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is of a polyaniline–gold
nanocomposite and its enhanced electrochemical
properties for biosensing applications†

Amrita Soni, Chandra Mouli Pandey, Shipra Solanki and Gajjala Sumana*

One pot synthesis of a polyaniline–gold (PANI–Au) nanocomposite has been conducted using a chemical

route in the presence of dodecyl benzene sulfonic acid. This PANI–Au nanocomposite was

electrophoretically deposited onto indium tin oxide (ITO) coated glass substrates and the

electrochemical kinetics were compared with chronopotentiometrically deposited PANI–Au (in the

presence of HCl) composite. The electrochemical results indicate that the composite prepared by the

chemical route exhibits an enhanced electron transfer coefficient (a) of 0.92 and charge transfer rate

constant (ks) of 0.0848 s�1 as compared to the film deposited using the chronopotentiometric technique

(a ¼ 0.85 and ks ¼ 0.0368 s�1). These fabricated matrices have been further utilized as biosensing

platforms for the detection of sexually transmitted disease. The PANI–Au based genosensor has

demonstrated enhanced sensitivity (10�16 M; linear range from 10�6 to 10�16 M) with a response time of

60 s and shows excellent specificity over other bacterial pathogens. The results of these studies help in

understanding the method of synthesis on the electrochemical as well as catalytic properties of the

composite and its potential for a wide range of biomedical applications.
1. Introduction

Conducting polymers and their nanocomposites have aroused
much interest in recent years due to their good electrical
conductivity, redox properties, ease of synthesis, and enhanced
stability.1,2 Among the various conducting polymers, polyaniline
(PANI) is widely investigated because of its unique redox
tunability, sensitivity, excellent process ability together with the
presence of a number of intrinsic redox states that substantially
enhance the potential application of PANI in biomedical
devices.2–6 Composites of PANI containing amino groups and
gold nanoparticles (AuNPs) possessing high affinity for thiols
help in the interaction of the PANI–Au nanocomposite with
biomolecules.7,8Moreover, the large surface area to volume ratio
of the nanoparticles provides suitable transducer surface for
attaching the biomolecules.9 Afzal et al. examined that the
electrical conductivity as well as thermal stability of composite
can be increased with respect to the concentration of AuNPs in
the PANI–Au nanocomposite.10,11 Liu et al. have fabricated
polystyrene–polyaniline–Au composite based biosensor and
investigated that fabricated sensor shows excellent redox ability
in a wide pH range with high catalytic activity.12 Tian et al. have
prepared polyaniline–gold nanoparticles multilayer lms by
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layer by layer method and showed that sensor can be used with
very good electroactivity in a neutral pH environment.13 Feng
et al. also have described the Au–PANI matrix to construct
sensor and has showed the sensor is having high catalytic
activity and enhanced detection sensitivity.14

Gonorrhoea has been reported as second most common
bacterial sexually transmitted disease (STD).15 An etiologic
pathogen named N. gonorrhoeae causes gonorrhoea and its
related clinical syndromes such as urethritis, cervicitis, salpin-
gitis, bacteremia, arthritis etc.16 Globally, an estimated 12
million people are infected every year, and the majority of
infections are believed to occur in developing countries.17 The
incidence of gonorrhoea varies with age i.e. seventy-ve percent
of cases occur in persons aged less than 30 years. Gonorrhoea
infection spreads in healthy person by physical contact with the
mucosal surfaces of an infected sexual partner.18 During birth,
ophthalmic gonococci infection may be develop in new born
baby due to passage of infected mother's genital tract. The main
seriousness of this infection is caused by its asymptomatic
behavior i.e. upto 80% of women and 10% of men, are asymp-
tomatic and gonorrhoea is co-factor for other STD like HIV.
Various techniques are available for the detection of gonorrhoea
which includes culture, gram stain test and nucleic acid
amplication test (NAAT). Culture has been used most widely,
but it can be used for the detection of living cells only and needs
multiple steps for processing specimens with addressing of
quality assurance at each step.19,20 Gram stain test which is
having specicity (>99%) and sensitivity (>95%) for
RSC Adv., 2015, 5, 45767–45774 | 45767
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symptomatic men or women but, for asymptomatic men or
women test is less useful, because of lower sensitivity.21 NAATs
test is applicable for variety of specimen types including endo-
cervical swabs, vaginal swabs and urethral swabs in men but
sensitivity of this test varies with its type and is very expensive.22

These conventional techniques are having limitations in terms
of time consumption which also need skilled laboratory
personnel.18 Therefore, there is an immediate demand for the
development of low cost, reliable, rapid biosensor for diagnosis
of Neisseria gonorrhoeae.

In the present work, efforts have been made to synthesize
PANI–Au nanocomposite using chemical route and chro-
nopotentiometric techniques. Further, the bioelectrodes have
been fabricated by immobilizing probe sequence specic to
Neisseria gonorroheae on to the deposited lms.
2. Materials and methods
2.1 Chemical and reagents

Aniline, aurochloric acid (AuCl3), sodium citrate, methylene
blue, tris base, ethylene diamine tetra acetic acid (EDTA),
potassium monohydrogen phosphate, potassium dihydrogen
phosphate, oligonucleotide probes (20 bases), ammonium
peroxydisulfate, copper sulphate, dodecyl benzene sulfonic acid
(DBSA) and all other reagents and solvents have been procured
from Sigma-Aldrich (India). Indium–tin oxide (ITO) coated glass
plates with resistivity 30 U have been purchased from Balzers,
UK. All other chemicals were of analytical grade and used
without purication. Deionized water (resistance 18.2 MU cm)
from the Millipore water purication system was used for the
preparation of desired aqueous solutions. DNA probes used for
hybridization are as follows.

Probe: thiol-50-CCGGTGCTTCATCACCTTAG-30;
Complementary target: 50-CTAAGGTGATGAAGCACCGG-30;
Non-complementary target:

50-GTATGGTGATCAAGCTCCCG-30;
One-base mismatch DNA:

50-CTAAGTTGATGAAGCACCGG-30;
Two-base mismatch DNA: 50-CTAAGTTGATGAAACACCGG-30;
Three-Base mismatch DNA:

50-CTAAGTTGATGAAAGACCGG-30.
2.2 DNA extraction and processing of microbial samples

DNA has been isolated from a panel of strains comprising of
control strains of N. gonorrhoeae, Escherichia coli, Neisseria sicca,
Staphylococcus aureus and Klebseilla pneumoniae for specicity
studies. For this, 200 ml sterile MilliQ water is taken in a 2 ml
eppendorf and a suspension of colonies is made and then
vortexed. The suspension is boiled for about 15 min and is
centrifuged at 10 000 rpm for about 10 min. To this, equal
volume (200 ml) of 24 : 1 (v/v) chloroform: iso-amyl alcohol is
added followed by centrifuging at 12 000 rpm for about 10 min.
The aqueous layer containing DNA is carefully pipetted out and
is kept at �20 �C prior to being used.32
45768 | RSC Adv., 2015, 5, 45767–45774
2.3 Preparation of gold nanoparticles

Gold nanoparticles (AuNPs) were synthesized using previous
reported method with slight modication. In brief, 1 ml of
sodium citrate (1%w/v) has been added drop wise in 10 ml of
AuCl3 (2 mM) with continuous stirring for 30 min at 80 �C till
the color of solution changes from pale yellow to ruby red,
indicating the formation of colloidal AuNPs.23
2.4 Fabrication of electrochemically deposited PANI–Au/ITO
electrodes

Fig. 1(a) illustrates the electrochemical (EC) polymerization of
aniline (0.1 M) which has been carried out using 1 M HCl in the
presence of AuNPs (5 mM) onto ITO electrode (0.5 cm2). Poly-
merization was done chronopotentiometrically using Ag/AgCl
as the reference electrode, platinum (Pt) as the counter elec-
trode, and ITO as the working electrode at 150 mA for 300 s
(EC–PANI–Au/ITO).24
2.5 Fabrication of electrophoretically deposited PANI–Au/
ITO electrodes

PANI–Au nanocomposite has been synthesized by mixing 100
ml of diluted AuNPs (5 mM) in aniline (0.1 M) and polymeri-
zation has been carried out in presence of DBSA with contin-
uous stirring till the color of solution changes from red to turbid
white.25 Solution was cooled down to 0 �C aer which 1 ml of
CuSO4 and 5 ml ammonium peroxydisulfate (1 M) was added.
Aer six hours, dark green mixture was formed, which was
centrifuged, collected and dispersed in 10 ml of ethanol. The
electrophoretic deposition (EPD) was carried out at 50 V for 30 s
using a two electrode system (shown in Fig. 1(b)) in which ITO
electrode was used as cathode and thin platinum foil as anode,
which results in the formation of PANI–Au nanocomposite lms
(EPD–PANI–Au/ITO).
2.6 Characterization

The structural and morphological characterization of PANI–Au
nanocomposite have been carried out using transmission
electron microscope (TEM, Hitachi Model, H-800) and scanning
electron microscope (SEM, JEOLJSM-6700F, 10 kV). Dynamic
light scattering (DLS) measurements were performed with a
Zetasizer Nano-ZS90 (Malvern Instruments) at a scattering angle
of 90� and at constant temperature of 25 �C to determine the
zeta potential and particle size of GNPs and PANI–Au nano-
composite. Fourier transform infrared (FT-IR) spectroscopic
measurements have been carried out using Perkin-Elmer spec-
trometer (model Spectrum BX) at 25 �C. Contact angle (CA) has
been recorded using contact angle meter (Data Physics
OCA15EC). Electrochemical characterizations have been con-
ducted on an Autolab potentiostat/galvanostat (Eco Chemie,
Utrecht, The Netherlands) using a three-electrode cell with
PANI–Au/ITO as working electrode, platinum as an auxiliary
electrode and Ag/AgCl as a reference electrode in phosphate
buffer (PBS, 100 mM, pH 7.0, 0.9% NaCl) containing 5 mM
[Fe(CN)6]

3�/4�. Subsequently, the DPV measurements of pDNA/
EPD-PANI–Au/ITO electrodes have been carried out in 50 mM
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic illustration for the preparation of (i) electrochemical deposition of PANI–Au nanocomposite on ITO electrode (ii) electro-
phoretic deposition of PANI–Au nanocomposite synthesized via chemical route on ITO electrode and fabrication of pDNA/EPD–PANI–Au/ITO
bioelectrode.
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MB, pre-treatment at +0.5 V for 10 s, at step potential of 5 mV
and modulation amplitude of 250 mV.
2.7 Fabrication of bioelectrodes for N. gonorrhoeae
detection

Composites prepared by both the techniques (EC-PANI–Au/ITO,
EPD-PANI–Au/ITO) have been utilized for the biosensor fabri-
cation by immobilizing thiolated oligonucleotide (thiol-DNA, 20
ml, 1.0 mM) specic to N. gonorrhoeae having 20 base pairs in a
humid chamber at 25 �C and incubated for about 8 h. These
modied electrodes were washed with tris buffer several times
to remove any unbound pDNA. The hybridization studies of
pDNA/EPD-PANI–Au bioelectrode with target DNA sequences
(complementary DNA concentration range (1 � 10�16 M to 1 �
10�6 M), non-complementary, one-base mismatch, two base
mismatch and three base mismatch) have been carried out in a
humid chamber for 60 s at 25 �C.
Fig. 2 TEM images of (a) AuNPs (b) electrochemical synthesized
PANI–Au nanocomposite. PANI–Au nanocomposite synthesized by
chemical route (c) at lower magnification (d) at higher magnification.
3. Results and discussions
3.1 Surface characterization

TEM studies were conducted to conrm the particle size and the
core structure of the PANI–Au nanocomposite. Fig. 2(a) repre-
sents TEM image of AuNPs having spherical structure with a
diameter in the range of 30–40 nm. The TEM images of EC–
PANI–Au (Fig. 2(b)) and EPD–PANI–Au (Fig. 2(c)) indicate AuNPs
as dark spots encapsulated by gray PANI shells. However, it has
been observed that AuNPs are well dispersed in PANI synthe-
sized by chemical route (Fig. 2(d)) in comparison to that
This journal is © The Royal Society of Chemistry 2015
synthesized by direct electrochemical polymerization of PANI,
where accumulation of AuNPs has been observed.

The particle size distribution and zeta potential of the AuNPs
and PANI–Au have been determined via dynamic light scat-
tering and is shown in Fig. S1.† The average size of formed
AuNPs is about 38 nm with a polydispersity index of �0.5
(Fig. S1(a)†), while the surface charge determined using the
RSC Adv., 2015, 5, 45767–45774 | 45769
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Smoluchowski method, is found to be �25.6 mV (Fig. S1(b)†).26

However, the zeta potential value of PANI–Au nanocomposite
has been found to be 43.2 mV (Fig. S1(c)†) which indicates that
the formed nanocomposites are quite stable, which is the
requisite property for the electrophoretic deposition.

Brunauer–Emmett–Teller (BET) measurement was per-
formed for evaluating the specic surface area of the EC–PANI–
Au nanocomposite and PANI–Au nanocomposite synthesized by
chemical route. For BET analysis both the nanocomposites were
degassed in a vacuum at 150 �C for 5 h. The surface area was
calculated on the basis of BET theory and shown in Fig. S2.†27

The BET surface area for PANI–Au nanocomposite synthesized
by chemical route was found to be 43.17 m2 g�1 (Fig. S2; curve
(ii)†), which is higher than the value for EC–PANI–Au nano-
composite (32.23 m2 g�1; Fig. S2, curve (i)†).28 The value indi-
cates that the nanocomposite synthesized by chemical route is
having large surface area in comparison to nanocomposite
synthesized by electrochemical route.

SEM images of EC–PANI–Au/ITO electrode (Fig. 3(a)) and
EPD–PANI–Au/ITO electrode (Fig. 3(c)) show a uniformly
distributed three-dimensional structure which suggests homo-
geneity in the matrix. However, it has been observed that more
intensied porous structures were formed in case of EPD–PANI–
Au/ITO where AuNPs are well distributed. Aer immobilization
of pDNA on EC–PANI–Au/ITO electrode (Fig. 3(b)) and EPD–
PANI–Au/ITO electrode (Fig. 3(d)) globular structure has been
noticed. Interestingly, it has been perceived that the immobili-
zation of pDNA on the EC–PANI–Au/ITO electrode is not uniform
(inset Fig. 3(b)). However, the even distribution of the pDNA can
be easily observed for the EPD–PANI–Au/ITO electrode (inset
Fig. 3(d)) which is due to enhanced porosity and increased
surface roughness of EPD–PANI–Au/ITO electrode. Furthermore,
a magnied view of the pDNA/EPD–PANI–Au/ITO electrode
surface (inset Fig. 3(d)) reveals the presence of globules in
isolation that exclude the probability of steric hindrance to
target oligonucleotide and hence plays an important role in
determining the performance of the sensor.29

Contact angle (CA) measurements have been carried out
using the sessile drop method to investigate immobilization of
Fig. 3 SEM images of (a) EC–PANI–Au/ITO (b) pDNA/EC–PANI–Au/
ITO (c) EPD–PANI–Au/ITO and (d) pDNA/EPD–PANI–Au/ITO.

45770 | RSC Adv., 2015, 5, 45767–45774
pDNA on the surface of PANI–Au matrix. Change in contact
angle of immobilized probe in respect of matrix shows the
hydrophilicity/hydrophobicity of the prepared bioelectrode
which in turn can be related to immobilization of pDNA. CA of
ITO electrode (Fig. 4(a)) was found to be 78.3�, which decreases
to 65.4� for EC–PANI–Au/ITO electrode (Fig. 4(b)) and to 42.2�

for EPD–PANI–Au/ITO electrode (Fig. 4(c)). The decrease in CA
of electrode can be related to the presence of hydrophilic
functional groups (–NH and –COOH). The decrease in CA to
16.4� (Fig. 4(d)) for EC–PANI–Au/ITO electrode and to 10.2� for
EPD–PANI–Au/ITO electrode (Fig. 4(e)) aer the immobilization
of pDNA, may be due to the enhancement of hydrophilicity
caused by the presence of negatively charged phosphodiester
backbone of pDNA.26 With variation in time, the value of CA
decreases and becomes constant aer 8 h, indicating the
complete immobilization of DNA in this duration.

To determine the interactions between AuNPs, PANI and
pDNA, FT-IR spectrum of EPD–PANI–Au/ITO and pDNA/EPD–
PANI–Au/ITO electrodes have been performed. Peaks at 1576
and 1495 cm�1 (Fig. S3(a))† for PANI/ITO lms have been
attributed to C]C stretching deformation of quinoid and
benzenoid rings respectively, showing oxidation state of PANI as
reported in literature.30 Whereas, for EPD–PANI–Au/ITO elec-
trode, there is a shi in the peaks to 1590 and 1511 cm�1

(Fig. S3(b)†). Peaks at 1300 and 1140 cm�1 in Fig. S3(a)†
corresponds to C–N stretching of secondary aromatic amine
and aromatic C–H in-plane bending respectively, whereas in
Fig. S3(b)† there is shi in the peaks at 1315 and 1149 cm�1. The
shiing in the peaks shows that the C–N bonds within the
composite are inuenced by the AuNPs (Fig. S3(b)†). Further,
the shi in energy to higher energy levels indicates that the Au
directly inuences the electron density of the C–N bond.31 The
Fig. 4 Contact angle measurements of (a) bare ITO (b) EC–PANI–Au/
ITO (c) EPD–PANI–Au/ITO (d) pDNA/EC–PANI–Au/ITO and (e) pDNA/
EPD–PANI–Au/ITO.

This journal is © The Royal Society of Chemistry 2015
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peak seen at 794 cm�1 in Fig. S3(a)† related to out-of-plane
deformation vibration of C–H. The shiing in the peaks to
high energy in Fig. S3(b)† at 833 cm�1 for PANI–Au in
comparison to the PANI lms directly related to differences in
chemistry and electron density.31 FT-IR spectrum of pDNA/EPD–
PANI–Au/ITO electrode (Fig. S3(c)†) shows absorption bands at
1036 cm�1 and 1398 cm�1 which are associated with anti-
symmetric stretching vibration of P–O–C and symmetric
stretching vibration of P]O of the phosphoric acid group,
respectively. Whereas, the bands at 1512 cm�1and 1603
cm�1are attributed to carbonyl stretching vibration and C]C
bonds in the purine and pyrimidine.
3.2 Electrochemical characterization

Electrochemical characterization has been conducted using
cyclic voltammetry (CV) in phosphate buffer saline (100mM, pH
7.0, 0.9% NaCl) containing 5 mM [Fe(CN)6]

3�/4�to examine the
electro-active behavior of the electrodes (Fig. S4†). There was a
decrease in the peak current for both EC–PANI–Au/ITO
(0.46 mA) and EPD–PANI–Au/ITO (0.60 mA), as compared to
ITO (1.7 mA) electrode at a scan rate of 50 mV s�1 (Fig. S4(a)†).
Interestingly for EPD–PANI–Au/ITO electrode the peak current
was higher than EC–PANI–Au/ITO which may be due to strong
physio-chemical interaction between AuNPs and PANI which is
due to charge transfer process from the positively charged
imine nitrogen of PANI to the negatively charged AuNPs. This
results in uniform distribution of AuNPs in the conducting
polymeric chains of PANI without any aggregation resulting in a
favorable pathway for the transfer of electrons.32 Moreover, the
large surface area of the PANI–Au nanocomposite is due to
presence of AuNPs provides more active sites for the electron
transfer and effective charge migration through the polymer. In
case of EC–PANI–Au there is possibility that insufficient time is
available for the binding of AuNPs on the surface of PANI which
may result in phase separation.25,33,34 Aer the immobilization
of probe DNA there was a large increase in the peak current for
EPD–PANI–Au/ITO electrode (1.14 mA) in comparison to EC–
PANI–Au/ITO electrode (0.83 mA), which suggest that there is
immobilization of more probe DNA onto EC–PANI–Au/ITO
electrode that creates a negative charge on the surface thus
repels the negatively charged redox marker, Fe(CN)6]

3�/4�.
The CV investigations at various potential scan rates (v; 10 to

300 mV s�1) have been performed onto EPD–PANI–Au/ITO
electrode (Fig. S4(b)†) and EC–PANI–Au/ITO electrode
(Fig. S4(c)†). As the scan rate increases, the anodic peak
potential shis to more positive value and the cathodic peak to
more negative value, suggesting a quasi-reversible process. The
positive and negative peaks correspond to the oxidation and
reduction of the [Fe (CN)6]

3�/4� respectively. The peak current
values of these electrodes have linear relationship with respect
to the square root of scan rate indicating the existence of
diffusion-controlled electrochemical reaction (Fig. S4† inset).
Both anodic and cathodic peak potentials are found to change
linearly with respect to log of v, which agrees with Laviron's
theory:35
This journal is © The Royal Society of Chemistry 2015
Epa ¼ E� + X ln[(1 � a)Fv/RTks] (1)

Epc ¼ E� + Y ln[aFv/RTks] (2)

ln ks ¼ a ln(1 � a) + (1 � a)ln a � ln(RT/nFv)

� a(1 � a)nFDEp/RT. (3)

where a denotes electron transfer coefficient and ks denotes the
charge transfer rate constant and X ¼ RT/(1 � a)nf and Y ¼ RT/
anf are the slopes of straight line plotted by ln v versus the
anodic peak potential (Epa) and cathodic peak potential (Epc)
respectively. The values of a and ks for EPD–PANI–Au/ITO
electrode is found to be 0.92 and 0.0848 s�1 respectively. Simi-
larly, for EC–PANI–Au/ITO electrode the values for a is found to
be 0.85 and ks is 0.0368 s

�1. By using Randles–Sevcik equation:30

Ip ¼ (2.99 � 105)a1/2n3/2ACD1/2v1/2 (4)

the diffusion coefficient (D) has been calculated as 6.9 � 10�15

cm2 s�1 for EPD–PANI–Au/ITO electrode and 2.6 � 10�15 cm2

s�1 for EC–PANI–Au/ITO electrode. Here C is the molar
concentration of [Fe (CN)6]

3�/4�, n is the number of transferred
electrons for the redox reaction and v is the scan rate (50 mV
s�1). The effective surface areas (A) of the EPD–PANI–Au/ITO
electrode and EC–PANI–Au/ITO electrode have been calculated
using the eqn (5). and found to be 0.53 mm2 and 0.48 mm2

respectively.

A ¼ S/(2.99 � 105)a1/2n3/2CD1/2 (5)

These enhanced kinetic parameters for EPD–PANI–Au/ITO
electrode in comparison to the EC–PANI–Au/ITO electrode are
due to better charge transfer and electrostatic interaction
between PANI and AuNPs (Table 1).
3.3 Genosensor response studies

Differential pulse voltammetry (DPV) has been used to study the
electrochemical response of the fabricated pDNA/EPD–PANI–Au/
ITO by immobilizing target DNA using methylene blue (MB, 20
mM) as redox hybridization indicator. MB is known to have
affinity with the nitrogenous guanine bases of pDNA and
undergo reduction by oxidizing them.36–38 In Fig. 5(a) bar
diagram showing the MB peak current is highest (1.07 � 10�5 A)
for pDNA/EPD–PANI–Au/ITO which is due to the presence of
nitrogenous bases, but aer incubation with complementary
target sequence, peak current decreases to 5.8 � 10�6 A. This
may be due to the nonaccessibility of nitrogenous bases on the
electrode surface due to the formation of duplex. Aer incuba-
tion of the bioelectrode with non-complementary DNA, no
signicant change in MB peak current (1.09 � 10�5 A) was
observed in comparison to the pDNA/EPD–PANI–Au/ITO which
indicates non-hybridization at the electrode surface. However,
aer incubating the bioelectrode with one base, two base and
three base mismatch DNA sequences the peak current substan-
tial decreases in comparison with the noncomplementary DNA
sequence showing that the biosensor can even distinguish a
single nucleotide variation in target DNA sequence. The response
RSC Adv., 2015, 5, 45767–45774 | 45771
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Table 1 Kinetic parameters calculated for the EPD–PANI–Au/ITO electrode and EC–PANI–Au/ITO electrode

Name of electrode
Electron transfer
coefficient, a

Charge transfer
rate constant, (ks/s

�1)
Effective surface
area, (Aeff/mm2)

Diffusion coefficient,
D (cm2 s�1)

EPD–PANI–Au/ITO 0.92 0.0848 0.53 6.9 � 10�15

EC–PANI–Au/ITO 0.85 0.0368 0.48 2.6 � 10�15
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characteristics of the electrode as a function of complemen-
tary DNA concentration ranging from 1 � 10�16 to 1 � 10�6 M
shown in Fig. 5(b).39 The results reveals that with decrease in
concentration of complementary target DNA, there is an
increase in the MB reduction current which can be correlated
to extent of hybridization.40 Fig. 5(c) shows the peak current
values of the sensor which attributes a linear correlation to the
log[target concentration] from 1 � 10�6 M to 1 � 10�16 M and
follows eqn (6).
Fig. 5 Bar diagram showing the (a) DPV response of (i) pDNA/EPD–PAN
base mis-match (iv) two base mis-match (v) one base mis-match (vi) no
Au/ITO electrode as the function of complementary DNA concentratio
between the MB peak current values with log[target DNA concentration]
concentration. (d) Bar diagram showing the incubation of pDNA/EPD–
gonorrhoeae cultured (iii) spiked N. gonorrhoeae (iv) E. coli (v) N. sicca (

45772 | RSC Adv., 2015, 5, 45767–45774
MB oxidation current ImA ¼ �0.47 � log(target DNA

concentration) � 2.8; R ¼ 0.9963 (6)

The detection limit calculated using the standard equation
(3s/sensitivity) and was found to be 1 � 10�16 M, where s is
standard deviation of the electrode without hybridization.41 The
comparison of response characteristics of EPD–PANI–Au
nanocomposite with other PANI based nanocomposites repor-
ted in literature for nucleic acid detection shows that this sensor
I–Au/ITO after the incubation with (ii) complementary DNA (iii) three
ncomplementary DNA. (b) Sensing performance of pDNA/EPD–PANI–
n (1 � 10�6 to 1 � 10�16 M) (c) linearity plot showing the relationship
. Inset figure shows MB peak current values as a function of target DNA
PANI–Au/ITO with real samples of (i) N. gonorrhoeae patient (ii) N.
vi) S. aureus (vii) K. pneumonia.

This journal is © The Royal Society of Chemistry 2015
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Table 2 Comparison of the response characteristics of EPD–PANI–Au nanocomposite with other Polyaniline based nanocomposites

S. no. Electrode
Method of
immobilization

Electrochemical
technique

Detection
limit (M)

Detection
range (M)

Hybridization
time Ref.

1 BdNG-avidin-nsPANI/ITO Biotin-avidin coupling DPV, CV 0.5 � 10�15 1 � 10�16 to
1 � 10�6

60 s 37

2 GCE coating polyaniline
nanowire

EDC/NHS DPV, CV 1 � 10�12 2.25 � 10�12 to
2.25 � 10�10

30 min 42

3 PANIMWNT/CHIT/CPE Covalent bonding EIS, CV 2.7 � 10�14 1.0 � 10�13 to
1.0 � 10�7

40 min 43

4 PPy–PANi–Au nanocomposite Covalent bonding EIS, CV 1.0 � 10�13 1 � 10�13 to
1 � 10�6

90 min 44

5 PANIw/graphene/GCE EDC/NHS DPV, CV 3.25 � 10�13 2.12 � 10�12 to
2.12 � 10�6

30 min 45

6 EPD–PANI–Au/ITO Covalent bonding DPV, CV 1 � 10�16 1 � 10�16 to
1 � 10�6

60 s Present
work
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exhibits higher linear range, sensitivity and stability (as shown
in Table 2).37,42–45
3.4 Genosensor response studies with culture, positive
patient and spiked samples

DPV response of the fabricated pDNA/EPD–PANI–Au/ITO bio-
electrode with clinical samples has been studied by identifying
change in MB oxidation peak current and is shown in bar
diagram (Fig. 5(d)). Specicity of the biosensor has been studied
by incubating the bioelectrode with DNA extracted from
different real samples containing N. gonorrhoeae (culture,
positive patient, pus sample spiked) and cultures of Escherichia
coli, Neisseria sicca, Staphylococcus aureus, Klebseilla pneumonia.
The bar diagram shows decrease in the value of peak current
aer treating with N. gonorrhoeae (patient, spiked and culture)
samples indicating specic hybridization, however no signi-
cant change in the peak current was observed when pDNA/EPD–
PANI–Au/ITO bioelectrode was treated with DNA samples of
non gonorrhoeae species and other gram-negative bacterial
samples (E. coli). These results indicate that the fabricated
pDNA/EPD–PANI–Au/ITO bioelectrode is highly specic for N.
gonorrhoeae detection.
3.5 Stability and reproducibility

The regeneration of the pDNA/EPD–PANI–Au/ITO bioelectrode
has been carried out by dipping it in the buffer solution (pH 8.0)
containing Tris–HCl (10 mM) and EDTA (1 mM) at 100 �C for 5
min, followed by cooling in ice bath for about 30 min, which
completely removes complementary DNA via thermal denatur-
ation.46,47 The MB peak current decreases aer each consecutive
use of pDNA bioelectrode, as initially it was 1.07 � 10�5 A and
aer twelh use it reached to 0.90 � 10�5 A (Fig. S5(a)†). It has
been found that biosensor can be re-used for 12 times aer
which the bioelectrodes has lost around 15.3% of its sensitivity
(Fig. S5(a)†). The decrease in MB current aer each use can be
related to loss of pDNA from the surface of bioelectrode. To
investigate the storage stability of the fabricated sensor, three
measurements have been recorded each week for over 14 weeks
This journal is © The Royal Society of Chemistry 2015
of continuous analysis. The decrease in signal response of the
bioelectrode is less than 20% when stored at 4 �C (Fig. S5(b)†).

4. Conclusions

We have successfully prepared the PANI–Au nanocomposite
based electrodes using chronopotentiometric and electropho-
retic techniques. The electrochemical and morphological
studies clearly reveal that the electrodes prepared by EPD
technique have enhanced conductivity and conducive
morphology. EPD–PANI–Au/ITO electrodes were further used
for the fabrication of genosensor specic for N. gonorrhoeae
which provides an increased surface area due to its porous
structure. The wide detection range (10�6 to 10�16 M), reduced
response time (60 s) with high stability (4 weeks) and reusability
(12 times) of the genosensor have been successfully demon-
strated. The fabricated genosensor has been found to be highly
specic to distinguish clinical and real samples of N. gonor-
rhoeae from other non gonorrhoeae and gram negative bacteria
species. Attempts should be made to use this PANI–Au nano-
composite platform for detection of other biomolecules and
may have signicance in point-of-care diagnostics.
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