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a b s t r a c t

We present a new cysteamine (CS)-modified polyaniline (PANI) film for highly efficient immobilization of
biomolecules in biosensing technology. This electrochemical deposited PANI film treated with CS and
glutaraldehyde could be employed as an excellent substrate for biomolecules immobilization. The
parameters of PANI growth were optimized to obtain suitable surface morphology of films for
biomolecules combination with the help of electron and atomic force microscopy. Cyclic voltammetry
(CV) was utilized to illustrate the different electrochemical activities of each modified electrode. Due to
the existence of sulfydryl group and amino group in CS, surface modification with CS was proven to
reduce oxidized units on PANI film remarkably, as evidenced by both ATR-FTIR and Raman spectroscopy
characterizations. Furthermore, bovine serum albumin (BSA) was used as the model protein to
investigate the immobilization efficiency of biomolecules on the PANI film, comparative study using
quartz crystal microbalance (QCM) showed that BSA immobilized on CS-modified PANI could be
increased by at least 20% than that without CS-modified PANI in BSA solution with the concentration
of 0.1–1 mg/mL. The CS-modified PANI film would be significant for the immobilization and detection of
biomolecules and especially promising in the application of immunosensor for ultrasensitive detection.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Polyaniline (PANI) as a conducting polymer has been attracting
immense interest in many practical applications ranging from
batteries to biosensors, due to its high stability, simplicity of
synthesis, low cost and unique electrochemical properties. Espe-
cially, in the area of biosensors, PANI has been successfully
exploited in many different applications [1–6]. Various methods
are available for the synthesis of PANI, and the most widely used
techniques are electrochemical and chemical oxidative polymer-
izations. PANI is widely considered to have the general polymeric
structure as shown in Fig. 1a which consists of ‘y’ reduced
(benzenoid diamine, Fig. 1b) and ‘1�y’ oxidized (quinoid diamine,

Fig. 1c) repeating units [7]. As immobilization platform for biomo-
lecules, PANI has been extensively modified on the sensitive
surfaces of many biosensors, and its high efficiency of immobiliza-
tion attributes to high density of reduced amine groups on PANI
surface which is directly combined with biomolecules.

Meanwhile, quartz crystal microbalance (QCM) is a mass ultra-
sensitive piezoelectric immunosensor to detect proteins on its gold
electrode surface at nanogram level. For biosensing applications,
QCM has been widely used in different detections, such as, antigen
[8–10], affinity ligand [11], free ardical [12], and gas [13]. Sai et al.
reported a procedure for immobilization of IgG antigen on elec-
trochemically synthesized PANI film which was just linked with
cross-linker, glutaraldehyde (GLu) [14]. However, due to consider-
able inert oxidized units existing in traditional PANI films electro-
chemically deposited, it seems that immobilization efficiency of
subsequent biomolecules was limited.

In this study, how to improve immobilization efficiency of
biomolecules on PANI film was emphatically taken into considera-
tion. PANI film was electrochemically synthesized firstly and then
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treated with CS and GLu in turn where CS was used to improve the
reduction degree of PANI film and the content of reduced amino
groups was increased simultaneously. The principle of reaction
between CS and PANI was shown in Fig. 1d–e, sulfhydryl group of
CS was expected to react with secondary amine and tertiary amine
of PANI film, respectively. And, inert tertiary amine could be
transformed into active secondary amine (Fig. 1d) and secondary
amine could be transformed into more active primary amine
(Fig. 1e). Therefore, active amino groups of PANI film were greatly
enhanced with CS modification. As cross-linker, GLu has two
aldehyde groups: one will covalently combine with these active
amino groups on PANI film to form enamine or imine bonds, and
the other at the free end will bind amino group in biomolecule.
In the present work, field emission scanning electron microscope
(FESEM) and atomic force microscope (AFM) were utilized to
characterize the surface morphology of PANI film and cyclic
voltammetry (CV) was used to illustrate the electrochemical
activities of different modified electrodes. Immobilization chem-
istry of the reactions was investigated in detail with the ATR-FTIR
spectroscopy and Raman spectroscopy. As bovine serum albumin
(BSA) is a standard protein which has been widely investigated in
the field of biomaterials [15–17] and BSA is typically used as
blocking protein to reduce the nonspecific binding in immuno-
sensors, it was utilized as the model protein to explore the
immobilization efficiency of biomolecules on the optimized PANI
film. And comparative experiments with mass changes of BSA
immobilization on pure PANI, GLu-linked PANI, CS-modified/GLu-
linked PANI, were characterized by a QCM system.

2. Materials and methods

2.1. Materials

All reagents were analytical grade (AR). Aniline, acetone,
ethanol absolute and sulfuric acid were purchased from Shanghai
Lingfeng Chemical Reagent Co., Ltd. CS and GLu were obtained
from Sigma-Aldrich. The bovine serum albumin (BSA) was sup-
plied by Amresco. All solutions such as phosphate-buffered saline
(PBS) were prepared by deionized (DI) water (18.2 MΩ cm)
obtained from a MilliQ filtration system.

2.2. PANI film deposition method

Gold electrode of QCM was chosen as substrate for PANI
deposition, and it was cleaned by sonication for 2 min in acetone
and ethanol absolute in turn, rinsed with DI water and dried with
blowing nitrogen gas. Before electrochemical deposition, 0.1 M
aniline monomer solution should be prepared in 1.0 M sulfuric
acid and flushed with nitrogen for 30 min to remove the dissolved

oxygen. And then, PANI film was deposited on the surface of the
gold electrode by CV method with EQCM CHI440B. In the three-
electrode system, reference electrode (RE) was a KCl-saturated
calomel electrode (SCE), and counter electrode (CE) was a plati-
numwire, and working electrode (WE) was gold electrode of QCM.
The potential was scanned from �0.2 toþ0.9 V at a scan rate of
50 mV/s for growing PANI film. To grow PANI film easier, the
potential was firstly equilibrated at 0.1 V versus SCE for 5 s and
then positively scanned [18].

2.3. CS modification and BSA immobilization on PANI film

The schematic of CS modification and BSA immobilization on
the PANI film of QCM was shown in Fig. 2: (a) PANI-coated QCM
chips were washed and sonicated in DI water for 90 s to get
smooth and compact PANI film, (b) The fresh PANI film was dipped
in 0.1 M CS aqueous solution with stirring for 30 min. (c) After
rinsed with DI water and dried with blowing nitrogen gas,
CS-modified PANI film was quickly transferred to phosphate buffer
saline (PBS, 10 mM, pH¼7.4) containing 2.0% GLu for 1 h. (d) After
thoroughly washed with PBS and DI water, the film was incubated
in BSA solution with different concentration for 1 h, and then
rinsed with PBS and DI water twice to wash away nonspecific BSA
adsorption. All experiments were carried out at the constant
temperature (25 1C).

2.4. Surface morphology characterization

Morphological parameters of the PANI film deposited on gold
electrode were characterized by FESEM (Hitachi, S-4800) and AFM
(Dimension Icon, Bruker). For AFM, the tapping mode in atmo-
spheric environment with a resonance frequency of 320 kHz, scan
rate of 1 Hz/s and resolution of 512�512 pixels was applied.

2.5. Electrochemical measurements

To study the electrochemical properties of the PANI film
deposited by electrochemical method, CV-1 was performed in
the potential range from �0.2 to þ0.9 V in aniline free 1.0 M
sulfuric acid at a scan rate of 50 mV/s. Moreover, to illustrate the

Fig. 1. (a) 2D structures of PANI, (b) reduced unit, (c) oxidized unit, (d) and
(e) principles of sulfhydryl reactions with tertiary amine and secondary amine,
respectively.

Fig. 2. Schematic of BSA immobilization on PANI films deposited by electrochemical
method on gold electrodes of QCM. (a) blank QCM chip, (b) electrochemically
deposited PANI film, (c) CS-modified PANI film, (d) CS-modified/GLu-linked PANI
film, (e) BSA immobilization on CS-modified/GLu-linked PANI film.
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different electrochemical activities of each modified PANI elec-
trode, CV-2 was performed in the potential range from �0.4 to
þ0.7 V in 10 mM PBS (pH 5.8) containing 0.1 M KCl at a scan rate
of 50 mV/s.

2.6. ATR-FTIR and Raman characterization

To study the interaction at each step of the process and the
changes of chemical groups on the surface of PANI film, surface
characterizations were observed by both ATR-FTIR spectroscopy
and Raman spectroscopy. ATR-FTIR spectra of pure PANI,
CS-modified PANI, only GLu-linked PANI, and CS-modified/GLu-
linked PANI, were obtained by Vertex 70 FT-IR Spectrometer,
BRUKER, with a scan rate of 128 and a resolution of 4 cm�1.
And, the wavenumber range is from 600 to 4000 cm�1. Raman
spectra of reduced units and oxidized units of PANI film were
recorded with a Raman spectrometer (HORIB Jobin Yvon LabRAM
HR800) using a 514-nm laser beam and a charge-coupled detector
(CCD) at 4 cm�1 resolution. And, the laser power was kept at less
0.1 mW in order to avoid damaging of the samples. Laser beam
was focused on the sample with a�100 objective lens.

2.7. QCM analysis

Immobilization efficiency of BSA protein on the surface of PANI
filmwas taken by QCM analysis. 7.995 MHz, AT-cut, QCM (13.7 mm
in diameter) coated with gold in a circular shape (5.1 mm in
diameter) on both sides were used for mass-sensitive measure-
ment. And, the resonant frequency of the QCM chip was measured
with Electrochemical Quartz Crystal Microbalance (EQCM,
CHI440B, CH Instruments., USA). Sauerbry's equation [19] has
been established for an AT-cut shear mode QCM to describe the
linear relationship between the frequency change (Δf ) and the
mass change (Δm):

Δf ¼ �ð2f 20=
ffiffiffiffiffiffiffiffiffiffiffi

ρQμQ
p ÞΔm=A ðin HzÞ

where Δf is the measured resonant frequency shift due to the
added mass on the surface of the gold electrode; f 0 is the
fundamental oscillation frequency of the blank QCM chip, here,
f 0 ¼ 7:995 MHz; ρQ , the quartz density, has the value of
2:648 g=cm3 and μQ , the shear module, has the value of 2:947�
1011 dyne=cm2; A, the area of deposition, is about 0:196 cm2 in
the experiments. Hence, the mass detection limitation of this QCM
system is 1.4 ng per Hz. Resonant frequency changes coursed by
both the deposition of PANI and the immobilization of BSA were
emphasized to measure and analyze. It's easy to distinguish BSA
immobilization on PANI film at ng level to decide the function of
CS treatment for increasing active reduced amino groups in PANI.

3. Results and discussion

3.1. Growth and surface morphology characterization of PANI film

PANI film was electrochemically deposited on surface of gold
electrode by using CV method. To standardize the thickness of the
film, the number of cycle was kept constant at 10 which gave us a
certain thickness in every case of PANI polymerization. And the
EQCM system response to the CV method deposition of PANI in
0.1 M aniline and 1.0 M sulfuric acid at a scan rate of 50 mV/s was
shown in Fig. 3a and b. Three pairs of specific current peaks
[18,20,21], Ox1-Re1, Ox2-Re2, and Ox3-Re3 increased along with
increasing cycles (Fig. 3a), and steady PANI growth also resulted in
the decrease in frequency with increasing cycles simultaneously
(Fig. 3b). In addition, To understand the electrochemical charac-
terization of the PANI film deposited by electrochemical method,

CV studies of the above synthesized PANI film were carried out in
aniline free 1.0 M sulfuric acid at a scan rate of 50 mV/s [22,23].
The result was shown in Fig. 3 c. Three pairs of current peaks Ox1-
Re1 (atþ0.19/þ0.03 V), Ox2-Re2 (atþ0.52/þ0.49 V) and Ox3-Re3
(at þ0.80/þ0.78 V) were obtained from the observed voltammo-
gram. Peaks Ox1–Re1 result from the transition between leucoe-
meraldine and emeraldine, and peaks Ox2–Re2 from the transition
between emeraldine and pernigraniline. Peaks Ox3–Re3 may be
attributed to the side reactions of the polymer and oligomers of
aniline [18].

Fig. 3. (a) Current (I) versus potential (E), and (b) frequency change (f) versus
potential (E). Curves obtained during CV method in 0.1 M aniline and 1.0 M sulfuric
acid at a scan rate of 50 mV/s. (c) Cyclic voltammogram of pure PANI electrode in
1.0 M sulfuric acid with free aniline at a scan rate of 50 mV/s.
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A prerequisite for uniform and proper covalent immobilization
of protein is to have a smooth and compact surface over the region
of substrate used for the biosensor [24]. PANI films prepared at
different scan cycles (5, 10, 15, and 20) in our experiments showed
that the gold electrode on QCM could not be coated fully by PANI
film at 5 cycles, the surface morphology of PANI with 10 cycles
(Fig. 4a) showed more smooth and uniform surface characteristics
than those with 15 (Fig. 4b) and 20 (Fig. 4c) cycles. And the
uniformity of the obtained PANI film degraded rapidly with
increasing the scan cycles. The stability of subsequent BSA immo-
bilization also proved the PANI film with 10 cycles was more suitable.
All the following experiments were conducted with the PANI film
deposited by 10 cycles of CV method. To have a further understanding

of the surface morphology and film characterization of the PANI film,
SEM and AFM investigations [20,25,26] were carried out, as shown in
Fig. 4d–e (FESEM investigation) and Fig. 4f–g (AFM investigation). The
data of FESEM with low magnification (Fig. 4d) revealed that there
were still polymer particles on the surface of the PANI film though
treated with sonication, and the high magnification (Fig. 4e) result
showed the deposited film with granule nanostructures. AFM line
(Fig. 4f) and region (Fig. 4g) analyses indicated the relief of the PANI
film to be in the range of 15–20 nm. Considering the FESEM informa-
tion and AFM topography, it can be concluded that, the optimized
PANI filmwas electrodeposited as nanogranules and the surface of the
gold electrode was adequately distributed to form thin filmwhich was
uniform enough to be the final biosensor platform.

Fig. 4. Morphology of PANI film obtained by CV method with (a) 10 cycles, (b) 15 cycles, (c) 20 cycles of deposition (Images were taken under �40 magnification). The SEM
images (d and e) at different magnifications of PANI film deposited by CV method with 10 cycles. AFM topography of the electrochemical deposited PANI film on gold
electrode: line (f) analysis and region (g) analysis to estimate the average height of the deposited PANI film.
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3.2. Cyclic voltammograms of different modified electrodes

CV method is a common electrochemical technique used for
determining electroactive behavior of materials. In the present
study, CV was used to illustrate the different electrochemical
activities of (a) pure PANI, (b) CS-modified PANI, (c) CS-modified/
GLu-linked PANI, and (d) CS-modified/GLu-linked/BSA PANI elec-
trodes in 10 mM PBS (pH 5.8) containing 0.1 M KCl at a scan rate of
50 mV/s, as depicted in Fig. 5. Generally, PANI remains obvious
redox active only in acidic media (pHo4), however, in slightly
acidic media (pH 5.8), the electrochemical activity of PANI declines
significantly. Cyclic voltammogram of pure PANI [curve (a)] indi-
cated certain electrochemical behavior at pH 5.8 which was
different from the CV curve obtained from 1.0 M sulfuric acid
media in Fig. 3c. The pair of broad oxidation /reduction peaks
(having positive/negative current values) at þ0.40 V/þ0.17 V
corresponded to the oxidation states of PANI itself. Ping et al. [7]
investigated the influence of pH on the CV behaviors of PANI film
on Au/Pt electrode. At pH44, only one voltammetric response, as a
current peak, was obtained and this was consistent with the result
in this study. After treated with CS, the color of the PANI film
transformed emerald to blue–white (the inset in the lower right
corner of Fig. 5), the component of the PANI film was changed and
the content of the non-conducting reduced form was increased and
the electroactivity of the PANI film was decreased correspondingly
and the redox couple shifted about 0.1 V because of the change of
component of the CS-modified PANI electrode, which was reflected
in the CV response [curve (b)] and supported by the ATR-FTIR
analysis results. After addition of GLu, the peak current was further
lowered [curve (c)], the covalent reaction between crosslinker and
amine groups on the surface of the polymer film might have caused
the lowering of peak current. Lastly, peak current of the CS-
modified/GLu-linked/BSA PANI electrode encountered a remarkable
lowering in magnitude after addition of BSA as shown in curve (d).
At this situation, the surface of the PANI film was almost covered by
nonconducting BSA molecules and the charge transfer resistance of
the modified electrode was increased significantly. Therefore, it
might be difficult to achieve electron transfer on the surface of the

modified electrode. These results were consistent with the similar
reported data [4,21,26–29].

3.3. Spectrometry results

3.3.1. ATR-FTIR analysis
ATR-FTIR spectra of different chemical states of PANI films were

shown in Fig. 6. The typical absorption peaks of pure PANI (Fig. 6a)
were observed at 3249, 1589, 1500, 1303, 1159, 1087 and 817 cm�1

[30]. The spectra of CS-modified PANI, only GLu-linked PANI, or
CS-modified/GLu-linked PANI were found to be similar to pure
PANI at the typical peaks as shown in Fig. 6b-d.

The peaks at 1589, 1500, and 1159 cm�1 are assigned to the
presence of quinoid (Q) structure [30,31], benzene (B) structure
[32], and Q structure (a vibration of the –NHþ¼structure formed
during protonation) [33,34], respectively. Compared to spectrum
of pure PANI, there was no new peak in that of CS-modified PANI
film (Fig. 6b). However, it was found that the relative content of
1589 cm�1 decreased remarkably and the relative content of
1500 cm�1 increased. Furthermore, the relative intensity of the
peak at 1159 cm�1 decreases significantly. It could be explained
that predominant Q structures contained inert tertiary amines in
pure PANI were greatly reduced to B structures contained active
amines with CS modification. The result consists with the function
of CS mentioned above that it can enhance the amount of reduced
amino groups on the surface of PANI film.

The peaks obtained at 1754 and 2825 cm�1 in Fig. 6c and
Fig. 6d could be assigned to the carbonyl (C¼O) and C–H stretch-
ing of aldehyde groups present on the surface of PANI film,
respectively. It was shown that as cross-linker molecules, GLu
was immobilized on the surface effectively with covalent binding.
However, as the Q and B structure already exist in pure PANI, and
the relative concentration of aldehyde groups was very low in
GLu-treated PANI film, it might be difficult to have quantitative
analysis of the effect of CS and GLu, using ATR-FTIR spectral
analysis.

3.3.2. Raman analysis
Raman spectra of different chemical states of PANI films,

including pure PANI film synthesized using the CV method,

Fig. 5. Cyclic voltammograms of (a) pure PANI, (b) CS-modified PANI, (c) CS-
modified/GLu-linked PANI, and (d) CS-modified/GLu-linked/BSA PANI electrodes in
10 mM phosphate-buffered saline (pH 5.8) containing 0.1 M KCl at a scan rate of
50 mV/s. The inset in the top left corner was the amplified CV curve of CS-modified/
GLu-linked/BSA PANI electrode and the inset in the lower right corner was the
colors of different modified PANI electrodes, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. ATR-FTIR spectra of (a) pure PANI, (b) CS-modified PANI, (c) only GLu-linked
PANI, and (d) CS-modified/GLu-linked PANI. The assignment of typical absorption
peaks were as follows: 3249 cm�1, NH2 and NH; 1589 cm�1, quinoid (Q) structure;
1500 cm�1, benzene (B) structure; 1303 cm�1, C–N of QBQ, BBQ and QBB;
1159 cm�1, C–H in plain vibration; 817 cm�1, C–H out of plain vibration.
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CS-modified PANI, only GLu-linked PANI, and CS-modified/GLu-
linked PANI in turn, were displayed in Fig. 7. Specific Raman
spectra of PANI were described as (1) 1100–1210 cm�1 region,
where C–H bending vibrations of benzene or quinone type rings
are most prominent, (2) 1210–1520 cm�1 region with character-
istic C–N, C¼N and C�Nþ(where ‘� ’ denotes an intermediate
bond between a single and a double) stretching vibrations,
(3) 1520–1650 cm�1 region with the dominating C–C and C¼C
stretching vibration of benzene and quinone type rings, respec-
tively [35,36]. In addition, the bands below 1100 cm�1, such as the
band near 820 cm�1 could be assigned to the amine deformation of
B, the band near 780 and 750 cm�1 could be assigned to the ring
deformation and imine deformation of Q structure respectively.

In order to investigate the effect of CS modification on the
surface of PANI film, the comparative result on bare PANI and
CS-modified PANI was shown in Fig. 7a. Curve I of Fig. 7a showed
the typical Raman bands of PANI such as 1614, 1590, 1553, 1492,
1408, 1213 cm�1, 1166, �780 and �750 cm�1 were totally
recorded. Compared to Raman spectrum of pure PANI, there was
no new band in the Raman spectrum of CS-treated PANI in curve II
of Fig. 7a, but significant change at �1213 cm�1 was recorded. The
band at �1213 cm�1 could be assigned to the C-N bending of B
structure [37,38]. It should be concluded that CS-modified PANI
surface generated more B structure contained active amine and
the result consisted again with the function of CS mentioned
above. In addition, compared to curve I (pure PANI) of Fig. 7b, the
bands emerging at 2736 and 1695 cm�1 in both curve II (only GLu-
linked PANI) and III (CS-modified/GLu-linked PANI) of Fig. 7b could
be assigned to C–H and carbonyl (C¼O) stretching of aldehyde
groups present in a low concentration on the surface of PANI film
[39]. Furthermore, comparative study between curve II and III
showed these two peaks with CS-modified PANI were increased
much higher than those without CS-modified one, that is, more
active aldehyde groups on CS-modified PANI were generated for
the linking process of biomolecule immobilization. As well as ATR-
FTIR spectral analysis, Raman analysis could provide powerful
evidences for CS function in PANI surface modification, while both
two analyses could not give quantitative data to explain the
effect of CS.

3.4. QCM quantitative results

PANI was deposited onto gold electrodes of quartz crystals as
described in Section 2.2. BSA was immobilized following the

optimized protocol. After analysis the surface characterization of
different chemical states of PANI film, the ability of protein
immobilization of PANI film was measured using QCM system.
Since the stability of QCM is a key factor to influence the detection
accuracy [6], the QCM was placed in a thermostatic shielded
chamber at 25 1C to prevent the frequency stability from affecting
by ambient temperature fluctuations and all the measurement
equipments were started for 20 min in advance so as to make the
equipments stable enough. The result showed that the AT-cut
model of QCM was of excellent accuracy with 71 Hz in 2 h at
25 1C, and the results were highly reproducible.

In order to investigate the effect of BSA physical adsorption on
PANI, blank control-I of pure PANI film without any modification
was designed to immobilize BSA. Meanwhile, in order to make
clear the effect of CS modification on PANI, control-II of only GLu-
linked PANI film was designed. Comparative results obtained from
control-I and control-II could help us to understand the difference
between physical adsorption and covalent chemical binding, and
comparative results from control-II and CS-modified/GLu-linked
PANI could find the real effect of CS to PANI film for immobiliza-
tion of biomolecules. Frequency changes caused by above three
kinds of PANI film in different concentrations of BSA were shown
in Fig. 8. After three films were incubated in gradient concentra-
tions (from 0.1 to 1 mg/mL) of BSA solution, the frequency changes
were recorded using the QCM system mentioned above. Compar-
ing the immobilization results between control-I and control-II,
it is clear that the amount immobilization of protein by covalent
immobilization was significantly higher than that of the physical
adsorption (Fig. 8a), which was consistent with the reported
result [12].

Furthermore, QCM frequency results from BSA immobilization
on only GLu-linked PANI and CS-modified/GLu-linked PANI proved
that CS could be used to improve immobilization efficiency sig-
nificantly in the certain BSA concentration range from 0.1 μg/mL to
1 mg/mL (Fig. 8a). In this study, the increment of immobilization
efficiency was defined as η¼ jΔf 2�Δf 1j=Δf 1 � 100%, where Δf 1
and Δf 2 were the frequency changes obtained from BSA immobi-
lization on only GLu-linked PANI and CS-modified/GLu-linked
PANI, respectively. As shown in Fig. 8b, BSA immobilization of
CS-modified/GLu-linked PANI was higher than that of only GLu-
linked PANI, and the immobilization efficiency could achieve an
increase of at least 20% in the certain BSA concentration range from
0.1 μg/mL to 1 mg/mL. Especially, maximum increase was about 80%
at BSA concentration of 0.1 μg/mL. Moreover, it was found that the

Fig. 7. (a) Raman spectra of (I) pure PANI and (II) CS-modified PANI. (b) Raman spectra of (I) pure PANI, (II) only GLu-linked PANI, and (III) CS-modified/GLU-linked PANI. The
assignment of typical Raman bands of PANI were as follows:1614 cm�1, C–C of benzene (B); 1590 cm�1, C¼C of quiniod (Q); 1553 cm�1, C–C of B; 1492 cm�1, C¼N of Q;
1408 cm�1, C–C of Q; 1332 cm�1, C�Nþ in polaronic units; 1213 cm�1, C–N of B; 1166 cm�1, C–H bending of Q; 1695 cm�1, C¼O of aldehyde group; 2736 cm�1, C–H of
aldehyde group.
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increment of immobilization efficiency decreased along with the
increase of BSA concentration (inset in Fig. 8a) due to the saturated
covalent absorption and the increasing physical absorption on PANI
film. Specifically, in high BSA concentration, almost all of active
amine groups on the surface of both CS-modified/GLu-linked PANI
and GLu-linked PANI film were covalently immobilized BSA mole-
cule entirely, and the physical adsorption of BSA increased signifi-
cantly and dominated the frequency change to reach a stable value.
Therefore, CS-modified PANI film for BSA immobilization on the
surface of biosensor was effective and sensitive to BSA solution with
the concentration range from 0 to 1 mg/mL.

At this point it is necessary to compare methodology and
efficiency of our system with the current literature available on
biomolecules immobilization based on PANI film. Various methods
for immobilizing biomolecules have been reported in the literature
such as physical adsorption, entrapment, covalent binding, and LB
films. Among all the methods, covalent binding is the most
preferred method of immobilization because of its simplicity and
stability. For the PANI film herein, electrochemical entrapment and
covalent binding were reported to immobilize the biomolecules
such as antibodies and enzymes. Grennan et al. [24] and Mathebe
et al. [40] immobilized the enzymes on the PANI film using
electrochemical entrapment. And Borole et al. [41] immobilized
the glucose oxidase (GOD) through potentiodynamic scanning.

Although these methods were simple, the stability and repeat-
ability were not ideal. Moreover, Sai et al. [14] immobilized the
antibody on the PANI film by covalent binding with the help of
cross-linker GLu and this method was more stable, which provides
guidance for our work. In this study, the electrochemically
synthesized PANI film was only treated with CS to improve the
immobilization efficiency of biomolecules. And from the QCM
analysis results, it can be concluded that CS has significant effect
on immobilization of biomolecules with low concentration which
suggests the promising application of CS-modified PANI film on
detection of biomolecules with low density in the further work.

Furthermore, in order to illustrate the feasibility in biosensor
application, the improved method was preliminarily used to detect
the carcinoembryonic antigen (CEA), which is a tumor mark in
early diagnosis of lung cancer. And the immobilization protocol
was as following: after the optimized PANI film was treated with
CS and GLu in turn, the Anti-h CEA 5909 antibodies were
immobilized on the PANI film to determine the specific binding
of CEA antigens, and BSA was used as the blocking protein to
reduce the nonspecific binding (NSA) of proteins to the immobi-
lized surface. Then the antibody (Anti-h CEA 5909)-modified
QCMs were incubated in 10 ug/mL CEA and the frequencies of
before and after antigen CEA immobilization were measured. In
the control group, Anti-h CEA 5909 was directly immobilized on
the PANI film without CS treatment. The frequency change of the
experimental group was 30.275.8 Hz and the control group was
19.374.5 Hz and the corresponding increment of immobilization
efficiency η was about 50%, which was consistent with the BSA
analysis results. Herein, the usage of CEA detection was only
utilized to prove the effectiveness of the new method for biomo-
lecules immobilization and feasible application in biosensors. The
specificity and sensitivity of this detection would be taken into
consideration in the further work.

4. Conclusion

In this report, we have described a new method to improve the
immobilization efficiency of biomolecules on the surface of PANI
film, which has been utilized in many biosensors. With the help of
CV method, the different electrochemical activities of each mod-
ified electrode were illustrated. And from the results of ATR-FTIR
and Raman spectroscopy, it was proved that CS could react with
PANI film deposited by CV method and the content of reduced
amino group was enhanced. In addition, with QCM sensor, it was
found that the amount of BSA immobilization could be improved
on CS-modified/GLu-linked PANI compared to on only GLu-linked
PANI. CS modification on PANI would be significant for the
immobilization and detection of biomolecules. Furthermore, since
the CS-modified PANI film forms an excellent and high efficiency
thin layer for the immobilization of biomolecules, this technology
may be promising to use in other biosensors needed immobili-
zing biomolecules such as piezoelectric immunosensors or SPR
biosensors.
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