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ABSTRACT: Analysis of cortisol levels in human sweat is increasingly
important as it can be a “stress biomarker” in stress-related disorders, giving
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microfluidic origami biosensor based on a smartphone was developed for 4 |
cortisol-level detection in human sweat. Molybdenum disulfide (MoS,) Quenched FAM.aptamer Fluorescence recovery

nanosheet-mediated fluorescence resonance energy transfer (FRET) and MoS,-mediated FRET Sensing 1

fluorescently labeled aptamers were employed in the biosensing process. A
multilayer-structured 3D origami microfluidic chip was fabricated and
functionalized to facilitate low-volume perspired human sweat collection,
transportation, and detection. The translatability of the biosensor was exhibited
by the fluorescence analysis in a smartphone mounted in a custom-designed
holder. The critical design parameters of the microfluidic origami biosensor,
including the characterization of various paper substrates, the concentration of
MoS, nanosheets, and the incubation/reaction time, were adjusted to obtain an
acceptable range for the assay dynamic range and limit of detection (LOD). Under optimum conditions, various doses of cortisol
within the physiologically relevant range of 10—1000 ng/mL reported in human sweat were tested to evaluate the performance of the
proposed biosensor. It displayed an LOD of 6.76 ng/mL at 30 in artificial sweat, an analysis time of 25 min, and high selectivity. The
performance of the proposed cortisol sensor was compared with an enzyme-linked immunosorbent assay (ELISA) for a spiked
artificial sweat sample, and a correlation coeflicient of 0.988 was found. The proposed biosensor also presented satisfactory results in
the determination of the cortisol levels in a real human sweat sample. The resulting portable biosensor provides a rapid, low-cost,
convenient, and non-invasive sensing solution for the point-of-care analysis of cortisol levels in sweat.
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H INTRODUCTION be found in the biofluids, including blood, sweat, urine, saliva,
and interstitial fluid.® Traditional methods for cortisol

With the ever-increasing development of society, the pace of
detection in body fluids usually rely on centralized laboratory

life and work is speeding up and leads to increasing

psychological stress.” Numerous studies show that stress has settings,'’~'” like gas/liquid chromatography and enzyme-
a broad impact on neuropsychiatric disorders and psycho- linked immunosorbent assay (ELISA). Such methods are of
logical and emotional strains, irrespective of age, gender, high cost and are complex, multistep, and lengthy immuno-
education, etc.; thus, the stress research is beneficial to the sensing procedures, although high sensitivity can be provided;
development of clinical interventions and health management.” thus, they are unsuitable for decentralized settings or point-of-
Subjective stress is usually assessed as perceived stress and the care testing. Point-of-care diagnostic biosensors are capable of
stress-level quantification is traditionally measured by using providing convenient ways for continuous personalized
self-rated questionnaires.” However, inaccurate perceptions of healthcare monitoring.S’B’H Compared to blood testing,
stress, inconsistencies in assessment, and low levels of sweat and saliva testing provides non-invasive stress hormone

objectivity have a strong impact on the outcomes of such
questionnaires.” Measuring cortisol levels is an objective
method of stress detection since it can be a biomarker that
responds to both physical and psychological stress.” A normal
range of cortisol level has been defined to be between 20 and
250 ng/mL, while the cortisol level in the body fluids follows a
circadian cycle, which is at the peak during the daybreak and
decreases by night-time.” Both high and low cortisol levels can
disrupt the homeostasis of the immune system and be
associated with diseases.” An active form of free cortisol can

analysis without having a potential stress stimulus. Sweat is the
preferred body fluid for point-of-care testing because it is easy
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to collect. In addition, the cortisol content in sweat changes
periodically;'>'® thus, immediate, accurate, and continuous
measurement of cortisol levels in sweat can be used to evaluate
the stress.

Electrochemical biosensors are characterized by their
privileged merits of sensitivity, having label-free, miniatur-
ization potential,7 and have been reported to be used in the
detection of cortisol."’~"* Khan et al.>° developed a highly
sensitive electrochemical immunosensor for cortisol detection
in saliva. The sensor consisted of gold (Au) microelectrodes
coated with anticortisol antibody, poly(styrene)-block-poly-
(acrylic acid) (PS67-b-PAA27) polymer, and graphene nano-
platelet (GP) suspension coated on filter paper, and all were
integrated in a printed circuit board (PCB). The sensor had a
wide cortisol detection range from 3 pg/mL to 10 ug/mL and
a sensitivity of 50 Q (pg mL™)7". Cheng et al."” developed a
flexible electrochemical device for in situ detection of cortisol.
The detection results of the volunteers’ sweat samples could
correctly reflect the cortisol rhythm of the human body via a
confirmation by ELISA. Madhu et al.'® presented an
electrochemical immunosensor for cortisol detection, which
was made of ZnO nanorod-coated flexible carbon yarns using a
hydrothermal method. The immunosensor exhibited a linear
detection range from 1 fg/mL to 1 pg/mL with the detection
limit between 0.45 and 0.098 fg/mL. Although electrochemical
sensors are able to provide high sensitivity, complex and costly
fabrication and an immobilization procedure of micro-
electrodes are usually involved. More recently, many current
cortisol determination strategies that rely on the microfluidic
method with colorimetric detection have been developed.
Apilux et al*' developed a low-cost paper-based immuno-
sensor with competitive assay for detection of cortisol in
serum. Gold nanoparticles (AuNPs) were used as a signal label
for the colorimetric detection. The immunosensor was able to
differentiate three ranges (<25 ug/dL, 25—50 pug/dL, and >50
ug/dL) of cortisol level by visual detection. Similarly, Dalirirad
and Steckl”* developed a lateral flow strip assay for cortisol
detection in sweat. AuNPs modified with cortisol-selective
aptamers were used as the color indicator for visual detection.
The paper-based device covered a normal range of free cortisol
in sweat (8—140 ng/mL). Pinto et al.”’ presented a
microfluidic immunosensor combined with a metal-oxide-
semiconductor (CMOS) system for colorimetric detection of
salivary cortisol. The quantification was based on the
competitive binding of horseradish peroxidase (HRP)-labeled
cortisol and cortisol in the sample with the capture antibody.
The microfluidic immunosensor demonstrated a linear range
from 0.01 to 20 ng/mL, an LOD of 18 pg/mL, and an analysis
time of 35 min. Using a microfluidic capillary flow assay,
Vinitha et al.** detected unbound cortisol in saliva using a
polymer lab-on-a-chip (LOC). The sensing was based on the
microfluidic capillary flow assay, while the signal was detected
by a portable fluorescence analyzer. The LOC was able to
achieve a linear dynamic range of 7.0 pg/mL to 16.0 ng/mL. In
addition to the electrochemical and colorimetric methods, Jo
et al.”® reported a surface plasmon resonance (LSPR)
aptasensor for the detection of cortisol in saliva and a
detection limit of 0.1 nM was obtained. However, the majority
of above systems still suffer from complex fabrication, high-
concentration (usually at millimolar level) analytes, and high
costs or are solely characterized in artificial sweat samples.”>’

In this work, highly sensitive, selective, and efficient point-of-
care cortisol sensing in human sweat was achieved through a
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3D origami microfluidic device that combined the aptamer-
based immunosensing, MoS, nanosheet-mediated FRET
technique, and smartphone image processing system. The 3D
origami microfluidic chip was made of hybrid paper substrates
via the screen-printing technique followed by simple paper
folding. Aptamers that are specific to cortisol and labeled with
carboxyfluorescein (FAM) were employed as the biorecogni-
tion element, while MoS, nanosheets were employed as the
fluorescence quencher. The morphological property of
exfoliated MoS, nanosheets and the fluorescence quenching/
recovering effects were investigated and characterized with
scanning electron microscopy (SEM), atomic force microscopy
(AFM), UV—Vis spectrometry, multifunctional enzyme plate
analysis, and fluorescence microscopy. The background
fluorescence intensity noise of various paper substrates, the
influence of MoS, concentration on fluorescence quenching
ability, and the reaction time were investigated to optimize the
sensing performance of the proposed biosensor. Combined
with a custom-designed smartphone-based fluorescence
analysis system, the proposed biosensor could easily detect
cortisol in both artificial and human sweat. Results
demonstrated that the proposed 3D origami microfluidic
biosensor was able to provide rapid, simple, and reliable
detection of sweat cortisol for stress evaluation. Compared
with most current detection methods, our method is suitable
for use outside the laboratory. The wearable microfluidic patch
and the portable detection device achieve all-weather detection
in the daily life without any additional instrument and have
strong adaptability to the environment. Although the LOC
may not be superior to some costly analytical instruments (at
pg/mL level for instance), our method is sufficiently
competent to detect sweat cortisol as its detection range
fully covers the cortisol level of the physiological state of the
human body.

B EXPERIMENTAL SECTION

Materials and Chemicals. Bulk MoS, was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (100 g;
#M104967; Shanghai, China). Cortisol was obtained from
Solarbio Life Sciences Co., Ltd. (#C-9374S, Beijing, China).
Corticosterone was purchased from Shanghai Yuanye Bio-
chemical Technology Co., Ltd. (#B65163, Shanghai, China).
Artificial sweat was ordered from ChangFeng Technology Co.,
Ltd. (500 mL; #HE-3238, Dongguan, China). All other
chemicals and reagents were of analytical grade and purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). The synthesized aptamer against cortisol
(Sangon Biotech. Co., Ltd., Shanghai, China) was used as the
sensing probe, the sequence of which was determined from a
previous study,” as shown below:

FAM-5'-GGAATGGATCCACATCCATGGATGGG-
CAATGCGGGGTGGAGAATGGTTGCCG-
CACTTCGGCTTCACTGCAGACTTGACGAAGCTT-3’

The S’-end was modified with the fluorescent dye 6-
carboxyfluorescein (6-FAM). An ELISA kit for cortisol was
purchased from Caobenyuan Biochemical Technology Co.,
Ltd. (#cby14234, Nanjing, China). Unless otherwise noted, all
solutions were prepared by DI water. Regular printer paper was
obtained from M&G Co., Ltd. (#APYVQ959, Shanghai,
China). Coffee filter was purchased from SANYO Co., Ltd.
(#V01, Fukuoka, Japan). Normal filter paper was purchased
from Wohua Filter Paper Co., Ltd. (#M102, Hangzhou,
China). Whatman #1 filter paper (W#1) was obtained from
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Figure 1. Schematic diagram of (a) sweat channels: sweat flows through horizontal and vertical channels and accumulates in the reaction layer. (b)
3D microfluidic origami chip made by screen printing, cutting, and folding. (c) Pictures of the four-layered microfluidic origami chip. (d) Schematic

illustration of MoS,-mediated FRET biosensing for cortisol levels.

GE Healthcare Life Science Co., Ltd. (#1823-025, Beijing,
China). The nitrocellulose membrane was obtained from
Zhongtian Electronics Co., Ltd. (#C_2S, Dongguan, China).
Apparatus. Characterization of the bare MoS, nanosheets
and the aptamer-decorated MoS, nanosheets was characterized
by fluorescence microscopy (Olympus, 1X73), scanning
electron microscopy (SEM, VEGA3-SBH, TESCAN, Ger-
many), atomic force microscopy (AFM, Bruker Dimension
Icon, USA), and UV—Vis spectrophotometry (UV-2600i,
SHIMADZU, Japan). The characterization of the fluorescence
spectra was performed using a multifunctional enzyme plate
analyzer (Thermo Scientific, Varioskan LUX). Pictures were
acquired by a smartphone (Huawei, Mate30 Pro), followed by
fluorescence intensity analysis using Image]. A custom-
designed box for optical detection was fabricated by a 3D
printer (Raise3D E2, Shang Hai, China) from a model drawn
by SolidWorks. The excitation light source was provided by an
LED lamp (LED ENGIN, LZ4-00B208). MoS, nanosheets
were prepared by an ultrasonic cleaner (KQ3200DE,
KUNSHAN Ultrasonic Instruments Co., Ltd., China) and a
high-speed centrifuge (SIGMA, 3K1S5). Results of the ELISA
test were read by a microplate reader (BioTek, ELX-808).
Preparation and Characterization of the Anticortisol
Aptamer-MoS, Quenching System. The MoS, nanosheets
were obtained by liquid exfoliation.”” In a typical exfoliation
process, 40 mg of MoS, powder was dispersed in 10 mL of DI
water and stirred for 2 min at room temperature. The
dispersion was then ultrasonicated for 10 h at 5 °C in the
ultrasonic cleaner followed by centrifuging at 4500 rpm for S
min to obtain MoS, nanaosheets. Finally, the supernatant was
taken out and stored in the refrigerator at 5 °C for further use.
An aptamer stock solution (100 uM) was prepared by
resuspending the original aptamer in TE buffer (10 mM Tris/1
mM EDTA). Prior to use, aptamers were folded into their
active conformations. An aptamer working solution (100 nM)
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was made from the stock solution in the folding buffer (1 mM
MgCl, and 1x PBS), followed by heating to 90 °C for 5 min
and cooling to room temperature for use.

The anticortisol aptamer-MoS, quenching system was
prepared by mixing the aptamer working solution with layered
MoS, nanosheets followed by incubation at room temperature
for a certain period. A series of layered MoS, nanosheets of
various concentrations (i, 1, 2, 3, 4, 5, and 6 mg/mL) were
tested to find out the optimal quencher concentration by
evaluating the fluorescence quenching efficiency of MoS,
nanosheets toward the dye-labeled aptamer.

Fabrication of the 3D Microfluidic Origami Device.
The 3D microfluidic origami device consisted of four layers (as
depicted in Figure 1a): (1) sweat-absorbing layer (filter paper,
bottom layer) attached to the human skin, (2) transporting
layer (filter paper, first intermediate layer), (3) reaction layer
(nitrocellulose membrane, second intermediate layer), and (4)
cover layer (filter paper, top layer), which was used to prevent
the optical and chemical contamination. A microfluidic origami
device was simply fabricated by the screen-printing technique
and folding. The hydrophobic barriers on the filter paper
substrate (Whatman No. 1, GE Healthcare) were made with
polydimethylsiloxane (PDMS Sylgard 184, Dow Corning
Corporation) by a screen-printing process (Figure 1b). Briefly,
the microchannel patterns in the screen stencil were first
designed and drawn using AutoCAD. A screen stencil bearing
the microchannel patterns was then made from an 800-mesh
polyester fabric on a wooden frame. To fabricate the
hydrophobic barrier of microchannels, the paper substrate
was placed under the screen stencil. The PDMS colloidal
solution, which was prepared by mixing PDMS and crosslinker
at a mass ratio of 10:1, was then rubbed onto the surface of the
screen stencil and dragged across the whole length of the
stencil with a squeegee. One sweep was suflicient for the
penetration of PDMS colloidal solution across the paper
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* LED Power

Figure 2. (a) Picture of the portable smartphone-based biosensor. (b) Schematic illustration of the components and structure of the proposed
smartphone-based detection device. (c) Optical path diagram of the fluorescence analysis in the box.

substrate to form the hydrophobic barrier of microchannels.
After printing, the paper substrate was dried out by curing at
60 °C for 2 h and then cooled down for further use. The
residual PDMS in the screen was flushed with toluene to avoid
blocking for repeated use. The patterned paper substrate was
cut into the designed shape (10 cm X 2.5 cm, I X w) and
folded to create a 3D microfluidic chip. As shown in Figure Ic,
the gray area was the hydrophobic layer with printed PDMS,
and the white area was the clear filter paper. For the reaction
layer, a circular reaction area was cut off and replaced by the
nitrocellulose membrane of identical size (S mm in diameter)
due to its superior optical and diffusion properties compared to
the filter paper.

Fluorometric Assay for Cortisol. The biosensing
mechanism of the proposed biosensor was based on the
fluorescence quenching and recovering properties of MoS,
nanosheets through the FRET process relying on the
adsorption and desorption of dye-labeled aptamers against
cortisol,”® as shown in Figure 1d. Briefly, layered MoS,
nanosheets adsorb the 6-FAM-aptamer probes via the van
der Waal force between the basal plane of MoS, and
nucleobases,’ resulting in the quenching of the fluorescence
of the dye via energy transfer between them. In the presence of
the target cortisol, a conformational change occurs when an
aptamer hybridizes with its complementary target nucleotide to
form double-stranded DNA due to the high affinity, leading to
the aptamers being away from the surface of MoS, nanosheets,
thus the recovery of fluorescence. Therefore, a quantitative
readout of the target cortisol can be determined by analyzing
the fluorescence intensity variation of the dye-labeled aptamers
during the sensing process.

Before an assay, a 100 nM FAM-labeled aptamer was
incubated with MoS, nanosheets at room temperature for $
min to form the aptamer-MoS, probes. A droplet of aptamer-
MoS, probes was added onto a well-cut nitrocellulose
membrane and then embedded into the reaction layer of the
microfluidic chip as the reaction area. In a typical assay, 10 uL
of sample solution was added on the reaction area followed by
an incubation. After the incubation, the cover layer was
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unfolded and the fluorescence intensity of the reaction zone
was recorded by a smartphone-based analyzer (as shown in
Figure 2).

Smartphone Readout and Image Data Processing. To
acquire the fluorescence imaging and analysis, a custom-
designed black box (7 cm X 6 cm X 8 cm, | X w X h) was
fabricated by 3D printing for mounting the smartphone-based
optical module, as shown in Figure 2a. The box clamped the
top half of the smartphone, with its camera aligning to the
sensing window where the image was captured. A schematic of
the box for the microfluidic chip/optical component assembly
and alignment can be seen in Figure 2b,c. An LED (488 nm)
was mounted on the side of the box to provide the excitation
light, while the camera mounted on the smartphone was used
to record the emission light intensity from the reaction area
through the bandpass filter (520 nm). A Li-ion battery was
placed behind the LED as the power supply. The associated
fluorescence intensity of the recorded images was then
analyzed by Image] to obtain the concentration of the target
object. In the study, the normalized fluorescence intensity

(NFI) defined by AI'= =

analysis, in which AI represents the normalized result, and I
and I are the fluorescence intensity after quenching and
recovery, respectively.

Optimization of the Proposed Biosensor. Major factors
that significantly contributed to the performance of the
proposed biosensor were studied. The properties of the
paper substrate used for the fabrication of the microfluidic chip
could affect the background fluorescence noise as well as the
wicking of the sweat sample into the reaction site. The
fluorescence noise of various paper substrates, namely,
common printer paper (PP), coffee filter (CF), normal filter
paper (FP), Whatman #1 filter paper (W#1), and nitro-
cellulose membrane (NC), was measured. With the paper
substrate of the lowest fluorescence noise, the wicking capacity
was tested to find out the minimum volume of the sweat
sample required for the biosensor. In addition, the proposed
biosensor was based on the MoS, nanosheet-mediated FRET

I

was used in the fluorescence
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Figure 3. Characteristics of MoS, nanosheets and the 6-FAM-aptamer: (a) UV—Vis absorption peak of exfoliated MoS, nanosheets with an inset of
MoS, nanosheet suspension. (b) SEM image of exfoliated MoS, nanosheets. AFM surface characterization of (c) MoS, nanosheets, of (d) aptamer-
modified Mo$S, nanosheets, and (e) after exposure to cortisol. (f) Excitation and emission spectra of the 6-FAM-aptamer. (g) Fluorescence spectra
of the 6-FAM-aptamer (curve a), aptamer-MoS, conjugates (curve b), and recovery fluorescence intensity for different cortisol concentrations

(from curve c to curve e: 250, 750, and 1 pug/mL, respectively).

in the reaction process of fluorescently labeled aptamers and
cortisol. Various concentrations of MoS, nanosheets (1 to 6
mg/mL), the incubation time (0 to S min), and reaction time
(0 to 45 min) for fluorescence quenching and recovery were
investigated to obtain the optimized sensitivity and efficiency.

Sweat Sample Collection and Preparation. Artificial
sweat containing the key ingredients (minerals, amino acids,
metabolites, etc.) and human sweat were tested in this study.
Human sweat was collected from volunteers during physical
exercise. The tests were approved by the Ethical Committee of
University of Electronic Science and Technology of China
(UESTC) and informed consent forms were signed by all
subjects. Artificial sweat samples were spiked with standard
cortisol solution ranging from 10 to 1000 ng/mL and then
measured by both the proposed biosensor and gold-standard
enzyme-linked immunosorbent assay (ELISA).

Interference Study and Validation. To demonstrate the
specificity of the proposed biosensor, the common potential
interfering substances present in sweat were investigated.
Glucose (200 uM), lactic acid (20 mM), uric acid (10 mM),
ascorbic acid (50 uM), Na* (100 mM), K* (50 mM), and
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corticosterone (1 ug/ mL) solution were prepared in DI water
and tested under the same conditions. A cortisol sample
solution (100 ng/mL) in DI water was used as a reference for
comparison.

To validate the performance of the proposed biosensor, the
fluorescence analysis of cortisol samples was compared with
that performed by a fluorescence microscope. In addition, the
accuracy of our biosensor was further validated by a side-by-
side detection of the cortisol levels in the spiked artificial sweat
sample with a commercially available ELISA kit.

B RESULTS AND DISCUSSION

Characterization of MoS, Nanosheets and Aptamer
Probes. The few-layer MoS, nanosheets were obtained by
liquid-phase exfoliation and centrifugation. The morphology of
the layered MoS, nanosheets was characterized by UV—Vis
spectrophotometry, SEM, and AFM. As seen in Figure 3a, a
color change of suspension from dark gray to yellowish-green
(shown in the inset) and two strong absorption bands at about
610 and 670 nm indicated the presence of the 2H polytype of
MoS, nanosheets.”””* The SEM image (Figure 3b) reveals that
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Figure 4. (a) Background fluorescence noise of various paper substrates. (b) Visualization of the fluid transportation process on the 3D
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Fluorescence quenching process of the FAM-labeled aptamer by MoS, nanosheets. (e) Fluorescence reproduction process upon the detection of

cortisol.

the MoS, nanosheets have a plain size ranging from 200 to 500
nm and the inset shows the sheet-like structure. To further
characterize the MoS, nanosheets, aptamer-MoS, conjugates,
and variation after exposure to cortisol, AFM analysis was
performed (Figure 3c—e). The MoS, nanosheets were
observed to have a sheet-like pattern and layered structure
(Figure 3c). After addition of the aptamer (Figure 3d), the
average height of MoS, nanosheets was found to increase from
25.8 to 29.3 nm, indicating the adsorption of the aptamers on
the MoS, nanosheets via the van der Waal force. After
exposure to cortisol (Figure 3e), aptamers hybridized with
cortisol, causing their desorption from the surface of MoS,
nanosheets due to the high affinity, resulting in the height
decrease (28.1 nm) of MoS, nanosheets. The above results
indicated the successful exfoliation and binging event in the
whole reaction. The large surface area offered by the exfoliated
MoS, nanosheets facilitated the biosorption and energy
transition reaction in the sensing event. The FAM-aptamer
was characterized by a multifunctional enzyme plate analyzer,
as shown in Figure 3f; an excitation peak at ~490 nm and an
emission peak at ~520 nm were observed. Therefore, a 520 nm
narrow bandpass filter was mounted in the optical system to
capture the emission light from the reaction area before being
collected by the camera.

Mechanism Validation of the Aptamer-MoS, Con-
jugate-Based FRET Biosensor. The sensing mechanism of
the proposed FRET-based biosensor was validated via the
fluorescence spectrum analysis in a complete on-chip assay.
The resulting fluorescence intensity of each step is presented in
Figure 3g. Five microliters of FAM-labeled aptamer (100 nM)
was first immobilized on the reaction area followed by the
addition of 5 uL of MoS, nanosheets (4 mg/mL). After
incubation, sample cortisol solutions of various concentrations
were detected. The emission spectrum of the FAM-labeled
aptamers showed an extremely strong peak at 520 nm (curve
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a). After the addition of MoS, nanosheets, the fluorescence
intensity significantly decreased by 85% (curve b) due to the
quenching effect of MoS, nanosheets. Upon the addition of
cortisol, the recovery fluorescence intensity (curves c to e) was
found to be associated with the cortisol levels; thus, it could be
used to determine the concentration of cortisol in a sample.

Optimization. Since the proposed biosensor was based on
a fluorescence detection, the optical noise must be reduced as
much as possible. For example, the background fluorescence of
the paper substrate due to the usage of fluorescent brighteners
in the manufacturing process may significantly interfere with
the actual fluorescence intensity, thus the accuracy and
sensitivity of the biosensor. Five kinds of paper substrates,
i.e.,, common PP, CF, normal FP, W#1, and NC, were tested to
investigate their background fluorescence. As shown in Figure
4a, the nitrocellulose membrane presented the weakest
background fluorescence noise. In addition to its fluores-
cence-friendly property, nitrocellulose membranes have high
nucleic acid/protein-binding affinity.”* Furthermore, the
bilateral symmetrical cortex-free network structure enables
the stable lateral chromatographic flow velocity on the
nitrocellulose membrane, hence the rapid spread of the sample
solution in this reaction area. Therefore, the nitrocellulose
membrane was selected as the material for the reaction area.
Since Whatman#1 filter paper has great hydrophilicity and
good vertical dispersion but poor horizontal dispersion, it was
used for the fabrication of the vertical microchannel layers. The
“detached” reaction area allowed for independent decoration
of probes and storage, providing convenience. In short, this
design reduced the interference of the background fluores-
cence of the filter paper on the reaction results and enhanced
the accumulation of the reagents in the filter membrane to
avoid the diffusion in the microfluidic channel, thus improving
the reaction accuracy.
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Figure 5. Calibration curve of cortisol in (a) DI water and (b) artificial sweat. (c) Validation of the optical measurement in cortisol detection with a
smartphone-base detection device and fluorescence microscope. (d) Validation of the proposed smartphone-based biosensor toward cortisol-spiked
artificial sweat detection with a commercial ELISA kit. (e) Specificity of the proposed cortisol (CS) biosensor against glucose (GC), uric acid
(UA), lactic acid (LA), ascorbic acid (AA), Na*, K, and corticosterone (CC). (f) A well-made 3D microfluidic origami chip was attached on the
human skin for sweat collection. (g) Comparison of cortisol measurement of human sweat from five volunteers using a proposed biosensor and a

commercial ELISA kit.

The absorbing and transporting properties of the 3D origami
microfluidic device were investigated. Red ink was used to
visualize the process of on-chip sweat transportation. Red ink
of various volumes (S, 10, 15, and 20 uL) was loaded to the
bottom sweat absorption area at an interval of 2 s to observe
the filling process of the internal channels of a 3D well-made
microfluidic chip. As shown in Figure 4b, the red ink pretty
much flowed along the preset hydrophilic microfluidic channel,
implying that the PDMS hydrophobic barriers effectively
restrained the fluid. However, a minimum volume of 20 uL was
required to fully fill the reaction area. Hence, 20 uL was
considered as the minimum volume of the sample
consumption. It was also observed that merely 2 s was
required to have the liquid reach the reaction area. The test
verified that our 3D microfluidic origami chip was able to
effectively achieve the sweat absorption and transportation.
Compared with other paper-based microfluidic channels,**
our design is reasonable and compact, and it has the
advantages of fast absorption rate and small sample
consumption.

In the FRET-based sensing process, the concentration of
MoS, nanosheets and the incubation/reaction time signifi-
cantly affect the fluorescence quenching/recovery rate and
efficiency, thus the detection sensitivity. Therefore, these
parameters were optimized. Ten microliters of FAM-labeled
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aptamer (100 nM) was immobilized in the reaction area. MoS,
nanosheets ranging from 1 to 6 mg/mL were studied by
observing the fluorescence intensity change in the process of
quenching and recovery in the detection of a cortisol sample (1
ug/mL). Incubation times for quenching and recovery were S
and 30 min, respectively. The ratio between the quenching/
recovery fluorescence and that before quenching were used to
evaluate the performance. As shown in Figure 4c, fluorescence
quenching occurred (10—90%) for all the studied concen-
trations. However, a greater difference between quenching and
recovery fluorescence can provide better resolution, thus the
high sensitivity. It was observed that the greatest intensity
difference occurred at 4 mg/mL, while no significant difference
was observed with higher concentrations. Therefore, the MoS,
nanosheets (4 mg/mL) were used in the following tests. The
time for fluorescence quenching and recovery may determine
the total assay time and affect the sensitivity; thus, the
incubation and reaction time were investigated to obtain an
optimized performance. Results are presented in Figure 4d,e.
In the tests, the FAM-labeled aptamer (100 nM) and MoS,
nanosheets (4 mg/mL) were used in the detection of the
cortisol sample (1 ug/mL). In the process of quenching, the
fluorescence intensity was recorded at the time points of 0, 1,
2, 3, 4, and S min, respectively, with every S min in a period of
4S min in the process of recovery. It was found that a
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significant change of quenching was exhibited at the time point
of 2 min, with 20 min for the recovery process. Therefore, 25
min was considered the total assay time for a single test.

Optical Detection of Cortisol in the 3D Microfluidic
Origami Biosensor. Under the optimized parameters, various
cortisol solutions of standard concentrations (10—1000 ng/
mL) in DI water (Figure 5a) and artificial sweat (Figure Sb)
were tested to obtain the calibration curves. In both media, the
recovery fluorescence intensity increased as the concentration
increased. A good linear relationship was obtained between 10
and 1000 ng/mL cortisol, which could be expressed by the
equations y = 0.0267x + 2.7407 and y = 0.0011x + 0.2854,
respectively. The coefficients of determination (R*) were 0.994
and 09877, respectively. The limits of detection of the
proposed biosensor calculated by (30)/slope were 2.08 ng/mL
(DI water) and 6.76 ng/mL (artificial sweat), which are within
the normal range of cortisol in sweat.”” The average standard
deviation for all trials was less than 6% (n = 3), indicating
acceptable repeatability.

The performance of the custom-designed smartphone
detection device was validated by comparing their measure-
ments with those by a fluorescence microscope (Olympus,
IX73). As shown in Figure Sc, the measured output intensity of
the mobile phone detection had a similar trend with that of the
fluorescence microscope, however a little lower due to the
hardware defects and errors. In addition, to validate the
accuracy of our device, an artificial sweat sample spiked with
standard cortisol solution ranging from 50 to 1000 ng/mL was
measured with both the proposed biosensor and ELISA. The
calculated LOD of the commercial ELISA kit was around 10.0
ng/mL. The levels of cortisol determined by ELISA and the
proposed biosensor are listed in Table 1. The correlation

Table 1. Performance Comparison of Cortisol Detection in
a Spiked Artificial Sweat Sample Based on the Proposed
Biosensor and ELISA Kit

spiked found cortisol by recovery  found cortisol

concentration  the biosensor of the by ELISA recovery
(ng/mL) (ng/mL) biosensor (ng/mL) of ELISA

N 54.9 + 6.3% 109.8 53.7 £ 6.5% 107.4

100 108.6 + 5.4% 108.6 113.7 + 4.3% 113.7

250 267.7 + 5.8% 107.1 2424 + 54% 97.0

500 499.3 + 4.5% 99.9 477.6 + 4.1% 98.5

750 768.2 + 2.2% 102.4 746.9 + 1.4% 99.6

1000 1019.9 + 2.6% 102.0 976.8 £ 2.2% 97.7

analysis is performed and shown in Figure 5d; the horizontal
axis presents the analysis result of ELISA, while the vertical axis
presents those of the proposed biosensor to the same samples.
The correlation analysis showed that the slope and r were
0.963 and 0.988, respectively, demonstrating the accuracy of
cortisol quantification with our device.

Selectivity and On-Body Measurements. Negative
control experiments were conducted to check the selectivity
of the proposed cortisol biosensor against other chemicals
present in sweat (glucose, uric acid, lactic acid, ascorbic acid,
Na*, K¥, and corticosterone). As shown in Figure Se, cortisol
generated a significant variation in fluorescence, while all the
other chemicals produced little responses, even at a higher
concentration. The results exhibited excellent selectivity for
cortisol and indicated that the coexistence of main chemicals
and related nonspecific steroids in sweat did not interfere with

the detection. More substances present in sweat can be tested
in future work to further investigate the selectivity.

In addition, an on-body human test was carried out by
attaching our biosensor on the surface of the body via Kinesio
Taping, which is easy to wear and remove. The tests were
approved by the Ethical Committee of UESTC, and all the
subjects have signed the consent form for the data acquisition.
A ready-to-use 3D origami microfluidic chip was attached on
the volunteer’s wrist or neck to collect sweat at moderate
exercise intensity (Figure Sf). The collected sweat samples
were tested on the proposed portable biosensor and validated
with ELISA. The variation range of cortisol in volunteers’
sweat was 20.4—109.3 ng/mL with a relative standard
deviation between 4.52 and 6.18%, and high correlation with
the results of ELISA was obtained (Figure Sg).

Bl CONCLUSIONS

In this study, we proposed a portable, inexpensive, and
convenient biosensor for cortisol detection in human sweat
based on the combination of fluorescently labeled aptamers
and two-dimensional nanomaterials. The determination of
cortisol was achieved on a 3D origami microfluidic chip via the
fluorescence analysis by a smartphone mounted in the custom-
made optical device. This portable device allowed the FRET
analysis in the detection of the cortisol level in human sweat
with a significantly reduced sample volume (20 yL), making it
suitable for use in a variety of settings outside the laboratory.
All experimental results showed that such a portable biosensor
possessed good sensitivity, specificity, and accuracy in sweat
solution with an LOD of 6.76 ng/mL (artificial sweat),
demonstrating the great potential for point-of-care applications
in clinical diagnostics of psychological stress and health
management. Future efforts are being focused on extending
the dynamic concentration range, detection sensitivity, and
extensive validation against currently available protocols to
meet the specific requirements of point-of-care clinical settings.
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