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This paper reports on an ultrasensitive, disposable, impedimetric biosensor for cortisol detection.
C-Mab (a Cortisol specific monoclonal antibody) was covalently immobilized via amide bond on the
surface of the interdigitated p-electrodes (IDuEs) functionalized with dithiobis(succinimidyl propionate)
(DTSP) self-assembled monolayer (SAM). After C-Mab binding, unreacted active groups of DTSP were
blocked using ethanolamine (EA) and glycine (Gly) mixture. The disposable sensors were exposed to
solutions with different cortisol concentrations and a label-free electrochemical impedance (EIS)
technique was used to determine the cortisol concentration. EIS results confirm that the EA-Gly/C-Mab/
DTSP/IDUE based biosensor exhibited the sensitivity of 2.855 kohms M ! and could accurately detect
cortisol in the range of 1 pM to 10 nM in saliva. This work establishes the feasibility of using an
impedance based biosensor as a disposable cortisol detector, capable of working with complex bodily
fluids (e.g., saliva). The architecture enables the use of cortisol sensors at point-of-care.

1. Introduction

Increasing need for a fast, real-time and reliable medical diag-
nosis has led to growing interest in new point-of-care biological
sensors capable of the sensitive and specific detection of
biomolecules.* Among the various biosensors available today,
electrochemical biosensors, capable of a direct transduction of
the biomolecular recognition event into an electronic signal,
enable lower detection limits in chemical analysis.*® Electro-
chemical sensors continue to be popular for their low cost, mass
fabrication, technical simplicity, fast response, high sensitivity
and their ability to be integrated into microsystems and decen-
tralized in-field analysis.*® Amongst this class of sensors, the
electrochemical impedance spectroscopy (EIS) based biosensors
continue to be a method of choice due to their ability of
recording the information directly at the electrode surfaces, thus
enabling label-free biosensing devices.**? EIS is a powerful and
sensitive technique that can be utilized for the characterization of
surface-modified electrodes and for the investigation of electro-
chemical processes occurring on electrode surface.’®** It analyzes
the resistive and capacitive properties of materials in response to
the periodic small amplitude AC signal over a wide frequency
range.®'* EIS responds to the change caused by binding of
analyte to bio-recognition elements immobilized on the surface
of the electrodes. Yet another advantage of EIS is that it uses
a small perturbation (usually sinusoidal), thus reducing the
matrix interferences in analytical systems.'®!313
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Interdigitated microelectrode (IDuE)-based EIS sensors pos-
sessing a series of parallel micro-band electrodes with alternating
micro-bands connected together, offer advantages such as rapid
reaction kinetics, improved sensitivity, large electrode aspect
ratio (w/l) and increased signal-to-noise ratio.'®*2! Addition-
ally, IDuE is a two-electrode system and it does not require
a third (reference) electrode for EIS response measurement.
Furthermore, these systems attain steady-state current response
faster than three- or four-electrode systems, enabling easier
measurements.?>*

Accurate measurement of cortisol, a stress biomarker, is
gaining increasing clinical significance. Increased cortisol levels
have been linked to stress-related diseases, including chronic
fatigue syndrome (CFS),? irritable bowel syndrome (IBS)* and
post-traumatic stress disorder (PTSD).?” In addition, cortisol is
responsible for maintaining blood pressure, glucose levels, and
carbohydrate metabolism within the physiological limits.>** In
the body, the cortisol serum levels fluctuate between 100 and
500 nM under normal daily conditions, usually reaching the
maximum levels in the morning.?3° Historically cortisol
measurements were made in blood serum. It has recently been
established that cortisol levels in saliva accurately correlate to
cortisol levels in serum, thus enabling the non-invasive estima-
tion of cortisol.3* However, salivatory cortisol levels are nearly
two orders of magnitude lower than serum cortisol (maximum
(morning) cortisol salivary levels range between 1 and 8 ng/ml in
healthy adults (2.78-22.2 nM)),?® requiring a detection technique
that can accurately estimate cortisol in the sub-nanomolar or
picomolar range.

There are a number of potential techniques that can be used
for such cortisol estimation, e.g. high performance liquid chro-
matography (HPLC),**> fluorometric assay,** reverse phase
chromatography,* equilibrium dialysis, ultra filtration tech-
niques,*-*¢ radioimmunoassay (RIA), flow immunoassay and
enzyme-linked immunosorbent assay (ELISA).?*** However,
these techniques tend to be laborious, lengthy, expensive or
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involve the use of radioisotopes, making them inappropriate for
point-of-care applications. Various biosensors based on surface
plasmon resonance (SPR),>**! electrochemical,>** and optical
technique®® have been reported recently for cortisol detection.
The fabrication of these sensors is a bit involved, and in some
cases the analyte needs to be modified which is undesirable.

In this work, we report the successful fabrication of an inter-
digitated p-electrode (IDpE)-based ultrasensitive, label-free
impedimetric biosensor for cortisol testing. Monoclonal anti-
body immobilization involves the use of dithiobis(succinimidyl
propionate) (DTSP) self-assembled monolayer (SAM) on
IDuEs. The sensor was tested with saliva samples and obtained
data were compared with ELISA results for the same samples.
The novel biosensor enabled cortisol detection down to 1 pM
within the 40 min analysis time.

2. Materials and methods
2.1. Chemicals and reagents

Dithiobis(succinimidyl propionate) (DTSP) and sodium boro-
hydride (NaBH,) were purchased from ThermoFisher Scientific.
Monoclonal cortisol antibody (anti-cortisol, C-Mab) 2330-4809
was procured from Abd serotec. Phosphate buffered saline (PBS)
tablets and hydrocortisone (cortisol) were purchased from Sigma
Aldrich. SU-8 resist was purchased from Microchem Corp. All
other chemicals were of analytical grade and were used without
further purification. PBS solution (10 mM, pH 7.4) was prepared
by dissolving 1 tablet in 200 ml of deionized water. Working
solutions of hydrocortisone were prepared by dilution in PBS (10
mM, pH 7.4). Deidentified saliva samples were provided by
Guided Therapeutics Inc. The results of University of South
Florida (USF) measurements were correlated with saliva sample
analysis which was performed by the Systems Laboratory
(Dr Clemens Kirschbaum) in Dresden, Germany.

2.2. Measurement and apparatus

Electrochemical impedance spectroscopy (EIS) was utilized to
characterize the EA-Gly/C-Mab/DTSP/IDUE bio-electrodes and
to estimate cortisol concentration. EIS measurements were
carried out at equilibrium potential without external biasing in
the frequency range of 0.5-10° Hz with a 5 mV amplitude using
Autolab Potentiostat/Galvanostat (Eco Chemie, Netherlands).
EIS measurements were carried out using 65 pl of PBS solution
(10 mM, pH 7.4) containing a mixture of 5 mM Fe(CN)g*
(ferrocyanide) and 5 mM of Fe(CN)g*~ (ferricyanide), i.e. 5 mM
Fe(CN)g*’* as a redox probe. Using the redox probe (5 mM
Fe(CN)g* ), change in charge transfer resistance (R.) at
electrode/electrolyte interface has been investigated in electro-
chemical impedance.

2.3. Test chip fabrication

The IDUE chips were fabricated on an oxidized 4" silicon wafer
using standard photolithography techniques.? Briefly, Cr/Au
(20072000 A) layers deposited using e-beam evaporation and
were patterned through liftoff. IDuEs with 5 um wide electrode
fingers at a pitch of 15 pm were used for the experiments. As
a final step, SU8 chamber patterned around the electrodes using
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Fig. 1 Schematic for (a) interdigitated p-electrodes (IDpEs), (b) optical
microscopic image enlarged, and (c) EA-Gly/C-Mab/DTSP/IDuE bio-
electrode fabrication.

the SU8 50 to create a sample well around these electrodes
(Fig. 1a). SU8 was hard baked at 200 °C to improve its resistance
against hard solvents like acetone.

2.4. SAM preparation and antibody immobilization

The IDuE chips were pre-cleaned with acetone, isopropyl
alcohol, and de-ionized water, and exposed to 2 mg ml~! solution
of DTSP in acetone for 1 h for SAM formation. DTSP solution
was first reduced using NaBH, and then dispensed on the pre-
cleaned chips at room temperature. The DTSP SAM modified
electrodes were then rinsed with acetone to remove any unbound
DTSP followed by water rinsing and utilized for antibody
immobilization. Cortisol antibodies were covalently attached to
the DTSP SAM by incubating the electrode in 65 ul of 1 pg ml~!
antibody in PBS solution (10 mM, pH 7.4), for 1 h. Covalent
binding (amide bond formation) results from the facile reaction
between the amino group of the antibody and the reactive
succinimidyl group of the DTSP on the SAM surface. The sensor
(C-Mab/DTSP/IDuUE) was washed thoroughly with PBS
(10 mM, pH 7.4) to remove any unbound biomolecules followed
by a 10 min washing with ethanolamine (EA) (1%) and glycine
(Gly) (1%) solution in PBS (v/v 9 : 1). EA-Gly solution was used
to block unreacted succinimidyl group on the DTSP SAM and to
remove extra unbound antibodies on the electrode surface. Fig. 1
schematically illustrates (a) the IDuE chip, (b) optical
microscopic image enlarged, and (c) EA-Gly/C-Mab/DTSP/
IDuE bio-electrode fabrication. The fabricated bio-electrodes
were characterized using the electrochemical impedance
technique.

3. Results and discussion
3.1. Electrochemical impedance studies

Nyquist plots of impedance spectra were plotted to study (i) the
change in charge transfer resistance (R.) at sensor-solution
interfaces after DTSP SAM formation, C-Mab binding and EA-
Gly blocking, (ii) the change of charge resistance with changing
concentration of cortisol. All EIS spectra were recorded in PBS
(10 mM, pH 7.4) containing 5 mM Fe(CN)g*~#~ as a redox
probe.

3.1.1. EA-Gly/C-Mab/DTSP/IDuE bio-electrode fabrication.
Fig. 2 shows the Nyquist plots of impedance spectra measured on
the IDPE after each modification processes. In these spectra, the
diameter of a semicircle represents the charge transfer resistance
(R¢y) on the electrode surface. DTSP SAM formation is indicated
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Fig. 2 Nyquist plots of (i) blank IDpE electrode, (i) DTSP/IDpE
electrode, (iii) C-Mab/DTSP/IDpE bio-electrode and (iv) EA-Gly/
C-Mab/DTSP/IDUE bio-electrode.

by the increase in R, from 644 Q (curve (1)) to 3910 Q (curve (ii)).
Further increase in R to 7441 Q (curve (iii)) reveals the binding
of C-Mab onto the DTSP SAM. The increase in R can be
attributed to the non-conducting nature of C-Mab that resists
the charge transfer from solution to the electrode. Finally, slight
decrease in R to 7102 Q (curve (iv)) after treatment with EA-Gly
can be attributed to the removal of unbound C-Mab molecules.

3.1.2. Cortisol response studies of EA-Gly/C-Mab/DTSP/
IDpE bio-electrode. The EA-Gly/C-Mab/DTSP/IDLE bio-elec-
trode was utilized to study the interaction between immobilized
C-Mab and cortisol concentrations from 1 pM to 10 nM
(Fig. 3a). For each concentration, the bio-electrode was incu-
bated in cortisol solution for 30 min, followed by PBS washing
and EIS spectra recording using PBS (10 mM, pH 7.4) containing
5mM Fe(CN)* "~ as a redox probe. From Fig. 3a, it is clear that
R (the diameter of the Nyquist plots) increases with increasing
cortisol concentration. The increase in R is attributed to the
binding of cortisol to immobilized C-Mab on the bio-electrode,
producing an insulating layer that decreases the electron transfer
for the redox probe. For sensing applications the relative change
in EIS data was estimated as it possesses more significant
information than absolute values. A graph between the change in
R (AR, values and the logarithm of cortisol concentrations
reveals a linear detection range for cortisol concentrations in the
range of 1 pM to 10 nM. The linear relationship could be char-
acterized using the linear equation: AR (kohms) = 39.47 + 2.855
log Ceortisol (kohms). This biosensing electrode exhibits a sensi-
tivity of 2.855 kohms M~! with a correlation coefficient of 0.996
and standard deviation of 0.4866 kohms. A curve between the
logarithm of frequency and the imaginary part of impedance
(—Z") has also been plotted (supplementary Fig lat) and can be
utilized for sensing applications. supplementary Fig. lat shows
that —Z" increases regularly with increasing cortisol concentra-
tion.

Though the impedance of all electrodes fabricated in the same
batch should be the same, however, lack of industrial scale
process control in the lab leads to variations in impedance of
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Fig. 3 (a) EIS spectra of EA-Gly/C-Mab/DTSP/IDuE bio-electrode for
cortisol concentration (i) buffer, (if) 1 pM, (iii) 10 pM, (iv) 100 pM (v)
1 nM and (vi) 10 nM; and (b) normalized data curve for data obtained
from EIS studies for different cortisol concentrations.

individual electrodes and C-Mab modified electrodes. In order to
confirm that the observed change in impedance was due to
surface modification and not due to superimposed effects, all
data from an electrode set were normalized. For linear range
detection, normalization was achieved by plotting [charge
transfer resistance for the desired concentration (R.(C;)))/[charge
transfer resistance of the blank EA-Gly/C-Mab/DTSP/IDuE
bio-electrode (R.(C,))] versus logarithm of cortisol concentra-
tion (Fig. 3b). After normalization, all electrodes with different
impedances for the EA-Gly/C-Mab/DTSP/IDuE bio-electrode
exhibited similar response within 4% error for each concentra-
tion. Fig. 3b shows the normalized data curve that can be
characterized using R.(C)/R.(C,) = 7.14 + 0.441 log Ceorisol-
Fig. 3b reveals the linear range of 1 pM to 10 nM, sensitivity
0.441 M~" with a correlation coefficient of 0.993 and a standard
deviation of 0.685. Similar normalization was carried out for
imaginary impedance data and a curve was plotted between [—Z"
for the desired concentration (—Z"(C;)))/[-Z" of the blank EA-
Gly/C-Mab/DTSP/IDUE bio-electrode (—Z"'(C,))] versus the
logarithm of cortisol concentration (supplementary Fig. 1b}). A
curve (supplementary Fig. 1bf) from normalized data can be
characterized using —Z"(C)/—Z"(C,) = 7.33 + 0.449 log Ciorisol
and reveals linearity for cortisol in the range of 1 pM to 10 nM
with a sensitivity of 0.449 M, a correlation coefficient of 0.991
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and a standard deviation of 0.953. It is clear that after normal-
ization, both R, and —Z" give similar response and can be
utilized for sensing.

To account for the variation in initial impedance values for
individual electrodes, all experiments were carried out using
a step-by-step approach to increasing cortisol concentration.
Similar step-by-step concentration studies have been reported by
other researchers and help to avoid superimposed effects of
multi-electrode measurement.?***#7

3.1.3. Selectivity studies. Selectivity tests were conducted
using the EA-Gly/C-Mab/DTSP/IDuE electrode against 17-a-
hydoxyprogesterone which has a high degree of similarity to
cortisol but possesses no affinity to C-Mab. Fig. 4 shows the
selectivity study results which include the EIS electrode spectra
of a buffer only (i), after incubation with 17-a-hydoxy-
progesterone (ii), and after incubation with cortisol (iii). From
Fig. 4, it is clear that the change in R, for 17-a-hydoxy-
progesterone is negligible as compared to cortisol with the same
concentration. Thus, the bio-electrode is selective and can be
used for accurate cortisol estimation.

To compensate for the non-specific effects of other molecules
present in human saliva, a new standard curve for cortisol esti-
mation was generated using a saliva sample. For this study,
a saliva sample with a known cortisol value of 3.0 nM was first
diluted 1000 times to 3 pM in PBS (10 mM, pH 7.4) and then
different concentrations of cortisol were prepared by adding
a standard solution. Use of the diluted saliva sample as a diluent
and EA-Gly as a blocker enables masking of major non-specific
issues. Fig. 5a shows the Nyquist plots for various cortisol
concentrations from 3 pM to 10 nM in samples using saliva as
a diluent. For each concentration, the EA-Gly/C-Mab/DTSP/
IDuE bio-electrode was incubated in cortisol solution for 30 min,
followed by PBS washing and EIS spectra recording in PBS
(10 mM, pH 7.4) containing 5 mM Fe(CN)s* "~ as a redox
probe. It is clear that R increases with increasing cortisol
concentration (Fig. 5a). The change in R value with cortisol
concentration reveals that the EA-Gly/C-Mab/DTSP/IDUE bio-
electrode senses cortisol linearly in the 3 pM to 10 nM range and
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Fig. 4 EIS spectra of EA-Gly/C-Mab/DTSP/IDUE for (i) buffer, (ii) 17-
a-hydoxyprogesterone and (iii) cortisol.
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Fig. 5 (a) EIS spectra of EA-Gly/C-Mab/DTSP/IDpE for cortisol
concentration in diluted saliva (i) buffer, (i) 3 pM, (iii) 13 pM, (iv)
103 pM, (v) 1 nM and (vi) 10 nM. (b) Normalized curve for data obtained
from EIS studies for different cortisol concentrations.

follows a linear equation AR (kohms) = 22.78 + 1.636 log
Ceortisol (kohms). The linearity curve (Fig. 5b), plotted after the
data normalization, follows R (Cj)/R.(C,) = 5.03 + 0.294 log
Ceortisol and exhibits linear behavior in the 3 pM to 10 nM range
with a sensitivity of 0.294 M~!, a correlation coefficient of 0.98
and a standard deviation of 0.911. It was found that the use of
saliva as diluent decreases the biosensor’s sensitivity for cortisol;
howeyver, it enables a more selective measurement.

3.1.4. Saliva testing. The impedance-based biosensor,
described above, was used to analyze the human saliva samples.
Deidentified saliva samples of five subjects were provided by
Guided Therapeutics. These samples were analyzed and
compared with the commercially available competitive ELISA
results obtained for the same samples (Table 1). Measurements
were made using 65 pl of 100x diluted samples in PBS (10 mM,
pH 7.4). A new standard curve with normalization (R.(C;)/
R (C,)) for the 10 to 100 pM range was plotted (supplementary
Fig. 2bt) by testing various concentrations of cortisol in 1000x
diluted saliva diluent (initial value 3.0 nM) (supplementary
Fig. 2a¥).

For each saliva sample, the EIS spectrum was first recorded for
a fresh EA-Gly/C-Mab/DTSP/IDUE bio-electrode in PBS buffer
to get the base value. The bio-electrode, analyzed previously, was
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Table 1 Estimation of cortisol concentration in real saliva samples

Cortisol
R value
sample R (standard Cortisol
R, base (100x dilution) sample/ curve value) x values from

Subject (kohms) (kohms) base 100 (nM) ELISA (nM)
1 11.67 2292 1.964 8.78 7.63
2 16.35  27.71 1.695 4.62 5.51
3 10.29 16.12 1.566 2.61 1.62
4 6.61 13.7 2.073 1046 9.85
5 11.19 19.71 1.761 5.60 6.87

then incubated with the 65 pl sample diluted 100x in PBS buffer
for 30 min, followed by PBS washings, and EIS spectra recording
in PBS (10 mM, pH 7.4) containing 5 mM Fe(CN)s* "~ as
a redox probe (supplementary Fig. 3a-3et). For each bio-elec-
trode, the diameter of the Nyquist plots was found to increase
after incubation with a saliva sample. After testing, the R value
observed for the 100x diluted sample was normalized and the
cortisol level was estimated using the standard curve (supple-
mentary Fig. 2bf). Observed values were compared with the
values obtained with commercial ELISA. Both sets of data
follow a similar trend, thus enabling quantitative validation of
the technique (Table 1). Table 1 shows the cortisol level obtained
using our electrode and with the commercially available
competitive ELISA. The small difference in measured values is
attributed to sample handling techniques.

4. Conclusions

IDUE functionalized with a dithiobis(succinimidyl propionate)
(DTSP) self-assembled monolayer (SAM) can be used to
fabricate an ultrasensitive impedimetric cortisol immunosensor.
A covalently immobilized monoclonal cortisol antibody based
EA-Gly/C-Mab/DTSP/IDUE electrode exhibits linear behavior
in the concentration range of 1 pM to 10 nM, has a low
detection limit of 1 pM and linear regression coefficient of
0.996. The bio-electrode was found to be selective against 17-o-
hydoxyprogesterone and was validated using the human saliva
samples.
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