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a b s t r a c t

A novel electrocatalytic biosensing platform was designed by the functionalization of reduced graphene
oxide sheets (RGO) with conducting polypyrrole graft copolymer, poly(styrenesulfonic acid-g-pyrrole)
(PSSA-g-PPY), via �–� noncovalent interaction. The resulting nanocomposite could well disperse in
water for at least 2 months with a solubility of 3.0 mg mL−1. The nanocomposite was characterized with
atomic force microscopy, X-ray photoelectron spectroscopy, ultraviolet–visible absorption, contact angle
measurement, and electrochemical impedance spectroscopy. Based on the advantageous functions of
PSSA-g-PPY and RGO, the functional nanocomposite modified platinum electrode showed high electro-
catalytic activity toward the oxidation of hydrogen peroxide and uric acid in neutral media. Further,
unctionalization
lectrocatalysis
iosensing

a hypoxanthine biosensor was constructed by combining the modified electrode with the enzymatic
reaction of xanthine oxidase. The biosensor exhibited a wide linear response ranging from 3.0 × 10−8

to 2.8 × 10−5 M with a high sensitivity of 673 ± 4 �A M−1 cm−2. The detection limit of 10 nM at a signal-
to-noise ratio of 3 was one order of magnitude lower than that reported previously. The assay results of
hypoxanthine in fish samples were in a good agreement with the reference values. The water-soluble con-
ducting copolymer could serve as an efficient species for functionalization and solubilization of graphene

bioca
sheets in biosensing and

. Introduction

Graphene, as an atomic-layer-thick 2D system, has recently
merged as an intriguing material for potential applications in
anoelectronics, biomedicines and sensors due to its unique
echanical and electronic properties (Stankovich et al., 2006a;

ang et al., 2008; Geim, 2009; Kang et al., 2009; Li et al., 2009; Rao
t al., 2009; Zhou et al., 2009; Kim et al., 2010; Shan et al., 2010;
hong et al., 2010). Compared with other kinds of carbon materi-
ls, graphene has higher surface area and more excellent electrical
onductivity (Stankovich et al., 2006a; Kang et al., 2009), which
rovides insight to fabricate sensitive biosensors in practice (Du
t al., 2010). Although reducing exfoliated graphene oxide (GO)
as become a good way to produce graphene (Stankovich et al.,
007; Robinson et al., 2008), the reduced graphene oxide (RGO)
s prone to aggregate when reducing GO in water using reductant
ithout additional reagent. The poor dispersion remains one major
rawback for its applications. A number of strategies, such as chem-

cal modifications (Li et al., 2008a; Si and Samulski, 2008; Yang et

∗ Corresponding author. Tel.: +86 25 83593593; fax: +86 25 83593593.
E-mail address: hxju@nju.edu.cn (H. Ju).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.07.127
talytic applications.
© 2010 Elsevier B.V. All rights reserved.

al., 2009; Zhu et al., 2009) and noncovalent functionalizations (Xu
et al., 2008; Patil et al., 2009; Subrahmanyam et al., 2009; Liu et
al., 2010), have been explored for their solubilization and the sub-
sequent fabrication of nanocomposite materials. The noncovalent
functionalization can avoid destruction of �-conjugated skeleton
and loss of electronic properties of the graphene. Thus some poly-
mers have been used for these purposes by conjugation with the
planar structure of the graphene (Stankovich et al., 2006b; Li et al.,
2008b; Wang et al., 2009).

Of a wide range of polymer materials, conducting polymers
exhibit great potential as efficient sensing elements in virtue
of their excellent electrical and optical properties (Kong et al.,
2003; Widge et al., 2007; Holcombe et al., 2009; Yoon and Jang,
2009). In order to improve the solubility of graphene sheets, sul-
fonated polyaniline has been induced in the reduction of GO for
the electrocatalysis of ascorbic acid oxidation (Bai et al., 2009).
The RGO has been also functionalized with polythiophene deriva-
tives for the preparation of photovoltaic cells (Liu et al., 2009b).

Although the electrical conductivity of polypyrrole (PPY) is roughly
10 times higher than that of polyaniline (Bae et al., 2005), it has
not been used for functionalization of graphene due to the inher-
ent poor solubility of PPY in common solvents, which originates
from the strong inter- and intra-chain interactions. This feature has

dx.doi.org/10.1016/j.bios.2010.07.127
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:hxju@nju.edu.cn
dx.doi.org/10.1016/j.bios.2010.07.127
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lso greatly limited its practical application in many areas (Chao
nd Wrighton, 1987). This work used a polypyrrole graft copoly-
er, poly(styrenesulfonic acid-g-pyrrole) (PSSA-g-PPY), which is of

ood water-solubility and high conductivity due to combining the
eatures of different monomers (Bae et al., 2005), to functionalize
GO via �–� noncovalent interaction. The PSSA-g-PPY functional-

zed RGO nanocomposite showed good dispersion in water, high
lectrical conductivity, and excellent electrocatalytic activity for
iosensing application. Thus a novel biosensor for hypoxanthine
as constructed.

Hypoxanthine is an essential metabolite to degrade adenine
ucleotide, which is mainly accumulated in biological tissues. The
etermination of hypoxanthine is very important for the quality
ontrol of fish products in food industries. The analytical techniques
or hypoxanthine detection usually involve chromatography and
apillary electrophoresis (Causse et al., 2007; Farthing et al., 2007).
owever, these methods require relatively expensive equipment,
dvanced technical expertise, and more time-consuming. Electro-
hemical techniques, especially amperometric biosensors, have
een considered as the best candidates for the in situ detec-
ion of hypoxanthine due to the high sensitivity, simplicity, and
asy to miniaturization (Venugopal, 2002). Here, the designed
SSA-g-PPY/RGO was used for biosensing of hypoxanthine. The
SSA-g-PPY/RGO modified electrode exhibited high electrocat-
lytic activity toward the oxidation of hydrogen peroxide (H2O2)
nd uric acid (UA). The latter is a product of purine nucleotide
etabolism and considered as a key biomarker in the evaluation

f physiological conditions. Based on the electrocatalytic response
o H2O2 and UA produced from the enzymatic reaction of xan-
hine oxidase (XnOx) with its substrate hypoxanthine, the proposed
iosensor for hypoxanthine showed good performance with high
ensitivity, wide linear range and excellent stability. It could be
uccessfully applied in the detection of hypoxanthine in fish sam-
les. The functionalization of RGO with water-soluble conducting
opolymer provided an efficient strategy for functionalization and
olubilization of graphene sheets, and broadened the application of
GO and copolymer in biosensing.

. Experimental

.1. Materials and reagents

Graphene oxide was prepared according to a modified
ummer’s method (Hummers and Offeman, 1958). Pyrrole, xan-

hine oxidase (EC 1.1.3.22, from microbial source, 8.1 U mg−1),
oly(diallyldimethylammonium chloride) (PDDA, 20%, w/w in
ater, MW: 200,000–350,000) were obtained from Sigma–Aldrich

nc (USA). Potassium hydride (KH) and sodium styrenesulfonate
SSNa) were from Alfa Aesar China Ltd. Chloromethylstyrene (CMS)
as from TCI (Japan). Graphite power and sodium borohydride
ere from Sinopharm Chemical Reagent Co. Ltd (China). All other

eagents were of analytical grade. All aqueous solutions were pre-
ared using ultra-pure water (≥18 M�, Milli-Q, Millipore). The
uffer for assay was 0.05 M phosphate buffer saline (PBS) prepared
y mixing stock-standard solutions of Na2HPO4 and NaH2PO4.

.2. Apparatus

The morphologies of the modified surfaces were studied using
tomic force microscope (AFM, Agilent 5500 model, USA) in tap-

ing mode. X-ray photoelectron spectrum (XPS) was obtained on
K-Alpha X-ray photoelectron spectrometer (Thermo Fisher Sci-

ntific Co., USA). Ultraviolet–visible (UV–vis) absorption spectra
ere recorded on a Lambda 35 UV/VIS spectrometer (Perkin-Elmer

nstruments, USA). The static water contact angles were measured
ectronics 26 (2010) 371–376

with a contact angle meter (Rame-Hart-100, USA) using droplets of
deionized water at 25 ◦C. Electrochemical impedance spectroscopy
(EIS) was carried out on a PGSTAT30/FRA2 system (Autolab, Nether-
lands) using the three-electrode setup in 0.1 M KCl containing
5 mM Fe(CN)6

3−/4− (1:1). The impedance spectra were recorded
within the frequency range of 10−2 to 106 Hz. 1H nuclear mag-
netic resonance (NMR) data were collected on Bruker ARX-300
spectrometer. Cyclic voltammetric and amperometric experiments
were performed on a CHI 812B electrochemical workstation (CH
Instruments Inc., USA). All experiments were carried out at room
temperature using a conventional three-electrode system with a
platinum disc electrode as working, a platinum wire as auxiliary,
and a saturated calomel electrode as reference electrodes.

2.3. Preparation of PSSA-g-PPY/RGO composite

PSSA-g-PPY was synthesized by a reported procedure (Bae et
al., 2005). First, for the preparation of pyrrolylmethylstyrene (PMS),
1 mL pyrrole reacted with 3 g KH for 6 h at room temperature under
N2, and 3 g CMS was then added to the solution and stirred at 0 ◦C for
12 h. The crude product was purified by column chromatography
on silica gel eluting with n-hexane to give PMS. Second, for the syn-
thesis of poly(sodium styrenesulfonate-co-pyrrolylmethylstyrene)
(P(SSNa-co-PMS)), 10 g SSNa, 1 mL PMS, and 0.1 g azobisisobuty-
ronitrile were dissolved in 120 mL dimethyl sulfoxide and then
polymerized at 90 ◦C for 36 h under N2 atmosphere. The product
was precipitated into acetone, and filtered. Third, PSSA-g-PPY was
prepared as follows: 1.0 g P(SSNa-co-PMS) was dissolved in 100 mL
1 M HCl solution, 0.1 mL pyrrole was added to the solution for 0.5 h
under stirring, followed by dropwise addition of 50 mL 1 M HCl con-
taining 0.03 M ammonium persulfate. After reaction at 0 ◦C for 6 h,
a dark solution was obtained, filtered, and then concentrated in a
vacuum evaporator and precipitated in acetone to get solid PSSA-g-
PPY powder. 1H NMR (300 MHz, D2O) for PSSA-g-PPY: ı 7.50–6.50
(multiple peaks, Ar–H and pyrrole–H), ı 1.50 (single peak).

A 50 mL aqueous dispersion of graphene oxide (1 mg mL−1) was
sonicated for 60 min, and centrifuged (3000 rpm) to remove nonex-
foliated GO sheets. Then 500 mg PSSA-g-PPY was added into the
solution, and sonicated for 30 min to obtain the PSSA-g-PPY/GO
dispersion. 500 �L of hydrazine was injected into the resulting solu-
tion and kept at 100 ◦C for 24 h. This dispersion was filtered through
a filter membrane (0.2 �m pore size) to obtain a black solid, which
was then collected and dried at 80 ◦C overnight to yield the PSSA-
g-PPY/RGO nanocomposite.

2.4. Preparation of biosensor

Pt electrode (2 mm in diameter, CH Instruments, USA) was first
polished to a mirror finish using 0.3 and 0.05 �m alumina slur-
ries (Beuhler), followed by thorough rinsing with deionized water.
5 mg PSSA-g-PPY/RGO was added into 5 mL water and stirred for
2 h to obtain a PSSA-g-PPY/RGO suspension. 3 �L of the suspension,
2 mg mL−1 XnOx (in 0.05 M pH 7.0 PBS), and 0.5% PDDA were sub-
sequently cast on the pretreated Pt electrode surface and allowed
to dry under ambient conditions for 2 h after each drop-casting
step. The formed PDDA membrane was used to fix the XnOx-
impregnated PSSA-g-PPY/RGO composite on the electrode surface.
Similarly, PSSA-g-PPY modified Pt electrodes were prepared.

2.5. Determination of hypoxanthine for fish freshness
A piece of fish meat (4–5 g) was homogenized in 15 mL of ultra-
pure water for 30 min. The solution was then filtered through a filter
membrane (0.2 �m pore size). Ultra-pure water was then added
into the filtrate producing a total volume of 50 mL homogenized
sample solution. A mixture containing equal volumes of the fish
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ig. 1. (A) Photographs of water dispersions (1 mg mL−1) of RGO (a) and PSSA-g-PP
nd PSSA-g-PPY/RGO (c) modified substrates.

xtract and 0.1 M PBS was performed for fish freshness analysis.
ll sample solutions were prepared immediately for each experi-
ent.

. Results and discussion

.1. Characterization of PSSA-g-PPY/RGO

PSSA-g-PPY/RGO nanocomposite was synthesized by chemi-
ally reducing the nanocomposite of GO and PSSA-g-PPY with
ydrazine. The resulting PSSA-g-PPY/RGO could well disperse in
ater to produce a stable black solution for at least 2 months

Fig. 1A, photograph b). As control, the reduced GO dispersion with-
ut the presence of PSSA-g-PPY produced a RGO suspension, which
uickly precipitated to the bottom of the bottle (Fig. 1A, photograph
). The solubility of PSSA-g-PPY/RGO was determined to be about
.0 mg mL−1 according to the saturated amount in water (Zhang et
l., 2006).

The biocompatibility of PSSA-g-PPY/RGO was characterized
ith the contact angle measurements. As shown in Fig. 1B, the con-

act angles of RGO (photograph a), PSSA-g-PPY (photograph b) and
SSA-g-PPY/RGO (photograph c) films were measured to be 47◦,
bout 0◦ and 17◦, respectively. The PSSA-g-PPY copolymer showed
he minimum contact angle, which was contributed to the sulfonic
cid groups introduced by water-soluble PSSA. Compared with bare
GO, the PSSA-g-PPY/RGO exhibited much smaller contact angle,

ndicating good hydrophilicity or biocompatibility. The improved
ydrophilicity and biocompatibility of the nanocomposite could
reatly enhance the loading capacity of protein and preserve the
ioactivity of the immobilized biomolecules, thus provided a desir-
ble platform for biosensing and biocatalytic application.

Fig. 2 shows the AFM images of GO and PSSA-g-PPY/RGO. The
amples used for AFM studies were prepared by depositing the
orresponding dispersions on mica surfaces and dried at room tem-
erature. The cross-sectional view of the typical AFM image of the
xfoliated GO (Fig. 2A) indicated that the average thickness of GO

heets is about 0.85 nm. In the case of PSSA-g-PPY coated RGO, the
verage thickness was about 2.8 nm (Fig. 2B). The obvious increase
n thickness and the relatively uniform thickness suggested that the
urface of RGO was coated with the copolymer due to the strong
nterfacial interactions between PSSA-g-PPY and RGO.
ctionalized RGO (b), and (B) contact angle photographs of RGO (a), PSSA-g-PPY (b)

XPS was employed to analyze the GO and PSSA-g-PPY/RGO.
The C 1s XPS spectrum of GO (Fig. 3A) indicated the presence
of 4 types of carbon bonds: C–C (284.5 eV), C–O (286.6 eV), C O
(288.1 eV), and O–C O (289.3 eV) (Bai et al., 2009). After reduc-
tion, the peak associated with C–C (284.5 eV) became predominant,
while the peaks related to the oxidized carbon species were greatly
weakened (Fig. 3B). Furthermore, additional peaks assigned to C–S
(285.6 eV) and C–N, C N (286.2 eV) species of PSSA-g-PPY appeared
in the spectrum of PSSA-g-PPY/RGO. These results demonstrated
that GO was reduced into RGO, and PSSA-g-PPY was coated onto
the graphene sheets.

UV–vis absorption spectra of RGO, PSSA-g-PPY and PSSA-g-
PPY/RGO were shown in Fig. 3C. No absorption peak for RGO sample
was observed in the wavelength range of 300–1300 nm (curve a)
(Liu et al., 2009a). The UV–vis spectrum of PSSA-g-PPY (curve b)
showed a bipolaron absorption at 450 nm and a free carrier tailing
of anti-bipolaron absorption in the near-IR region with a maximum
value at about 1110 nm, indicating that the copolymer was in a self-
doped state (Bae et al., 2005; Antony and Jayakannan, 2007). After
integrating with RGO, the characteristic absorption peaks at 450
and 1110 nm arising from PSSA-g-PPY were blue shifted to 415 and
965 nm in the spectra of PSSA-g-PPY/RGO (curve c), and the absorp-
tion peak at 415 nm was more broaden. These results suggested the
nanocomposite was formed via the �–� noncovalent interaction
between the ring of PSSA-g-PPY copolymer and the planar struc-
ture of the RGO (Star et al., 2001; Wu and Lin, 2006; Geng et al.,
2008).

3.2. Electrochemical characterization of PSSA-g-PPY/RGO

Fig. 4A shows the electrochemical behaviors of the immobi-
lized PSSA-g-PPY/RGO in 0.05 M pH 7.0 PBS. Compared with bare
Pt electrode (curve a), the cyclic voltammograms (CVs) of both
PSSA-g-PPY (curve b) and PSSA-g-PPY/RGO modified electrodes
(curve c) exhibited a pair of well defined redox peaks corre-
sponding to the electrochemical reduction and oxidation of PPY

(Zhang et al., 2008). The peak currents of PSSA-g-PPY/RGO modi-
fied electrode were much higher than those of PSSA-g-PPY modified
electrode in neutral aqueous medium, which should be contributed
to the fast electron transfer and high specific surface area of RGO
for loading of PSSA-g-PPY. In addition, PSSA-g-PPY was unstable
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Fig. 2. AFM images of (A) GO

nd easily lost from the electrode surface, while the immobilized
SSA-g-PPY/RGO was quite stable at electrode surface due to the
ormation of a crosslinked 3-dimensional network between PSSA-
-PPY chains and the basal planes of graphene. The as-prepared
odified electrode could greatly improve the electrochemical sig-

al transduction in bioanalysis.
Using Fe(CN)6

3−/4− redox couple as the electrochemical probe,
he Nyquist plots of different electrodes in the frequency range
rom 10−2 to 106 were shown in Fig. 4B. At bare Pt electrode
he redox process of the probe showed an electron transfer resis-
ance of about 65 � (curve a). After the PSSA-g-PPY copolymer
as coated on the electrode, the resistance increased to about

05 � (curve b), suggesting that the PSSA-g-PPY copolymer slightly
locked the electron transfer between the redox probe and elec-
rode surface. However, the PSSA-g-PPY/RGO modified electrode
howed the lowest resistance for the redox probe (curve c), further
mplying that PSSA-g-PPY/RGO composite was an excellent electric
onducting material.
.3. Response to oxidation of H2O2 and UA

The reliable, accurate, and rapid determination of H2O2, a prod-
ct of enzymatic reaction, is of practical importance because it is

Fig. 3. C 1s XPS spectra of (A) GO and (B) PSSA-g-PPY/RGO, and (C) UV–vis a
B) PSSA-g-PPY/RGO on mica.

an essential mediator in food, pharmaceutical, clinical, industrial,
and environmental analyses (Wang, 2008; Zhou et al., 2009). Bare
Pt electrode exhibited a good response to H2O2 at +0.42 V (Fig. 4C,
curve a). When PSSA-g-PPY was modified on the electrode, the peak
current decreased (Fig. 4C, curve b), which suggested that PSSA-g-
PPY had a blocking effect on the electron exchange between H2O2
and the electrode surface. However, an enhanced peak current was
observed at PSSA-g-PPY/RGO modified electrode, and the anodic
potential shifted negatively to +0.39 V (Fig. 4C, curve c), which
was much lower than +0.5 V at polyelectrolyte multilayer films
modified Pt electrode (Hoshi et al., 2001). This means that the PSSA-
g-PPY/RGO modified electrode has higher electrocatalytic activity
toward oxidation of H2O2, which is in favor of the preparation of
enzyme-based sensor.

UA could be oxidized at +0.52 V at bare Pt electrode (Fig. 4D,
curve a). With coating of PSSA-g-PPY on the electrode surface, the
current decreased, however, the anodic peak potential shifted neg-
atively to +0.45 V (Fig. 4D, curve b), indicating the electrocatalytic

activity of PSSA-g-PPY for the oxidization of UA. The PSSA-g-
PPY/RGO modified electrode exhibited an increasing current with
a negative shift of anodic potential to +0.38 V (Fig. 4D, curve c),
which was lower than +0.55 V at a fluorosurfactant-modified plat-
inum electrode (Chen and Zu, 2007). These results revealed that the

bsorption spectra of RGO (a), PSSA-g-PPY (b) and PSSA-g-PPY/RGO (c).
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ig. 4. (A) Cyclic voltammograms in pH 7.0 PBS, (B) EIS in 0.1 mM KNO3 contain-
ng 5 mM K3[Fe(CN)6]/K4[Fe(CN)6], and the electrocatalytic oxidation of (C) 3.0 mM

2O2 and (D) 3.0 mM uric acid in 0.05 M pH 7.0 PBS at bare (a), PSSA-g-PPY modified
b) and PSSA-g-PPY/RGO modified Pt electrode (c). Scan rate: 100 mV s−1.

s-prepared hybrid nanocomposite possessed good electrocatalytic
ctivity toward oxidation of both H2O2 and UA.

.4. Amperometric performance of XnOx/PSSA-g-PPY/RGO
odified electrode

Similarly, XnOx/PSSA-g-PPY/RGO modified electrode also
howed sensitive response to the oxidations of both H2O2 and UA.
pon addition of hypoxanthine to air-saturated PBS in absence of
oth H2O2 and UA, a rapid increase in the anodic current appeared
s a result of the oxidations of H2O2 and UA produced from the
nzymatic reactions:

ypoxanthine + O2
XnOx−→Xanthine + H2O2

anthine + O2
XnOx−→Uric acid + H2O2

Therefore, the determination of hypoxanthine in this single
ensing element could be achieved by measuring the oxidation cur-
ent of H2O2 and UA at XnOx/PSSA-g-PPY/RGO modified electrode.

The dependence of the amperometric response of the biosen-
or on the applied potential was investigated over the range of
0.3–0.8 V in this work. The amperometric response of resulting
iosensor to 5 �M hypoxanthine increased with the increasing
otential from +0.3 to 0.55 V and tended to a stable response after
0.55 V. Therefore, +0.55 V was an optimal applied potential for
mperometric measurement.

The pH value of the detection solution also affected the amper-
metric response of the biosensor. The current increased as the pH
hanged from 5.0 to 7.0, following with a fast decrease in the pH
ange of 7.0–8.0. The maximum response was obtained at pH 7.0,
hich was consistent with the optimum pH for the free XnOx (Shan

t al., 2009). This indicated that the immobilization procedure did
ot alter the optimum pH of XnOx. Therefore, pH 7.0 PBS was used

s the electrolyte in further work.

The steady-state amperometric response of the XnOx/PSSA-g-
PY/RGO modified electrode to hypoxanthine was determined by
he successive addition of hypoxanthine into 10 mL PBS under the
ptimum conditions (Fig. 5). After the addition of hypoxanthine, the
Fig. 5. Typical current–time response curve of the biosensor upon successive addi-
tions of hypoxanthine with marked concentrations. Upper inset: linear calibration
curve. Lower inset: amplified response curve at low concentrations. Applied poten-
tial: +0.55 V.

anodic current immediately increased and reached 95% of steady-
state current within 5 s. The linear concentration range was from
3 × 10−8 M to 2.8 × 10−5 M with a correlation coefficient of 0.999,
a high sensitivity of 673 ± 4 �A M−1 cm−2 and a detection limit of
10 nM at the signal-to-noise ratio of 3. The performance of the
biosensor was better than those of ruthenium purple-mediated
biosensor with a linear range from 2 × 10−7 M to 4 × 10−5 M and
a sensitivity of 334 �A M−1 cm−2 (Tian et al., 2007), electrochemi-
luminescent biosensor with a linear range from 8.0 × 10−6 M to
3.0 × 10−4 M and a detection limit of 3 �M (Lin et al., 2008), and gold
nanoparticle-based amperometric biosensor with a linear range
from 5.0 × 10−6 to 1.5 × 10−4 M (Cubukcu et al., 2007). To our best
knowledge, this was the lowest detection limit of electrochemi-
cal biosensors for hypoxanthine. The good performance could be
attributed to the enhanced electrocatalytic activity and good bio-
compatibility of PSSA-g-PPY/RGO nanocomposite.

The repeatability of the XnOx/PSSA-g-PPY/RGO modified elec-
trode was examined at the hypoxanthine concentrations of 0.05
and 5 �M, and the relative standard deviations for six determi-
nations were 3.4% and 2.2%, respectively. In addition, the relative
standard deviation of current signals for measurement of 5 �M
hypoxanthine at six independently prepared biosensors was 2.6%,
which proved good reproducibility of the biosensor preparation.
The long-term stability of the XnOx/PSSA-g-PPY/RGO modified
electrode was investigated in two ways. The enzyme electrode
retained 94% of its original response after 4 weeks storage in 0.05 M
pH 7.0 PBS at 4 ◦C. At the same storage condition, when used once
per 4 days, the enzyme electrode retained 96%, 94%, 92%, 90%,
87%, 84% and 81% of its initial activity after 4, 8, 12, 16, 20, 24
and 28 days, respectively. These results indicated acceptable sta-
bility.

3.5. Analysis of fish samples

Hypoxanthine is the major mutability of adenine nucleotide
degradation that accumulating in fish continuously after death.
The determination of fish quality is reflected directly by increase
in hypoxanthine concentration (Yano et al., 1995; Shan et al.,
2009). Here the XnOx/PSSA-g-PPY/RGO sensing system was used

to estimate the freshness of fish. Due to the lack of experimental
conditions available to perform a traditional or referee determina-
tion, recovery testing was carried out to demonstrate the validity
of the proposed method (Table 1). After fish was killed and stored
for 0, 4, 12 and 24 h at room temperature, the concentration of
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Table 1
Determination of hypoxanthine in fish samples (n = 3).

Sample Store condition Added (�M) Found (�M) Recovery (%)

1 Freshly killed 0 5.55 ± 0.03
10 14.93 ± 0.04 93.8 ± 0.4

2 4 h after death 0 5.83 ± 0.04
10 15.32 ± 0.07 94.9 ± 0.7

3 12 h after death 0 9.05 ± 0.08
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10 18.55 ± 0.20 95.0 ± 2

4 24 h after death 0 15.28 ± 0.12
10 24.92 ± 0.20 96.4 ± 2

ypoxanthine increased, and the obtained recoveries were more
han (93.8 ± 0.4)%, indicating acceptable accuracy.

. Conclusions

A biocompatible PSSA-g-PPY/RGO nanocomposite was designed
y functionalizing the graphene sheets with conducting graft
opolymer via �–� noncovalent interaction. The copolymer exhib-
ted water-solubilization and high conductivity. The resulting
SSA-g-PPY/RGO nanocomposite showed uniform sheet nanos-
ructure and could disperse in water to form a stable solution. The
ybrid nanocomposite possessed excellent electrocatalytic activity
oward electrooxidation of both H2O2 and UA. Based on the electro-
atalysis activity, a biosensor was constructed for fast detection of
ypoxanthine by an enzymatic cycle. The biosensor showed wide

inear range, low detection limit, good reproducibility and accepted
ong-term stability, and could successfully detect hypoxanthine in
sh samples. The copolymer opens an insight for functionalization
f graphene sheets, and has a great potential for multiple applica-
ions in electronic devices.
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