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Abstract A glucose biosensor was fabricated by elec-

trodepositing chitosan (CS)-glucose oxidase(GOD) bio-

composite onto the stainless steel needle electrode (SSN

electrode) modified by Pt–Pb nanoparticles (Pt–Pb/SSN

electrode). Firstly, Pt–Pb nanoparticles were deposited onto

the SSN electrode and then CS-GOD biocomposite was co-

electrodeposited onto the Pt–Pb/SSN electrode in a mixed

solution containing p-benzoquinone (p-BQ), CS and GOD.

The electrochemical results showed that the Pt–Pb nano-

particles can accelerate the electron transfer and improve

the effective surface area of the SSN electrode. As a result,

the detection range of the proposed biosensor was from

0.03 to 9 mM with a current sensitivity of 0.4485 lA/mM

and a response time of 15 s. The Michaelis constant value

was calculated to be 4.9837 mM. The cell test results

indicated that the electrodes have a low cytotoxicity.

This work provided a suitable technology for the fabrica-

tion of the needle-type glucose biosensor.

1 Introduction

Diabetes mellitus has become a worldwide public health

problem. It is one of the most prevalent and costly diseases

in the world [1]. Therefore, continuous monitoring of blood

glucose levels becomes indispensable test for the diagnosis

and management of diabetes mellitus. Although a number

of routes to monitor the biological systems have been

developed [2], the enzyme-based glucose biosensors have

attracted special interest for researchers owing to their

practical advantages, such as operation simplicity, lower

expense of fabrication, higher selectivity and suitability for

real time detection [3–6]. Shichiri et al. [7] achieved the

purpose by using the needle-type glucose sensor with

biocompatible membranes for the first time. The needle-

type enzyme electrodes have been widely used for the

measurement of glucose [8–10]. However, both the sensi-

tivity and detection range for the needle-type enzyme

electrode with small surface area are required to be

improved and expanded.

The development of simple and reliable procedures to

immobilize and stabilize reactive enzymes on the electrode

has received considerable attention [11–15]. The ideal

immobilization process should be cheap, quick, and

enzyme friendly. Chitosan (CS) is a non-acetylated or

partially deacetylated chitin. It owns many primary amino

groups, and has a 6.3 of pKa [16, 17]. At pH sufficiently

below the pKa, CS exists as a water-soluble cationic

polyelectrolyte, since most of the amino groups are pro-

tonated. When the solution pH is raised near or above the

pKa, many of the amino groups are deprotonated, and then

CS becomes insoluble. Chitosan has been used as one of

the most promising matrix for enzyme immobilization due

to its desirable properties, such as biocompatibility, non-

toxicity and excellent film-forming ability [18–20].

Electrochemical deposition has been reported recently

as a simple method suitable for selective deposition of

films with controllable thickness [21, 22]. Usually, elec-

trochemical deposition of CS is performed via water

reduction [6, 23, 24]. At a reducing potential, by using the
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locally generated H? gradient, acidic side chains of CS are

titrated and then the solubility of CS changes, eventually

leading to the controlled deposition of CS film. Meanwhile,

other substances such as enzymes [25] could be effectively

entrapped into CS film during the electrodeposition.

However, for the reported CS-electrodeposition protocols

via water reduction, high voltage or high current densities

must be applied to promote the proton consumption on the

electrode surface [24]. Enzyme in solution might partially

denaturalize or lose activity at such high potential or cur-

rent density. Zhou et al. [26] reported that some deliber-

ately p-benzoquinone (p-BQ) could be used as a ‘‘proton-

consume’’ instead of water. By this means, the electro-

chemically deposited CS can be carried out under much

milder conditions.

However, the previous researches about electrochemical

deposition of CS-based composite were all performed on

the flat electrode. There were no works reported on the

electrochemical deposition of CS-based composite onto

Pt–Pb nanoparticles modified stainless steel needle elec-

trode. Compared with the flat electrode, nanoparticles

modified electrodes exhibited many attractive characteris-

tics such as large active surface area and small charge-

transfer resistance [27]. In addition, the electrical contact

between the redox center of GOx and electrode supports

can be improved by using nanomaterials [28]. Thus the

electrochemical signal on the electrode modified by

nanoparticles would be increased, which was significant for

fabricating the biosensors.

Accordingly, in the present study, combining the

advantageous features of Pt–Pb nanoparticles and electro-

chemical deposition, we presented a glucose biosensor

fabricated by electrodepositing chitosan-glucose oxidase

biocomposite onto Pt–Pb nanoparticles modified stainless

steel needle electrode. The morphology and microstructure

of Pt–Pb nanoparticles were then investigated by field-

emission scanning electron microscope (FE-SEM), X-ray

diffraction (XRD), X-ray photoelectron spectroscopy

(XPS) and energy dispersive X-ray detector (EDX). Cyclic

voltammetrys (CVs), response time, linear range, detection

limit, current sensitivity, the Michaelis constant and cyto-

toxicity were used to characterize the proposed glucose

biosensor.

2 Materials and methods

2.1 Reagents

Chitosan (CS) (95% deacetylated) and GOD (E.C.1.1.3.4,

21.1 unit/mg) were purchased from Sigma. H2PtCl6�6H2O

was purchased from Aldrich. Glucose, hydrochloric acid,

p-benzoquinone (p-BQ) and lead acetate Pb(CH3COO)2

were purchased from Kewei Chemical Reagent Co Ltd of

Tianjin University (Tianjin, China). All other chemicals

were of analytical grade and used without further purifi-

cation. 0.5% CS solution was prepared by dissolving CS

solid in 0.1 M acetic acid (HAc). The pH of the solution

was adjusted to 5.0 via careful additions of concentrated

NaOH under vigorous stirring. Phosphate buffer solution

(PBS, 0.2 M) consisted of Na2HPO4 and NaH2PO4 was

employed as the supporting electrolyte. All aqueous solu-

tion was prepared with doubly distilled water. All experi-

ments were performed in PBS at room temperature (25�C).

2.2 Instruments

All the electrochemical measurements were performed on

PARSTAT 2263 electrochemical workstation (Princeton,

USA). A conventional three-electrode system was used

with the SSN electrode or the Pt–Pb/SSN electrode

(0.35 mm in diameter) as a working electrode, a platinum

electrode (1 mm in diameter) as an auxiliary electrode and

a saturated calomel electrode (SCE) as a reference elec-

trode in all cases. Electrochemical impedance spectroscopy

(EIS) measurements were performed at open circuit

potentials in 1 M KCl containing 5.0 mM K3Fe(CN)6/

K4Fe(CN)6 (1:1) mixture with the frequencies ranging

from 100 kHz to 10 mHz. The morphology and composi-

tion of the Pt–Pb nanoparticles were analyzed by SEM

(S-4800, Hitachi, Japan), XPS (PHL1600ESCA XPS),

XRD (RIGAKU/DMAX2500, Japan) and EDX (Genesis

XM2 APEX 60SEM, EDAX, USA).

2.3 Preparation of the GOD-CS/Pt–Pb/SSN electrode

Figure 1 showed the scheme for fabricating the GOD-CS/

Pt–Pb/SSN electrode. Prior to the electrodeposition, the

SSN electrode was electrochemically pretreated by cyclic

potential scanned from -0.4 to 0.6 V (vs. SCE) at a scan

rate of 50 mV/s until CVs became reproducible. Then, the

electrodeposition of Pt–Pb nanoparticles onto the SSN

electrode was carried out in 0.5 M HCl solution containing

2.5 mg/ml H2PtCl6 and 1.85 mg/ml Pb(CH3COO)2 at

10 mA for 20 min with ultrasonication. The electrodepos-

ition of GOD-CS was triggered by reduction of p-BQ at

-0.1 V (vs. SCE) for 300 s in 0.5% CS solution containing

Fig. 1 Schematic diagram of the fabrication of the GOD-CS/Pt–Pb/

SSN electrode
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20 mM p-BQ and 5 mg/ml GOD. When not in use, the

prepared electrodes were stored in refrigerator (4�C).

2.4 Cell viability assay

Mouse fibroblast cell (L929) purchased from Peking Union

Medical College (Beijing, China) was incubated in Dul-

becco’s Modified Eagle’s Medium (DMEM) containing

10% fetal bovine serum (FBS), 100 units/ml penicillin and

100 mg/ml streptomycin at 37�C in 5% CO2 humidified

atmosphere.

The MTT assay was used to determine the cytotoxicity.

The method was carried out with the immersion extracts in

contact with L929. To prepare extracts, each sample was

sterilized by 60Co radiation and then incubated in each well

for 24 h before refreshing the medium with fresh complete

medium (200 ml/well). L929 cells were seeded in a

96-well plate at 2 9 104 cells/well and incubated for 24 h

at 37�C in 5% CO2 humidified atmosphere. Then, the

culture medium was removed and replaced by the immer-

sion extracts. After incubation for 24 h, 20 ml/well MTT

(5 mg/ml in PBS) was added to each well, and the plate

was further incubated for 4 h. Then, all media were

removed and 150 ml/well dimethylsulfoxide (DMSO) was

added, followed by shaking for 10 min. The absorbance of

each well was measured at 570 nm on a
P

960 plate-reader

(Metertech) with pure DMSO as a blank. Non-treated cell

(in DMEM) was used as a control and the relative

cell viability (mean% ± SD, n = 3) was expressed as

ODsample/ODcontrol 9 100%.

3 Results and discussion

3.1 Characterization of Pt–Pb/SSN electrode

The merit of electrodeposition method for fabricating

Pt–Pb/SSN electrode was easy to control the size and

density of particles by varying the electrodeposition con-

ditions such as the electrolyte concentration, the deposition

current and time. It was found that uniform Pt–Pb nano-

particles on the SSN electrode and excellent electrochem-

ical performance of Pt–Pb/SSN electrode were obtained

when 10 mA, 20 min and 2.5 mg/ml were used as the

electrodeposition conditions. The composition and mor-

phology of the SSN electrode and Pt–Pb/SSN electrode

were determined by SEM and EDX, and typical images

were presented in Figs. 2 and 3. From EDX spectrum in

Fig. 2b, the element of Pt and Pb can be observed, and the

atom ratio of Pt/Pb was 37.48:43.05. From Fig. 3a, b, it

was observed that the surface roughness of SSN electrode

was increased obviously. From Fig. 3a, it can be found that

the average particle size of the Pt–Pb nanoparticles

deposited on the surface of the SSN electrode was in the

range of 200–300 nm. As seen in Fig. 3c, the average

thickness of Pt–Pb film was at about 100 nm.

The surface composition of Pt–Pb nanoparticles was

further characterized by XPS. Figure 2c, d showed the XPS

spectra of the Pt 4f (c) and Pb 4f (d) regions for the Pt–Pb

nanoparticles, respectively. The binding energy of Pt 4f

was observed at approximately 71.4 and 74.7 eV, which

was assigned to the metallic Pt. The binding energy of Pb

4f was 136.6 and 141.7 eV. The peak at 136.6 and

141.7 eV were in good agreement with the metallic Pb.

The results indicated that Pt and Pb were in their alloy form

coexistent in the Pt–Pb nanoparticles.

The structure of Pt–Pb nanoparticles was investigated by

XRD. Figure 2e showed XRD patterns of the Pt–Pb

nanoparticles. As observed in Fig. 2e, the peaks around

38.44�, 44.84� and 65.14� were observed, which were due

to the PbPtx (1 1 1) (2 0 0) and (2 2 0), respectively [29].

3.2 Electrochemical characterization of Pt–Pb/SSN

electrode

3.2.1 Impedance analysis of Pt–Pb/SSN electrode

EIS was a well-known effective method for studying the

interface properties [30]. Figure 4 showed the typical

EIS of the bare SSN electrode and Pt–Pb/SSN electrode.

Significant differences in the impedance spectra were

observed. For the bare SSN electrode, only the high

frequency arc was observed, which indicated that the

bare SSN electrode showed typical resistance character-

istics and no capacitive characteristics. For the Pt–Pb/

SSN electrode, the impedance spectra followed the the-

oretical shapes, a squeezed semicircle observed at high

frequency, which corresponded to the electron transfer

limited process, followed by a linear part at the low

frequency attributable to diffusion controlled electron

transfer process. In the low frequency region, no vertical

increase in impedance on the imaginary part with

decreasing the ac frequency was observed, which dem-

onstrated that the Pt–Pb/SSN electrode showed no

capacitive characteristics.

The respective semicircle diameters at the high fre-

quency, equalled to the electron transfer resistance (Rct) at

the electrode surface. From Fig. 4, it can be seen that the

Rct of the Pt–Pb/SSN electrode was estimated to be 100 X,

noticeably smaller than 1800 kX of the SSN electrode. The

results indicated that the Pt–Pb nanoparticles deposited on

the electrode can play an important role similar to electron-

conducting tunnel, which made it easier for the electron

transfer to take place.
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Fig. 2 EDX spectrum of the SSN electrode (a) and the Pt–Pb/SSN electrode (b); XPS spectra of the Pt 4f (c) and Pb 4f (d) regions for the Pt–Pb

nanoparticles; e XRD patterns of the Pt–Pb nanoparticles
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3.2.2 Determination of the effective surface area

of the Pt–Pb/SSN electrode

The electroactive surface area of the Pt–Pb/SSN electrode

was estimated by CVs using K3[Fe(CN)6] as an electro-

chemical probe. Figure 5 displayed CVs on the Pt–Pb/SSN

electrode at different scan rates in 5 mM K3Fe(CN)6

solution with 1 M KCl as supporting electrolyte. From

Fig. 5, the dependence of the peak current (Ipa or Ipc) on the

square root of the potential scan rate (v1/2) was described

by the following equation:

Ip= lAð Þ ¼ 21:88� 0:081m1=2= V=sð Þ � 6:69

� 0:573 R ¼ 0:999ð Þ ð1Þ

The peak current (Ip) increased linearly with the square

root of the potential scan rate (v1/2), which suggested that

the reaction occurred on the modified electrode was nearly

reversible. The results also illustrated that the mass transfer

phenomenon in the double layer region of the electrode

was mainly diffusion controlled [31]. The effective surface

area (A) can be calculated from the following Randles–

Sevcik equation [32]:

Ip ¼ 0:4463 F3=RT
� �1=2

n3=2A0D
1=2
0 C0m

1=2 ð2Þ

where n represents the number of electrons participating

in the redox reaction, v is the scan rate of the potential

perturbation (V/s), A0 (cm2), D0 (7.6 9 10-6cm2/s),

Fig. 3 Top SEM images of the SSN electrode (a) and Pt–Pb/SSN

electrode (b) and the cross section image of the Pt–Pb/SSN electrode

(c). Inset of the Fig. 3b is the magnified image of the Pt–Pb/SSN

electrode

Fig. 4 Electrochemical impedance spectra of the SSN electrode and

(Inset) the Pt–Pb/SSN electrode in 1 M KCl solution containing

5 mM [Fe(CN)6]3-/4-

Fig. 5 CVs of the Pt–Pb/SSN electrode in 1 M KCl solution

containing 5 mM K3[Fe(CN)6] at different scan rates (from inner to

outer): 10, 30, 50, 70, 100 mV/s
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C0 (mol/cm3), refer to the area, diffusion coefficient and

concentration of species O, respectively. For T = 298 K

(25�C), one has: 0.4463(F3/RT)1/2 = 2.687 9 105 As/

(mol V1/2). Ip is the peak current in CVs illustrated in the

inset of Fig. 5. According to these, the calculated effective

working area of the Pt–Pb/SSN electrode was 0.189 cm2.

3.2.3 Cyclic voltammetrys behavior of the Pt–Pb/SSN

electrode

The CVs were used to characterize the electrochemical

behavior of the Pt–Pb/SSN electrode. From Fig. 6, the

dependence of the peak current (Ipa or Ipc) on the scan rate

(v) were described by the following equations:

Ipa= lAð Þ ¼ 3:795 � 0:1854m= mV=sð Þ þ 58:98

� 11:60 R ¼ 0:999ð Þ ð3Þ

Ipc= lAð Þ ¼ �3:8204 � 0:3002m= mV=sð Þ � 87:13

� 18:60 R ¼ 0:999ð Þ ð4Þ

Form the above equations, it can be seen that with scan

rate from 10 to 100 mV/s, the anodic and cathodic peak

currents increased linearly, indicating a surface-controlled

process [33, 34].

3.3 Amperometric determination of glucose

with the biosensor

Figure 7 illustrated current–time plots for the GOD-CS/

Pt–Pb/SSN electrode under the optimized experimental

conditions with successive additions of glucose into PBS.

The sensor displayed a high sensitivity of 0.4485 lA/mM

and a fast response time of only 15 s. The Pt–Pb nano-

particles on the SSN electrode provided big surface area,

good conductivity, and catalytic activity. Therefore, many

of GOD molecules incorporated with CS can be located on

the electrode, and consequently a sensitive catalytic current

to glucose was obtained. The calibration curve of the GOD-

CS/Pt–Pb/SSN electrode was described by the following

equation:

I= lAð Þ ¼ 0:4485 � 0:0034Cglucose= mMð Þ þ 0:011

� 0:0144 R ¼ 0:9995ð Þ
ð5Þ

The GOD-CS/Pt–Pb/SSN electrode displayed an

expanded linear detection glucose concentration range

from 0.03 to 9 mM with the current sensitivity was

0.4485 lA/mM (n = 11) to glucose. The high sensitivity

at the GOD-CS/Pt–Pb/SSN electrode would be resulted

from the large active surface area and the excellent

electron-transfer ability of the Pt–Pb/SSN electrode. The

apparent Michaelis–Menten constant Kapp
Mð Þ can be

calculated from the electrochemical version of the

Linweaver–Burk equation:

1=Iss ¼ 1=Imax þ Kapp
M = Cglucose � Imaxð Þ ð6Þ

where Iss is the steady-state current after the addition of

substrate, Imax is the maximum current under saturated

substrate conditions, Cglucose is the concentration of

glucose. According to the calibration curve, the

Linweaver–Burk equation can be described by the equation:

1=Iss= lAð Þ ¼ 1:8759 � 0:0208=Cglucose= mMð Þ
þ 0:3764 � 0:2702 R ¼ 0:999ð Þ ð7Þ

The Kapp
M value for the GOD-CS/Pt–Pb/SSN electrode

was found to be 4.9837 mM. The smaller Kapp
M value meant

that GOD entrapped in the CS exhibited high enzymatic

activity and affinity to glucose.
Fig. 6 CVs of the Pt–Pb/SSN electrode in the 7.0 PBS solution at

different scan rates: (from inner to outer): 10, 30, 50, 80 and 100 mV/s

Fig. 7 Amperometric response of the GOD-CS/Pt–Pb/SSN electrode

to successive injection of glucose in a stirred 30 ml 7.0 PBS solution

at 0.3 V (vs SCE). Inset is the enlarged drawing of the Fig. 7 in the

range of the lower glucose concentration
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3.4 Cell viability evaluation

To evaluate the cytotoxicity of the electrode, the MTT

assay method was used to determine the relative cell via-

bility. That was, only alive mitochondria can oxidize MTT,

generating a typical blue formazan reaction product. This

assay was an indirect method for testing cell viability and

proliferation since the absorbance at 570 nm depending on

the cell number. The relative cell viability (% of control)

was calculated to be 93 ± 5%, which indicated that the

electrodes exhibited a low cytotoxicity.

4 Conclusions

In the present work, a glucose biosensor was fabricated by

electrodepositing chitosan-glucose oxidase biocomposite

onto Pt–Pb/SSN electrode. The results revealed that the

Pt–Pb nanoparticles were composed of PbPtx (the atom

ratio of Pt/Pb was 37.48:43.05), and Pt and Pb were in their

alloy form coexistent in the Pt–Pb nanoparticles. The

electrochemical results showed that the Pt–Pb nanoparti-

cles can accelerate the electron transfer and improve the

effective surface area of the SSN electrode. The linear

detection range of the proposed biosensor was from 0.03 to

9 mM with a current sensitivity of 0.4485 lA/mM and a

response time of 15 s. The Michaelis constant value was

calculated to be 4.9837 mM. The cell test results showed

that the electrodes have a low cytotoxicity. The present

work demonstrated that the Pt–Pb nanoparticles can

improve the amperometric current of the SSN electrode

with small surface area.
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