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We report on label free, highly sensitive and selective electrochemical immunosensors based on one-
dimensional 1D ZnO nanorods (ZnO-NRs) and two-dimensional 2D ZnO nanoflakes (ZnO-NFs) which
were synthesized on Au-coated substrates using simple one step sonochemical approach. Selective
detection of cortisol using cyclic voltammetry (CV) is achieved by immobilizing anti-cortisol antibody
(Anti-Cab) on the ZnO nanostructures (NSs). 1D ZnO-NRs and 2D ZnO-NFs provide unique sensing
advantages over bulk materials. While 1D-NSs boast a high surface area to volume ratio, 2D-NSs with
large area in polarized (0001) plane and high surface charge density could promote higher Anti-Cab

loading and thus better sensing performance. Beside large surface area, ZnO-NSs also exhibit higher
chemical stability, high catalytic activity, and biocompatibility. TEM studies showed that both ZnO-NSs
are single crystalline oriented in (0001) plane. The measured sensing parameters are in the physiological
range with a sensitivity of 11.86 mA/M exhibited by ZnO-NRs and 7.74 mA/M by ZnO-NFs with the lowest
detection limit of 1 pM which is 100 times better than conventional enzyme-linked immunosorbant
immunoassay (ELISA). ZnO-NSs based cortisol immunosensors were tested on human saliva samples and
the performance were validated with conventional (ELISA) method which exhibits a remarkable
correlation. The developed sensors can be integrated with microfluidic system and miniaturized
potentiostat for point-of-care cortisol detection and such developed protocol can be used in personalized
health monitoring/diagnostic.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Electrochemical immunosensors demonstrate improved per-
formance over other sensing methods with increased detection
range, rapid selective detection, and higher sensitivity which make
them the preferred sensing method of targeted biomolecules for
health quality monitoring. In order to achieve low detection limits
and high sensitivity the immobilizing matrix used in immunosen-
sors should have high surface functionality, high biomolecule
loading and small resistance to electron transport with high
electron transfer rate (Luppa et al., 2001; Arya et al., 2012). This
encourages researchers to explore the utilization of inorganic
semiconductor nanostructures (NSs) as potential immobilizing
matrix for immunosensor development to detect desired target
analyte (Arya et al., 2011). ZnO, a semiconducting material with
high catalytic efficiency, biocompatibility, chemical stability in
), npala@fiu.edu (N. Pala).
physiological environments, low toxicity and a high isoelectric
point (IEP) of about 9.5, has been proposed for biosensing
applications (Arya et al., 2012, Zhang et al., 2004). ZnO-NSs with
different morphologies such as nanorods (NRs), nanowalls, nano-
belts and quantum dots have been used as immobilizing matrix in
fabrication of biosensors for the detection of physiologically
relevant biomarkers such as cholesterol, galactose, glucose
(Nozaki et al., 2013; Khun et al., 2012; Psychoyios et al., 2013; Xu
et al., 2013a). These sensors have demonstrated high stability,
better sensitivity, fast response time and excellent selectivity. 1D
ZnO-NRs which boast high surface-to-volume ratio, and high
electron mobility (Chang et al., 2004) provides a direct, stable
pathway for rapid electron transport and they have emerged as a
very promising material for immobilization of biomolecules with-
out electron mediator for use in immunosensor (Zhou et al., 2006;
Li et al., 2008; Israr et al., 2010). However, despite high surface
area in 1D ZnO-NRs most of the area is enclosed by ¯(1010) facets,
which has less catalytic activity compared to (0001) plane. This
results in diminished signal strength as bulk of the antibody is
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adsorbed here. Apart from small signal strength, incompatibility
with CMOS process, difficulty in making electrical contacts and
conventional nanostructure synthesis processes that generally
require high temperature hinder the integration of 1D ZnO-NSs
in immunosensors (Xu and Wang, 2011). 2D ZnO-NFs synthesized
by sonochemical method have greater active surface area in (0001)
plane (Vabbina et al., 2014). This provides more binding sites for
antibody in (0001) plane which has high surface charge density,
higher catalytic activity, smaller charge transfer resistance and
higher signal strength. Fabrication of electrical contacts on 2D
nanostructures is much easier than 1D structures which allows for
easier integration in to CMOS devices. Sonochemical process is a
simple one-step process in which high quality single crystalline
ZnO-NS's are grown at ambient conditions on a variety of
substrates. The method is rapid, inexpensive, low-temperature,
catalyst-free, CMOS compatible, and environmentally benign (Xu
et al., 2013b; Palumbo et al., 2008).

In this work, simple, low-cost, label free immunosensors were
fabricated using 1D ZnO-NRs and 2D ZnO-NFs as immobilizing
matrix to detect cortisol. In brief, cortisol is a steroid hormone
known as a potential biomarker for psychological stress estima-
tion. Abnormality in cortisol levels is an indicative of many other
disorders such as Cushing's disease, inflammation and Addison's
disease (Kaushik et al., 2014; Holsboer and Ising, 2010). Cortisol is
an important molecule in regulating blood pressure, glucose
levels, and carbohydrate metabolism. The conventional laboratory
cortisol detection techniques such as chromatography, spectro-
scopy, immune-assays and ELISA are only limited to laboratory as
they involve time taking measurement, complex sample prepara-
tion and expensive diagnosis (Kaushik et al., 2014). This deemed
the necessity of electrochemical immunosensing protocol for rapid
and selective cortisol detection.

For selective cortisol estimation, Anti-cortisol antibody (Anti-
Cab) was immobilized on ZnO-NSs matrix via electrostatic inter-
action. The electron transfer rates phenomena for both ZnO-NSs
during fabrication of immunosensor were studied using electro-
chemical impedance spectroscopy (EIS). The results of cyclic
voltammetry (CV) studies related to electrochemical sensing show
a high sensitivity of 11.86 mA/M and lowest detection concentra-
tion of 1 pM. For real applications, the developed immunosensor
were tested on human salivary cortisol and results were validated
using ELISA technique.
2. Materials and methods

2.1. Chemicals and reagents

The hydrocortisone (cortisol), monoclonal cortisol antibody
(anti-cortisol, Anti-Cab), Zinc Nitrate hexahydrate [ZNH; Zn
(NO3)2 6H2O], Zinc acetate dehydrate [ZAD; Zn (CH3COO)2 2H2O]
and Hexamethylenetetramine [HMT; (CH2)6 N4] all purchased
from Sigma-Aldrich. All other chemicals were of analytical grade
and were used without further purification.

2.2. Synthesis of ZnO nanostructures

Two different morphologies, 1D ZnO-NRs which are oriented
perpendicular to the substrate and 2D ZnO-NFs were synthesized
via sonochemical method. We choose this method as it is fast,
inexpensive, catalyst free, CMOS compatible and environmentally
benign compared to other and similar hydrothermal methods and
allows for a well oriented growth over wider range of substrates.

For ZnO-NRs, 150 nm Au was initially coated on Si substrate by
e-beam evaporation followed by growth of seed layer and then
nanorods. The seeding process was performed by immersing the
substrate in a solution of isopropyl alcohol and 5 mM ZAD. The
solution was then irradiated using a commercially available high-
intensity ultrasound setup (750 W ultrasonic processor, Sonics and
Systems), for 1–15 min cycles at an amplitude of 75% of the
maximum amplitude (E32.14 W cm�2) and frequency of
20 kHz. After the seed layer, nanorods were grown by immersing
the substrate in an aqueous solution of 0.02 M ZNH and 0.02 M
HMT and irradiating the solution at 50% of the maximum ampli-
tude of the ultrasonic probe for 20 min providing the solution with
an intensity of 21 W cm�2. The substrate was rinsed with DI water
then dried with N2 after each cycle. For ZnO-NFs, 150 nm Au was
initially deposited on Si substrate by e-beam evaporation, followed
by growth of ZnO-NFs. A solution of 20 mM ZNH and 20 mM HMT
prepared at room temperature by stirring with a magnetic stir bar
at 350 rpm for 5 min to ensure a mixed solution was used as the
only solution for the growth of 2D ZnO-NFs. The solution with the
immersed substrate was then irradiated using a commercially
available high-intensity ultrasound setup (750 W ultrasonic pro-
cessor, Sonics and Systems), for 1–15 min cycles at an amplitude of
70% of the maximum amplitude (E30 W cm�2) and frequency of
20 kHz. The temperature of the aqueous solutions did not exceed
E70 °C.

2.3. Fabrication of ZnO-NSs based immunosensors

For the preparation of ZnO-NSs based immunosensor, 10 mL of
Anti-Cab was covalently immobilized via electrostatic interaction
due to the difference in IEPs of ZnO (9.5) and antibody (4.5) using
physical adsorption. The ZnO-NSs/Au electrodes were incubated
with Anti-Cab for 2 h followed by phosphate buffer saline (PBS, pH
7.4, 10 mM) washing to remove any unbound molecules. PBS
solution was prepared by dissolving 1 PBS tablet in 200 mL of
de-ionized water and was used to prepare the solution of Anti-Cab
(1 mg/mL) and cortisol. The non-binding sites of Anti-Cab/ZnO-
NSs/Au bio electrode were blocked by immobilizing 10 mL of
bovine serum albumin (BSA) for 1 h. followed by PBS washing
and drying at room temperature. The fabricated BSA/Anti-Cab/
ZnO-NSs/Au immunoelectrodes were stored in refrigerator at 4 °C
when not in use.

2.4. Optical characterization

Scanning electron microscopy (SEM, JOEL 7000 FSEM) was used
to image the surface during various stages of electrode fabrication.
Figs. 1(a) and (b) and 3(a) and (b) show ZnO-NR/Au and ZnO-NF/
Au before and after the introduction of Anti-Cab. We can observe
that the electrode surface becomes more uniform and smoother
after the antibody was introduced. This change in the morphology
suggests that the antibody has been successfully immobilized over
the ZnO nanoparticles matrix. Surface roughness was calculated by
using atomic force microscopy (AFM, Nanonics) operated in
resonance frequency using Cr tip with a resonant frequency of
34.95 kHz and tip diameter 20 nm. High resolution transmission
electron microscopy (HRTEM), Tecnai transmission electron mi-
croscope with 300 keV electron beam was used to obtain, HRTEM
an SAED data. The data confirm that both ZnO-NRs and ZnO-NFs
are single crystalline and oriented in [0001] direction with
wurtzite structure. Raman Spectroscopy was studied using Noma-
dic Raman microscope by BaySpec (532 nm laser).

2.5. Electrochemical characterization

EIS and CV studies were performed to compare the electro-
active behavior of the electrodes. The electro-activity of ZnO-NRs/
Au, ZnO-NFs/Au, Anti-Cab/ZnO-NRs/Au and Anti-Cab/ZnO-NFs/Au
electrodes was studied using three electrode system in 3 mL PBS



Fig. 1. (a) FSEM image of vertically oriented ZnO-NRs on Au, (b) FSEM image of ZnO-NFs. (c) SAED image of ZnO-NRs. (d) SAED image of ZnO-NFs. (e) HRTEM image of ZnO-
NRs. (f) HRTEM image of ZnO-NFs. (g) Raman spectra on ZnO-NRs/Au electrode. (h) Raman spectra of ZnO-NFs/Au electrode.
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(pH 7.4) containing 5 mM Fe(CN)63� /4� which acts as an electro-
lyte. VMP3 electrochemical workstation (BioLogic Science Instru-
ment, France) was used for the experiment. CV measurements
were performed at 30 mV/s scan rate unless specified. The CV
measurements were made between �0.6 V to 0.6 V multiple
times in order to test the repeatability. The obtained results show
that the ZnO-NSs are stable over a period of time. All the
electrochemical measurements were made in triplet set and an
average is used for analysis.
2.6. Electrochemical sensing of cortisol

Saliva samples were derived from a biologically-relevant sam-
ple of two female agricultural workers of reproductive age who
engage in shift-work. Much evidence indicates that cortisol levels
vary significantly among female shift workers, and that stress
associated with agricultural work is associated with cortisol level
variation, as is exposure to cortisol. Farmworkers were 24 and 39
years of age, and were recruited based on the following criteria: be
at least 18 years of age, work in agricultural fieldwork, work early
morning shifts, and have exposure to pesticides. These samples
were drawn from another study measuring the effects of a
behavioral study to assess pesticide exposures and stress response.
Recruitment, analyses and other procedures for this study were
approved by the Human Subjects Boards at the Penn State
University and the Florida International University.
Samples were collected five times: at awakening, before their
first work break, at their lunch break (before eating), upon arrival
from work and before bedtime. Samples were stored by partici-
pants at freezing temperature (�20 °C) until they were trans-
ferred and stored at �80 °C by the project team in the field lab.
The standard protocol requires saliva samples to be stored at
�20 °C or lower for preservation of natural and biological proper-
ties over extended periods and while transportation. Each farm-
worker were given written and oral instruction on how to collect
saliva using a Salivette (Sarstedt Inc., Rommelsdorf, Germany) that
consisted of a small cotton roll inside a centrifuge tube. Partici-
pants collected a saliva sample by chewing on the cotton roll for
60 s.

The collected saliva samples were stored at �20 °C to maintain
its biological characteristics. Before sensing, the saliva samples
were de-freezed to room temperature and centrifuged at
3500 rpm for 15 min to extract saliva from salivettes. The sepa-
rated saliva was then pipette out and kept at �20 °C when not in
use. These samples were further used to detect cortisol using
electrochemical immunosensors and ELISA for comparison.

The fabricated BSA/Anti-Cab/ZnO-NP/Au immunoelectrodes
were used to detect various concentration of cortisol using CV
techniques in 30 mL PBS (pH 7.4) containing 5 mM [Fe (CN)6]3� /4�

as redox moieties. The pH of 7.4 was chosen for electrochemical
response studies of immunosensor, as this is the recommended pH
to presume higher biological activity. The fabricated immunoelec-
trodes were used to detect cortisol in saliva samples of two
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specimens collected at different time intervals. 10 ml of saliva
sample was placed on the electrochemical immunosensor and
was allowed to incubate for 30 min to ensure proper binding.
Immunoelectrodes were then washed using PBS �10 mL to
remove unbound saliva.

Cortisol Enzyme immunoassay Kit was procured from Arbor
Assays, MI and a standard protocol was adopted to detect saliva
cortisol. In Brief, 50 ml of 4X diluted saliva was used for the
detection of cortisol.
3. Results and discussion

1D ZnO-NRs and 2D ZnO-NFs were synthesized by one step
sonochemical method on 150 nm-thick Au deposited by e-beam
evaporation over Si. The details of growth process are explained in
our previous work (Vabbina et al., 2011, 2014). Fig. 1(a) and
(b) show scanning electron microscopy (SEM) images of vertically
oriented and uniformly grown ZnO-NRs and 2D ZnO-NFs over Au/
Si substrate. The average diameter of ZnO-NRs is 20 nm and the
average length is 3 mm. ZnO-NFs are 20 nm thick and have the
average lateral dimensions of 5 mm�5 mm. Fig. 1(c)–(f) shows
selective area electron diffraction (SAED) and high resolution
transmission electron microscopy (HRTEM) images of both ZnO-
NRs and ZnO-NFs confirming that ZnO-NRs and ZnO-NFs are single
crystalline and oriented in [0001] direction with wurtzite struc-
ture with a¼3.25 Å and c¼5.21 Å. From the energy dispersive
X-ray spectroscopy (EDX) shown in Supplementary data, we can
see that the nanostructures are purely ZnO with no other impu-
rities. The Raman spectroscopy study for ZnO-NRs and ZnO-NFs is
shown in Fig. 1(g) and (h) respectively. The peak E2 at 437 cm�1 is
characteristic of wurtzite hexagonal phase ZnO (Calzolari and
Nardelli, 2013), while in 2D ZnO-NSs the peak at 1050 cm�1

corresponds to the second order longitudinal optical phonon
vibration.

In an electrochemical immunosensor, oxidation occurs at the
biomolecule immobilized electrode–electrolyte interface where
the biomolecule is oxidized by losing electrons (Fig. 2). The
generated electrons are rapidly transferred through the electrode
material, however, most biomolecules are insulating in nature
which increases the charge transfer resistance inhibiting the
charge carriers. This change in resistance is used in sensing the
biomolecule otherwise called antigen as clear and distinct oxida-
tion peaks are detected for varying concentration of biomolecule
during CV measurements. Therefore in fabricating electrodes for
an effective biosensor, factors such as high antibody binding and
electron transfer rate play a major role. 1D ZnO-NRs with high IEP
(�9.5) has positive surface charge at pH value less than 9.5. At pH
value of 7.4 at which all the experiments in this report were
performed provides binding sites for antibody (Anti-Cab) whose
Fig. 2. (a) Illustration of ZnO-NRs and ZnO-NFs, prepared using sonochemical method
fabricate electrochemical cortisol immunosensor. (b) Electrochemical response at the fa
isoelectric point is 4.2 and thereby is negatively charged under the
experimental conditions. The high surface area in 1D nanostruc-
tures when compared to bulk materials will provide much more
binding sites increasing the antibody loading. At the same time 2D
ZnO-NFs also present higher binding sites due to large area in
(0001) plane which has higher catalytic activity and low charge
transfer resistance. The binding of the antibody to the nanomater-
ial is studied with the help of AFM, SEM and Raman.

Fig. 3(a) and (b) show SEM images of Anti-Cab/ZnO-NRs/Au and
Anti-Cab/ZnO-NFs/Au electrodes, the change in morphology when
compared to the SEM images acquired before introduction of
antibody as shown in Fig. 1(a) and (b) confirms the binding of
antibody to nanostructure matrix. Fig. 3(c) and (d) shows the AFM
images of the electrodes after introduction of the antibody. The
average roughness of Anti-Cab/ZnO-NRs/Au (Fig. 3(c)) over an area
of 20 mm�20 mm was measured to be 124 nm while for the ZnO-
NRs/Au electrode it was 171 nm. In Fig. 3(d) the measured average
surface roughness of Anti-Cab/ZnO-NFs/Au was 158 nm, while
ZnO-NF/Au electrode shows a higher average roughness of
214 nm. The drop in roughness value is due to immobilization of
Anti-Cab which fills the porous surface of the electrode. Data
suggest that the ZnO-NFs structures have more surface roughness
and also bigger drop in roughness value after introduction of Anti-
Cab suggesting greater antibody binding. Raman spectroscopy of
Anti-Cab/ZnO-NRs/Au and Anti-Cab/ZnO-NFs/Au electrodes (Fig. 3
(e) and (f) shows many more peaks other than that characteristic
of wurtzite ZnO-NSs, which suggests a successful binding of Anti-
Cab over ZnO-NSs surface.

Further electro-chemical impedance spectroscopy (EIS) is em-
ployed to study the electron transfer characteristics and associa-
tion constant for binding interactions at the electrode surface. To
improve the selectivity by locking the signal from unbounded sites
on nanoparticles, 10 ml of bovine saline albumin (BSA) solution is
applied.

Fig. 4(a) shows the Nyquist plots of the EIS spectra for bare Au,
ZnO-NRs/Au, Anti-Cab/ZnO-NRs/Au, BSA/Anti-Cab/ZnO-NRs/Au
electrodes and the equivalent Randles circuit (inset). The diameter
of the semicircle represents the charge transfer resistance (Rct) on
the electrode surface. The value of Rct changes from 108.8 Ω for
bare Au electrode to 2.677 kΩ for ZnO-NRs/Au electrode, which
further increases to 3.552 kΩ with the introduction of antibody.
Upon introduction of BSA, an insulating material, it isolates the
non-bounded sites and further increases Rct value for BSA/Anti-
Cab/ZnO-NRs/Au electrode to 7.768 kΩ. The electron transfer from
the electrolyte (5 mM [Fe (CN)6]3�/4� in phosphate buffer solution
(PBS)) to the electrode is hindered with the addition of antibody
which further decreases after addition of BSA, resulting in increase
in Rct. The same characteristics can be observed in BSA/Anti-Cab/
ZnO-NFs/Au electrodes as shown in Fig. 4(b). Here the Rct values
for bare gold electrode is 120.3 Ω, for ZnO-NFs/Au is 1.462 kΩ
along with immobilization of monoclonal anti-cortisol antibody onto ZnO-NSs to
bricated electrodes.



Fig. 3. (a) FSEM image of Anti-Cab/ZnO-NRs/Au immunoelectrode, (b) FSEM image of Anti-Cab/ZnO-NFs/Au immunoelectrode showing change in morphology after antibody
is introduced, (c) AFM image of Anti-Cab/ZnO-NRs/Au with a measured roughness of 124 nm, (d) AFM image of Anti-Cab/ZnO-NFs/Au immunoelectrode with a measured
roughness of 158 nm, (e) Raman shift of Anti-Cab/ZnO-NRs/Au immunoelectrode and (f) Raman shift for Anti-Cab/ZnO-NFs/Au immunoelectrode.

Fig. 4. Stepwise characterization related to the fabrication of ZnO-NSs based electrochemical immunosensor using electrochemical impedance spectroscopy and cyclic
voltammetry (A and B). (a) An increase in Rct from bare Au electrode to BSA/Anti-Cab/ZnO-NRs/Au. (b) Rise of Rct from bare Au electrode to BSA/Anti-Cab/ZnO-NFs/Au
immunoelectrode. (c) Fall in the magnitude of oxidation response current from Au electrode to BSA/Anti-Cab/ZnO-NRs/Au immunoelectrode. (d) Fall in the magnitude of
oxidation response current from Au electrode to BSA/Anti-Cab/ZnO-NFs/Au immunoelectrode. (e) An increment in the magnitude of oxidation response current of Anti-Cab/
ZnO-NRs/Au immunoelectrode with increase in scan rate from 10 mV/s to 100 mV/s. (f) An increment in the magnitude of oxidation response current of Anti-Cab/ZnO-NFs/Au
with increase in scan rate from 10 mV/s to 100 mV/s.
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Table 1
Summary of the impedimetric parameters obtained in stepwise fabrication of
immunosensor.

Rct CPE1 Ket Kac

Au 108.8 Ω 02.74 mF/s 1677.22
ZnO-NRs/Au 2672 Ω 09.80 mF/s 19
Anti-Cab/ZnO-NRs/Au 3552 Ω 14.70 mF/s 9.57 0.3268
BSA/Anti-Cab/ZnO-NRs/Au 7768 Ω 10.45 mF/s 6.159
Au 120.3 Ω 10.11 mF/s 411
ZnO-NFs/Au 1459 Ω 20.83 mF/s 16.45
Anti-Cab/ZnO-NFs/Au 1643 Ω 21.18 mF/s 14.3 0.126
BSA/Anti-Cab/ZnO-NFs/Au 7768 Ω 10.45 mF/s 6.16
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which increases to 1.643 kΩ upon application of antibody for Anti-
Cab/ZnONFs/Au and finally to 5.962 kΩ upon introduction of BSA
for BSA/Anti-Cab/ZnONFs/Au electrode. As can be seen the intro-
duction of BSA an insulating material greatly increases the charge
transfer resistance and hence decreases the redox current. We also
observe that the charge transfer resistance of ZnO-NRs is higher
than the electrodes with ZnO-NFs, which results in higher oxida-
tion current at BSA/Anti-Cab/ZnO-NFs/Au electrode interface as
more charge carriers are absorbed, when compared to BSA/Anti-
Cab/ZnO-NRs/Au interface.

The electron transfer rate (Ket) at the electrode interface can be
estimated by using the EIS and Eq. (1) (Nkosi et al., 2010)

=K
R

1
2( )(CPE) (1)et

ct

where CPE is constant phase element and Rct is the charge transfer
resistance. The binding constant Kac which is an indicative of the
stable binding between the nanoparticles and antibody can be
estimated by using Eq. (2) (Arya et al. 2014).

=
Δ

K
R

R C( ) (2)ac
ct

ct o

where ΔRct is the difference in charge transfer resistance due to
the introduction of antibody and Rct (co) is charge transfer
resistance without antibody. The results of the EIS at various
stages of electrode fabrication are given in Table 1. Anti-Cab/ZnO-
NFs/Au electrodes exhibited higher charge transfer rate when
compared to Anti-Cab/ZnO-NRs/Au which explains the higher
oxidation current observed in CV measurements. As shown in
Fig. 4(c) and (d), the magnitude of oxidation current reduces from
bare Au electrode to BSA/Anti- Cab/ZnO-NRs/Au and BSA/Anti-Cab/
ZnO-NFs/Au electrodes as the charge transfer resistance increases
with every step. As indicated by the higher Kac value in ZnO-NRs,
the Anti-Cab/ZnO-NRs/Au exhibit stable binding between Anti-Cab

and the NRs when compared to ZnO-NFs.
CV method was used to investigate the electro-active behavior of

electrodes and determine the sensitivity of the fabricated electrodes
over a range of cortisol concentrations. Initially Anti-Cab/ZnO-NRs/
Au and Anti-Cab/ZnO-NFs/Au electrodes were studied by varying the
scan rate from 10 mV/s to 100 mV/s (Fig. 4(e) and (f)). The change in
current response with scan rate plotted in the inset of Fig. 4(e) and
(f) shows that the oxidation current increases linearly with scan rate
and follows the relation: (a) I (mA)¼2.6þ0.835ʋ (mV s�1) in case of
Anti-Cab/ZnO-NRs/Au electrode and (b) I (mA)¼74.6þ1.2ʋ (mV s�1)
in case of Anti-Cab/ZnO-NFs/Au electrode, which indicates a surface
controlled process. 10 ml of PBS (10 mM, pH 7.0, 0.9% NaCl) solution
containing specific concentration of cortisol was introduced to BSA/
Anti-Cab/ZnO-NRs/Au and BSA/Anti-Cab/ZnO-NFs/Au electrodes by
incubating for 30 min. The prepared electrodes were cleaned using
DI water before introducing cortisol. During incubation, antigen
(cortisol) binds with the specific antibody (Anti-Cab) forming an
insulating immuno-complex between Anti-Cab and cortisol which
inhibits the electron transport from electrolyte to the electrode and
further increases the charge transfer resistance (Rct). Electrodes
prepared from the same batch were incubated in solutions with
different concentrations of cortisol. The CV measurements indicate
a fall in maximum oxidation current with the addition of cortisol to
the electrode, confirming the increase in Rct. This fall in value
increases with the increase in concentration of cortisol incubated in
the range of 1 pM to 100 nM. The current difference directly
correlates to the cortisol concentration being sensed. Sharp and
distinct oxidation peaks were obtained for ZnO-NFs. For a concen-
tration of 100 pm, peak current of 100 mAwas observed for ZnO-NFs
while for the same concentration the peak current was 50 mA for
ZnO-NRs. High current values and well separated oxidation peaks
were obtained for both Anti-Cab/ZnO-NRs/Au and Anti-Cab/ZnO-
NFs/Au electrodes as shown in Fig. 5(a) and (b). The graph showing
change in current with the log of concentration is almost linear
following the equation: (a) ΔI (mA)¼7.74 log (cortisol conc. (M))þ
94.18 for BSA/Anti-Cab/ZnO-NFs/Au giving a sensitivity of 7.74 mA/M
and (b) ΔI (mA)¼11.86 log (cortisol conc. (M))þ121.69 for BSA/Anti-
Cab/ZnO-NRs/Au electrode at a sensitivity of 11.86 mA/M. A very clear
separation of oxidation current is obtained, which shows that the
electrodes are stable and can be re-used. EIS (Fig. 5(c) and (d)) for
both electrodes at different cortisol concentrations shows that the
values of Rct increases almost linearly with increase in cortisol
concentration (shown in inset).

The selectivity and stability of BSA/Anti-Cab/ZnO-NRs/Au and
BSA/Anti-Cab/ZnO-NSs/Au immunoelectrode with respect to inter-
ferents such as PSA (100 pg/mL), NSE (100 pg/mL), EGFR
(100 pg/mL) and BSAþCortisol (100 pg/mL) with respect to cortisol
(100 pg/mL) have been studied using CV techniques. ZnO-NSs based
cortisol immunosensors exhibits significant electrochemical change
only on adding cortisol (�15%) and show minimum change on
adding interferents (1–3%). The CV studies related to the shelf-life of
both immunosensors confirm that BSA/Anti-Cab/ZnO-NRs/Au and
BSA/Anti-Cab/ZnO-NFs/Au immunoelectrode shows consistent elec-
trochemical response current up to 30 days after which a reduction
in electrochemical response current of �15% is observed.

CV based cortisol immunosensor were used to detect human
salivary cortisol and obtained results were validated using com-
mercially available ELISA sensing technique. The protocol adopted
to detect saliva cortisol using electrochemical immunosensor and
ELISA is reported in our previous work (Pasha et al., 2014). Both
ZnO-NSs based cortisol immunosensor are used for cortisol detec-
tion in human saliva collected at different time. The cortisol
concentration of same saliva samples is detected using ELISA and
compared with the values measured using the fabricated immu-
nosensor. The results of both techniques are summarized in
Supplementary data, Table S2. It was observed that a factor of
2.6 was applied to all the CV calculations in comparison to ELISA.
4. Conclusions

We have fabricated vertically standing 1D ZnO-NRs and lateral
2D ZnO-NFs on Au coated Si, using sonochemical technique to
prepare label free, highly sensitive and selective electrochemical
cortisol immunosensors. Both 1D ZnO-NRs and 2D ZnO-NFs
exhibit selective electrochemical cortisol detection at 1 pM 100
times better than ELISA. ZnO-NFs with sharp and distinct oxida-
tion peaks indicate a much better surface controlled process when
compared to ZnO-NRs. The sensitivity of ZnO-NFs was measured
to be 7.74 mA/M which is comparable to 11.86 mA/M for ZnO-NRs. It
is demonstrated in this work that ZnO-NSs based immunosensors
are capable of detecting cortisol in human saliva sample and were
well-validated using ELISA values. The results of presented work



Fig. 5. (a) CV studies of immunosensors as function of cortisol concentration varying from 100 pM to 100 nM for BSA/Anti-Cab/ZnO-NFs/Au electrode, inset: a calibration
plotted between the obtained the change in response current with respect to each cortisol concentration. (b) CV curves with cortisol concentration varying from 100 pM to
100 nM for BSA/Anti-Cab/ZnO-NRs/Au immunoelectrode, inset: a calibration plotted between the obtained the change in response current with respect to each cortisol
concentration. (c) Change in EIS of BSA/Anti-Cab/ZnO-NFs/Au immunoelectrode with respect to cortisol concentrations. (d) Change in EIS of BSA/Anti-Cab/ZnO-NRs/Au
immunoelectrode with respect to cortisol concentrations.

P.K. Vabbina et al. / Biosensors and Bioelectronics 63 (2015) 124–130130
suggest ZnO-NSs with high surface-to-volume ratio (NRs) and
larger surface area (NFs) as viable materials for cortisol sensing in
human saliva. Such developed ZnO-NSs based electrochemical
immunosensing protocol can be used for the detection of other
biomarkers as well. The presented ZnO-NSs and growth process
technique have further advantage of CMOS compatibility and
therefore can be used in fabricating FETs based devices for
developing solid state sensor for much higher sensitivity in
cortisol detection at point-of-care. The developed protocol is of
use to monitor physiological stress for health monitoring.
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