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Abstract: Cortisol is a vital steroid hormone that has been known as the “stress hormone”, which
is elevated during times of high stress and anxiety and has a significant impact on neurochemistry
and brain health. The improved detection of cortisol is critically important as it will help further
our understanding of stress during several physiological states. Several methods exist to detect
cortisol; however, they suffer from low biocompatibility and spatiotemporal resolution, and they
are relatively slow. In this study, we developed an assay to measure cortisol with carbon fiber
microelectrodes (CFMEs) and fast-scan cyclic voltammetry (FSCV). FSCV is typically utilized to
measure small molecule neurotransmitters by producing a readout cyclic voltammogram (CV) for the
specific detection of biomolecules on a fast, subsecond timescale with biocompatible CFMEs. It has
seen enhanced utility in measuring peptides and other larger compounds. We developed a waveform
that scanned from −0.5 to −1.2 V at 400 V/s to electro-reduce cortisol at the surface of CFMEs. The
sensitivity of cortisol was found to be 0.87 ± 0.055 nA/µM (n = 5) and was found to be adsorption
controlled on the surface of CFMEs and stable over several hours. Cortisol was co-detected with
several other biomolecules such as dopamine, and the waveform was fouling resistant to repeated
injections of cortisol on the surface of the CFMEs. Furthermore, we also measured exogenously
applied cortisol into simulated urine to demonstrate biocompatibility and potential use in vivo. The
specific and biocompatible detection of cortisol with high spatiotemporal resolution will help further
elucidate its biological significance and further understand its physiological importance and impact
on brain health.

Keywords: cortisol; carbon fiber microelectrode; fast scan cyclic voltammetry

1. Introduction

Cortisol is an essential steroid hormone, synthesized from cholesterol, more often
known as the “stress hormone” due to its connection to the body’s response to anxiety.
Cortisol is a known potential biomarker for psychological stress detection, and this psycho-
logical stress is caused by everyday lifestyle activities [1]. Being able to understand how
cortisol functions in the body can help individuals balance their hormones and achieve
optimal brain health. Cortisol is one of the many steroid hormones made in the adrenal
glands [2]. Moreover, it is the main glucocorticoid released from the adrenal cortex, specifi-
cally, the zona fasciculata layer of the cortex [2]. The secretion of cortisol occurs with the
control of the hypothalamus, pituitary gland, and adrenal gland (a combination of these
glands referred to as the HPA axis). The main functions of cortisol in the human body
include immune response, stress response, and glucose and protein homeostasis. Cortisol
has great effects on blood sugar, metabolism, inflammation, and memory formulation [3].
High levels of cortisol may be linked with adverse brain health conditions such as anxiety
and depression. Increased levels are associated with some tumors on the pituitary or
adrenal glands that contribute to a sickness known as Cushing syndrome. Low levels
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of cortisol may potentially cause Addison’s disease or primary adrenal insufficiency [4].
Understanding cortisol’s function is essential when discussing further implications of
neurochemistry on brain health.

Cortisol can be secreted in response to stress and many other vital body functions.
Currently, many methods exist to measure cortisol in urine, saliva, or serum to serve as a
diagnostic for Cushing’s syndrome when glucocorticoid levels are in excess. Biochemical
assays also exist for plasma adrenocorticotropic hormone (ACTH) that is used for local-
ization studies as well as the management of Cushing’s syndrome [5]. Scientists have also
optimized the detection of cortisol in human sweat, which is another application of the
measurement of cortisol [6]. Sweat and saliva samples were collected from subjects after
intense exercise and analyzed using salivary enzyme-linked immunosorbent assay (ELISA),
which measured hydrocortisone levels in human hair. Chromatographic techniques have
also been traditionally used to detect cortisol [6]. On the other hand, the electrochemical
immunosensing of cortisol is a relatively new advancement made toward point-of-care
(POC) detection of cortisol. It is simple, low cost, and efficacious due to its high sensitivity
and selectivity of detection, especially with respect to cortisol [1]. This electrochemical
detection has also been used for measuring cortisol using anti-cortisol antibodies with
immobilized nanostructures such as self-assembled monolayers and polymers for POC
sensors. Other materials such as hydrogels offer other specific advances in sensing such
as POC environmental [7], self-healing multifunctional sensing [8], human motion [9],
antibiotics [10], and other applications [11]. These methods all provide advances in the
measurement of cortisol but lack the specificity, selectivity, and rapid response time of other
techniques such as voltammetric measurements.

For future clinical applications, POC sensors are highly specific and uncomplicated.
An aptamer was modified to allow cortisol to competitively bind, therefore measuring
levels in various biological samples such as saliva and serum [12]. Using square wave
voltammetry (SWV), they applied a potential waveform scanning from −0.5 to −1.2 V
toward the positive direction. Cortisol has also been detected using electrochemical meth-
ods such as using glass carbon electrodes (GCE) within a bonded microwell or nanoslit
device [12]. Several electrochemical methods have been developed to detect and measure
cortisol. Such methods include different assays to measure cortisol in specific samples
such as either in sweat or hair. An automated electro-chemiluminescent immunoassay is a
unique methodology that allows for a quicker and more precise response to a larger sample
of cortisol [13]. This technique is advantageous to mass spectrometry, which is a common
and more sensitive method of detection since it is less expensive and more accessible. The
immunoassay was able to detect various levels of cortisol in human hair of both low and
highly stressed individuals. Cortisol has also been measured from secretions found in
bio-fluids such as sweat with modified conductive carbon fibers. A carbon electrode was
functionalized with ellipsoidal Fe2O3 with 1-Ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) and N-Hydroxysuccinimide (NHS) chemistry to immobilize the antibodies
specific to cortisol [14]. Another study detected changing levels of cortisol by its binding
to MoS2 nanosheets then measured with electrochemical impedance spectroscopy [15].
Furthermore, wireless aptamer field effect transistors (FETs) have also been used for the
sensitive detection of cortisol [16]. These studies all demonstrate a variety of different
methods to measure cortisol ex vivo and provide clinical implications on how cortisol
measurements may be used to develop non-invasive POC devices for stressed individuals.

Recently, carbon fiber microelectrodes (CFMEs) have been utilized with fast-scan cyclic
voltammetry (FSCV) for the measurements of several biologically active neurotransmit-
ters [17,18]. By scanning to higher voltages and back at relatively fast scan rates greater than
100 V/s, the analytes are oxidized and then reduced at the electrode surface [19,20]. Using
CFMEs and FSCV has several advantages over other techniques as they have fast electron
transfer kinetics [21], high spatiotemporal resolution [22], biocompatibility [23] and are
minimally invasive. CFMEs have also been used for the detection of other molecules in
addition to neurotransmitters such as metals [24–26] and more complex molecules such as
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amino acids [27,28] and neuropeptides [29]. Through waveform modification, it has been
shown that the detection of several molecules can be optimized with FSCV.

Here, we utilize FSCV, an electroanalytical technique that allows for the redox mea-
surement of cortisol on carbon fiber microelectrodes (CFMEs). As opposed to other electro-
analytical techniques such as amperometry, FSCV affords both the sensitive and selective
detection of biomolecules based on the shape and the position of the cyclic voltammogram,
which is a chemical fingerprint for detection. We applied a waveform on the CFMEs that
scanned from −0.5 to −1.2 V at 400 V/s, which reduced cortisol on the surface of the
CFMEs. Cortisol was found to be adsorption controlled onto the surface of CFMEs and sta-
ble at the surface of the electrode over several hours. Cortisol did not foul the surface of the
microelectrode with the waveform applied and was co-measured with other biomolecules
such as neurotransmitters, dopamine, and serotonin. Proof of concept measurements were
performed in biological fluid to illustrate potential in vivo applicability. The biocompat-
ible measurement of cortisol at a fast, subsecond timescale will potentially enhance the
detection of cortisol and help further elucidate its physiological role in vivo on brain health
and neurochemistry.

2. Materials and Methods
2.1. Chemicals

All of the chemicals such as cortisol were procured from Sigma-Aldrich, USA (Mil-
waukee, WI, USA) and were used to prepare stock solutions as received. Each 10 mM
stock solution was prepared in 0.1 M perchloric acid and diluted with buffer (145 mM
NaCl, 2.68 mM KCl, 1.4 mM CaCl2, 1.01 mM MgSO4, 1.55 mM Na2HPO4, and 0.45 mM
NaH2PO4 with pH adjusted to 7.0). Epon 828 Epoxy was obtained from Miller–Stephenson,
and diethylenetriamine hardener was obtained from Sigma-Aldrich. All aqueous solutions
were made with deionized water (Millipore, Billerica, MA, USA). A 10 millimolar (mM)
stock solution of cortisol was made in ethanol and then diluted in buffer. The cortisol
stock solution was periodically diluted in buffer to several concentrations used throughout
the study.

2.2. CFME Fabrication

Carbon fiber microelectrodes (CFME) were fabricated as previously described [30]
by aspirating a carbon fiber into a 1.2 mm × 0.68 mm, glass capillary. The glass capillary
was pulled to a fine taper with a Narishige PC-100 vertical capillary puller. The elec-
trodes were trimmed to approximately 100 microns under the microscope to a protruding
length. The electrodes were then epoxied with a 3:1 mixture of EPON 828 hardener and
diethylenetriamine (DETA) and cured in the oven for approximately 3 h at 125 ◦C.

2.3. Fast-Scan Cyclic Voltammetry

Fast-scan cyclic voltammetry (FSCV) measurements were performed with a WaveNeuro
FSCV system (Durham, NC, USA), and a 5 MΩ headstage from Pine Instruments. The runs
were performed with high-definition cyclic voltammetry (HDCV) software, which records
the data and then could be used for analysis. A carbon fiber electrode is used as the working
electrode, where the reaction will occur, and a silver–silver chloride (Ag/AgCl) wire is
used as the reference electrode, which provides constant concentrations of the interested
molecule. An established waveform for dopamine scans from −0.4 to 1.3 V at a scan rate
of 400 V/s. By manipulating the waveform, the detection of cortisol may be performed.
The new waveform for cortisol that was used throughout the experiment scanned from
−0.5 to −1.2 V at 400 V/s, which will highlight the reduction peak instead of the oxidation
peak. The buffer was continually pumped, which washed the tip of the electrode at 1.0 mL
per minute. For each trial run, a 0.2 mL volume of cortisol was injected. The electrode was
backfilled with 0.1 M KCl solution, which created the connection between the headstage,
and equilibrated the electrode by applying the waveform before testing.



Biosensors 2023, 13, 626 4 of 13

2.4. Simulated Urine Measurement

Simulated urine was purchased from Carolina Biological, Burlington, NC. We adjusted
the pH to 7.0 to make it comparable to the PBS buffer. The simulated urine was diluted in a
7.0 pH PBS buffer using a 1:10 ratio in PBS buffer. The mixture was adjusted to a pH of 7.0.

2.5. Statistical Analysis

Statistical analysis was performed with Graphpad PRISM 9 and Excel. Data were
exported from HDCV and imported to an Excel file. After being converted into the Excel
file, the data were then exported into Graphpad PRISM 9 for further analysis. All of the
graphs/figures were created using Graphpad PRISM 9. Some of the data were normalized
by dividing all of the data by the greatest value of the particular dataset.

3. Results and Discussion

In order to establish a physiological sensor for cortisol’s redox reactions, we de-
veloped several waveforms to either reduce or oxidize cortisol at the electrode surface.
However, through waveform method development, we found that cortisol is most likely
reduced using carbon electrodes and FSCV [12]. The sensitivity of cortisol was found to
be 0.87 ± 0.055 (nA/µM), n = 5. Using FSCV, waveforms scanning toward the positive
direction are likely to oxidize the molecule, whereas waveforms scanning toward negative
potentials are mostly likely to reduce the molecule. In cortisol’s oxidation reaction, in
Scheme 1B, the alcohol group is oxidized to a carbonyl group. In cortisol’s reduction
reaction, in Scheme 1A, the fused six-membered ring with a carbonyl group is reduced
by the addition of a pi bond. The waveform for cortisol detection scans toward negative
potentials and reduces cortisol according to Scheme 1A where electron transfer is more
facile for reduction at the carbon fiber electrode surface [31].
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Scheme 1. Proposed redox, reduction (A) and oxidation (B) schemes for cortisol on carbon electrode
or CFME surfaces using electrochemical techniques such as FSCV at a physiological pH of 7.0 [12,31].
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We directly compared the new developed waveform with the established Dopamine
(DA) triangle waveform (scanning from −0.4 to 1.3 V at 400 V/s) to determine the most
optimal method to measure cortisol (Figure 1A) [32]. The waveform that scanned in the
positive direction did not enable cortisol to be detected efficiently and consistently, therefore
eliminating the oxidation hypothesis. Prior studies proposed using a waveform that scans
from −0.5 to −1.2 V at 400 V/s to detect cortisol with square wave voltammetry [12]. As
shown in example CVs (Figure 1B), cortisol detection was not possible when scanning
toward the positive direction where no strong oxidation peak was observed. However,
utilizing the cortisol waveform (Figure 1C) that scanned from −0.5 to −1.2 V, we observed
clear redox activity and a reduction peak at approximately −1.0 V (Figure 1D). Therefore,
we hypothesize that the reduction of cortisol is more facile at the electrode surface utilizing
FSCV than oxidation is, even though mechanisms exist for both the reduction and oxidation
of cortisol, which is redox active at carbon electrode surfaces.
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Figure 1. Waveform development to optimize the detection of cortisol. Cortisol detection was
compared between the dopamine (DA) waveform and cortisol (CO) waveform. (A) Dopamine
triangle waveform with (B) cortisol CV using dopamine waveform. (C) Inverted cortisol triangle
waveform with (D) cortisol example CV using developed cortisol waveform.

We optimized the detection of cortisol using the triangle waveform that scanned
toward the negative potentials from −0.5 to −1.2 V at 400 V/s (Figure 2A). We proposed
that scanning toward negative potentials allows for the electro-reduction to occur at the
electrode surface and for cortisol to be detected at lower limits of detection. Cortisol
detection was performed at concentrations ranging from 10 to 40 µM using a serial dilution
in a solution of PBS buffer pH at 7.0. We hypothesize that unlike dopamine’s sensitive
detection at CFMEs, cortisol was only sensitive at higher concentrations due to challenges
in electron transfer kinetics and adsorption at the CFME surface.
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Figure 2. Example of cortisol cyclic voltammograms (CVs) and current concentration dependence
using the triangle waveform with increasing concentrations. (A) Example of cortisol CVs with
increasing concentrations of 10–40 µM. (B) Graphs depicting the linear relationship of cortisol
concentration vs. current (n = 4).

Measurements below 10 µM were not clearly measured, while concentrations above
40 µM also showed inconsistent data and currents were not linearly increasing, which was
possibly due to saturation at the electrode surface yielding an asymptotic relationship on the
concentration vs. current curve. Between 10 and 40 µM, current and concentration showed
a linear relationship (Figure 2B) similar to other molecules measured with FSCV, which
was possibly due to cortisol being adsorption-controlled on the electrode surface [33,34].
At concentrations of 50 µM and higher, cortisol becomes saturated at the surface of the
electrode, which produces an asymptotic curve and non-linear currents. Concentration
experiments show that cortisol concentration has a linear relationship with respect to the
peak current up to 40 µM. Moreover, cortisol CV current was observed to have a steady
response on the surface of the electrode over time without much current fluctuation.

For a typical experiment, we measure cortisol at a scan rate of 400 V/s. However, we
wanted to test the effect of scan rate on the peak current to determine whether cortisol was
adsorption or diffusion-controlled to the electrode surface. We began testing by increasing
the scan rates from 100 to 750 V/s. As shown in Figure 3C, we observed a highly linear
dependence between scan rate and current (R2 = 0.970), which denotes a strong correlation
between an increase in the scan rate and current of cortisol. This is comparable to the
measurement of other biomolecules such as dopamine and serotonin that have a high
linear dependence between scan rate and peak current, thus denoting adsorption control of
cortisol at the carbon fiber surface [35].
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Figure 3. Adsorption control experiments of cortisol on CFMEs. (A) Example of electrode scan rate
experiment plotting peak current vs. scan rate. (B) Cortisol scan rate experiment (n = 4) plotting peak
reductive current vs. scan rate 100 to 750 V/S. (C) Cortisol stability peak current detection over time
(n = 3) with normalized stability over 4 h at a constant concentration of 10 µM.
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The stability of cortisol was tested over four hours to determine how steady the current
response would be after repeated injections in the flow cell, which is the typical duration
of an in vivo or ex vivo experiment. As depicted in Figure 3C, cortisol was measured at
a constant concentration of 10 µM and injected every four hours. A stable peak current
response was observed throughout the duration of the experiment, which showed that
the measurement of cortisol was reliable and reproducible over an extended period of
time. After one hour of applying the waveform, the sensitivity of the electrode was
enhanced and overoxidized as the waveform etched the electrode surface by breaking
carbon–carbon bonds, increasing surface roughness, and functionalizing the electrode with
negatively charged surface oxide groups [36,37]. This enhanced the sensitivity toward
cortisol adsorption while increasing the surface roughness of the electrode surface.

Furthermore, fouling experiments were performed over a short period of time, at
approximately 300 s (5 min), for a total of ten injections with one injection every30 s. As
depicted in Figure 4, the cortisol fouling experiments show relative increases in current
upon repeated injections of 10 µM cortisol and not a decrease. In Figure 4, we observed
an example electrode having a near linear response (R2 = 0.940), which depicts a strong
positive correlation between the injection times and the current being relatively stable
over 300 s. We hypothesize that the current increases due to the waveform etching the
electrode surface, hence increasing the number of adsorption sites and sensitivity over time.
The fouling of cortisol is not observed as it is with other molecules such as serotonin [38]
or 5-hydroxyindoleacetic acid [39] that have been known to polymerize and bio-foul the
electrode surface.
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current upon repeated (n = 3). Cortisol injections over the course of 300 s (5 min). Injections of 10 µM
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did not decrease over time. (A) Fouling data from an example electrode. (B) Fouling data from three
signal averaged electrodes with normalized current showing the standard error of the mean (SEM).

Cortisol’s unique reduction reaction toward negative potentials created challenges for
the co-detection with other molecules that oxidize or are optimally measured at positive
potentials. Molecules such as serotonin, melatonin, epinephrine, norepinephrine, ho-
movanillic acid, 3-methoxytyramine, and adenosine also oxidize at positive potentials [40].
While each molecule was measured with the original cortisol waveform, a new waveform
modification had to be developed to encompass both oxidation and reduction peaks of
dopamine and cortisol, respectively. The waveform utilized for cortisol’s negative reduction
potential did not enable several molecules to be detected such as monoamine neurotrans-
mitters that are primarily oxidized at positive potentials. With cortisol’s primary reduction
peak occurring at approximately −1.0 V, the modified waveform needed to encompass a
wider potential range from −1.0 to 1.0 V. Other molecules are oxidized at higher positive
potentials or have overlapping peaks with cortisol. In this case, dopamine was used as a
test compound due to its common oxidation peak at approximately +0.6 V when scanning
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at 400 V/s from −0.4 to 1.3 V. The waveform potential window was extended from the
range of −0.5 to −1.2 V to the range of −1.2 to +1.2 V to allow for both the oxidation and
reduction peaks to appear and not overlap with another. The waveform expansion allowed
for the co-detection experiments to be performed by identifying and distinguishing both
peaks clearly from one another by their designated peak potentials [41].

To properly demonstrate cortisol’s current increase with respect to concentration
increase while concentrations of dopamine are held constant, several concentration ratios
were developed. Because of dopamine’s relatively high sensitivity to the electrode’s surface,
relatively lower concentrations of dopamine were utilized with respect to cortisol to prevent
dopamine peak CVs from overshadowing cortisol CVs. Cortisol, however, is less sensitive
at the electrode surface with respect to dopamine and requires higher concentration for
detection at CFMEs. Dopamine concentration was held constant at 5 µM while cortisol
concentrations increased. Ratios of dopamine to cortisol were set at 1:1, 1:4 and 1:6,
respectively. By adjusting the concentration ratios, both dopamine and cortisol were co-
detected using the extended waveform potential window, observing cortisol’s reduction
peak (−1.0 V) increasing in current and dopamine’s oxidation peak (0.6 V) remaining
relatively constant (Figure 5). Any changes in dopamine current were hypothesized to
be related to a synergistic effect of the contribution of any potential cortisol oxidation
to the peak oxidative current. Therefore, we hypothesize that the method allows for
the co-detection of cortisol with other important monoamine neurotransmitters such as
dopamine that could be differentiated from one another possibly in measurements in
complex mixtures such as with in vivo or ex vivo detection experiments.

Biosensors 2023, 13, x FOR PEER REVIEW 10 of 14 
 

 
Figure 5. Co-detection experiment of dopamine (DA) and cortisol (CO). The waveform was modified 
and expanded to visibly identify both peaks from −1.2 to 1.2 V. Cortisol’s reduction peak is observed 
at −1 V, while dopamine’s oxidation peak is observed at approximately 1 V. Several ratios were used 
(1:1, 1:4, 1:6) with cortisol concentration increasing and the dopamine concentration held constant. 

We also performed a proof-of-concept experiment to exogenously apply cortisol onto 
biological samples such as urine. During fight or flight situations, the body releases 
cortisol, which could potentially be found in sweat, saliva, or urine. Measurements of 
cortisol in urine are observed in prior studies and are a standard diagnostic for cortisol 
detection [42] and that of other molecules [43]. Urine was a convenient sample to measure 
as a biological sample because of its ease of accessibility and due to the ability to alter pH 
whose fluctuations can be measured at the electrode surface [44]. Urine contains uric acid, 
urea, and other components that make it slightly more acidic than buffer at a physiological 
pH. The urine used had a pH of 4, which was diluted with PBS buffer at a 1:10 ratio. 
Cortisol was exogenously applied at different concentrations (1 µM and 5 µM) in the urine 
to determine whether uric acid, urea, or other components of the urine hindered the 
detection of cortisol with CFMEs and FSCV (Figure 6A). We performed the measurements 
of cortisol diluted in urine to determine whether other electroactive analytes in the urine 
such as uric acid or other molecules were interfering or deterring cortisol detection. The 
CV of solely dilute urine was obtained (Figure 6B) and did not yield any definitive peak 
shape that denotes faradaic current resulting from redox activity electron transfer to the 
electrode surface. 

Figure 5. Co-detection experiment of dopamine (DA) and cortisol (CO). The waveform was modified
and expanded to visibly identify both peaks from −1.2 to 1.2 V. Cortisol’s reduction peak is observed
at −1 V, while dopamine’s oxidation peak is observed at approximately 1 V. Several ratios were used
(1:1, 1:4, 1:6) with cortisol concentration increasing and the dopamine concentration held constant.

We also performed a proof-of-concept experiment to exogenously apply cortisol onto
biological samples such as urine. During fight or flight situations, the body releases
cortisol, which could potentially be found in sweat, saliva, or urine. Measurements of
cortisol in urine are observed in prior studies and are a standard diagnostic for cortisol
detection [42] and that of other molecules [43]. Urine was a convenient sample to measure
as a biological sample because of its ease of accessibility and due to the ability to alter pH
whose fluctuations can be measured at the electrode surface [44]. Urine contains uric acid,
urea, and other components that make it slightly more acidic than buffer at a physiological
pH. The urine used had a pH of 4, which was diluted with PBS buffer at a 1:10 ratio.
Cortisol was exogenously applied at different concentrations (1 µM and 5 µM) in the
urine to determine whether uric acid, urea, or other components of the urine hindered the
detection of cortisol with CFMEs and FSCV (Figure 6A). We performed the measurements
of cortisol diluted in urine to determine whether other electroactive analytes in the urine
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such as uric acid or other molecules were interfering or deterring cortisol detection. The
CV of solely dilute urine was obtained (Figure 6B) and did not yield any definitive peak
shape that denotes faradaic current resulting from redox activity electron transfer to the
electrode surface.
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Figure 6. (A) Cortisol was injected in simulated urine to provide a proof-of-concept measurement
in biological fluid (n = 4). Cortisol was measured at injections 1 µM and 5 µM concentrations,
respectively. (B) Simulated urine CV absent of cortisol.

Cortisol was subsequently measured both in buffer and urine. Tests were conducted
with various cortisol concentrations exogenously applied in diluted urine. Samples of
1–5 µM were tested and showed relatively lower currents of cortisol with respect to mea-
surements of cortisol diluted in only buffer. We hypothesize that other molecules within
the urine could potentially be interfering with cortisol detection in the urine, hence the
lower response. However, cortisol was still measured in the diluted urine, which shows
the potential of this technique to be used for measuring cortisol in real patient samples.

The percent recovery was found to be approximately 98% upon increasing the concen-
tration to 5 µM, which shows that the urine does not significantly hinder cortisol detection
at higher concentrations (Table 1). We hypothesize that analytes within urine such as urea
and uric acid could potentially be interacting with the electrode surface, thus altering the
concentration of cortisol measured. Previous studies have shown cortisol to be measured
at relatively low concentrations in saliva and urine via capacitive determination [34]. Mea-
surements of real urine samples could potentially contain endogenous levels of cortisol
that could be measured with CFMEs and FSCV, which would greatly enhance the utility
and usage of this technique.
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Table 1. Percent recovery of cortisol when measured in urine.

Cortisol (µM) in Dilution Percent Recovery of Cortisol in Urine

1 µM 53.1%
5 µM 98.5%

4. Conclusions

In conclusion, the development of methods for the detection of cortisol using carbon
electrodes and FSCV has enabled the sensitive and selection detection of cortisol with high
spatiotemporal resolution and biocompatibility. Using a triangle waveform, we were able to
electro-reduce cortisol on the electrode surface. Cortisol showed strong adsorption control
on the surface of the electrode and was differentiated from monoamine neurotransmitters
such as dopamine based on the shape and positions of the respective voltammograms. Proof
of principle measurements were performed in exogenously applied injections biological
fluids such as urine for clinical and translational relevance. Enhancing the detection and
measurement of cortisol will help further understand its interaction with the electrode
surface and physiological importance in vivo. Future studies include determining cortisol’s
physiological importance through its measurement in biological fluids during periods of
anxiety and possible pharmaceutical treatments.

Author Contributions: Conceptualization, M.H. and A.G.Z.; methodology, M.H., N.H. and A.G.Z.;
software, M.H., N.H. and A.G.Z.; validation, M.H., N.H. and A.G.Z.; formal analysis, M.H., N.H. and
A.G.Z.; investigation, M.H., N.H. and A.G.Z.; resources, A.G.Z.; data curation, M.H., N.H. and A.G.Z.;
writing—original draft preparation, M.H., N.H. and A.G.Z.; writing—review and editing, M.H.,
N.H. and A.G.Z.; visualization, M.H., N.H. and A.G.Z.; supervision, A.G.Z.; project administration,
A.G.Z.; funding acquisition, A.G.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors would like to acknowledge the following funding sources: NASA DC
Space Grant, Anthony M. Schwartz Fellowship Scholarship, American University Faculty Mellon,
NIH 1R41NS113702-01 (AGZ), Pittcon SACP Starter Grant, ACS PRF, DC-CFAR, and NSF I-Corps
#1936173 (AGZ).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon request.

Acknowledgments: The authors would like to thank Hwang and Simonian for the invitation to
submit to the Special Issue “Biosensors and Neuroscience”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Singh, A.; Kaushik, A.; Kumar, R.; Nair, M.; Bhansali, S. Electrochemical sensing of cortisol: A recent update. Appl. Biochem.

Biotechnol. 2014, 174, 1115–1126. [CrossRef] [PubMed]
2. Zorn, J.V.; Schür, R.R.; Boks, M.P.; Kahn, R.S.; Joëls, M.; Vinkers, C.H. Cortisol stress reactivity across psychiatric disorders: A

systematic review and meta-analysis. Psychoneuroendocrinology 2017, 77, 25–36. [CrossRef] [PubMed]
3. Hucklebridge, F.; Clow, A.; Abeyguneratne, T.; Huezo-Diaz, P.; Evans, P. The awakening cortisol response and blood glucose

levels. Life Sci. 1999, 64, 931–937. [CrossRef] [PubMed]
4. Husebye, E.; Allolio, B.; Arlt, W.; Badenhoop, K.; Bensing, S.; Betterle, C.; Falorni, A.; Gan, E.; Hulting, A.L.; Kasperlik-Zaluska, A.

Consensus statement on the diagnosis, treatment and follow-up of patients with primary adrenal insufficiency. J. Intern. Med.
2014, 275, 104–115. [CrossRef] [PubMed]

5. Casals, G.; Hanzu, F.A. Cortisol measurements in Cushing's syndrome: Immunoassay or mass spectrometry? Ann. Lab. Med.
2020, 40, 285–296. [CrossRef] [PubMed]

6. Russell, E.; Koren, G.; Rieder, M.; Van Uum, S.H. The detection of cortisol in human sweat: Implications for measurement of
cortisol in hair. Ther. Drug Monit. 2014, 36, 30–34. [CrossRef]

7. Du, X.; Zhai, J.; Li, X.; Zhang, Y.; Li, N.; Xie, X. Hydrogel-based optical ion sensors: Principles and challenges for point-of-care
testing and environmental monitoring. ACS Sens. 2021, 6, 1990–2001. [CrossRef]

https://doi.org/10.1007/s12010-014-0894-2
https://www.ncbi.nlm.nih.gov/pubmed/24723204
https://doi.org/10.1016/j.psyneuen.2016.11.036
https://www.ncbi.nlm.nih.gov/pubmed/28012291
https://doi.org/10.1016/S0024-3205(99)00019-3
https://www.ncbi.nlm.nih.gov/pubmed/10201642
https://doi.org/10.1111/joim.12162
https://www.ncbi.nlm.nih.gov/pubmed/24330030
https://doi.org/10.3343/alm.2020.40.4.285
https://www.ncbi.nlm.nih.gov/pubmed/32067427
https://doi.org/10.1097/FTD.0b013e31829daa0a
https://doi.org/10.1021/acssensors.1c00756


Biosensors 2023, 13, 626 12 of 13

8. Xu, L.; Chen, Y.; Yu, M.; Hou, M.; Gong, G.; Tan, H.; Li, N.; Xu, J. NIR light-induced rapid self-healing hydrogel toward
multifunctional applications in sensing. Nano Energy 2023, 107, 108119. [CrossRef]

9. Xu, J.; Zhang, H.; Guo, Z.; Zhang, C.; Tan, H.; Gong, G.; Yu, M.; Xu, L. Fully physical crosslinked BSA-based conductive hydrogels
with high strength and fast self-recovery for human motion and wireless electrocardiogram sensing. Int. J. Biol. Macromol. 2023,
230, 123195. [CrossRef]

10. Huang, Q.-D.; Lv, C.-H.; Yuan, X.-L.; He, M.; Lai, J.-P.; Sun, H. A novel fluorescent optical fiber sensor for highly selective
detection of antibiotic ciprofloxacin based on replaceable molecularly imprinted nanoparticles composite hydrogel detector. Sens.
Actuators B Chem. 2021, 328, 129000. [CrossRef]

11. Luo, Y.; Yu, M.; Zhang, Y.; Wang, Y.; Long, L.; Tan, H.; Li, N.; Xu, L.; Xu, J. Highly sensitive strain sensor and self-powered
triboelectric nanogenerator using a fully physical crosslinked double-network conductive hydrogel. Nano Energy 2022, 104, 107955.
[CrossRef]

12. Sanghavi, B.J.; Moore, J.A.; Chávez, J.L.; Hagen, J.A.; Kelley-Loughnane, N.; Chou, C.-F.; Swami, N.S. Aptamer-functionalized
nanoparticles for surface immobilization-free electrochemical detection of cortisol in a microfluidic device. Biosens. Bioelectron.
2016, 78, 244–252. [CrossRef]

13. Gonzalez, D.; Jacobsen, D.; Ibar, C.; Pavan, C.; Monti, J.; Fernandez Machulsky, N.; Balbi, A.; Fritzler, A.; Jamardo, J.; Repetto, E.M.
Hair cortisol measurement by an automated method. Sci. Rep. 2019, 9, 8213. [CrossRef] [PubMed]

14. Sekar, M.; Pandiaraj, M.; Bhansali, S.; Ponpandian, N.; Viswanathan, C. Carbon fiber based electrochemical sensor for sweat
cortisol measurement. Sci. Rep. 2019, 9, 403. [CrossRef] [PubMed]

15. Kinnamon, D.; Ghanta, R.; Lin, K.-C.; Muthukumar, S.; Prasad, S. Portable biosensor for monitoring cortisol in low-volume
perspired human sweat. Sci. Rep. 2017, 7, 13312. [CrossRef]

16. Wang, B.; Zhao, C.; Wang, Z.; Yang, K.-A.; Cheng, X.; Liu, W.; Yu, W.; Lin, S.; Zhao, Y.; Cheung, K.M.; et al. Wearable
aptamer-field-effect transistor sensing system for noninvasive cortisol monitoring. Sci. Adv. 2022, 8, eabk0967. [CrossRef]

17. Huffman, M.L.; Venton, B.J. Electrochemical Properties of Different Carbon-Fiber Microelectrodes Using Fast-Scan Cyclic
Voltammetry. Electroanal. Int. J. Devoted Fundam. Pract. Asp. Electroanal. 2008, 20, 2422–2428. [CrossRef]

18. Huffman, M.L.; Venton, B.J. Carbon-fiber microelectrodes for in vivo applications. Analyst 2009, 134, 18–24. [CrossRef]
19. Troyer, K.P.; Heien, M.L.; Venton, B.J.; Wightman, R.M. Neurochemistry and electroanalytical probes. Curr. Opin. Chem. Biol. 2002,

6, 696–703. [CrossRef]
20. Robinson, D.L.; Venton, B.J.; Heien, M.L.A.V.; Wightman, R.M. Detecting subsecond dopamine release with fast-scan cyclic

voltammetry in vivo. Clin. Chem. 2003, 49, 1763–1773. [CrossRef] [PubMed]
21. Patel, A.N.; Tan, S.-Y.; Miller, T.S.; Macpherson, J.V.; Unwin, P.R. Comparison and reappraisal of carbon electrodes for the

voltammetric detection of dopamine. Anal. Chem. 2013, 85, 11755–11764. [CrossRef] [PubMed]
22. Rafi, H.; Zestos, A.G. Recent advances in FSCV detection of neurochemicals via waveform and carbon microelectrode modification.

J. Electrochem. Soc. 2021, 168, 057520. [CrossRef]
23. Vreeland, R.F.; Atcherley, C.W.; Russell, W.S.; Xie, J.Y.; Lu, D.; Laude, N.D.; Porreca, F.; Heien, M.L. Biocompatible PEDOT:Nafion

composite electrode coatings for selective detection of neurotransmitters in vivo. Anal. Chem. 2015, 87, 2600–2607. [CrossRef]
[PubMed]

24. Yang, Y.; Pathirathna, P.; Siriwardhane, T.; McElmurry, S.P.; Hashemi, P. Real-time subsecond voltammetric analysis of Pb in
aqueous environmental samples. Anal. Chem. 2013, 85, 7535–7541. [CrossRef]

25. Yang, Y.; Ibrahim, A.A.; Hashemi, P.; Stockdill, J.L. Real-Time, Selective Detection of Copper (II) Using Ionophore-Grafted
Carbon-Fiber Microelectrodes. Anal. Chem. 2016, 88, 6962–6966. [CrossRef] [PubMed]

26. Pathirathna, P.; Siriwardhane, T.; McElmurry, S.P.; Morgan, S.L.; Hashemi, P. Fast voltammetry of metals at carbon-fiber
microelectrodes: Towards an online speciation sensor. Analyst 2016, 141, 6432–6437. [CrossRef]

27. Schmidt, A.C.; Wang, X.; Zhu, Y.; Sombers, L.A. Carbon nanotube yarn electrodes for enhanced detection of neurotransmitter
dynamics in live brain tissue. ACS Nano 2013, 7, 7864–7873. [CrossRef]

28. Calhoun, S.; Meunier, C.; Lee, C.; McCarty, G.; Sombers, L. Characterization of a multiple-scan-rate voltammetric waveform for
real-time detection of met-enkephalin. ACS Chem. Neurosci. 2018, 10, 2022–2032. [CrossRef]

29. Liu, F.; Ghasem Ardabili, N.; Brown, I.; Rafi, H.; Cook, C.; Nikopoulou, R.; Lopez, A.; Zou, S.; Hartings, M.R.; Zestos, A. Modified
Sawhorse Waveform for the Voltammetric Detection of Oxytocin. J. Electrochem. Soc. 2022, 169, 017512. [CrossRef]

30. Cho, W.; Liu, F.; Hendrix, A.; Asrat, T.; Connaughton, V.; Zestos, A.G. Timed Electrodeposition of PEDOT: Nafion onto Carbon
Fiber-Microelectrodes Enhances Dopamine Detection in Zebrafish Retina. J. Electrochem. Soc. 2020, 167, 115501. [CrossRef]

31. Michael, A.E.; Thurston, L.M.; Rae, M.T. Glucocorticoid metabolism and reproduction: A tale of two enzymes. Reprod. Camb.
2003, 126, 425–441. [CrossRef] [PubMed]

32. Takmakov, P.; Zachek, M.K.; Keithley, R.B.; Walsh, P.L.; Donley, C.; McCarty, G.S.; Wightman, R.M. Carbon microelectrodes with a
renewable surface. Anal. Chem. 2010, 82, 2020–2028. [CrossRef] [PubMed]

33. Bath, B.D.; Michael, D.J.; Trafton, B.J.; Joseph, J.D.; Runnels, P.L.; Wightman, R.M. Subsecond adsorption and desorption of
dopamine at carbon-fiber microelectrodes. Anal. Chem. 2000, 72, 5994–6002. [CrossRef]

34. Bath, B.D.; Martin, H.B.; Wightman, R.M.; Anderson, M.R. Dopamine adsorption at surface modified carbon-fiber electrodes.
Langmuir 2001, 17, 7032–7039. [CrossRef]

https://doi.org/10.1016/j.nanoen.2022.108119
https://doi.org/10.1016/j.ijbiomac.2023.123195
https://doi.org/10.1016/j.snb.2020.129000
https://doi.org/10.1016/j.nanoen.2022.107955
https://doi.org/10.1016/j.bios.2015.11.044
https://doi.org/10.1038/s41598-019-44693-3
https://www.ncbi.nlm.nih.gov/pubmed/31160639
https://doi.org/10.1038/s41598-018-37243-w
https://www.ncbi.nlm.nih.gov/pubmed/30674991
https://doi.org/10.1038/s41598-017-13684-7
https://doi.org/10.1126/sciadv.abk0967
https://doi.org/10.1002/elan.200804343
https://doi.org/10.1039/B807563H
https://doi.org/10.1016/S1367-5931(02)00374-5
https://doi.org/10.1373/49.10.1763
https://www.ncbi.nlm.nih.gov/pubmed/14500617
https://doi.org/10.1021/ac401969q
https://www.ncbi.nlm.nih.gov/pubmed/24308368
https://doi.org/10.1149/1945-7111/ac0064
https://doi.org/10.1021/ac502165f
https://www.ncbi.nlm.nih.gov/pubmed/25692657
https://doi.org/10.1021/ac401539f
https://doi.org/10.1021/acs.analchem.6b00825
https://www.ncbi.nlm.nih.gov/pubmed/27079730
https://doi.org/10.1039/C6AN01807F
https://doi.org/10.1021/nn402857u
https://doi.org/10.1021/acschemneuro.8b00351
https://doi.org/10.1149/1945-7111/ac4aae
https://doi.org/10.1149/1945-7111/aba33d
https://doi.org/10.1530/rep.0.1260425
https://www.ncbi.nlm.nih.gov/pubmed/14525525
https://doi.org/10.1021/ac902753x
https://www.ncbi.nlm.nih.gov/pubmed/20146453
https://doi.org/10.1021/ac000849y
https://doi.org/10.1021/la0106844


Biosensors 2023, 13, 626 13 of 13

35. Zestos, A.G.; Nguyen, M.D.; Poe, B.L.; Jacobs, C.B.; Venton, B.J. Epoxy insulated carbon fiber and carbon nanotube fiber
microelectrodes. Sens. Actuators B Chem. 2013, 182, 652–658. [CrossRef] [PubMed]

36. Heien, M.L.; Phillips, P.E.; Stuber, G.D.; Seipel, A.T.; Wightman, R.M. Overoxidation of carbon-fiber microelectrodes enhances
dopamine adsorption and increases sensitivity. Analyst 2003, 128, 1413–1419. [CrossRef]

37. Roberts, J.G.; Moody, B.P.; McCarty, G.S.; Sombers, L.A. Specific oxygen-containing functional groups on the carbon surface
underlie an enhanced sensitivity to dopamine at electrochemically pretreated carbon fiber microelectrodes. Langmuir 2010, 26,
9116–9122. [CrossRef]

38. Zestos, A.G.; Jacobs, C.B.; Trikantzopoulos, E.; Ross, A.E.; Venton, B.J. Polyethylenimine Carbon Nanotube Fiber Electrodes for
Enhanced Detection of Neurotransmitters. Anal. Chem. 2014, 86, 8568–8575. [CrossRef]

39. Hashemi, P.; Dankoski, E.C.; Petrovic, J.; Keithley, R.B.; Wightman, R. Voltammetric detection of 5-hydroxytryptamine release in
the rat brain. Anal. Chem. 2009, 81, 9462–9471. [CrossRef]

40. Wonnenberg, P.; Cho, W.; Liu, F.; Asrat, T.; Zestos, A.G. Polymer Modified Carbon Fiber Microelectrodes for Precision Neuro-
transmitter Metabolite Measurements. J. Electrochem. Soc. 2020, 167, 167507. [CrossRef]

41. Rafi, H.; Zestos, A.G. Multiplexing neurochemical detection with carbon fiber multielectrode arrays using fast-scan cyclic
voltammetry. Anal. Bioanal. Chem. 2021, 413, 6715–6726. [CrossRef] [PubMed]

42. Panahi, Z.; Ren, T.; Halpern, J.M. Nanostructured cyclodextrin-mediated surface for capacitive determination of cortisol in
multiple biofluids. ACS Appl. Mater. Interfaces 2022, 14, 42374–42387. [CrossRef] [PubMed]

43. Han, J.; Stine, J.M.; Chapin, A.; Ghodssi, R. A Portable Electrochemical Sensing Platform for Serotonin Detection Based on
Surface-Modified Carbon Fiber Microelectrode. Anal. Methods 2023, 15, 1096–1104. [CrossRef]

44. Cho, W.; Rafi, H.; Cho, S.; Balijepalli, A.; Zestos, A.G. High resolution voltammetric and field-effect transistor readout of carbon
fiber microelectrode biosensors. Sens. Diagn. 2022, 1, 460–464. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.snb.2013.03.066
https://www.ncbi.nlm.nih.gov/pubmed/33927480
https://doi.org/10.1039/b307024g
https://doi.org/10.1021/la9048924
https://doi.org/10.1021/ac5003273
https://doi.org/10.1021/ac9018846
https://doi.org/10.1149/1945-7111/abcb6d
https://doi.org/10.1007/s00216-021-03526-x
https://www.ncbi.nlm.nih.gov/pubmed/34259877
https://doi.org/10.1021/acsami.2c07701
https://www.ncbi.nlm.nih.gov/pubmed/35918826
https://doi.org/10.1039/D2AY01627C
https://doi.org/10.1039/D2SD00023G
https://www.ncbi.nlm.nih.gov/pubmed/35647552

	Introduction 
	Materials and Methods 
	Chemicals 
	CFME Fabrication 
	Fast-Scan Cyclic Voltammetry 
	Simulated Urine Measurement 
	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

