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Multilayer films containing graphene (Gr) and chitosan (CS) were prepared on glassy carbon electrodes
with layer-by-layer (LBL) assembly technique. After being characterized with cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM), the electro-
chemical sensor based on the resulted films was developed to simultaneously determine dopamine (DA)
and uric acid (UA). The LBL assembled electrode showed excellent electrocatalytic activity towards the
oxidation of DA and UA. In addition, the self-assembly electrode possessed an excellent sensing
performance for detection of DA and UA with a linear range from 0.1 pM to 140 uM and from 1.0 uM
to 125 uM with the detection limit as low as 0.05 uM and 0.1 uM based on S/N=3, respectively.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Dopamine (DA) and uric acid (UA) are compounds of great
biological and chemical interest and play important roles in
physiological function of organisms. DA is a monoamine neuro-
transmitter found in brain. The basal DA concentration in the
extracellular fluid of the central nervous system is about 0.1 uM
[1]. The nomal levels of DA are essential for the functions of the
central nervous system. UA is the final oxidation product of urine
metabolism and is excreted in urine. The normal UA level in serum
range from 240 to 520 uM and in urinary excretion is typically
14-44 mM [2]. Determination of related catecholamine com-
pounds is significant not only in biomedical chemistry and
neurochemistry but also for diagnostic and pathological investiga-
tions [3,4]. Considerable efforts [5] have been made to develop
reliable determination methods for DA and UA. Electrochemical
oxidation is one of the most significant and successful detection
methods, since the electrodes can be made conveniently to sense
them in vivo. However, UA is coexisted with DA in the extracellular
fluids of the central nervous system in mammals and can be
oxidized at a potential close to that of DA. Therefore, simultaneous
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determination of these two species using bare electrode remains a
challenge.

To solve this problem, different sensing materials have been
used to increase the sensitivity and selectivity of the bare elec-
trode, such as nanoparticles [6] and carbon nanotubes [7,8].
Graphene (Gr), a honeycomb lattice of carbon only a single atom
thick, is currently the most intensively studied carbon material
since discovered in 2004 [9]. The fascinating physical properties of
Gr, such as a high specific surface area, extraordinary electronic
properties and electron transport capabilities, high elastic beha-
vior and impermeability, make it a promising material for electro-
chemistry. In recent years, several reviews [10-12] covering Gr
with particular emphasis on electrochemical applications have
appeared.

Considering its biocompatibility, Gr can be functionalized with
biopolymer. Chitosan (CS) [13] is a natural biopolymer which
displays excellent film-forming ability, high water permeability,
good adhesion, and susceptibility to chemical modification due to
the presence of reactive amino and hydroxyl functional groups.
It is commonly used to disperse nanomaterials and immobilize
enzymes for constructing biosensors.

Recently, the cooperation of Gr and CS as an enhanced sensor
substrate has been reported, encompassing enzyme sensors and
enzymeless sensors. The enzyme sensors exhibited a wider linear-
ity range compared with other nanostructured supports which
were mostly used to detect hydrogen peroxide [14-18] and
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glucose [19,20]. The enzymeless sensors were used to detect nitric
oxide [21], erythromycin [22], dopamine [23-28], methyl para-
thion [29] and nucleic acids [30-32]. The sensing films as reported
above were directly cast on the sensing base. In order to promote
the widespread application of these two materials, the film
formation technique needs to be thoroughly developed.

Layer-by-layer (LBL) adsorption technique offers an easy and
inexpensive process to form thickness controllable ultrathin films
of a variety of organic and inorganic compounds with targeted
properties. The procedure is based on the alternative deposition of
the oppositely charged polyelectrolyte, proteins, or charged nano-
materials on a charged surface by attractive electrostatic force [33].
The multilayer film has good thermal and mechanical stability
with the characteristics of nanomaterials well maintained. In this
work, we prepared stably assembled Gr/CS multilayer films using
LBL method based on electrostatic interaction between negatively
charged Gr and positively charged CS to study electrochemical
catalytic activity for DA and UA. The remarkable sensitivity and
selectivity of the assembled electrode were realized for simulta-
neously determine DA and UA.

2. Experimental
2.1. Reagents

Gr was purchased from Nanjing XFNANO Materials Tech Co.,
Ltd. CS, DA and UA were bought from Sigma. CS hydrogel was
prepared by dissolving 50 mg CS in 10 mL of 1% (V/V) acetic acid
solution with sonication for 1h to obtain positively charged
homogeneous hydrogel. Phosphate buffer solution (PBS) was
prepared using stock solutions of 0.1 M Na,HPO, and 0.1 M
NaH,PO,4. All other chemicals were of analytical grade and pre-
pared with bidistilled water.

2.2. Instruments

All electrochemical measurements were performed on a CHI
660C Electrochemical Workstation (Chenhua Instrument Co. Shang-
hai, China). The electrochemical experiments were performed in a
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three-electrode system consisting of a platinum wire counter
electrode, a saturated calomel reference electrode (SCE), and the
modified glass carbon working electrode (GCE, diameter 3.0 mm).

The surface morphology of the LBL films was characterized by
scanning electron microscopy (SEM, Hitachi S-4800, Japan). A silicon
wafer was used for SEM characterization to mimic a GCE surface. The
surface was first cleaned in a piranha solution (a 1:3 mixture of 30%
H,0, and concentrated H,SO,4) and then thoroughly rinsed with
distilled water. The pre-treated silicon wafer was alternatively incu-
bated in the solutions of Gr and CS for 30 min each, rinsed with water,
and then dried in a stream of nitrogen. FTIR spectrum was measured
by a Thermo NEXUS 670 Fourier transform infrared spectrometer in
the range of 400-4000 cm™'. Raman spectrum was collected on a
Renishaw RM1000 confocal microscope with exciting wavelength of
514.5 nm under ambient conditions.

2.3. Construction of the assembled multilayer films

GCE was used to grow the multilayer films. Prior to modifica-
tion, the GCE was polished with 1, 0.3 and 0.05 um alumina
powders sequentially and then washed with ultrasonication in
water and ethanol for 3 min, respectively. Gr (1 mg) was dispersed
in DMF by ultrasonication, resulting in a 1 mg/mL suspension. The
multilayer films were prepared by LBL assembly technique: the
polished electrode was alternatively incubated in negatively
charged solution of Gr and positively charged CS for 30 min each.
After the cycle was repeated five times, the (Gr/CS)s/GCE was
obtained.

3. Results and discussion
3.1. Film characterization

Raman spectrum (Fig. 1A) shows typical features of carbon
materials. The G band at 1585 cm ™! is assigned to the E,,; phonon
mode of sp? hybridized carbon atoms. The D band appears at
1350 cm~ !, due to local defects and disorder particularly at the
edge of Gr. FTIR spectrum was acquired to determine the surface
state of Gr. Fig. 1B exhibits the characteristic absorption of O-H
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Fig. 1. (A) Raman spectrum and (B) FTIR spectrum of Gr. (C) SEM image of (Gr/CS)s confined on a silicon wafer to mimic a GCE surface.
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Fig. 2. (A) CVs and (B) nyquist plots of bare GCE (dash line) and (Gr/CS)s/GCE (solid
line) in 5.0 mM [Fe(CN)]> /4~ solution containing 0.1 M KCI. The frequency range

was from 0.01 to 10° Hz with perturbation amplitude of 5 mV. The initial potential
is 0.11 V.
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(v (carboxyl)) at 1403 cm~!, O-H (broad coupling v (O-H)) at
about 3200 cm ™! originated from carboxylic acid, while the band
at ca. 3400 cm~! could be due to the O-H stretching mode of
intercalated water. The peaks at 1049 cm~! and 1617 cm™! are
assigned to C-O and C=C, respectively. Moreover, there is an
evidence of C=0 of carbonyl groups (1719 cm~') from acid
moieties localized on the edge of graphene sheets [34]. These
carboxylic groups provide Gr negatively charged surface [35].

CS is a kind of natural polysaccharide with one primary amino
group in the repeating glucosidic residue that rendered its rare
positive charge in aqueous acidic media at pH < 6.5. It can adhere
to negatively charged surfaces or adsorb negatively charged
materials. Fig. 1C shows the SEM image of the LBL alternative
growth films of Gr and CS assembled for 5 layers. It is evident that
the surface of the modified electrodes is dense and uniform with
lots of ripples. Therefore, the LBL assembly technique endows Gr
with both the special surface property and the large surface area
that is desirable for electrochemical studies.

3.2. Elecrochemical properties of (Gr/CS)s/GCE

[Fe(CN)g]>~"*~ couple is widely used as an electrochemical
probe to investigate the properties of the modified electrodes.
Fig. 2A compares the voltammetric responses of 5mM [Fe
(CN)6J>~’4~ in 0.1 M KClI at bare GCE and (Gr/CS)s/GCE. The Cyclic
voltammetry (CV) curve of the bare GCE (dash line) shows a pair of
well defined quasi-reversible peaks. While on the multilayer films
of (Gr/CS)s assembled GCE surface, the redox peak currents
increase (solid line), indicating that the modified electrode has a
larger electroactive surface area. The electrochemical active sur-
face areas for GCE and (Gr/CS)s/GCE were determined from CVs of
5 mM K4[Fe(CN)g] in 0.1 M KCl solution. According to the Randles-
Sevcik Eq. (1)[36]:

i, =(2.69 x 10°)n*/2AcD'/?»'/? 1)

where i, (A) is the peak current, n is the number of electrons
participating in the redox reaction, A (cm?) is the electrode area,
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Fig. 3. CVs of (A) 500 uM DA, (B) 400 uM UA and (C) 5 uM DA and 10 uM UA at bare GCE (dash line ) and (Gr/CS)s/GCE (solid line) in 0.1 M PBS (pH=7.4) with a scan rate of
100 mV/s. (D) DPVs for 60 uM DA and 60 uM UA in a 0.1 M PBS (pH 7.4) at bare GCE (dash line) and (Gr/CS)s/GCE (solid line), respectively.
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D (cm?js) is the diffusion coefficient of the oxidized form,
hexacyanoferrate (IIl), ¢ (mol/cm?) is the bulk concentration of the
oxidized form and v (V/s) is the scan rate. From the slope of the iy, vs.
v'? line, the values of A were determined as (7.8 + 0.1) x 1072 cm?
and (11+0.3)x 107" cm? for GCE and (Gr/CS)s/GCE, respectively.
The increased surface indicates that the assembled multilayer films
might be a promising material for electrochemical sensing
applications.

Fig. 2B shows the electrochemical impedance spectroscopy (EIS)
of bare GCE and the (Gr/CS)s films modified electrode. A typical EIS
curve includes a semicircular part and a linear part. The semicircular
part obtained at higher frequency range is the electron-transfer-
limited process. Its diameter is equal to the electron-transfer resis-
tance (Re), which controls the electron transfer kinetics of the redox
probe on the electrode interface. As shown in Fig. 2B, after assembled
with (Gr/CS)s films (solid line), significant differences were observed.
The Re; prominently decreases when compared with that of the bare
GCE (dash line). The results reveal that (Gr/CS)s multilayers could
form high electron conduction pathways between the electrode and
electrolyte, and obviously improve the diffusion of ferricyanide
toward the electrode surface.

3.3. Electrochemical oxidation of DA and UA at modified electrodes

Fig. 3A and B compares the CVs of a solution containing 500 uM
DA and 400 uM UA in the PBS (pH 7.4) recorded at bare GCE and
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Fig. 4. CVs for the oxidation of (A)150 uM DA and (B) 150 uM UA at the (Gr/CS)sGCE

in 0.10 M PBS with different scan rates: 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s,
300 mV/s, 400 mV/s and 500 mV/s. Inset: Plot of peak current vs. scan rate.

(Gr/CS)s/GCE. For DA, the cathodic and anodic peaks are located at
0.063 and 0.185 V at (Gr/CS)s/GCE (Fig. 3A, solid line), respectively,
showing a smaller peak-to-peak separation than that at bare GCE
(dash line, AE=250 mV). The anodic peak currents obtained at
assembled electrode is 22 pA, which is 1.7 times larger than that at
bare GCE. The similar electrocatalytic activity for UA (Fig. 3B) was
also found, which occurs with an increased peak current and a
small overpotential at (Gr/CS)s/GCE (solid line) compared with
bare GCE, indicating the good electron transfer promotion ability
of Gr/CS modified materials.

Fig. 3C shows CVs of 5 uM DA and 10 uM UA at bare GCE (dash
line) and (Gr/CS)s/GCE (solid line). At the Gr/CS modified electrode
the electrochemical signals of the two compounds are well
distinguished, and the peak currents are enhanced. This fact shows
that it is possible to simultaneously determine DA and UA with the
Gr/CS-film-modified electrode. Differential pulse voltammetry
(DPV) was further used to investigate the electrocatalytic behavior
of DA and UA with a mixture of 60 pM DA and 60 pM UA in PBS
(pH=7.4) solution (Fig. 3D). At bare GCE, two weak peaks are
observed with poor sensitivity (dash line). While at the (Gr/CS)s/
GCE (solid line), the two compounds are oxidized with well-
defined and distinguishable sharp peaks at approximately
105 mV and 235 mV for DA and UA, respectively. Both CV and
DPV experiments demonstrate that Gr/CS assembled electrode

E_/mV

pH value

Fig. 5. (A) DPVs of DA (2 uM) and UA (60 uM) at the (Gr/CS)s/GCE in PBS with
different pH values (4.5, 5.7, 6.5, 7.3,8.0,9.0) and (B) plots of the oxidation peak
potentials for DA and UA as a function of solution pH.
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Fig. 6. DPV profiles at (Gr/CS)s/GCE in 0.1 M PBS (pH=7.4) (A) containing 60 pM UA
and different concertrations of DA from 0 uM to 140 uM and (B) containing 50 pM
DA and different concertrations of UA from 0 pM to 125 pM.

Table 1

enhances the electrocatalytic activity towards the oxidation of DA
and UA compared to bare GCE.

3.4. Effects of scan rate and pH on the electrochemistry of DA and UA

The effect of scan rate on the CV responses of DA and UA
at the (Gr/CS)sGCE was investigated and the results are shown in
Fig. 4. The oxidation peak currents of DA and UA increase with
the increasing scan rate, while the oxidation peak potentials
gradually shift to positive values. Plots of the anodic peak
current as a function of the square root of scan rate in the range
of 20-500 mV/s show linear relationships, which indicates the
electrode reactions of DA and UA are both diffusion-controlled
processes.

The influence of pH value on the peak potentials and peak
currents of the (Gr/CS)s/GCE sensor for DA and UA was also
studied by DPV in the pH range from 4.5 to 9.0 and the results
are shown in Fig. 5. As seen in Fig. 5A, with the pH increasing in
the measurement solution, all the peak potentials of DA and UA
shift to more negative values. This should be a consequence of
a deprotonation step involved in all oxidation processes which
is facilitated at higher pH values. Fig. 5B shows the effect of pH
on the separation of peak potentials with slopes of 52.7 and
58.2 mV/pH, respectively, indicating that the electrochemical oxi-
dation of DA and UA undergoes an equal electron and proton
process [37]. Moreover, the peak current of UA decreases when the
pH value increases from 4.5 to 9.0. UA and CS possesses a pK, of
approximate 5.7 and 6.5, respectively, thus the repulsive electro-
static interactions on the surface of the CS modified electrode
between UA and CS increase with pH. While in the case of DA, the
peak current increases when pH>6.5. The increase at high
solution pH could be due to the improved electrostatic attraction
between DA and CS, since CS will be deprotonated while DA
(pK;=38.8) will still exist as protonated form at solution pH > 6.5.
Based on an overall consideration of physiological pH environ-
ment, detection sensitivity and selectivity, pH 7.4 was selected as
an optimum pH value for the determination of DA and UA in their
mixture.

The detection limits and linear ranges of different modified electrodes for simultaneous determination of DA and UA.

Electrode materials Detection limit (uM) Linear range (uM) Ref.
DA UA DA UA
LaPO4 nanowires/CPE* 0.13 0.9 04-114 2.7-24.8 [38]
HHNANSA/GCE" 0.25 117 1.0-130 6.7-20 [39]
MWCNT@PDOP@PtNPS® 0.08 0.12 0.25-20 0.3-13 [40]
GCE coated with SDBS! 0.05 04 0.4-80 4.0-800 [41]
PAPT/ GCE*® 0.2 0.35 0.95-380 2.0-1000 [42]
P3MT/AuNPs’ 0.24 0.17 1.0-35 1.0-32 [43]
Au-CA-MWNT® 0.02 0.1 0.2-100 1.0-100 [44]
Pyrogallol red modified /CPE" 0.78 35 1.0-700 50-1000 [45]
Chitosan-graphene/GCE' 1 2 1.0-24 2.0-45 [25]
NG/GCE 0.25 0.045 0.5-170 0.1-20 [26]
(Gr/CS)s/GCE 0.05 0.1 0.1-140 1.0-125 This work

¢ LaPO4 modified carbon paste electrode.

b 2-Hydroxy-1-(1-hydroxynapthyl-2-azo)-naphthalin-4-sulfonic acid modified glassy carbon electrode.
¢ Platinum nanoparticles modified multiwalled carbon nanotubes covered with polydopamine.

4 Nafion/sodium dodecylbenzendsulfonate modified glassy carbon electrode.

€ Poly(2-amino-5-(4-pyridinyl)-1,3,4-thiadiazole) modified glassy carbon electrode.
f Poly(3-methylthiphene)/gold nanoparticles modified glassy carbon electrode.

& Cysteamine conjugated with multiwalled carbon nanotubes modified gold electrode.

f’ Pyrogallol red modified carbon paste electrode.
f Chitosan-graphene modified glassy carbon electrode.
J Nitrogen doped graphene modified glassy carbon electrode.
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Fig. 7. (A) DPV profiles at (Gr/CS)s/GCE in 0.1 M PBS (pH="7.4) containing different concentrations of DA and UA. From bottom to up the concentrations from 2.0 to 90 uM for
DA and 4.0 to 50 uM for UA, respectively. Plot of the oxidation peak current as a function of (B) DA and (C) UA concentration.

3.5. Individual and simultaneous determination of DA and UA

Since DPV offers a preferable current sensitivity and better separa-
tion than CV, it was used for individual and simultaneous determina-
tion of DA and UA. The DPV experiments were conducted by first
scanning one analyte at a fixed concentration, and then the target
analyte was successively added to the electrochemical cell to achieve
different concentrations. As shown in Fig. 6, the anodic peak current
response of DA or UA increases linearly with the increase of its
concentration, while the peak current of the counterpart keeps
relatively stable. The small decrease of the counterpart peak current
could be due to the dilution effect after successive addition of the
target analyte or its consumption from successive DPV oxidation or
small changes in pH value solution. The linear ranges for the
determination of DA and UA are 10x1077-14x10"*M and
1.0 x 1075125 x 10~*M with detection limit of 5.0 x 10" M and
1.0 x 107 M (S/N=3), respectively. The performance of the proposed
sensor for detection of DA and UA by DPV was also compared with
other electrodes. As shown in Table 1, the analytical parameters
(detection limit and linear range) of the (Gr/CS)s/GCE are better or
comparable to the results reported for simultaneous determination of
DA and UA at the other modified electrode surfaces.

The higher electrocatalytic activity of (Gr/CS)s/GCE is also desirable
for simultaneous determination of DA and UA by DPV. As shown in
Fig. 7, the amperometric responses of DA and UA still increase linearly
with the increase in their concentrations, respectively. The peak
currents of DA and UA were linearly proportional to the concentration
in the ranges of 2.0-90 uM for DA and 4.0-50 uM for UA with
detection limit of 40x 1077 M and 5.5 x 10~’ M (S/N=3), respec-
tively. The excellent properties of such Gr/CS modified electrode can
be attributed to two factors: (1) Gr nanosheets with unique structural
and electrocatalytic properties play an important role in detecting DA
and UA with good sensitivity and selectivity and (2) the LBL alternative
growth of Gr and CS gives the multilayer films good thermal and
mechanical stability which makes the sensor more reproducible.

3.6. Reproducibility and stability

The fabrication reproducibility for 11 successive measurements
were carried out in solutions containing 50 pM DA and 100 uM UA.
The results show a relative standard deviation of 5.2% and 4.7% for
DA and UA, respectively, indicating that the modified electrode is
not subject to surface fouling by the oxidation products, which are
notorious for their surface fouling effects at the bare electrode.

4. Conclusions

This study has demonstrated that LBL assembly of Gr/CS sensor
not only improved the electrochemical oxidation of DA and UA,
but also resolved the overlapping anodic peaks. Therefore, DA and
UA contents can be detected individually or simultaneously in
their mixture solution. The present work demonstrates that Gr-CS
nanofilms fabricated by LBL technique are promising candidates
for construction of sensitive and selective electrochemical sensors
and other catalytic applications.
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