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ABSTRACT: Colorimetric analysis, which relies on a chemical reaction to facilitate a change in
visible color, is a great strategy for detecting cortisol, which is necessary to diagnose and manage
the wide variety of diseases related to the hormone, because it is simple in design, inexpensive, and
reliable as a standard cortisol analysis technique. In this study, four diﬀerent colorimetric cortisol
analyses that use various chromogens, which include sulfuric acid, Porter−Silber reagent, Prussian
blue, and blue tetrazolium, are studied. Modiﬁcations to the classic Porter−Silber method are
made by increasing the carbon content of the alcohol and adding gold nanoparticles, which result
in a twofold increase in reaction rate and a slight decrease in the limit of detection (LoD). After a
comparison of the reaction rate, LoD, dynamic range, characteristic peaks, and color stability of all
methods, blue tetrazolium demonstrates a low LoD (97 ng/mL), broad dynamic range (0.05−2
μg/mL), and quick reaction rate (color development as fast as 10 min), which are well within the requirements for human bioﬂuids.
Cortisol in artiﬁcial saliva and sweat and in human sweat was determined while conﬁrming that no excipients or other biomarkers
interfered with the reactions. Twenty-one human sweat samples were tested using blue tetrazolium and revealed a signiﬁcant
diﬀerence between male and female apocrine cortisol concentrations and showed a highly signiﬁcant diﬀerence between apocrine
and eccrine cortisol concentrations. Colorimetric methods of cortisol can compete with existing electrochemical sensors because of
their similar accuracy and detection range in certain wearable biosensor applications. The simplicity of colorimetric methods
advances potential applications in skin-interfaced bio-electronics and point-of-care devices.

■

INTRODUCTION
Cortisol is an important biomarker that is secreted by the
adrenal cortex to regulate blood pressure, glucose levels, and
metabolism.1 Although cortisol is always present in human
systems, its secretion outside of circadian dependencies is
induced by psychological and emotional stress, which is why
monitoring cortisol concentrations in the body is crucial in
understanding stress-related diseases.2,3 Normal levels of
cortisol range from 8 to 142 ng/mL in sweat, 40 to 250 ng/
mL in plasma, and 1 to 11 ng/mL in saliva, with the highest
concentrations occurring during the morning and slowly
decreasing throughout the day.4−6 Using any bioﬂuid to
identify and track abnormal cortisol concentration can help
patients and caregivers manage a variety of diseases such as
Cushing’s syndrome and Addison’s disease, which cause
characteristically high or low levels of cortisol, respectively.7,8
The current gold standard in cortisol analysis uses an
enzyme-linked immunosorbent assay (ELISA). However,
colorimetric reactions also have been studied historically to
determine cortisol concentrations. Early studies report
ﬂuorescent reactions among a number of steroids with
concentrated sulfuric acid.9−11 Each steroid−acid mixture has
similar but unique absorption spectra and obeys Beer’s law.
Zimmermann’s reagent was adopted later on as a spot test for
steroids and replaced pure sulfuric acid.12 In addition to
greater accuracy and speciﬁcity, the absorption spectra were
more easily diﬀerentiated.13 Corticosteroid speciﬁc tests ﬁrst
© 2020 American Chemical Society

appeared with the Porter−Silber reagent in 1950, where a pale
yellow hue was reported when hydrocortisone and cortisone
were added to a solution that contains dilute sulfuric acid,
methanol, and phenylhydrazine.14 The Porter−Silber reagent
has been improved upon throughout the years, which results in
faster reaction rates and a more robust color.15−17 Concurrent
with the Porter−Silber reagent, Clark developed another
corticosteroid speciﬁc reagent, which consists of dilute sulfuric
acid and diphenylamine.18 Later on, reagents that used blue
tetrazolium provided an even greater steroid assay, which
lowered the reaction time to 10 min compared to the 90 min
of Porter−Silber.19,20 Singh and Verma recently reported
another method using cortisol’s reduction properties to form
Prussian blue from iron(III) and hexacyanoferrate(III), which
is comparable to past formulations in terms of sensitivity,
precision, and speed.21 With the rise of competitive protein
binding immunoassay techniques, colorimetric reactions have
been largely made obsolete, with little research published since
the 1970s. However, with increased interest in cortisol
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Figure 1. Optical images of color change with increasing concentration of cortisol: (A) sulfuric acid, (B) AuNP Silber−Porter, (C) Prussian blue,
and (D) blue tetrazolium.

monitoring and detection in sweat and saliva with disposable
biosensors, colorimetric analysis has become a prime candidate
for such tasks that use simple and easy analytical analysis.
The in situ analysis of bioﬂuids, such as saliva, urine, and
sweat, has drawn signiﬁcant attention over the years because of
its noninvasive collection methods. In skin-interfaced and
wearable devices, electrochemical techniques are preferred
over competitive protein binding techniques because of their
portability and potential point-of-care applications.22 Additionally, ELISA techniques and other immunoassay-based tests
are expensive, are chemically complex, require a lengthy
amount of time to complete, are diﬃcult to scale up, and
require cold-chain managements.23−26 Multiple research
groups have worked to improve analyte stability,27 ﬂexibility
of electronic components,28,29 wearability,30−32 and sensitivity
of electrochemical sensors.27,33,34 However, short shelf life,
battery dependence, inﬂexible batteries, and relatively high cost
for complete electronic systems currently prevent mainstream
success.22 Colorimetric-based patch-type microﬂuidic devices
have seen success with other biomarkers such as glucose, pH,
chloride, lactate, creatine, ammonia, and ethanol.31,35,36 Such
techniques could provide a solution to the drawbacks of
electrochemical systems, while retaining many beneﬁts. The
lack of electronic components can lower manufacturing cost
and is capable of becoming disposable and oﬀers more
straightforward skin integration.32 Microﬂuidic channel design
can also be tailored to accommodate continuous time analysis
or single time analysis.37

Herein, we revisit and study the various colorimetric
analyses of cortisol and improve its analytical performances
that enable its use for wearable devices. Reactions reported by
Zimmerman and Clark, as previously mentioned, were not
studied because of the highly toxic components, which are not
suitable for biosensor applications. Traditionally, both the
Porter−Silber and Prussian blue methods have been slow to
develop color, with reaction times that reach as long as 4 h at
room temperature. The average reaction rate of the Porter−
Silber was accelerated by substituting ethanol for isopropanol
and adding gold nanoparticles (AuNPs) as a catalyst. In
addition, the reaction rate was enhanced by completing the
Prussian blue reaction with cortisol in ethanol as opposed to
deionized (DI) water. Overall, the blue tetrazolium method
was found to be the most robust, which excels in both speed
and accuracy when compared to other methods. The small-n
human pilot study conﬁrms that the cortisol in bioﬂuid can be
determined.

■

RESULTS AND DISCUSSION

In general, cortisol is believed to be a critical biomarker for
monitoring stress levels. Therefore, a simple and sensitive
colorimetric analysis of cortisol holds immense potential for
daily-monitoring wearable devices. Four colorimetric analyses
of cortisol detections that include sulfuric acid, Porter−Silber
reagent, Prussian blue, and blue tetrazolium were investigated
and further developed in this study. The mechanism of each
colorimetric reaction was experimentally validated with optical
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Table 1. Comparison of Diﬀerent Methods of Cortisol Detection
method of detection

characteristic
absorption peak
(nm)

analytical
LoD
(μg/mL)

experimental
LoD (μg/mL)

pure concentrated sulfuric acid

290, 394, and 480

3.00

1.03

0−100

immediate

Porter−Silber reagent with
AuNPs
potassium
hexacyanoferrate(III) and
iron(III) reagent
blue tetrazolium reagent

410

0.145

0.401

0−70

60

300 and 669

0.731

0.320

undetermined

45

510

0.097

0.214

0−1.5

5−10

dynamic range
(μg/mL)

time to color
development
(min)

visual color
change

color stability

clear to
ﬂorescent
yellow
clear to viscous
yellow
pale yellow to
blue-green

unstable

pale yellow to
magenta

stable for at
least 1 week

stable up to
24 h
stable for at
least 1 week

Figure 2. Representative absorbance spectrum of cortisol in various reagents and their concentration curves: (A,E) sulfuric acid reagent with
characteristic peaks at 290, 394, and 470 nm. The concentration curve plotted at 394 nm. (B,F) AuNP Porter−Silber reagent with the characteristic
peak at 410 nm. (C,G) Prussian blue reagent with characteristic peaks at 300, 410, and 669 nm. The concentration curve plotted at 669 nm. (D,H)
Blue tetrazolium reagent with the characteristic peak at 510 nm.

amount of cortisol added to the solution. Higher concentrations of cortisol produce more chromogens within a given
time and therefore decrease color development time. Color
stability also varies greatly among the methods. Cortisol in
sulfuric acid causes a rapid and progressive change to the
absorption magnitude. In agreement with previous reports, the
Porter−Silber reagent itself becomes cloudy and opaque after
about 24 h, which interferes with spectroscopic analysis.40 The
cloudiness is most likely due to the deterioration of
phenylhydrazine, as it is both light and air sensitive. Prussian
blue was stable for a week with no change in absorption and
may last much longer. Baseline solution of the blue tetrazolium
reagent also turns magenta, where after 12 h, solutions with
and without cortisol are nearly indistinguishable.
The characteristic peaks and the resulting concentration
curve of various colorimetric analyses are shown in Figure 2 for
further quantitative spectroscopic determination. For sulfuric
acid−cortisol experiments, the color change is immediate upon
adding cortisol to sulfuric acid and continues to increase
absorbance indeﬁnitely. The full absorbance spectrum of this
reaction at 5 min post mixing presents peaks at 290, 394, and
480 nm while with increased intensity with respect to increased

color changes that are capable of visual inspection of cortisol
concentration in the system (Figures 1 and S2). In Table 1, the
characteristic absorption peak, limit of detection (LoD), time
to color development, color change, and color stability are
summarized for each method tested. Two types of LoDs are
given: analytical and experimental, both of which are described
in our Materials and Methods section. Characteristic
absorption peaks from Prussian blue and blue tetrazolium
methods diﬀered slightly from previous reports. Singh and
Verma reported a single absorbance peak at 780 nm using
Prussian blue, while this study found two peaks, one at 300 nm
and the other at 670 nm.21 Multiple studies report a peak at
525 nm for blue tetrazolium; however, our results show a peak
at 510 nm.19,20 The reason for both discrepancies is the
diﬀerence in the solvent system.39 The blue tetrazolium
method has the lowest LoD at 97 ng/mL. The AuNP Porter−
Silber and blue tetrazolium methods are the only two capable
of detecting cortisol within normal human sweat levels (8−142
ng/mL).4 The time to color development listed in Table 1 is
an approximation of the time it would take for the reagent to
form an absorption peak discernible by the spectrometer. The
time to color development appears to be dependent on the
8213
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Figure 3. Eﬀect of carbon content of alcohol and AuNPs on the color development time of Porter−Silber reaction: (A) time to initial color
development at 23 and 70 °C with respect to increasing carbon content of the alcohol component of the Porter−Silber reaction. (B) Increase of
AuNPs causes a decrease in color development time of the Porter−Silber reagent until the AuNP concentration exceeded 112.5 pM. The
absorbance was determined at 410 nm in 5 min intervals as a function of AuNP concentration. The time at which each reaction reached an
absorbance of 0.70 was recorded.

The AuNP solution itself exhibits a red-salmon color, which
has an absorption peak at 560 nm. However, low concentration
of the AuNP (<100 pM) exhibited no interference in the ﬁnal
color development and the AuNP characteristic peak was
nearly undetectable. Simply increasing the concentration of
AuNPs does not necessarily mean faster color development. In
concentrations larger than 150 pM, the AuNPs hinder the
reaction, which results in a lengthier color development time
than the traditional Porter−Silber solution (Figure 3B).
Figure 2B,F shows the results of the AuNP Porter−Silber
reagent experiments that use isopropanol as a solvent, which is
an optimized, improved, and modiﬁed Porter−Silber analysis.
The reagent turns from clear to a translucent yellow and
exhibits a maximum absorbance peak at 410 nm, which
increases in amplitude with respect to increased concentrations
of cortisol. Plotting the absorbance peak against cortisol
concentration at 30 min yields the calibration curve of y =
0.0252x + 0.126 (R2 = 0.988). The 410 nm peak reaches a
stable maximum and maintained color presentation after
approximately 2 h.
As a nontoxic dye commonly used in paints, Prussian blue
poses a promising alternative, whereas previous methods
require highly acidic and cytotoxic solvents. The solution
begins at a pale yellow and changes to a green-blue. The
absorption spectrum of the solution yields two peaks at 300
and 669 nm. The absorption maxima of both peaks increase
with respect to increasing concentrations of cortisol, as shown
in Figure 2C,G. Although the relationship between the
absorption value and cortisol concentration is linear, the
standard deviation of the curve is quite high. The unreliability
of this method arises because of the diﬀerence in particle size
of the resulting colloidal solution. The oxidative state of iron
(Fe2+ vs Fe3+) drastically changes the particle size of the
colloid, about 40−100 nm in diameter, and it therefore
changes the absorption peaks.34 Nevertheless, the Prussian
blue method is still capable of determining cortisol in various
concentrations (1.0−15 μg/mL).
Blue tetrazolium in conjunction with tetramethylammonium
hydroxide yields a magenta solution. In this study, we used
methanol as a primary solvent, while previous studies used
either ethanol or dichloromethane.19,20 The use of methanol
decreased the reaction time (approximately 25% faster than
ethanol) with no changes in sensitivity. Figure 2D,H shows

cortisol concentration (Figure 2A). A calibration curve was
obtained at 394 nm, and the LoD was calculated to be 3.00
μg/mL with a sensitivity of 0.0098 Abs (μg/mL)−1 (Figure
2E). Color stability of the sulfuric acid method is highly
unstable and never reaches a plateau even after 100 min
(Figure S3A). Overall, the sulfuric acid method is the simplest
and quickest test. However, because of its LoD being in the
upper range of human levels and spontaneous gradual color
changes, this method functions better as a qualitative test
rather than a quantitative test.
The traditional Porter−Silber reagent requires a minimum
of 2 h to complete the reaction at room temperature. The
previously reported strategy to increase the reaction rate was to
increase the temperature at which the reaction took place to 70
°C.15 However, for potential wearable biosensor applications,
simply increasing the temperature to 70 °C would be
inapplicable. Investigations into the mechanism of the
Porter−Silber reaction replaced ethanol with methanol to
slow down the reaction, which shows that the carbon content
of the alcohol would have a large eﬀect on the reaction rate.41
Figure 3A and Table S1 show a comparison of diﬀerent
alcohols as a solvent system and their eﬀect on the reaction
rate. Lower carbon content alcohols, such as methanol and
ethanol, require a longer time to complete the reaction as
opposed to higher carbon content alcohols. Octanol exhibits a
33% decrease in reaction time, while butanol exhibits a 17%
decrease. Isomers of alcohols also increase the reaction rate.
Both isopropanol and isobutanol outperform their primary
alcohol counterparts, nearly halving the total time to full color
development where absorbance maxima began to plateau.
Isopropanol yields optimum results for bioanalysis because of
the solubility of isopropanol in dilute sulfuric acid, which also
requires for Porter−Silber reaction. Octanol and isobutanol are
immiscible with dilute sulfuric acid and produce a distinct
phase separation (Figure S4).
Introduction of AuNPs improves the reaction rate of the
Porter−Silber reaction assisted by catalytic reaction. 42
However, an excess amount of AuNPs (concentrations >
112.5 pM) decreases the reaction time further without
inhibiting the LoD or distorting the characteristic peak. With
optimal AuNPs, the time to initial color development has been
reduced nearly by half, from 120 to 60 min at room
temperature. At 70 °C, the reduction is from 60 to 30 min.
8214
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Figure 4. Analytical performance comparison of the (A) blue tetrazolium reagent and (B) ELISA for monitoring cortisol in a diﬀerent range of
concentrations: (A) blue tetrazolium capable of detecting μg/mL of ranges and an experimental LoD of 0.045 μg/mL. (B) ELISA method oﬀers
more sensitivity than the blue tetrazolium method. However, its linear dynamic range is signiﬁcantly lower, which may ﬁt for ng/mL determination.

Kessler Psychological Distress Scale (K10) with 40 min of
exercising. K10 scores range from 10 to 50, with scores under
20, 20−24, 25−29, and over 30 correlating with low, mild,
moderate, and severe anxiety and stress, respectively.44 Overall,
both men and women qualitatively exhibited a positive
correlation between their K10 score and absorbance (cortisol
concentration). The resulting sweat cortisol concentration is
higher than normal cortisol concentration, which is attributed
to the physical stress subjects had to undergo to produce
sweat. Normal pituitary response to psychological or physical
stress is to release cortisol. Therefore, the greater the stress in
aptitude, the higher the basal cortisol concentration in the
body. The results show a signiﬁcant diﬀerence in cortisol
concentration in apocrine sweat produced by men versus
women. As shown in Figure 4, male participants (n = 6) had an
average apocrine cortisol absorbance of 0.136 ± 0.028, whereas
female participants (n = 15) had an average of 0.106 ± 0.031.
Statistical analysis uses a two-tailed t-test, which reveals a pvalue of 0.042 that indicates a signiﬁcant diﬀerence between
the two groups in the 95% conﬁdence interval. Likewise, there
is a highly signiﬁcant diﬀerence between apocrine and eccrine
cortisol concentrations. Apocrine sweat samples have an
average of 0.12 ± 0.032, while eccrine samples have an
average of 0.072 ± 0.012 (Figure 5). A two-tailed paired t-test
results in a p-value of 0.000042. Based on our calibration
curves, the basal cortisol concentration varies greatly between

that the peak absorption increases with respect to increasing
concentrations of cortisol. The calibration curve shows linear
relationship with a sensitivity of 0.038 Abs (μg/mL)−1 and
dynamic range from 0.2 to 1.6 μg/mL. Both the blank and
cortisol solution turn magenta because the reaction depends
on the hydrolysis rate of the cyclic diacetyl in blue
tetrazolium.43 Although absorbance saturates over time, the
time until the full color development varies signiﬁcantly as a
function of cortisol concentration. To stabilize the reaction and
to slow the redox process, the reaction can be carried out in a
solvent with a large dielectric constant, such as water. The
largest advantage of the blue tetrazolium method is its quick
color development, which is an advancement for an industry
pushing for rapid result diagnostics.
All four methods of determining cortisol in the complex
bioﬂuid matrix, such as saliva and sweat, resulted in a similar
analytical response. Quantitative analytical analysis in
sensitivity, LoD, and dynamic ranges demonstrate insigniﬁcant
changes with artiﬁcial sweat and saliva (Figure S5). Overall,
blue tetrazolium is the best overall method of detecting cortisol
because of rapid reaction rate, low toxicity, low LoD within
physiologically relevant levels, and a single peak for simple
analysis, which are all beneﬁcial for wearable optoelectronic
applications and stress monitoring.
Blue tetrazolium methods may be comparable to the goldstandard ELISA technique for certain biosensor applications. It
is noteworthy that the blue tetrazolium method’s greatest asset
is the simplicity of its one-step reaction, which completes in
under 10 min; it is far easier and faster than ELISA methods.
Additionally, blue tetrazolium has a signiﬁcantly greater range
of detection, which is useful for diagnosing those with
disorders such as Cushing’s syndrome, which produces
characteristically high levels of cortisol in patients. In Figure
4, both blue tetrazolium and ELISA concentration curves made
using artiﬁcial sweat are shown. For blue tetrazolium in
artiﬁcial sweat, the LoD increases slightly from 97 to 146 ng/
mL, which is expected to be because of the sweat’s
composition comprising mostly water. ELISA is still the gold
standard in laboratory settings; however, we believe it is not as
appealing as blue tetrazolium in point-of-care applications.
To demonstrate the viability of blue tetrazolium as a
diagnostic tool, we analyzed apocrine and eccrine sweat
samples from diﬀerent subjects (n = 21) and correlated their
sweat cortisol concentration to their psychological stress levels.
Subjects self-reported their psychological distress using the

Figure 5. Apocrine and eccrine cortisol concentration of male and
female participants: boxplot analysis shows a signiﬁcant diﬀerence (pvalue = 0.042) between male and female cortisol levels and a highly
signiﬁcant diﬀerence (p-value = 0.0000042) between apocrine and
eccrine sweat in both males and females.
8215

https://dx.doi.org/10.1021/acsomega.0c00498
ACS Omega 2020, 5, 8211−8218

ACS Omega

■

http://pubs.acs.org/journal/acsodf

subjects, with a range of 13.3−443 μg/mL. Further studies are
needed with more subjects to conﬁrm our results and to
compare them to existing methods, such as ELISA, or more
sophisticated instrumental analysis, such as high-performance
liquid chromatography−mass spectrometry.
The diﬀerences between men and women and apocrine and
eccrine could be explained by the pituitary gland’s regulation of
cortisol. The main regulatory organ of cortisol is the pituitary
gland, which diverges in development when males and females
go through puberty.45 The pituitary gland also has a role in
regulating sweat. Adenylate cyclase, a second messenger
released by the pituitary gland, promotes diﬀerent levels of
eccrine sweat secretion in men versus women.46 It is also
possible that cortisone and corticosterone, both metabolites of
cortisol, occur in higher concentrations in men. However, any
interference due to each steroid would be minimal because of
its inherently lower concentration in the body and delayed
because of the metabolizing process.47 The exact cause of the
diﬀerence between groups needs to be further investigated.
Overall, this pilot study shows the great potential that such
methods have for monitoring and diagnosing cortisol-related
illnesses.

■
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MATERIALS AND METHODS

For a detailed list of the materials and their manufacturer,
please refer to the Supporting Information section of this
paper.
Preparation of Cortisol Stock. The cortisol stock
solutions were prepared fresh every week. For analytical
assessments in general, the solution contained 20 ± 0.1 mg of
hydrocortisone dissolved in 10 mL of absolute ethanol (5.5
mM). This solution was primarily used to obtain calibration
curves and absorbance spectra of the diﬀerent methods. To
determine cortisol contents in artiﬁcial bioﬂuids, the
calibration curves were constructed with solutions that contain
4.0 ± 0.1 mg (0.55 mM) and 2.0 ± 0.1 mg (0.28 mM) of
hydrocortisone in 20 mL of artiﬁcial saliva and artiﬁcial sweat,
respectively.
Acid-Induced Fluorescence Method. Appropriate
amounts of cortisol stock were added directly to concentrated
sulfuric acid into quartz cuvettes. The solution was then well
mixed with pipettes. Measurements were taken 5 min after
mixing.
Porter−Silber Reagent Method with AuNPs. The
traditional Porter−Silber reagent was prepared according to
the original article’s speciﬁcations.14 Furthermore, we studied
various solvent systems while replacing ethanol in the original
reagent to improve analytical performances. These alcohol
solvents include methanol, isopropanol, butanol, isobutanol,
and octanol. These Porter−Silber reagents, which contain 4
mL of concentrated sulfuric acid, 2.5 mL of distilled water, 3.5
mL of alcohol, and 20 mg of phenylhydrazine, were prepared
fresh daily. Additional tests were carried out with solutions that
contain AuNPs. In this solution, 2.4 mL of distilled water with
100 μL of AuNPs was used instead of 2.5 mL of DI water. To
create a calibration curve, appropriate amounts of cortisol
stock were added to the Porter−Silber reagents at room
temperature (23 °C) for approximately 1 h until color
formation. Measurements were taken every 15 min after the
addition of cortisol.
Prussian Blue Methods. A modiﬁed method was used to
form a light-toned Prussian blue (C18Fe7N18).38 An iron(III)
solution was prepared by adding 10 mg of iron(III) chloride to
20 mL of ethanol. Potassium hexacyanoferrate(III) solutions
were similarly prepared by adding 13.5 mg of potassium
hexacyanoferrate(III) to 20 mL of ethanol. Cortisol stock was
ﬁrst mixed with equal parts of sulfuric acid and iron(III)
solution (2 mL each) to oxidize the corticosteroid. After 5 min
of mixing, 0.5 mL of potassium hexacyanoferrate solution was
added. The solution was then put in a water bath at 70 °C until
color formation. Measurements were taken every 10 min after
the addition of cortisol.
Blue Tetrazolium Methods. A 1% v/v tetramethylammonium hydroxide solution (N(CH3)4+ OH−) was prepared by
diluting 5 mL of the aqueous solution in 45 mL of methanol. A
second solution that contains 100 mg of blue tetrazolium
dissolved in 50 mL of methanol was made. Equal parts of both
solutions were then mixed along with appropriate amounts of
cortisol stock at room temperature. Measurements were taken
every 10 min after the addition of cortisol.
Spectroscopy Analysis. For each colorimetric method, a
concentration curve was constructed by adding appropriate
amounts of cortisol stock to the respective reagent. Measurements were taken at predetermined intervals in 1 cm2 quartz
cuvettes (VWR) and using a UV−Vis Spectrometer (Cary 60,

CONCLUSIONS

All the methods presented in this study can be used as a fast
and simple qualitative and quantitative diagnostic tool for the
detection of cortisol concentration in bioﬂuids such as saliva
and sweat. For qualitative assessment, the pure sulfuric
reaction can be used like a pH litmus test and provide a
good approximation of cortisol concentration in a short
amount of time. For quantitative measurements, the AuNP
Porter−Silber or the blue tetrazolium reaction with methanol
grants in situ analysis with less concern of cytotoxicity. Such
cortisol colorimetric methods have the beneﬁt over electrochemical sensors by not relying on electronic components and
can be easily analyzed by the naked eye, which provides
intuitive understanding of the cortisol level. These colorimetric
analyses are especially beneﬁcial in analytical settings with
limited access to state-of-the-art instrumentations. Tests
performed on common noninvasive bioﬂuids, such as sweat
and saliva, disclosed that no excipients or other biomarkers
interfere with these reactions. The pilot study revealed a
previously unreported diﬀerence in cortisol levels between
apocrine and eccrine sweat glands and between men and
women (p-value = 0.000042 and 0.042, respectively). Although
other steroid hormones, such as testosterone and estrogen, do
not aﬀect the reaction, it is unknown whether or not more
closely related steroids, such as cortisone or corticosterone,
may inﬂuence spectrophotometric results. Therefore, research
into the selectivity of each method will be further studied. In
our future work, we will incorporate colorimetric methods into
a single, skin-interfaced microﬂuidics biosensor to provide both
qualitative and quantitative measurements to monitor stress
and stress-related illnesses.31,48 The development of a
smartphone application that enables the user’s phone camera
in place of a spectrometer and reads pixel values in lieu of
absorbance is underway.49,50 The simplicity of such low-cost
methods facilitates the widespread use of such devices of
disposable, low-cost wearable devices.
8216
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Notes

Agilent Technologies) from 300 to 800 nm. All solutions were
measured against a baseline solution, which includes all
components of the respective reagent without the addition of
cortisol.
Small-n Human Pilot Study. The research protocol was
approved by Binghamton University’s Institutional Review
Board (MOD00000592). Participants were healthy subjects
aged between 19 and 30, of which seven are males and 14 are
females. Sweat samples collected from 21 subjects were
analyzed using the blue tetrazolium method. Measurements
were taken at 10 min at 510 nm wavelength. Subjects
completed the Kessler Psychological Distress Scale (K10) prior
to exercise. Cortisol concentrations from both armpits and
lower back were then compared to the scores obtained through
the K10 test. The full sweat study design is outlined in the
Supporting Information, Figure S1.
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