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ABSTRACT

Utilization of carbon nanodots (CNDs), newcomers to the world of carbonaceous nanomaterials, in
electrochemistry realm has rarely been reported so far. In this study, CNDs were used as
immobilization supports and electron carriers to promote direct electron transfer (DET) reactions of
glucose oxidase (GOx) and bilirubin oxidase (BOD). At CNDs-electrode entrapped with GOx, a
high rate constant (k) of 6.28 (+£0.05) s ' for fast DET and an apparent Michaelis-Menten
constant(Ky™") as low as 0.85(x0.03) mM for affinity to glucose were found. By taking advantage
of its excellent direct bioelectrocatalytic performances to glucose oxidation, a DET-based biosensor
for glucose detection ranging from 0-0.64 mM with a high sensitivity of 6.1 pA mM™ and a limit of
detection(LOD) of 1.07(= 0.03) uM (S/N=3) was proposed. Additionally, the promoted DET of
BOD immobilized on CNDs was also observed, and effectively catalyzed the reduction of oxygen
to water at the onset potential of +0.51 V (vs. Ag/AgCl). On the basis of the facilitated DET of
these two enzymes at CNDs-electrodes, a mediator-free DET-type glucose/air enzymatic biofuel
cell (BFC), in which CNDs-electrodes entrapped with GOx and BOD were employed for oxidizing
glucose at bioanode and reducing oxygen at biocathode, respectively, was successfully fabricated.
The constructed BFC displayed an open-circuit voltage (OCV) as high as 0.93 V and a maximum
power density of 40.8 pWem™ at 0.41 V. These important features of CNDs have implied to be
promising materials for immobilizing enzymes and efficient platforms for elaborating

bioelectrochemical devices such as biosensors and BFCs.
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INTRODUCTION

Achieving DET between redox enzymes and electrodes is of great importance to fabricate
advanced bioelectrochemical devices including biosensors, BFCs, bioreactors, and other
bioelectrocatalytic applications.l'5 DET not only allows one to avoid the problems related to the
utilization of extra reagents (redox mediators), such as limited stability, potential toxicity, and high
cost,’ but also offers relatively simple access for electrode architecture to miniaturize
bioelectrochemical devices. Furthermore, the utilization near the redox active site potential of the
enzyme itself with DET-based enzymatic electrode avails to improve power-output of BFCs
because the maximum cell voltage of BFCs is usually decreased by the use of redox mediators (for
thermodynamic reasons). However, DET in enzymes generally occurs via redox metal centers or
tunneling events,” and the efficient direct electrical communications between enzymes and
electrodes are not common phenomena and often hampered by some obstacles.®'*These obstacles
include unsuitable space orientation of enzymes to substrates, the proximity of active centers of
enzymes beyond the electron-tunneling distance, denaturation of enzymes resulted from the
adsorption,6'9 and electrode passivation,lo while enzyme moleculars are immobilized on
conventional bare electrodes.

Fortunately, chemically modified electrodes on which favorable functional materials, especially
nanostructured materials are modified, could display electron-mediating functions and provide
opportunities to facilitate the DET processes of redox enzymes, and therefore have been considered
as one of the most popular approaches.'' Various structured nanomaterials composed of metal

. 13-15
oxides,

and conducting polymers'® ' have appeared to facilitate DET reactions of enzymes,
which is may attributed to the fact that the quantum-confined nanostructured materials could
effectively reduce the electron-tunneling distance, and thus play an electron-relaying role in DET. '

To date, different carbon-based nanomaterials including carbon nanotubes (CNTs), carbon

nanofibers, carbon nanochips, and graphene oxide, have displayed the abilities to achieve DET of
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redox enzymes and shown to be ideal electrode materials for the DET-based bioelectrochemical
applications, since they possess high electrical conductivity, good biocompatibility, ease of

functionalization, and high surface-to-volume ratio. '*>*

However, significant challenges remain in
the development of new nanomaterials which perform not only as an immobilization support for
redox enzymes, but also as molecular wires to facilitate DET reactions for use in sensitive
enzymatic sensors, and BFCs with high energy conversion efficiency.

CNDs are very interesting newcomers to the world of carbonaceous nanomaterials and constitute
a fascinating class of nanocarbons which are comprise discrete, quasi-spherical nanoparticles.”'43
Currently, the immense research interests in CNDs are primarily driven by their excellent
photoluminescent properties and have shown their potential applications in a broad range of areas
such as optical sensing, bioimaging, and light energy conversion. ***' Typically, comparing with
other popular carbon-based nanomaterials including fullerenes, CNTs, and nanodiamonds, CNDs

3943 The discrete and

are easily available using different simple, fast, and cheap synthetic routes.
quasi-spherical structures make CNDs also possess huge specific surface area and strong adsorption
ability. % Furthermore, colloidal CNDs also display good biocompatibility, high electrical
conductivity, and excellent chemical stability.*** Obviously, it is reasonable to expect that CNDs
can be suitable for biocatalysts supports and electrochemical signal transduction. However, few
attention has been focused on the utilization of CNDs as supports for biological catalysts and signal
transduction for electrochemistry by taking advantages of their remarkable properties and potential
merits.***

Enzymatic electrochemical biosensors and BFCs are the areas where the efficient electrical
contact between electrodes and enzymes is critical.**” Glucose monitoring is an essential routine
analysis in clinical medicine, especially for patients suffering from diabetes. In enzyme-based

glucose biosensors, GOx is one of the most widely utilized enzymes in glucose biosensors partly

due to its high stability under normal conditions and its narrow substrate specificity towards
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glucose.* ™ GOx, a structurally rigid dimeric glycoprotein containing two tightly bound flavin
adenine dinucleotide (FAD) cofactors,'” catalytically oxidizes glucose to gluconolactone with the
aid of oxygen, accompanying the production of hydrogen peroxide and has been extensively used to
fabricate enzymatic glucose biosensors via detecting the liberated H,O, or consumed oxygen.
However, both the electrooxidation of H,O, and electroreduction of oxygen generally require high
overpotential (i.e., a more positive for electrooxidation or a more negative potential for
electroreduction) at conventional electrodes, which will severely affects the selectivity of the
glucose biosensors because some electroactive species normally coexisted in the biological samples
can also be oxidized or reduction at such potentials.'® Therefore, in view of the distinguished
advantages contributed from their natural simplicity and selectivity, DET-based glucose biosensors
in which no mediators, even oxygen are involved have attracted much extensive research efforts
and innovation motivations. In several studies on DET of GOx, a pair of well-defined redox peak
originated from the active center (FAD/FADH,) of GOx has been observed, however, the natural
mediator, oxygen is still needed to oxidize glucose, and therefore the mechanism for sensing
glucose relies on detecting the increased oxidation currents from produced H,O, or decreased
reduction currents from consumed oxygen, instead of detecting the currents originated from direct
oxidation of glucose.'"*'> Herein, a DET-type glucose biosensor without addition of any mediators
has been reported, by immobilizing GOx on the CNDs-modified electrode.

On the other hand, BFCs, energy-conversing devices from chemical energies to electrical
energies in which enzymes rather than noble metals are employed as catalysts, have been envisaged
as a novel type of clean, easy-miniaturing, and implantable power sources for powering biomedical
electronic devices such as cardiac pacemaker and insulin pump.'*>**¥32 Glucose has been widely
used as the fuel source in the construction of BFCs because glucose is ubiquitous and abundant in

most living organisms.* The glucose-based BFCs developed to date have used either GOx™ *° or

21,24

glucose dehydrogenase (GDH) as anodic biocatalyst to oxidize glucose, while BOD, laccase,
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and other blue copper oxidases have been utilized as cathodic biocatalysts to reduce oxygen.**>*

The majority of the designed glucose/oxygen BFCs is relied on the mediated electron transfer (MET)

of GOX to fabricate the bioanodes.***>>3

Contrarily, few glucose/oxygen BFCs based on DET of
GOx for direct bioelectrocatalytic oxidation of glucose have been developed. 2%~

In this study, CNDs are considered as excellent immobilization matrixes and efficient electron
carriers to facilitate DET of GOx and BOD, respectively. Based on the facilitated DET of these two
enzymes at CNDs-electrodes, a mediator-free third-generation glucose biosensor was fabricated via
the direct bioelectrocatalysis of GOx to glucose oxidation, and furthermore, a DET-type glucose/air
BFC was developed using GOx as anodic biocatalyst for glucose oxidation, and BOD as cathodic
biocatalyst for oxygen reduction, respectively. The performances and the potential applications of
the proposed mediator-free glucose biosensor and DET-type glucose/air BFC were investigated,

demonstrating that the constructed CNDs-based bioelectrodes have great potentials to elaborate

bioelectrochemical devices such as biosensors and BFCs.

EXPERIMENTAL SECTION

Materials and Chemicals. Glucose oxidase (GOx, EC 1.1.3.4, 191 U mg”, from Aspergillus
niger), and Bilirubin oxidase (BOD, E.C.1.3.3.5, from Myrothecium verrucaria) were purchased
from Fluka and used as received. B-D(+)-glucose and Nafion perfluorinated ionexchange (5 wt.%
solution in 90% light alcohol) were obtained from Sigma. All other chemicals were all obtained
from Sinopharm Chemicals Co., Ltd. (Shanghai, China). The reagents employed in this study are of
at least analytical purity and used as received. Prior to use, the stock solution of glucose was let to
equilibrate isomers for more than one day at 4°C. Unless stated otherwise, a 20 mM, pH 7.2
phosphate buffer was used as supporting electrolyte, and extensively purged with high-purity
nitrogen before experiments when necessary. Milli-Q water (>18.0 MQ) was used for the
preparation of solutions. CNDs were prepared with candle soot as starting material according to
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reported methods**

, and the details are provided in Supporting Information.

Electrode Preparation. In this study, the glassy carbon disc electrodes (GC) with diameters of 3
mm (CHI, Shanghai) were used as substrate electrodes to prepare different modified electrodes. In
the preparing process, Nafion solution (0.5%, w/w) was used as binders to spread on electrode
surface. CNDs-modified GC electrode (defined as CNDs/GC), GOx, BOD-modified CNDs/GC
electrode (defined as GOx-CNDs/GC, BOD-CNDs/GC, respectively) were prepared using
commonly used drop-cast method, and the details are provided in Supporting Information.

Apparatus. A CHI760D model potentiostat (CHI, Shanghai) combing a conventional
three-electrode system, in which a modified electrode, Ag/AgCl, and platinum wire were used as
the working electrode, reference electrode, and counter electrode, respectively, was employed for
electrochemical measurements. The electrochemical measurements were carried out at ambient
temperature and repeated at least three times. FT-IR 8400S spectrophotometer (Shimadu, Japan)
was used for IR spectra using KBr pellet samples. Morphological measurements of CNDs were
performed on S-4800 field emission scanning electron microscopy (SEM) (Hitachi, Japan), Hitachi
H-600 transmission electron microscopy (TEM) (Tokyo, Japan), and JEOL-2010F high-resolution
TEM (HRTEM) (JEOL, Japan) with an acceleration voltage of 200 KV, respectively. A PerkinElmer

2000 model FT-Ramam spectrometer (PerkinElmer, USA) was used for Raman spectra

characterization of CNDs.

RESULTS AND DISCUSSION

Physicochemical and Electrochemical Characterization of CNDs. Figure S1(Supporting
Information) displays the typical SEM (Figure S1A, B), and TEM (Figure S1C, D) images of the
prepared products, respectively. As shown in Figure S1A and B, the low and high magnification
SEM images of the resulting products indicate that they consist of a large amount of nanodots. The

corresponding low and high magnification TEM images (Figure S1C and D) reveal that they are
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nearly uniform spherical nanostructures with the diameters ranging from 50 to 60 nm. The prepared
CNDs are hydrophobic and insoluble in common solvents, and mainly contain elemental carbon
(elemental analysis: C 95.09%, H 1.55%, O (calculated) 3.36%). Two distinct bands at 1340 cm™
(D-band) and 1587 cm’ (G-band) are shown in the Raman spectra (Supporting Information, Figure
S2). In this case, the D-band generally originates from the A;, symmetry of disordered graphite and

55,56

indicates surface defects (e.g. distributed edge planes) are present at the surface of CNDs, and

the G-band is attributed to a zone-center mode of £», symmetry of single crystal graphite.”>¢
Figure S3 (Supporting Information) shows the cyclic voltammograms (CVs) recorded at
CNDs/GC (curve a) and bare GC electrode (curve b) in phosphate buffer saline containing 0.1 M
KCI. From this figure, we can see that the background voltammetric responses at CNDs/GC
electrode in the applied potential window are featureless, suggesting that the CNDs-electrode is
nearly polarizable electrode. The background charging current measured at +0.2 V was calculated to
be 141.0 uA cm™ for CNDs/GC and 14.3 A cm™ for bare GC electrode, respectively. Furthermore,
no obvious changes in charging currents were observed during the continuous scanning in the
applied potential range, suggesting that CNDs film is stable on the electrode surface. The
double-layer capacitances of CNDs/GC, and bare GC electrodes were found to be 287.2, and 14.4
uF ecm?, respectively, which were calculated form the slops of the plots of currents against scan
rates, as shown in Figure S4 (Supporting Information). The increased capacitance of CNDs/GC
electrode is attributed to the higher specific electrochemical active area of CNDs film coated on the
GC electrode. The electrochemical surface area of CNDs coated onto a GC electrode was
determined to be 0.62 cm?, which is greater than that of a bare GC electrode (0.28 cm?), or single
walled carbon nanotubes (SWNTs) modified GC electrode (0.46 cm?), determined with
Randles-Sevcik plots (Figure S5, Supporting Information) under identical conditions.

GOx Immobilization and Characterization. FT-IR spectroscopy could provide the information

on the conformation changes and secondary structure of polypeptide chains, and thus is generally
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employed for probing the structural variations of the native and immobilized enzymes.””® Typically,
these information could be displayed by the shapes and locations of FT-IR bands of enzymes
including amide I absorption band, which is located at 600-1700 cm™ and attributed to C=0O
stretching vibrations of the peptide linkage, and amide II absorption band, which is located at
1500-1600 cm™ and originated from the combination of N-H in-plane bending and C-N stretching
of the peptide groups.”® In this study, the structural features of GOx were investigated with FT-IR
spectroscopy after it was entrapped into CNDs film. As shown in Figure S6 (Supporting
Information), the native GOx molecules (curve a) display three distinct peaks located at 1657,
1543, and 1103 cm™, which correspond to the amide I absorption band , amide II absorption band,
and the C-O bond stretching vibration of GOx, respectively. ' After being adsorbed onto CNDs,
the absorption bands (curve c) of the amide I (1650 cm™) and II (1545 cm™) were almost as same as
those of native GOx (curve a). The slight shifts of amide I and II absorption bands may result from
hydrophobic interactions between GOx and CNDs.” It is generally accepted that the vanish of the
amide II band is responsible for the unfolding and denaturation of the immobilized enzymes.” In
this study, the existance of amide II absorption band demonstrates that GOx moleculars entrapped
into CNDs film retained their near native states, and the CNDs-Nafion composite film displays
good biocompatibility and strong affinity to GOx.

Electrochemical impedence spectroscopy (EIS) demonstrates that the charge-transfer resistance
of the GOx-CNDs/GC electrode is higher than that of CNDs/GC electrode, but lower than that of
GOx/GC electrode, suggesting that the presence of CNDs in the film enhances the transfer of
electrons and thus decreases the resistance of the GOx-Nafion film (Figure S7, Supporting
Information).

DET of GOx Immobilized in CNDs Film. The DET behaviors of GOx at GOx-CNDs/GC
electrode were investigated by cyclic voltammetry. Figure 1 shows the CVs of CNDs/GC (curve a),

GOx/GC (curve b) and GOx-CNDs/GC (curve c) electrodes performed in Nj-saturated phosphate
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buffer with a scan rate of 500 mV s'. As shown in this figure, a pair of distinct and almost
symmetric redox peaks was observed at the GOx-CNDs/GC electrode (curve c), which could be
originated from the electron transfer between GOx and underlying electrode. We also can see from
figure 1 that the anodic peak potential (E,,) and cathodic peak potential (E,) are -0.453 V and
-0.473V (vs. Ag/AgCl), respectively. The formal potential, E° is -0.463 V, which is good agreement
with previously published data for the FAD/FADH, redox center of GOx in a neutral solution.'*'*!”
Furthermore, the peak-to-peak separation, AE, (defined as AE,= Ep,-E,c) is ca. 20 mV and the ratio
of anodic peak current (/,,) and cathodic peak current (/,c), Ipa/Ipe, Was approximately 1, indicating
that GOx immobilized in the CNDs-Nafion film displays a quasi-reversible redox electrochemical
reaction. No obvious redox peaks were observed at the GOx/GC electrode (curve b), which is
maybe resulted from the unreasonable orientation or denaturation of GOx molecules at substrate
electrode, while GOx-CNDs/GC electrode could construct a biocompatible and conductive
microenvironment which promotes DET between GOx and GC electrode with the aid of the
entrapment of CNDs in the film. In order to achieve distinct voltammetric responses at the
GOx-CNDs/GC electrode, the total mass loading and the mass ratios of GOx, Nafion, and CNDs in
GOx-CNDs-Nafion composite system were optimized in control experiments (data not shown). The
experimental results demonstrated that a total loading of ca. 4.6 ng and the mass ratios (in pg) for

GOx, Nafion, and CNDs in GOx-CNDs-Nafion composite film of 2.0, 1.0, and 1.6, respectively, are

optimal.

4r b
a
<ol
4L

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2
E IV (vs. Ag/AgCl)
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Figure 1. CVs obtained at CNDs/GC (curve a), GOx/GC (curve b), and GOx-CNDs/GC (curve c)

electrodes in Np-saturated phosphate buffer. Scan rate, 500 mV s™.

After several continuous CV cycles in buffer, the redox peak currents of GOx-CNDs/GC
electrode arrived at steady state. In this study, all CV experiments at GOx-CNDs/GC electrode were
performed at their steady states. The CVs of GOx-CNDs/GC electrode in deoxygenated buffer with
different scan rates from 10 to 600 mVs" were collected. As shown in Figure S8A (Supporting
Information), when increasing scan rates, E,, and E,. did not display obvious changes, at the
meantime, the currents resulting from the DET of GOx were proportion to the increasements of
scan rates (Figure S8B), indicating that all electro-active GOx-FAD in the composite film is
electro-reduced to GOx-FADH; in forward scan and then reoxidized to GOx-FAD in backward scan.
Substantially, the consumed charges (Q, coulombs), which could be calculated by integrating the
area of anodic or cathodic peak in the CVs with subtracted background, were constant. And also,
the cathodic current, /,., and anodic current, /,,, were linearly dependent on scan rate, v, and the
slope ratio (Spc/Spa) from the c-v and I,-v plots was close to 1 (Figure S8B). These results
demonstrate that DET process of GOx immobilized in CNDs-Nafion film is a quasi-reversible and
surface-controlled thin-layer electrochemical reaction.'*'” >’

The average surface concentration of electroactive GOx (I ", mol cm™?) can be evaluated by the
charge integration, and the amount of electroactive GOx molecules in the GOx-CNDs-Nafion film
was found to be 4.08x10™" mol cm™ by the integration of the reduction peak of the GOx-CNDs/GC
electrode at 100 mV s”', which is almost as 2.8 times as the theoretical value for monolayer
coverage (1.89><10'11 mol cm'z),60 and also larger than that of GOx immobilized on gold
nanoparticles (9.8 x10™" mol cm'2),61 and CdS colloid (1.54><10'11 mol cm'z).62 This result suggests
that a few layers of GOx immobilized in the GOx-CNDs-Nafion film take part in the DET reaction.

The absolute surface concentration of GOx cast on the geometric area of the electrode was
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estimated to be 1.22x 107" mol cm™. Thus, the percentage of electroactive GOx for DET was
calculated to be 33.4 %, which is two times as high as the value (16.8%) reported for GOx
immobilized in Nafion/nanostructured TiO, film."* These results further confirm that the
CNDs-Nafion composite material provides favorable microenviroment for GOx moleculars and
well retain their native structure, as demonstrated with FT-IR spectroscopy.

The interfacial electron transfer rate constant (k) at GOx-CNDs/GC electrode can be derived by
Laviron equation for diffusionless CVs when the potential separation of redox peak is less than 200
mV.% In this study, the ks value was calculated to be 6.28 (+0.05) s, which is larger than the value
of 3.96 s for porous TiO,,'* 1.53 s for MWNTs modified electrode®, and 0.3 s for SWNTs
modified electrode®, revealing that the DET rate of immobilized GOx in CNDs-Nafion film is fast.

The influence of pH on the electrochemical behavior of the GOx-CNDs/GC electrode was also
studied. Figure S9A (Supporting Information) displays the CVs at GOx-CNDs/GC electrode in
electrolytic solution with various pH values ranging from pH 5.0 to 9.0, and it can be seen that the
redox potential of the GOx is pH-dependent. The slope for £°'-pH plot (Figure S9B) was estimated
to be about -42.1 mV/pH, which is near the theoretical value for two-proton transfer coupled
two-electron transfer reaction with the Nernst equation at 25°C,°® and well agrees with previously
reported data."”*'7* This suggests that the proton diffusion in DET reaction of GOx is fast, and two
protons (2H") and two electrons (2¢") are involved in this DET reaction.

The direct bioelectrocatalytic activity of immobilized GOx to the oxidation of glucose was
investigated and characterized by CVs at the GOx-CNDs/GC electrode in deoxygenated phosphate
buffer with a scan rate of 100 mV s '. As depicted in Figure 2, without the addition of glucose to
solution, a pair of well-defined and quasi-reversible redox peaks originated from the reversible
reaction of FAD/FADH; is observed. Once the addition of glucose, the shape of the CVs at
GOx-CNDs/GC electrode distinctly changed and an obvious increasing in the oxidation peak

current was found, at the meantime, the reduction peak current was decreased. We also can see from
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this figure that the more amount of glucose was added, the greater the oxidation current was
increased and the greater the reduction current was decreased. However, no corresponding
electrochemical signals from the control results were found at CNDs/GC and GOx/GC electrodes,
indicating that the catalytic process is resulted from the specific GOx-catalyzed reaction and that
glucose oxidation at GOx-CNDs/GC electrode is based on DET. These results further demonstrate
that the immobilized GOx moleculars are bioactive and still maintain their natural biocatalytic
activities toward their substrate, glucose, indicating that the CNDs-electrode entrapped with GOx
can be fabricated to be a glucose sensor or a bioanode to oxidize glucose in glucose-based BFC.
The electrocatalytic processes could be explained that GOx-FADH; produced at the enzymatic
electrode was firstly reduced by glucose, and subsequently, the obtained GOx-FADH, was
re-oxidized in cyclic catalytic reaction. When increasing the glucose concentration, more and more
GOx-FADH, was chemically oxidized, leading to the increasing of GOx-FADH, oxidation peak and
the decreasing of the GOx-FAD reduction peak. This result suggests that DET of GOx obtained at
CNDs-electrode can be effectively used for sensing glucose with no mediators involved. Obviously,
the present sensing system is not only totally different from those of the first-generation glucose
sensors, in which oxygen is needed and glucose detection relies on oxygen reduction in the presence
of GOx, but also different from those of the second-generation glucose sensors, in which a redox

relay is required to shuttle electrons between enzyme and electrode.'®"’

0.36 mM
20 [0-32mM

07 -06 -05 -04 -03 -02
E IV (vs. Ag/AgCl)

Figure 2. CVs of the GOx-CNDs/GC electrodes in Nj-saturated phosphate buffer containing
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different concentrations of glucose. Scan rate,100 mV s™.

To further investigate competive reactions of oxygen reduction and glucose oxidation via DET of
GOx, CV measurements of the GOx-CNDs/GC electrode were also conducted in air-saturated
solution with various concentrations of glucose (Figure S10, Supporting Information). Different
from the CVs obtained in N,-saturated solution, a large cathodic current is found at GOx-CNDs/GC
electrode in air-saturated solutions without glucose. However, the control experiments performed at
CNDs/GC electrode does not show distinct cathodic current, apparently indicating that the large
cathodic current observed at GOx-CNDs/GC electrode is attributed to oxygen reduction which is
electrochemically catalyzed by the reduced GOx (FADH;). When various concentrations of glucose
were added into the air-saturated solution, the reduction peak currents are dependent on glucose
concentrations and linearly decrease with the increasing of glucose concentration because the more
glucose was added, the more oxygen were consumed for the enzymatic reaction between GOx and
glucose. On the basis of the decreased electrocatalytic currents from the reduction of dissolved
oxygen, this electrocatalytic system can also be employed to sense glucose in biological system
containing oxygen.

Mediatorless Glucose Biosensor. Figure 3 displays the chronoamperometric i-t response of
GOx-CNDs/GC electrode to glucose poised at -0.463 V in a continuously stirring N-saturated
buffer solution. As shown in this figure, the electrode responded rapidly to the substrate, glucose
when glucose was added into the solution. The oxidation current increased rapidly within about 3 s
and then arrived at a stable current, reflecting the fast response of the present DET-based glucose
biosensor to glucose. As shown in Figure 3(inset, left panel), the oxidation currents display linear
dependence on the glucose concentrations between 0 to 0.64 mM with a linear correlation
coefficient(R) of 0.9984 (n =16). The limit of detection(LOD) for glucose detection was calculated

to be 1.07(£0.03) uM (S/N = 3), and a sensitivity for this DET-based GOx electrode was found to be
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as high as 6.1 pA mM™, which is greatly higher than 0.3 pA mM™ for GOx-porous TiO, electrode'.

10
3.0
2.5 |1/l = -0.05326+ 0.20972 1/c i
8L R =0.9901
< o2
= 215
i EIT)
12-0.04539 + 6.0773 ¢
6 R=0.9984 L
00 02 04 06 08 SURERTE L 2 4
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~
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Figure 3. Chronoamperometric i-t response of GOx-CNDs/GC electrode to glucose with various
concentrations in Nj-saturated phosphate buffer at -0.463 V. Inset: the corresponding calibration

plot (current versus concentration, left panel) and the plot of 1/l against 1/c (current” versus

concentration™, right panel).

As shown in the inset (left panel) of Figure 3, when the amount of added glucose is increased to a
certain concentration, a catalytic current plateau is discernable, displaying the well-known
Michaelis-Menten kinetic mechanism for enzyme-catalyzed reactions.”” The apparent
Michaelis-Menten constant (Ky™™) can be derived on the basis of the Lineweaver-Burk equation in
electrochemical format, 1//x=1/Inat K™ /(Imaxxc),®” where I, Inax, and c are the steady-state
catalytic current in the presence of glucose, the maximum current with saturated glucose, and the
glucose concentration in solution, respectively. The plot of 1// against 1/c is illustrated in Figure 3
(inset, right panel), and the value for K" was found to be as low as 0.85(+0.03) mM, which is
much lower than the value of 8.5 mM for GOx immobilized on carbon nanohorns,* 8.46 mM for

GOx immobilized on CNT,69 and 6.08 mM for GOx immobilized on Ti02.70 The low Ky value

15

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

suggests that GOx immobilized into the CNDs-Nafion film keeps its higher bioactivity and shows
better bioaffinity to glucose.

The storage stability of the GOx-CNDs/GC electrode was studied by monitoring the variation in
its current response to 0.2 mM glucose. After storing for two weeks at 4°C in refrigerator, the
current was decreased by about 3.2% in comparsion with initial current. The operation stability of
the GOx-CNDs/GC electrode was also studied based on the successive assay of 0.2 mM glucose for
11 times with one same electrode, and a satisfactory RSD value of 3.1 % for repeated measurements
(n=11) was observed. In this study, the reproducibility for different GOx-CNDs/GC electrodes was
also checked. Five electrodes, which were made independently, but with the same method used in
this study, were employed for measuring their current responses to 0.2 mM glucose, respectively,
and showed a satisfactory RSD value of 3.3%. We believe the stable immobilizing of GOx in
CNDs-Nafion film may be responsible for the good stability and reproducibility of GOx-CNDs/GC
bioelectrode.

The GOx-CNDs/GC electrode also exhibits excellent selectivity for glucose detection. The effect
of some interfering substances including ascorbic acid (AA), uric acid (UA), dopamine (DA), and
4-acetamidophenol (AP) on glucose determination was investigated. As depicted in Figure 4, in the
presence of interfering substances including 0.3 mM AA, 0.2 mM DA, 0.5 mM UA, and 0.5 mM AP,
the current for measuring 0.2 mM of glucose does not show obvious changes, whereas, an obvious
current response is observed again when 0.2 mM of glucose was subsequently introduced into the
solution. These results demonstrate that the commonly existed interferents show little interference
with glucose assay, indicating that the GOx-CNDs/GC electrode has potential application in real

samples for glucose detection.
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21 Figure 4. Amperogram response to 0.2 mM of glucose at -0.463 V in the presence of different

23 interferents including 0.2 mM DA, 0.3 mM AA, 0.5 mM UA, and 0.5 mM AP.

28 To further evaluate the applicability of the proposed glucose sensor, the present glucose biosensor
30 was employed for the glucose detection in human serum. The sample treatments and measurements
32 are shown in Supporting Information. As shown in Table S1(Supporting Information), the results
obtained with the proposed method show good agreements with the data provided by the hospital,
37 indicating that the proposed glucose biosensor has great potential for detecting glucose in clinical
39 samples.

41 DET-Type Glucose/Air BFC. As demonstrated above, direct bioelectrocatalytic oxidation of
glucose near the redox active potential of GOx can be successfully achieved at GOx-CNDs/GC
46 electrode via DET reaction, making it desired for increasing the open circuit voltage (OCV) of the
48 cell and suitable for a bioanode to construct DET-type BFC. In this study, GOx-CNDs/GC
50 enzymatic electrode was therefore used as the bioanode of glucose/air BFC.

52 BOD, one of blue copper oxidases, was selected for catalyzing the four electron reduction of
oxygen to water at biocathode because BOD can efficiently work as an electrode biocatalyst even

57 under neutral condition, while the optimum pH for most of copper-containing oxidases (e.g. laccase)

60 17
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is in the slightly acidic region.”””* The DET of BOD at a variety of electrodes fabricated with
carbon materials such as spectroscopic graphite, highly oriented pyrolytic graphite(HOPG), plastic

23,25,26,73-76 .
d. e In this

formed carbon, CNTs, carbon spheres, and porous carbonaceous has been reporte
study, the DET reaction of BOD on CNDs-modified film electrode was also investigated. Figure 5
displays the CVs recorded at BOD-CNDs/GC electrode in N, (curve a), air (curve b), oxygen (curve
c)-saturated phosphate buffer (pH 7.2). From Figure 5, we can see that the reduction currents are
dependent on the concentration of the BOD substrate, oxygen. However, no reduction currents were
observed at BOD/GC, and CNDs/GC electrodes under the same experimental conditions, as shown
in the control experiments (Figure S11, Supporting Information), suggesting that reduction currents
observed at BOD-CNDs/GC electrode are resulted from BOD-catalyzed oxygen reduction, and
CNDs therefore promoted DET reaction of BOD. We also can see from Figure 5 that the catalytic
current at BOD-CNDs/GC electrode commences at about + 510 mV (vs. Ag/AgCl), very
approaching to the redox active potential of the type I Cu site of BOD depicted in different
literatures. > %> 273 Thjs result further demonstrates that DET of the BOD is succesfully achieved
at CNDs-electrodes, suggesting that BOD-catalyzed O, reduction can be realized at a low

overpotential. Such a novel BOD-based enzymatic bioelectrode is envisaged as the new biocathode

of BFCs for oxygen reduction in neutral media.

0.0 0.2 0.4 0.6 0.8

Figure 5. CVs of BOD-CNDs/GC electrode under nitrogen (curve a), air (curve b), oxygen (curve
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c)-saturated phosphate buffer with a scan rate of ImV s, respectively.

Using GOx as biocatalyst for direct bioelectrocatalytic oxidation of glucose, while BOD as
biocatalyst for direct bioelectrocatalytic reduction of oxygen, a direct bioelectrocatalysis-based
mediator-free glucose/air BFC (scheme 1) was successfully developed. In this cell, dissolved O,
intercepts the glucose oxidation-derived electrons from the bioanode, and it should react with the
cathodic enzyme (BOD) and be reduced to water under normal circumstances.’’ As a result,
electron flow from the bioanode to the biocathode is lower and power density will therefore be
decreased compared to BFCs with two compartments separated by a membrane.®’ In this study, to
hinder this phenomenon, a semi-permeable membrane was used to separate the anode and cathode

compartments.

membrane
1

- Gluconolactone 0,

Glucose H,O

1

1

1

: -
Ox ' BOD/

. :

1

1

]

1

1

1

Scheme 1. Illustration of the fabricated DET-type glucose/air BFC.

Figure 6 shows two curves describing the dependence of both open circuit voltage (OCV, black
dots) and power density (P, blue dots) on current density (j) of the fabricated CNDs-based
glucose/air BFC. As shown in this figure, the OCV for this BFC is as high as ca. 0.93 V and the
density of power arrives at 40.8 pW cm™ at 0.41 V. These performances of the present DET-type
glucose/air BFC made with CNDs are quite comparable and even better than those provided in
literatures for DET-type glucose/O, BFC. (Table S2, Supporting Information). The stability of the
present BFC was checked by measuring its power loss when it continuously worked in a

air-saturated quiescent buffer containing 4 mM glucose coupling with 1 MQ resistance loaded on

19
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the cell. After operating for 24h, the power of the BFC lost about 7.1 %, and 37.4% after a duration

of 7-day continuous work. However, the OCV of the BFC remained unchanged during the duration.
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Figure 6. Polarization curve (black dots) and the dependence of power density of the assembled
DET-based glucose/air BFC on current density (blue dots) in quiescent phosphate-buffered solution

containing 4 mM glucose under air-saturated atmosphere.

Conclusions

A novel carbon material, CND, was synthesized, characterized, and used to immobilize GOx and
BOD for DET reactions. The CNDs-based nanostructured electrode provides three-deimensional
scaffolds for enzyme immobilization, within which enzymes themselves can act as
three-dimensional conducting pathways and CNDs function as electron-relays. The electrochemical
behaviours of GOx and BOD immobilized on CNDs were investigated systematically. Taking
advantage of the efficient DET-based bioelectrodes, a third-generation glucose sensor was built with
a facile approach and displayed satisfactory sensing performances, and a DET-type glucose/air BFC
was also fabricated combining GOx-CNDs/GC bioanode for directly oxidizing glucose, and
BOD-CNDs/GC biocathode for reducing oxygen. Conclusionally, the present studies demonstrate

that CNDs can be envisaged as promising materials for entrapping enzymes and electrochemical
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transducer in biosensors and BFCs.
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