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ABSTRACT: There is a strong and growing need to monitor stress biomarkers in vivo
for real-time emotional and wellness assessment. Toward this, we report a reagent-free
electrochemical aptasensor with a nanocomposite antifouling layer for sensitive and
continuous detection of cortisol in human serum. A thiolated, methylene blue (MB)-
tagged conformation-switching aptamer was immobilized over a gold nanowire (AuNW)
nanocomposite to capture cortisol and generate a signal proportional to the cortisol
concentration. The signal is recorded through differential pulse voltammetry (DPV) and
chronoamperometry. The aptasensor exhibited a sensitive response with 0.51 and 0.68
nM detection limits in spiked buffer and undiluted serum samples, respectively.
Interference from other structurally similar analogs, namely, epinephrine and cholic acid,
was negligible (<10%). The developed nanocomposite-based aptasensor showed
excellent stability in undiluted human serum, outperforming several other nano-
composite materials even after prolonged exposure. This work lays the foundation for
new biosensor formats such as implantable and wearable sensors.

■ INTRODUCTION

Stress affects the physical and mental health of everyone. It is
recognized as a major risk factor and a silent contributor to
various health-related disorders.1 The American Institute of
Stress reported that 120 000 deaths per year are directly caused
by stress and that stress leads to an annual economic burden of
more than $200 billion.2 The number of stress-related health
disorders has increased significantly over the last decade3 and
will likely see a significant spike due to the added pressures of
COVID-19. Stress comes in many forms, from long-term,
chronic stress caused by workload or health issues to short-
term, extreme situations such as the flight or fight reaction
caused by life-threatening situations.4 An individual’s physical
and emotional makeup can escalate or de-escalate the effects of
stress.5 Continuous or routine monitoring of stress levels is a
vital yet neglected aspect of our health, especially for high-
stress professions (e.g., military, law enforcement, and
emergency personal), athletes, and people with pre-existing
medical conditions.
The human body responds to stress by modulating the

release of hormones that alter the biochemistry of the whole
body.6 Thus, hormones provide a view into the nervous system
and serve as powerful biomarkers, specifically serotonin,
epinephrine, norepinephrine, and cortisol.1 Among these,
cortisol is a very attractive biomarker as it is present in high
concentrations in various bodily fluids (blood, urine, saliva, and
interstitial fluid), and its concentration directly fluctuates with
the individual’s stress level.7 Cortisol is a glucocorticoid

hormone secreted by the adrenal gland. It follows the circadian
rhythm (also known as the natural sleep−wake cycle) and
works in cohort with other hormones in the neuroendocrine
system. Besides stress, increased cortisol levels are linked to
other disorders such as inflammation, irritable bowel
syndrome, chronic fatigue syndrome, and post-traumatic stress
disorder.8,9 Moreover, cortisol is highly active, has a low
molecular weight (362 Da), is released directly in an unbound
form, and has a rapid response time compared to other stress
biomarkers. Cortisol is rapidly cleared from circulation, unlike
larger stress biomarkers, which provides a more real-time
assessment.1,10 While cortisol is secreted directly into blood
(100−600 nM), it is found in other biofluids as well, such as
sweat (22−392 nM), urine (27−276 nM), and saliva (2.7−4.4
nM).11−13

Currently, cortisol is detected via a spectrophotometric
(absorbance or fluorometric) assay,14 high-performance liquid
chromatography (HPLC),15 liquid chromatography-mass spec-
troscopy (LC-MS),16 enzyme-linked immunosorbent assay
(ELISA), or surface plasmon resonance (SPR).17,18 These
techniques tend to be time-consuming, require skilled
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personnel, and are instrument-dependent, leaving them
laboratory-bound. Recently, electrochemical-based assays
have gained popularity due to their low cost, high sensitivity,
and high level of integration, especially in portable form
factors.19−24 While most electrochemical techniques use an
assay similar to ELISAs, a new format using affinity reagents
with conformation-changing properties is appealing since the
electroactive reporter can be directly conjugated to the probe
molecule, removing the need for a second recognition
element.25−27 Aptamers are single-stranded oligonucleotides
developed through systemic evaluation of ligand by exponen-
tial enrichment process (SELEX) with a high affinity toward
the target molecule.28 They have advantages in terms of
stability, cost, shelf-life, and ease of chemical modifications
compared to traditional antibody-based systems.29,30 Further-
more, aptamers can be engineered to have a conformation-
switching property that allows them to modulate the label’s
position during a binding event when labeled with a redox-
active molecule.26,31,32 These properties make conformation-
changing aptamers attractive for wash-free, reagent-less,
continuous monitoring applications.
In the last decade, many aptamer-based electrochemical

sensors have been reported with various surface chemis-
tries.33−35 However, successful commercialization for clinical
diagnostic applications has been impeded by surface biofouling
where when exposed to complex matrices such as saliva, serum,
or blood,35 nonspecific binding on the sensor surface affects
the sensor performance. While well-established antifouling
coating strategies such as poly(ethylene glycol) (PEG) or oligo
ethylene glycol with BSA or peptides34 prevent nonspecific
adsorption, they also inhibit electron transfer and thus
signaling for some sensors. The nanoengineered conductive
antifouling layer is an alternative structure to prevent
biofouling without hindering the electron transfer.36 This

allows one to make a reliable, continuous monitoring
aptasensor, as demonstrated in this work.
This paper reports an electrochemical sensor based on a

conformation-changing aptamer atop a conductive antifouling
nanocomposite surface to detect cortisol in undiluted human
serum, as shown in Figure 1. The conductive antifouling layer
comprising gold nanowires (AuNWs) and bovine serum
albumin (BSA) cross-linked with glutaraldehyde (GA)
facilitates high-efficiency electron transfer while minimizing
nonspecific binding. The aptasensor performance is demon-
strated with spiking studies, temporal kinetic response, and
sensor stability in serum. We demonstrate, for the first time, an
integrated conductive antifouling layer with a conformation-
switching aptamer for reagent-less detection of cortisol
enabling rapid quantification. The aptasensor achieved
comparable performance to the best-performing cortisol
assay with the significant advantage of detection in undiluted
serum without any sample pretreatment, potentially allowing it
to be used for in vivo and wearable, continuous monitoring
applications.

■ MATERIALS AND METHODS

Reagents and Instruments. Methylene blue (MB)-
tagged, thiolated, HPLC-grade purified aptamer was ordered
from LGC, Biosearch Technologies. The sequence was 5′-SH
(CH2)6-T TTT AGC AG C ACA GAG GTC AGA TGC AAA
CCA CAC CTG AGT GGT TAG CGT ATG TCA TTT
ACG GC TTT T-MB 3MB.37 At both ends of the aptamer,
tetrathymine (illustrated in italics) oligonucleotides were
attached as a linker region to support the native conformation
after immobilization on the gold surface. The selected aptamer
has a binding affinity (Kd) of 6.9 ± 2.8 μM,37 and its clinical
significance has been validated by several research groups.38−43

Another cortisol binding aptamer with a Kd of 30 nM44 was
reported recently,13 but its conformation-switching property

Figure 1. Overview of aptasensor fabrication and cortisol measurement. (Step 1) Synthesis of antifouling nanocomposite layer (BSA/AuNW/GA)
on a gold electrode. (Step 2) Immobilization of MB-tagged, thiolated cortisol aptamer, followed by (Step 3) blocking with mercaptoethanol. (Step
4) Incubation with sample and (Step 5) DPV measurement.
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on target binding still needs to be investigated. The aptamer
binding buffer and measurement buffer compositions are
described in Supporting Information Table S1. Phosphate
buffer saline (PBS), NaCl, MgCl2, KCl, bovine serum albumin
(BSA), 4500 × 30 nm2 gold nanowire (AuNW) (#716944), a
15 nm diameter reactant-free gold nanoparticle (AuNP)
suspended in PBS (#777099), 6-mercapto-1-hexanol (MCH;
#451088), β-mercaptoethanol (#6250), sulfuric acid
(#339741), and human serum from AB-positive males were
purchased from Sigma-Aldrich. Gold nanospheres (AuNSs)
(#790128-010) with a 250 nm diameter were obtained from
Corpuscular, Inc. Alumina powder (50 nm core size) was
procured from CH Instruments, Inc. All analytical-grade
reagents such as cortisol, cholic acid, epinephrine, and glucose
were obtained from Sigma-Aldrich. Glutaraldehyde (GA) was
purchased from Spectrum Chemicals. Tris(2-carboxyethyl)-
phosphine (TCEP; #77720) bond-breaker solution was
ordered from Thermo Fisher Scientific.
Differential pulse voltammetry (DPV), chronoamperometry

(CA), cyclic voltammetry (CV), and electrochemical impe-
dance spectroscopy (EIS) measurements were performed using
a benchtop potentiostat (CH Instruments, 750E). A three-
electrode setup was used for all experiments with Au (BASI,
#MF-2114), Ag/AgCl (BASi), and Pt wires (CH Instruments,
#CHI115) as the working electrode (WE), reference electrode
(RE), and counter electrode (CE), respectively.
Electrode Cleaning. Bare gold electrodes (3 mm

diameter) were chemically cleaned in piranha solution (3:1
ratio of H2SO4/H2O2; safety note: piranha is a highly corrosive
solution and requires extreme caution during handling) for 1
min followed by mechanical cleaning with a slurry of 50 nm
alumina particles on a polishing pad (BASi) by rubbing in a
figure-eight pattern for 5 min each, sequentially. Alumina
particles adhered to the electrodes were removed by sonication
in ethanol and ultrapure water (HPLC grade) for 5 min each,
successively. Afterward, electrodes were electrochemically
cleaned in 0.5 M H2SO4 by sweeping the potential between
−0.5 and 1.4 V versus Ag/AgCl until a steady characteristic
redox current peak was observed. The electrodes were then
washed with ultrapure water and air-dried.
Preparation of the Nanocomposite and Reduction of

the Thiolated MB-Tagged Aptamer. The antifouling layer
on the electrode composed of a nanocomposite with
conductive properties was prepared using a previously reported
method45 with minor modifications. Briefly, 5 mg of BSA was
dissolved through gentle pipetting in 1 mL of AuNW in H2O,
followed by sonication for 5 min in a water bath. The resulting
nanocomposite solution was stored at 4 °C for later use. The
thiol-modified aptamer was received in an oxidized form and
protected with a disulfide (S−S) bond. One hundred
micromolar of TCEP solution was added to 10 μM of
aptamer, suspended in binding buffer, and incubated for 1 h at
room temperature to reduce the disulfide bond. The reduced
aptamer was used for sensor fabrication without purification.
Sensor Fabrication. Clean gold electrodes were incubated

in 79 μL of antifouling nanocomposite solution consisting of
69 μL of the nanocomposite with 10 μL of a 25% GA solution
and left for 24 h in a humidity chamber. The surface-modified
electrodes (Au/BSA/AuNW/GA or Au/NC) were washed
with 1× PBS (pH 7.4) in a shaker for 30 min followed by a CV
scan (−0.5 to 0.8 V at 0.1 V/s) in measurement buffer for
surface activation and again washed with ultrapure water. Fifty
microliters of a 2 μM reduced thiolated MB-tagged aptamer in

binding buffer was incubated with the NC-layered electrode for
16 h in a humidity chamber. After immobilization, the
unbound aptamer was washed with binding buffer. To further
ensure proper coverage of the exposed electrode surface, the
electrodes were treated with 1 mM of β-mercaptoethanol in
binding buffer for 15 min. The aptasensor was again washed
with ultrapure water and then air-dried.

Atomic Force Microscopy (AFM). Topological character-
ization of the sensor surface to determine morphology and
roughness of the antifouling layer was performed by AFM in
continuous tapping mode with a <7 nm radius curvature tip
using a Veeco scanning probe microscope (Cypher, Asylum
Research; DI-3100, Veeco). Data analysis was performed with
WsxM v5.

Electrochemical Characterization of Aptasensor. A
layer-by-layer assembly of the aptasensor was characterized by
CV and EIS measurements. EIS spectra were recorded with a 5
mV ac amplitude from 1 Hz to 1 MHz. The resulting curves
were fit with Z-view (Scribner Associates). Voltammograms
were measured using CV from −0.5 to 0.8 V at a 0.1 V/s scan
rate with a 1 mV sample interval. All electrochemical
measurements were performed in 10 mM [Fe(CN)6]

4−/3−

with 0.2 M KCl in PBS solution, pH 7.4.
Calculation of the Electron Transfer Rate. The MB-

tagged aptamer has a variable distance from the electrode
surface before and after binding with cortisol, which affects the
electron transfer rate (kET) between the redox molecules and
the surface. This rate was calculated using Laviron’s
method.46,47 The difference (ΔEp) between the anodic (Epa)
and cathodic (Epc) peak potentials at different logarithmic scan
rates (ν) was used to calculate kET and the transfer coefficient
(α) using
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where E0 is the perceptible midpoint potential of the redox
species, n is the number of electrons transferred (n = 2 for
MB), R is the gas constant, T is the temperature, F is Faraday’s
constant, and α is the transfer coefficient representing the
measure of the symmetry of the activation barrier.

Cortisol Assay. Before the measurement, the aptasensor
was equilibrated in the measurement buffer until a stable
voltammogram signal was observed. It was then incubated for
30 min in 200 μL of binding buffer or serum spiked with
varying cortisol concentrations. Experiments with human
serum were performed without any processing or pretreatment.
The sensor was gently washed with binding buffer, and DPV
measurements were taken in the measurement buffer. DPV
measurements were collected from −0.45 to 0.1 V in 5 mV
steps with a 100 mV amplitude, a 50 ms pulse width, a 20 ms
sample width, and a 500 ms pulse period. The specificity assays
followed the same process but with competitive targets,
namely, epinephrine, cholic acid, and other significant serum
constituents such as glucose. Chronoamperometry experiments
were carried out with continuous stirring at 200−300 rpm and
a constant potential of 0.26 V versus Ag/AgCl by
supplementing cortisol.

Statistical Analysis. All data shown are the mean values
with 1 standard deviation as error bars. Data were obtained
from three experiments performed with independent sensors
fabricated and examined under similar conditions. Origin v9.0
was used for statistical analysis. The limit of detection (LOD)
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was calculated using the slope method, where LOD = 3 ×
standard deviation (SD) of the blank/slope.48 The kinetic
constants were extracted using Graphpad Prism (v9.1).

■ RESULTS AND DISCUSSION

Sensor Surface Characterization. The aptasensor was
fabricated by depositing a nanocomposite (NC) layer
consisting of gold nanowires (AuNWs), proteins, and a
cross-linker (glutaraldehyde) over a gold electrode. The
aptamer was then covalently linked via the thiol groups on
the aptamer and AuNW. The stepwise fabrication process was
characterized by AFM. Figure 2A−C shows measured
topographical and morphological features on the sensor
surface for a bare electrode, an electrode coated with the
nanocomposite material, and a fully functionalized sensor
consisting of the nanocomposite, aptamer, and blocking layers.
As expected, the surface roughness decreased after the
nanocomposite layer and then increased after the aptamer
and blocking layers. Cross-sectional images are shown in
Supporting Information Figure S1 to provide further evidence
of the proper layer-by-layer assembly. The AFM images
demonstrate that the electrode is well constructed and
homogeneous with no large aggregates or defects.
The sensor’s electrochemical characteristics were then

investigated by CV and EIS in a redox buffer containing 10
mM of ferri-/ferrocyanide, [Fe(CN)6]

4−/3−. Figure 2D shows
the gradual reduction of the redox peak due to the reduced
electron transport after each layer’s addition. The NC layer
provides a 3D scaffold with excellent antifouling properties
while not significantly hindering the electron transfer.45

Compared to a BSA/AuNW passivation layer, the NC led to
significantly less reduction in the oxidation/reduction peak
currents (Supporting Information Figure S2A) and was thus
selected for all subsequent sensors. Immobilizing the thiolated
aptamer on the NC layer reduces the oxidation/reduction peak
currents due to the charge repulsion from the aptamer’s
negative phosphate backbone and the partial surface
passivation.49 Finally, the surface was blocked with β-

mercaptoethanol (2ME) to passivate the surface. A slight
decrease in redox current was observed due to the blocking of
pinhole islands over the sensor surface by 2ME, i.e. small,
planar insulated molecules. These data indicate successful
aptamer immobilization and blocking of the gold electrode
surface.
EIS was used as a confirmatory technique to verify the

functionalization. Nyquist plots fitted with a Randles−Ershler
equivalent circuit model are shown in Figure 2E. The charge-
transfer resistance (Rct) increased from 120 ± 12 Ω for the
blank gold electrode to 152 ± 25 Ω after immobilization of the
NC layer. The subsequent aptamer immobilization and
blocking further increased the impedance to 470 ± 39 and
687 ± 32 Ω, respectively. The stepwise reduction in the
oxidation/reduction peak current and increase in Rct indicate
successful fabrication of the aptasensor.
The electron transport rate from the redox molecules

through the sensor surface was assessed by measuring
voltammograms at different scan rates, ranging from 10 to
100 mV/s (Figures 2F and S2B). The oxidation and reduction
currents increased linearly with the square root of the scan rate.
The presence of an electroactive species, Γ, at the electrode
surface was calculated with Faraday’s law, Q = nFAΓ, where F
is Faraday’s constant (96 485 C/mol), A is the electrode area
(0.07 cm2), n is the number of electrons, and Q is calculated by
integrating the anodic peak at 30 mV/s (similar oxidation and
reduction peaks). Γ was found to be 1.33 × 10−8 and 9.9 ×
10−9 mol·cm2 for the blank and aptamer-modified electrodes,
respectively. A slight reduction in the redox species’ surface
concentration was observed for the aptamer NC-modified
electrode, indicating a diffusion-limited process instigated by
electrostatic repulsion from the aptamer’s phosphate backbone.

Optimization of the Aptamer Density and Incubation
Time. The aptamer density on the sensor surface plays a
critical role in determining the overall sensor performance.
Loosely packed aptamers significantly reduce the signal,
especially in redox-labeled conformation-switching aptamers.50

In contrast, densely packed aptamers can cause steric

Figure 2. Sensor surface characterization. AFM images of the (A) bare gold electrode, (B) nanocomposite layer of BSA/AuNW/GA over the gold
electrode, and (C) aptamer immobilization on the nanocomposite layer. Electrochemical characterization of the fabrication process using (D) CV
and (E) EIS. (F) Measured voltammograms at different scan rates. The inset shows the extracted redox peak mean current versus the square root of
the scan rate.
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hindrance and not provide enough space to allow the aptamer
to adopt a suitable 3D conformation resulting in reduced
binding efficiency.51 The surface coverage was studied through
a matrix of experiments to maximize the electrochemical
response. The best response was obtained with 2 μM of
aptamer across the entire range of cortisol concentrations
(Figure 3A). Higher concentrations resulted in a lower signal,
as expected from the previous discussion. EIS was used to
optimize the incubation time with 1 μM of the cognate
protein. The data in Figure 3B show Rct decreasing over time
as the binding to cortisol brings the redox reporter close to the
surface, reducing the charge-transfer resistance. Rct increased
linearly for the first 30 min (point of inversion) and then
started to plateau (Figure 3C). These conditions were used for
all subsequent assays.
Cortisol Detection. The proposed aptasensor strategy for

enhanced antifouling properties and reagent-less sensitive
cortisol detection through a conformation-switching aptamer
is illustrated in Figure 1. The enhanced sensitivity and
antifouling property are reinforced by the immobilization of
the aptamer on an NC matrix. BSA (pI ∼4.7) in the NC
prevents the sensor surface from biofouling via charge
repulsion, whereas the AuNW functions as a nanowire to
sustain electron transfer from the MB-tagged aptamer.
Aptamer conformation switching occurs when binding with
cortisol, and the ostensible distance between distal-appended
MB and electrode surface decreases. Such conformational
changes instigate a fast interfacial rate of electron transfer (kET)
from 13.6 to 40.7 s−1 between the redox molecule and the
electrode surface, as calculated from the Laviron equation
before and after interaction with cortisol (Supporting
Information Figure S5A). Based on this principle, we measured
contrived samples by spiking cortisol into a buffer or undiluted
human serum and incubating the sample on the aptasensor for

30 min. The sensor response was observed using DPV with the
typical MB oxidation peak (−260 mV), as shown in Figure 4.
The aptasensor response exhibited a monotonic increase in
peak current with increasing cortisol concentration between 1
and 1000 nM in buffer (Figure 4A) and undiluted human
serum (Figure 4C). The gradual current increase results from
the accumulation of MB near the sensor surface due to cortisol
binding with the structure-switching aptamer. Compared to
larger targets (e.g., proteins), small molecules like cortisol have
better accessibility to the aptamer and greatly benefit from the
confirmation-switching property.52 The background signal in
the control trace (buffer) is likely due to the MB-tagged
aptamer’s misorientation on the electrode surface. This
background signal is further increased in serum due to the
basal cortisol level in the pooled serum as no attempt was
made to deplete it. As depicted in Figure 4A,C, a slight peak
shift was observed and attributed to the binding of partially
charged cortisol44,53 with the MB-tagged aptamer. The
modified Nernst equation,54 E0′ = E0 + ϕpet − ϕs, explains
this, where E0′ is the formal potential, E0 is the standard
electrode potential, ϕs is the solution potential, and ϕpet is the
potential of the electron transfer plane, i.e. the plane where the
electroactive molecule lies. It is clear from this equation that
the solution potential remains constant in a fixed ionic strength
solution; however, a change in ϕpet takes place upon binding of
a charged molecule and leads to a peak shift.
Calibration curves were generated by compiling the

aptasensor responses from varying cortisol concentrations, as
shown in Figure 4B,D. A linear detection range from 1 to 1000
nM for contrived samples in both buffer and serum was
observed, covering the physiological cortisol range of 100−600
nM in humans.7 Further extending the concentrations beyond
this range to get saturation is not significant as per clinical
requirements. A linear response calibration model is preferred

Figure 3. Optimization of the aptamer density and incubation time. (A) Signal recorded by DPV with cortisol (1 μM) spiked in binding buffer at
various aptamer concentrations (0.5, 1.0, 1.5, 2, 2.5 μM). (B) Binding time optimization study through EIS using Nyquist plots, fitted with the
Randles equivalent circuit, where Rs is the solution resistance, Zw is the Warburg diffusion impedance, and Cdl is the double-layer capacitance. (C)
Change in Rct versus the binding time.
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for biosensing over other models (curvilinear or nonlinear)
due to its implementation simplicity.55 A slightly lower
sensitivity was seen in serum, likely due to the presence of
off-target proteins, different ionic strength, and different
conductivity compared to that of buffer.56 More importantly,
repeated measurements were highly reproducible and con-
sistent. We measured a high signal-to-noise ratio compared to
the background, which varies from 22 to 74 times in buffer and
6 to 48 times in serum from the lowest (1 nM) to the highest
(1000 nM) cortisol concentration (Supporting Information
Figure S3A). The limit of detection (LOD) was calculated to
be 0.51 and 0.68 nM in buffer and undiluted human serum,
respectively, whereas the sensitivity was 84.0 and 78.0 nA/
mm2/[cortisol/nM] in buffer and serum, respectively. Both
calibration curves had very linear fits (R2 > 0.97). These data
demonstrate the ability to detect cortisol in both buffer and
undiluted human serum with high sensitivity across the
physiological range.
Analytical performance validation was performed using the

recovery ratio method57 and compared with standard systems
such as absorbance and fluorescence spectroscopy (Supporting
Information Figure S3B). The recovery of cortisol from a
spiked sample with the aptasensor was 98.7%, compared to
98.1 and 102% in absorbance and fluorescence spectroscopies,
respectively (Supporting Information Table S2). This estab-
lished the sensing accuracy relative to standard spectroscopy
methods. The intra- and interbatch relative standard deviations
(RSDs) were 3.45 and 5.68%, respectively (Supporting
Information Figure S4A). The low RSD values (<10%)
demonstrate the aptasensor’s precision. Reusability was studied
using 1× PBS with 1 M NaCl at pH 4.5 for 15 min. The
aptasensor was successfully regenerated 3× without significant
loss in binding efficiency (Supporting Information Figure
S4B). The slight reduction (∼8%) in aptamer regeneration
efficiency compared to preliminary binding may be due to

repetitive exposure to low pH solution of highly concentrated
salt.

Specificity and Stability in Human Serum. Interference
due to off-target proteins and/or small molecules in serum is a
significant problem for many biosensors. Having already
demonstrated cortisol detection in undiluted human serum,
we screened for interference using structural analogs of cortisol
such as epinephrine and cholic acid, as well as glucose since its
level is regulated by cortisol. Each of these potential
interferents was spiked in buffer at a concentration of 1000
nM and measured using the same optimized parameters
previously described (Figure 5A). The signal was much lower
(<10%) than the target molecule spiked in at the same
concentration in each case. These data demonstrate the
aptamer’s selectivity to correctly bind the cognate molecule,
even in the presence of closely related analogs.
Sensor stability is a prerequisite for clinical diagnostic

applications. We performed measurements where the sensor
was exposed to serum for an extended duration to demonstrate
the sensor’s stability and antifouling properties. For compar-
ison, we constructed aptasensors with gold nanospheres
(AuNSs), gold nanowires (AuNWs), and gold nanoparticles
(AuNPs) in equal densities by drop-casting on a clean gold
electrode. The electrodes were then functionalized using the
previously described protocol. The layer-by-layer assembly was
characterized by CV (Supporting Information Figure S5B−D)
and DPV (Supporting Information Figure S6). The results
confirmed the successful fabrication of nanomaterial-based
aptamer sensors. The signal due to cortisol was investigated
before and after a 3 h incubation in serum, as shown in Figure
5B. The responses were normalized to the initial signal to
remove the conductivity differences. After 3 h, reduced sensor
performance was observed for all other nanomaterials except
the Au/NC/Au layer, demonstrating superior stability and
antifouling properties.

Figure 4. Spiked cortisol detection in buffer and undiluted human serum. Measured voltammograms using DPV with aptasensor at different
concentrations of cortisol spiked in (A) buffer and (C) undiluted human serum with the corresponding calibration curves (B) and (D),
respectively.
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The performance of the aptasensor was tested for real-time
detection of cortisol in buffer with chronoamperometry. As
depicted in Figure 5C, the aptasensor responded to increasing
concentrations from 50 to 1000 nM in measurement buffer
with well-defined chronoamperograms. The control experi-
ment was performed in similar conditions in the absence of
cortisol (red line). The kinetics followed a diffusion-limited
process with a concentration-dependent increase in the current

described by the Cottrell equation (I = nFAc0√D/Πt), where
the current, I, depends on the number of electrons, n,
transferred per MB molecule on the electrode area, A, for a
cortisol concentration c0 with a diffusion coefficient, D.
Chronoamperometry is less sensitive than DPV; hence,
concentrations less than 50 nM did not show a measurable
response. The aforementioned range of real-time detection (i.e.
50−1000 nM) is sufficient for analyzing clinical samples. The

Figure 5. Specificity of the aptasensor and real-time response. (A) Change in current density due to off-target molecules. (B) Sensor stability in
serum compared with those in other nanomaterial-based aptasensors. (C) Chronoamperometry response of the aptasensor with calibration plot
(inset) as a function of cortisol concentration (black) and without cortisol (red) in 1× PBS with a 0.2 M KCl solution at −0.26 V versus Ag/AgCl.
(D) Aptamer dynamic binding characteristics.

Table 1. Performance Comparison of Existing State-of-the-Art Cortisol Aptasensors

method probe surface test matrix DR (nM)
LOD
(nM)

colorimetric aggregation of
AuNP37

aptamer AuNP serum 150−600 29.5

electrochemistry
(amperometry)
triamcinolone competitive
assay38

aptamer graphene-modified glassy carbon electrode saliva and
serum

0.1−32 000 0.032

aptamer-based lateral flow
assay40

aptamer−AuNP cysteamine/nitrocellulose sweat 32−327 2.7

aptamer-based lateral flow
assay13

aptamer−AuNP nitrocellulose diluted saliva 0.41−41 1.01

copper porphyrin-printed
electrode41

aptamer−magnetic particle multiwalled carbon nanotubes/copper/porphyrin saliva 1.6−65.0 1.0

CNT−nanogap FET39 aptamer multiwalled carbon nanotube serum
(10× diluted)

0.1−2000 50

surface plasmon resonance
(SPR)42

aptamer gold/titanium layer over glass sweat 82−16 500 32

electrochemistry (EIS)43 aptamer mercaptohexanol over gold electrode sweat 5−30 5
electrochemistry (DPV)
antibody−AuNP
prelabeled cortisol58

aptamer−antibody with
AuNP

MWCNTs/CMK-3/AgNP/AuNP saliva
(10× diluted)

0.00002−276 3 × 10−7

electrochemistry (DPV)
(this work)

structure-switching
aptamer−MB

AuNW/BSA/GA over gold electrode serum 1−1000 0.68
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calibration curve shown in the inset of Figure 5C exhibits good
sensitivity (0.769 pA/[cortisol]/nM) and linearity (R2 = 0.98).
These data provide proof that the developed aptasensor is
suitable for real-time monitoring applications.
The sensor regeneration capability was analyzed with a time-

dependent DPV response through aptamer association and
dissociation in buffer (Figure 5D). The binding of cortisol with
the aptasensor led to increased current density, reaching a
steady-state level after 50 min. After plateauing, the cortisol-
spiked buffer was replaced with measurement buffer, and
unbinding of the target from the aptasensor was observed,
indicating partial recovery response by the aptasensor. An
increase in binding affinity of the surface-immobilized
aptamer21,42 and the absence of washing or chaotropic agents
in the buffer are possible reasons for the partial recovery.31,39

Fitted globally with a 1:1 kinetic binding model, an association
rate (kon) of 1.16 × 105 M−1 s−1 and a dissociation rate (koff) of
8.03 × 10−1 s−1 were measured.
Performance Comparison. A comparison of the reported

aptasensor and state-of-the-art aptamer-based assays is
summarized in Table 1. Huang et al. reported a sensitive
technique with a very low LOD (∼0.3 fM) using an aptamer−
antibody hybrid assay; however, this high sensitivity required a
long assay time and prelabeling of cortisol with a gold
nanoparticle (AuNP)-conjugated antibody.58 Sanghavi et al.
reported an aptasensor based on the competitive displacement
of electroactive species with a low LOD (∼32 pM) and a wide
dynamic (DR) range (100 pM to 32 μM); however, it is not
suitable for long-term, continuous detection.38 Xu et al.
reported a similar dynamic range with higher LOD using a
nanogap-based FET sensor with an aptamer-immobilized
carbon nanotube (CNT) as a bridge but in 10-fold diluted
serum.39 Our approach’s strength and novelty lie in using a
conductive antifouling layer with a conformation-changing
aptamer to provide good sensitivity even after prolonged
exposure in undiluted serum. The conformation switching of
the MB-tagged aptamer in the presence of a target allows for
reagent-less, real-time detection.

■ CONCLUSIONS

A novel aptasensor with enhanced antifouling properties for
continuous, reagent-less, and selective detection of the stress
biomarker cortisol in undiluted human serum samples is
reported. The proposed sensor utilizes a 3D nanocomposite
matrix offering antifouling and ease of aptamer immobilization
with high sensitivity in complex biofluids. The aptasensor
demonstrated a rapid response time (<30 s), a sub-nanomolar
level limit of detection (0.68 nM), and a wide dynamic range
(1−1000 nM) in undiluted human serum samples. Although
clinical validation is needed to establish the clinical utility, the
findings of studies are promising and encouraging. These
attributes (i.e. reagent-less, wash-free continuous monitoring
without surface biofouling) make it a suitable approach to
integrate with implantable devices20 to fulfill the unmet need
for real-time stress monitoring. Notably, cortisol levels
fluctuate throughout the day based on internal and external
milieu; hence, an implantable device with continuous
monitoring is needed for longitudinal, real-time assessment.
We envision that the advent of improved state-of-the-art
wireless implantable devices will help integrate the developed
aptasensor for application in continuous wireless monitoring
with the implantable biosensor.
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