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a b s t r a c t

In this paper, a simple one-step electrodeposition method is described to fabricate chitosan–Prussian
blue–multiwall carbon nanotubes–hollow PtCo nanochains (CS–PB–MWNTs–H-PtCo) film onto the gold
electrode surface, then glucose oxidase (GOD) and Nafion were modified onto the film subsequently to
fabricate a glucose biosensor. The morphologies and electrochemistry of the composite were investigated
by using Fourier transform infrared (FTIR) spectrometry, scanning electron microscopy (SEM) and elec-
eywords:
hitosan
russian blue
ultiwall carbon nanotubes
ollow PtCo nanochains

trochemical techniques including cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS), respectively. The performances of the biosensor have been investigated by chronoamperometry
method under the optimized conditions. This biosensor showed a linear response to glucose range from
1.5 �M to 1.12 mM with a detection limit of 0.47 �M (S/N = 3), a high sensitivity of 23.4 �A mM−1 cm−2,
and a fast response time. The apparent Michaelis–Menten constant (Kapp

M ) was 1.89 mM. In addition, the
stron
lucose

lectrodeposition
biosensor also exhibited

. Introduction

For the treatment and control of diabetes, the amount of blood
lucose has to be detected. For this reason, the glucose biosen-
or is the most extensively studied and researched among many
ifferent types of enzyme-based biosensors [1]. And glucose oxi-
ase (GOD) is widely employed because of its good stability and
elatively inexpensive [2,3]. It can catalyze the electron transfer
rom glucose to oxygen accompanying the production of hydrogen
eroxide (H2O2) and gluconolactone. Therefore, the glucose con-
entration can be monitored indirectly by the oxidation current
f H2O2 [4]. But a limitation is the severe interference caused by
educing agents such as ascorbic acid, acetaminophen or uric acid
n clinical application since the electrode must be poised at high
ositive working potentials for electrochemical detection of H2O2
5,6]. To solve this problem, Prussian blue (PB) has been introduced
o work as a redox mediator to reduce the operating potential dras-
ically, and offer the most sensitive and interference free detection
7].
PB, whose composition is expressed as FeIII4[FeII(CN)6]3, is con-
idered as an “artificial peroxidase”due to its high activity and
electivity toward the reduction of H2O2 and it has been exten-
ively used in the construction of electrochemical biosensors [8]. In
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g anti-interference ability, excellent stability and good reproducibility.
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recent years, many investigations have focused on the synthesis of
nano-sized PB particles and many methods including microemul-
sion [9], polymer protection [10] have been advocated. However,
the methods mentioned above are time-consuming or technically
complex and the as-prepared nanoparticles are not very stable in
some degree for a long time. Thus, it is very important to find a
rapid and convenient method to synthesize PB nanoparticles to
eliminate the problems. Compared with the traditional techniques,
electrodeposition is a facile, versatile and simple method to prepare
fresh PB film with controllable thickness and good reproducibility
[11,12]. But an alone electrodeposited PB film is prone to decom-
pose and exhibits poor cycling stability at physiological pH due to
the attack of hydroxide ions, which limit its employment in biosen-
sor fabrication [4,13]. Therefore, chitosan (CS) has been successfully
introduced to prevent the leakage of PB and improve the stability
of the biosensor.

CS is a polysaccharide derived by deacetylation of biopolymer
chitin [14]. Chitosan’s pKa is about 6.3 because of some primary
amino groups, CS is protonated and soluble at lower pH solutions
(<pKa). When the pH is higher than pKa, the amino groups become
deprotonated and form an insoluble hydrogel network [15,16].
Based on its attractive biocompatible, biodegradable, nontoxic and
excellent film-forming ability, chitosan hydrogel was electrochem-

ically deposited onto electrode surface with PB to form CS–PB
hybrid film [17]. At the same time, other substances such as metal
nanoparticles [11,18] or carbon nanotubes [19] can be effectively
incorporated to form a composite during the electrodeposition to
enhance electrical conductivity and improve the microarchitecture.

dx.doi.org/10.1016/j.colsurfb.2011.01.041
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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Since multi-wall carbon nanotubes (MWNTs) were discovered
n 1991 by Iijima, they have been widely used in electrochemical
iosensor due to their unique properties, such as high electrical
onductivity, mechanical strength and chemical stability and so on
20,21]. Moreover, MWNTs possess high surface-to-volume ratio
nd strong adsorptive ability [22]. When MWNTs were incorpo-
ated into CS–PB hybrid film, the CS–PB–MWNTs composite can
orm a random mesh on the electrode surface of high catalytic
urface area.

On the other hand, electrochemical behavior and applications
f nanoparticles have attracted considerable interest in the past
ew years [23]. Introducing metal nanoparticles especially hollow

etal nanoparticles into electrode surfaces has developed vari-
us electrochemical biosensors since the nanoparticles have high
atalytic activities for many chemical reactions [24]. But most
eported hollow spheres are generally fabricated by template-
irected synthesis [25] or emulsion synthesis [26,27] which were
echnically complicated. Simultaneously, it is a challenge to retain
he shell structures during core removal. Thus, the one-pot syn-
hesis of hollow nanostructured materials was carried out by the
alvanic displacement reaction, which is fast, simple and one-step
olution route for the preparation of hollow nanostructures [28].
ccordingly, hollow PtCo (H-PtCo) nanochains were synthesized
y employing Co nanoparticles produced in situ as a template.
he performance of the glucose biosensor was improved with the
ntroducing of H-PtCo nanochains, because they can not only facil-
tate the transfer of electron but also have high catalytic activities
or glucose oxidation. Meanwhile, the porous high surface area
S–PB–MWNTs–H-PtCo film provided a high loading capacity for
lucose oxidase.

In this paper, a new glucose biosensor was constructed based
n electrochemical deposition of CS–PB–MWNTs–H-PtCo compos-
te on a gold electrode as a mediator. After GOD was immobilized
nto the film, Nafion was dipped on GOD/CS–PB–MWNTs–H-PtCo
embrane to maintain the stability of modified electrode. This

trategy has following advantages. Firstly, one-step electrochem-
cal co-deposition is a clean and quick method to fabricate the
S–PB–MWNTs–H-PtCo composite film. Secondly, incorporating
WNTs and H-PtCo nanochains into CS–PB hybrid film increased

lectron transfer and improved the microarchitecture of the elec-
rode surface. Attribute to the synergistic effects between PB
articles, MWNTs and H-PtCo nanochains, the biosensor exhib-

ted a high electrocatalytic activity to glucose. Finally, Nafion
lm used here prevented the loss of the enzyme molecules,

mproved the anti-interference ability of the biosensor and
rovided a biocompatible microenvironment to maintain enzy-
atic activity. In addition, the influence of pH value, applied

otential and deposition time on the biosensor performance
as evaluated. The resulted biosensor exhibited high sensitiv-

ty, good reproducibility, long-term stability and short response
ime.

. Experiment

.1. Reagents and apparatus

MWNTs (>95% purity) were obtained from Chengdu Organic
hemicals Co. Ltd. of the Chinese Academy of Science and purified
y fluxing in concentrated nitric acid for 7 h prior to use. Hydrogen
exachloroplatinate (IV) hexahydrate (H2PtCl6·6H2O, 99%), glucose

xidase (E.C 1.1.3.4, 151,000 unit/g), chitosan (CS, deacetylating
rade: 70–85%) were all purchased from Sigma. Glucose stock solu-
ion was stored to mutarotate for 24 h at room temperature before
sing. Other reagents were of analytical reagent grade. All solutions
ere prepared with doubly distilled water. The phosphate buffer
iointerfaces 84 (2011) 454–461 455

(PBS) containing 0.025 M KH2PO4, 0.025 M K2HPO4 and 0.1 M KCl
was chosen as the supporting electrolyte.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) studies were performed using CHI 660D elec-
trochemistry workstation (Shanghai CH Instruments Co., China).
Infrared spectra were collected with a Fourier transform infrared
spectrophotometer (GX, Perkin Elmer Co., USA) using KBr disks. The
structure of H-PtCo nanochains was investigated with JEM-100CXII
transmission electron microscopy (TEM, Japan). Scanning electron
micrographs were studied by scanning electron microscope (SEM,
S-4800, Hitachi, Japan).

2.2. Synthesis of hollow PtCo nanochains

Hollow PtCo nanochains (H-PtCo) were synthesized according
to Ref. [29] by a little change. The synthesis process was described
as follows. Firstly, 50 mL aqueous solution containing CoCl2·6H2O
(8.5 mg) and PVP (100 mg) was deaerated with N2 for 15 min. Then,
freshly prepared NaBH4 (10 mg in 20 mL of H2O) was added drop-
wise. After all of the NaBH4 has been added, 17 mL of H2PtCl6 was
added immediately under vigorous stirring. Then the color of the
solution became blackish brown. After half an hour, the product was
collected by centrifugation, washed several times with H2O and
ethanol. For comparison, solid PtCo nanoparticles (S-PtCo) were
prepared according to the literature [30]. The same amount of PVP,
CoCl2·6H2O and H2PtCl6 used above were mixed simultaneously
under magnetic stirring. Then NaBH4 as reducer was added drop-
wise. Finally, the products were dried under ambient conditions for
further use.

2.3. Preparation of the electrodeposition base solution

Chitosan solution (0.05%) (w/v) was prepared by dissolving
50 mg CS powder in 100 mL 1.0% acetic acid solution and stirred
at room temperature until CS powder dissolve completely. Then
the solution was stored at 4 ◦C when not in use.

Before the experiment, MWNTs (2 mg L−1) and hollow PtCo
nanochains (2 mg L−1) were dispersed into chitosan solution to give
a homogeneous dispersion and noted as solution A; a solution con-
taining 5 mM FeCl3, 5 mM K3[Fe(CN)6], 0.2 M KCl, 0.02 M HCl and
0.05% CS was prepared as solution B. Before electrodepositing, the
solution A was freshly mixed with solution B under stirring condi-
tion (v/v = 1:1) to form the electrodeposition base solution.

2.4. Preparation of glucose biosensor

The gold electrode (Au, ˚ = 4 mm) was polished with 0.3 and
0.05 �m alumina slurry, respectively. After rinsed with distilled
water, the electrode was chemically cleaned by immersing into
freshly prepared “piranha” solution (7:3 (v/v) mixture of concen-
trated H2SO4 and 30% H2O2) for 30 s and followed by sonicating in
ethanol and water successively for 5 min.

After the electrode was dried in air, the clean gold electrode was
immersed into the freshly prepared electrodeposition base solu-
tion under slightly stirring and electrodeposited for 300 s with a
constant potential of +0.4 V (vs. SCE). Following that, the modi-
fied electrode was transferred into 0.01 M HCl/0.1 M KCl solution,
and electrochemically scanned for 25 circles between −0.05 V and
0.35 V at a scan rate of 50 mV s−1 to obtain CS–PB–MWNTs–H-
PtCo/gold electrode. After the modified electrode was dried in

air, 10 �L 5 mg mL−1 GOD was added onto the film. Finally, the
GOD/CS–PB–MWNTs–H-PtCo modified gold electrode was coated
with an extra 3.0 �L 0.5% Nafion to maintain the stability of modi-
fied electrode. The schematic illustration of the stepwise procedure
of the biosensor fabrication was shown in Fig. 1.
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Fig. 1. Illustration of the prepara

For comparison, Nafion/GOD/CS–PB/Au Nafion/GOD/
S–PB–MWNTs/Au, Nafion/GOD/CS–PB–H-PtCo/Au and Nafion/
OD/CS–PB–MWNTs–S-PtCo/Au electrodes were fabricated by

he similar procedures. All enzyme electrodes were stored in
efrigerator (4 ◦C) when not in use.

.5. Experimental measurements

Electrochemical experiments were performed in a conventional
lectrochemical cell containing a three-electrode cell, in which
modified gold electrode, a saturated calomel electrode and a

latinum wire served as the working, reference and auxiliary elec-
rodes, respectively. A 0.025 M PBS (pH 6.0) including 0.1 M KCl was
sed as electrolyte solution. The stepwise assembly of the biosen-
or was characterized by electrochemical impedance spectroscopy
EIS) and cyclic voltammetric (CV). EIS was carried out in the pres-
nce of a 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as redox
robe in 0.025 M PBS (pH 6.0) containing 0.1 M KCl. The alternative
oltage was 5 mV and the frequency range was 50 MHz–10 kHz.
he CV was carried out with the potential range from −0.2 to 0.5 V
nder a sweeping rate of 100 mV s−1. Amperometric measurements
ere carried out in a 5 mL stirred PBS at room temperature with an

pplied potential of −0.1 V. Different concentrations of �-d-glucose
olution were added when background current reached a constant
alue. All potentials were measured and reported vs. the SCE.

. Results and discussion

.1. SEM characterizations of CS–PB–MWNTs–H-PtCo composite
lm and TEM characterization of hollow PtCo nanochains

In order to verify the successful assembly of CS–PB–MWNTs–H-
tCo nanocomposite film, the morphologies of the CS–PB,
S–PB–MWNTs and CS–PB–MWNTs–H-PtCo composite on a gold
ubstrate were characterized by SEM (Fig. 2).

As seen from Fig. 2A, a compact CS–PB film with lots of small
B particles formed on the gold surface. After MWNTs added, a
elatively rough mesh was seen in Fig. 2B. When MWNTs and
ollow PtCo nanochains were incorporated into the CS–PB film,
e can see a rougher and more porous surface. Simultaneously,

he morphology possessed a three-dimensional structure in some
egree. Compared with the CS–PB and CS–PB-MWNTs film, the
S–PB–MWNTs–H-PtCo modified electrode had larger active sur-

ace area (Fig. 2C). Thus, the electrode had an excellent conductivity.
The microstructure of hollow PtCo nanochains was also

bserved by TEM (Fig. 2D). The contrast between the dark edge and

he bright center provided convincing evidence of the hollow struc-
ure. An average diameter of the hollow spheres was determined
o be 7 nm. Isolated hollow nanoparticles were not observed out of
he nanochains, suggesting that they are robust enough to survive
entrifugation and ultrasonic treatment.
rocess of the glucose biosensors.

3.2. Electrochemical impedance spectroscopy (EIS) and cyclic
voltametry (CV) characterization of the modified electrode

EIS was used to characterize the stepwise assembly of the
biosensor since it was an effective method to probe the inter-
face properties of surface-modified electrodes. The linear part,
observed in the EIS, represents the diffusion-limited process. The
semicircle portion in EIS corresponds to the electrontransfer-
limited process. The electron transfer resistance (Ret) at electrode
surface is equal to the semicircle diameter. Therefore, the step-
wise assembly of the biosensor was characterized by EIS, and
the results are shown in Fig. 3A. As can be seen, curve a pre-
sented a small semicircle domain implying a low Ret = 97 � on the
bare gold electrode. When CS–PB–MWNTs–H-PtCo composite was
deposited onto the electrode surface, the electron transfer resis-
tance decreased dramatically to 24 � (curve b), the reason maybe
that the excellent conductivity of CS–PB–MWNTs–H-PtCo compos-
ite have porous network-like structure, and have larger effective
surface area than the bare electrode surface. After GOD was modi-
fied on CS–PB–MWNTs–H-PtCo/Au electrode, the EIS presented an
apparent increase and the electrontransfer resistance was 272 �
(curve c), which was due to the inhibition effect of the macro-
molecules for electron transfer. The electrontransfer resistance
further increased to 641 � when non-conductive properties of
Nafion covered onto the GOD/CS–PB–MWNTs–H-PtCo film (curve
d).

Meanwhile, CV has also been employed to characterize the
assembly process of the modified electrode (Fig. 3B). The image
showed the CV of bare gold electrode (curve a), in which no peak
was observed as a result of the lack of redox-active material. After
the electrode was electrodeposited in the electrodeposition base
solution, a pair of well-defined redox peaks was observed (curve
b), indicating that PB had been assembled on the electrode surface
through electrochemical co-deposition. The anodic and cathodic
peaks decreased gradually when GOD (curve c) and Nafion (curve
d) were modified onto CS–PB–MWNTs–H-PtCo composite modi-
fied gold electrode, respectively. The results indicated that GOD and
Nafion had been successfully immobilized on the electrode surface.

CVs of the proposed biosensor at different scan rates were also
recorded (Fig. 4).

It can be seen that the peak currents increased with the
scan rates in the range of 10–400 mV s−1. Square root of scan
rate showed a linear relation with peak current (shown in the
inset of Fig. 4), indicating a diffusion-controlled behavior of the
biosensor.
3.3. The electrical conductivity of CS–PB–MWNTs–H-PtCo
composite

In order to investigate the enhanced electrical conductivity of
CS–PB–MWNTs–H-PtCo composite because of the introduction of
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ig. 2. SEM images of (A) CS–PB hybrid film; (B) CS–PB–MWNTs film; (C) CS–PB–M

WNTs and hollow PtCo nanochains, CV and EIS measurements
ere used to the contrast tests (Fig. 5).

As shown in Fig. 5A, with incorporating of MWNTs and hol-
ow PtCo nanochains into the CS–PB hybrid film, the peak current
f CS–PB–MWNTs–H-PtCo/Au was obviously higher than that of
S–PB/Au, CS–PB–H-PtCo/Au and CS–PB–MWNTs/Au. Moreover,

he resistance of CS–PB–MWNTs–H-PtCo/Au was smaller than
hat of the electrodes without MWNTs or H-PtCo nanochains
Fig. 5B). The results indicated that MWNTs and H-PtCo nanochains
mproved the conductivity of composite, which could enhance the
erformance of biosensor. Fourier transform infrared (FTIR) was

ig. 3. (A) The electrochemical impedance spectroscopy (EIS) of different electrodes in 5
f different electrodes in PBS (pH 6.0): (a) bare Au electrode; (b) CS–PB–MWNTs–H-PtCo
tCo/Au. Scan rate: 100 mV s−1.
–H-PtCo nanocomposite film and (D) TEM images of hollow PtCo nanochains.

further applied to characterize the formation and properties of the
CS–PB–MWNTs composite film (Fig. 1S).

3.4. Influence of pH and applied potential on biosensor response

The pH value is one of the parameters which affect the

performance of the glucose biosensor. The change of chronoamper-
ometric current with the pH under constant glucose concentration
(0.3 mM) was shown in Fig. 6.

The results show that the maximum response appears at pH 6.0.
Simultaneously, the stability of CS–PB–MWNTs–H-PtCo compos-

.0 mM [Fe(CN)6]4−/3− + 0.1 M KCl solution and (B) the cyclic voltammograms (CVs)
/Au; (c) GOD/CS–PB–MWNTs–H-PtCo/Au and (d) Nafion/GOD/CS–PB–MWNTs–H-
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ig. 4. The cyclic voltammograms (CVs) of Nafion/GOD/CS–PB–MWNTs–H-PtCo
odified electrode at different scan rates: 10, 20, 50, 100, 150, 200, 300 and

00 mV s−1 in 0.025 M PBS (pH 6.0). The inset shows the dependence of redox peak
urrents on the square root of scan rates.

te film was very satisfactory. Therefore, pH 6.0 phosphate buffer
olutions were selected for the determination of glucose.

The dependence of chronoamperometric current response of
he biosensor to constant concentration (0.3 mM) glucose on the
pplied potential from 0.2 to −0.2 V was investigated in pH 6.0
BS (Fig. 6). The maximum response was reached at −0.1 V and
t was selected as the working potential for further experiments.
he effect of deposition time on electrocatalytic property of glucose
iosensor was shown in Fig. 2S.

.5. Amperometric response of the glucose biosensor

The amperometric response of the
afion/GOD/CS–PB–MWNTs–H-PtCo/Au electrode was inves-

igated by successively adding glucose to 5 mL stirred PBS
olution under the optimized conditions. As controlled exper-
ment, the amperometric responses were also measured at
he Nafion/GOD/CS–PB/Au, Nafion/GOD/CS–PB–MWNTs/Au and
afion/GOD/CS–PB–H-PtCo/Au electrodes with injecting the same

oncentration of glucose, respectively (Fig. 7A).

As can be seen, the Nafion/GOD/CS–PB/Au electrode
howed a very small current response to glucose (curve
). Such response was mainly attributed to the syner-
ic catalysis effects of PB and GOD molecule [31]. At the

ig. 5. The CV (A) and EIS (B) contrast test of the electrical conductivity (a) CS–PB/Au;
lectrode.
Fig. 6. Dependence of the current change of biosensor to 0.3 mM glucose on the
pH of buffer solutions at an applied potential of −0.1 V and the applied potential in
0.025 M phosphate buffer solution (pH 6.0).

same time, both Nafion/GOD/CS–PB–MWNTs/Au (curve b)
and Nafion/GOD/CS–PB–H-PtCo/Au (curve c) exhibited a
relatively small response current to glucose. Whereas, dras-
tic increase of the response current was observed at the
Nafion/GOD/CS–PB–MWNTs–H-PtCo/Au electrode (curve d).
This result demonstrated that the biosensor based on PB, MWNTs
and hollow PtCo nanochains exhibited a better electrocatalytic
activity to glucose ascribed to their synergistic action, since they
had high surface area to entrap enzyme and excellent conductivity
to promote the electron transfer.

In addition, to evaluate the electrocatalytic activity of the hollow
and solid PtCo nanoparticles, the chronoamperometric response of
the Nafion/GOD/CS–PB–MWNT–S-PtCo/Au electrode toward glu-
cose was tested and the result was compared with those obtained
on Nafion/GOD/CS–PB–MWNT–H-PtCo/Au electrode (Fig. 7B). The
result revealed that the biosensor applied hollow PtCo had a bet-
ter chronoamperometric response for glucose oxidation than using
solid PtCo nanoparticles. The better catalyst was directly related to
the high surface area of hollow nanoparticles.

The amperometric response of the target biosensor to succes-
sive addition of glucose was evaluated at −0.1 V under optimized

conditions. The results were displayed in Fig. 8.

It was observed that the response time was very fast and the
current value reached 95% steady-state response less than 5 s.
The reason maybe that three-dimensional rough CS–PB–MWNT–H-

(b) CS–PB–MWNTs/Au; (c) CS–PB–H-PtCo/Au and (d) CS–PB–MWNTs–H-PtCo/Au
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Fig. 7. (A) Amperometric response of (a) Nafion/GOD/CS–PB/Au; (b) N
Nafion/GOD/CS–PB–MWNTs–H-PtCo/Au electrode in a stirred phosphate buffer soluti
Amperometric response of (a) Nafion/GOD/CS–PB–MWNT–S-PtCo/Au and (b) Nafion/GO
6.0) after successive glucose additions at applied potential −0.1 V.
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ig. 8. Typical current–time response of the Nafion/GOD/CS–PB–MWNT–H-PtCo
odified electrode on successive injection glucose into a stirred solution of 0.025 M

hosphate buffer solution (pH 6.0) at applied potential −0.1 V. Inset: calibration
urve of the biosensor.

tCo film improved the conductivity and efficiently accelerated the
lectron transfer.

The corresponding calibration curve was shown in the inset
f Fig. 8. The linear response range of the biosensor to glucose
oncentration was from 1.5 �M to 1.12 mM with a correlation
oefficient of 0.9989, a detection limit of 0.47 �M (S/N = 3) and

sensitivity of 23.4 �A mM−1 cm−2. The sensitivity was higher

han that of 1.89 �A mM−1 cm−2 reported in Nafion/PBNPs film [8],
.017 �A mM−1 cm−2 in the PB{Chi/MWNTs/GOD}6 film [32], and
8 �A mM−1 cm−2 in PtPbNP/MWNT modified electrode [6]. When
lucose concentration was higher than 1.6 mM, a response plateau

Fig. 9. Electrochemical response mech
afion/GOD/CS–PB–MWNTs/Au; (c) Nafion/GOD/CS–PB–H-PtCo/Au and (d)
on (pH 6.0) after successive glucose additions at applied potential −0.1 V. (B)
D/CS–PB–MWNT–H-PtCo/Au electrode in a stirred phosphate buffer solution (pH

was observed, showing the characteristics of the Michaelis–Menten
kinetic mechanism. The apparent Michaelis–Menten constant
(Kapp

M ), which gave an indication of the enzyme–substrate kinet-
ics, can be obtained from the electrochemical version of the
Lineweaver–Burk equation [33]:

1
Iss

= 1
Imax

+ Kapp
M

ImaxC

where Iss is the steady-state current after addition of substrate,
Imax is the maximum current under saturated substrate condi-
tion and C is the bulk concentrate of the substrate. The Kapp

M value
for the Nafion/GOD/CS–PB–MWNT–H-PtCo modified electrode was
determined to be 1.89 mM. The small value of Kapp

M indicated
that diffusion of substrate and product through the membrane
was much easier in the Nafion/GOD/CS–PB–MWNT–H-PtCo film,
and the proposed enzyme biosensor had a high biological affinity
toward glucose [34].

In order to assess the analytical performance level of the pro-
posed biosensor, the characteristics of the proposed biosensor were
compared with other glucose biosensors, as shown in Table 1.

Results showed that the linearity range, detection limit and
response time of the proposed biosensor were better than pre-
viously reported models. The favorable performances of the
biosensor were attributed to the excellent conductivity and
biocompatibility of CS–PB–MWNT–S-PtCo composite film. Mean-
while, there is a synergistic activity among PB, MWNTs and H-PtCo
nanochains.
3.6. The mechanism of the electron-transfer behavior of the
biosensor

The detailed catalytic process for the detection of glucose can
be expressed in the following [35]. At first, glucose diffused from

anism of the glucose biosensor.
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Table 1
Electroanalytical characteristics of various modified electrodes toward glucose detection.

Electrode fabrication Linearity range (mM) Detection limit (�M) Kapp
M

(mM) Response time Refs.

CS–Fc/MWNTs/GOD/GCE 0.02–5.36 6.5 6.87 10 s [36]
CS–GOD/CS–PB/Au 0.002–0.4 0.397 3.37 10 s [17]
CS–nano-Au–GOD/Nafion/Au 0.05–2.4 2.7 N/A 7 s [37]
Nafion/GOD/Aunano/Ptnano/CNT/Au 0.5–16.5 400 10.73 7 s [38]
Nafion/GOD/MWNTs/GCE 0.025–2.0 4.0 N/A 3 s [39]
Nafion/GOD/MWNTs/GCE 0.001–0.5 1.3 9.8 N/A [35]
Nafion/GOD/CS–PB–MWNTs–H-PtCo/Au 0.0015–1.12 0.47 1.89 4 s This work

CS, chitosan; Fc, ferrocene; GOD, glucose oxidase; GCE, glass carbon electrode; Au, gold electrode; CNT, carbon nanotube; N/A, not available.

Table 2
Application of the biosensor for determination the recovery of glucose.

Sample COriginal (�mol L−1) CAdded (�mol L−1) CFound
a ± S.D. (�mol L−1) R.S.D.% Recovery (%)

1 5 1 6.1 ± 0.13 2.1 101.7
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(Table 2).
The biosensor showed satisfactory results, with the recovery

rate in the range 93.8–103%. The satisfying results demonstrated
that the biosensor had a great potential for practical application.
2 50 5
3 100 10
4 300 50

a Mean value of five measurements.

he solution to the surface of the electrode, where it was enzymat-
cally oxidized to give gluconolactone and H2O2 in the presence of
xygen.

lucose + O2 → Gluconolactone + H2O2 (1)

Second, Prussian white was then oxidized by the produced
ydrogen peroxide to PB.

K4Fe4(II)[Fe(II)(CN)6]3 + 2H2O2 → Fe4(III)[Fe(II)CN6]3

+ 4OH− + 4K+ (2)

Third, the PB was subsequently reduced to Prussian white via
lectron exchange on the electrode surface.

e4(III)[Fe(II)CN6]3 + 4e− + 4K+ → K4Fe4(II)[Fe(II)(CN)6]3 (3)

The whole process was very rapid. With the series of reactions
irculated continuously, an electric current response was induced
nd quantitatively detected on the modified electrode. The mech-
nism of the process is schematically illustrated in Fig. 9.

.7. Selectivity of the biosensor

The coelectrooxidation of potential interferences such as
scorbic acid and uric acid was one of the problems in the amper-
metric detection of analyte. The amperometric responses at the
afion/GOD/CS–PB–MWNT–H-PtCo/Au electrode to the addition of
ve interfering substances (dopamine, glycine, l-cysteine, ascorbic
cid and ethanol) in 0.025 M phosphate buffer solution (pH 6.0) at
0.1 V were shown in Fig. 10.

There was no significant change of the response current to be
bserved after the additions of interfering substances. The result
emonstrated that the obtained biosensor had high selectivity for
lucose determination, which was largely attributed to the low
orking potential and the additional Nafion layer coated on the

iosensor.

.8. Reproducibility and stability of the biosensor

The reproducibility of the proposed biosensor was also studied.

he relative standard deviation (RSD) of the biosensor responsed
o 0.3 mM glucose was 3.3% for five successive measurements. And
he RSD for electrode-to-electrode reproducibility of five electrodes

easured under the same conditions was 4.8%. The biosensors
ere stored at 4 ◦C when not in use and measured at intervals.
53.1 ± 0.96 1.8 96.5
107.4 ± 1.29 1.2 97.6
364.5 ± 6.12 1.7 104.1

There were not obvious changes of amperometric response dur-
ing the first 3 days. After storage of two weeks and a month,
the biosensors retained 92.1% and 85.3% of its original sensitivity.
There are three reasons for this good stability and reproducibility.
Firstly, CS had excellent film-forming ability. Thus, the PB coex-
isted with CS, MWNTs and hollow PtCo can effectively prevent
PB leakage from the electrode. Secondly, the presence of MWNTs
and hollow PtCo nanoparticles improved the electron-transfer and
enhanced the enzyme loading owning to the formed three dimen-
sional rough composite film. Thirdly, Nafion layer provided a very
suitable microenvironment for enzyme entrapment and retained
its activity.

3.9. Recovery experiment

The applicability of the proposed biosensor was valuated for
detecting glucose concentration by standard addition method
Fig. 10. Interference study by successive additions of (a) 0.3 mM glucose, (b) 0.6 mM
ascorbic acid, (c) 0.6 mM l-cysteine, (d) 0.6 mM dopamine (e) 0.6 mM uric acid, (f)
0.6 mM glycine (g) 0.3 mM glucose in 0.1 M phosphate buffer solution (pH 6.0) at
Nafion/GOD/CS–PB–MWNTs–H-PtCo modified electrode at an applied potential of
– 0.1 V (vs. Ag/AgCl).
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. Conclusion

The CS–PB–MWNT–H-PtCo composite film had been success-
ully fabricated with the one-step electrochemical co-deposition

ethod. Incorporating MWNTs and H-PtCo into CS–PB hybrid
lm constructed a three dimensional rough microstructure which

ncreased the electron transfer relative to pure CS–PB films. Mean-
hile, the composite exhibited a better amperometric response

han using PB alone. Because of the synergistic effects between the
WNTs, H-PtCo nanochains and PB, the biosensor showed excel-

ent performance in the merits of high sensitivity, good stability and
eproducibility, wide linear response range, short response time
nd strong anti-interference ability. This method can be used in
he preparation of other amperometric enzyme biosensors.
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