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A B S T R A C T   

Stress is part of everyone’s life and is exacerbated by traumatic events such as pandemics, disasters, violence, 
lifestyle changes, and health disorders. Chronic stress has many detrimental health effects and can even be life- 
threatening. Long-term stress monitoring outside of a hospital is often accomplished by measuring heart rate 
variability. While easy to measure, this digital biomarker has low specificity, greatly limiting its utility. To 
address this shortcoming, we report a non-invasive, wearable biomolecular sensor to monitor cortisol levels in 
sweat. Cortisol is a neuroendocrine hormone that regulates homeostasis as part of the stress pathway. Cortisol is 
detected using an electrochemical sensor functionalized with a pseudoknot-assisted aptamer and a flexible 
microfluidic sweat sampling system. The skin-worn microfluidic sampler provides rapid sweat collection while 
separating old and new sweat. The conformation-switching aptamer provides high specificity towards cortisol 
while being regenerable, allowing it to monitor temporal changes continuously. The aptamer was engineered to 
add a pseudoknot, restricting it to only two states, thus minimizing the background signal and enabling high 
sensitivity. An electrochemical pH sensor allows pH-corrected amperometric measurements. Device operation 
was demonstrated in vitro with a broad linear dynamic range (1 pM - 1 μM) covering the physiological range and 
a sub-picomolar (0.2 pM) limit of detection in sweat. Real-time, on-body measurements were collected from 
human subjects using an induced stress protocol, demonstrating in-situ signal regeneration and the ability to 
detect dynamic cortisol fluctuations continuously for up to 90 min. The reported device has the potential to 
improve prognosis and enable personalized treatments.   

1. Introduction 

Wearable sensors have drawn significant attention recently for 
healthcare (Windmiller and Wang, 2013; huber, 2016; Zeng et al., 
2022), fitness (M. Wang et al., 2022), risk mitigation (Mahmud et al., 
2018), rehabilitation (Patel et al., 2012), and environmental applica
tions (Gao et al., 2016; Parlak et al., 2018; Xu et al., 2014). Healthcare- 
and fitness-focused wearable sensors enable continuous monitoring, 
allowing individuals to track key vitals, metabolite levels, and other 
important biosignals (e.g., infection, inflammation) in real-time to sup
port proactive healthcare and wellness. Integrating these wearable 
sensors with smart devices (e.g., smartphones, smartwatches) also per
mits healthcare providers to detect sudden fluctuations or baseline 
changes of target biomarkers and supports earlier intervention with 

better and more effective predictive and theragnostic opportunities 
(Sanjay et al., 2020). Over the last decade, many wearable sensors have 
been commercialized with heart rate (HR), respiratory rate (RR), and 
pulse oxygenation (SpO2) monitoring, making such devices nearly 
ubiquitous today. Except for continuous glucose monitors (CGMs), there 
has been much less progress in sensing biomolecular signals, and the 
ability to detect stress levels is a long-sought-after goal (Samson and 
Koh, 2020). Current stress monitoring wearables indirectly measure the 
individual’s stress level through heart rate variability (HRV) – a derived 
metric that works best when a person is at rest; however, the utility is 
diminished when in movement (Etiwy et al., 2019). Furthermore, these 
sensors fundamentally lack specificity as they measure a downstream 
effect (i.e., HRV) rather than the originating biomolecular signal (e.g., 
the release of cortisol). Thus, research is moving toward non-invasive 
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wearable chemical sensors that monitor clinically relevant biomarkers 
from easily accessible biofluids such as sweat, interstitial fluid, tears, 
and saliva (Bandodkar et al., 2016; Kim et al., 2016; Oncescu et al., 
2013; Sempionatto et al., 2017; Singh et al., 2019). 

Stress is a biological response evoked by any stimulus that causes 
physio-psychological strain. It can initiate numerous bodily actions, 
from stress axis dysfunction (hypothalamic pituitary adrenal axis) and 
change in homeostasis to life-threatening effects and even death 
(Chrousos, 2009). Cortisol is released into the bloodstream by the ad
renal gland in response to emotional and/or psychological stress and 
distributed throughout the body in several biofluids. Cortisol is an 
important neuroendocrine hormone responsible for maintaining ho
meostasis by regulating immune, neurochemical, metabolic, and car
diovascular functions in response to stress. The cortisol level in biofluids 
follows the circadian rhythm throughout the day, with the highest level 
in the morning and the lowest at night. Moreover, cortisol levels fluc
tuate throughout the day per exposure to various psychological and 
physiological stressors (Sakihara et al., 2010). Importantly, cortisol is 
present in sweat (7.9–141 ng/mL) and changes rapidly according to a 
person’s stress level (Katchman et al., 2018; Kinnamon et al., 2017; 
Singh et al., 2021a). Thus, there is a need for a continuous monitoring 
system that can determine dynamic cortisol levels under 
stress-provoking conditions without needing a cumbersome laboratory 
setup. 

Sweat is a convenient biofluid for non-invasive wearable sensors 
because it has abundant biochemical information with a simple sample 
collection (Brasier and Eckstein, 2019; Katchman et al., 2018; Kinnamon 
et al., 2017; Kintz et al., 1996). The normal perspiration rate from 
human skin is ~2 μL/min/cm2 and can be increased on demand through 
electrical or chemical stimulation (Katchman et al., 2018). Locating the 

sensor at the generation site facilitates rapid analysis before the analytes 
degrade (Fig. 1). These advantages have led to a wide range of epidermal 
sensing devices to monitor metabolites and electrolytes (Ghaffari et al., 
2021; Kinnamon et al., 2017). However, several key challenges, such as 
the low secretion rate, variability, evaporation, amalgamation, and 
separation of old and new sweat, must be addressed to achieve accurate, 
consistent real-time measurements (Ghaffari et al., 2021). Moreover, 
due to the complex nature of the perspiration and reabsorption mech
anism, sweat composition, pH, biomarker concentration, and sweat 
secretion rate are indistinguishably linked (Dang et al., 2018; De Gio
vanni and Fucci, 2013; Heikenfeld, 2016; Herrmann and Mandol, 1955). 
Addressing these challenges is vital to realizing the full potential of 
sweat-based sensors. 

Microfluidics has long been used for in vitro applications to manip
ulate small fluid volumes, and their integration with wearable sweat 
sensors can overcome several of the aforementioned challenges. Spe
cifically, microfluidics allow rapid sweat transport and minimize the 
mixing and carry-over effect of old and new sweat with a well-defined 
encapsulated sensing chamber. This also separates the sensing and 
sweat generation/collection region to minimize contamination and 
evaporation while enhancing the sensitivity (Nyein et al., 2018; Vinoth 
et al., 2021). Only a few wearable microfluidic-based sweat sensors have 
been reported, and they have short lifetimes (<1 h), precluding the 
vision of a long-term monitoring system (Anastasova et al., 2017; Koh 
et al., 2016; Martín et al., 2017; Xu et al., 2014). 

Various probes can be used to capture and detect cortisol; however, 
aptamers have emerged as a leading candidate for detecting targets in 
complex biofluids in recent years due to their advantages over other 
probes, such as antibodies, enzymes, and molecular imprinted polymers 
(MIP) (Singh et al., 2021b, 2021c, 2019). Aptamer-based assays require 

Fig. 1. Illustration of wearable sweat patch for monitoring cortisol levels. The microfluidic-coupled electrochemical sensor captures, proceesses, and detects 
cortisol levels in real-time using a conformation-switching aptamer with a pseudoknot structure. The cortisol concentration and sweat pH measurements can be 
transferred wirelessly for display and analysis on a nearby smart device. 
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minimal reagents (Chung et al., 2021), washing steps (Chen et al., 2020) 
and enable sensor regeneration for real-time reversible measurements 
(Ferguson et al., 2013; Plaxco and Soh, 2011; Schoukroun-Barnes et al., 
2016). Many electrochemical aptamer-based sensors with 
target-dependent conformation-switching have been reported (Ferguson 
et al., 2013; Plaxco and Soh, 2011). Although these sensors allow 
convenient biomarker detection, the sensitivity is compromised by the 
high background current and low transduction efficiency (Chen et al., 
2020; Chung et al., 2021; Singh et al., 2021a). In particular, the back
ground current in conformation-switching aptamer assays is relatively 
high because the signaling molecule’s position in the unbound state is 
not well defined, unlike the bound state. Applying semirigid DNA 
structures, such as a double hairpin, allows pseudoknot-like aptamer 
structures to overcome this limitation by restricting the aptamer to two 
well-defined states (Jiang et al., 2015). Since aptamer binding affinity 
and electrochemical properties of redox labels (e.g., methylene blue, 
ferrocene, and ruthenium) vary in a pH-dependent manner, accurate 
target concentration estimation is challenging in biofluids such as sweat, 
urine, and saliva (Belleperche and DeRosa, 2018; Drolen et al., 2018; 
Gordon et al., 2018; Ju et al., 1995). 

We report a wearable patch based on soft microfluidics and flexible 
electrodes functionalized with a pseudoknot-assisted conformation- 
switching aptamer for pH-calibrated, continuous, non-invasive cortisol 
monitoring in sweat, as shown in Fig. 1. The gold electrodes are sput
tered on a flexible polydimethylsiloxane (PDMS) substrate consisting of 
two working electrodes (pH and probe), a counter electrode, and an Ag/ 
AgCl reference electrode. The electrodes are sandwiched between two 
thin PDMS layers adhered with double-sided tape. One layer has the 
electrodes, while the other contains the detection reservoir and micro
fluidic channels. The patch provides skin-adherable sampling, fluidics, 
and detection in a unified device, ensuring efficient sweat transport over 
the detector surface while addressing skin contamination and sweat 
carry-over issues. A conformation-switching cortisol aptamer was 
engineered with a methylene blue (MB) redox reporter on the distal end 
and short complementary regions interspaced with poly-thymine (T-12) 
spacers to realize a pseudoknot structure. When cortisol binds to the 
aptamer, the conformation switches from the pseudoknot form to a one- 
stem-loop structure, displacing the stem at the 3′-terminus and 
enhancing the electron transfer rate due to the close proximity between 
the redox tag and electrode surface. This leads to a change in current 
proportional to the cortisol concentration. The resulting wearable 
electrochemical sensor exhibited a broad dynamic range (1 pM - 10 μM) 
with a sub-picomolar limit of detection in sweat. The patch was vali
dated by measuring cortisol in real-time on three human subjects with 
induced stress. Such a skin-conforming microfluidic aptamer-based 
chemical sensing system has great potential to help individuals main
tain optimal health and evaluate their physiological and psychological 
wellness. 

2. Materials and methods 

2.1. Reagents and instruments 

The 5′-modified HPLC-grade purified aptamer for cortisol (Yang 
et al., 2017) was ordered from Integrated DNA Technology (IDT), USA. 
Semirigid structures were engineered and added to form the 

pseudoknot. The aptamer sequences with their respective modifications 
are reported in Table 1, where N denotes the overlap length for the 
semirigid structure. Cortisol, IgG (immunoglobulin G), C reactive pro
tein (CRP), epinephrine, and actin were procured from Sigma. Various 
salts, bovine serum albumin (BSA), and glucose (#A16828) were ob
tained from Thermo Fisher. Dulbecco potassium phosphate buffer (PBS; 
#P5493), Iron (III) chloride (FeCl3), polyaniline salt, Nafion solution, 
2-mercaptoethanol (2 ME; #M6250), sulfuric acid (H2SO4; #339741), 
Tris[2-carboxyethyl] phosphine (TCEP; #C4706), magnesium chloride 
(MgCl2; #208337), calcium chloride (CaCl2; #C5670), 
phosphate-buffered saline nuclease-free water (#3098), ascorbic acid 
(AA; #A5960), (3-mercaptoprolyl)triethoxysilane (#63797), and 
methylene blue (MB) were purchased from Sigma Aldrich. Amicon 10 
kDa cutoff filters were purchased from Millipore. Sylgard 184 silicone 
elastomer kit (#24236–10) was purchased from Electron Microscopy 
Sciences (USA, PA). The buffer compositions used in this work are 
described in Supplemental Table S1. All reagents were of analytical 
grade and used without any further processing. 

Screen-printed electrodes (SPEs; #AT220) with a gold working 
electrode (WE), gold counter electrode (CE), and a silver reference 
electrode (RE) were purchased from Metrohm. The thin-film gold elec
trodes were created by sputtering gold on PDMS. Electrochemical 
impedance spectroscopy (EIS), cyclic voltammetry (CV), differential 
pulse voltammetry (DPV), and chronoamperometry (CA) measurements 
were performed using a PalmSens4 potentiostat (PalmSens BV, The 
Netherlands). 

2.2. Microfluidic channel design and fabrication 

The microfluidic channel and 3D printed mold to fabricate the 
PDMS-based microfluidics were designed using AutoCAD and 3ds Max. 
The PDMS is 500 μm thick with four inlets (300 μm height), a reservoir 
(0.5 cm radius), and one outlet. The 3D mold with a micro-structured 
surface was printed using a Form 3 3D printer (Formlabs, USA) with 
v4 resin. The printed mold was washed with isopropyl alcohol (IPA) for 
20 min and ultraviolet (UV) cured to polymerize the resin for 60 min at 
60 ◦C. A sacrificial poly methyl methacrylate (PMMA) layer was then 
coated on the mold surface and cured at 80 ◦C to dry the volatile sol
vents. The PDMS (Dow Corning, Sylgard 184) was degassed and mixed 
with the curing agent (15:1 ratio) at 25 in Hg. The PDMS mixture was 
poured into the mold and then polymerized by soft baking for 2 h at 
80 ◦C in a vacuum oven. The PDMS/PMMA/mold was then sonicated for 
10 min in IPA, and the separated PDMS/PMMA layer was incubated in 
50 ◦C acetone for 1 h and IPA overnight to remove the PMMA. 

2.3. Simulation of sweat fluid dynamics 

Fluid dynamics simulations of the microfluidics were carried out 
using COMSOL Multiphysics. The sweat flow rate and pressure were 
simulated to verify the fluid behavior under sweat sampling conditions. 
Simulations were done using water since sweat is 99% water with a 
sweat rate of 32.5 nL/min/gland. For the simulation, 7.7 glands were 
used based on the opening area of the microfluidic channel and sweat 
gland density of human skin. The fluidic design was drawn to scale, and 
PDMS was selected as the material. 

Table 1 
Aptamer sequences; pseudoknot forming region in bold and linker region in italics.  

Cortisol aptamer Sequences (5ꞌ -> 3ꞌ) 

w/o pseudoknot Thiol-CTCTCGGGACGACGCCAGAAGTTTACGAGGATATGGTAACATAGTCGTCCC-MB 
Pseudoknot N5 Thiol-CTCTCGGGACGACGCCAGAAGTTTACGAGGATATGGTAACATAGTCGTCCCTTTTTTTTTTTTGGTCT -MB 
Pseudoknot N8 Thiol-CTCTCGGGACGACGCCAGAAGTTTACGAGGATATGGTAACATAGTCGTCCCTTTTTTTTTTTTGGTCT TCA-MB 
Pseudoknot N11 Thiol-CTCTCGGGACGACGCCAGAAGTTTACGAGGATATGGTAACATAGTCGTCCCTTTTTTTTTTTTGGTCT TCAAAT-MB 
Pseudoknot N14 Thiol-CTCTCGGGACGACGCCAGAAGTTTACGAGGATATGGTAACATAGTCGTCCCTTTTTTTTTTTTGGTCT TCAAATGCT-MB  
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2.4. Electrode design and fabrication 

The wearable electrochemical sensor consisting of two WEs, a RE, 
and a CE with a 1.5 mm pitch was drawn using AutoCAD (Supplemental 
Fig. S1). A silicon wafer (500 μm thickness, 10 cm diameter) was placed 
on the PMMA-treated circular 3D printed mold (12 cm outer diameter, 
10 cm inner diameter, 1 mm thickness) to fabricate the PDMS substrate 
for the electrodes. PDMS was poured onto the wafer/mold and degassed 
under 25 in Hg vacuum for 20 min. The PDMS was polymerized at 80 ◦C 
in a vacuum oven for 2 h and separated from the mold by immersing it in 
acetone. The PDMS was then washed with IPA and UV-ozone treated for 
10 min. Finally, the PDMS was silanized with (3-Mercaptopropyl)tri
methoxysilane for Au deposition. 

Two layers of polyimide high-temperature resistant tape (purchased 
from Amazon) were placed on transparent flexible PET sheets (134 μm 
thick) without air bubbles and fixed on a cutting mat with blue tape. The 
mask was designed using Cricut Design Space (v7.10.163) and uploaded 
to the Cricut Explore Air® 2 with a 60◦ deep cut blade. Following the 
mask fabrication, the double-layer tape with the mask design was gently 
removed from the polyethylene terephthalate (PET) sheet using transfer 
tape, placed on the top of the prepared thin PDMS form, and then kept in 
the single wafer sample box. Before sputtering, the PDMS with mask 
design tape was cleaned with a nitrogen spray gun. Subsequently, the 
samples were fixed on the sputtering sample stage with tape and sput
tered with chromium (Cr) and gold (Au) using a Denton Discovery 635 
Sputter System (Denton Vacuum, USA). The Cr was sputtered at 300 W 
dc power for 6 min, and Au was sputtered on top of Cr at 100 W dc power 
for 15 min. All sputtering was carried out at 65% rotation and 2.51 
mTorr chamber pressure with Ar gas in a class 100 cleanroom. 

2.5. Electrode cleaning and sensor fabrication 

Before modifying the sensor, the electrodes were cleaned in ethanol 
by sonication for 5 min, followed by electrochemical cleaning in 0.1 M 
H2SO4 by potential cycling from 0 to +1.5 V (15 cycles) at a 100 mV/s 
scan rate to remove organic residues and contamination on the electrode 
surface. The electrode was then thoroughly washed with distilled water 
and air-dried. Before functionalizing the electrode with the aptamer (10 
μM), it was mixed with TCEP (100 μM) in water and incubated for 1 h at 
room temperature. Then the mixture was diluted with binding buffer to 
the final concentration. Next, 10 μL of the mixture was drop-casted on 
the working electrode. The complex was incubated overnight in a hu
midity chamber at 4 ◦C, followed by rinsing with binding buffer to 
remove unbound/loosely bound aptamers from the sensor surface. The 
unoccupied exposed gold surface was blocked by incubating 1 mM 2- 
mercaptoethanol (2 ME) for 30 min, followed by washing with ultra
pure water. To ensure proper coverage and prevent non-specific 
adsorption, the electrodes were further blocked with a 2 μM actin pro
tein solution for 30 min. The electrode was again washed with ultrapure 
water and air-dried. The pH sensor was fabricated by drop-casting 1 mg/ 
mL polyaniline (PANI) and 0.5% Nafion in ethanol over the gold elec
trode. The electrode was dried at room temperature for 1 h. The pH 
sensor was washed with ultrapure water and stored at 4 ◦C. The modi
fied Au electrodes on PDMS were assembled with UV-Ozone-treated 
microfluidics using the PDMS as a glue (Wu et al., 2005). Following 
assembly, the devices were cured at 60 ◦C for 90 min and then stored at 
4 ◦C for later use. 

2.6. in vitro electrochemical measurement 

The cortisol sensors were incubated with cortisol spiked in binding 
buffer or artificial sweat for 5 min, and a DPV voltammogram was 
recorded. The cortisol measurement was also performed under the flow 
injection using the microfluidics. The fabricated sensor was placed in
side the sample holding region of the microfluidic device, and buffer or 
artificial sweat was pumped with a syringe infusion pump at 20 μL/min 

to mimic the sweat rate of a healthy individual. Varying concentrations 
of cortisol solution were tested. DPV measurements were performed 
from − 0.6 V to 0.0 V (vs. Ag/AgCl) with a 70-mV step and 20 s duration 
at a scan rate of 50 mV/s. The pH sensor was characterized by measuring 
the open circuit potential (OCP) in buffer with different pH solutions. 
Buffer solution was placed over the electrode, and OCP readings were 
carried out for 5 min. 

2.7. On-body measurements with human subjects 

On-body sensor testing with human subjects was performed 
following a protocol approved by the institutional review board (IRB 
#130003-epidermal) at the University of California, San Diego. The 
sensor was tested for 1) sweat collection and 2) cortisol detection. The 
microfluidic device was attached to the skin using double-sided medical 
tape with 2 mm openings connected with the inlets of the device. The 
device was mounted on the back of the subject’s lower neck as a tradeoff 
between the optimum sweat rate, lack of body hair, minimal movement, 
and ease of connection to the external potentiostat. For the sweat 
collection test, bare Au electrodes were used to evaluate the sensor’s 
collection ability. We first dropped blue food coloring dye (0.5 μL) on 
the sweat collection area. After attaching the microfluidic device to the 
volunteer’s skin, the volunteer exercised using a stationary bike under 
ambient conditions. For cortisol detection, we connected the micro
fluidic devices to a portable potentiostat. 

2.8. Statistical analysis 

The data presented are the mean of three independent experiments 
performed with independently fabricated devices under similar condi
tions, while the error bars represent one standard deviation. Statistical 
analysis was performed with Origin (v9.0). The limit of detection (LOD) 
was calculated using 3 × the standard deviation of the y-intercept/slope 
(Brunetti B, 2015). 

3. Results and discussion 

The two-state structure of the pseudoknot-assisted aptamer on a 
microfluidic-enabled wearable sensor for cortisol monitoring in real- 
time from sweat is illustrated in Fig. 1. The original aptamer (Yang 
et al., 2017), containing one loop and two stem regions, was extended 
with a complementary region with poly T (T12) oligonucleotides to the 
stem region to facilitate hybridization with the loop structure. This 
designed complementary region assists in the formation of a stable 
pseudoknot structure. However, there is a tradeoff in the added com
plementary region – too short, and it is not stable, yet too long, and the 
structure loses affinity to the target. As illustrated in Supplemental 
Fig. S2, the aptamer binding structure is conserved among pseudoknot 
aptamers of various lengths (N5 to N14). The 5ꞌ end of the aptamer was 
immobilized on the gold electrode through gold-thiol bond formation, 
while the 3ꞌ was labeled with a redox tag (methylene blue) for signaling. 
When cortisol binds with the aptamer, it undergoes conformation 
switching, bringing the 3ꞌ attached redox tag close to the surface and 
enhancing the current response (Fig. 2A). In the absence of cortisol, the 
designed probe remains in the pseudoknot form, and the redox tag is far 
from the sensor surface. Notably, this reduces the background current as 
the redox tag is modulated between two well-defined positions, unlike 
most conformation-switching aptamers with only one well-defined state 
where the redox tag moves around due to thermal energy in the other 
state. 

3.1. Sensor characterization and optimization 

To study the formation of each sensing probe/layer, cyclic voltam
metry (CV) was used to characterize surface assembly by monitoring the 
electron transfer behavior. As shown in Fig. 2B, voltammograms were 
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recorded in buffer with ferricyanide from − 0.5 to 0.8 V (at a scan rate of 
50 mV/s). The bare electrode exhibited well-defined, classic Fe 
(CN)6

3− /4− redox peaks at +159 and +242 mV, respectively. After 
aptamer immobilization, the peak current decreased. Further modifi
cation of the sensor surface with actin/2 ME led to an increase in the 
difference between oxidation and reduction potential (ΔEp) and a sig
nificant reduction in the redox current, attributed to the electrode sur
face passivation with non-conducting moieties (actin/2 ME). These data 
demonstrated that the sensor was well-formed and able to detect 
cortisol. 

The length of the hybridization region significantly affects the sta
bility of the pseudoknot structure (Hu et al., 2014; Singh et al., 2021c), 
which in turn leads to a differential current response. In addition, the 
aptamer density can also affect the sensor performance (Singh et al., 
2021a). Hence to achieve maximum sensitivity and minimum vari
ability, optimization experiments were performed. First, the length of 
the hybridization region was varied (N = 5, 8, 11, and 14 bp) to monitor 
the sensor response. As depicted in Fig. 2C, the N8 aptamer has the least 
variability while maintaining moderate sensitivity. The N11 and N14 
aptamers showed higher sensitivity but suffered from high variability. 
Likewise, the N5 aptamer exhibited a similar response to the original 
aptamer (without the pseudoknot). Based on these data, the N8 

pseudoknot aptamer was selected for all further studies. Next, the 
aptamer density was studied as it plays a crucial role in sensor perfor
mance. Loosely packed aptamers significantly reduce the signal, 
particularly in redox-tagged conformation-switching aptasensors, 
whereas densely packed aptamers can cause steric hindrance restricting 
conformation changes. The effect of aptamer incubation concentration 
from 0.5 to 10 μM was examined (Fig. 2D), where 2 μM showed the best 
linear response over a very broad cortisol concentration range. Con
centrations above 2 μM had significant nonlinearities. 

Surface blocking with a suitable blocking agent is a well-known 
process to prevent non-specific adsorption at the sensor surface, which 
is especially important in wearable and implantable sensors (Singh 
et al., 2021c; Yasuda et al., 2005, 1996) since they remain in contact 
with biofluids for a much longer duration than an in vitro sensor 
(Windmiller and Wang, 2013). This prolonged exposure also compli
cates probe stability, particularly the need for probe (aptamer/protein) 
protection from nucleases/proteases in biofluids (Shaver et al., 2021). 
Human sweat contains DNase-I at a very low concentration (6.5 μU/mg) 
compared to other biofluids (serum, blood, urine, etc.), but can still 
degrade DNA with long exposure (Baker, 2019; Patterson et al., 2000). 
Actin and 2 ME are well-known inhibitors of DNase-I activity and are 
often used as a surface blocking agent (Humpolicek et al., 2012; Robergs 

Fig. 2. Sensor characterization and optimization. (A) Illustration of sensor fabrication steps and detection principle. (B) Stepwise voltammograms of the sensor 
fabrication in 5 mM [Fe(CN6)]3− /4− in 1 × PBS. (C) Effect of the pseudoknot complementary strand length (N5, N8, N11, N14, where N is the number of oligomers 
and conserved Poly-T12 linker in all the structures). (D) Aptamer (with pseudoknot-N8) density optimization. (E) Effect of surface assembled monolayer (SAM) 
modification on aptamer stability in the presence of DNase and sensor current response for blank (only 1 × PBS), cortisol (10 nM cortisol spiked in 1 × PBS), and 
DNase (DNase enzyme at a concentration of 6.5 μU with 30 min incubation time at RT, followed by cortisol). All DPV measurements (B–E) were performed in 1 × PBS 
with a 5 min incubation. 
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et al., 2004). Thus, the sensor performance was evaluated using these 
blocking agents and tested in the presence of DNase-I. As shown in 
Fig. 2E, the maximum response (in the presence of cortisol) and pro
tection (from DNase-I) were simultaneously observed with 2 ME without 
significantly hampering the electron transfer process. Although a lower 
signal was observed when adding actin and 2 ME+actin; the 2 ME+actin 
condition was selected for all further studies to ensure long-term pro
tection of the aptamer from DNase. The protection of DNA from DNase-I 
was also evaluated with gel electrophoresis, and a similar result was 
observed (Supplemental Fig. S3). 

3.2. pH sensor and microfluidics 

Various factors alter the pH of human sweat, such as exercise, drugs, 
food, and disease (Baker, 2019; Patterson et al., 2000; Robergs et al., 
2004). Under normal circumstances, sweat pH varies by one unit from 
the 6.3 nominal value (Baker, 2019). We fabricated a pH sensor with 
PANI/Nafion, as both are proven biocompatible materials and have 
excellent surface sensitivity and selectivity to protonation. The proton
ation and ion transfer of these electro-active materials strongly depend 
on the PANI oxidation state and the solution pH (Yokus et al., 2020). The 

sensor performance was evaluated in buffer solution of various pHs 
(Supplemental Fig. S4A) after calibration with standard pH (4, 7, and 
10) reference solutions. Protonation and deprotonation of PANI at lower 
or higher pH led to a change in the OCP. The measured sensitivity was 
69 ± 8.25 mV/pH. Since the electrochemical behavior of MB and the 
aptamer binding affinity are pH-dependent (Belleperche and DeRosa, 
2018; Ju et al., 1995), the assay performance was evaluated at various 
pHs (Supplemental Fig. S4B). We observed modulation of the aptasensor 
performance at acidic pH with the lowest response at pH 5 attributed to 
poor aptamer conformation switching and binding affinity. 

The wearable microfluidic sweat sensor comprises lithographically 
defined Au electrodes inside microfluidic channels. The flexible micro
fluidics were prepared using PDMS with 3D printed micro-structured 
mold, as shown in Fig. 3A. The microfluidic structure was released 
from the mold by removing the sacrificial PMMA layer using acetone 
and isopropanol (Fig. 3B). The microfluids are designed to work in a 
wearable format; thus, physical integrity analysis is essential to ensure 
smooth operability on the skin. Several permutations of mechanical 
strain and bending were examined. The microfluidic device showed 
excellent mechanical stability without any deformity under repeated 
cycles of bending and stretching using physiologically relevant 

Fig. 3. Fabrication and characterization of microfluidics. (A–B) PDMS microfluidic fabrication process using a 3D printed mold. (C) Physical integrity analysis of 
microfluidic (i) before, (ii) twisting, (iii) bending, and (iv) 25% stretching in vitro. Scale bar is 10 mm. (D) Microfluidic cross-section diagram. (E) Simulation showing 
sweat velocity and pressure contour in microfluidic channels. (F) Photographs of sweat-filling on-body without electrodes at several time points. 
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conditions (Fig. 3C). The preserved physical integrity enables on-body 
continuous sweat cortisol monitoring without concern for functional 
loss during operation. The compact device consists of three flexible 
layers (20 mm diameter, 1.1 mm thickness), posing structural adapt
ability with the skin. The device has a medical-grade double-sided ad
hesive bottom layer with four 2 mm diameter openings for sweat 
transfer to the middle layer, as shown in Fig. 3D. The middle layer (0.5 
mm thickness) is integrated with flexible electrodes and microfluidic 
vias aligned with the inlets. The topmost layer (0.5 mm thickness) 
contains microfluidic channels (200 μm height × 200 μm width × 5 mm 
length) connected to a circular reservoir (7 mm diameter) with an outlet. 
The layers are sealed by curing the PDMS. 

Skin naturally acts as a pump with continuous sweat secretion from 
sweat glands. Thus, simply adhering the device to skin captures the 
sweat through the inlets, transfers it through the channels to the 
detection reservoir over the sensor surface, and expels it into the outlet. 
Some sweat pores in contact with the adhesive were blocked and 
influenced the flow rate. However, the sweat pores located within the 2 
mm diameter openings of the adhesive layer naturally pump generated 
sweat through the microfluidic device due to the short distance between 
the inlet and the sweat pore. The outlet channel dimensions were opti
mized (6.5 mm length, 0.3 mm width, and 0.2 mm thickness) to ensure 
that the old sweat was replaced with the new sweat due to the hydro
dynamic pressure imposed by the four-inlet configuration. This opti
mization was done through simulation to verify the flow under standard 
operating conditions (Fig. 3E). The sweat flows in a streamlined fashion 
at an inlet velocity of 250.3 nL/min (Francis et al., 2018). The outlet 
condition was set to zero-gauge pressure. The flow rate and pressure are 
reduced to sub μm/s at 5 mPa pressure in the reservoir, providing 
favorable conditions for target-aptamer interaction. Since the outlet 
pressure is low relative to the inlet and reservoir, pressure gradients are 
formed, resulting in an increase in the flow rate at the outlet channel to 
support the replacement of old sweat with new sweat in the reservoir. 
The time required to fill the detection reservoir should be low to support 
real-time monitoring and measure temporal modulation in sweat 
cortisol levels. Thus, the required time to fill the reservoir (on-body and 
in vitro test) was evaluated at 20 μL/min flow rate from one inlet channel 

to mimic a low sweat rate (Fig. 3F and Supplemental Fig. S5). It required 
around 60 s to fill the entire device in vitro; however, this time increased 
to 20 min on-body, possibly because of differences in individual’s sweat 
rate. 

3.3. in vitro electrochemical measurements 

The analytical performance of the pseudoknot-assisted aptasensor 
was evaluated using voltammetry in an in vitro setup with and without 
the microfluidic channels (Fig. 4). The presence of cortisol induced 
target-dependent aptamer conformation switching, opening the MB- 
tagged pseudoknot structure. The sensor response was measured in 
buffer and artificial sweat spiked with cortisol. The sensor displayed a 
well-defined voltammogram with a clear MB peak between − 0.1 and 
− 0.25 V. The observed peak shift between buffer and sweat samples is 
attributed to the different solution pHs and compositions (Ju et al., 
1995). The sensor performance without a microfluidic channel showed 
an increase in current with increasing cortisol concentration (inset of 
Fig. 4A,C), indicating successful cortisol binding and unfolding of the 
pseudoknot structure. A broad linear range from 1 pM to 1 μM with good 
linearity (R2 ≥ 0.98) in buffer and artificial sweat was observed, 
covering the physiological range of cortisol (21–387 nM) in humans 
(Russell et al., 2014). The calculated limit of detection (LOD) is 0.17 and 
0.2 pM in buffer and artificial sweat, respectively. The sensitivity is 0.33 
(μA/mm2)/cortisol [pM] and 0.24 (μA/mm2)/cortisol [pM] in buffer 
and artificial sweat, respectively. The sensor’s real-time measurement 
ability was also evaluated with chronoamperometry at − 0.25 V (Sup
plemental Fig. S6). The sensor responded to increasing cortisol con
centration from 0.1 nM to 1 μM in buffer with distinct 
chronoamperograms. A control experiment without cortisol was also 
conducted using similar conditions, and no such signal was observed. 

With the integrated microfluidic sensor, contrived buffer and artifi
cial sweat sample were pumped at 20 μL/min with gradually increasing 
cortisol concentration from 1 pM to 1 μM. The measured voltammo
grams have a distinct peak that increases in response to the cortisol 
concentration (inset Fig. 4B,D). Calibration plots were generated by 
plotting the cortisol concentration in buffer (Fig. 4B) and artificial sweat 

Fig. 4. in vitro cortisol measurement. Cortisol was measured in (A) buffer without microfluidics, (B) buffer with microfluidics, (C) artificial sweat without 
microfluidics, and (D) artificial sweat with microfluidics. For all conditions, cortisol was spiked in solution (binding buffer or artificial sweat) at a concentration from 
1 pM to 1 μM and measured. All regression lines have R2 > 0.98. 
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(Fig. 4D) against the observed signal. The sensor had a broad linear 
range, like the case without the microfluidics. The measured LOD is 1.35 
pM and 1.56 pM in buffer and artificial sweat, respectively. The sensi
tivity is 0.25 (μA/mm2)/cortisol [pM] in buffer and 0.31(μA/mm2)/ 
cortisol [pM] in artificial sweat. Overall, the sensor is very sensitive and 
has a rapid response in the presence of cortisol. These data demonstrate 
the high performance of the pseudoknot-assisted aptasensor with inte
grated microfluidics covering the physiological cortisol concentration 
range. 

3.4. Sensor performance 

A wearable sensor will be sensitive to variation in skin temperature, 
as the aptamer binding affinity and MB activation energy are directly 
influenced by the temperature (Hasegawa et al., 2016; Saeed, 2014). 
Thus, the sensor performance was evaluated at various temperatures 
ranging from 25 to 35 ◦C (Fig. 5A). The sensor exhibited 30% higher 
sensitivity at 35 ◦C compared to 25 ◦C, which we attribute to the 
lowering of the MB activation energy. Thus, calibration at various 
temperatures is required to maintain sensor accuracy. It is crucial to 
have crosstalk-free operation in the presence of potentially interfering 
constituents of sweat, such as glucose, epinephrine, ascorbic acid, IgG, 
and CRP. Having already shown cortisol detection in artificial sweat, 
these potential interferents were spiked in buffer at their basal level in 
human sweat and measured using similar conditions (Fig. 5B). The 
signal was 4–10 × higher for cortisol than the interferent in each case. 
These data demonstrate the specificity of the pseudoknot-assisted 
aptamer. Finally, sensor regeneration is a prerequisite for wearable 
sensing applications. We performed regeneration measurements where 
the sensor was successfully regenerated 2 × without significant loss in 
binding affinity and sensor performance (Supplemental Fig. S7). 

3.5. in situ on-body sweat measurement 

On-body, real-time monitoring of sweat cortisol was performed to 
evaluate the performance of the sweat patch in practical scenarios from 
three healthy individuals under induced stress conditions by the cold 
pressure test (CPT) (Shida et al., 2020) during exercise. The experiments 
were performed in accordance with an approved UCSD institutional 
review board protocol. Sweat patches were applied to the lower necks of 
subjects, as shown in Fig. 6A. The time to fill the sweat patch reservoir 
with and without an electrode was analyzed. As depicted in Fig. 6B, the 
blue dye in each inlet began to diffuse at the start of sweat flow (1 min). 
The flow spread outwardly toward the reservoir (10 min), and after 20 
min, the sensing chamber (reservoir) was filled, and sweat started 
coming out for the constant replacement from the outlet channel within 
25 min. Similar fluid dynamics pattern and filling time was observed 
with and without the electrodes. It is worth noting that temperature, 

environment, and exercise conditions can alter the sweat rate and, 
consequently, the reservoir filling time. 

Temporal changes in sweat cortisol levels under external stress 
conditions were monitored for 30 min during indoor cycling from three 
different subjects (Fig. 6D–F). The three subjects’ continuous ampero
metric sweat cortisol response showed an increase in signal as the sweat 
filled the reservoirs and completed the circuit, ranging from 6 to 10 min. 
Compared to the control, a rapid increase in signal was observed in all 
three subjects after CPT. As expected, after the induced shock (Shida 
et al., 2020), cortisol levels increased significantly and returned to their 
basal level (control) after removal from CPT. This real-time profile was 
different for each subject. This indicates that the observed increase in 
signal was solely from the aptamer and sweat cortisol interaction and 
not from other sweat constituents. Compared to in vitro tests (Fig. 4D), 
the signal variation among the subjects suggests that a combination of 
factors (flow rate, pH, composition, and temperature) also affect the 
amperometric response. Moreover, the control and test signal variation 
among the subjects reflects the difference in basal cortisol level and 
endurance to tolerate stress (Knutsson et al., 1997). While physical ac
tivity was used to induce sweating in this work, iontophoresis (electri
cally driven release of chemicals such as pilocarpine or cevimeline) is 
also viable – with benefits in a non-performance situation (e.g., a med
ical wearable). Thus, continuous monitoring of individual cortisol levels 
will support precision medicine and allow for better treatment (Stone 
et al., 2001). 

We further evaluated the sensor performance under long-term (1.5 
h) continuous monitoring with on-body signal regeneration. Briefly, a 
healthy volunteer was exposed to intermittent induced shock conditions 
during the exercise (cycling on a stationary exercise bike). As depicted in 
Fig. 6G, a negligible signal was observed during the initial period of 
exercise, followed by a rapid increase after sweat fills the reservoir, 
which subsequently returned to a normal level in 7–8 min. Stress was 
induced by CPT, causing the cortisol signal to increase significantly and 
allowed to return to a normal level before again inducing stress. These 
data demonstrate an on-body sensor’s continuous monitoring, regener
ation, and aptamer stability of an on-body sensor. Long-term storage of 
the aptasensor was not explored in this work but has been shown to be 
robust with minimal performance degradation (Fan and Yang, 2022; 
Zhen et al., 2020). For accurate quantification, the measurement should 
be pre- and post-calibrated for temperature- and pH-dependence. 

3.6 Performance comparison. This work is compared against state- 
of-the-art wearable cortisol sensors in Supplemental Table S2. Fernan
dez et al. reported a sensitive but multistep technique in a point-of-care 
testing (POCT) format with a narrow linear dynamic range (100 pM–50 
nM) using electrochemical reduction over a Cu-PP electrode (Fernandez 
et al., 2017). Wang et al. reported a field effect transistor with an 
aptamer (aptaFET) for on-body direct measurement on a flexible poly
imide electrode with a very low LOD (1 pM) but with a compromised 

Fig. 5. Sensor performance. (A) Effect of temperature (25, 30, and 35 ◦C) on the sensor in binding buffer. The regression line has R2 > 0.98 for all curves. (B) 
Measured sensor specificity against potential sweat interferents such as epinephrine (1 μM), ascorbic acid (1 mM), glucose (1 mM), IgG (0.67 nM), and CRP (8.3 pM) 
spiked in buffer compared against cortisol (10 nM). 
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dynamic range (1 pM–1 μM) (B. Wang et al., 2022). An et al. reported a 
flexible wearable sensor consisting of nanofiber, polyacrylonitrile, and 
carboxylated poly(3,4-ethylene dioxythiophene) sensor with a liquid 
ion-gated FET; however, it lacks a suitable mechanism to prevent sweat 
mixing between the old and new sweat, and thus is not suitable for 
long-term continuous monitoring (An et al., 2022). Pali et al. developed 
a “near to wearable sensor” by immobilizing an aptamer on a 
Zn–O/polyimide patch, and cortisol measurement was performed with 
electrochemical impedance spectroscopy (Pali et al., 2021). Singh et al. 
and Mugo et al. developed an electrochemical aptasensor in a POCT 
format with high performance, but its wearability wasn’t demonstrated 
(Mugo et al., 2021; Singh et al., 2021a). Our approach’s key strength and 
novelty lie in using a pseudoknot aptamer over the DNase-resistant 
self-assembled monolayer with an integrated microfluidic channel to 
provide excellent sensitivity and regeneration ability, even under very 
long-term continuous monitoring on the body. The sweat patch device 
has the potential to provide pH-calibrated accurate cortisol measure
ment in real-time from human sweat with reagent-less operation. 

4. Conclusion 

This study demonstrated a pseudoknot-assisted aptasensor inte
grated with microfluidics in a wearable format to continuously monitor 
cortisol in sweat. Modifying an existing aptamer to add a pseudoknot 
structure enabled highly sensitive detection of cortisol down to sub-pM 
levels by reducing the background noise due to the disorientation of the 
MB reporter. Moreover, including a skin-conforming microfluidic 
channel with multiple sample inlets and a single outlet facilitates rapid 
filling time for natural sweat sampling and in-situ sweat replacement, 
respectively. The sensor detected cortisol in artificial sweat solutions 
ranging from 1 pM to 1 μM with an excellent LOD of 0.2 pM and good 
linearity (R2 = 0.98). The sensor also exhibited high specificity and 

reproducibility. This sensor offers the possibility of accurate cortisol 
quantification in conjunction with sweat pH-calibrated response from an 
integrated pH sensor in the sweat patch. On-body cortisol monitoring in 
normal and induced stress conditions with human subjects demonstrates 
the capabilities of on-body electrochemical monitoring in various 
sweating conditions with the ability to detect real-time fluctuations in 
cortisol levels. This new pseudoknot-assisted aptasensor with micro
fluidic sweat bioelectronic patch can be expanded to the real-time non- 
invasive monitoring of other sweat biomarkers (e.g., immunoglobulins, 
CRP, etc.), ushering in a new generation of nearly reagent-less, aptamer- 
based wearable sensors for continuous monitoring of immune health. 

CRediT authorship contribution statement 

Naveen K. Singh: Conceptualization, Investigation, Formal analysis, 
Writing – original draft. Saeromi Chung: Conceptualization, Investi
gation, Formal analysis, Writing – original draft. An-Yi Chang: Inves
tigation, Formal analysis. Joseph Wang: Conceptualization, Formal 
analysis, Writing – review & editing, Supervision, Project administra
tion, Funding acquisition. Drew A. Hall: Conceptualization, Formal 
analysis, Writing – review & editing, Supervision, Project administra
tion, Funding acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Fig. 6. Real-time on-body amperometric response of sweat cortisol from induced stress using cold pressure test (CPT). (A) Depiction of on-body sweat patch 
application to the lower neck of the subjects during trials. (B) Photographs of sweat filling the microfluidic reservoir during exercise. Blue dye was placed in each 
inlet before on-body application for visualization. (C) Illustration of test protocol (control and induced stress). (D–F) Continuous sweat monitoring data from the 
three different human subjects. (G) Long-term continuous monitoring and on-body signal regeneration measurement. 
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