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The intrinsic properties and application potential of nanocolloids are mainly determined by size, shape, compo-
sition, and structure. In this case, a novel glucose biosensor was developed by using the chitosan-polypyrrole
(CS-PPy) nanocomposites as special modified materials that coating onto the surface of glassy carbon electrode
(GCE). The CS-PPy nanocomposites were characterized by transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM), respectively. Moreover, the interaction of CS-PPy nanocomposites with glucose
oxidase (GOD) was also investigated by the combined studies with Fourier transform infrared spectroscopy

Keywords:
po{ypyrrole (FTIR) and circular dichroism spectroscopy (CD). Due to the conductivity of polypyrrole (PPy), good biocompat-
Chitosan ibility of CS, and advantages of nanoparticles, CS-PPy nanocomposites were chosen and designed to modify the

GCE for the retention of GOD's biological activity and the vantage of electron transfer between GOD and elec-
trodes. The GOD biosensor exhibited a fast amperometric response (5 s) to glucose, a good linear current-time
relation over a wide range of glucose concentrations from 5.00x 10~ to 1.47x 10~ M, and a low detection
limit of 1.55x 10~> M. The GOD biosensor modified with CS-PPy nanocomposites will have essential meaning
and practical application in future that attributed to the simple method of fabrication and good performance.
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1. Introduction

A biosensor, by definition requires stable and reproducible immo-
bilization of a biological entity (e.g. vitamins, coenzymes, proteins,
DNA, polypeptides, cells, microorganisms) on a transducer surface,
with complete retention of its biological activity [1-8]. Compared
with free enzymes in solution, the immobilized enzymes are more
robust and have the advantages, such as convenient handling, easy
separation from the product, operational stability, more resistant to
environmental changes and feasibility of the reuse [9]. Many methods
have been developed for the immobilization of enzymes, such as the
attachment of them to the prefabricated carriers by adsorption, cova-
lent bonds, or ionic bonds, cross-linking with other multifunctional
reagents and encapsulation or inclusion in membranes or sol-gel
matrices [10-14]. In the past few years, various materials have been
used as immobilization matrices and enhance the efficiency of electrical
conductivity, such as Au, Ag, Ag-Au, copper and platinum nanoparticles
[15-19], titania nanocomposite [20], carbon nanotube[21], nickel mag-
netic nanoparticles [22], NiO nanocomposite [23], semiconductor
nanoparticles (CdSe/ZnS) [24] and so on.

Conducting polymers (polypyrrole, polyaniline, polyacetylene,
etc.) have been widely used as matrices of biomolecules [25-31],
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because the controlled growth of such molecules could satisfy differ-
ent requirements such as polymer layer thickness, electrical proper-
ties and bio-reagent loading, etc. Therefore, conducting polymer
based biosensors can be used in in vivo sensing, continuous monitor-
ing of drugs or metabolites, multi-parametric assays, miniaturization
and high information density [32].

However, the poor processability of conducting polymers remains a
key hurdle to their practical application. The dispersion of conducting
polymers composed of low-dimensional nanostructures including
nanoparticles, nanofibers and nanotubes has offered the possibility of
improving the processability of these interesting polymers [33]. Rajesh
et AL gave an overview of various recent synthetic approaches involving
template free and template oriented techniques suitable for the growth
of nanomaterials of conjugated polymers, their merits and application
in making nanodevices. He pointed out that conducting polymeric
nanomaterials are found to have superior performance relative to con-
ventional materials due to their much larger exposed surface area.
Moreover, these materials are promising for a variety of applications in-
cluding optical and electronic nanodevices, and chemical and biological
sensors. Novel nanomaterials for use in bioassay applications represent
a rapidly advancing field [34].

As functional materials, chitosan (CS) offers a unique set of
characteristics: biocompatibility, biodegradability to harmless products,
nontoxicity, physiological inertness, antibacterial properties, gel forming
properties and hydrophilicity, and remarkable affinity to proteins
[35-42]. Owing to these characteristics, chitosan-based materials, as yet


http://dx.doi.org/10.1016/j.bioelechem.2012.05.006
mailto:maochun127@yahoo.cn
mailto:huangxiaohua@njnu.edu.cn
http://dx.doi.org/10.1016/j.bioelechem.2012.05.006
http://www.sciencedirect.com/science/journal/15675394

2 Y. Fang et al. / Bioelectrochemistry 88 (2012) 1-7

underutilized, are predicted to be widely exploited in the near future es-
pecially in environmentally benign applications in systems working in bi-
ological environments, among others as enzyme immobilization supports
[35].

In this case, in order to combine the conductivity of polypyrrole
(PPy), biocompatibility of CS, and advantages of nanoparticles, CS—
PPy nanocomposites were chosen and designed to modify the glassy
carbon electrodes (GCEs) for the retention of glucose oxidase's
(GOD) biological activity and the electron transfer between GOD
and electrodes. By immobilizing GOD onto the matrix of CS-PPy
nanocomposites coated on the surface of GCE, a novel glucose biosensor
was constructed and its electrochemical behavior was investigated in
detail.

2. Experiments
2.1. Reagents

Glucose oxide (GOD) was purchased from Sigma-Aldrich (USA),
B-D-(+)-glucose (99%) was obtained from J&K Chemical Co. Inc.
(China), chitosan was obtained from Nantong Shuanglin Biological
Co. Ltd. (China), pyrrole (99%) was received from ACROS Organics
Co. Ltd. (USA), glutaraldehyde (25%) was purchased from Shanghai
Lingfeng Chemical Co. Ltd. (China) and (3-Amincpropyl)-triethoxysliane
(APTES) (98%) was purchased from Aladdin Chemistry Co. Ltd. (China).
All the above reagents were used without further purification. Phosphate
buffer solution (PBS) was prepared by mixing stock standard solution of
Na,HPO, and NaH,PO,. All other chemicals were of analytical grade and
were used as received. All solutions were prepared with double-distilled
water and high purity N, was applied for deaeration.

2.2. Preparation of CS-PPy nanocomposites

The CS-PPy nanocomposites were prepared according to the litera-
ture [43]. Firstly, 0.15 g CS was dissolved in 30 mL 0.25% Acetic acid
(HAc, mass concentration ratio) water solution and 0.90 g FeCls-6H,0
was added into the CS aqueous solution under stirring until it was dis-
solved completely. Secondly, 100 pL of pyrrole agent (FeCls/Py =2.33,
the concentration ratio of CS/Py were 1:3, 1:6 and 1:9) was added
into the above solution slowly under 0-5 °C ice water bath condition,
the color of solution quickly turned into black. After the mixed solution
was further stirred for 1 h, the CS-PPy nanocomposites were obtained.
Then the sample was dialyzed with Spectra/Por CE (MWCO =2000) in
0.25% HAc water solution for three days to thoroughly remove iron ion.
The resulting CS-PPy nanocomposites were used for characterization
and detection. The prepared nanocomposites were stable at 4 °C even
after 6 months of storage.

2.3. Construction of the GOD/CS-PPy/glutaraldehyde/APTES modified
electrode

Prior to the modification, the GCE was successively polished to a
mirror-like surface with 0.3 and 0.05 um alumina slurry followed by
rinsing thoroughly with double-distilled water. After sonicated in
ethanol and double-distilled water for 5 min respectively, the GCE
was dried at room temperature.

As shown in Scheme 1, 4.0 UL of 1.0% APTES solution (anhydrous
alcohol as solvent) and 4.0 pL of 0.25% glutaraldehyde aqueous were
successively dropped onto the electrode surface and dried in air.
APTES was linked to the GCE surface through the silicon-oxygen
bonds. And the aldehyde group of glutaraldehyde combined with
the amino at the end of APTES molecule. After that, 8.0 uL of the
obtained CS-PPy nanocomposites solution was dropped to the sur-
face of modified GCE and dried in room temperature. Another alde-
hyde group of glutaraldehyde was reacted with the amino group of
CS. Finally, the fresh prepared mix solution of 8.0 uL of 2 mg-mL™!

GOD solution in PBS (pH=7.0) and 2.0 pL of 0.25% glutaraldehyde
aqueous was dropped onto the surface of CS-PPy/glutaraldehyde/
APTES/GCE and kept overnight at 4 °C, then the GOD was immobilized
on the electrode, and GOD/CS-PPy/glutaraldehyde/APTES/GCE was
obtained. The other electrodes used as contrast samples were prepared
by the same modified method. When not in use, the electrodes were
stored at 4 °C in a refrigerator.

2.4. Apparatus and measurements

Scanning electron microscopy (SEM) images were recorded on a
JSM Model 6300 scanning electronic microscopy. Transmission elec-
tron microscopy (TEM) images were obtained using an interface
high-resolution transmission electron microscopy (HITACHI H-7650,
Japan). FTIR spectra of CS-PPy nanocomposites, GOD and GOD/CS-
PPy nanocomposites were measured using a Cary 5000 Fourier trans-
form infrared (FTIR) spectrophotometer (VARIAN Company). CD
spectra in the far-UV (with the range from 200 to 260 nm) were
measured on a JASCO J-715 spectropolarimeter using a 1 cm quartz
cuvette. The contents of a-helix, B-sheet, B-turn and the random
coil conformation were calculated using the JASCO710 program. All
electrochemical experiments were performed on a CHI 760C electro-
chemical analyzer (CH Instruments, Inc., US), using a conventional
three-electrode system with an glassy carbon electrode (GCE)
(3 mm in diameter, Shanghai Chenhua, China) as the working elec-
trode, a platinum wire as the auxiliary electrode and a saturated calomel
electrode (SCE) as the reference electrode. Cyclic voltammogram (CV)
experiments were carried out in quiescent solution at 100 mV-s~ ! in
5 mL of 0.1 M PBS, and the solution was purged with high purity nitro-
gen prior to and blanked with during the electrochemical experiments.

3. Results and discussion
3.1. Characterization of the CS-PPy and GOD/CS-PPy nanocomposites

CS has been widely used as biomedical material due to its good
biocompatibility [37,39], while PPy is a representative of conducting
polymers, which have attracted much interest in recent years
[25-31]. Combing the characteristics of both materials, CS-PPy
nanocomposites can be potentially advantageous in both biocompat-
ibility and conductivity.

Fig. 1A shows the TEM image of the CS-PPy nanocomposites. It
could be observed that the PPy nanoparticles (in black) were hybrid-
ized and well-dispersed in reticular CS (in gray) polymer. The PPy
nanoparticles are spherical in shape with the average size of 75 nm.

The surface morphology of modified electrode was further con-
firmed by SEM. Compared with the smooth surface of unmodified
electrode (Fig. 1B), the modified electrode prepared by coating CS-
PPy/glutaraldehyde/APTES behaves quite differently. In the SEM
image (Fig. 1C) of the modified electrode, PPy nanoparticles assem-
bled together to form a microstructured surface containing many
pores. The CS-PPy nanocomposites and the pores showed a three-
dimensional micro-nano topological structure, which might promote
the immobilization of enzyme [44].

The fabricated products of the CS-PPy nanocomposites stabilized GOD
was further investigated by FTIR spectroscopy. Fig. 2A shows the FTIR
spectra of the CS-PPy (a), pure GOD (b) and GOD/CS-PPy (c), respective-
ly. Three strong peaks at 1398 cm~ !, 3039 cm~ ' and 3129 cm ™! were
observed on the spectrum of CS-PPy nanocomposites. The two peaks at
1398 cm ™~ ! (C-OH stretch), 3039 cm ™~ ! (C—H stretch) are characteristic
peaks of CS-PPy, and the peak at 3129 cm~! corresponds to the N-H
stretch of amine and O—-H stretch of hydroxyl groups [45]. In the case
of GOD, the most important features are the amide band (the peaks
around 1660cm™!) and the amide II band (the peaks around
1553 cm ™~ !) of the amide group [46,47]. The two amide bands are dis-
tinguishing features for the secondary structure of the polypeptide
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Scheme 1. The process of the GOD/CS-PPy/glutaraldehyde/APTES modified electrode.

chain. By comparing the spectra of pure GOD (B) and GOD/CS-PPy blend
film (C), the peak positions were similar, except that the intensity is lower
when GOD immobilized on CS-PPy nanocomposites. This phenomenon
can be explained by the hypothesis that GOD was trapped in CS-PPy
nanocomposites efficiently and retains high enzyme activity.

Due to its high sensitivity to polypeptide backbone conformations,
circular dichroism was used to study the secondary and tertiary struc-
ture of the protein [48]. Fig. 2B shows the CD spectrum of GOD in the
PBS without and with CS-PPy nanocomposites in the far-UV region.
The positive bands at 203 nm in both curves correspond to the m-m*
transition of the amide groups in the GOD peptide chain. Two nega-
tive bands at 209 and 219 nm are in accordance to the m-m* and
n-m* transition of the amide groups of the GOD polypeptide chain, re-
spectively. In the presence of CS-PPy nanocomposites, the intensity of
the positive band at 203 nm significantly decreases compared with
that of pure GOD, indicating the interactions between the amino
acid residues of GOD and CS-PPy nanocomposites. Additionally, the
intensity of the dual bands at 209 and 219 nm had a slight increase
for the GOD/CS-PPy, indicating that the secondary structure of GOD
was not obviously changed.

By comparing with the data calculated from CD spectrum, it can be
observed that GOD secondary structure undergoes certain changes in
the presence of CS-PPy nanocomposites. The content of a-helix con-
formation decreased by 1.8%; while the contents of anti-parallel, 3-

turn and random coil increased by 0.2%, 0.3% and 0.7%, respectively.
These results further proved that CS-PPy nanocomposites did not de-
stroy the native conformation of GOD, which also demonstrated high
biocompatibility of the CS-PPy nanocomposites.

3.2. Evaluation of the electrochemical performance of the glucose
biosensor

Cyclic voltammetry (CV) was used to evaluate the electrochemical
performance of the electrodes. Fig. 3 shows CVs of different modified
electrodes of GOD on CS-PPy nanocomposites in PBS (pH=7.0) at
100 mV-s~ 1. No voltammetric signal was observed at bare glassy carbon
electrode (GCE) (curve (A)), glutaraldehyde/APTES/GCE electrode
(curve (B)) and CS-PPy/glutaraldehyde/APTES/GCE electrode (curve
(C)) in the range of —0.2 to 0.4V vs. SCE. When GOD was embedded
in the glutaraldehyde/APTES/GCE electrode (curve (D)), the obtained
CV curve is almost flat, just a pair of little parcels could be observed at
about 0.22V vs. SCE. The two little parcels are oxidation-reduction
peaks of GOD. The small peaks mean that electron transfer of GOD on
glutaraldehyde/APTES/GCE is very slow. When GOD was embedded in
the CS film (curve (F)), the observed oxidation-reduction peaks on
GOD/CS/glutaraldehyde/APTES/GCE electrode are more clearly compare
with that of on CS/glutaraldehyde/APTES/GCE (curve (E)). This demon-
strated that the good biocompatibility of CS could provide the favorable

Fig. 1. (A) TEM image of the CS-PPy nanocomposites. (B) SEM image of the surface of unmodified electrode. (C) SEM image of the surface of modified electrode prepared by coating

CS-PPy/glutaraldehyde/APTES.
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Fig. 2. (A) FTIR of (a) CS-PPy; (b) pure GOD and (c) GOD/CS-PPy. (B) The CD spectra of
(a) 1.56x 107> M GOD and (b) GOD/CS-PPy in the PBS (pH=7.0) in the wavelength
region of 200-260 nm.

microenvironment for GOD. From the CVs of CS/glutaraldehyde/APTES/
GCE and GOD/CS/glutaraldehyde/APTES/GCE, we can get the result that
the observed oxidation and reduction peaks come from GOD, not CS.
However, only when GOD was embedded in the matrix that containing
the CS-PPy nanocomposites (curve (H)), a pair of well-defined oxidation
and reduction peaks could be observed with a formal potential (E°’) at
about 0.132 V vs. SCE. This biosensor based on nanocomposites showed
a very stable electrochemical response even after 500 cycle
measurements, which made it suitable for further investigations
and applications.

Apparently, the current response of CVs increased when CS-PPy
nanocomposites were assembled into the glutaraldehyde/APTES
membrane (curve (G)) indicated that the CS-PPy nanocomposites
promoted electron-transfer reactions of GOD. CS may provide a native
environment for the enzyme molecules to orient in conformations
more favorable for electron transfer [45]. On the other hand, PPy
could provide a conductive path through the composite membrane
matrix. The effect of different concentration ratio (1:3, 1:6 and 1:9)
of CS/PPy on conductive behavior was investigated. Addition of PPy
improved the electrode conductivity and made the peak separation
potential increased. When concentration ratio of the CS/PPy is at 1:6
(curve (H) in Fig. 3), the increased value of peak separation potential
was in the permitted extend of quasi-reversible oxidation-reduction
process, a pair of well-defined oxidation and reduction peaks could
be obtained, so the CS/PPy ratio of 1:6 is appropriate for electrochem-
ical sensing application. However, if the PPy concentration was too
high (CS/PPy ratio is at 1:9) or even there is no CS on electrode sur-
face, the electrochemical activity of the enzyme could not express
normally (curve (G) in Fig. 3). This is because enzyme lost its activity
that can be attributed to PPy could not provide biocompatible envi-
ronment for enzyme. In this system, the actual role of PPy is to
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Fig. 3. Cyclic voltammograms (CVs) of different modified electrodes in 0.1 M PBS
(pH=7.0) containing 0.1 M KCIl for (A) bare GCE electrode; (B) the glutaraldehyde/
APTES/GCE electrode; (C) the CS-PPy/glutaraldehyde/APTES/GCE electrode; (D) the GOD/
glutaraldehyde/APTES/GCE electrode; (E) the CS/glutaraldehyde/APTES/GCE electrode;
(F) the GOD/CS/glutaraldehyde/APTES/GCE electrode; (G) the GOD/CS-PPy (1:9)/
glutaraldehyde/APTES/GCE electrode; (H) the GOD/CS-PPy (1:6)/glutaraldehyde/
APTES/GCE electrode (scan rate is 100 mV-s~1).

enhance the conductivity of the electrode, so that good electrochem-
ical sensing of biosensor can be obtained from appropriate proportion
of CS/PPy. The results of the CVs proved that CS-PPy, acting as electron-
transfer mediators, can help in enhancing the current response of en-
zyme electrode and effective increasing the sensitivity of the biosensor.
It's worth noting that the CS-PPy nanocomposites have a sort of three-
dimensional micro-nano topological structure, which may also increase
the loading amount of the bioactive enzymes.

As is well known, 3-D-glucose, the substrate of GOD, will result in the
reductive form of GOD (GOD-FADH,) in the enzyme-catalyzed reaction.
The electron-transfer behavior of the GOD on CS-PPy/glutaraldehyde/
APTES/GCE occurs as the following [49]:

GOD — FAD + 2e~ + 2H" — GOD — FADH, (1)
Glucose + GOD — FAD— gluconolactone + GOD — FADH, (2)
GOD — FADH, + 0, — GOD — FAD + H,0, (3)
2H,0,— 2H,0 + 0, +2e~ (4)

A typical current-time plot (Fig. 4A) of electrocatalytic oxidations
of glucose by using the prepared glucose biosensor was obtained
under the optimized experimental condition. The experiments
showed that the electrocatalytic response was very fast; the biosen-
sor achieved 95% of the maximum steady-state response current to
glucose in less than 5s, which demonstrated that the CS-PPy
nanocomposites might provide a good micro-environment for GOD
so that the redox system shows fast electrode kinetics. The resulting
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calibration plot of current-time response of GOD/CS-PPy/glutaralde-
hyde/APTES/GCE is presented in Fig. 4B. The catalytic oxidation peak
current increased linearly with the increasing concentration of glucose
in a range from 5.00x 10~ % to 1.47x 10~ ! M, and the linear regression
equation is i(uA) = 0.0587 +2.3466 x 10~ * C (M) (R>=0.9992) with a
detection limit of 1.55x 107> M (S/N=3).

The glucose biosensor showed a quite good anti-interference abil-
ity (Fig. 5). The response of the biosensor was examined in the pres-
ence of different interferences with a glucose concentration of
0.5 mM. In the presence of uric acid (UA, 0.5 mM) and ascorbic acid
(AA, 0.1 mM), no change in the response of the biosensor was
found. The result is the same as that of without interferences.
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Fig. 5. Amperometric responses of the biosensor upon additions of glucose (0.5 mM),
UA (0.1 mM) and AA (0.5 mM) in PBS.

Table 1
Comparison of the responses of some glucose biosensors based on different modified
electrode materials.

Biosensor Detection limit Linear range R-square Ref.
(mM) (mM)
Gold nanoparticle/CS/GOD 0.37 0.4-10.7 0.999 [50]
GrEC/CS-CNTs/GOD 0.016 Up to 1.0 0.999 [51]
GOD-graphene-CS/C 0.02 0.08-12 - [52]
Graphene/Au NPs/CS/GOD  0.18 2-14 0.999 [53]
PCF-Pyr-CS/GOD/C 0.107 0.8-4 0.98 [54]
PCF-Pyr-CS/GOD/CNTs/C ~ 0.031 0.1-1 0.998 [54]
CS-PPy 0.0155 0.5-147 0.999 This work

The performance of the proposed method was compared with
other methods [50-54] as shown in Table 1. The comparative data
suggest superiority of the present sensor over some earlier reported
glucose biosensors. The possible reason is that PPy has a favorable
electrical conductivity and CS provides a friendly microenvironment
to retain GOD's bioactivity. In addition, the 3D micro-nano topological
architecture of CS-PPy nanocomposites provides a significant in-
crease in the effectiveness for GOD loading on the electrode surface,
decreases the reorganizational energy for electron transfer, and al-
lows the electroactive probe to easily diffuse through the films.

The reproducibility of the biosensors was investigated by detecting
1x10~3 M analyte. The relative standard deviation (RSD) for glucose
was evaluated by thrice measurements to be 4.3%; and the RSD for glu-
cose was estimated with five biosensors fabricated independently to be
5.8%. The results indicated the fabrication reproducibility of five biosen-
sors shows an acceptable reproducibility. The stability of biosensor for
glucose was examined by measuring current responses after storage
in PBS at 4 °C for 7 days. The current responses of the biosensor to
1x 1073 M substrate did not show an obvious decline, which demon-
strates that the biosensor possessed good stability.

4. Conclusion

In all, a high sensitivity glucose biosensor was assembled by
immobilizing enzymes on the surface of CS-PPy nanocomposites.
The CS-PPy nanocomposites could provide a biocompatible micro-
environment for enzyme, and the three-dimensional micro-nano to-
pological structure of the CS-PPy nanocomposites could enhance
the electron transfer between the enzyme and electrode surface sig-
nificantly. The electrode coated with the CS-PPy nanocomposites
showed rapid response (5s), broad linear range (5.00x10~* to
1.47x10~ ' M) and low detection limit (1.55x 10> M). Reproduc-
ibility and the stability of the biosensor were obtained due to the
high biocompatibility of the CS-PPy nanocomposites. Such novel
assembly of the biosensor provided a promising platform for clinical
detection in the future.
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