fruit juice was adjusted to pH 7.0 with
0.1 M PBS and the ratio for buffer solution and soft drinks was about 3:2 (v/v).

3. Result and Discussion
3.1. Typical SEM and TEM Images of Carbon Nanodots

CNDs were prepared according to previous reports [18] [25] [26]. Figure 1
shows the low magnification SEM (Figure 1(A)) and high magnification TEM
(Figure 1(B)) images of the obtained CND. From the figures, we can see that the
obtained products consist of a large amount of nanodots. The images reveal that
the diameters of the nanodots are in the range of 40 - 60 nm. The uniform nano-
structures provide a significant increase in effective electrode surface for loading

enzymes and accelerating electron transfer.

3.2. Preparation and Catalytic Performances of Different
Electrode

Figure 2(A) Displays the cyclic voltammograms (CVs) recorded the in-situ
electropolymerization process of monomer MG at the CNDs confined onto bare
GC electrode in 0.10 M phosphate buffer with different polymerizing time. As
shown in this figure, upon being poised at +0.85 V for 60 min, the as-formed
polyMG-CNDs nanocomposites show a pair of new redox wave at —0.10 V with
a very small peak-to-peak separation. This redox wave is originated from the re-
versible redox process of the as-formed polyMG at CNDs [27].

The fast and reliable detection of NADH at a low potential is of great impor-
tance in fabricating amperometric biosensors and biofuel cells based on
NAD-dependent dehydrogenases [13] [14] [15] [16]. The cyclic voltammetric
responses at polyMG-CNDs/GC electrodes obtained in pH 7.0 phosphate buffer

in the presence of different concentrations of NADH at a scan rate of 20 mV-s™'
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o

Figure 1. Low magnification SEM (A) and high magnification TEM (B) images of the
obtained CNDs.
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Figure 2. (A) CVs of in-situ electropolymerization of MG on CNDs/GC electrode with
different time; (B) CVs obtained at the polyMG-CNDs/GC electrode in 0.10 M pH 7.0
buffer solution containing 0, 1.0, 2.0, and 3.0 mM NADH with a scan rate of 20 mV-s™;
(C) CVs obtained at the GDH-polyMG-CNDs/GC electrode in 0.10 M pH 7.0 buffer solu-
tion with 20 mM NAD" containing 0, 10, 20, and 30 mM glucose with a scan rate of 20
mV-s!,

are presented in Figure 2(B). As shown in this figure, the potential for NADH
oxidation at the polyMG-CNDs/GC electrode was observed at —0.10 V, which
has a good agreement with the value reported previously [27]. These results in-
dicate that the presence of polyMG-CNDs resulted in a substantial decrease of
the overpotential to about 650 mV for NADH oxidation at conventional bare
GC electrode. From Figure 2(B), we also can clearly see that the peak current
increases significantly with the addition of an increasing amount of NADH.
These results demonstrate that the polyMG-CNDs composites show excellent
electrocatalytic activity to NADH oxidation and could be further fabricated
NAD-dependent dehydrogenase based enzymatic electrodes.

In order to construct a biosensor of glucose and a bioanode of glucose/O,
BFC, GDH was further immobilized on polyMG-CNDs composites to obtain
GDH-polyMG-CNDs/GC electrode. Figure 2(C) displays the typical CVs rec-
orded at the GDH-polyMG-CNDs/GC electrode in the presence of different
concentrations of glucose with a scan rate of 20 mV-s™'. From this figure, it is
can be seen that glucose oxidation occurs at —0.1 V and the catalytic oxidation

current increases with the increasing concentrations of glucose.

3.3. Real Applications of the Fabricated GDH-PolyMG-CNDs/GC
Electrode

Based on the catalytic currents dependent on the glucose concentrations, a glu-
cose biosensor was fabricated. As shown in Figure 3(A), when GDH-polyMG-
CNDs/GC electrode was polarized at —0.1 V, successive addition of glucose to
the stirring 0.10 M PBS (pH 7.0) aqueous solution results in results in remarka-
ble increases in the oxidation currents, and the time required to reach the
steady-state current response is less than 4 s. This amperometric response to
glucose demonstrates that the GDH-polyMG-CNDs/GC modified electrode
shows good sensitivity detection of glucose. Under the optimal conditions, the
enzymatic electrode exhibits a wide linear dynamic range from 0 to 8 mM with a
low detection limit of 0.02 uM (S/N = 3).
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Figure 3. (A) Amperometric responses of GDH-polyMG-CNDs/GC electrode at an ap-
plied potential of —0.1 V to successive addition of different concentrations of glucose in
0.1 M pH 7.0 stirring buffer solution containing 20 mM NAD"; (B) Polarization curve
(black square dots) and the dependence of power density of the assembled glucose/air
BFC on current density (blue circle dots) in quiescent 0.1 M pH 7.0 buffer solution con-
taining 20 mM NAD" under air atmosphere.

To investigate the practical applications of the proposed GDH-based glucose
biosensor in real samples, the glucose concentrations in human serum samples
obtained from the Hospital attached to this University were monitored. Before
measuring, the fresh serum samples were diluted using phosphate buffer solu-
tion. The determination results with the proposed biosensor and RSD values (n
= 5) were summarized in Table 1. From this Table, it can be seen that the de-
termination results are good agreement with the results provided by the hospital
and the RSD values are smaller than 2.97%, indicating that the proposed glucose
biosensor displays good accuracy and repeatability in complex samples and
therefore shows potentially practical applications.

It has been attracted much attention to develop NAD*-dependent dehydroge-
nase based bioanodes for constructing BFCs because more than 300 dehydroge-
nases have been known today and therefore different substrates of dehydroge-
nases can be employed for biofuels [17] [18] [19]. Glucose, as a most active fuel
of enzymatic BFCs, is also a common ambient fuel which exists widely in hu-
man, animals, plants, various foods. Many kinds of soft drinks, which are rich in
glucose, are suitable fuels for BFCs owing to the advantages of green fuel,
cheapness and availability. In this study, by using GDH-polyMG-CNDs compo-
sites as the bioelectrocatalysts for the catalytic electrooxidation of glucose at the
bioanode and laccase-CNDs composites as the direct bioelectrocatalyst for oxy-
gen reduction at the biocathode, a membrane-less glucose/air BFC was success-
fully constructed. The investigations on the direct electron transfer (DET) of
blue-copper oxidases including bilirubin oxidase and laccase on CNDs have
been studied in our previous studies [18] [26]. These studies have demonstrated
that CNDs can efficiently facilitate the DET behaviours of bilirubin oxidase and
laccase, and also retain their bioactivity for bio-catalyzing oxygen reduction.
Based on previous studies, a laccase-CNDs enzymatic electrode was prepared as

before and used as the biocathode for oxygen reduction [18] [26].
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Table 1. Glucose determination in serum samples with the proposed glucose biosenor.

Sample No. Provided (mM) This Method (mM) RS.D.(n=5)
1 4.37 £0.02 4.51 £0.03 -1.33
2 6.78 £ 0.03 6.70 £ 0.01 2.97
3 5.81 +0.02 591 +0.03 1.47

In this study, the performances of the constructed glucose/air BFC was further
investigated in glucose-containing fruit juice in order to demonstrate its suita-
bility for implantable applications. Figure 3(B) shows the polarization curve and
power curve of the assembled glucose/air BFC in the quiescent fruit juice con-
taining 20 mM NAD" under ambient air atmosphere in 0.1 M, pH 7.0 phosphate
buffer solution. The open-circuit voltage (OCV) of the BFC is ca. 0.48 V and the
power density reaches 0.31 uW/cm? at 0.22 V. This result is quite comparable to
that of glucose/oxygen BFC reported recently [28]. Therefore, the assembled mi-
niature BFC can directly generate energy from soft drinks. When the cell oper-
ated continuously with an external loading resistance of 1 M(Q in a quiescent 0.1
M, pH 7.0 buffer solution containing 20 mM NAD" under ambient air, it lost ca.
9.8% of its original power in the first day and the power output remained ca.
73.4% of its original power after a week continuous work. The performance of
the assembled CNDs-based glucose/air BFC is dominated by the current density
of the laccase-CNDs/GC biocathode. The decreased OCV and power density
may be explained by the deactivation of enzymes by some compounds within
fruit juice, and low glucose and oxygen concentration in fruit juice under air

atmosphere.

4. Conclusion

In this work, we have synthesized and characterized a carbon-based material,
carbon nanodots. Using carbon nanodots as supporting matrixes,

GDH-polyMG-CNDs and laccase-CNDs were prepared and used for glucose
oxidation and oxygen reduction. A glucose biosensor was fabricated with the
GDH-polyMG-CNDs/GC electrode and also used for blood glucose determina-
tion in serum samples. Moreover, the GDH-polyMG-CNDs/GC electrode as a
promising bioanode and DET-type laccase-CNDs /GC electrode for as bioca-
thode four-electron reduction of oxygen were used to construct glucose/air BFC.
The bioelectrocatalytic performances of the prepared enzyme electrodes using
carbon nanodots as supporting matrixes were studied systematically and there-
fore a novel glucose/air BFC is assembled by using GDH-polyMG-CNDs/ GC
electrode as bioanode and laccase-CNDs/GC as biocathode. In all, the present
studies indicate that CNDs can be employed as promising immobilizing mate-

rials and electrochemical transducer in bioelectrochemistry area.
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