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ABSTRACT: Cortisol is a major stress biomarker involved in the regulation of
metabolic and immune responses. Readily accessible assays with sufficient
quantitative and temporal resolution can assist in prevention, early diagnosis,
and management of chronic diseases. Whereas conventional assays are costly in
terms of time, labor, and capital, an electrochemical approach offers the possibility
of miniaturization and detection at the point-of-care. Here, we investigate the
biosensor application of molecularly imprinted polypyrrole (PPy) doped with
hexacyanoferrate (HCF) and coupled to reduced graphene oxide functionalized
with S-cyclodextrin (-CD). -CD provides an inclusion site for lipophilic cortisol
and was electrochemically grafted simultaneous with reduction of GO. Next, PPy
was electrochemically deposited in presence of cortisol template with HCF dopant ions serving as intrinsic redox probe. Thus, the
sensor response was evaluated via changes of redox peak current in cyclic voltammetry and demonstrated a broad logarithmic
detection range (S pg/mL to S000 ng/mL, R* = 0.995), with a sensitivity of 8.809 yA log™' (ng/mL) cm™* and LOD of 19.3 pM.
The sensor was shown to be specific toward cortisol in reference to salivary cortisol concentration in saliva over structural analogues.
The sensor was exhibited to determine cortisol in artificial saliva at normal and elevated levels. The good performance and facile
electrochemical fabrication of this antibody- and external label-free interface are promising for the development of affordable point-

Charge Transfer

Current

Cortisol
P

Voltage

'Feld  Fe; cv

Integrated Redox Probe

of-care biosensors.

1. INTRODUCTION

Cortisol is a glucocorticoid hormone released by the adrenal
glands in response to stress, either physiological or
psychological, and it plays an essential role in stress
management by regulating metabolism, glucose levels,
cardiovascular systems, and immune responses.” Chronic stress
can disrupt the normal levels of cortisol which can lead to
illnesses such as diabetes, cardiovascular disease, depression,
and Cushing’s disease. Thus, detecting cortisol levels can assist
in early disease diagnosis and timing of medical interventions.

Cortisol in blood serum is typically bound to proteins.” In
other biological fluids (typically saliva, sweat, and urine), while
cortisol is present, allowing for a noninvasive diagnostic
option,” the concentrations are typically in the range of a few
nM for healthy individuals (3.5-27 nM in saliva and 11-281
nM in urine’) and a broader range in the case of Cushing’s
patients (2.7—166 nM in saliva®). Thus, assays with sufficient
sensitivity and specificity conventionally require chromato-
graphic techniques or immunoassays (enzyme-linked immu-
nosorbent assay), but they require laboratories with trained
personnel.” Accordingly, such techniques require high costs in
terms of time, labor, and capital, rendering them ill-suited for
deployment as point-of-care (PoC) devices. To enable
personalized healthcare, electrochemical biosensors are actively
investigated as they can be fabricated affordably and the
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instrumentation can be miniaturized,® which makes it attractive
for implementation in PoC devices. With the advancements in
internet-of-things, mobile computing and networking tech-
nologies, electrochemical biosensors can be integrated with
these technologies to enable a new generation of data-driven
intelli§ent sensors for stress-free personal healthcare manage-
ment.

Early attempts at electrochemical cortisol detection involved
adapting the immunometric methods from the lab onto the
electrochemical transducers.'"” While antibodies exhibit high
sensor performance, they are costly to isolate and prone to
denaturation. An alternative to using natural receptors is to
fabricate a molecularly imprinted polymer (MIP) containing
target-specific sites that can selectively bind to the target
molecule.'’ MIPs have several advantages over biological
recognition elements such as ease of fabrication, stability, and
affordability.'” Recently, there has been some interest in
designing and developing electrochemical sensors for cortisol
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by the bulk polymerization of MIPs using polymers
methacrylic acid"® and ethylene glycol.'* In contrast, electro-
chemical polymerization techniques offer a simple, one-step
process of directly depositing an MIP on the electrode surface
with a greater degree of control over polymer morphology.'®
Computational studies have suggested that pyrrole-based
polymers are suitable for fabricating cortisol-specific electro-
chemical MIP sensors.'”"” The oxygen-containing electro-
negative functional groups present on the cortisol can interact
with electropositive hydrogen attached to the nitrogen of
pyrrole via hydrogen bonding, which helps in encapsulating
cortisol in the polypyrrole (PPy) network during electro-
polymerization. Pyrrole can be electrochemically polymerized
under ambient conditions, and the resulting PPy is stable and
conductive in neutral pH, making it an excellent candidate for
physiological MIPs and other sensing applications."®"’

Cyclodextrins (CDs) are a class of cyclic oligosaccharides of
a-p-glucopyranose subunits, with f-CD consisting of seven
such subunits. They are shaped as a frustum with amphiphilic
properties—hydrophobic inner cavity and hydrophilic outer
side. This allows B-CD to form supramolecular inclusion
complexes with molecules of appropriate size; therefore, they
are studied extensively for drug delivery.”””" The host—guest
interactions between CDs and target molecules can be
leveraged as a recognition signal, and indeed, CDs have been
used in fabrication of sensors.”>~>* Because of this property, f-
CD was selected to enhance the performance of the sensor.
The combination of f-CD functioning as complimentary
recognition sites in conjunction with MIP, which increases the
template imprinting during MIP fabrication.”> Graphene and
its derivatives have been extensively studied for electro-
chemical biosensing applications,”® in conjunction with
antibodies as immunosensors””*® and aptamers.”” Graphene
oxide (GO) is an attractive interface material’’ which can be
produced inexpensively by wet oxidation and exfoliation of
graphite in comparison to traditional electrochemical electro-
des. GO also provides high density of functional groups
suitable for functionalization. GO can be electrochemically
reduced to yield reduced GO (rGO), which offers high
conductivity and while retaining the surface for functionaliza-
tion. This allows for effective deposition of S-CD on the
electrode surface.’’ Moreover, these properties of GO and
rGO have been used in combination with MIPs to enhance
their performance.”” Hence, we have selected rGO as the base
transducer in our study. A key challenge in deploying a sensor
outside of a laboratory as a PoC device is scaling the
manufacturing of the biosensor and related instrumentation.
Inkjet and 3D printing are some of the most cost-effective and
versatile methods of manufacturing, and these techniques can
be utilized to produce GO-based printed electrodes at
scale.”>**

Since cortisol and PPy are electrochemically stable, their
interaction does not produce a redox signal and thus
necessitates the use of an external redox label such as

hexacyanoferrate (HCF) ([Fe(CN)]*™/*7), which makes it
difficult to develop it further as a miniature device. Internal-
ization of such redox probes can be achieved by forming a
charge complex during oxidation of pyrrole to PPy, which
eliminates the need of an external label, simplifying the PoC
application of the sensor. The PPy—HCF system has been
invesg'sga;cgd for biosensors and energy storage applica-
tions.™

In this investigation, to the best of the authors’ knowledge,
the present study is the first description of a cortisol sensor
composed of a f-CD-functionalized rGO decorated with a
cortisol-specific PPy MIP doped with HCF internal redox
probe for the electrochemical determination of cortisol in
physiological samples. CD was deposited on GO with its
simultaneous reduction by cyclic voltammetry (CV). Im-
printed PPy was utilized in conjunction with doped HCF,
which offered external label-free signal, which was suppressed
as target molecules bound to imprinted sites. The prepared
sensor was shown to demonstrate sensitivity toward cortisol in
a broad logarithmic range. The sensor was verified for
determination of cortisol concentration in artificial saliva in
reference ranges for both healthy and unhealthy salivary
cortisol, thus exhibiting potential for implementation in
noninvasive PoC cortisol diagnostic application.

2. MATERIALS AND METHODS

2.1. Materials. Cortisol (C,;H;,05, hydrocortisone), f-CD
[(C¢H4Os),], potassium HCF(II) trihydrate (K,[Fe(CN)4]-
3H,0), potassium HCF(III) (K,[Fe(CN)4]), graphite pow-
der, sulfuric acid (H,SO,, 98%), sodium nitrate (NaNOj),
potassium permanganate (KMnO,), hydrogen peroxide
(H,0,, 30% in water), 1 M hydrochloric acid (HCl), ethanol,
dimethyl sulfoxide (DMSO), glucose, urea, sodium L-lactate,
cholesterol, progesterone, testosterone, sodium chloride
(NaCl), disodium hydrogen phosphate (Na,HPO,), anhy-
drous calcium chloride (CaCl,), and mucin were procured
from Fujifilm WAKO (Japan). Phosphate buffer saline (PBS,
pH 7.4) and ultrapure water were obtained from Gibco
(Thermofischer). Pyrrole (C,H;N) was obtained from Tokyo
Chemicals (TCI, Japan). All chemicals were used as received.
Rod-type glassy carbon electrodes (GCE, surface area = 0.07
cm?) were obtained from ALS Co., Ltd. (Japan).

2.2. Material Characterization. Electrochemical synthe-
ses and analyses were performed using an electrochemical
analyzer (ALS/CH, model 618E) in a single-cell (glass vial, 23
mL, ALS), three-electrode setup which consisted of a
(modified) GCE as the working electrode (WE), a platinum
wire counter electrode (CE), and AglAgCll 3.3 M KCI
reference electrode. Electrochemical characterization was
performed by CV and electrochemical impedance spectrosco-
py (EIS) in PBS containing a S mM HCF redox probe. EIS was
measured at a constant DC potential of 0.25 V with the
amplitude of the sinusoidal AC potential set to S mV. The AC
frequency was varied from 100 kHz to 0.1 kHz, and 12 data
points per decade of frequency were collected. Scanning
electron microscopy (SEM) was performed using an SM-200
SEM system (Topcon, Japan) with acceleration voltages of S—
15 kV.

2.3. Preparation of MIP Biosensor. GO was prepared
from graphite powder using a modified Hummers’ method.”
GCE was polished using 0.05 pgm alumina and then
ultrasonicated in water, followed by ethanol, and then finally
again in water. The GCE was then electrochemically cleaned in
0.5 M H,SO, by CV for 10 cycles in the potential window of
—1.0 to +1.0 V at a scan rate of 100 mV/s. After rinsing and
drying the GCE, a 10 uL aliquot of 0.1 mg/mL GO
suspension, which was homogenized by ultrasonication for 2
h, was drop-casted on the GCE surface and dried in ambient
conditions to obtain GO/GCE. f-CD was electropolymerized
on the GO/GCE surface by CV with PBS as the supporting
electrolyte containing 0.01 M f-CD as the monomer. With
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Figure 1. Schematic of Cortisol MIP sensor fabrication based on electropolymerization of pyrrole on CD—rGO/GCE doped with Cortisol and
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Figure 2. (a) CV response during electrochemical deposition of f-CD on GO/GCE. Electrochemical characterization of (modified) GCE during
each stage of fabrication of CD—rGO/GCE in a S mM [Fe(CN)é]s_M_ redox probe in PBS (pH 7.4) using (b) CV and (c) EIS. (d) R, values

obtained during each modification.

GO/GCE as the WE, the potential was cycled continuously
between —1.0 and 1.0 V at a scan rate of 20 mV/s for 10
cycles.”’ The resulting CD—rGO/GCE was washed gently
with water and dried in air for later use.

Before proceeding with MIP fabrication, 10 mM cortisol
(solubilized with help of DMSO) solution was prepared in
PBS, and inclusion in CD—rGO/GCE was performed by
immersion for 30 min. For MIP fabrication, an electro-
polymerization mixture was prepared using S mM cortisol, 5
mM K,[Fe(CN)¢], S mM K;[Fe(CN)g], and 20 mM pyrrole
in PBS. Nitrogen gas was bubbled through the mixture for 10

33493

min to remove oxygen. Pyrrole was electropolymerized on the
surface of CD—rGO/GCE by CV in the potential window of
—0.2 to +0.9 V at a scan rate of 50 mV/s for 10 cycles to
obtain PPy—CD-rGO/GCE.">"” After polymerization, the
electrode was washed with PBS to remove unbound
monomers. The template was eluted from the polymer matrix
by overoxidation by CV in the potential window of —0.2 to
+0.8 V in PBS containing S mM HCF at a scan rate of 50 mV/
s for 20 cycles. The electrode was then washed with PBS and
dried in nitrogen stream. The resulting electrode is hereafter

referred to as the PPy—HCF/CD—-rGO/GCE MIP. A non-
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Figure 3. Cyclic voltammograms collected during (a) pyrrole electropolymerization with cortisol, (b) pyrrole electropolymerization without
cortisol, (c) overoxidation of PPy—HCF to create MIP, and (d) overoxidation of PPy—HCF to create NIP.

imprinted polymer (NIP) version (PPy—HCF/CD-rGO/
GCE NIP) of the MIP was prepared similarly, but without
using cortisol in the fabrication process. The fabrication
process is schematized in Figure 1.

2.4. Analytical Evaluation. The modified electrodes (MIP
and NIP) were subjected to an electrochemical study using
PBS as the electrolyte, which offer a standard and repeatable
environment representative of a typical physiological pH,
without any external redox probe. Calibration curve was
obtained by recording the CV in the range of —0.5 to +0.5 V at
10 mV/s. Prior to the measurement, a 10 uL aliquot of the
cortisol solution of predetermined concentration in PBS,
prepared by diluting from a stock solution of 1 mg/mL cortisol
in ethanol, was dropped on the electrode surface and allowed
to incubate for 10 min. After measuring response at a given
concentration, the sensors were gently washed with fresh PBS
and response for the next aliquot was recorded.

To test the selectivity of the biosensor, signals obtained for
100 ng/mL interfering species were compared against signal
obtained for 5 ng/mL cortisol, which represents the mean
salivary cortisol concentration.” Glucose, lactate, cholesterol,*
and urea®’ were used as they are common interfering species in
saliva. Testosterone and progesterone were selected to
represent the structural analogues of cortisol. A recovery
study was performed using artificial saliva prepared from the
procedure described by Usha et al.** Simply, 0.4 g/L of NaCl,
0.6 g/L of Na,HPO,, 4 g/L of urea, 0.6 g/L of CaCl,, and 4 g/
L of mucin were prepared in water and adjusted to a pH of 7.2.
Artificial salivary cortisol samples were prepared by spiking
cortisol to a known concentration. The samples were then
diluted ten times in PBS prior to measurement.® Responses for
artificial saliva samples were recorded using new sensors.
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3. RESULTS AND DISCUSSION

3.1. Preparation of Cortisol Sensor. 3.1.1. Fabrication
of CD—rGO/GCE. Figure 2a shows the CV during fabrication
of CD—rGO/GCE. The CV curve widened with each cycle,
indicating an increase in conductivity due to reduction of GO
to rGO with the simultaneous deposition of CD. A cathodic
peak was observed at around —0.5 V, which is attributable to
the reduction of oxygen-containing functional groups on GO
and CD, whereas elevated currents near +1.0 V corresponding
to the oxidation of the hydroxyl groups were observed on CD.
During deposition, the primary hydroxyl groups present on CD
undergo (partial) oxidation, which can form ester linkages with
carboxylic acid groups present on GO.* In addition, a pair of
weak peaks can be observed near 0 V and can be attributed to
redox pairs of functional groups present on GO.**

Figure 2b shows the CV characterization of bare GCE, GO/
GCE, and CD—rGO/GCE using 5 mM HCF redox probe in
PBS. GCE showed characteristic redox peaks of HCF with
peak currents of around 60 yA, whereas GO/GCE exhibited a
suppressed voltammogram with small peaks of around 1.5 A,
indicating that GO inhibits the charge transfer from HCF to
the electrode, which is possibly due to electrostatic repulsion of
HCF by various oxygen-containing negatively charged func-
tional groups on GO such as hydroxyl and carboxylic groups.
This decreases the electrochemically active surface of GO for
HCF, coupled with a decreased number of sp* carbon or
graphitic characteristic, which affect the conductivity of the
graphene material. " After the reduction of GO in the presence
of CD, the currents increased markedly, slightly beyond those
of bare GCE, implying the restoration of some graphitic
characteristic.

These observations are corroborated by EIS measurements
illustrated in Figure 2c in the presence of the HCF redox
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Figure 4. (a) EIS spectra of PPy (black) and overoxidized PPy (oPPy, blue). (b) Values of R; (black, axis to the right) and C; (red, axis to the left)

extracted from the IES.

probe. The obtained spectra were fitted to Randle’s equivalent
circuit to characterize various sources of impedance. The
circuit comprised charge-transfer resistance (R.) connected in
series with diffusion or Warburg impedance (W), both of
which were connected to double layer capacitance (Cy) in
parallel, and they were all finally connected in series with
solution resistance (R;). Although R is similar for (modified)
GCEs (90 Q), the rest of the spectra differs markedly, with
main difference being the R, which represents the charge
transfer of the HCF redox probe at the electrode—electrolyte
interface. As shown in Figure 2d, the values of R, for GCE and
GO/GCE are similar, with that of GO/GCE being slightly
larger (1234 Q) than that of unmodified GCE (1002 Q).
However, after electrochemical modification of GO/GCE to
CD-rGO/GCE, R, drops significantly (12.3 €2). The errors
are too small to be found on the graph (n = 3). This indicates
that modification improves the charge transfer of HCF
compared to bare GCE, which can serve as a basis for further
modification with the MIP.

3.1.2. Fabrication of PPy—HCF MIP. Electrochemical
methods enable PPy deposition on the electrode surface with
ease and flexibility.”> There are parameters such monomer and
dopant concentration (see page S2 in Supporting Information)
which can be adjusted to obtain polymer film suitable for the
required application. In the case of MIP fabrication, the
formation of a thick and dense polymer can lead to insufficient
binding site formation and thus negatively affects the final
sensitivity of the MIP. It can be controlled by adjusting
monomer concentration. Monomer concentration is also
determined by the concentration of template molecules.
Since cortisol has limited solubility in aqueous media, it limits
the amount of monomer that can be employed. For a
noncovalent MIP, usually a monomer/template ratio of 4:1 is
recommended for better stability of the monomer—template
complex.*>*

Figure 3a shows the CV for PPy—HCF/CD—-rGO/GCE
MIP fabrication; the redox peaks associated with HCF are
visible, with anodic and cathodic peaks settling at around 0.27
and 0.06 V, respectively, by the 10th cycle. The voltammogram
widens with subsequent cycles, a characteristic indicating the
formation of conducting polymers such as PPy,15 although the
separation becomes smaller, with a marginal difference by the
10th cycle, signifying the formation of a conductive PPy film of
adequate thickness. Further cycling the potential leads to the
formation of thicker PPy films, which can affect the sensitivity
and performance of the resulting sensor. Hence, the number of
electropolymerization cycles was fixed to 10. During electro-
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polymerization, the cortisol template diffuses to the electrode
surface and becomes incorporated into the PPy matrix.
Comparing voltammograms collected during MIP versus NIP
fabrication (Figure 3b), we observe higher currents for the NIP
electropolymerization. Since cortisol is not an electrochemi-
cally active molecule, it hinders the charge transfer during MIP
formation. In its absence, higher currents observed during NIP
formation indicate the possibility of a thicker or denser PPy
film.

After MIP electropolymerization, it is necessary to extract
the embedded cortisol template and free up imprinted binding
sites. This was achieved by overoxidation of PPy*’ which
changes the charge density of the polymer and weakens
hydrogen bonding between PPy and cortisol. The over-
oxidation method was adopted over elution using organic
solvents so that the excess swelling or phase separation of PPy
film can be avoided, which may distort the imprinted sites and
negatively affect performance.”® The overoxidation for elution
was performed in PBS containing S mM HCEF. The
voltammogram for both the MIP and NIP (Figure 3c,d) is
observed to be shrinking with successive cycles. In addition to
template elution, overoxidation makes PPy dope with
negatively charged hydroxyl and carbonyl groups,"*” which
is observed as diminishing peaks of the HCF redox probe in
Figure 3c. Concomitantly, the charge density on the PPy chain
is altered and results in a partial dedoping of HCF counter-
anions from the PPy matrix as a new charge equilibrium is
reached. As can be observed in Figure 3c¢,d, overoxidizing the
MIP and NIP initiate an irreversible oxidation of the PPy—
HCF matrix, with PPy getting doped with oxygen-containing
groups and some HCF molecules ejected out as well.

The changes in the PPy film pre- and post-overoxidation
were characterized by studying the EIS spectra extracted in the
presence of the 5 mM HCF redox couple at 0.25 V and are
presented in Figure 4a. Unlike Randle’s circuit used to
characterize the EIS spectra as in the case of the (modified)
GCE electrodes in Section 3.1.1, a modified equivalent circuit
diagram was fitted instead, which better describes the PPy
behavior.*” Here, the film resistance (R;) and capacitance (Cy)
are connected in parallel, with their combination connected
serially with a constant phase element, which is assigned as a
non-ideal double-layer capacitance. The overoxidation of PPy
led to marked increases in both R; (from 259 to 4485 Q) and
C¢ (from 0.72 to 160 uF), which are shown in Figure 4b. The
errors are too small to be found on the graph (n = 3).

3.2. SEM and EDS. SEM was conducted to observe the
surface morphology after each step of modification during MIP
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Figure 5. CV response collected in PBS with different cortisol concentration incubated (scan rate = 10 mV/s): (a) PPy—HCF/CD—-rGO/GCE
MIP and (b) PPy—HCF/CD—rGO/GCE NIP. (c) Calibration plot for relative current change versus cortisol concentration for MIP and NIP (n =
3). (d) Selectivity study using an MIP sensor response for 100 ng/mL interferents compared against 5 ng/mL cortisol. (n = 3).

fabrication. Figure S2a shows the drop-casted GO on the GCE.
It can be observed that GO is deposited as thin layers with
many folds, creases, and wrinkling on the surface along with
some continuous areas. After the reduction of GO to rGO, the
sp® characteristics of graphite starts to return, resulting in a
higher planar structure. This planarity can be observed as a
more rigid wrinkled morphology than in the case of GO in
Figure S2b. The creases and folds have shrunk and become
sharper in appearance. Figure S2c,d shows a SEM image of
PPy. After electropolymerization, the surface is covered with
micro-porous cauliflower-like structures, indicative of a
networked structure of the PPy matrix.'> The overoxidation
of PPy leads to the dedoping of the PPy membrane, which
elutes out the template as well as other ionic species. As a
result, the cauliflower-like structures decrease in size, as seen in
Figure S2ef. Energy-dispersive X-ray spectroscopy (EDS)
analysis was performed for the prepared MIP. The data are
presented in Figure S3. Distinct peaks in the spectrum
associated with iron confirms the presence of HCF in the
prepared MIP.

3.3. Analytical Performance. The analytical performance
of the sensor was evaluated by recording CV to different
cortisol concentrations (Figure S5a) and characterizing the
change in CV. Taking the anodic peak current around 0.2 V as
a sensor response, we observe that increasing cortisol
concentration for incubation decreases its magnitude. A
broad range of cortisol concentrations was assessed, and it
was found that the sensor response exhibited a linear
relationship between the change in current from the baseline
and the logarithmic change in cortisol concentration in the
range of 5 pg/mL to 5000 ng/mL. Comparing the CV
response of the MIP with the NIP in Figure 5b, the NIP shows
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a negligible change in current. This nonperformance of the
NIP in capturing cortisol can be attributed to the absence of
specific cortisol-binding sites. The imprinting process generates
intrinsic sites suitable for and selective toward the target.
Increasing the analyte concentration allows more target
molecules to occupy those sites, thus increasing the impedance
of the polymer for charge transfer, which manifests as a
decrease in peak current in the voltammogram. Although PPy
can still interact with cortisol via hydrogen bonding and
contribute to the impedance, the lack of binding sites limits the
adsorption of cortisol. In addition, voltammograms of NIP
exhibited a slightly higher current than the MIP and the
absence of a more pronounced anodic peak. A possible
explanation for this is the formation of a denser PPy film
during NIP electropolymerization.

Plotting the values of peak current obtained relative to the
baseline (without any cortisol) against the cortisol concen-
tration yields a calibration curve: Ai(uA) = 0.6227 X log,(c,
ng/mL) + 1.8829 in the range of S pg/mL to 5000 ng/mL in
PBS with excellent linearity (R* = 0.995) and sensitivity (8.809
UA log™'(ng/mL) cm™2). The prepared MIP offered a broad
range of cortisol concentrations with an LOD (30) of 19.3 pM
for n = 3. The LOD is sufficiently low to noninvasively detect
cortisol in various biological fluids such as sweat and saliva. In
contrast, the slope of the NIP is nearly flat and may be
attributed to the nonspecific interactions of cortisol with NIP
(Figure 5¢).

Comparison with other recent reports of cortisol sensors
listed in Tables S1 and S2 suggests that the PPy—HCF/CD—
rGO/GCE electrochemical MIP sensor prepared in this work
offer broad logarithmic detection range and low LOD, which is
sufficient for cortisol determination in biological samples such
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as saliva and urine as well as diagnosing Cushing’s disease.
Unlike some MIPs which require external redox labels for
detection, we have integrated HCF within the PPy matrix itself
for external label-free cortisol detection, making it suitable for
PoC application. The sensor discussed in this work is easy to
fabricate as all the fabrication steps can be performed using
electrochemical methods. Electrochemical sensing methods
allow for PoC detection by miniaturizing the necessary
instrumentation. In addition, the sensor is affordable to
fabricate (cost analysis in Table S4) as the sensor does not
employ expensive materials such as aptamers, antibodies, gold,
and metalloporphyrin. The sensor is limited by the adsorption
kinetics of MIP as evident by logarithmic sensitivity compared
to linear sensitivity offered by some sensors reported in Tables
S1 and S2. While the prepared sensor exhibits better sensitivity
compared to other PPy based MIP,"” it falls short compared to
some reported cortisol immunosensor [72 A log™'(g/ mL)].”’
One of the future endeavors is to leverage computational tools
which can help in characterization and optimization of
materials and methods to enhance sensitivity and performance
of the sensor.”

The response of the MIP can be fitted to an adsorption
isotherm to understand the affinity of MIP toward the target.>’
Several common adsorption isotherm models including
Langmuir, Freundlich, and Sips models®'*? were considered.
It was found that the Sips model (hybrid Langmuir—
Freundlich model) offered the best fit

N,aC"

"1+ aC" (1)

where B is related to the amount of the bound analyte, which
in turn is related to the change in the peak current of signal
after measurement. N, is the representative binding site
density. m is the heterogeneity index ranging from 0 to 1 (1
means completely homogeneous). a is related to affinity
constant by K, = a'/™. Fitting the curve to the Sips model
yields m = 0.24, which indicates that the binding sites were
highly heterogeneous in nature, which is a characteristic of a
noncovalently formed MIP,>® whereas the binding affinity was
computed to be 1.6 X 10 M™, which is excellent for a
noncovalent MIP when compared to binding affinities reported
for other MIPs (Table S3).

3.4. Selectivity and Recovery. The relative change in
signal obtained in the presence of 5 ng/mL cortisol were
compared with response obtained for interfering species. The
relative changes in the peak current of electrochemical signal
are presented in Figure 5d. However, urea does not appreciably
affect the signal response; comparatively, glucose and lactate
produce slightly larger interference. Cortisol contains a lactate
moiety that can allow lactate molecule to diffuse in the cavities.
Glucose can react with other species during charge transfer,
affecting the signals. Comparing with structural analogues,
testosterone and progesterone hormones show greater changes
in the MIP response. The hormones are structurally similar to
cortisol since they are all derived from cholesterol, which can
allow them to occupy the binding sites easily compared with
other interferents. Cholesterol exhibited smaller response
compared to the hormones which can be attributed to the
large aliphatic branch on cholesterol hindering its interaction
with the MIP. A normalized current change of 0.32 (on the X-
axis of Figure S5d) correlates to the lower limit of reference
salivary cortisol (3.5 nM), while the interferents exhibited
significantly lesser normalized current change, which implies

33497

that the nonspecific response of the interferents do not
meaningfully affect the sensor performance in the reference
salivary cortisol concentration range.

Clinical applicability was investigated by spiking cortisol into
artificial saliva at concentrations representative of healthy and
unhealthy levels. The artificial samples were diluted 10X with
PBS prior to the measurement. The measurements shown in
Table 1 exhibit satisfactory recovery (96—109%) in the range

Table 1. Measurement of Cortisol in Artificial Saliva
Samples (n = 3)

initial

concentration concentration after concentration recovery
(ng/mL) dilution (ng/mL) measured (ng/mL) (%)

1 0.1 0.109 + 0.019 109.31
2 0.2 0.193 + 0.054 96.58
N 0.5 0.502 + 0.071 100.41
10 1 1.04 = 0.07 104.60
20 2 2.05 £ 0.12 102.67
S0 N $.25 +£ 033 105.13
100 10 9.73 £ 0.58 97.28
200 20 19.9 + 2.0S 99.60
500 S0 52.2 £ 0.58 104.47

of 1-500 ng/mL, which covers a broad range of salivary
cortisol levels in healthy and unhealthy individuals. The future
work will involve investigating the fabrication of miniature two-
dimensional sensors based on materials and methods discussed
in this study and employing them as a PoC device to
determine cortisol levels in real clinical samples.

4. CONCLUSIONS

A p-CD/rGO decorated with the HCF redox probe-doped
PPy was successfully fabricated as a molecularly imprinted
biosensor for cortisol. CD was electrochemically deposited on
GO with concurrent reduction to rGO to prepare an
inexpensive conductive electrode material. PPy MIP was
electropolymerized on the CD—rGO/GCE surface using CV.
The internalization of HCF redox probes enabled the
detection of the changes in film impedance as a better readable
redox signal strength. The prepared PPy—CD—-rGO/GCE
MIP exhibited a linear response with respect to logarithmic
cortisol concentration in a broad range from $ pg/mL to 5000
ng/mL with a low detection limit of 19.3 pM, which is
satisfactory for determining cortisol in biological fluids. The
biosensor also demonstrated specificity toward cortisol, not to
various interferents. The methods and materials discussed in
this study can be applied to the fabrication of similar
biosensors for other stress biomarkers such as serotonin.
Furthermore, the methods can be used to prepare a miniature
sensing device based on field effect transistors..
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