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This present paper describes a new approach to fabricate a new amperometric sensor for the determination of glucose. Polyaniline
(PANI) film doped with colloidal gold nanorod particles has been used to immobilize glucose oxidase by glutaraldehyde. The
polyaniline/gold nanorod composite structure gave an excellent matrix for enzyme immobilization due to the large specific surface
area and higher electroactivity. The composite has been characterized by cyclic voltammetry (CV), scanning electron microscopy
(SEM), and surface-enhanced Raman spectroscopy (SERS). The SERS spectrum of the surface-immobilized glucose oxidase and
the spectrum of the native enzyme indicate that the main feature of the native structure of glucose oxidase was conserved after
being immobilized on the polymer matrix. The amperometric response was measured as a function of concentration of glucose at
a potential of 0.6 V versus Ag/AgCl in 0.1 M phosphate buffer at pH 6.4. Linear range of the calibration curve was from 17.6 µM
to 1 mM with a sensitivity of 13.8 µA·mM−1·cm−2 and a limit of detection (LOD) of 5.8 µM. The apparent Michaelis-Menten
constant KM was calculated as 1.0 mM and the response time was less than 3 seconds.

1. Introduction

Quantitative determination of glucose has attracted wide
interest for biomedical applications due to the high demand
for blood glucose monitoring [1]. Numerous analytical
techniques are available for glucose quantification especially
those that are based on spectroscopy [2, 3] and electrochem-
ical sensing strategies [4]. The simplicity of electrochemical
methods makes them highly attractive approaches for the
detection of glucose [5]. Application of electrochemical
methods at solid electrodes provides new approaches to
the detection of glucose regarding controlling the surface
properties of electrode so that to improve selectivity and
sensitivity. For glucose monitoring, different strategies can
be used to endow electrode surfaces with sensing abilities.
As a new class of electrode materials, conducting polymers
provide a suitable platform for the detection of biological
analytes [6].

Conducting polymers have been proven to be suitable
host matrices for dispersing metallic particles. Composites of
conducting polymers and metal nanoparticles permit a facile
flow of electronic charges across the polymer matrix during

electrochemical processes. Conducting polymer plays an
additional role in the electrochemical processes. In addition,
metallic nanoparticles can also be dispersed well into the
matrix of these polymers [7]. Gold nanoparticles have
unique optoelectronic properties [8]. Therefore, through a
suitable combination of conducting polymers and gold nan-
oparticles, newly modified surfaces can be generated with
higher surface area and enhanced catalytical/electrocatalytic
activities [9].

PANI has been of scientific and technological interest
[10]. Different biomolecules such as enzymes, proteins, and
DNA have been successfully immobilized on PANI modified
electrodes and showed excellent performance [11, 12].
However, PANI has low electroactivities and conductivities in
neutral solutions due to the slow electron transfer and diff-
usivities of proteins [13, 14]. The electrochemical and elec-
trocatalytic activities of PANI can be greatly increased
if PANI is combined with gold nanoparticles [15]. For
example, gold nanoparticles, functionalized with a sulfonate
group, were incorporated into a polyaniline film by elect-
ropolymerization, and the resulting film was used for bi-
oelectrocatalysis [16]. Spherical gold nanoparticles have
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also been adsorbed onto the surface of core-shell struc-
tured polystyrene/polyaniline, resulting in the formation
of PS/PANI/Au nanocomposite, and glucose oxidase was
entrapped into the nanocomposite-modified glassy carbon
electrode [17]. A large surface area of PANI nanofiber was
prepared using HAuCl4 as an oxidizing agent to immobilize
glucose oxidase, and a glucose biosensor was developed [18].
This paper did not show any evidence as to what type of
gold nanoparticle exists in the polymer matrix. To the best
of our knowledge, there is only one report on using the
colloidal gold nanorod particle which is embedded in the
cellulose acetate membrane to fabricate the glucose biosensor
[19]. Ren et al. worked with cellulose acetate to fabricate
glucose biosensor, and they firstly compiled gold nanorod
and GOx mixed solution on electrode surface after drying
procedure. Then, enzyme was crosslinked by glutaraldehyde.
At last point, the electrode was immersed into gold nanorod-
cellulose acetate mixture. In our study, firstly, PANI-gold
nanorod polymer film was formed electrochemically on
electrode surface. Then enzyme was crosslinked by glu-
taraldehyde as GOx.

In this present paper, we propose a new approach to
fabricate a new amperometric sensor for the determination
of glucose. PANI film doped with colloidal gold nanorod par-
ticles has been used to immobilize glucose oxidase by
glutaraldehyde. The polyaniline/gold nanorod composite
structure gave an excellent matrix for enzyme immobi-
lization due to the large specific surface area and higher
electroactivity. The detailed electrochemical investigation
and spectroscopic characterization of film electrode were
performed. The composite has been characterized by cyclic
voltammetry (CV), scanning electron microscopy (SEM),
and surface enhanced Raman spectroscopy (SERS). For the
determination of the optimum working conditions of the
enzyme electrode, the effect of thickness of the polymeric
film, pH, and applied potential on the measured current
values have been investigated. The stability of the enzyme
electrode and the influence of possible interferences were
also examined. The analytical performance of the obtained
PANI/gold nanorod/enzyme electrodes with respect to linear
range, reproducibility, response time, and stability is pre-
sented and discussed.

2. Experimental

2.1. Chemicals. Hydrogen tetrachloroaurate (HAuCl4), hex-
adecyltrimetyl-ammonium bromide (CTAB), L-ascorbic
acid (AA), and poly(sodium 4-styrenesulfonate) 25 wt%
solution in water were obtained from Sigma-Aldrich (Tauf-
kirchen, Germany). Silver nitrate (AgNO3) and sodium bor-
ohydride (NaBH4) were obtained from Merck (Darmstadt,
Germany). Glutaraldehyde and glucose oxidase were pur-
chased from Sigma and all the other chemicals were of
analytical grades and were used as received. All solutions
were prepared using deionized water, 18.2 MΩ cm free
from organic matter, which was obtained from a Millipore
purification system and was deaerated with argon to remove
the oxygen present.

2.2. Instrumentation. Electrochemical experiments were per-
formed with a Gamry potentiostat (model Reference 600,
USA). Polymer film formation was achieved in a conven-
tional one-compartment three-electrode cell under argon
atmosphere. SERS experiments were performed with a Delta
Nu Examiner Raman Microscopy system with a 785 nm
Laser source. A motorized microscope stage sample holder
and a charge-coupled device (CCD) detector were used.
Instrument parameters were as follows: 20x objective, 30 µm
spot size, 60 second acquisition time and baseline correction
was performed for all measurements. Before SERS experi-
ments, the fully reduced PANI/gold nanorod films were pre-
pared by reducing the oxidized films in an aqueous solution
containing 0.1 M LiClO4 at a constant cathodic potential
of 0 V versus Ag/AgCl until the current leveled off. The
working electrode, a platinum disk (0.022 cm2), was cleaned
by polishing with Al2O3 slurry for the cyclic voltammetric
studies. The macrosamples of polymer films were prepared
on a Pt macroelectrode (1.0 cm2) which was cleaned by
holding it in a flame for a few minutes. All data points
reported in this work represent the average of three replicates.
All experiments were run at room temperature.

The morphologies of the films were examined by scan-
ning electron microscopy (SEM). Scanning electron micro-
graphs were obtained by a JSM-6400 electron microscope
(JEOL), equipped with NORAN System 6 X-ray Microanal-
ysis System and Semafore Digitizer.

2.3. Synthesis of Gold Nanorods and Surface Modification.
Gold nanorods were prepared by the seed-mediated growth
technique with slight modification [20]. The seed solution
was prepared by mixing 7.5 mL of 0.1 M CTAB solution with
250 µL of 0.01 M HAuCl4 solution. Once mixed, 600 µL of
0.01 M ice-cold NaBH4 was added to the resulting solution
and allowed to stand for 5 min to form seed solution. To
prepare rod-shaped gold nanoparticle, 4.75 mL of 0.1 M
CTAB, 1 mL of 0.01 M HAuCl4, and 60 µL of 4 × 10−3 M
AgNO3 were mixed, respectively. After that, 250 µL of 0.1 M
ascorbic acid was added drop-wise to the resulting solution.
Then, 5 µL seed solution was added to the stock solution.
This final mixture was stirred for 10 seconds and was allowed
to stay for 3 hours at room temperature.

Before electropolymerization, the surface of gold nano-
rods was modified by poly(sodium 4-styrenesulfonate) (PSS)
through electrostatic interaction between the positively
charged surface of gold nanorod and the negatively charged
PSS. Gold nanorod solution was centrifuged to remove any
excess of CTAB from the surface of gold nanorod. The
aqueous solution of PSS (200 µL 0.1 M) was added to 5 mL
gold nanorod solution to form a mixture. After stirring for
one hour in a sonicator, the precipitate was centrifuged and
washed with deionized water and the procedure was repeated
four times. The resulting particles were dispersed in a 5 mL
electrochemical cell.

2.4. Fabrication of PANI-Gold Nanorod Electrode. In order to
obtain a PANI/gold nanorod film, 0.1 M aniline was added
to 0.1 M sulphuric acid and 0.1 M Na2SO4 aqueous solution
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containing 5 mL as synthesized PSS-CTAB-modified gold
nanorod. The electropolymerization was carried out by
applying seven potential cycles between −0.2 and 1.2 V
versus Ag/AgCl. The obtained films were deposited onto
platinum working electrodes by applying a program of suc-
cessive voltammetric cycles. Following the synthesis process,
the electrodes coated with the polymeric films were rinsed
with water and were immersed in the background electrolyte.

Amperometric measurements were performed using a
three-electrode cell consisting of PANI/nanorod working
electrode, platinum wire counter electrode and Ag/AgCl
reference electrode. Measurements were conducted in a 5 mL
0.1 M phosphate buffer at pH 6.4. A potential of +0.6 V
was applied to the electrochemical cell and solutions having
different concentrations of glucose were added to the cell.

2.5. Immobilization of Glucose Oxidase on PANI-Gold Nano-
rod Electrode. Covalent coupling of glucose oxidase to the
conducting polymer electrode was performed using glu-
taraldehyde in phosphate buffer solution with a pH of 7.4.
For immobilizing the glucose oxidase enzyme, first 10 µL of
0.1% glutaraldehyde were spread onto a PANI/gold nanorod
film and was allowed to dry and to remove the unbound
glutaraldehyde molecules, film electrode was again rinsed
with deionized water. Then, the glucose oxidase was prepared
by dissolving 3 mg of glucose oxidase in 1 mL of 0.1 M
phosphate buffer and 30 µL of this solution were added to the
PANI/gold nanorod film electrode and kept for four hours.
After that, PANI/gold nanorod film electrode was rinsed with
deionized water to remove unreacted enzyme and was stored
at 4◦C when not in use.

3. Results and Discussion

3.1. Characterization of PANI/Gold Nanorod Electrode. Aque-
ous colloids of gold nanorods were synthesized through
the reduction of chloroauric acid by means of ascorbic
acid in the presence of the surfactant CTAB. Throughout
the growth, CTAB forms micelles and a positively charged
bilayer around the gold nanorods [21]. Figure 1 displays SEM
images of the resulting gold nanorods. The obtained gold
nanorods have uniform morphology with average diameter
and length of 15 nm and 45 nm, respectively (aspect ratio
of 3). To immobilize the gold nanorods to the PANI film,
the surface of gold nanorod particles is modified with PSS
in order to form the negative charges. The presence of the
negatively charged sulfonate-containing groups was proven
by zeta potential measurements. Zeta potential values of
CTAB modified gold nanorods and PSS-CTAB-modified
gold nanorods were found to be +0.46 mV and −2.92 mV,
respectively. Negatively charged PSS-gold nanorod particles
were introduced into polymer chain in the doping process of
electrochemical polymerization.

Gold nanorod particles have good biocompatibility and
the experimental results indicated that the enzyme elec-
trode containing gold nanorods substantially enhances the
response current. The increased electrocatalytic activity of
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Figure 1: SEM image of gold nanorods.
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Figure 2: Cyclic voltammograms of (a) PANI/gold nanorod and (b)
PANI film at 100 mV/s scan rate at +0.6 V in stirred 0.1 M sulphuric
acid and 0.1 M Na2SO4 solution.

the electrode containing gold nanorods over the spherical-
shaped gold nanoparticle was attributed to the different
shape and different oxidation state between gold nanorod
and spherical-shaped gold nanoparticle. The surface of the
gold nanorod may be partially oxidized to form Au+ and
Au+3 during the synthesis and the oxide of the gold could
be served as the mediator [22]. Figure 2 shows cyclic voltam-
mograms of PANI in a 0.1 M phosphate buffer solution
(pH 7) with and without gold nanorods. The redox peaks
observed in the phosphate buffer at pH 7 were the overlap of
two redox processes for PANI under acidic conditions [17].
The reason for that gold nanorod with large specific surface
area and good conductivity can provide conduction centers
in the neutral solution. Therefore, the PANI-gold nanorod
composite could also provide an excellent biocompatible
environment for enzyme immobilization.
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Figure 3: SEM images of (a) PANI and (b) PANI/gold nanorod composite electrode.

The nature of the PSS-gold nanorod composite was
further examined by SEM. The morphologies of PANI films
obtained in the presence and in the absence of gold nanorod
were found to be quite different as shown in Figure 3. While
PANI prepared in the presence of gold nanorod resulted only
in granular morphology, the other gave wrinkled texture as
shown in Figure 3(a). This indicated that the morphology
of electrochemically synthesized PANI is strongly affected by
PSS-CTAB-modified gold nanorods.

3.2. Immobilization of Enzyme on PANI/Gold Nanorod Elec-
trode. Covalent coupling of enzyme to the resulting polymer
electrode was performed using glutaraldehyde which is
known to be a bifunctional compound mainly used in mod-
ification of proteins. A large number of free NH2 groups
are available at the end of each polyaniline chain which
bind with the NH2 groups of enzymes with glutaraldehyde
as a crosslinker [23]. To verify and confirm the presence
of enzyme in the polymer film, SERS measurements were
performed. SERS was used for illustrating the detailed
structural information of the conducting polymer film.
Figure 4 shows (dotted line) a typical SERS spectrum within
the range of 300–2000 cm−1 of PANI film doped with PSS
modified gold nanorod. A strong band at 1173 cm−1 is
assigned to CH in-plane bending mode of quinoid and
semiquinoid rings. The band at 1248 cm−1 can be assigned
to CN stretching mode of polaronic units and in-plane
deformation quinine ring. The strong band at 1497 cm−1

is assigned to C=N stretching mode which is indicating
of quinine diimine structure. Raman bands at 1592 and
1606 cm−1 are attributed to the C–C stretching vibration of
benzene rings and C–C stretching of bipolarons, respectively
[24–26]. In the SERS spectrum (Figure 4, solid line) recorded
after immobilization of glucose oxidase onto the PANI film,
several new bands appeared at 1710, 1377, 1075, 1030,
972, 931, 724, and 643 cm−1 which are typical for glucose
oxidase, indicating immobilization of glucose oxidase on
the polymer surface. The strong band at 1030 cm−1 can

1710

1592

1506
13771337

1173

1030

931
1075643 724 803 972

1606

1600

1400

1200

1000

800

600

400

200

0

−200

−400

I
(a

.u
.)

400 600 800 1000 1200 1400 1600 1800 2000

PANI/enzyme
PANI

A (cm−1)

1248
1497

Figure 4: SERS spectrum within the range of 300–2000 cm−1 of
PANI film doped with PSS-modified gold nanorod (dotted line) and
after immobilization of glucose oxidase (solid line).

be assigned to stretching vibrations of N=N bonds and
quinone fragment [27]. The bands at 931 and 1377 cm−1

are due to the C–COO− stretching and COO− symmetric
stretching vibration modes, respectively [28, 29]. The main
characteristic peaks of native glucose oxidase can also be
observed in the SERS spectrum as shown in Figure 5. The
obtained result agrees with the reported SERS spectrum of
the enzyme [30]. The similarity between the SERS spectrum
of the surface-immobilized glucose oxidase and the spectrum
of the native enzyme indicates that the main feature of the
native structure of glucose oxidase was conserved after being
immobilized on the polymer matrix.

The thickness of the film is related to the number of
cycles in the potential domain selected in cyclic voltammetry.
The biosensor performance for different film thicknesses was
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Figure 5: SERS spectrum of native glucose oxidase.
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Figure 6: The effect of pH on the measured response of PANI-
gold nanorod-enzyme film by amperometric detection of 0.5 mM
glucose in 0.1 M phosphate buffer in the range of 4.0–8.0.
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Figure 7: A typical amperometric response of the PANI-gold
nanorod-enzyme biosensor after successive additions of 50 µM
concentrations of glucose at +0.6 V versus Ag/AgCl in stirred
Phosphate buffered saline (PBS) of pH 6.4. (Glucose concentrations
were prepared for the final concentrations to be 50, 100, 150, 200,
and 250 µM).

evaluated by amperometric detection of 0.5 mM H2O2 at
0.6 V versus Ag/AgCl. By increasing the number of cycles, the
biosensor response became higher with a maximum of seven
cycles, and then the response decreased again. It has been
found that PANI-gold nanorod-enzyme electrode with seven
deposition cycles showed the desired response characteris-
tics. The effect of pH was also investigated by amperometric
detection of 0.5 mM glucose in 0.1 M phosphate buffer in the
range of 4.0–8.0. As shown in Figure 6, the highest current
intensity was obtained at pH 6.4. Each assay was repeated
three times per each pH value. The pH 6.4 was selected for
the biosensor response.

3.3. Performance of the Biosensor. Performance of the PANI-
gold nanorod-enzyme biosensor was evaluated at room tem-
perature. Figure 7 displays a typical amperometric res-ponse
of the PANI-gold nanorod-enzyme biosensor upon succe-
ssive additions of 50 µM concentrations of glucose at +0.6 V
versus Ag/AgCl in phosphate buffer of pH 6.4. So glucose
concentrations were prepared for the final concentrations
to be 50, 100, 150, 200, and 250 µM. With successively
increasing the concentration of glucose, a well-defined
increase in the current was observed.

The biosensor also shows rapid response to the change of
glucose concentration. The response time for the electrode is
less than three seconds under optimum conditions. A linear
relationship is obtained in the concentration range from
17 µM to 1 mM with a sensitivity of 13.8 µA·mM−1·cm−2

and a limit of detection (LOD) of 5.8 µM. Reproducibility
of the biosensor was evaluated from the response for 10 mM
glucose at six different biosensors and an RSD value of
2.4% was observed. The enzyme electrode was found to
be stable over one week when it was stored at 5◦C as
dry. The apparent Michaelis-Menten constant KM indicates
the enzyme-substrate kinetics. It was used for evaluating
the biological activity of the immobilized enzyme. KM

was calculated as 1 mM according to the Lineweaver-Burk
equation which indicated maximal catalytic activity of the
enzyme at low substrate concentrations.

The analytical performance of PANI/gold nanorod/Glu-
cose Oxidase (GOD) enzyme electrode was also compared
with PANI/GOD electrode; the results are given in Table 1. As
it can be inferred from this table, an amperometric signal in
the presence of gold nanorods was higher by three orders of
magnitude as compared with signals obtained in the absence
of the particles. This difference can be related to the different
diffusion properties of PANI/gold nanorod/GOD electrode.

In a real matrix, some electroactive species such as ascor-
bic acid, and uric acid may be involved in the electrochemical
reaction and may therefore affect the biosensor response. The
main contribution of the presence of a carboxylate group
in the polymer structure is the exclusion of these matrix
effects. The effect of these interfering substances was tested
at their normal physiological concentrations. The addition
of 0.05 mM ascorbic acid and 0.2 mM uric acid exhibited
no effect on the response of the PANI-gold nanorod-enzyme
biosensor as shown in Figure 8.
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Table 1: Comparison of analytical performance of PANI and PANI-gold nanorod-enzyme film.

LODa (mol/L) LOQb (mol/L ) Linear range (mmol/L) Michaelis-Menten constant (mmol/L)

PANI/GOD 1.08× 10−3 3.24× 10−3 3.24–12 4.62

PANI/Au/GOD 5.86× 10−6 0.0176× 10−3 0.0176–1 1
a
: Limit of detection,

b
: Limit of quantification.
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Figure 8: A typical amperometric response of the PANI-gold
nanorod-enzyme biosensor after addition of 0.05 mM ascorbic acid,
0.2 mM uric acid, and glucose at +0.6 V versus Ag/AgCl in stirred
PBS of pH 6.4.

When the developed method was compared with other
works, there are some advantages. For instance, a study
that is based on SPR system consisted of polypyrrole and
GOx on sensor chip could detect range of 1–100 µM glucose
concentration. Tian et al. used two steps for this detection
procedure as electrochemical technique for modifying chip
sensor and optical technique for detecting glucose. On
the other hand, our previous study showed that glucose
sensor, which developed with 3-aminophenylboronic acid,
has had lack ability for six times than ability of fructose,
and SPR calibration was linear in the concentration range
of 10–120 mM. Here, electrochemically organized glucose
sensor prevails to SPR one in terms of preparation and
detection limit. Also, Chu et al. designed a biocompatible
glucose sensor. This sensor linearly corresponded to glucose
concentration over a range of 0.05–4 mM. Our sensor has
an advantage and a disadvantage when detection limit and
biocompatible property thought. For suitably biocompatible
sensor, some application must be required. As for the time
required for detection, our sensor is quite rapid according
to SPR, but almost similar to other sensors which work with
electrochemical and optical techniques [31–33].

The developed sensor is fairly cheap because the chem-
icals were low amounts for fabrication PANI-gold nanorod
electrode.

4. Conclusion

It can be concluded that PANI-gold nanorod is a suitable
candidate for enzyme immobilization and detection of

biological compounds. The SERS spectrum of the surface-
immobilized glucose oxidase and the spectrum of the native
enzyme indicate that the main feature of the native structure
of glucose oxidase was conserved after being immobilized on
the polymer matrix. Advantages of this biosensor over the
previously developed sensors include ease of preparation and
rapid response time. An amperometric signal in the presence
of gold nanorods was higher by three orders of magnitude
as compared with signals obtained in the absence of the
particles. Also, the influence of some potential interference
such as ascorbic acid and uric acid on the measured current
value was not observed. The PANI-gold nanorod may offer a
broad potential range for electroanalytical applications.
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