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A  sensitive,  selective  and  stable  amperometric  glucose  biosensor  employing  novel  PtPd  bimetallic
nanoparticles  decorated  on  multi-walled  carbon  nanotubes  (PtPd-MWCNTs)  was  investigated.  PtPd-
MWCNTs  were  prepared  by  a modified  Watanabe  method,  and  characterized  by  XRD  and  TEM.  The
biosensor  was  constructed  by immobilizing  the  PtPd-MWCNTs  catalysts  in  a Nafion  film  on  a  glassy  car-
bon  electrode.  An  inner  Nafion  film  coating  was  used  to eliminate  common  interferents  such  as  uric  acid,
ascorbic  acid  and  fructose.  Finally,  a highly  porous  surface  with  an orderly  three-dimensional  network
t-based bimetallic nanoparticles (NPs)
tPd NPs-decorated multi walled carbon
anotube catalyst
lucose amperometric sensor
ydrogen peroxide sensing

enzyme  layer  (CS-GA-GOx)  was  fabricated  by electrodeposition.  The  resulting  biosensor  exhibited  a  good
response  to glucose  with  a wide  linear  range  (0.062–14.07  mM)  and  a low  detection  limit  0.031  mM.  The
biosensor  also showed  a short  response  time  (within  5 s),  and  a high  sensitivity  (112  �A  mM−1 cm−2).  The
Michaelis–Menten  constant  (Km) was  determined  as  3.3  mM.  In addition,  the  biosensor  exhibited  high
reproducibility,  good  storage  stability  and  satisfactory  anti-interference  ability.  The  applicability  of the
biosensor  to actual  serum  sample  analysis  was  also  evaluated.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

A  biosensor contains a bioreceptor (such as an enzyme) and a
uitable transducer, this combination can be chosen to have unique
dvantages in terms of: specificity, low-cost, portability, and a fast
esponse time (Malhotra and Chaubey, 2003). A large group of
iosensors are based on various oxidases, e.g. glucose oxidase and
holesterol oxidase. From the specific oxidase mediated reaction,
ydrogen peroxide (H2O2) is produced (1).

nalyte + O2
Oxides−→ Byproduct + H2O2 (1)

he H2O2 can be detected by chemiluminescence (Hanaoka
t al., 2001), spectral techniques (He et al., 2006), and elec-
rochemical methods (Hrapovic et al., 2004). Among these, the
lectrochemical methods are preferred because of their specificity,
ser-friendliness, high sensitivity, fast response time, and the gen-

ral need for only low-cost equipment.

Electrochemical biosensors based upon nanomaterials have
ecently attracted considerable attention. Some examples are Ir,
h, Pt, Pd, Ag nanoparticles (NPs) assembled on different forms of

∗ Corresponding author. Fax: +886 2 27376644.
E-mail address: bjh@mail.ntust.edu.tw (B.-J. Hwang).

956-5663/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2011.12.020
carbon supports, e.g. E-TEK carbon, graphite, carbon nanofiber, and
carbon nanotubes. The fascinating physical and chemical proper-
ties of carbon nanotubes such as their electrical conductance, high
mechanical stiffness, light weight, electron-spin resonance, field
emission, electrochemical actuation, transistor behavior, piezore-
sistance, contact resistance, coulomb drag power generation,
thermal conductivity, luminescence, electrochemical bond expan-
sion, opto-mechanical actuation, and the possibility of introducing
functionalization to change their intrinsic properties are reasons
for the increasing interest in their use in novel biosensors (Iijima,
1991; Wang, 2004; Merkoci, 2006; Gong et al., 2005; Veetil and
Ye, 2007). Pt-based metal NPs-based hybrid nanocomposites have
been found to exhibit good catalytic activity towards the redox
reduction of H2O2 (Wang et al., 1993, 1994, 1996; Ming et al.,
2006; Huang et al., 2008; Guo and Dong, 2009; Zhang et al.,
2011). Bimetallic nanoparticle-assemblies are of recent origin and
are of particular importance in catalysis, since the addition of
the second metal brings about variations in particle size, shape,
surface morphology, chemical and physical properties including
catalytic activity and chemical selectivity. With the advent of new
synthetic routes, surface analyzing techniques and surface sci-

ence modeling facilities, it has become possible to design and
prepare tailor-made bimetallic NPs with desired properties. Specif-
ically, Pt-based bimetallic systems with NPs of different structures
(alloyed NPs, mixed monometallic NPs, core-shell NPs) have proved

dx.doi.org/10.1016/j.bios.2011.12.020
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:bjh@mail.ntust.edu.tw
dx.doi.org/10.1016/j.bios.2011.12.020
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hemselves as novel architectures with remarkably improved
atalytic and electrocatalytic activity; thus, they are now used
xtensively for both methanol oxidation and the oxygen reduction
eaction in fuel cells (Lim et al., 2009; Chang et al., 2010; Kim et al.,
010; Tao et al., 2008; Stamenkovic et al., 2007).

Immobilization of an enzyme onto a substrate (matrix) is a cru-
ial step in the construction of an enzyme based biosensor. Chitosan
CS) is a biocompatible polymer and has remained a focus of study
s one of the most promising materials for enzyme immobiliza-
ion, due to its hydrophilicity, remarkable biocompatibility and
ow cost (Kaushik et al., 2008; Li et al., 2008a,b; Li et al., 2006).
n addition, CS is a pH shift polymer because it possesses amino
roups with a pKa of about 6.3. Consequently, the solubility and the
et charge of CS are pH-dependent. CS has many primary amino
roups, and a pKa value of ∼6.3. At pH values sufficiently below
he pKa, CS exists as a water-soluble cationic polyelectrolyte, since

ost of the amino groups are protonated. When the solution pH
s raised to near or above the pKa, many of the amino groups are
eprotonated, and CS becomes insoluble. Usually, electrochemical
eposition of CS is performed via water reduction to yield a hydro-
el that can be tightly attached to the electrode, thereby allowing it
o retain its natural properties (Wu et al., 2002, 2003, 2005; Xi et al.,
008; Luo et al., 2004). At reducing potentials, H+ in the solution

s consumed at the cathode. Using the locally generated H+ gradi-
nt, the acidic side chains of CS can be titrated, thereby changing
he solubility of CS, leading to the controlled deposition of a CS
lm.

Here the bimetallic nanoparticles decorated on multi-walled
arbon nanotubes (PtPd-MWCNTs) catalyst was prepared by a
odified Watanabe process employing microwave heating. Trans-
ission electron microscopy (TEM) and X-ray diffraction (XRD)

esults show the presence of Pt-based bimetallic nanoparticles PtPd
ith mean diameters of 3.2 nm.  The catalyst layer was fabricated by
rop coating method. The resulting PtPd-MWCNTs nanocomposite
lm offers new capabilities for electrochemical devices result-

ng from the synergistic action of PtPd bimetallic nanaoparticles
nd MWCNTs. The anti-interference layer (Nafion) was  coated
n the PtPd-MWCNT nanocomposite film surface. The biosen-
or was fabricated by immobilizing the CS-GA-glucose oxidase
GOx) enzyme layer onto the electrode’s surface by electrode-
osition. The electrochemical behavior of the modified electrode
as been investigated by cyclic voltammetry (CV), electrochemi-

al impedance spectroscopy (EIS) and amperometry. The resulting
iosensor exhibits high sensitivity, good reproducibility, long-term
tability with notable freedom from interference from co-existing
lectroactive species.

. Experimental

.1. Apparatus and reagents

H2PtCl6·3H2O and Na2PdCl4 were purchased from ACROS. GOx,
C 1.1.3.4; Type X-S from Aspergillus niger, 155,000 unit g−1,)
nd CS from shrimp shells (≥75% deacetylated) were purchased
rom Sigma–Aldrich. The platinum nanoparticles dispersed car-
on (20 wt.% Pt) and palladium nanoparticles dispersed carbon
20 wt.%) was purchased from E-TEK, Inc. (Taiwan), and BASF,
nc. (Taiwan), respectively. The MWCNTs (95% purity, 20–40 nm
iameter) were purchased from Scientech Co. (Taiwan). Prior to
se, the MWCNTs were purified by refluxing in HNO3–H2SO4
v/v, 1:1) at 90 ◦C for 8 h, filtered, washed thoroughly with deion-

zed (DI) water and dried at room temperature. The supporting
lectrolyte was phosphate buffer solution (PBS) containing 0.1 M
a2HPO4–NaH2PO4 + 0.10 M KCl (pH 7.4), all other chemicals were
f analytical grade and used without further purification. Solutions
electronics 33 (2012) 75– 81

were prepared and diluted using ultra-pure water (Millipore Milli
Q system). Electrochemical experiments were performed with an
Autolab PGSTAT302N electrochemical analyzer (AUTOLAB, USA)
with a conventional three electrode cell. The working electrode
was a glassy carbon electrode (GCE, diameter 5 mm). A satu-
rated calomel electrode (SCE) and a platinum wire electrode were
used as the reference and counter electrodes, respectively. Electro-
chemical measurements of the modified GCE and bare GCE were
performed in 0.1 M PBS (containing Fe(CN)6

3− and Fe(CN)6
4− (both

10 mM)  + 0.1 M KCl, pH 7.4) by CV and EIS. The frequency range
was between 0.1 and 100,000 Hz with signal amplitude of 10 mV.
XRD patterns for the final PtPd-MWCNTs sample were obtained
on a diffractometer (Rigaku Dmax-B, Japan) using a Cu K� source
operating at 40 kV and 100 mA with a scan rate of 0.05 deg−1

for 2� values between 20◦ and 90◦. TEM examination was per-
formed on a Philips Tecnai F20G2 FEI-TEM microscope operating
with an accelerating voltage of 200 keV. The EDX measurements
were performed with a JSM 6500 EDX analyzer. Specimens were
prepared by ultrasonically suspending the catalyst powders in
ethanol, applying the specimen to a copper grid and drying in
air. Scanning electron microscopy (SEM) image were obtained
at 5.0 keV on a Hitachi S-240 JOEL JSM-6500F field emission
SEM.

2.2. Synthesis of bimetallic PtPd NPs-coated MWCNTs catalysts
(PtPd-MWCNTs)

The PtPd-MWCNTs were prepared using the colloidal reduction
method developed by Watanabe et al. with a slight modification
(Watanabe et al., 1987; Hwang et al., 2006). Here, the pH of
the aqueous H2PtCl6·3H2O (3.47 mM)  and Na2PdCl4 (3.05 mM)
solutions were adjusted to 7 and 4, respectively, with 1 M Na2CO3
followed by reduction by NaHSO3 to their corresponding inter-
mediate compounds. To each of the precursor solutions H2O2 was
added and the pH was maintained at 6 using 1 M NaOH. The two
solutions were mixed and the pH maintained at 7. An appropriate
amount of MWCNTs (to maintain 20 wt.% of total metal in the
composite) were added, and the mixture heated at 100 ◦C for 4 h.
The resulting colloidal product was washed with ultra-pure water
and dried. Hydrogen reduction was performed on the colloidal
product by passing a gas mixture comprising 10% H2 + 90% Ar
through the material in a furnace kept at 250 ◦C for 1 h to form the
bimetallic NPs-coated MWCNTs. The metal loading (Pt + Pd) was
maintained at 20 wt.% in order to allow comparison with the com-
mercial catalysts ETK-20 Pt–C and BASF Pd–C. For the Pt-MWCNTs
and Pd-MWCNTs catalyst preparations, aqueous H2PtCl6·3H2O
(5.13 mM)  and Na2PdCl4 (9.40 mM)  solutions were used
respectively.

2.3. Fabrication of Nafion/PtPd-MWCNTs/GCE

A 0.5 wt.% Nafion stock solution was  prepared by diluting
the 5 wt.% Nafion with ethanol. Catalyst (6 mg) was dispersed in
dimethylformamide (3 mL)  containing 1.5 mL of Nafion (0.5 wt.%)
and sonicated for 1 h. Prior to surface modification, the glassy
carbon electrodes were polished with alumina powder (0.3, and
0.05 �m)  to obtain a mirror finish. The electrodes were then soni-
cated for 5 min, thoroughly rinsed with ethanol and DI water, and
dried under a nitrogen stream. A 15 �L aliquot of catalyst solution
was drop cast on the GCE surface and allowed to dry at room tem-

perature to form the PtPd-MWCNTs/GCE. Finally, Nafion solution
(5 �L, 0.2 wt.%) was  cast on the surface of the prepared electrode.
The prepared electrodes (Nafion/PtPd-MWCNTs/GCE) were stored
in a refrigerator (4 ◦C), when not in use.
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Scheme 1. The fabricating procedure fo

.4. Fabrication of enzyme electrode
S-GA-GOx/Nafion/PtPd-MWCNTs/GCE
A homogenous mixture containing CS, and GOx was  prepared
s the electrodeposition solution for fabrication of the enzyme lay-
rs. CS aqueous solution (0.2 wt.%) was prepared according to a
reviously reported procedure (Li et al., 2009). Briefly, CS solid

ig. 1. TEM images of catalysts: 20 wt.% PtPd-MWCNTs (A) low magnification, (B) high ma
f  MWCNTs and catalyst 20 wt.% PtPd-MWCNTs.
S-GA-GOx/Nafion/PtPd-MWCNTs/GCE.

was dissolved in aqueous HCl (0.01 M)  and the pH adjusted to 5.0
using 0.5 M NaOH, any undissolved particles were filtered using a
0.45 �m cellulose film. GOx (25.0 mg)  was  added to 5.0 mL of a CS

solution [0.20 wt.% (pH 5.0)] with magnetic stirring, GA aqueous
solution (4 �L, 25 wt.%) was added slowly with vigorous magnetic
stirring, followed by 4 h reaction at 4 ◦C for pre-crosslinking (Tana
et al., 2010). For the electrodeposition, Nafion/PtPd-MWCNTs/GCE

gnification, and (C) corresponding histograms of size distribution, (D) XRD patterns
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Fig. 2. (A) Cyclic voltammograms of the electrode modified with different
components scan rate, 50 mV s−1. (a) Bare GCE, (b) PtPd-MWCNTs/GCE, (c)
Nafion/PtPd-MWCNTs/GCE, (d) CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE, (B) EIS of
the different electrodes: (a) Bare GCE, (b) PtPd-MWCNTs/GCE, (c) Nafion/PtPd-
MWCNTs/GCE, (d) CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE, Supporting electrolyte,
8 K.-J. Chen et al. / Biosensors a

as immersed in the above solution and used as the cathode by
pplying a constant current density (410 �A cm−2) for 120 s. In
he electrodeposition, GOx was entrapped in situ in the CS gel
nd the enzyme layer was formed. The obtained electrode (CS-GA-
Ox/Nafion/PtPd-MWCNTs/GCE) was washed with 0.1 M PBS and
ried at room temperature for about 15 min, and then stored at
◦C in the dry state for 12 h before use. The biosensor fabrication
rocesses is shown in Scheme 1.

. Results and discussion

.1. Characterization of catalysts

Fig. 1(D) shows the XRD patterns of PtPd-MWCNTs. The peaks
ocated at 26.2◦ in all the XRD patterns can be assigned to the (0 0 2)
exagonal structure of the MWCNTs. The other four peaks are char-
cteristic of face centered cubic (FCC) crystalline Pt (JCPDS-ICDD,
ard No. 04-802), corresponding to the planes (1 1 1), (2 0 0), (2 2 0),
nd (3 1 1) at 2� of ca. 40◦, 48◦, 70◦ and 84◦, respectively. The average
rain sizes of the catalysts were calculated by the Scherrer’s equa-
ion (Radmilovic et al., 1995). From the results, it was  found that the
verage grain size of PtPd-MWCNTs was around 3.1 nm.  The atomic
ompositions and the total metal loadings of the fabricated PtPd-
WCNTs catalysts were determined by EDX and ICP. The results

eveal that the Pt to Pd atomic ratio (0.702:0.298) and the total
etal loading (19.4 wt.%) are close to their nominal values for PtPd-
WCNTs catalysts prepared by the modified Watanabe method.

he TEM images show that the nano-sized particles to be spherical
nd highly dispersed on the MWCNTs with no particle aggregation
eing observed (Fig. 1(A)). The size distribution was evaluated sta-
istically by measuring the diameter of 200 PtPd nanoparticles in
elected TEM images. The PtPd particle sizes are distributed mainly
etween 1.6 and 5.5 nm (average diameter 3.2 nm,  see Fig. 1(C)).
he high-resolution TEM (HRTEM) image shows that the graphitic
heets and bimetallic nanoparticles (PtPd) of the PtPd-MWCNTs
ad a highly ordered crystalline structure as shown in Fig. 1(B).

.2. Characterization of modified GCE

The electrochemical performances of the bare GCE,
tPd-MWCNTs/GCE, Nafion/PtPd-MWCNTs/GCE, and CS-GA-
Ox/Nafion/PtPd-MWCNTs/GCE electrodes were investigated
sing CV with Fe(CN)6

3−/4− as a redox probe. As shown in
ig. 2(A), the redox peak shapes at the bare GCE were rather
road and the peak potential separation (�Ep, �Ep = Epa − Epc)
as as large as 235 mV  (curve a). In contrast, with GCE modified
ith PtPd/MWCNTs, the peak separation decreased significantly

nd both the ferricyanide anodic and cathodic peak currents
Ip) increased quite considerably, suggesting improved electron
ransfer and mass transfer, both facilitated by the huge surface
rea provided by the extended three dimensional structure of the
tPd-MWCNTs (curve b). After the Nafion film had been immobi-
ized on the electrode’s surface, the peak current decreased and
he peak separation increased (curve c), suggesting the negatively
harged (sulfonated) Nafion severely reduced the effective area
nd therefore the number of active sites available for electron
ransfer. After the CS-GA-GOx biocomposite film had been elec-
rodeposited on the Nafion/PtPd-MWCNTs/GCE surface, the peak
urrents of the system reduced to a minimum, while the peak
eparation reached a maximum. This may  be due to the bulky CS
nd GOx molecules blocking electron exchange between the redox

robe and electrode’s surface (curve d).

As controls the CVs and electrochemical characterization of Pt-
WCNTs/GCE, Pd-MWCNTs/GCE and MWCNTs/GCE were recorded

nd measured. The results showed the marked superiority in
10 mM Fe(CN)6
3−/4− + 0.1 M KCl + 0.1 M (pH 7.4) PBS. The frequency range is between

0.1  and 100,000 Hz (AC 10 mV,  DC 0.25 V versus SCE).

performance of the MWCNTs bearing Pt/Pd. The data from these
investigations are shown in Supplementary information S1.

EIS is an effective technique for probing the features of surface
modified electrodes. The impedance spectra include a semicircle
portion and a linear portion. Fig. 2(B) shows the EIS of the electrode
at different stages. The EIS of the bare GCE displays a small semi-
circle at high frequencies, corresponding to the electron-transfer
resistance (Ret), and a linear region, corresponding to the diffu-
sion process, at low frequencies (curve a), suggesting a very low
Ret (528 �)  to redox probe Fe(CN)6

3−/4−. For the bare GCE modi-
fied with PtPd-MWCNTs, it can be seen that (curve b) is almost a
straight line with a very low Ret on PtPd-MWCNTs/GCE, implying
that the catalysts had excellent electrical conductivity and thereby
accelerated electron transfer. Subsequently, when the Nafion film
was coated on the surface of PtPd-MWCNTs/GCE, the Ret for the
redox probe increased to (983 �)  (curve c), suggesting the neg-
atively charged (sulfonated) Nafion film had a reduced effective
area for electron transfer. However, Ret increased to (2003 �)  after
electrodeposition of CS-GA-GOx biocomposite film (curve d), sug-
gesting that the enzyme layer formed an additional barrier and

isolated the redox probe from the electrode’s surface. To analyze the
electrode’s impedance characteristics a modified Randles equiva-
lent circuit (inset Fig. 2(B)) was chosen to fit the measured results.
The two components of the scheme, Rs and Zw, represent the bulk
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Fig. 3. (A) Current versus time curve of the Nafion/PtPd-MWCNTs/GCE for succes-
sive  additions of H2O2, Inset (a) indicated by arrows with marked concentrations to
K.-J. Chen et al. / Biosensors a

roperties of electrolyte solution and diffusion of the applied redox
robe, respectively. The Cdl depends on the dielectric at the elec-
rode/electrolyte interface. These results are consistent with the CV
ests.

The surface morphologies of PtPd-MWCNTs/GCE, Nafion/PtPd-
WCNTs/GCE and CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE were

tudied by SEM as shown in (Supplementary information Figs.
1(A)–(C)). PtPd-MWCNTs/GCE showed a uniform surface topogra-
hy, while the PtPd-MWCNT film was a three dimensional network

ike structure (shown in Supplementary information Fig. S1(A)).
his porous structure is potentially able to increase the electrode’s
ffective surface area and thus facilitate the diffusion of ana-
ytes into the nanocomposite film. For comparison, SEM images
f the Nafion film on the PtPd-MWCNTs/GCE surface, showed a
elatively smooth surface (Supplementary information Fig. S1(A)).
upplementary information Fig. S1(C) represents the SEM image
f the CS-GA-GOx biocomposite film. It was found that the bio-
omposite film formed by electrodeposition possessed a highly
orous surface. As a result, GOx was incorporated in situ into the
hree dimensional network of the biocompatible CS gel. Such a

orphological structure might improve the probe’s diffusion char-
cteristics and thus contribute to the good sensitivity and fast
esponse of the biosensor.

.3. Electrochemical performance of the
afion/PtPd-MWCNTs/GCE towards the H2O2 sensing

Fig. 3(A) shows the typical amperometric response of the
afion/PtPd/MWCNTs/GCE for successive additions of H2O2 at an
pplied potential of 0.6 V. As shown in the inset (a), the time to
chieve 95% steady state current for the Nafion/PtPd-MWCNTs/GCE
as no more than 5 s. The fast response may  be due to the

acile diffusion of H2O2 in the nanocomposite film. As shown in
ig. 3(B), the calibration is linear over a wide concentration range
0.012–14 mM):  the linear regression equation is I (�A cm−2) = 393
�A cm−2)C (mM)  + 116 (�A cm−2) with a coefficient of determi-
ation (R2) = 0.993. The sensitivity and the detection limit were
93 �A mM−1 cm−2 and 0.008 mM respectively; the insert (b) in
ig. 3(A) shows the signal-to-noise ratio to be ∼3. Repeated use of
he electrode did not degrade performance or reproducibility due
o the stability of the assembled film. For example, 2 mM H2O2 was

easured continuously 10 times, and a relative standard deviation
R.S.D.) of 2.9% was obtained. The excellent electrocatalytic activity
f the electrode suggests it may  be used as a new electrochem-
cal platform for incorporating a large number of oxidase-based
nzymes.

.4. Amperometric determination of glucose at the enzyme
lectrode

Fig. 4(A) shows a typical current–time plot for the enzyme
lectrode (CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE) upon succes-
ive additions of 0.031 mM,  and 1.2 mM glucose at 0.6 V. The current
esponse of the enzyme electrode increased with increasing glu-
ose concentration. As shown in the inset (a), the CS-GA-GOx
iocomposite film modified electrode reached 95% of the steady-
tate current within 5 s. The fast response can be attributed to
wo factors: first, the PtPd-MWCNTs nanocomposite film not only
rovides a high surface area and excellent electrical conductiv-

ty, but also improves electrocatalytic activity, thus allowing rapid
lectro-oxidation of the H2O2; second, the CS matrix has a thin
nd highly porous structure, thereby facilitating fast substrate dif-

usion. Fig. 4(A) inset (b) shows the calibration curve of glucose
t the enzyme electrode as a linear response to glucose from
.062 mM to 14.07 mM (R2 = 0.997), the linear regression equation

s I (�A cm−2) = 112 (�A cm−2)C (mM)  + 134 (�A cm−2). Normal
0.1 M (pH 7.4) PBS at 0.60 V versus SCE. Inset (b) the detection limit of Nafion/PtPd-
MWCNTs/GCE for successive addition 0.003, and 0.008 mM of H2O2 (S/N = 3), (B)
calibration curve for H2O2.

blood glucose levels range from 4 to 6 mM.  So the linear glucose
response from 0.062 to 14.07 mM makes the enzyme electrode
suitable for practical applications in determining blood sugar con-
centrations. The electrode has a sensitivity of 112 �A mM−1 cm−2

and a detection limit 0.031 mM with a signal-to-noise ratio of 3.
This study also compared with the other two commercial cata-
lysts such as ETK-20 Pt–C and BASF Pd–C used to prepare enzyme
electrodes under the same conditions. The performance of these
electrodes is shown in Supplementary information Fig. S3.  The CS-
GA-GOx/Nafion/ETK-20 Pt-C/GCE, showed linearity between 0.062
and 12.8 mM (R2 = 0.994) with a sensitivity of 97 �A mM−1 cm−2,
while the CS-GA-GOx/Nafion/BASF Pd–C/GCE, showed linearity
between 0.062 and 5.99 mM (R2 = 0.992) with a sensitivity of
47 �A mM−1 cm−2, thus the higher sensitivity and wide linear
range of the enzyme electrode can be attributed to the excellent
electrocatalytic activity of the PtPd-MWCNTs catalysts. A com-
parative study was made of the amperometric sensing of H2O2
using a catalyst modified GCE method to evaluate the catalytic
behavior of the PtPd-MWCNTs/GCE, ETK-20 Pt-C/GCE and the BASF
Pd–C/GCE with similar metal loadings. The PtPd-MWCNTs/GCE
exhibited a higher sensitivity (296 �A mM−1 cm−2) compared to
the ETK-20 Pt-C/GCE (271 �A mM−1 cm−2) and the BASF Pd–C/GCE
(17 �A mM−1 cm−2) at the same applied potential (0.25 V versus
SCE) – all measurements taken within the same linear detec-

tion range (25–300 �M).  The results are given in (Supplementary
information Fig. S4). This study also compared the electrode
assembly with another two in-house fabricated catalysts i.e. Pt-
MWCNTs, Pd-MWCNTs and with bare MWCNTs used to prepare
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Fig. 4. (A) Current versus time curve of the CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE
for successive additions of glucose, Inset (a) indicated by arrows with marked
c
l
0

e
t
i
M
8
C
i
o
c
w

w

T
C

oncentrations to 0.1 M (pH 7.4) PBS at 0.60 V versus SCE. Inset (b) the detection
imit of CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE for successive addition 0.015, and
.031 mM of glucose (S/N = 3), (B) calibration curve for glucose.

nzyme electrodes under the same conditions. Data from elec-
rode assemblies with in-house fabricated catalysts are shown
n Supplementary information Fig. S5.  The CS-GA-GOx/Nafion/Pt-

WCNTs/GCE, curve (a) showed linearity between 0.062 and
.15 mM (R2 = 0.996) with a sensitivity of 103 �A mM−1 cm−2,
S-GA-GOx/Nafion/Pd-MWCNTs/GCE, curve (b) showed linear-

ty between 0.062 and 8.15 mM (R2 = 0.993) with a sensitivity
f 51 �A mM−1 cm−2, and the CS-GA-GOx/Nafion/MWCNTs/GCE,

urve (c) showed linearity between 0.062 and 8.15 mM  (R2 = 0.947)
ith a sensitivity of 6.7 �A mM−1 cm−2.

When glucose concentration was high, a plateau current
as observed, showing the characteristics of Michaelis–Menten

able 1
omparison of the performances of the various types of glucose biosensors.

Electrode Applied potential (V) Linear range
(mM)

Sensi
(�A m

GOx/GNPsa/MWCNTs/Pt 0.35 (Ag/AgCl) 0.1–10 36.1 

GOx-CS-SiO2/Pt/MWCNT/GCE 0.6 (Ag/AgCl) 0.001–23 58.9 

CS-GA-GOx/PtNPs/Au 0.7 (SCE) 0.001–5.3 102 

GOx/GNPs/PtNPs/CNT/Au 0.6 (SCE) 0.5–16.5 – 

GOx-PSb-MWNTs/GCE −0.55 (Ag/AgCl) 0–8 32 

GOD/PtNPs/PILc-CNTs/GCE 0.6 (SCE) Up to 12 28.28
CS-GA-GOx/Nafion/PtPd-
MWCNTs/GCE

0.6  (SCE) 0.062–14 112 

a Gold nanoparticles.
b Phenosafranine.
c Polymerized ionic liquid (1-vinyl-3-ethylimidazolium tetrafluoroborate ([VEIM]BF4).
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kinetics. The apparent Michaelis–Menten constant (Km) and the
maximum current density (imax) can be obtained by an ampero-
metric method as suggested by Shu and Wilson (1976):

1
is

= Km

imax

(
1
Cg

)
+ 1

imax

where is is the steady-state current, Cg the concentration of glu-
cose, Km the apparent Michaelis–Menten constant and imax is
the maximum current density. From the curve of the i−1

s versus
C−1

g , based on the experimental data from Fig. 4(B), the appar-
ent Michaelis–Menten constant Km and the maximum current
density imax were estimated to be 3.3 mM,  and 1446.5 �A cm−2,
respectively. These results show that the biosensor possesses a
high affinity with respect to glucose in solution. The immobiliza-
tion process might give rise to changes in the microenvironment
of the enzyme that affect its intrinsic properties leading to an
enhanced affinity for glucose. To support this contention, analyti-
cal parameters obtained with different Pt NPs-based amperometric
glucose sensors are listed in Table 1, including applied potential,
linear range, sensitivity, detection limit, response time and the
Michaelis–Menten constant.

3.5. Reproducibility and stability of the enzyme electrode

Reproducibility and long-term stability are important require-
ments for a reusable sensor. Reproducibility with respect to the
enzyme electrode’s construction was  estimated from the response
to 5 mM glucose at five enzyme electrodes prepared under the same
conditions. The results revealed that the biosensor has satisfactory
reproducibility with a (R.S.D.) of 3.7% as shown in Supplementary
information Fig. S6.  For long-term stability evaluation, measure-
ments were taken at intervals of one week – the biosensor (when
not in use) was  stored in a dry condition at 4 ◦C. After 7 days, the
biosensor retained 95% of its original current generating ability,
falling to approximately 85% after 28 days.

3.6. Interference tests

Anti-interference properties are also important considerations
for sensors. Because easily oxidized species such as ascorbic acid,
uric acid and other carbohydrate compounds, (such as fructose)
usually co-exist with glucose in human blood, the electrochemical
response of the interfering species was also examined, as shown
in (Supplementary information Fig. S7). The interference experi-
ment was carried out by successive injections: 0.5 mM interfering
species, followed by 0.5 mM glucose, and finally 1 mM glucose

into the supporting electrolyte. The result shows that the response
signals of AA, UA, and fructose are negligible when present with glu-
cose in an equimolar concentration (0.5 mM).  This anti-interference
ability is thought to result from the inclusion of the Nafion film

tivity
M−1 cm−2)

LOD (�M) Response
time (s)

Km (mM) Reference

6.7 7 14.9 Wu  et al. (2007)
1 5 14.4 Zou et al. (2008)
0.1 – 10.6 Tana et al. (2010)
400 5 11.89 Chu et al. (2007)
0.35 – – Gao et al. (2010)

 10 – – Chu et al. (2010)
31 5 3.3 This work
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hat effectively inhibits the penetration of negatively charged
ubstrates (Mao  et al., 2000; Shankaran et al., 2003); thus, the
resence of these species did not influence glucose determina-
ion.

.7. Application of the enzyme electrode to the determination of
lucose in serum

In order to demonstrate practical usage of the biosensor, serum
amples were assayed. The serum samples and their glucose
oncentrations were provided by a local medical examination
enter. The serum samples were first analyzed with a YSI 2300
TAT Plus Glucose Analyzer. The samples were then re-assayed
ith the (CS-GA-GOx/Nafion/PtPd-MWCNTs/GCE). Serum sam-
les (3 ml)  were added into 2 ml  of 0.1 M PBS (pH 7.4), and the
esponse was obtained at 0.6 V. The glucose concentration in the
erum was then calculated from the calibration curve Fig. 4(B).
he analytical results provided by the YSI glucose analyzer and
hose determined using the biosensor are listed in Supplementary
nformation Table S2.  The close agreement of the two sets of
esults suggests that the biosensor can be used for serum glucose
eterminations.

. Conclusions

In the present work, a novel route for fabricating a biosen-
or was developed. The bimetallic nanoparticles, having a narrow
article size distribution, were well dispersed on the surface of
he multi-walled carbon nanotubes by using a modified Watan-
be method. The immobilization of a CS-GA-GOx biocomposite
lm onto the Nafion/PtPd-MWCNTs/GCE surface was carried out
y electrodeposition. The resulting biosensor exhibited a wide

inear range from 0.062 mM to 14 mM with a high sensitivity
112 �A mM−1 cm−2). The enzyme electrode also demonstrated
xcellent stability and resistance to interference. The excellent
verall performance is attributed to the PtPd-MWCNTs catalytic
ctivity towards H2O2 electrooxidation in combination with the
ood biocompatibility of the chitosan gel. The hybrid nanocompos-
tes provide a new electrochemical platform for designing a variety
f bioelectrochemical devices with high sensitivity and good
tability.
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