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a  b  s  t  r  a  c  t

Polyaniline  protected  gold  nanoparticles  (PPAuNPs)  were  electrophoretically  deposited  onto  a gold
electrode,  and  utilized  to fabricate  an  electrochemical  cortisol  biosensor.  Cortisol  specific  monoclonal
antibody  (C-Mab)  was  covalently  immobilized  onto  the  surface  of  a  PPAuNP/Au  electrode  using N-ethyl-
N′-(3-dimethylaminopropyl)  carbodiimide  and  N-hydroxysuccinimide  (EDC/NHS)  chemistry.  BSA  was
employed  for  blocking  nonspecific  adsorption  on  the electrode  surface.  PPAuNP  formation  and  BSA/C-
Mab/PPAuNP/Au  electrode  fabrication  were  characterized  using  transmission  electron  microscopy,
atomic  force  microscopy  and  electrochemical  impedance  techniques,  respectively.  Cyclic  voltammetry
and  differential  pulse  voltammetric  techniques  were  used  to  determine  the  cortisol  concentration  in
yclic voltammetry
iosensor
old nanoparticles

a phosphate  buffer  saline  (PBS)  solution.  Results  confirmed  that the  PPAuNP  based  electrode  was  sta-
ble  during  repeated  scans  and  exhibited  repeatable  redox  peaks.  Further,  the  BSA/C-Mab/PPAuNP/Au
electrode  in  the  PBS  buffer  accurately  detected  cortisol  in  the  range  of  1  pM–100  nM  with  a  sensitivity
of  1.63  �A M−1.  The  biosensor  was  found  to  be  selective  against  BSA  and  17-�-hydroxy  progesterone.
This  research  establishes  the  feasibility  of using  a  PPAuNP  based  matrix  for a label  and  mediator  free
electrochemical  biosensor  for  cortisol,  a stress  biomarker.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Electrochemical biosensors have shown potential for fast, accu-
ate and sensitive health care monitoring at a patient’s bedside
Wang, 2006). However, a continuing challenge in the wider use
f biosensors has been the sensitivity and stability of the surface
ound biosensing molecules. The sensitivity and selectivity is cru-
ially dependent on the matrix used for their immobilization in
he sensor. The biosensing molecules need to be integrated with

 redox active system in a bio-compatible environment to obtain
n optimum output from the electrochemical biosensor. In elec-
rochemical biosensors, conducting polymers and their composites
ave attracted much interest as suitable matrices for biomolecule
inding, enhanced stability, speed, and sensitivity (Koh et al., 2010;
alhotra et al., 2006; Wang et al., 2011). Polyaniline (PANI) has

een one such material of interest. PANI’s conducting proper-
ies, stability, ease of electron transfer and ease of synthesis are

ey features that make it attractive for its use in electrochemi-
al biosensing (Dhand et al., 2011). It possesses a large number
f amino groups that can be used for easy binding of biosens-
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ing molecules. Additionally, improvement in redox stability and
electro-activity of PANI based composite systems during electro-
chemical analysis in neutral pH environment has triggered its use
in composite form: with carbon nanotubes (CNTs), gold nanoparti-
cles (AuNPs), and other materials (Dhand et al., 2008a,b; Feng et al.,
2006; Gajendran and Saraswathi, 2008; Spain et al., 2011; Tian et al.,
2004). The presence of nanomaterials such as AuNP in the compos-
ite results in large surface area to volume ratio with PANI providing
the functional groups, thus nanocomposite providing increased
surface area (and functional groups) result in improved sensitivity.

Dhand et al. described the fabrication of a PANI–CNT compos-
ite for biosensor applications (Dhand et al., 2008b).  They observed
that the presence of CNTs in the matrix acts as the dopant for PANI,
and stabilizes the system during electrochemical measurements. It
was  observed that this led to a steady and reversible behavior in
the composite. Feng et al. investigated a PANI–AuNP matrix based
electrochemical DNA biosensor, and showed that the use of this
composite resulted in enhanced immobilization of the DNA  probe
and detection sensitivity of the target DNA (Feng et al., 2008). In
another study, Ozdemir et al. described a pyranose oxidase modi-
fied AuNP–PANI/AgCl hybrid nanocomposite matrix based glucose

biosensor. They stated that the use of a nanocomposite matrix
improved the bioactivity and stability of the bound enzyme in
operational conditions (Ozdemir et al., 2010). Liu et al. demon-
strated a highly electro-active polystyrene–PANI–Au composite

dx.doi.org/10.1016/j.bios.2011.07.015
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:sunilarya333@gmail.com
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ased glucose biosensor. They showed that the composite exhibited
mproved electrical conductivity and showed a well-defined redox
eak and high catalytic activity for the enzyme bound electrode
Liu et al., 2008). In all of these composite formations, composite
omponents were prepared separately and then blended with each
ther by different processing techniques. Recently, tetrachloroau-
ate (III) (AuCl4−) ions have been reported to act as an oxidant in the
xidative polymerization of pyrrole and aniline to form gold nanos-
ructures capped with their polymers (Njagi and Andreescu, 2007;
hiigi et al., 2009, 2006; Wang et al., 2005). This results in formation
f a uniform composite in a single step and hence reduces the steps
equired for electrode fabrication. Yang et al. described PANI–Au
omposite formation via oxidative polymerization of aniline, using
AuCl4 as the oxidant and 1-butyl-3-methylimidazolium hexafluo-

ophosphate as the growth media. They observed that an electrode
abricated using a composite possesses high conductivity, a large
pecific surface area, and excellent electro-activity, and thus can
erve as an excellent matrix for enzyme immobilization and elec-
rocatalysis (Yang et al., 2008). In the present work, PPAuNPs have
een successfully prepared in a single step using HAuCl4 as the
xidant and HCl as the growth media.

Uniform deposition of the preformed polymer on a suitable
ensor surface has been another major challenge in biosensor fab-
ication. Though techniques such as drop casting and spin casting
re easy and can be used for producing films from preformed
olymers, deposition of preformed polymers and nanostructures
sing an electrophoretic deposition (EPD) technique has shown
romise for yielding uniform and dense films (Dhand and Malhotra,
009; Dhand et al., 2007; Murphy-Perez et al., 2011). EPD is a sim-
le and cost-effective technique, amenable to scaling-up to large
imensions, and applicable to a great variety of materials. In EPD,
harged molecules dispersed in a suitable solvent move towards
n electrode of opposite polarity, and get deposited as homoge-
eous and highly dense films via particle coagulation (Dhand and
alhotra, 2009). The deposition of uniform and smooth films of

ANI and PANI–multi-wall CNT films on an indium-tin-oxide (ITO)
oated glass plate using EPD was described recently (Dhand et al.,
008b, 2007). Li et al. demonstrated the electrophoretic deposition
f chitosan–hemoglobin film, and showed that film composition
nd deposition yield can be controlled (Li et al., 2011). Using lac-
ase modified, EPD deposited mesoporous silica powder onto a
lassy carbon electrode, Shimomura et al. described the fabrication
f a catechol biosensor. Results suggested improved detection in
he 2–100 �M range, with a response time of approximately 2 min
Shimomura et al., 2011).

This paper presents our results on the use of PPAuNPs for cortisol
etection. There has been growing interest in the measurement of
ortisol, a potential biomarker for Post-Traumatic Stress Disorder
PTSD) (Hauer et al., 2009). Cortisol, a steroid hormone, is an impor-
ant molecule for the regulation of blood pressure, glucose levels
nd carbohydrate metabolism (Stevens et al., 2008; Tai and Welch,
004; Zhou et al., 2004). Its periodic estimation is required, as an
bnormal increase can cause the development of Cushing’s disease,
nflammation and a depressed immune system, while decreased
evels can lead to Addison’s disease (Stevens et al., 2008; Zhou
t al., 2004). Currently, in clinical practice, cortisol is measured
sing either traditional lab based techniques, such as high per-
ormance liquid chromatography (HPLC), fluorometric assay, and
everse phase chromatography, or via alternate techniques, such
s radioimmunoassay (RIA), flow immunoassay and enzyme-linked
mmunosorbent assay (ELISA) (Appel et al., 2005; Cook et al., 1997;
atti et al., 2005; Kaptein et al., 1997; Koutny et al., 1996; Oka et al.,

987; Sarkar et al., 2007; Schmalzing et al., 1995; Zhou et al., 2004).
hough these techniques are sensitive, they have their limitations
nd cannot be implemented at the point of care. Recently, various
iosensors have been reported for easy cortisol estimation (Arya et
lectronics 28 (2011) 166– 173 167

al., 2010a,b; Kumar et al., 2007; Mitchell et al., 2009; Stevens et al.,
2008; Sun et al., 2008; Zhou et al., 2004), however, these biosensors
involve mediators, multi step electrode fabrication, indirect corti-
sol estimation, measurement at high voltages, and/or modification
of the analyte itself.

In this work, we report a successful fabrication of a label and
mediator free electrochemical biosensor for ultrasensitive cortisol
testing. This work demonstrates that conducting polymer com-
posite (PANI protected AuNPs (PPAuNPs)) after electrophoretic
deposition on a gold surface can be used as a matrix for label
and external mediator free electrochemical biosensor fabrication.
For selective cortisol estimation, cortisol antibody (C-Mab) was
immobilized using N-ethyl-N′-(3-dimethylaminopropyl) carbodi-
imide and N-hydroxysuccinimide (EDC/NHS) chemistry onto a
PPAuNPs/Au electrode, and nonspecific binding was  prevented via
BSA blocking. The sensor was tested for cortisol estimation in a
phosphate buffer saline (PBS) solution using cyclic voltammetry,
and was found to detect cortisol up to 1 pM with a sensitivity of
1.63 �A M−1.

2. Materials and methods

2.1. Chemicals and reagents

The aniline, hydrogen tetrachloroaurate (III) trihydrate, EDC,
NHS and hydrocortisone (cortisol) were purchased from Sigma
Aldrich. The monoclonal cortisol antibody (anti-cortisol, C-Mab)
2330-4809 was procured from Abd serotec. All other chemicals
were of analytical grade and were used without further purifica-
tion. The working solutions of hydrocortisone were prepared by
dilution in PBS (10 mM,  pH 7.0, 0.9% NaCl).

2.2. Synthesis of polyaniline protected gold nanoparticles
(PPAuNPs)

PPAuNP synthesis was carried out using aniline as a precursor
and HAuCl4 as the oxidant. For synthesis, a 0.1 M aniline solution
was  prepared in 10 ml  of 0.1 N aqueous HCl solution via sonication,
and then stirred at 300 rpm using a magnetic stirrer. To this, 1 mM
HAuCl4 solution in deionized water (18.2 M�) was added drop-
wise and the resulting mixture was  stirred for another 30 min. As
the reaction proceeded, the solution color changed from yellow to
blue, and finally to dark green. After synthesis, the solution was cen-
trifuged to collect the PPAuNP precipitate and the supernatant was
discarded. The precipitate was  washed three times via resuspen-
sion in 3 ml  of water using sonication followed by centrifugation.
Finally, the precipitate was resuspended in 1 ml  of water and stored
until further use (Fig. 1). This procedure resulted in the formation
of a nanocomposite with uniform composition in a single step.

2.3. Electrophoretic deposition (EPD) of PPAuNPs onto a gold
electrode

For EPD, PPAuNPs resuspended in 1 ml of water was mixed
with 24 ml  of formic acid and sonicated for 30 min  to make the
stock solution. 200 �l of this stock solution was added to 1.8 ml  of
acetonitrile, and sonicated for 1 min  to prepare the colloidal depo-
sition solution. Gold electrodes (2.5 cm × 0.5 cm) were prepared
via chrome/gold (10 nm/100 nm)  deposition on thermally oxidized
4 inch. Si wafers, using e-beam evaporation followed by dicing.
PPAuNP films using a prepared colloidal solution were deposited
electrophoretically onto an Au surface (0.5 cm × 0.5 cm). Deposi-

tion was carried out in a two-electrode cell configuration, with gold
foil (10 mm × 30 mm)  as the counter electrode and a pre-cleaned
Au substrate as the working electrode. The two electrodes were
placed parallel to each other with a separation of 5 mm,  and dipped
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Fig. 1. Schematic for BSA/C-Ma

n the PPAuNP working colloidal suspension. Film deposition time
nd voltage were optimized, and a stable response was observed
or the films (25 mm2) deposited at 60 V for about 60 s. The films
ere then removed from the suspension, washed with deionized
ater and dried in air (Fig. 1). The deposition resulted in repeatable,

trongly adhered and uniform films. The thickness of the deposited
lms was measured using a Dektak surface profiler and found to be
round 250 nm.

.4. Covalent binding of C-Mab onto a PPAuNP/Au electrode

Covalent immobilization of C-Mab was achieved via amide bond
ormation between an NH2 group of PANI and a COOH group of C-

ab, using EDC as the coupling agent and NHS as the activator.
or binding, 30 �l of 2 �g ml−1 C-Mab solution in PBS (10 mM,  pH
.0, 0.9% NaCl) containing 0.4 M EDC and 0.1 M NHS was poured
nto the PPAuNP/Au electrode (25 mm2 area) and incubated for
0 min  in a humid chamber. The fabricated C-Mab/PPAuNP/Au elec-
rode was washed with PBS (10 mM,  pH 7.0) containing 0.9% NaCl
nd 0.05% Tween 20 to remove any unbound C-Mab, followed by
0 min  of incubation in a 10 �g ml−1 BSA solution in PBS (10 mM,
H 7.0, 0.9% NaCl) for blocking of nonspecific binding. The fab-
icated BSA/C-Mab/PPAuNP/Au electrode was washed and stored
t 4 ◦C when not in use (Fig. 1). Electrochemical characterization
evealed a maximum variation of ±3% in the current between the
SA/C-Mab/PPAuNP/Au electrodes prepared in same batch, thus

ndicating repeatability of the fabrication procedure. Fig. 1 shows
he schematic for PPAuNP preparation, deposition and modification
f the gold substrate with C-Mab and BSA.

.5. Characterization

Synthesis of PPAuNPs and their electrophoretic deposition were
onfirmed by transmission electron microscopy (TEM) measure-
ents using an FEI TecnaiTM TEM, and atomic force microscope

AFM) measurements using a Digital Instrument Nanoscope,
espectively. TEM sample was prepared by dipping the Cu grid
n PPAuNP/H2O solution followed by drying in air. Electrochem-
cal impedance (EIS) characterization for electrode fabrication,
nd voltammetric studies via cyclic voltammetric (CV) and dif-

erential pulse voltammetry (DPV) studies for cortisol estimation
ere carried out in a 5 ml  three-electrode cell using an Autolab

otentiostat/Galvanostat (Eco Chemie, Netherlands). In the cell,
g/AgCl was used as reference electrode and gold as counter elec-
uNP/Au electrode fabrication.

trode. Ag/AgCl reference electrode was made in-house by coating
90:10::Ag:AgCl paste over an Ag wire, followed by drying at 150 ◦C
for 2 h. EIS studies were carried out in a PBS solution (10 mM,  pH 7.0,
0.9% NaCl) containing a mixture of 5 mM Fe(CN)6

4− (ferrocyanide),
and 5 mM of Fe(CN)6

3− (ferricyanide) i.e. 5 mM  Fe(CN)6
3−/4− as a

redox probe, at equilibrium potential, without external biasing, in
the frequency range of 0.1–105 Hz with 10 mV  amplitude. CV and
DPV studies were carried out in the range of −0.6 V to 0.6 V in 5 ml
of PBS (10 mM,  pH 7.0, 0.9% NaCl).

3. Results and discussion

3.1. TEM and AFM studies

The TEM image of the as-prepared PPAuNPs (Fig. 2(a)) indicates
the formation of spherical PPAuNP composite structures of about
7–15 nm size. The EDAX analysis confirms the presence of gold,
carbon and nitrogen (Fig. 2(b)) in the prepared nanocomposite. The
peak of copper in Fig. 2(b) is attributed to the copper grid used as a
carrier for the samples.

Fig. 2(c) and (d) shows the AFM image of PPAuNP/Au elec-
trode and the BSA/C-Mab/PPAuNP/Au electrode, respectively. From
Fig. 2(c), it is clear that the PPAuNP/Au electrode surface has a dense
and uniform morphology. Surface roughness analysis (Supplement
Fig. 1(a)) reveals a roughness of ∼5.3 nm.  However, after BSA
and C-Mab binding, the surface becomes rougher and exhibits
globular morphology (Fig. 2(d)). The increase in roughness for
BSA/C-Mab/PPAuNP/Au surface to around 29 nm (Supplement Fig.
1(b)), and presence of globular structures indicate the binding of
antibody and BSA. Change of 100 nm in scale is attributed to the
presence of stray structures at certain places on the surface. Such
large structures in certain areas can be attributed to the binding
chemistry used involving EDC and NHS, which can result in some
inter molecular binding between various antibodies along with
binding on PPAuNP surface.

3.2. Electrochemical impedance (EIS) studies

EIS studies were used to characterize and record charge trans-
fer processes occurring at the electrode–solution or modified

electrode–solution interfaces. EIS studies are well established and
known for characterization of an electrode–solution interface. Any
change in the EIS spectra can be related to the change in interface
properties, thus can be utilized for surface modification character-
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F he PPAuNP/Au electrode and (d) AFM image of the BSA/C-Mab/PPAuNP/Au electrode.
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ig. 2. (a) TEM image of PPAuNPs, (b) EDAX spectra of PPAuNPs, (c) AFM image of t

zation. In the present study, Nyquist plots of impedance spectra
ere found to be the same for repeated scans of a particular sur-

ace, and found to change only after each step of modification. Thus,
or characterization of surface modification using charge transfer
esistance (Rct), Nyquist plots of impedance spectra were used in
he present study.

In Nyquist spectra, magnitude of the Rct (semicircle
iameter) depends on the dielectric and insulating fea-
ures at the electrode–electrolyte interface and can reveal
lectrode–electrolyte interface properties. Fig. 3 shows the
yquist plots in a PBS solution (10 mM,  pH 7.0, 0.9% NaCl) contain-

ng 5 mM  Fe(CN)6
3−/4− for various steps in BSA/C-Mab/PPAuNP/Au

lectrode fabrication. The inset in Fig. 3 shows the Nyquist plot for
 blank gold surface and the corresponding equivalent circuit. The
′ (real part of impedance) value at the start of the curve, and the Z′

alue covered between the semicircular part represent the values
f Rs and Rp, respectively, in circuit. Further, the formation of a
emicircle and presence of linearly increasing points at the lower
requency region of the curve are attributed to the CPE (constant

hase element) and W (warburg impedance), respectively. In
urve (ii) of Fig. 3, the increase in Rct from 39 � for Au electrode
o 590 � indicates the buildup of PPAuNP film on the Au surface
fter electrophoretic deposition. The increase in Rct from 590 �

Fig. 3. Nyquist spectra for (i) Au, (ii) PPAuNP/Au electrode, (iii) C-Mab/PPAuNP/Au
electrode and (iv) BSA/C-Mab/PPAuNP/Au electrode. Inset: Nyquist spectra for Au
and the corresponding equivalent circuit.
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o 1304 � after antibody coupling in curve (iii) is attributed to
he binding of the antibodies. The increase is attributed to the
nsulating nature of the antibodies that reduces the transfer of the
harge from the solution to electrode surface. Further, in curve
iv), the increase in Rct to 1867 � after BSA incubation indicates
he blocking of free spaces (spaces where the antibodies did not
ind) on the electrode with BSA protein molecules.

.3. Cyclic voltammetry (CV) studies

CV is a common electrochemical technique used for determin-
ng the electro-active behavior of materials. In the present study,
V has been used to investigate the electro-active behavior of the
PAuNP/Au electrode and the BSA/C-Mab/PPAuNP/Au electrode.
ure PANI is known to exhibit electro-activity at an acidic pH; how-
ver, in composite form with metal particles, it is known to exhibit
lectro-activity even at a neutral pH (Liu et al., 2008).

In the present study, PPAuNP based electrodes were found to
e stable during repeated scans and showed no degradation with
canning. Further, the observance of prominent and stable redox
eaks, even in the absence of an external mediator, suggested that
he material is electrochemically active and can act as a good matrix
n the fabrication of a mediator free electrochemical system. More-
ver, different PPAuNP/Au electrodes or BSA/C-Mab/PPAuNP/Au
lectrodes prepared in the same batch were found to exhibit sim-
lar current value with maximum variation of ±1.5% and ±3%,
espectively. For concentration studies, a new electrode was  used
or each concentration, and for BSA/C-Mab/PPAuNP/Au calibration,
ach concentration was the tested using at least three electrodes
nd the results were plotted in a graph.

.3.1. Scan rate studies for PPAuNP/Au electrodes and
SA/C-Mab/PPAuNP/Au electrodes

Fig. 4(a) shows the CV studies of the PPAuNP/Au electrode
n a PBS solution (10 mM,  pH 7.0, 0.9% NaCl) at different scan
ates, ranging from 10 to 100 mV  s−1. It is clear from Fig. 4(a) that
he magnitude of current response increases with an increasing
can rate, exhibiting an almost linear relationship, and follows I
�A) = 13.87 + 1.02� (mV  s−1) (inset of Fig. 4(a)). The slight vari-
tion from linearity is attributed to the fact that PPAuNP is not
n ideal redox molecule and loses some electrons during the
xidation–reduction cycle, and in transport via the polymer matrix.
owever, approximate linearity for the increase in peak current
ith an increasing scan rate, and well defined redox peaks indicate

 surface controlled process. The separation of peaks suggests that
he process is not perfectly reversible; however, stable redox peak
urrent and position during repeated scans at a particular scan rate
uggest that composite based electrodes exhibit a quasi-reversible
rocess.

Fig. 4(b) shows the scan rate response for the BSA/C-
ab/PPAuNP/Au electrode. It can be seen that after binding of

-Mab and BSA on the PPAuNP/Au electrode, the oxidation cur-
ent and redox peak potential decrease. The decrease in current
uggests the binding of BSA and C-Mab and is attributed to the
nsulating nature of BSA and C-Mab, thus reducing the peak current
or the BSA/C-Mab/PPAuNP/Au electrode. Similar to the PPAuNP/Au
lectrode, linear behavior between the magnitude of the anodic
urrent response and the scan rate following I (�A) = 10.19 + 0.96�
mV  s−1) (inset of Fig. 4(b)), suggests a thin layer electrochemistry
ith a surface controlled electrochemical process for the BSA/C-
ab/PPAuNP/Au electrode. In both the PPAuNP/Au electrode and

he BSA/C-Mab/PPAuNP/Au electrode, CV shows prominent redox

eaks in PBS and is stable during repeated scanning. Further, the
edox peak difference is minimal and the potential is low enough
o avoid possible interference from biological samples. Thus, use of
he PPAuNP/Au electrode is advantageous for matrix application in
Fig. 4. Scan rate studies for (a) PPAuNP/Au electrode and (b) BSA/C-Mab/PPAuNP/Au
electrode.

mediator free biosensors. On analysis, it was  found that at a scan
rate of 30 mV  s−1, the electrode exhibits a stable and equal oxida-
tion and reduction peak area and current values. Thus, all further
CV studies were carried out at a scan rate of 30 mV s−1.

The surface concentration of electro-active species (� *) (Rui
et al., 2010; Sun et al., 2009) using Faraday law Q = nFA� * (where F
is the Faraday constant, Q is obtained by integrating an anodic peak,
A is the area of the electrode, and n is the number of electrons trans-
ferred (2) (Singh et al., 2010)) for the PPAuNP/Au electrode and the
BSA/C-Mab/PPAuNP/Au electrode was found to be 1.03 × 10−8 and
8.88 × 10−9 mol  cm−2, respectively, at a scan rate of 30 mV  s−1. The
decrease in the value of � * for the BSA/C-Mab/PPAuNP/Au elec-
trode is attributed to the blocking of the electro-active species by
the immobilized BSA and C-Mab.

3.3.2. pH studies
Binding of proteins may  result in rearrangement and confor-

mational changes in their structures (Pandey et al., 2007). Such
changes can result in the change of their optimum activity at a
particular pH value. The ability of amino acids present at the active
sites of the antibody to interact with antigen depends on their elec-
trostatic state and conformation, which in turn depends on the pH
of the solution. Dependence of antibody activity on their conforma-
tion, and thus on pH, makes pH study important in immunosensor

fabrication.

To investigate the optimal pH for cortisol estimation, the activity
of the BSA/C-Mab/PPAuNP/Au electrode was  investigated in the pH
range of 6.0–8.0 at room temperature. The effect of pH on the CV
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response of the BSA/C-Mab/PPAuNP/Au electrode was studied in
PBS (10 mM,  0.9% NaCl) (Supplement Fig. 2). It was observed that
the peak current and potential vary with the value of pH in the
range of 6.0–8.0, and the maximum current was observed in the
pH 6.0–7.0 range. We  postulate that this is due to the doping effect
of PANI in acidic solution. However, the most stable response with
equal oxidation and reduction peak area and current was observed
for pH 7.0. Further, with the increase of pH, the oxidation poten-
tial shifted linearly to the negative side of potential with a slope
of 44.7 mV pH−1. For a perfectly reversible proton coupled elec-
tron transfer process, the slope should be 59 mV pH−1, however, the
BSA/C-Mab/PPAuNP/Au electrode did not show perfectly reversible
behavior; thus, the obtained value was  less than 59 mV pH−1.
For cortisol concentration studies at pH 6.0 (Supplement Fig.
3), no activity was  observed. The absence of activity at pH 6.0
can be attributed to the low affinity of C-Mab for cortisol at an
acidic pH. Thus, due to physiological conditions and the stable
response at pH 7.0, all concentration studies were performed at
pH 7.0.

3.3.3. Cortisol response studies of the BSA/C-Mab/PPAuNP/Au
electrode

To study the activity of the BSA/C-Mab/PPAuNP/Au electrode,
CV experiments at a scan rate of 30 mV  s−1 were conducted after
incubation of the electrode for 30 min  in a PBS (10 mM,  pH 7.0, 0.9%
NaCl) solution containing a specific cortisol concentration. Differ-
ent BSA/C-Mab/PPAuNP/Au electrodes prepared in the same batch
were found to exhibit similar current value with maximum varia-
tion of ±3%; thus for each concentration, a new electrode was used.
For calibration, each concentration was tested using at least three
electrodes and a graph was  plotted (Fig. 5).

Incubation resulted in binding of the antigen on the immobi-
lized antibody, thus making the electrode more insulating with an
increasing concentration of cortisol. The insulating behavior of cor-
tisol binding was investigated by recording the decrease in peak
current of the CV spectra (Fig. 5(a)). It is clear from Fig. 5(b) that
with increasing cortisol concentration the current decreased lin-
early in the range 1 pM–100 nM,  followed the linear equation �I
(�A) = 21.85 + 1.63 log[cortisol conc. (M)], and exhibited a sensi-
tivity of 1.63 �A M−1 with a correlation coefficient of 0.989. The
results from multiple experiments (at least 3 sets), indicated by the
error bars, revealed repeatability within 6%. For cortisol estimation,
DPV studies were also carried out (Supplement Fig. 4). DPV stud-
ies showed that the cortisol can be detected in the 1 pM–100 nM
range and followed �I  (�A) = 32.59 + 2.39 log[cortisol conc. (M)].
The electrode exhibited a sensitivity of 2.39 �A M−1 and a correla-
tion coefficient of 0.989.

3.3.4. Interference studies
Interference studies were conducted by testing the BSA/C-

Mab/PPAuNP/Au electrodes for sequential incubation in PBS
loaded with interferents for 30 min and testing through CV at
30 mV  s−1. The interferents used were BSA (10 �g ml−1) and 17-
�-OH-progesterone (100 nM)  (Supplement Fig. 5). CV spectra
(Supplement Fig. 5) showed the observed response of BSA/C-
Mab/PPAuNP/Au electrodes towards interferents and cortisol
(100 nM). A clear distinction of cortisol curve over BSA (a pro-
tein molecule) and 17-�-OH-progesterone (a similarly structured
molecule from the cortisol family) suggests the specificity and
selectivity of the electrode for cortisol estimation.
Table 1 shows the comparison of our electrode with other
approaches used for cortisol estimation. From Table 1, it is clear
that our system is simpler, better and can detect cortisol in wide
range at neutral pH value, without requiring any external mediator.
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Fig. 5. (a) CV studies of BSA/C-Mab/PPAuNP/Au electrodes as a function of cortisol
concentration: (i) buffer, (ii) 1 pM,  (iii) 10 pM,  (iv) 100 pM,  (v) 1 nM,  (vi) 10 nM and
(vii) 100 nM.  Inset: Zoomed image of the change in peak current with cortisol con-
centration. (b) Linearity curve for the peak current data obtained from CV studies
for  different cortisol concentrations.
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. Conclusions

A label and mediator free electrochemical biosensor based
n polyaniline protected gold nanoparticles (PPAuNPs) has been
abricated for ultrasensitive cortisol estimation. PPAuNPs were syn-
hesized in single step procedure, using aniline as the precursor and
AuCl4 as the oxidant. For electrode fabrication, PPAuNPs were uni-

ormly deposited onto a gold surface via electrophoretic deposition.
he PPAuNP/Au electrode was modified with covalent binding of a
ortisol antibody (C-Mab) and BSA blocking. CV studies revealed a
table peak for the fabricated electrode during repeated scanning,
nd well defined redox peaks in PBS solution of pH 7.0. The sen-
or was successfully tested for cortisol estimation in PBS without
n external mediator or secondary labeling. CV results showed the
ortisol detection up to 1 pM,  with a sensitivity of 1.63 �A M−1. The
lectrode was found to be selective against BSA and 17-�-OH pro-
esterone and can be used for sensitive, mediator free estimation
f cortisol.
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