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Abstract In this paper, a new glucose biosensor was pre-

pared. At first, Prussian blue (PB) was electrodeposited on a

glassy carbon electrode (GCE) modified by titanium diox-

ide-multiwall carbon nanotubes-chitosan (TiO2-MWNTs-

CS) composite, and then gold nanoparticles functionalized

by poly(diallyldimethylammonium chloride) (PDDA-Au)

were adsorbed on the PB film. Finally, the negatively

charged glucose oxidase (GOD) was self-assembled on to

the positively charged PDDA-Au. The electrochemical

performances of the modified electrodes had been studied by

cyclic voltammetry (CV) and amperometric methods,

respectively. In addition, the stepwise fabrication process of

the as-prepared biosensor was characterized by scanning

electron microscopy. PDDA-Au nanoparticles were char-

acterized by ultraviolet–vis absorption spectroscopy and

transmission electron microscopy. Under the optimal con-

ditions, the as-prepared biosensor exhibited a good response

performance to glucose with a linear range from 6 lM to

1.2 mM with a detection limit of 0.1 lM glucose (S/N = 3).

In addition, this work indicated that TiO2-MWNTs-CS

composite and PDDA-Au nanoparticles held great potential

for constructing biosensors.
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Introduction

The accurate and reliable determination of blood glucose

level is important for the diagnosis, clinical analysis, and

management of diabetes. Since Clark and Lyons [1]

reported their enzyme electrode for measuring glucose,

numerous methods were developed for this purpose.

Among the surface plasmon resonance [2], electrochemical

biosensors [3, 4], and other biosensors, the electrochemical

biosensors have gained increasing interest for their rapid

response, simplicity, high sensitivity, and low cost. The

performance of an amperometric glucose biosensor often

depends on glucose oxidase (GOD) immobilization tech-

nology, so the development of simple and reliable mate-

rials for immobilizing GOD is crucial [5, 6]. In order to

fabricate excellent biosensors, various materials have been

used for immobilizing enzymes. Organic–inorganic com-

posite material for immobilizing enzymes represents one of

the most emerging areas of nanotechnology [7]. Organic

components benefit the formation of defect-free inorganic

membranes and make it less brittle. Organic membranes

show good chemical and thermal stability improved by an

inorganic phase. For example, chitosan (CS) was usually

combined with TiO2 nanoparticles [8, 9], ZnO nanoparti-

cles [10, 11], and carbon nanotubes [12, 13]. Nowadays,

there are few reports about titanium dioxide-multiwall

carbon nanotubes-chitosan (TiO2-MWNTs-CS) composite.

This composite showed good biocompatibility, large sur-

face-to-volume ratio, and excellent electron-conductive

ability to construct biosensors.
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In recent years, metal nanoparticles have attracted

considerable attention due to their electrical and attractive

physicochemical characteristics. Especially, gold nano-

particles (AuNPs), owing to its good biocompatibility, high

surface-to-volume ratio, and excellent ability of transfer-

ring electron between biomolecules and electrode surface,

have been widely studied to enhance the sensitivity of

biosensor [14]. What is more, they can provide more

binding sites and congenial microenvironment for bio-

molecules. However, AuNPs most used were negatively

charged and they were easy to aggregate, so the protecting

agents such as thiols and polymers are used to circumvent

this problem [15]. Especially, poly(diallyldimethylammo-

nium chloride) (PDDA) [16], a positively charged ionic

polymer, is used to avoid the aggregation of AuNPs, and

positively charged AuNPs can be obtained. This strategy

describes a simple, one-step approach to the formation of

functionalized gold nanoparticles in which PDDA acts as

both reducing and stabilizing agents. Moreover, the posi-

tively charged PDDA-Au nanoparticles can be effectively

self-assembled onto the negatively charged membrane by

electrostatic interaction.

Usually, the detection of glucose is accomplished by

monitoring the information of hydrogen peroxide (H2O2).

However, the direct electrocatalysis of H2O2 requires a high

working potential. At such potential, the electrochemically

active interfering species are easily oxidized, which leads to

interfering current [17]. Prussian blue (PB), as a mediator, is

an excellent catalyst for H2O2 reduction at low potentials,

which greatly decreases the interference [18].

In this paper, we aimed to improve the stability and

bioactivity of enzyme biosensors and combine the advan-

tageous features of TiO2-MWNTs-CS composite and

PDDA-Au nanoparticles to develop a simple, stable, and

sensitive glucose biosensor. The preparation, character-

ization of the synthesized TiO2-MWNTs-CS composite

and PDDA-Au nanoparticles, as well as the electrochemi-

cal properties of biosensor are described in detail. More-

over, the as-prepared biosensor exhibited long-term

stability, good reproducibility and high anti-interference

ability.

Materials and methods

Reagents and apparatus

Glucose oxidase (E.C. 1.1.3.4, 151,000 unit/g), chlorauric

acid (HAuCl4�4H2O), Nano-titanium dioxide (TiO2, 5%,

pH 2–3) were purchased from Sigma (USA). PDDA (20%,

w/w in water, molecular weight 20,000) was purchased

from Aldrich (USA). All other reagents were of analytical

grade and used without further purification.

Cyclic voltammetric (CV) and amperometric experi-

ments were performed with a CHI 600D electrochemical

workstation (China). A conventional three-compartment

electrochemical cell was employed with use of a modified

glassy carbon electrode (GCE) as working electrode, a

platinum wire as auxiliary electrode and a saturated calo-

mel electrode as a reference electrode. The image of the

stepwise assembly processes of the modified electrode was

characterized by scanning electron microscopy (SEM,

S-4800, Hitachi, Japan). The ultraviolet–vis (UV–vis)

absorption spectra of PDDA-Au were collected on a UV–

vis spectrometer (UV–vis 8500). The size of PDDA-Au is

estimated from transmission electron microscopy (TEM)

(H600, Hitachi Instrument, Japan).

Preparation of TiO2-MWNTs-CS

2 mg MWNTs was dispersed in 2 mL CS (1 mg/mL in 1%

HAc) by ultrasonic agitation. Subsequently, TiO2 was

added to obtain TiO2 doped MWNTs-CS homogeneous

composite. The TiO2-MWNTs-CS composite was treated

for 10 min by ultrasonication before use and stored in 4 �C

for future use.

Synthesis of PDDA-Au nanoparticles

The PDDA-Au nanoparticles were synthesized according

to Ref. [19]. 250 lL PDDA (4% w/w in water), 40 mL

water, 200 lL of 0.5 M NaOH and 100 lL HAuCl4 (1%

w/w in water) were added into a beaker. After thoroughly

mixed, the solution continued heating until the color

changed to red and no further change occurred. An

inverted culture dish was covered on the beaker to avoid

the reaction liquid vaporized rapidly. The obtained

PDDA-Au nanoparticles were very stable, no precipitate

had been observed several months later. Figure 1a shows

UV–vis spectra of PDDA solution (curve a) with no

obvious absorption peak. But PDDA-Au solution (curve b)

shows a characteristic absorption center at 526 nm, which

is a typical absorption for AuNPs. PDDA–Au nanoparti-

cles are further characterized using TEM. In Fig. 1b,

PDDA–Au nanoparticles are almost spherical, and the

average diameter is about 8 nm which was fatter than the

unmodified Au (Fig. 1c), indicating it was tightly wrapped

by PDDA.

Preparation of glucose biosensor (Scheme 1)

The GCE (U = 4 mm) was polished with 0.3 and 0.05 lm

alumina slurry, and rinsed in ethanol and water by

sequential sonication. Then 10 lL TiO2-MWNTs-CS was

dropped onto the bare GCE. After that, the electrodepos-

ition of PB was accomplished in an unstirred fresh aqueous
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solution consisting of 2.5 mM K3[Fe(CN)6] ? 2.5 mM

FeCl3 ? 0.1 M KCl ? 0.1 M HCl at 0.4 V for 60 s

according to Ref. [20]. Subsequently, the PB modified

electrode was activated in 0.1 M KCl ? 0.1 M HCl with

CVs scans ranging from -0.05 to 0.35 V. Following that, it

was immersed in PDDA-Au solution for 8 h. Finally,

10 lL GOD (6 mg/mL in 0.1 M phosphate buffer saline,

pH 7.0) solutions were dropped onto the electrode surface.

For comparison, GOD/PDDA-Au/PB/GCE was prepared

similarly. The modified electrodes were stored at 4 �C for

future use.

Results and discussion

Scanning electron microscopy (SEM) of the modified

electrode

SEM was employed to characterize the stepwise fabrica-

tion process of the as-prepared biosensor as shown in

Fig. 2. Figure 2a shows an image of TiO2-MWNTs-CS.

The TiO2 was dispersed homogeneously in CS and

MWNTs-CS composite, so the TiO2-MWNTs-CS com-

posite was synthesized successfully. In Fig. 2b when PB

Scheme 1 Illustration of the

preparation process for the

modified electrode
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Fig. 1 a UV–vis absorption

spectrum of PDDA solution
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Au nanoparticles, and (c) TEM
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was electrodeposited on the TiO2-MWNTs-CS film, many

PB crystals can be found in the surface of TiO2-MWNTs-

CS composite. As shown in Fig. 2c, after PDDA-Au

nanoparticles were adsorbed on the PB/TiO2-MWNTs-CS

membrane, many small bright particles can be observed,

indicating that PDDA-Au nanoparticles had been adsorbed

successfully. The corresponding SEM image obviously

changed after GOD assembling onto the PDDA-Au/PB/

TiO2-MWNTs-CS surface, which demonstrated a lot of

GOD immobilized on the PDDA-Au/PB/TiO2-MWNTs-

CS film. On the basic of SEM results, we might conclude

that the as-prepared biosensor could preliminarily be

applied for determination of glucose.

Electrochemical characterization of biosensor by CV

The electrochemical behavior of the assembly-modified

process of the electrodes was monitored by cyclic vol-

tammetry experiments (Fig. 3). No redox peaks were

observed at bare GCE as the lack of electron mediator

(Fig. 3a). The background current increased after the

modification of TiO2-MWNTs-CS because of the excellent

electro-transfer property of MWNTs (Fig. 3b). After PB

was electrodeposited on the TiO2-MWNTs-CS/GCE, a pair

of well-defined redox peaks appeared indicating PB pos-

sessing excellent redox activity (Fig. 3c). The current of

curve d decreased after adsorbing PDDA-Au nanoparticles

as compared with curve c. After GOD was loaded onto

PDDA-Au/PB/TiO2-MWNTs-CS/GCE, the peak currents

decreased gradually because of GOD hindering the transfer

of electrons toward the electrode surface, which indicated

that GOD had been immobilized on the electrode surface

successfully (Fig. 3e).

Figure 4 shows the CVs of the prepared biosensor in

0.025 M PBS (pH 6.0) at different scan rates. It observes

that both anodic and cathodic peak currents increased lin-

early with the square root of scan rate in the range

10–600 mV/s (inset of Fig. 4), suggesting a diffusion-

controlled redox process.

Optimization conditions for glucose detection system

For a biosensor, the pH is very important factor to the

electrochemical behavior of the biosensor. Thus, the effect

of pH on the biosensor response was investigated by the

changes of chronoamperometric current under constant

glucose concentration (0.6 mM). As shown in Fig. 5, it was

found that the current responses reached the maximum

when the value of pH was 6.0. However, as the pH value

increased from 6.5 to 8.5, the current decreased. Decrease

in the response at high pH was possibly due to the decrease

of enzymatic activity. Thus, the buffer solution of pH 6.0

was adopted for further experiments to obtain a high ana-

lytical sensitivity.

Fig. 2 SEM of TiO2-MWNTs-

CS modified surface (a), PB/

TiO2-MWNTs-CS modified

surface (b), PDDA-Au/PB/

TiO2-MWNTs-CS modified

surface (c) and GOD/PDDA-

Au/PB/TiO2-MWNTs-CS

modified surface (d)
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The effect of applied potential on the biosensor was also

investigated in the presence of 0.6 mM glucose (Fig. 6). As

can be seen, the amperometric current increased gradually

as the applied potential decreased from 0.2 to -0.2 V, but

in order to minimize the interference and get enough cur-

rent responses, -0.1 V was chosen as the working

potential.

The amount of PDDA-Au depended on the adsorbing

time. In order to quantitate the amount of PDDA-Au

exposed to the electrode, we studied the influence of

adsorbing time of PDDA-Au on the performance of the as-

prepared biosensor (see Supporting Information Fig. S1),

and the adsorbing time of 8 h was adopted in this work.

Amperometric response of the glucose biosensor

The characteristics of the glucose biosensor are investi-

gated by amperometric measurement under optimized
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conditions. The typical current-time curve of the biosensor

is shown in Fig. 7. Upon each injection of glucose, the

rapid increase in currents was observed. This was ascribed

to the MWNTs and PDDA-Au nanoparticles on the elec-

trode surface efficiently accelerated the electron transfer. In

the inset of Fig. 7, the current response was linear for

glucose concentrations in the range of 6 lM to 1.2 mM

(r = 0.999) with a detection limit of 0.1 lM (S/N = 3).

The detection limit of 2 lM (S/N = 3) is lower then the

reported 2.7 lM [21], 3 lM [22], and 5.7 lM [23].

In order to check up the electrochemical responses of

TiO2-MWNTs-CS composite, a comparative study was

carried out by using two kinds of biosensor GOD/PDDA-

Au/PB/GCE (a) and GOD/PDDA-Au/PB/TiO2-MWNTs-

CS/GCE (b) into a stirred solution of 0.025 M PBS (pH

6.0) at applied potential of -0.1 V with injecting the same

concentration of glucose. As shown in Fig. 8, the biosensor

using TiO2-MWNTs-CS composite showed a better

amperometric response. The reason was that the favorable

microenvironment provided with CS for keeping the

activity of GOD, and the high surface area provided with

MWNTs for increasing the immobilization amount of GOD

and facilitated electrons transfer to electrode surface, thus

the biosensor showed a much better electrocatalytic per-

formance for glucose.

The response mechanism of the glucose biosensor

The mechanism involved in the detection of glucose with

generation of H2O2 occurs as the following:

Glucoseþ GOD FADð Þ ! gluconolactone

þ GOD FADH2ð Þ ð1Þ

GOD FADH2ð Þ þ O2 ! GOD FADð Þ þ H2O2 ð2Þ

K2Fe2þFe2þðCNÞ6ðPWÞ �
H2O2

e
KFe3þFe2þðCNÞ6ðPBÞ þ Kþ

ð3Þ

The glucose is oxidized by GOD (Eq. 1) and GOD is

returned to its original active state (Eq. 2), with formation

of gluconolactone and H2O2. The amount of H2O2 pro-

duced is directly proportional to the concentration of glu-

cose. Then PB provides a high catalytic for the reduction of

H2O2. So H2O2 can be detected quantitatively on the

modified electrode.

Reproducibility and stability of the glucose biosensor

The relative standard deviation (RSD) of the biosensor

response to 0.6 mM glucose was 1.2% for 10 successive

measurements, which displayed an acceptable reproducibil-

ity. The stability of the biosensor was also tested. After

1 week, the current response decreased 6.8% of its initial

response, and 16.6% after 2 weeks. So the prepared biosen-

sor shows an acceptable stability, which can be attributed to

the two aspects. On the one hand, TiO2-MWNTs-CS, PB, and

PDDA-Au nanoparticles on the electrode surface were very

stable. On the other hand, TiO2-MWNTs-CS composite

provided a friendly environment for GOD, which maintained
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the bioactivity of GOD and prolonged the life of the

biosensor.

Selectivity of the glucose biosensor

Figure 9 represents the amperometric responses of glucose

in the presence of glycine, L-cysteine, and dopamine. The

current generated from the interfering species was negli-

gible thus indicating that the biosensor had a strong anti-

interference ability. Obviously, the higher selectivity of the

biosensor was attributed to a low operating potential, and

the efficient and selective mediator by PB.

Recovery experiment

The analytical applicability of the biosensor was evaluated

by the standard addition method. Table 1 listed the

recovery of three samples of different glucose concentra-

tions. The recovery rate was between 94 and 104.4%. The

satisfying results demonstrated that the biosensor had a

great potential for practical application.

Conclusions

In summary, we had demonstrated the applicability of the

biosensor for detecting glucose based on TiO2-MWNTs-

CS, PB, and PDDA-Au. The as-prepared biosensor offered

several advantages as follows. Firstly, TiO2-MWNTs-CS

provided better environment for the efficient enzyme

loading and maintenance of the enzymatic bioactivity in

order to increase the sensitivity of the biosensor. Secondly,

high surface area and a biocompatible microenvironment

provided by the PDDA-Au facilitated higher enzyme

loading and helped enzyme to retain its bioactivity,

respectively. Based on these advantages, the as-prepared

biosensor exhibited excellent sensitivity, selectivity, and

good stability. Moreover, this method can be used in the

preparation of other amperometric enzyme biosensors.
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