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ARTICLE INFO ABSTRACT

Keywords: Layer-by-layer chitosan-decorated pristine graphene on screen-printed electrodes was achieved by one-step
Pristine graphene electrodeposition method and an enzyme-free hydrogen peroxide electrochemical biosensor was fabricated for
Chitosan

its application. Negatively charged pristine graphene absorbed with positively charged chitosan by electrostatic
interactions was electrodeposited on the electrodes. The successful immobilization of pristine graphene was
confirmed by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS) and electrochemical characterizations. The graphene-
chitosan volume ratio and cyclic voltammetry scan cycles during the electrodeposition process were optimized.
The resulting hydrogen peroxide biosensors showed a 178 times improved sensitivity and exhibited two wide
linear detection ranges from 20 uM to 20 mM and from 20 mM to 60 mM. The biosensors also showed a good
reproducibility, stability, selectivity and could be used in real samples detection. The superior electrochemical
performance of graphene-chitosan was attributed to the preservation of excellent properties of pristine graphene,
and the formation of layer-by-layer structure with high surface area. The proposed strategy of direct im-
mobilization of pristine graphene can be extended for the immobilization of other nanomaterials and biomo-

Co-electrodeposition
Hydrogen peroxide biosensor
Screen-printed electrodes

lecules.

1. Introduction

Graphene, one-atom-thick two-dimensional honeycomb crystal lat-
tice of carbon atoms with an sp? hybridized structure [1], has been
widely used in the fields of electrochemistry, biosensors, fuel cell, su-
percapacitors and so on, due to its ease of functionalization, fast elec-
tron transfer capabilities, large specific surface area, excellent electrical
and thermal conductivities. Pristine graphene possesses uniform pi-
electron distribution and few defect, showing high conductivity, ex-
cellent electron transfer and strong adsorption capacity, thus proved
itself a good catalyst support [2]. However, it is difficult to uniformly
and effectively immobilize graphene because graphene sheets tend to
restack together due to van der Waals [3-5] and strong m-it interaction,
thus forming a densely packed layered structure, accompanied by the
loss of many unique properties.

The most common technique to immobilize graphene is via the
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oxidation of graphite to yield graphene oxide (GO) suspension, fol-
lowed by the reduction of GO to obtain reduced graphene oxide (RGO)
through chemical [6], thermal [7] or electrochemical [8] reduction
method, and the immobilization of RGO was achieved at the same time.
Nevertheless, the unique properties of pristine graphene could not fully
restore after the reduction due to the retention of oxidation in RGO [9],
although intrinsic defect and electrical insulation of GO have been
improved by the reduction to some extent [10]. The conductivity of
reduced GO monolayers is approximately 3 orders of magnitude lower
than pristine graphene [10]. Hence the effective immobilization
method of pristine graphene with preservation of its intrinsic extra-
ordinary conductivity is of great demand.

Chitosan (CS) is a polysaccharide widely used as the matrix for
entrapment of biomolecules and nanomaterials due to its excellent film
forming ability [11], good adhesion, nontoxicity and biocompatibility.
When protonated in slightly acidic solution and positively charged with
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Scheme 1. Schematic illustration of pristine graphene immobilization procedure via one-step cyclic voltammetry electrodeposition method.

-NH3* groups, chitosan can adhere to negatively charged materials
[12] to prevent the aggregation [13] and immobilize them onto the
surface of the electrodes. Therefore, a variety of researches [14-16]
have integrated chitosan with such materials for the fabrication of
electrochemical biosensors to improve biosensor characteristics. How-
ever, in these applications, chitosan-containing mixed solution was
casting or dropping onto the electrode surfaces. Thus, the thickness of
the hybrid film was hardly controllable, leading to a loss of active
surface area [17], and the reproducibility of the sensors could not be
guaranteed. The electrodeposition method for sensor fabrication has
been proved to be an effective solution for such problem as reported
previously [18,19].

Compared with traditional fabrication techniques, electrodeposition
method has the advantage of convenient operation, reproducibility and
controllable thickness of obtained films by altering electrochemical
experiment conditions. When the pH does not exceed pK, of 6.3, many
amino groups of CS are protonated, and CS is soluble. Successful elec-
trodeposition of the CS sol-gel film has been achieved through H*
consuming at the cathode, thus locally pH gradient established and the
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solubility of CS decreased, eventually resulting in a reproducible and
stable CS film on the electrodes [18,20]. Other materials such as carbon
nanotubes [21] and Pt nanoparticles [22] can also be immobilized onto
the electrode along with CS films during the electrodeposition at the
same time. However, studies about one-step co-electrodeposition of
pristine graphene nanoplates and chitosan by CV method has not been
explored thus far.

Screen-printed electrodes have been extensively used for biosensors
owing to its properties, such as low cost, reproducibility, portability and
mass production [23-25]. Here, a low-cost, facile and effective method
for the direct immobilization of pristine graphene nanoplates on screen-
printed electrodes has been proposed for the first time via one-step co-
electrodeposition in the graphene and chitosan mixed solution, as de-
picted in Scheme 1. In order to explore the electrochemical sensor ap-
plications of the graphene-chitosan, enzyme-free hydrogen peroxide
biosensor was fabricated. The presence of pristine graphene nanoplates
provide the excellent catalytic activity for hydrogen peroxide, and po-
sitively charged chitosan acts as effective cross-linkage to immobilize
negatively charged pristine graphene nanoplates via electrostatic
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Fig. 1. SEM images of blank SPE (a) and graphene-chitosan/SPE (b).

interactions. Co-electrodeposition conditions of graphene-chitosan hy-
brid film have been optimized to evaluate their influence on the per-
formance of the electrodes. The resulting graphene-chitosan demon-
strates excellent catalysis performance towards H,O, with a wide linear
range and a low detection limit.

2. Experimental
2.1. Apparatus

The morphologies and structures of the modified screen-printed
electrodes were characterized using a field emission scanning electron
microscope (FESEM, Hitachi SU8010). The Raman spectra were mea-
sured using a LabRAM HR Evolution spectrometer (Horiba Jobin Yvon)
with an excitation wavelength of 532 nm in 400-3000 cm ~ ! region at
room temperature. FTIR was obtained using a Nicolet iS 10 FTIR
Infrared Microscopy (Thermo Fisher Scientific, U.S.A) with an wave-
length of 350-7800 cm ™ 1. The XPS spectra of the electrodes were ob-
tained by VG ESCALAB MARK II spectrometer with the energy resolu-
tion at 0.8 eV. All electrochemical experiments were performed using
an electrochemical workstation (uAutolab III, Metrohm, Switzerland)
on a typical three-electrode system. Screen-printed electrodes (SPEs)
were composed of an Ag/AgCl pseudo-reference electrode, a carbon
paste counter electrode, and a carbon paste electrode as the working
electrode (@ = 3 mm). The distance between the center of working
electrode and the inner edge of reference electrode or counter electrode
is 3mm.
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2.2. Reagents

Pet ink 9000 series (9045, deep blue) and Jelcon CH-8 (MOD 2)
carbon ink were obtained from Jujo Chemical Co., Ltd. (Tokyo, Japan).
Silver paste (DD-1) was purchase from Guangzhou Saidi Technology
Development Co., Ltd. Silver chloride paste (CNC-01) was obtained
from Yingman Nano Technology Jiangsu Co., Ltd. Pristine graphene
nanoplates (XF022-1, lateral size 1-3 pm, thickness 1-5nm, con-
ductivity 500-1000 S/cm) were purchased from Nanjing XFNANO
Materials Tech Co. Ltd. (Nanjing, China). N-Methyl pyrrolidone (NMP)
were obtained from Aladdin Ltd. (Shanghai, China). Chitosan, acetic
acid and hydrogen peroxide 30% aqueous solution were obtained from
Sinopharm Chemical Reagent Co., Ltd. Bovine serum was purchased
from Hangzhou Qizhenhu Bioscience Co., Ltd. All chemicals are of
analytical grade. Deionized-ultrafiltered (18 MQ/cm) water was used
for rinsing and the solvent.

2.3. Preparation of graphene-chitosan mixed solution

20 mg graphene nanoplates were dispersed in 4 mL N-Methyl pyr-
rolidone (NMP) with utra-sonication for 30 min. After centrifugation at
1000 rmp for 4 min, the supernatant was obtained. 1% chitosan solu-
tion was prepared by dissolving 1.0 g chitosan in 100 mL 1% acetic acid
solution with stirring at 80 °C for 30 min 2 mL graphene nanoplates
dispersion and four different volumes of chitosan solution were mixed
for subsequent electrochemical experiments.

2.4. One-step synthesis of graphene-chitosan/SPE

Prior to the electrode modification, the screen-printed electrodes
were treated by cyclic voltammetry (CV) with potential window from
— 0.4-0.6 V at a scan rate of 50 mV/s in 1.0 M sulfuric acid (H,SO,) for
10 cycles and rinsed with deionized ultrafiltered water. Afterwards
graphene-chitosan hybrid film was electrodeposited on the screen-
printed electrodes with potential window from — 1.5-0.6V at a scan
rate of 50 mV/s in the graphene-chitosan mixed solution and denoted as
graphene-CS/SPE. The whole process of graphene-chitosan/SPE fabri-
cation was described in Scheme 1.

2.5. Optimization of the fabrication conditions for graphene-chitosan/SPE

Different graphene-chitosan ratio and several CV cycles were used
to evaluate their influence on the performance of the electrodes and the
optimal fabrication conditions for graphene-chitosan was found. For
comparison, graphene nanoplates dispersion only and chitosan solution
only were also prepared to be electrodeposited on SPE, denoted as
graphene/SPE and CS/SPE respectively, and applied in the subsequent
experiments.

2.6. Engyme-free determination of hydrogen peroxide

Enzyme-free determination of hydrogen peroxide was carried out by
performing chronoamperometry experiments in a 0.01 M phosphate-
buffered saline (PBS) solution (pH 7.0) at room temperature unless
otherwise specified. After an initial background stabilization period of
600s, the amperometric experiments were performed by dropping
20 uL 1 M hydrogen peroxide solution into 25 mL PBS every 50s.

3. Results and discussion
3.1. Characterizations of graphene-chitosan

Fig. 1 illustrates the SEM images of bare SPE and graphene-CS/SPE.
Fig. 1b confirms the surface modification of graphene and chitosan on

SPE, revealing the typical morphology of pristine graphene nanoplates
and uniform chitosan coated surface morphology, similar to previous
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Fig. 2. (a) FTIR spectra of chitosan, graphene and as-prepared graphene-chitosan. (b) Raman spectra of bare SPE, graphene and as-prepared graphene-chitosan/SPE.
(c) XPS full scan spectra of chitosan, graphene and as-prepared graphene-chitosan/SPE. (d) XPS Cls spectrum of as-prepared graphene-chitosan.

reports [15,19,20]. As identified with the white arrow in Fig. 1b, the co-
electrodeposited graphene nanoplates are embedded in chitosan and
layer-by-layer structure formed. CS is protonated in acetic acid and
positively charged with -NH; " groups in the solution. When mixed with
CS solution, negatively charged graphene nanoplates interacted with
positively charged CS due to electrostatic attractions and co-electro-
deposited onto SPE. In contrast, SEM image of the blank screen-printed
electrodes as shown in Fig. 1a reveals that the electrode was merely
typical morphology assembled by graphite particles of different sizes.
These observations indicate that the direct immobilization of pristine
graphene on SPE could be fulfilled through one-step electrodeposition
in the presence of chitosan.

The successful synthesis of graphene-chitosan was also validated by
FTIR spectroscopy, identifying the functional groups and structural
changes. Fig. 2a displays the FTIR spectra of pristine graphene nano-
plates, chitosan and graphene-CS hybrid film. For pristine graphene
nanoplates spectrum, the peak centered at 1630 cm ! is assigned to
C=C bonds [26], corresponding to skeletal vibrations of unoxidized
graphite domains [27]. Two distinct peaks centered at 1654 cm ™! and
1597 cm ! are observed at chitosan spectrum, attributed to the C=O
stretching vibration of -NHCO- and the N-H bending vibrations of -NH,,
respectively [28]. The graphene-CS spectrum clearly demonstrates a
combination of characteristic peaks corresponding to both graphene
and chitosan, including the peak centered at 1655 cm ~ ! due to the C=O
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stretching vibration from chitosan, and the peak located at 1629 cm ™!

owing to unoxidized graphitic skeletal vibrations from graphene [27].
The peak centered at 1597 cm ™! in the spectrum of chitosan shifted to
1578 cm ™! in the graphene-CS spectrum, suggesting the interactions
newly formed between graphene and chitosan. The above results
clearly indicate that graphene and chitosan have both functionalized on
the electrodes.

The quality of the electrodeposited graphene-chitosan hybrid film
was determined by Raman spectra analysis. Fig. 2b demonstrates the
Raman spectra for SPE, graphene and as-prepared graphene-CS/SPE.
Pristine graphene nanoplates shows the prominent peaks for D band
(1345cm™ 1), G band (1569 cm™') and 2D band (2681 cm ™). The G
band corresponds to the ordered in-plane sp? bonded carbon vibration,
while D band from the first-order scattering by zone-boundary phonons
is related to sp®>-hybridized carbon, indicating defects or disordered
structures [29]. The obtained graphene-CS/SPE exhibited a similar
Raman spectrum as graphene nanoplates with D band at 1349 cm ™!, G
band shifted to 1581 cm ™' and 2D band shifted to 2697 cm™?, sug-
gesting that the main structure of graphene nanoplates maintained in
the hybrid film. However, the increased Raman intensity ratio (Ip/Ig) of
graphene-CS indicates that changes in the hybridized carbon from sp? to
sp® has already occurred as a consequence of coupling between pristine
graphene nanoplates and chitosan via electrostatic interactions. This
also may result from the formation of edge defects in the pristine
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0.01 M PBS with stirring. The inset is the magnification of current response of
bare SPE. (c) Calibration curves for H,O, concentration determination at bare
SPE (in blue) and graphene-CS/SPE (in red). The inset is the magnification of
the calibration curve of bare SPE. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.).
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graphene nanoplates during as-prepared dispersion and electrodeposi-
tion process. Full Raman spectra analysis results are shown in Table S1.

XPS analysis was broadly employed to explore the surface chemistry
information such as identification of elements and analysis of chemical
state. The C/O molar ratio of graphene, chitosan and graphene-CS
calculated from the relative peak areas, was found to be 1:0.14, 1:0.45,
1:0.28 respectively, as shown in the full-scan XPS spectrum (Fig. 2c),
confirming the successful combination of graphene and chitosan. In
addition, the C/O molar ratio of bare SPE calculated from its full scan
spectrum (Fig. S1) was determined to be 1:0.23 and an obvious peak of
F1s existed which disappeared in graphene-CS/SPE, suggesting that a
modification layer have been indeed synthetized on the SPE. The Cls
spectrum of graphene-chitosan shown in Fig. 2d was deconvoluted into
five Lorentzian-Gaussian peaks of 20:80 ratio, with the binding energy
located at 284.4, 285.8, 286.5, 287.3 and 288.5 eV, assigned to C-C, C-
N, C-0-C, C=0/0-C-O and O-C-O, respectively [30-32]. The C-N che-
mical bonds at 285.8 eV confirms the strong interactions between
carbon and nitrogen bonds, attributed to chitosan (Fig. S2), suggesting
the successful electrodeposition of chitosan. For pristine graphene na-
noplates, the Cls core level spectrum (Fig. S3) displayed the peak at
284.5 eV, corresponding to the sp>-hybridized graphitic carbon atoms
arranged in the conjugated honeycomb lattice [33]. This peak is also
dominant in graphene-CS with a slight shift of 0.1 eV, indicating that
the majority of the carbon atoms remained the structures as in the
pristine graphene nanoplates and a slight combination with chitosan.
The relative area of the O-C=O peak increased to some extent after co-
electrodeposition, indicating that the edge of pristine graphene nano-
plates was carboxylated to some degree and could provide active sites
for subsequent modification, consistent with the analysis results of
Raman spectra. The presence of chitosan and graphene on the modified
electrodes was clearly confirmed by the above analysis results, sug-
gesting that the successful immobilization of pristine graphene nano-
plates was achieved by one step electrodeposition method in the pre-
sence of chitosan.

3.2. Electrochemical behaviors of graphene-chitosan/SPE

CS is protonated and positively charged in 1% acetic acid. During
the electrodeposition growth procedure as shown in Fig. S4, local pH
gradient established and solubility of CS decreased, resulting in a re-
producible and stable CS film on the electrodes. Fig. S4 demonstrates
the fabrication curves of the modified electrodes through cyclic vol-
tammetry method. Fig. S4 shows the cyclic voltammograms of SPEs in
graphene-chitosan mixed solution (2mL graphene and 1.5mL 1%
chitosan), 1% chitosan solution and as-prepared graphene nanoplates
dispersion at a scan rate of 50 mV/s. No peaks are observed for gra-
phene and the background current for graphene is quite small, in-
dicating that graphene alone could be hardly electrodeposited on the
electrodes. While a reduction peak at around — 0.80 V appears on other
curves, indicating the formation of chitosan film. At the applied po-
tential, H* in the solution is reduced to H,, leading to an increased pH
value near the electrode surface. When the pH exceeds pKa of 6.3,
chitosan becomes insoluble and chitosan film forms. Moreover, the
background current of graphene-CS is much higher than that of gra-
phene, ascribed to the presence of chitosan, indicating that the addition
of chitosan remarkably improves the adsorption and entrapment of the
graphene nanoplates upon the electrode. The background current of
graphene-chitosan is also higher than that of chitosan only, showing
that the addition of graphene enhances the electroactivity of mixed
solution. All in all, the synergistic effect of graphene and chitosan
greatly promotes the electrodeposition of the graphene-chitosan film.

The electrochemical behaviors of the graphene-CS/SPE was in-
vestigated by cyclic voltammetry (CV) in 10mM [Fe(CN)e]>/* with
0.1 M KCl, as shown in Fig. 3a. For graphene-CS/SPE (in red), a pair of
well-defined redox peaks of [Fe(CN)e]>”* was observed at 363 and
151 mV. The peak-to-peak separations (AE,) were 525, 415, 355 and
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212 mV for bare SPE (in blue), graphene/SPE (in orange), CS/SPE (in
green) and graphene-CS/SPE (in red), respectively, suggesting the fairly
fast electron transfer at the graphene-CS/SPE. The peak current at the
graphene/SPE is higher than bare SPE, which was attributed to ex-
cellent conductivity of pristine graphene although the amount of pris-
tine graphene immobilized on the SPE was hardly realized from Fig. S4.
The enhanced electron transfer at CS/SPE can be ascribed to the in-
troduction of CS via electrodeposition. The strong electrostatic inter-
actions between positively charged CS and negatively charged [Fe
(CN)6I®"* lead to the improved electrochemical performance at CS/
SPE, which is in accordance with previous reports [19,20]. The fairly
enhanced fast electron transfer at the graphene-CS/SPE is attributed to
the synergistic effect between graphene and chitosan. The distinct in-
crease in peak current for graphene-CS/SPE compared to that of CS/SPE
also indicates that pristine graphene was successfully immobilized with
the CS films via electrodeposition and the electrochemical performance
was improved.

The electroactive surface area of electrode could be estimated ac-
cording the Randles-Sevcik equation:

I, = 2.69X10° x n*2ACv'/2p'/2

where I, corresponds to the peak current, n is the number of electron
participating in the reaction (n = 1), A represents the area of electrode,
C relates to the concentration of the probe molecule in the solution
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(10 mM), v relates to the scan rate (50 mV/s) and D is the diffusion
coefficient. The value of A can be calculated according the above
equation. The obtained value of electroactive surface area for graphene-
CS/SPE was about 1.393, 1.260 and 1.258 times larger than those of the
SPE, graphene/SPE and CS/SPE respectively, attributed to the layer-by-
layer structure formed at the graphene-CS/SPE. Hence, the above re-
sults clearly show that the modification of graphene-chitosan hybrid
film via one-step electrodeposition method is a more adequate mediator
to transfer electron and enhance electro-catalytic current.

3.3. Improvement of the detection performance of graphene-chitosan for
H30;

In order to explore the electrochemical sensor applications of the
graphene-chitosan, enzyme-free hydrogen peroxide biosensor was fab-
ricated. H,O, was electrochemical oxidized at the surface of graphene-
CS/SPE surface and the oxidation current was detected. The improved
performance of graphene-CS for H,O, detection was examined by the
amperometric response comparision between the graphene-CS/SPE and
bare SPE as displayed in Fig. 3b. The graphene-CS/SPE was carried out
by CV with potential window from — 1.5-0.6 V at a scan rate of 50 mV/
s for 7 cycles in 2mL graphene and 1mL chitosan mixed solution.
Fig. 3b shows the typical current-time response for successive addition
curve and Fig. 3c displays the corresponding calibration curve of H>O,
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for bare SPE (in blue) and graphene-CS/SPE (in red) at an applied
potential of 0.6 V respectively. The abnormal current jumping in Fig. 3b
caused by H,0, addition and the response current reached equilibrium
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afterwards. The bare SPE showed a slow increase upon the addition of
H,0,, with a response time more than 10s, a sensitivity of
0.036 y)AmM ™! em ™2 and a narrow range about 10 mM. The graphene-
CS/SPE showed a much higher sensitivity of 1.87 pAmM ™! em ™2, ap-
proximately 52 times larger than that of bare SPE. In addition, the
graphene-CS/SPE exhibited a wider linear range up to 22 mM with a
shorter response time less than 3s. The modification of graphene-
chitosan through co-electrodeposition in this work significantly im-
proved the performance of the electrodes for H;O, determination.

3.4. Optimization of the fabrication conditions of graphene-chitosan/SPE

Electroactivity of the graphene-chitosan film is largely related to the
amount of graphene nanoplates co-electrodeposited with chitosan and
the thickness of the graphene-CS film. Therefore, in order to obtain
optimal sensitivity and linearity for H,O, detection, the volume ratio of
graphene nanoplates dispersion and chitosan solution and CV scan cy-
cles during the deposition process were investigated. The abnormal
current jumping in Figs. 4a and 4c caused by H,0, addition and the
response current reached equilibrium within 3s. As displayed in
Figs. 4a and 4b, the current response increased with increasing the
volume of chitosan solution from 0.5 to 1.5 mL to achieve a maximum
at 1.5mL and remained thereafter (the volume of graphene nanoplates
dispersion fixed at 2.0 mL). The phenomenon might be attributed to the
fact that the electrostatic interactions between positively charged
chitosan and negatively charged graphene nanoplates changed along
with the different volume ratio of graphene nanoplates dispersion and
chitosan solution, resulting in the different amount of graphene nano-
plates encapsulated onto the electrodes during co-electrodeposition.
When the volume of chitosan increased from 0.5 to 1.5 mL, the amount
of graphene nanoplates encapsulated onto the electrodes increased,
leading to a larger surface area, and thus the electrocatalytic activity of
the graphene-CS to H,0, greatly improved and an increase in current
response. While chitosan increased continuously, the amount of gra-
phene nanoplates absorbed to chitosan by electrostatic interactions was
saturated and the redundant graphene nanoplates might aggregate due
to strong st~ interaction, resulting in a slight decrease in the amount of
graphene nanoplates encapsulated onto the electrodes, showing as a
slight decrease in current response. Thus, with respect to sensitivity, the
optimal graphene-chitosan solution volume ratio was 4:3 (2mL:
1.5mL) and used for thereafter experiments.

The effect of numbers of CV scan cycles upon H,0, determination
during graphene-chitosan electrodeposition process has also been
evaluated as shown in Figs. 4c and 4d. The current response increased
largely with increasing the number of scan cycles from 4 to 10, reached
the maximum at 10 cycles and decreased thereafter. The reason of the
phenomenon might be that the amount of graphene nanoplates and
chitosan electrodeposited onto the electrodes increased with an in-
crease of the number of scan cycles, enhancing the catalytic activity for
H,0, reduction. When the number of scan cycles increased to 15 cycles,
the current response decreased, probably owing to the obtained gra-
phene-CS film getting much more compact, hindering the solution
diffusion and electron transfer. Therefore, 10 CV scan cycles were se-
lected as the optimal electrodeposition conditions for further research.

3.5. Electrochemical performance of graphene-CS/SPE towards hydrogen
peroxide

Electrocatalytic performance of the graphene-CS/SPE towards hy-
drogen peroxide has been investigated in Fig. 5. The typical time-cur-
rent response of the graphene-CS/SPE to the successive additions of
H>0, in 0.01 M stirring PBS solution under the applied potential of
0.6 V was demonstrated in Fig. 5a. As can be seen, the response current
increased with each injection of H,O5 and achieved 95% of the steady-
state current in less than 3s. The inset of Fig. 5a demonstrates the
amperometric response for low H,O, concentration detection.
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Fig. 5b displays the corresponding calibration curve for a series of 4
electrodes (mean = standard deviation) with good reproducibility. As
can be seen, the sensor exhibited two linear dynamic ranges from 20 uM
to 20mM (R® = 0.9912) and 20-60mM (R®> = 0.9809), and the de-
tection limit is estimated to be 5uM at a signal-to-noise of 3. In addi-
tion, the linear equations were i= 0.2076 + 0.5041 C and
i =54004 + 02123 C (i in pA, C in mM), with the sensitivity of
6.42pAmM ™! cm ™2 and 2.86 pPAmM ™! cm ™2, approximately 178 and
79 times larger than that of bare SPE respectively. The phenomenon of
two linear range for H,O, determination is owing to the adsorption
process on the surface of graphene-CS/SPE as reported previously [34].

3.6. Stability, interference study and real sample analysis

The stability of the graphene-CS/SPE was investigated. After stored
at room temperature (25 °C) for 6 days (n = 3), the modified electrode
still remained 97.9% (RSD = 3.06%) of its original response to 1 mM
H,0,, indicating that the constructed H,O, sensor exhibited good sta-
bility.

The influence of common electrochemical interferents to H,0,
current response was also determined. Fig. 6 demonstrates the current
response of H,O, (1 mM) in the presence of ascorbic acid (AA) (25 uM),
uric acid (UA) (25 uM), lactate (0.1 mM) and glucose (1 mM) in 0.01 M
PBS at an applied potential of 0.6 V. The current increased by the ad-
dition of these interferents could be negligible. When 1 mM H,0, added
again, the current response still increased proportionally even with
such interferents, suggesting a good anti-interference ability and a high
selectivity of the proposed biosensors for HyO,. These may be owing to
the good film forming ability of CS, preventing the interferents from the
surface of the biosensors.

Real sample analysis of the fabricated graphene-CS/SPE was con-
ducted in the diluted bovine serum. The volume ratio of bovine serum
and 0.01 M PBS was 1:1. Table S2 demonstrates the values obtained
from the recovery experiment. The recovery values are in the range of
85.3-109.9% with the RSD % values from 2.2 to 5.3 in the diluted
bovine serum. The results indicate that the proposed graphene-CS/SPE
can be used for H,O, determination in real samples.

Various non-enzymatic hydrogen peroxide sensors with graphene-
based metal-free electrocatalysts reported previously have been sum-
marized in Table S3 with respect to the applied potential, linear range,
detection limit and sensitivity. It can be seen that the graphene-CS/SPE
exhibited extremely broader detection range than that based on other
metal-free electrocatalysts, with two wide linear detection ranges from
20puM to 20mM and 20-60 mM respectively, showing a high re-
producibility. The superior performance of the sensors may due to ex-
cellent electrocatalytic activity for hydrogen peroxide provided by
high-quality pristine graphene. Moreover, the introduction of chitosan
enabled the successful immobilization of pristine graphene onto elec-
trodes through the electrostatic interaction between them. In addition,
the co-electrodeposition of graphene nanoplates and chitosan resulted
in the layer-by-layer structure and a high surface area.

4. Conclusions

In summary, a facile and effective route to directly immobilize ne-
gatively charged pristine graphene nanoplates on SPE was proposed
and its electrochemical behaviors towards H,O» were also investigated.
Due to CS excellent film forming ability and positively charged property
after protonation, CS was used to immobilize graphene nanoplates onto
SPE. The co-electrodeposited graphene-CS hybrid film formed layer-by-
layer structure and the successful immobilization was confirmed by
several characterizations. The volume ratio of graphene nanoplates
dispersion and chitosan solution and CV scan cycles were optimized.
The synergistic effect of graphene and CS promotes electrochemical
detection of H,0, over wide linear range with a low limit of detection.
The obtained H,O, biosensor can provide promising platforms for the
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development of other biosensors and the strategy proposed in this work
for direct immobilization of pristine graphene on electrodes could be
extended for the immobilization of other nanomaterials and biomole-
cules.
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