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In this work, a facile electrochemical sensor based on poly(diallyldimethylammonium chloride) (PDDA)
functionalized graphene (PDDA-G) and graphite was fabricated. The composite electrode exhibited
excellent selectivity and sensitivity towards uric acid (UA), owing to the electrocatalytic effect of
graphene nanosheets and the electrostatic attractions between PDDA-G and UA. The anodic peak current
of UA obtained by cyclic voltammetry (CV) increased over 10-fold compared with bare carbon paste
electrode (CPE). And the reversibility of the oxidation process was improved significantly. Differential
pulse voltammetry (DPV) was used to determine UA in the presence of ascorbic acid (AA) and dopamine
(DA). It was found that all of oxidation peaks of three species could be well resolved, and the peak current
of UA was much stronger than the other two components. More importantly, considerable-amount of AA
and DA showed negligible interference to UA assay. The calibration curve for UA ranged from 0.5 to
20 μmol L−1 with a correlation coefficient of 0.9934. The constructed sensor has been employed to
quantitatively determine UA in urine samples.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, a two-dimensional sheet of sp2 bonded carbon
atoms perfectly arranged in a honeycomb lattice [1], has received
significant attention. Due to its unique physicochemical properties
[2], graphene has already demonstrated enormous potentials in a
variety of fields [3–5]. Several methods have been presented to
synthesize graphene, including chemical vapor deposition (CVD)
[6], plasma enhanced chemical vapor deposition [7], solvothermal
method [8], exfoliation and cleavage of natural graphite [9], and so
on [10–12]. Among them, chemical reduction of graphene oxide
(GO) is considered to be the most common and economical
method [13]. However, during the chemical conversion course,
graphene nanosheets are apt to aggregate [14]. Therefore,
graphene-modified materials (e.g. polyelectrolyte and surfactant)
through noncovalent or covalent bonding have become a focus of
research. Compared to covalent methods, noncovalent strategies
are attracting more and more attention as they allow for enhanced
solubility, and superior electrochemical properties [15]. Polyani-
line [16], 1-pyrenebutyrate [17], cyclodextrin [18], single-stranded
ll rights reserved.

: +86 20 3994 3071.
).
DNA [19] and protein [20] have been utilized to stabilize graphene
sheets.

Poly(diallyldimethylammonium chloride), PDDA, not only an
electronic conducting polymer but also a strong ionic polymer
[21], has been extensively used combining with other materials,
such as multi-walled carbon nanotubes (MWCNTs) [22] and metal
nanoparticles [23] to modify electrodes. Recently, PDDA has been
reported to exhibit excellent binding capability with graphene
nanosheets [24–26]. Luo et al. [27] reported that PDDA functiona-
lized graphene (PDDA-G) showed good conductivity, solubility and
biocompatibility. PDDA-G has also been proved to exhibit electro-
catalytic activity for oxygen reduction [28], catechol and hydro-
quinone oxidation [29]. Therefore, PDDA-G has great potential to
fabricate chemically modified electrode.

Uric acid (UA, 12,6,8-trihydroxypurine), is the end product of
catabolism of the purine nucleosides. Elevated level of uric acid in
the blood is clinically pertinent to gout, renal failure, leukemia and
lymphoma, as well as other pathological conditions [30]. Numer-
ous analytical approaches including chemiluminescence, chroma-
tography, enzymatic methods and so forth [31,32] have been
reported for the quantitation of UA. Electrochemical techniques
have been frequently applied for the determination of UA in a
variety of biological matrixes [30,33,34]. Whereas, direct electro-
chemistry of UA at bare solid electrodes requires high overpoten-
tials and suffers from interferences from other substances
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coexisting in biological fluids, such as ascorbic acid (AA) and
dopamine (DA), whose oxidation potentials are very close to that
of UA, resulting in poor selectivity and reproducibility [35]. Up to
now, modified electrodes have been overwhelmingly employed to
improve the selectivity for the detection of UA, such as metal
complex and nanoparticles [36,37], enzymes [31,38], polymers
[35,39] and carbon-based materials [30]. Although, these methods
reported have some advantages (low limit of detection and
favorable selectivity), tedious preparation and instability of elec-
trodes still remain intractable. There still exist expanding demands
for the development of facile, rapid and specific electrochemical
sensors for UA.

Herein, we presented, for the first time, a PDDA-G modified
carbon paste electrode (PDDA-G/CPE). The electrode was facile to
fabricate and showed excellent electrochemical properties. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) were
used to evaluate the electrochemical behavior of UA at the
prepared composite electrode. A rapid and sensitive response
towards UA oxidation was exhibited by the modified sensor. As
for the measurement of UA in the presence of AA and DA,
remarkably enhanced electrochemical response was obtained
and the oxidation peak of UA can be well separated with the
other substances at the modified electrode. The present work
paves a way towards broadening the applications of graphene in
electrochemical biosensors.
2. Experiments

2.1. Material, chemicals and reagents

All chemicals were used as received unless otherwise stated.
Graphite oxide was obtained from Nanjing XF NANO Materials
Tech Co., Ltd (Nanjing China). Sodium phosphate monobasic,
sodium phosphate dibasic, nitric acid, sodium hydroxide and
liquid paraffin were obtained from Sinopharm reagent (Shanghai,
China). UA, AA, dopamine hydrochloride, hydrazine hydrate and
PDDA (MW¼200,000–350,000, 20 wt% in water) were from Aladin
Chemistry Co. Ltd (Shanghai, China). Fused silica capillary (150 μm
I.D., 360 μm O.D.) used for electrodes fabrication was from Refine
Chromatographics (Hebei, China). Phosphate buffer solutions (PBS,
0.1 mol L−1) were prepared by mixing the stock solutions of
0.2 mol L−1 NaH2PO4 and Na2HPO4. Stock solution of UA was
prepared daily in 5 mM NaOH aqueous solution. Stock solutions
of AA and DA were made daily in redistilled water. All stock
solutions were diluted with supporting electrolyte to desired
concentrations for analysis.
2.2. Apparatus and measurements

CV and DPV were performed on an electrochemical analyzer
(μ-EA160C), which was provided by South China University of
Technology (Guangzhou, China). A conventional three-electrode
system was employed. An Ag/AgCl (saturated KCl) electrode and a
platinum wire electrode were used as reference electrode and
counter electrode, respectively. Bare or modified carbon paste
electrode was used as working electrode. All the electrochemical
measurements were operated in ambient conditions. FT-IR spectra
were recorded on a TENSOR37 spectrometer (Bruker). UV–vis
absorption spectra were obtained using a UV2450 spectrophot-
ometer (Shimadzu). The Raman spectra were carried out using
Renishaw inVia laser micro-Raman spectrometer. Scanning elec-
tron microscopy (SEM) images were obtained from Quanta 400F
thermal field emission environmental SEM (FEI).
2.3. Synthesis of PDDA-G

PDDA-G was obtained by reduction of GO in the presence of
PDDA. GO aqueous dispersion was obtained from graphite oxide
by sonication and centrifugation. 100 mL of GO (0.5 mg mL−1) was
loaded in a 250-mL round-bottom flask, followed by the addition
of 500 μL PDDA (20 wt%) to form an inhomogeneous yellow-
brown dispersion. This dispersion was sonicated until there was
no visible particulate, then it was kept stirring for 2 h. Thereafter,
50 μL of hydrazine hydrate was added. After being vigorously
shaken or stirred for a few minutes, the flask was put in an oil
bath at 95 1C equipped with a water-cooling condenser for 1 h to
produce a homogeneous black suspension. The final product
(PDDA-G) was collected through centrifugation and dried by
freeze-drying. To obtain the unfunctionalized graphene, the above
procedure was adopted just in the absence of PDDA.

2.4. Electrode fabrication and modification

Graphite powder (0.1 g) was mixed with varying amounts of
the processed PDDA-G using liquid paraffin in an agate mortar.
After thorough grinding, a homogeneous paste was obtained. The
resulting paste was pressed into a portion of silica capillary to a
depth of ∼3 mm. Finally, the paste electrode was polished on a
piece of weighing paper to get a flat surface. For comparison,
graphene modified electrode (G/CPE) and GO modified electrode
(GO/CPE) were constructed in the similar manner described above.
All the electrodes were stored at 4 1C when not in use.
3. Results and discussion

3.1. Characterizations

Fig. 1A displayed the SEM image of PDDA-G. Clearly, there were
some corrugations and scrolling of the nanosheets. Meanwhile,
there were some aggregations of the nanosheets. UV–vis and FT-IR
spectroscopy were utilized to monitor the reduction of GO and
concomitant functionalization process. As shown in Fig. 1B, the
UV–vis spectrum of GO dispersion exhibited a strong band at
225 nm. As for the PDDA-G, the absorption peak red shifted to
264 nm and the absorption in the whole spectral region increased
significantly in comparison with GO. This phenomenon suggested
that GO was reduced and the electronic conjugation within the
graphene sheets was restored upon hydrazine reduction. More-
over, the reduction process was accompanied by an obvious color
change from yellow–brown (GO) to black (PDDA-G), as shown in
the inset photograph. We can see from Fig. 1C that the FT-IR
spectrum of GO showed a strong absorption peak around
1724 cm−1, attributed to the skeletal vibration of C¼O. The spec-
trum also showed other characteristic peaks, namely, O–H (3369
and 1404 cm−1), C¼C (1624 cm−1), and C¼O (1055 cm−1). The
reduction of GO to graphene was evidenced by the obvious
decrease in absorption bands of oxide groups (C¼O, O–H, C–O).
Fig. 1C also suggested that adsorption of PDDA did not make
much difference to the reduction of GO, as the oxide groups
were all well reduced. Meanwhile, the appearance of new peak
around 1467 cm−1 was attributable to the N–C bond in the
adsorbed PDDA.

Raman spectroscopy was a powerful technique to determine
the defects and the layers of graphene. As known, D peak was
associated with structural defects due to intervalley scattering and
G referred to the graphene G peak [40]. As illustrated in Fig. 1D, GO
displayed two prominent peaks at ∼1602 and ∼1346 cm−1 corre-
sponding to the G and D peaks, respectively. The spectrum of
PDDA-G also contained both G and D peaks at 1595 and



Fig. 1. (A) SEM image of PDDA-G. (B) UV–vis absorption spectra of GO (a) and PDDA-G (b). Inset: the photograph of aqueous dispersion of GO (left) and PDDA-G (right).
(C) FT-IR spectra of GO (a), graphene (b), and PDDA-G (c). (D) Raman spectra of GO (a) and PDDA-G (b). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Influence of PDDA-G proportion in the sensor on peak potential (diamond)
and oxidation peak current (circle) of 1 mmol L−1 UA in 0.1 mol L−1 PBS (pH 7.0) at a
scan rate of 50 mV s−1.

Y. Yu et al. / Talanta 112 (2013) 31–36 33
1344 cm−1. The D/G intensity ratio increased notably from GO to
PDDA-G, suggesting an increase in the number of smaller gra-
phene domains after reduction. The intensity of the 2D
(∼2708 cm−1) and S3 (∼2948 cm−1) peaks of PDDA-G, where 2D
was the graphene 2D peak, and S3 peak referred to a second-order
peak due to the D–G combination, also increased compared with
that of GO, showing better graphitization.

3.2. Effect of the proportion of PDDA-G on the performance
of PDDA-G/CPE

Adsorption of PDDA onto the graphene sheets can create net
positive charge on carbon atoms in the all-carbon graphene plane
via the intermolecular charge transfer [28], thus facilitating the
interaction with negatively charged UA molecules through elec-
trostatic attracting interaction. Meanwhile, with excellent
electron-transfer ability, graphene can also promote the oxidation
of UA. Consequently, the amount of PDDA-G is accordingly an
essential consideration when fabricating the UA sensor. Fig. 2
depicted that the CV responses of 1 mmol L−1 UA in 0.1 mol L−1

PBS altered with the variation of the mass proportion of PDDA-G
in the electrode. Oxidation peak currents enhanced with the
increasing proportion of PDDA-G, and finally reached a platform
at amount of 30%. On the other hand, the oxidation peak potential
shifted negatively in the same condition and reached its minimum
at the same point. As higher proportion of PDDA-G would result in
higher charging currents, 30% was chosen thereafter for the
electrode fabrication.
3.3. Electrochemical behaviors of UA at the modified electrodes

We also investigated the electrocatalytic ability of the prepared
sensor by determining UA in 0.1 mol L−1 PBS (pH 7.0) with a scan
rate of 50 mV s−1. Cyclic voltammograms of 1 mmol L−1 UA at
different electrodes were comparatively illustrated in Fig. 3. The
electrocatalytic oxidation of UA by PDDA-G was evidenced by the
significant increase of the oxidation peak current, 10-fold higher



Fig. 3. Cyclic voltammograms of 1 mmol L−1 UA at CPE (a), G/CPE (b), GO/CPE (c) and
PDDA-G/CPE (d) in 0.1 mol L−1 PBS (pH 7.0) with a scan rate of 50 mV s−1. Inset:
Cyclic voltammograms of 1 mmol L−1 UA at CPE.

Fig. 4. Cyclic voltammograms of 1 mmol L−1 UA at the PDDA-G/CPE at different
scan rates (a-l: 20, 50, 75, 100,150, 200, 250, 300, 400, 500, 600 and 700 mV s−1) in
0.1 mol L−1 PBS (pH 7.0). Inset: the plot of the oxidation peak currents versus
scan rates.

Fig. 5. Amperometric response of PDDA-G/CPE at a constant potential of 0.4 V
upon successive addition of UA solution into 0.1 mol L−1 PBS (pH 7.0). Inset: the
linear relationship of steady-state currents versus UA concentrations.
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compared with bare CPE. G/CPE, however, showed little increased
response than the bare CPE, as graphene nanosheets aggregated
severely during the drying procedure resulting in a great loss of
electrocatalytic effect [2]. Therefore, it was reasonable to claim
that PDDA played a vital role in the electrocatalytic effect of
graphene. The illustration also suggested that the electrocatalytic
behavior of GO was arrestive [41], whereas the catalytic current
was much lower than that at PDDA-G/CPE. On the other hand,
there was only an oxidation peak for UA at bare CPE, which
indicated that the oxidation process was irreversible and the
electro-transfer kinetics were slow. By contrast, UA gave a pair of
redox peaks at PDDA-G/CPE, suggesting a highly improved rever-
sibility of the reaction process. The enhancement of the current as
well as the improvement of the reversibility confirmed that the
electrocatalytic effect of graphene was remarkably enhanced by
the adsorption of PDDA.

3.4. Effect of scan rate on the electrochemical performance
of PDDA-G/CPE

CV was utilized to investigate the effect of scan rate on the
redox reaction of UA at the PDDA-G/CPE in 0.1 mol L−1 PBS (pH 7.0)
with scan rates ranging from 20 to 700 mV s−1. As shown in Fig. 4,
the oxidation peak currents were linearly related with the scan
rates. The linear regression equation was Ipa (μA)¼0.1796
+0.00473v (mV s−1), with a correlation coefficient 0.9992. It was
worth noting that the reduction peak currents also increased
linearly with the scan rates but not so sharply as in the case of
the oxidation process. With increasing the scan rate, the oxidation
peak potential shifted positively and the reduction peak potential
shifted negatively. All these characteristics suggested that the
redox reaction of UA at the PDDA-G/CPE was a predominantly
surface-controlled electrochemical process.

3.5. Amperometric response of UA at the PDDA-G/CPE

The amperometric response of PDDA-G/CPE at a constant
potential of 0.4 V upon successive addition of UA into supporting
electrolyte (0.1 mol L−1 PBS, pH 7.0) was illustrated in Fig. 5.
Obviously, the heights of current steps were proportional to the
concentrations of UA added into the stirring solution. A clear
current step could be observed upon addition of 0.5 μmol L−1 UA,
suggesting high sensitivity of the electrode. The oxidation currents
achieved 95% of the steady-state current within 4 s, revealing a
rapid response of the electrochemical sensor. The plot of inset
depicted a linear relationship between the steady-state currents
and concentrations of UA. The linear regression equation was
defined as I (nA)¼0.4741+0.2856CUA (μmol L−1), with a correlation
coefficient of 0.9973.
3.6. Determination of UA in the presence of abundant AA and DA

As mentioned above, DA and AA always coexist with UA in
biological fluids. The oxidation potentials of these three species are
always close, thus overlap of the oxidation peaks and interferences
from the other two species are major problems encountered in UA
detection. Therefore, the interferences from AA and DA were
investigated by CV and DPV. Fig. 6A depicted the cyclic voltammo-
grams obtained from a ternary mixture containing 1 mmol L−1 AA,
1 mmol L−1 DA, and 0.1 mmol L−1 UA at different electrodes.
Obviously, the voltammetric responses of the three elements were
separated successfully on the PDDA-G/CPE with well-defined
peaks and remarkably enhanced peak currents. The responses at
the bare CPE, G/CPE and GO/CPE were overlapped weak peaks,
indicating the poor selectivity and sensitivity.



Fig. 6. (A) Cyclic voltammograms of 1 mmol L−1 AA, 1 mmol L−1 DA, and 0.1 mmol L−1 UA at CPE (a), G/CPE (b), GO/CPE (c) and PDDA-G/CPE (d) in 0.1 mol L−1 PBS (pH 7.0)
with a scan rate of 50 mV s−1. (B) Differential pulse voltammograms of (a–g) 0.5, 2, 6, 8, 10, 15, 20 μmol L−1 UA in the presence of 100 μmol L−1 AA and 100 μmol L−1 DA at
PDDA-G/CPE in 0.1 mol L−1 PBS (pH 7.0). Inset: linear relationship of peak currents versus UA concentrations. The parameters of DPV: amplitude, 50 mV; pulse width, 0.05 s;
pulse period, 0.2 s.

Table 1
Comparison of analytical performance of PDDA-G/CPE with other modified electrodes
in the literature.

Electrode
materials

Linear
range
(μmol
L−1)

LOD
(μmol L−1)

Repeatabilityf

(RSD%)
Reproducibilityg

(RSD%)
Reference

AuNPs/
CPE a

6–180 0.71 1.41 – [43]

Poly(L-
Arg)/G/
GCEb

0.1–10 0.05 2.0 2.2 [44]

5-HTP/
GCEc

0.5–11 0.28 2.7 – [45]

BCP/GCEd 0.5–120 0.2 1.6 2.2 [46]
Pd/CNFse 2–200 0.7 3.24 3.78 [36]
PDDA-G/
CPE

0.5–20 0.08 2.1 3.6 This
work

a Gold nanoparticles modified carbon paste electrode.
b Poly(L-arginine)/graphene composite film modified glassy carbon

electrode.
c 5-Hydroxytryptophan modified glassy carbon electrode.
d Bromocresol purple modified glassy carbon electrode.
e Palladium nanoparticle-loaded carbon nanofibers.
f Repeatability of intrasensor.
g Reproducibility of intersensors.
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DPV was further carried out to assess the interferences from AA
and DA at PDDA-G/CPE. During the procedure, the concentration of
UA varied, whereas AA and DA remained constant. Fig. 6B showed
the differential pulse voltammograms of 100 μmol L−1 AA,
100 μmol L−1 DA and various concentrations of UA in 0.1 mol L−1

PBS (pH 7.0). Three well-resolved peaks could be observed, with
oxidation peak potentials of 0.025 V for AA, 0.097 V for DA and
0.18 V for UA. When the concentration of UA varied, the peak
currents of AA and DA remained constant, demonstrating the
independent responses of the three species. Comparatively, PDDA-
G/CPE exhibited much bigger response for the oxidation of UA
than for AA and DA. Meanwhile, there were no interferences
observed from high concentrations of the two elements. As
reported [42], the oxidation potential of DA was really close to
UA and the electrochemical response of DA was usually strong,
making it a great potential interference for detecting UA. At the
PDDA-G/CPE, however, the oxidation process of DA was effectively
suppressed. The electrochemical response of UA was about 25
times higher than DA and quantitative detection of UA was
achieved even in the presence of 200-fold DA. The high selectivity
and sensitivity may be attributed to the positively charged
graphene sheets in the composite electrode. As DA was an anion
under the oxidation condition, the repulsive force between DA and
PDDA-G resulting from electrostatic interactions suppressed the
oxidation process. As shown in the inset of Fig. 6B, the oxidation
peak currents increased linearly with the concentration of UA
ranging from 0.5 to 20 μmol L−1. The linear regression equation
was I (nA)¼7.990+5.241CUA (μmol L−1) with a correlation coeffi-
cient of 0.9934. The limit of detection (LOD, S/N¼3) and the
capability of detection (α¼β¼0.05) were determined to be 0.08
and 0.97 μmol L−1, respectively. Therefore, it was reliable and
feasible to selectively determine UA at PDDA-G modified electrode.

3.7. Stability of the PDDA-G/CPE

Further assessment of stability of the electrode was conducted
through DPV of 15 μmol L−1 UA on consecutive days. The peak
currents of UA remained 89.9% initial value after 20 days, indicat-
ing the considerable stability of the modified electrode. To eval-
uate the repeatability (intrasensors) of the electrode, the peak
currents of six successive measurements by DPV of 15 μmol L−1 UA
were detected. And the results showed relative standard deviation
(RSD) of 2.1%. As for the reproducibility (intersensors), six electro-
des were fabricated to detect UA in the above solution. The RSD of
the peak currents was 3.6%. These results showed that the
PDDA-G/CPE had good repeatability and acceptable reproducibility
for analytical applications.

The comparison of performances of different modified electro-
des for UA determination was presented in Table 1. It can be
observed that the proposed electrode in the present paper had a
comparable performance in UA analysis.

3.8. Real sample analysis

The proposed composite electrode was employed to determine
UA in human urine samples. The samples were collected from
laboratory co-workers and diluted 500-fold with PBS (pH 7.0)
before measurement, aiming to fit the linear range and also to
eliminate the matrix effects. No other pretreatment process was
performed. To ascertain the accuracy of the results, standard
addition method was performed. The analysis data of human
urine samples were summarized in Table 2. As shown, the
recovery rates of the spiked samples were between 95% and
102.8%. The UA concentration of the samples were determined
as 2690, 2835, 2645 μmol L−1, respectively. The results indicated



Table 2
Determination of UA in human urine samples using PDDA-G/CPE.

No. Detected
(μmol L−1)

Added
(μmol L−1)

Founda

(μmol L−1)
RSD
(%)

Recoverya

(%)

1 5.38 1.00 6.3470.19 2.94 96.0718.6
5.00 10.5270.33 3.12 102.876.6

10.00 15.2270.43 2.87 98.474.3
2 5.67 1.00 6.6270.23 3.43 95.0722.7

6.00 11.5570.37 3.24 98.076.2
10.00 15.7570.48 3.05 100.874.8

3 5.29 1.00 6.2670.20 3.27 97.0720.4
5.00 10.3470.32 3.16 101.076.4

10.00 15.2170.47 3.08 99.274.7

a Values represented mean7SD (n¼3).
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that the method developed was reliable and applicable to deter-
mine UA in human urine samples.
4. Conclusions

In this work, a novel CPE modified with PDDA-G was success-
fully fabricated. The electrochemical sensor exhibited higher
selectivity and favorable sensitivity towards the oxidation of UA.
Well-separated peaks and enhanced peak currents were obtained
by CV and DPV without interference from excess AA and DA,
indicating that the PDDA-G facilitated the determination of UA.
Additionally, the modified electrode was employed to detect UA in
real samples and satisfactory results were obtained. With excellent
electrochemical catalytic ability and selectivity, PDDA-G/CPE may
attract more attention in the field of electrochemical analysis of
biological samples.
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