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Abstract
Collection of salivary cortisol has been widely used as a method of investigating an array of health parameters. Monitoring of
cortisol levels can help us to understand stress levels and the body’s response to stressors. Traditional methods of measuring cortisol
in saliva, however, require costly equipment, trained personnel, and transportation of samples to a centralized laboratory. This
creates a barrier to personal monitoring of cortisol. It also adds a level of cost and difficulty to large-scale studies which require
participants to store and ship their saliva samples. Here, we present a novel system in which an individual withminimal trainingmay
collect their own saliva sample and measure it at home. Our system utilizes a lateral flow assay, a portable imaging device, and a
smartphone to give salivary cortisol results in less than 15min.We also demonstrate the use of our system on samples from a human
study and give results from that study, which analyzes the relationship between cortisol levels and alertness across multiple days.
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Abbreviations
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1 Introduction

Cortisol is the so-called Bstress hormone,^ as it is a hormone
produced in the body in response to a stressor. It is a product of

the hypothalamic-pituitary-adrenal (HPA) axis, which is acti-
vated by stressors and produces a cascade of hormones which
finally causes the production of cortisol in the adrenal gland
[1]. Cortisol is involved in the process of maintenance of
homeostasis in the body, termed Ballostasis^ [2]. Allostasis
allows for adaptation to challenges which arise in daily life
as well as major life stressors. The release of mediators of
allostasis such as cortisol promotes adaptation to changes in
a person’s situation [2]. As the HPA axis is activated in re-
sponse to a stressor, the resulting cascade of hormones, which
includes cortisol, causes improved alertness, attention, and
reaction time [3].

Cortisol production, like many neurobehavioral processes,
shows a roughly 24-h period known as a circadian rhythm.
Cortisol’s rhythm causes it to sharply increase and peak be-
tween 30 and 45 min after awakening, decrease throughout
the day, and increase again overnight. The increase in cortisol
after awakening is called the cortisol awakening response
(CAR). This rhythm can be affected by stress, shift work,
depression, and other conditions [4]. Circadian profiles across
individuals also vary, which can influence the timing and
phase of cortisol secretion over the day [5]. Similarly, alertness
profiles of different chronotypes are also known to be dis-
tinct—early types are more alert earlier in the day while late
types are more alert later [6]. There are a range of other factors
which can impact the individual’s cortisol response to daily
events as well as stressors, making it important to assess
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cortisol levels individually rather than taking the entire popu-
lation as a whole [7]. Due to these daily fluctuations and
personal variations, a single measurement is insufficient to
estimate the daily cortisol or alertness profile. By taking mul-
tiple samples across the day, the daily profile for each individ-
ual can be approximated and variations between days can be
observed.

In many studies, salivary cortisol is measured by collecting
saliva samples from participants and using traditional labora-
tory methods to analyze the concentration of cortisol in the
sample. Methods used by recent studies include immunoassay
techniques [8, 9] and liquid chromatography tandem-mass
spectrometry [10]. Point-of-care techniques which use electro-
chemical reactions [11] and chemiluminescent signals [12]
have also been developed. Traditional laboratory methods
are expensive, use specialized equipment, require trained per-
sonnel, and require relatively large amounts of time. The
point-of-care techniques which are currently being developed
for salivary cortisol measurement use specialized equipment
[11] or else require the user to act within a 1-min window in
order to capture a usable image [12]. Researchers are also
working on stress monitoring which utilizes ambient intelli-
gence and monitoring; however, many of these do not use
physiological markers but rather facial and voice monitoring
for signs of stress or nonspecific markers such as heart rate and
body temperature [13]. Here, we present a point-of-care lateral
flow assay which measures cortisol concentration using a col-
orimetric signal that is imaged and processed by an inexpen-
sive portable reader which interacts with a mobile device. Our
novel system does not require large or expensive equipment
and is easy to use, while still providing an accurate result.

For objectively assessing alertness, sleep clinicians and re-
searchers commonly use the psychomotor vigilance task
(PVT), which is a reaction time (RT) test. During the test, a
visual stimulant is shown at a random interval and the user is
instructed to respond to the visual stimulant (e.g., pressing a
physical button). Here, the PVT is adapted to a mobile format,
PVT Touch [14], which is implemented on subjects’ personal
smartphones. Various statistical summaries of the reaction
times during the test have been shown to correlate with wake-
fulness, sleep deprivation, and fatigue across different popu-
lations [15–17]. One distinct advantage of using PVT to assess
cognitive performance over a long period of time is its immu-
nity to practice or learning effects [18].

Both cortisol and alertness have been related to sleeping
habits. The cortisol circadian rhythm is affected by shift work
[19], and alertness is diminished by severe lack of sleep [20].
Another marker which has been linked to sleep is melatonin, a
hormone secreted by the pineal gland. Melatonin has also
been shown to decrease alertness and increase sleepiness
when administered exogenously [21]. Salivary melatonin
has been shown to correlate with serum levels of melatonin
and to act as a marker of circadian phase [22, 23]. We have

included melatonin in our study in order to assess the relation-
ship between endogenous melatonin and alertness levels.

In this paper, we demonstrate a smartphone-based system
which enables users to quantify and track personal levels of
salivary cortisol and alertness. We validated our system in
human samples from a study in which we observed measures
of cortisol, melatonin, alertness, and sleep. While these things
have all been studied separately in great detail, to the best of
our knowledge, there have been no studies to date that exam-
ine the possibility of relationships between these metrics. Our
novel point-of-care cortisol diagnostic system would allow
users to track their own cortisol levels and creates an oppor-
tunity for the enhancement of salivary cortisol research.

2 Materials and methods

2.1 Preparation of gold nanoparticle (AuNP)
conjugates with anti-cortisol antibodies

Innovacoat Gold Conjugation Kit (Innova Biosciences,
Cambridge, UK), consisting of freeze-dried 40 nm AuNPs,
was used for the conjugation process. We used the proprietary
lysine residues existing on the surface of the Innovacoat
AuNPs to obtain stable conjugation. We obtained mouse
monoclonal anti-cortisol antibodies from CalBioreagents
Inc. (San Mateo, CA, USA) and incubated them with the
AuNPs. We then added a quenching buffer to terminate the
conjugation reaction and centrifuged the solution to remove
excess antibodies. These conjugates were stored at 4 °C until
diluted to the desired optical density (O.D.) in a conjugate
buffer, consisting of 2 mM borate buffer and 5% (w/v) sucrose
(for resolubilization).

2.2 Preparation of lateral flow assay for cortisol
detection

2.2.1 Conjugate pad preparation

We soaked glass fiber conjugate pads (GFDX103000, EMD
Millipore, Billerica, MA, USA) cut to 30 cm × 5mm for 2 min
with the anti-cortisol conjugated AuNPs diluted to an O.D. of
0.18. We then dried them in an incubator at 37 °C overnight.

2.2.2 Nitrocellulose membrane preparation

We obtained nitrocellulose membranes (HF180MC100, EMD
Millipore) with a 2.5-cm capillary length. We used a solution
of 0.4 mg/ml Cortisol-BSA conjugate (CalBioreagents Inc.)
diluted in 0.1× PBS for the test line and a 2.0-mg/ml solution
of lyophilized anti-mouse IgG produced in goat (Sigma
Aldrich Co. LLC, St. Louis, MO, USA) in 0.1× PBS for the
control line. We dispensed both the solutions onto the
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nitrocellulose membrane using a Lateral Flow Reagent
Dispenser (Claremont Biosolutions, Upland, CA, USA) at-
tached to Legato 200 Dual Syringe Pump (Claremont
Biosolutions), dispensing at a rate of 6.4 μL/min, which result-
ed in uniform test and control line width of approximately
1 mm, and a distance of 3 mm between the two lines after
dispensation. We then dried the membrane overnight in a
37 °C incubator. The test and control lines are depicted in
Fig. 1b, with the test line shown in green and the control line
shown in orange.

2.2.3 Assembly and storage of the lateral flow assay

The test strip is made of several parts assembled on an adhesive
backing pad, as shown in Fig. 1b. Cellulose fiber sample pad
(CFSP203000, EMD Millipore) acted both as the sample pad
for sample loading and as the absorbent pad at the end of the
assay strip. We used an unsoaked glass fiber membrane
(30 cm× 5 mm) as a spacer pad between the soaked conjugate
pads and the nitrocellulose membrane to act as a small incuba-
tion area to allow for enhanced reaction between AuNP con-
jugates and the sample before they flow onto the nitrocellulose
membrane. We created an overlap of 0.5 mm both between the
spacer pad and the nitrocellulose membrane, and the spacer
pad and the soaked conjugate pad, and an overlap of 2 mm
between the soaked conjugate pads and the sample pad. We
subsequently attached a cover tape (Kenosha, Amstelveen,
The Netherlands) to secure the sample pad, the conjugate

pad, the spacer, pad and the nitrocellulose membrane, and en-
sure proper contact between the respective membranes. We
then used a rotary paper trimmer (Dahle North America, Inc.,
Peterborough, NH, USA) to cut the assembled 30-cm assay
strip into individual 4-mm-wide test strips subsequently used
for experiments. For storage of the strips, we added silica gel
desiccants to the storage box to prevent damage to the test
strips by atmospheric moisture.

2.3 Study design and recruitment of participants

Through public emails and recruitment posters, we recruited
13 participants from the Cornell University community. We
described the study procedure in detail to the participants dur-
ing an initial interview. The study was approved by Cornell
University’s Institutional Review Board and all participants
provided written informed consent prior to participation. All
protocols were carried out in accordance with the relevant
guidelines and regulations. Briefly, the participants were
instructed to collect six saliva samples daily—three samples
in the morning with one at waking and two at intervals of 30
and 45 min after waking and subsequently one sample each in
the afternoon, evening, and night. Saliva collection kits
(Salimetrics, State College, PA, USA) consisting of a saliva
swab and collection tubes were provided to each participant.
They were asked to note the time and date on each sample
tube and store them in either refrigerators or freezers, which-
ever might be more easily accessible to the participant.

a

b

Fig. 1 Overview of lateral flow
assay and system. a Depiction of
process for running a lateral flow
assay with a collected saliva
sample. (From left to right):
Saliva swab in collection tube,
pressure application on saliva
swab, tube with swab and tube
insert removed and a disposable
capillary tube, deposition of
saliva from capillary tube to
lateral flow assay, portable
imaging device, image sent to
smart device via Wi-Fi. b
Schematic of lateral flow assay
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Participants were asked to drop off the samples in a cold
storage box each day, from which we collected and stored
the samples in a freezer at − 20 °C until they were thawed
later for enzyme-linked immunosorbent assay (ELISA)
analysis.

To assess alertness, we used the PVT, a widely used reac-
tion test for measuring alertness [15]. While the original PVT
version requires specialized hardware, we used a validated
smartphone implementation, PVT-Touch [17]. In this test, a
visual stimulus (in this case, a black and white checker pat-
tern) is shown at random intervals to the participant, who
responds by touching the phone screen. A visual representa-
tion of this can be seen in Supplementary Fig. 1. Reaction
times are measured in milliseconds, and various statistical
summaries of reaction time have been shown to be indicative
of alertness [24]. While the original PVT version took around
10 min to complete, subsequent brief versions have also been
shown to be reflective of changes in alertness [25]. In this
work, we administered a 3-min version—a duration which
has been validated for alertness assessment [26].

Participants were instructed to complete the PVT tasks 4
times a day—once each in the morning, afternoon, evening,
and night, and if possible, at the same time as the saliva sam-
ples were collected. We reminded the participants to take sa-
liva samples and PVT tasks using passive phone notifications.
Given that speed and accuracy is important for PVT tests, we
instructed participants during the initial interview to only be-
gin a test if they expected to have 5 min without significant
distraction. We also provided instructions and demonstrated
how to perform the PVT on each person’s phone.

In addition to the PVT, we collected subjective measures of
alertness including Chalder Fatigue Scale [27] and Fatigue
Visual Analogue Scales (VAS) [28]. Participants also com-
pleted sleep journal recording when theywent to sleep at night
and upon awakening in the morning.

Participants were expected to take 7 days of samples (42
saliva samples and 28 PVTsurveys overall) within a period of
2 weeks. Compensation was provided to participants, a de-
tailed account of which can be found in the Supplementary
Information.

2.4 Analysis of saliva samples

Frozen saliva samples were first thawed and then centrifuged
at 3500 rpm for 10 min, followed by immediate analysis via
ELISA kits to ascertain the cortisol and melatonin content in
each sample. Commercially available cortisol and melatonin
ELISA kits (Salimetrics, State College, PA, USA) were used
for this purpose. ELISA protocol required 25 μl of saliva for
the cortisol kit and 100 μl of saliva for the melatonin kit. In the
samples in which there was not enough volume to allow for
both tests, only cortisol levels were analyzed.

2.5 Analysis of PVT surveys

Each single PVT session required the participant to provide
around 3 min of responses. Each of these responses was mea-
sured in milliseconds and was classified into three categories:
false start, normal response, and lapse. A false start occurred
when the user tapped the screen before the stimulus or within
100 ms of the appearance of the stimulus. A lapse occurred
when it took more than 500 ms for the user to respond, and a
normal response was anywhere between 100 and 500 ms [20,
24]. Number of false starts and lapses was counted for each
session while a median RTwas calculated from all the normal
responses from a session. These three parameters were then
separately used to quantify the PVT session [20].

2.6 Test strip protocol

A schematic of the test strip running process is shown in Fig.
1a. Saliva samples are collected using a swab which is placed
under the tongue for 1–2 min. This swab is placed in a dis-
posable tube which can be used to store the sample and to hold
the swab in place while saliva is forced out of the swab by
pressure or centrifugation. The saliva is then at the base of the
tube and can be pipetted onto the test strip. For our study,
stored saliva samples were thawed and subsequently centri-
fuged at 3500 rpm for 10 min before being used for the lateral
flow assay. The assay strips were housed in a standard lateral
flow cassette. Forty microliters of sample was then loaded
onto the sample pad. This allowed the sample to wet the
soaked conjugate pad, release the AuNP conjugates, and settle
onto the spacer pad, where the sample and the conjugates were
allowed to react for 5 min. At the end of 5 min, 40 μL of
running buffer consisting of 1× TBS with 1% BSA, 1.5%
Tween20, and 0.1% sodium azide was added to the sample
inlet to initiate the assay. This forced the conjugates to flow
from the spacer pad across the nitrocellulose membrane,
where they would subsequently interact with the dispensed
test and control lines and onto the absorbent pad (see
Fig. 1a). At the test line, there is a competitive interaction
between cortisol which is bound to the AuNP-antibody con-
jugates and cortisol immobilized on the test line. The signal at
the test line therefore decreases with increasing cortisol con-
centration. At the control line, the secondary antibody
immobilized on the surface binds to the remaining AuNP-
antibody conjugates. A wait time of 5 min was used to allow
the colorimetric signal to develop at the two lines, which were
then read and analyzed in our imaging device (shown in
Fig. 1a) as detailed below.

2.7 Calibration curve

Eight saliva samples with known values (through ELISA anal-
ysis) of cortisol concentration between 0 and 0.5 ng/ml were
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thawed and centrifuged as detailed above. They were then
mixed together to obtain a single saliva solution consisting
of a cortisol concentration between 0 and 0.5 ng/ml. This
saliva solution was divided into five different solutions, which
were then spiked with a known cortisol-BSA solution pre-
pared in 1× PBS, to obtain saliva samples with final concen-
trations of approximately 0, 2.5, 5, 10, 30, and 50 ng/ml.
These were then dispensed on the lateral flow assay according
to the protocol laid out above for the human saliva samples.
The ratio of the intensities of the test and control lines was
used as the final signal value. The signal values of all the
calibration samples were normalized to the mean signal value
of the 0 ng/ml samples. These normalized values were then
used to create a calibration curve for test to control line ratio
and cortisol concentration. This curve was used to quantify
cortisol levels in subsequent saliva samples.

2.8 Test strip image readout and image processing

Test strips in cassettes were analyzed by a portable imaging
device (Fig. 1a, right side) previously described by Lu et al. as
well as other lab members and collaborators [29–32]. The
inner workings of the device can be seen in the paper by Lu
et al., and we will describe them briefly here. The device
consists of a CMOS camera (Raspberry Pi, Cambridge,
UK), focusing lens (Thorlabs Inc., Newton, NJ, USA),
Raspberry Pi computer board, and cassette tray all surrounded
by a 3D-printed light-tight container. We used this device to
image the test strips and send the images via Wi-Fi to a web
application running on a mobile device such as a smartphone,
tablet, or laptop computer, which could then be used to ana-
lyze the intensities of the test and control lines. The intensities
of the test and control lines relative to the background color of
the strip were determined using Python. The ratio of these
intensities was taken as the signal and compared with the
calibration curve to calculate a cortisol concentration.

2.9 Statistical analysis

We performed statistical analysis of the data using the R and
Python programming languages. We explored population-
level correlations between whole-day measures using linear
mixed models with cortisol and melatonin as fixed effects
and subject as a random effect. We used simple linear regres-
sion to assess relationships between whole-day measures of
cortisol, PVT metrics, melatonin, and sleep for each partici-
pant. Significance of the regression slope estimates was deter-
mined by t test. We performed a residual analysis for each
model to ensure that the model assumptions of normality
and homogeneous variance of the error terms were met. We
constructed multilevel linear models and determined the sig-
nificance of the coefficients of the models by analysis of var-
iance (ANOVA) using a likelihood ratio test. Significance in

this analysis was defined as p < 0.05. Analysis of the quality
of fit for both the calibration curve and the lateral flow analysis
of the human samples was done in Python using an R-squared
calculation.

3 Results

3.1 Test strip calibration

As described in Section 2.7, we created a calibration curve
from saliva samples spiked to several concentrations. Each
calibration sample was tested on three strips (except for the
samples at 30 and 50 ng/ml, which were tested twice). An
image of one of each of the calibration strips is shown in
Fig. 2b. The test to control line intensity ratio for each of the
strips was calculated and normalized to the mean of the test to
control ratios of the 0 ng/ml strips and the mean and standard
deviation for each concentration can be seen in Fig. 2a. To
calculate a calibration curve, we used a 4-parameter logistic
function fitted to the equation

Test

Control
¼ Aþ B

1þ Concentration
C ÞD

� ð1Þ

In this function, test and control are the intensities of the
respective lines (in arbitrary units), concentration is the known
concentration of cortisol in the sample in ng/mL, and A, B, C,
and D are curve fit parameters, where A = 0, B = 1.010, C =
7.104, andD = 2.408. The R-squared value of the data fitted to
the calculated curve is 0.924.

3.2 Human sample testing and validation of test strip
assay

We validated our test and calibration curve with 16 human
samples at varying cortisol concentrations. Images of some
human sample test strips can be seen in Fig. 3b. The test and
control intensities of these images were used to calculate an
estimated sample concentration (in ng/mL) according to the
equation

Estimated Concentration ¼ C
Aþ B− Test

ControlÞ
Test

Control −A

 ! 1
D

0
@ ð2Þ

The concentrations estimated by our test and those estimat-
ed by the ELISA kit can be seen compared in Fig. 3a. The R-
squared value of the fitted data is 0.874. The point which was
farthest from the line of best fit was only 2.7 ng/ml away, with
87.5% of the points falling within 2 ng/ml of the line of best fit
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and 62.5% of the points falling within 1 ng/ml of the line of
best fit. The limit of detection for this test is 2.5 ng/ml. Our test
can distinguish concentrations 2.5 ng/ml and higher from ze-
ro, with high accuracy in the range higher than 2.5 ng/ml. The
lateral flow assay with human samples required less than
15 min to obtain a result, whereas the ELISA kit required
more than 4 h per batch of samples.

3.3 Daily cortisol, melatonin, and PVT responses

In our pilot study, we interviewed and recruited 12 partici-
pants, of whom only 10 (4 men and 6 women) were able to
fully participate in all parts of the study. More details on com-
pliance and sample viability can be found in the
Supplementary Information. Sample concentrations for corti-
sol and melatonin were plotted against time since awakening
in order to obtain the daily variations of cortisol and melatonin
(Fig. 4a, b). Here, we defined Btime of awakening^ as the time
reported by the participant for collection of the first saliva
sample of the day, and we plotted all charts with Btime of
awakening^ as 00:00 h. Representative data collected for a
single participant (Participant 01) for cortisol levels, melatonin
levels, and PVT median RT values are shown in Fig. 4.

Even though the specific daily profiles obtained varied no-
tably between different participants, and across different days

for the same participant, the general profiles followed expect-
ed trends. Cortisol was seen to peak in the morning, with a
decrease observed across the day with minimum values
achieved in later hours. The typical cortisol awakening re-
sponse (CAR) was observed on 49.4% of days (i.e., cortisol
levels in the second sample of day were higher than that in the
first sample of the day), with time of peak cortisol varying
between 30 and 45 min after awakening. Similarly, melatonin
levels were seen to follow expected trends with low values in
the morning, remaining flat for most of the day, and then rising
sharply in the evening and peaking at night. Patterns in results
for PVTs were not as evident in our data as were the patterns in
cortisol and melatonin. The spread in the data was large, as
evidenced by the large error bars in Fig. 4c.

3.4 Exploration of direct relationships between study
parameters

In order to explore relationships between cortisol, melatonin,
and PVT, we first used whole-day measures to express each of
these parameters as a single metric for each day. Maximum
cortisol was defined as the highest level of cortisol measured
in each day, typically found within the first three samples of
the day. Total cortisol was calculated by dividing the area
under the daily cortisol profile by the duration (in hours)

a b

Fig. 3 Comparison of ELISAmeasured values and values from the lateral flow assay system of human saliva samples. aGraph of cortisol concentration
measured by ELISA and lateral flow assay. Legend shows points calculated from images in (b), examples of images taken by the portable reader

a b

Fig. 2 Salivary cortisol calibration curve. a Calibration curve for salivary cortisol with means and standard deviations displayed. b Representative
images of each concentration used in the calibration curve, taken in the portable reader
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between the first and last sample of the day. Finally, the CAR
was defined as the increase in cortisol from time of awakening
to the peak level, which generally occurs between 30 and
45 min after awakening. For melatonin, we used the maxi-
mum value of melatonin for the day (generally from the last
sample of the day). The whole-day measures for PVT surveys
were the averages across the day for each of the session quan-
tities (median RT, number of lapses per session, and number
of false starts per session).

To examine relationships between the described whole-day
measures of cortisol, alertness, melatonin, and sleep, we used
a linear mixed model with fixed effects as either cortisol or
melatonin and a random effect for subject-to-subject variation.
No comparisons were found to have significant correlations.
A complete list of the tests, their estimates, p values, and n
values can be found in Supplementary Table 1.

Although a population-level analysis did not reveal strong
relationships between cortisol, alertness, and melatonin, some
individuals were found to show trends between the observed
variables. Different individuals showed a large variability in
both the magnitude and the sign of the slope (i.e., positive or
negative correlation) between the examined variables (See
Supplementary Figs. 2 and 3). However, most participants
did not have statistically significant relationships between
the variables, in part due to sparsity of data for each individual
comparison. It is possible that this information may be useful
in assessing whether sleep duration impacts a person’s average
alertness and cortisol levels. For example, in this study, four
participants out of nine were found to have a negative trend in
total cortisol versus sleep length and a positive trend in total
cortisol versus number of lapses. For these participants, this
suggests that sleeping longer tends to coincide with a lower
cortisol level and a lower cortisol level is related to higher
alertness (lower number of lapses). Individuals’ relationships
betweenmelatonin, alertness, and sleep were also investigated
and similar variability in trends is seen for melatonin, as in
cortisol. (Slopes, p values, and n values for each individual

and each parameter comparison can be found in the supple-
mentary information (Supplementary Tables 2–7).)

3.5 Multilevel model for cortisol variation

In order to capture the effects of the different times, days, and
participants from which we collected saliva samples, we used
a hierarchical linear model that gives a better representation of
how cortisol varies with time, day, and individual. This model,
which was previously described by Hruschka et al. [28], al-
lows cortisol to vary with time and allows variance beyond
this to be attributed to different individuals and days. One
individual’s cortisol levels can vary considerably between
days, even when taken at the same time point after awakening
[28]. Different individuals may also have different mean
levels of cortisol and different rates at which cortisol decreases
throughout the day [28]. These different types of variation,
within-individual and between individuals, can be best cap-
tured by a multilevel model [28]. A detailed description of the
formation of this model can be found in the Supplementary
Information.

Our model takes the natural log of cortisol as a function of
time since awakening. Each data point represents a sample
obtained from a participant. The reference model is one in
which the intercept (β0) and slope (β1) of the population
may vary. The terms b1i and b0i allow for the slope and inter-
cept, respectively, to vary for each individual. The term cij
allows the intercept to vary depending on day, and the term
εijk accounts for the residual error. The complete model equa-
tion is:

ln CORTð Þijk ¼ β0 þ β1 þ b0i þ b1i � TIME þ cij þ εijk ð3Þ

A graphical representation of the population data and
mean, one individual’s data and mean (Participant 01), and
1 day’s data and mean (Participant 01, day 1) is shown in

Fig. 4 Daily profiles of measured values for Participant 01. a Salivary
cortisol profiles across 7 days. b Salivary melatonin profiles across
7 days. c Boxplot of PVT median reaction times (RTs) (binned by time

across day) averaged over all days on which PVT was collected. Green
lines represent median of bin and whiskers are at 1.5 times the
interquartile range
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Fig. 5. The addition of each of the covariates (β0, β1, b0i, b1i,
and cij) in the model was found to be significant (p < 0.001).

After creating a model which captures variance of cortisol
in terms of time, day, and individual, we then modified our
statistical model to allow for alertness to contribute to the
variation in each day. We included an additional covariate
(d), here added as a fixed effect, which contained an average
measure of alertness for each day in which both PVT and
saliva samples were obtained. The equation for this model is
then:

ln CORTð Þijk ¼ β0 þ β1 � TIME þ b0i þ b1i � TIME

þ cij þ d � PVTij þ εijk ð4Þ

Average PVT median RT each day as well as average
number of lapses each day was used as the PVT metric in
this model. The addition of a term representing the average
PVT median each day was not found to be significant (p =
0.286) and the addition of a term representing average num-
ber of lapses each day was only marginally significant (p =
0.078). Maximum melatonin from each day was added in a
similar way, with the fixed effect of melatonin found not to
be significant. When we attempted to add sleep parameters
to the cortisol model, there was not enough data to resolve
the model.

4 Discussion

Here, we have presented a novel system which has the power
to collect and analyze saliva quantitatively for cortisol concen-
tration. By utilizing easy-to-use saliva collection swabs, sim-
ple paper-based colorimetric lateral flow assays, and a porta-
ble and inexpensive test strip reader, we have created a system
which can monitor the user’s cortisol in any setting. This sys-
tem, which can interact with a smartphone or other mobile

device, can be used in conjunction with our smartphone-
based alertness monitoring. Because the range of cortisol con-
centration in saliva is relatively low (0–15 ng/ml, generally), it
can be difficult to detect at the point of care. Our system’s use
of a light-tight container with a custom lighting and optics
setup allows us to measure with good accuracy relative to a
traditional ELISA kit (R-squared = 0.874) throughout the
range of common physiological concentrations. The limit of
detection of our test is not as low as that of the ELISA
(0.07 ng/ml); however, for personal cortisol monitoring, it
would not be crucial to have that level of sensitivity. Our
system can distinguish that the concentration is low (0–
2.5 ng/ml) and can provide good quantitation above these
concentrations.

Another point-of-care diagnostic developed by Zangheri et
al. [12] has a lower reported limit of detection (0.3 ng/ml), due
to the use of a chemiluminescent signal. The reported range of
this assay is from 0.3 to 60 ng/ml, which is similar in utility to
our detection range (2.5–30 ng/ml), because the typical sali-
vary cortisol levels are less than 20 ng/ml.While this assay has
a lower limit of detection, it also requires multiple user steps,
including the use of a needle and syringe, and has a quantifi-
able signal that lasts for only 1 min. Our assay requires only
the use of a swab, tube, disposable plastic capillary pipette,
and dropper bottle of running buffer. While the detection of
the other test is more sensitive, it is not practical or user-friend-
ly. The times when cortisol quantification would be most cru-
cial are during the CAR and in times of stress. During these
times, cortisol concentration is generally greater than 2.5 ng/
ml, and so our test would then be able to provide accurate
results. Although our test may not have the precision to detect
very small changes in cortisol (< 1 ng/ml), it can monitor a
person’s diurnal cycle and detect high levels of cortisol during
periods of stress.

The imaging device used in this work is a multi-purpose
device which can be used to image virtually any lateral flow
assay with a colorimetric signal. This device has been used by

Fig. 5 Plots depicting different levels in cortisol multilevel model. a All
data points of ln(CORT) (Eqs. (1)–(3)) versus time since waking with
population mean regression line. b Data points for Participant 01 shown
with the population mean regression line and the Participant 01 mean

regression line. c Data points for Day 1 of data for Participant 01
shown with the population mean regression line, the individual mean
regression line, and the day mean regression line
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our lab for the analysis of other test strips measuring analytes
in blood serum and whole blood [29–32]. In this work, we
develop a novel immunoassay for cortisol measurement in
saliva. The gold nanoparticles used as a marker in this assay
can be imaged and analyzed by our imaging device in a man-
ner similar to that of our previous work.

Saliva is known to have many components, including mu-
cins, proteins, enzymes, and many other molecules and bio-
logical constituents [33].While it is possible that these various
components may interfere with the interactions taking place in
our test, we took care when developing the calibration curve to
use pooled human saliva samples with known concentrations
below 0.5 ng/ml as the basis of all the tests. We then spiked
these known near-zero samples to various concentrations to
form the calibration curve, rather than using a spiked buffer
solution. These tests, therefore, provide the closest approxi-
mation to the measured saliva samples and should, at least in
part, take into account any interference that would be observed
from saliva components in normal saliva samples. Further, as
is standard for any salivary cortisol measurement, we request-
ed that our participants not partake in any food or drink or
brush their teeth for 30min prior to taking saliva samples. This
would prevent food particles, a change in saliva pH, or trace
amounts of blood from impacting the results of the ELISA or
the lateral flow strips. The cross-reactivity of the antibody is
another possible source of interference in the test, and by
examining the specifications given by the antibody manufac-
turer, we can see that the highest cross-reactivity exists with
prednisolone at 4.9%, 11-deoxycortisol at 0.5%, and cortico-
sterone at 0.3%. These are somewhat insignificant given the
error present in our test, although whether or not a user is
taking a corticosteroid such as prednisolone would be a factor
to consider in understanding the results of the test.

Although the design of the system allows for good lighting
and focus, each of the parts within the system is still able to be
purchased inexpensively. The lateral flow assay itself has a
materials’ cost of less than $1 per strip, and the portable im-
aging device is made up of off-the-shelf products and a 3-D-
printed case totaling less than $400. Large-scale manufactur-
ing of this device, without the use of 3-D printing, would
likely greatly reduce the cost. A commercial cortisol ELISA
kit, such as the one used in this study from Salimetrics, Inc.,
costs approximately $250 and can be used to analyze 38 saliva
samples. Using an ELISA kit also requires expensive lab
equipment and trained personnel, further adding to the cost
of analysis. The cost of having a lab such as Salimetrics, Inc.
analyze samples is over $14 per sample, which would add up
quickly in large-scale analysis or even as an individual mon-
itoring their own cortisol status. Also, while traditional labo-
ratory methods generally take 4 h or more to get results about
concentration of cortisol, our test takes less than 15 min. This
allows us to have near-immediate results and measure samples
as they are taken rather than waiting to run a large batch all at

once. This type of result is ideal for personal monitoring in
almost real time.

Although in this pilot study wewere not able to definitively
link salivary cortisol with PVT reaction times, there remains
the possibility that monitoring both cortisol and alertness in
more participants and for longer durations could reveal rela-
tionships. Our smartphone-based systemwouldmake a formal
investigation easier and less expensive, and it would enable
individuals to monitor their own natural rhythms and make
decisions based on their body’s behavior. We discussed the
possibility of a personalized monitoring system during exit
interviews with the participants of our study. When asked
whether theywould try a system in which youmust take saliva
samples and alertness tests, but which would give you your
own personal alertness schedule, four out of eight interviewed
said that they would definitely try it, three said that they might
try it, and only one said that they had no need for such a
system. Only one participant had an issue with the invasive-
ness of the saliva collection, while the rest had no difficulties
or problems with collecting a saliva sample via a swab. While
the participants did not use the lateral flow assay part of the
system, they reported that they were comfortable with the use
of the saliva collection kit and PVT tests.

In our study, we collected information about participants’
cortisol, melatonin, alertness, and sleep while they went about
their normal daily routine. After exploration of relationships
between the measured variables, although we did not find
correlations between whole-day measures for cortisol, alert-
ness, and melatonin of the population, we found that the sign
of the correlations (positive or negative) for each of the com-
parisons varied from individual to individual. If each individ-
ual does indeed have distinct relationships between their cor-
tisol and alertness, our systemwould allow them to track these
relationships and create a personalized record that could help
them make better decisions about their sleep and work sched-
ules. With our multilevel model, we could better classify the
between- and within-individual variances, which allowed us
to observe a marginal significance of PVT average number of
lapses in accounting for variation in cortisol. Although the size
of our study does not give us enough statistical power to prove
a relationship, our finding that average number of lapses is
marginally significant in predicting cortisol suggests that low-
er alertness is observed on days on which cortisol levels are
higher. Further discussion of study results including compli-
ance to study protocols and various types of analysis on the
gathered data can be found in the Supplementary Information.

In conclusion, we have created a system which allows for
individuals to monitor their own salivary cortisol and alertness
levels. Each of the parts of our system is either inexpensive
(lateral flow assay, portable reader) or devices that many peo-
ple already own (smartphone, tablet, laptop). In this way, our
system would open the door to personal monitoring of stress
and alertness markers and make large-scale studies easier and
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less expensive. We have demonstrated our system’s use on
human samples from a pilot study which analyzes the possi-
bility of relationships between cortisol, melatonin, sleep, and
alertness. Although we only found marginal significance in
our pilot study results, they demonstrate the potential utility
of our system in obtaining cortisol data from several subjects
over an extended period of time.
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