
Biosensors and Bioelectronics 156 (2020) 112133

Available online 6 March 2020
0956-5663/© 2020 Elsevier B.V. All rights reserved.

A wearable lab-on-a-patch platform with stretchable nanostructured 
biosensor for non-invasive immunodetection of biomarker in sweat 

Han-Byeol Lee a, Montri Meeseepong b, Tran Quang Trung a, Bo-Yeong Kim b, 
Nae-Eung Lee a,b,c,d,e,* 

a School of Advanced Materials Science & Engineering, Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon-si, Gyunggi-do, 16419, South Korea 
b SKKU Advanced Institute of Nano Technology (SAINT), Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon-si, Gyunggi-do, 16419, South Korea 
c Samsung Advanced Institute for Health Sciences and Technology (SAIHST), Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon-si, Gyunggi-do, 16419, South 
Korea 
d Institute of Quantum Biophysics (IQB), Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon-si, Gyunggi-do, 16419, South Korea 
e Biomedical Institute for Convergence at SKKU (BICS) Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon-si, Gyunggi-do, 16419, South Korea   

A R T I C L E  I N F O   

Keywords: 
Stretchable biosensor 
Microfluidics 
Immunodetection 
Wearable device 
3D nanostructured impedimetric biosensor 

A B S T R A C T   

Conformable, wearable biosensor-integrated systems are a promising approach to non-invasive and quantitative 
on-body detection of biomarkers in body fluids. However, realizing such a system has been slowed by the dif
ficulty of fabricating a soft affinity-based biosensor patch capable of precise on-body fluid handling with minimal 
wearer intervention and a simple measurement protocol. Herein, we demonstrate a conformable, wearable lab- 
on-a-patch (LOP) platform composed of a stretchable, label-free, impedimetric biosensor and a stretchable 
microfluidic device for on-body detection of the hormone biomarker, cortisol. The all-in-one, stretchable 
microfluidic device can precisely collect and deliver sweat for cortisol quantitation and offers one-touch oper
ation of reagent delivery for simultaneous electrochemical signal generation and washing. Three-dimensional 
nanostructuring of the Au working electrode enables the high sensitivity required to detect the pM-levels of 
cortisol in sweat. Our integrated LOP detected sweat cortisol quantitatively and accurately during exercise. This 
LOP will open a new horizon for non-invasive, highly sensitive, and quantitative on-body immunodetection for 
wearable personal diagnostics.   

1. Introduction 

Personal diagnostics and health monitoring are expected to play an 
important role in the emerging areas of personalized and preventive 
healthcare. Wearable biosensor-integrated diagnostic devices are a 
promising approach because of their user convenience; they require no 
separate off-body sample handling and offer high connectivity and ease 
of access (Andreu-Perez et al., 2015; Bariya et al., 2018; Heikenfeld 
et al., 2018; Imani et al., 2016; Kim et al., 2019b; Lee et al., 2019; Ray 
et al., 2019; Trung and Lee, 2016; Windmiller and Wang, 2013). Soft, 
skin-mountable biosensor patches are of particular interest for 
non-invasive or minimally invasive detection of biomarkers from body 
fluids such as sweat, interstitial fluids, or wound exudate (Bandodkar 
et al., 2019; Guinovart et al., 2014; Kassal et al., 2015; Matzeu et al., 
2015; Salvo et al., 2015; Xu et al., 2019b; Zhao et al., 2019). The most 

recent research has been limited to continuous monitoring of metabo
lites such as glucose and lactate in body fluids using flexible (Emami
nejad et al., 2017; Gao et al., 2016; Gao et al., 2019; He et al., 2019; Jia 
et al., 2013; Lee et al., 2016a) or stretchable biosensor patches (Bae 
et al., 2019; Choi et al., 2018; Huang et al., 2014; Kim et al., 2019a; Kim 
et al., 2018; Koh et al., 2016; Martín et al., 2017; Reeder et al., 2019; Toi 
et al., 2019; Xu et al., 2019a). Future personal diagnostics and health 
monitoring, however, will require soft, skin-mountable biosensor 
patches that can detect proteins or small molecules using an 
affinity-based biosensing scheme (Bandodkar et al., 2016; Bandodkar 
and Wang, 2014; Bariya et al., 2018; Heikenfeld et al., 2018; Kim et al., 
2019b; Someya and Amagai, 2019; Windmiller and Wang, 2013). 
Currently, the development of such immunosensor patches has been 
slowed by many challenges in realizing precise on-body handling of 
body fluid samples and reagents, good conformability for convenient 
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on-body operation, a low limit of detection (LOD) and high accuracy, 
and a simple detection protocol with seamless integration from sampling 
to detection. 

The concept of soft, conformable, skin-mountable biosensor patches 
for wearable on-body detection of biomarkers is of great interest because 
they would be much more convenient for users than lab-based immu
noassays or in-hospital point-of-care testing (POCT), which require 
many off-body sample handling steps and user expertise in sample 
analysis. However, many obstacles block the way to high-performance 
quantitative detection of proteins or small molecules using affinity- 
based immunosensing in soft, skin-mountable biosensor patches (Dan
iels and Pourmand, 2007; Meng et al., 2019): on-body sampling of body 
fluids, transport control of the collected sample and reagent fluids 
without the use of electrically powered pumps, quantitative and accu
rate measurement of low-concentration target biomolecules in body 
fluids other than blood (pM level or less), securing and maintaining skin 
contact during bodily motion, and adequately simplifying the mea
surement protocol (labeling, washing, reagent delivery, etc.) (Corrie 
et al., 2015; Han et al., 2013; Kokkinos et al., 2016; Tomazelli Coltro 
et al., 2014). Many existing immunodetection procedures use labeling, 
in which an enzyme, fluorescent tag, or redox couple is attached to a 
detection probe to generate a detection signal, but those techniques are 
time-consuming, require multi-step operations, and cause inconve
nience to the wearer (Joung et al., 2019; Kallempudi et al., 2012). Un
like the separate steps typically used in conventional POCT, collecting a 
sample, handling the collected sample, and measuring the marker of 
interest (all by expert operators), a wearable biosensor patch requires a 
seamlessly integrated protocol that extends from precise sample 
collection to reagent delivery and measurement with minimal user 
intervention. 

Herein, we demonstrate a new, fully stretchable, wearable, lab-on-a- 
patch (LOP) platform that integrates a stretchable impedimetric 
biosensor with a stretchable passive microfluidic device for non- 
invasive, wearable immunodetection of the hormone biomarker 
cortisol in sweat. Cortisol, a notable part of the human stress response 
and regulator of the immune system, is generated by the adrenal glands. 
The cortisol level in sweat is known to correlate well with the level in 
blood, and the cortisol in sweat exists in a free form, making non- 
invasive detection of cortisol in sweat using a wearable biosensor a 
feasible possibility (Steckl and Ray, 2018). Daily measurement of 
cortisol using a disposable LOP can provide useful information since 
excessive or deficiency of cortisol level gives the alarm of health such as 
Cushing’s syndrome or Addison’s disease. To address the critical issues 
of wearable immunodetection of cortisol, we developed a stretchable, 
all-in-one, microfluidic device that can autonomously and precisely 
collect and deliver a fixed volume of sweat for quantitative measure
ment and a one-touch finger operation to deliver reagent from a reser
voir for simultaneous signal generation and washing (Fig. 1a) We 
integrated our LOP with a stretchable, highly sensitive, and label-free 
impedimetric biosensor that uses a working electrode of 
three-dimensional (3D) nanostructured Au for signal enhancement and 
has a faradaic signal readout with a redox mediator. Using an antibody 
(Ab) as a probe biomolecule, our biosensor stably detected cortisol levels 
from 1 pg/ml to 1 μg/ml, even under an applied 30% strain. The inte
grated microfluidic-device and electrochemical biosensor patch suc
cessfully performed precise, on-body sweat sampling and cortisol 
measurement down to the pM concentration range. The wearable 
biosensor patch quantitatively detected sweat cortisol during exercise 
with a high correlation (relative difference of ~14.7%) to the standard 
enzyme-linked immunosorbent assay (ELISA) assay used with conven
tionally collected sweat samples. Our integrated LOP has great potential 
as a wearable immunodetection platform for personal diagnostics and 
health monitoring. 

2. Materials and methods 

Reagent, materials, microfluidic design, fabrication methods, and 
measurement protocol can be found in the Supplementary Information. 

3. Results and discussion 

3.1. Design concept for a conformable, integrated microfluidics and 
biosensor patch 

To realize a soft, conformable, wearable biosensor patch that can 
provide microfluidic fluid control, we designed a new microfluidic de
vice for simple, passive, and precise sample handling without electrical 
power (left panel, Fig. 1b) and the patch integrates a stretchable 
impedimetric biosensor and the microfluidic device (right panel, 
Fig. 1b). The microfluidic device is made of two layers of PDMS cast 
from 3D-printed resin molds. The fluid passage layer (FPL) and fluid 
connection layer (FCL) are formed into a sweat inlet chamber (I), 
sensing chamber (S), waste disposal chamber (D), reagent (redox 
mediator) reservoir (R), and microfluidic channels connecting them 
with one another (Fig. 1c). 

The passive microfluidic device is operated in the following 
sequence: sweat is passively absorbed through the inlet to the I and 
delivered to the S where it is incubated for about 15 min without the 
introduction of new sweat, precisely metering the sweat volume for 
quantitative detection. The reagent is injected from the R into the S 
when the user presses a button, which begins a sequence of redox 
mediator delivery, electrochemical signal measurement, and washing 
(Fig. S1). This passive microfluidic device is independent of any need for 
an external force, such as an electrically driven pump (Dastider et al., 
2013; Oh et al., 2012), pressure from a sweat gland (Choi et al., 2018; 
Glennon et al., 2016; Imani et al., 2016; Koh et al., 2016), or inserted 
capillary materials such as a fabric (Jeerapan et al., 2016; Kassal et al., 
2015; Panneer Selvam et al., 2016; Zamora et al., 2018), fiber (Bae et al., 
2019; Tamayol et al., 2016; Zhong et al., 2014), or absorption pad 
(Alizadeh et al., 2018; Xu et al., 2019a). It is an all-in-one system that 
performs sampling, metering, reagent delivery, and washing to an in
tegrated faradaic impedimetric biosensor for convenient on-body 
immunodetection. 

3.2. Design and demonstration of passive microfluidic device for sample 
handling 

Our passive microfluidic device uses several key innovations: 1) the I 
and S have hydrophilic surfaces to sustain autonomous sweat flow for a 
long time; 2) the button that users push on the R is tapered to prevent 
backflow of the reagent during operation; 3) fine zig-zag-patterned 
capillaries on the FPL portion allow the S to collect sweat uniformly 
and fill entirely, and 4) our unique arched flap valve, burst valve, and 
check valve in the channels between the I–S, S-D, and S-R, respectively, 
hold the sweat in the S during incubation for Ab-cortisol binding and 
then allow the reacted sweat to burst out as the reagent in the R is 
injected into the S (Fig. 1d). 

To ensure that sweat passively flows from skin along the microfluidic 
channels, the I, S, and microfluidic channel between them received a 
surface treatment of covalent bonding with polyvinylpyrrolidone (PVP), 
a polar molecule, for long-term hydrophilicity. PVP also has an anti- 
biofouling characteristic and provides long-term, sustainable hydro
philicity of PDMS (Gokaltun et al., 2017). Immediately after treatment, 
the contact angles of the PDMS substrates treated by O2 plasma and PVP 
were both about 5�. However, the contact angle of the PDMS treated 
with O2 plasma increased over time, reaching 80� after one day, indi
cating that the hydrophilicity created by the O2 plasma treatment cannot 
be maintained. On the other hand, the contact angle of the PDMS sub
strate treated with PVP did not change significantly even after 6 days, as 
shown in Fig. 1e and more detailed results are provided in Fig. S2. 
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When we made the I, S, and channels hydrophilic, we found that 
fluid passively flowed well from the I to the end of the channel but not 
into the S chamber, even though the S was hydrophilic. Therefore, we 
modified the inner side of the FPL composing the S with a fine, zig-zag 
pattern structure 200 μm wide to enhance the capillary effect (Stone 
et al., 2004). That treatment successfully allowed the fluid to fill up the 
entire S, as shown in Fig. 1f, Fig. S3, and Supplementary Movie 1 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2020.112133 

The microfluidic device needs a reagent delivery component to 
replace the sweat in the S with reagent (redox mediator) solution for 
impedance measurement in the faradaic mode and to wash the S. The 
reagent solution is manually injected into the S with a one-touch 
mechanism that delivers the reagent from the R to the S. When the 
button on the FPL in the R was vertical, the pushing action delivered the 
solution into the S, but backflow occurred upon release (left panel of 
Fig. 1g, Figs. S4a–d, and Supplementary Movie 2). The negative 
pressure that drew the fluid flow backward was generated as the button 
recovered its original shape. The new tapered button design enables the 
reagent solution to flow from the R into the S without backflow because 
the inclined wall of the R in the FPL is pinched off in a hole in the FCL 
(right panel of Fig. 1g, Figs. S4e–f, and Supplementary Movie 3). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2020.112133 

Realizing on-body label-free immunodetection requires control of 
the incubation time for target–probe (cortisol–cortisol Ab) binding and 
an ability to inject the redox mediator solution for the faradaic imped
ance reading. One salient feature in our microfluidic device is the design 
of three valves in the channels that control the flow precisely, as shown 
in Fig. 1h. First, a bursting valve is used in the channel between the S and 
the D to keep the sweat in the S during incubation. The sweat volume for 
measurement is autonomously metered because no more sweat can 
enter the S once it is full. The bursting valve bursts with the pressure 
generated during delivery of the reagent solution into the S after incu
bation. In our design, the maximum pressure difference that the valve 
can withstand, ðPA � P0Þ, where PA.and P0 are the pressure inside and 
outside of liquid in the channel, respectively, was calculated as 
1069.7 Pa for a channel width of 100 μm, a channel height of 250 μm , 
and a diverging angle in the channel (β) of 23 π. (more details are provided 
in Fig. S5 and Supplementary Movies 4–6) (Cho et al., 2007; Choi 
et al., 2017). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2020.112133 

The check valve between the S and the R is also used to control the 
incubation and prevent unintended fluid flow of the mediator solution in 
the R; it has the same bursting pressure as the bursting valve (Fig. 1i). By 

adopting bursting and check valves between the chambers, the target 
solution can be incubated in the S for a long time (~15 min) without a 
volume change or leakage of the collected sample, as shown in Sup
plementary Movie 6. 

When the reagent solution is injected by pushing the R, the fluid 
flows toward the I rather than the D because of the surface hydrophi
licity of the channel between the I and the S. Therefore, we designed and 
installed an arched flap valve inspired by the structure and function of 
venous valves in human veins to prevent the sweat in the S from flowing 
back toward the I during reagent injection into the S (Fig. 1j). Our 
arched flap valve arcs in the direction of the I (right panel in Fig. 2h), 
which acts like a venous valve (left panel in Fig. 2h) that is closed upon 
pushing the R and opened during the sampling stage (bottom panel in 
Fig. 2h) (Ramasamy, 2017). Because the R has a larger volume than the 
S, the reagent solution in the R can be effectively delivered to the S, 
replacing the reacted sweat in the S with the reagent and washing the S 
by pushing all the liquid toward the D. 

To demonstrate the operation of our microfluidic device, we filled 
the R with a PBS 1X solution mixed with red dye, attached the device to a 
forearm, and dropped about 100 μL of artificial sweat mixed with green 
dye near it on the arm (Fig. 1k). The green artificial sweat flowed 
through the channel between the I and the S and entirely filled the S 
within 2 min, retaining the same volume (the burst valve in the channel 
between the S and the D did not burst) during the 15-min incubation. 
Then we pushed the top of the R, which injected the red PBS 1X solution 
into the S, displacing the green artificial sweat toward the D. Therefore, 
we deemed our passive microfluidic device ready for integration with a 
stretchable impedimetric biosensor to realize a skin-mountable 
biosensor patch (Fig. 1k and Supplementary Movie 7). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2020.112133 

3.3. Evaluation of stretchable impedimetric biosensor 

The working electrode contains 3D-nanostructured Au to maximize 
the sensing signal by increasing the surface area, which increases the 
density of the Ab probes immobilized on it and minimizes its footprint, 
as shown in the cross-sectional and top-view field-emission scanning 
electron microscopy (FE-SEM) images (Fig. 2a). The increased surface 
area of this Au 3D-nanostructured working electrode can increase the 
current density while minimizing the footprint of the impedimetric 
biosensor (Chen et al., 2005, 2008; Haji-Hashemi et al., 2019; Pingarron 
et al., 2008). In the cyclic voltammetry (CV) curve, the cathodic current 
of the biosensor with the 3D-nanostructured Au was increased by a 
factor of 1.9 compared with that of a working electrode made of bare 
gold film (Fig. 2b). Also, the stretchable impedimetric biosensor shows 

Fig. 1. LOP with microfluidic and electrochemical sensing components for wearable POCT. (a) Schematic diagram of the LOP platform for wearable biomarker 
detection. A microfluidic device integrated with an electrochemical biosensor in a patch is attached to human skin. The microfluidic device collects a sweat sample, 
transports the sample to a sensing chamber containing a stretchable impedimetric immunosensor, delivers reagent (redox mediator) and washes the sensing chamber 
simultaneously, and disposes of the waste. A measurement protocol based on the faradaic EIS technique reduces the need for user intervention to a one-touch finger 
push to deliver the mediator for signal transduction. (b) A schematic view of the LOP (left) and a picture of the LOP attached to a forearm (right). The main 
components are a stretchable microfluidic device to handle the sample and reagent and a stretchable impedimetric biosensor with a Au 3D-nanostructured working 
electrode. The microfluidic device contains four chambers, the sweat inlet (I), sensing (S), disposal (D), and reagent (R) chambers, and three valves in the channels 
between the chambers specifically designed to control the fluid transport precisely. (c) An exploded view of the LOP platform. The top layer is the fluidic passing 
layer (FPL) with the chambers and channels. The middle layer is the fluidic connection layer (FCL) that connects the chambers to the skin on I in FPL and the sensor 
device region on the bottom layer containing stretchable impedimetric immunosensor with 3D-nanostructured Au working electrode fabricated on a mogul-patterned 
substrate. (d) Top-view image of the FPL: sweat inlet (I), sensing chamber (S), disposal chamber (D), reagent chamber (R), and connecting channels. (e) Side-view 
picture of PBS 1X solution dropped onto the oxygen plasma–treated PDMS and oxygen plasma–treated PDMS þ PVP. This picture was taken with a smartphone 
camera. (f) Sequence of the fluid flow through the zig-zag patterned capillaries in the S that allow the fluid to fill the S completely. (g) Cross-sectional view of the 
push button on the R. Whereas the rectangular button returned to the initial state after being pushed (left), the taper-shaped button is fitted into a hole in the FCL and 
remains stuck at the bottom (right). (h) Bursting valve between the S and the D (left). Image of the bursting valve with the angle of the arrow at 120� (right). (i) 
Check valve between the S and R (left). Image of the check valve with the angle of the arrow at 120� (right). (j) Principle of venous valves in the human vascular 
system (top, left); cross-sectional FE-SEM image of the arched flap valve (top, right); operation of the arched flap valve, which opens as fluid flows from the I to the S 
and closes as fluid flows from the S to the I (bottom). (k) Demonstration of microfluidic device operation while it is attached to a forearm; artificial sweat with green 
dye was dropped on the skin, and the reagent chamber contained PBS 1X solution with red dye. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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good linearity with the scan rate, which indicates that it is suitable for 
electrochemical immunosensing (Fig. S6). 

To evaluate the mechanical durability and stability of our stretchable 
impedimetric biosensor, we conducted CV testing in a 10 mM K3[Fe 
(CN)6] in 1X PBS solution under static-stretched conditions from 0 to 
20% strain and after 3000 cyclic stretches at 20% strain (Fig. 2c). The 
electrical signal of the stretchable impedimetric biosensor remained 
stable under stretching because the mogul-patterned substrate, which 
can effectively mitigate the stretching stress on the electrodes, enabling 
stable performance of the biosensor under mechanically stretched con
ditions (Lee et al., 2016b). The current level of the redox peaks under the 
20% stretched condition was slightly higher than that under the 
non-stretched condition, whereas its value remained almost the same 
after cyclic stretching (Fig. 2d and e, respectively, original plot is shown 
in Figs. S7 and S8). The FE-SEM images of the working electrode before 
(left panel in Fig. 2f) and after (right panel in Fig. 2f) cyclic stretching 
show that only a few cracks were generated by the cyclic stretching 
experiment, and the structure of the 3D-nanostructured Au on the 
mogul-patterned substrate did not change significantly during the cyclic 

stretching. Therefore, our stretchable, three-electrode impedimetric 
biosensor with a Au 3D-nanostructured working electrode showed 
effective signal enhancement, good mechanical stability, and a minimal 
footprint, making it suitable for wearable cortisol detection. 

3.4. Evaluation of label-free cortisol immunodetection performance 

To detect the target biomolecule, cortisol, we used the electro
chemical impedimetric spectroscopy (EIS) technique. To use faradaic 
EIS in our biosensor, we measured the electron transfer resistance (Ret) 
value, which corresponds to the radius of a semicircle in a Nyquist plot, 
in the redox mediator solution (10 mM [K3Fe(CN)6] in 1X PBS). At the 
sensor level (without integration of the microfluidic device), the dif
ference in the Ret before and after the affinity reaction between the 
probe Ab and antigen (Ag), ΔRet;sensor ¼ ðRet;Ab� AgðSÞ � Ret;AbðSÞÞ, 
increased as the target concentration increased (Dong et al., 2013; Li 
et al., 2015; Liu et al., 2012). Here, Ret; AbðSÞ is the Ret value from the 
sensor with the probe Ab immobilized, and Ret;Ab� AgðSÞ is the Ret value 
from the sensor upon capturing target cortisol Ag molecules (Fig. S9). 

Fig. 2. Characterization of stretchable impedimetric biosensor with a Au 3D-nanostructured working electrode and performance of stretchable impedimetric 
biosensor. (a) Top-view (left panel) and cross-sectional (right panel) FE-SEM image of Au 3D-nanostructured working electrode. (b) Cyclic voltammetry (CV) curves 
for the biosensor with a Au film and the Au 3D-nanostructured working electrode in a 10 mM K3[Fe(CN)6] and 1X PBS solution. (c) Pictures of the biosensor before 
(top panel) and after (bottom panel) being stretched (30%) by a customized stretching machine connected to a potentiostat. (d) CV curves for the stretchable 
biosensor under strains of 0–20% in a 10 mM K3[Fe(CN)6] and 1X PBS solution. (e) CV curves for the stretchable impedimetric biosensor with the Au 3D-nanostruc
tured working electrode before and after applying 3000 repetitions of cyclic stretching to 20% strain in a 10 mM K3[Fe(CN)6] and 1X PBS solution. (f) Top-view FE- 
SEM image of the Au 3D-nanostructured working electrode before (left panel) and after (right panel) cyclic stretching. The insets show the magnified FE-SEM images 
of the Au 3D-nanostructrued working electrode. (g) Nyquist plots from the EIS measurements of the stretchable impedimetric biosensor at increasing cortisol (target) 
concentrations from 1 pg/ml to 1 μg/ml in artificial sweat. The inset show the Nyquist plots from the EIS measurement at increasing concentrations from 1 pg/ml to 
10 ng/ml. (h) Calibration curve of the ΔRet;sensor value as a function of cortisol concentration. (i) ΔRet;sensor=Ret;Abð%Þ values from biosensors with Au film and Au 3D- 
nanostructured working electrodes at various cortisol concentrations. (j) Nyquist plot of the EIS measurements of the stretchable impedimetric biosensor under 10, 
20, and 30% strain for a cortisol concentration of 1 ng/ml in a 10 mM K3[Fe(CN)6] and 1X PBS solution. 
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So, Ret; Ab� AgðSÞ and ΔRet;sensor increase with the target concentration 
because redox molecules find it difficult to reach the electrode surface 
when it is covered by conjugated Ab–Ag complexes. The ΔRet;sesnor values 
obtained from the Nyquist plots with various cortisol concentrations 
showed a wide dynamic range, from 1 pg/ml to 1 μg= ml, which en
compasses the range of cortisol concentrations in sweat (Fig. 2g and 
Fig. S10) (Jang et al., 2018; Kaushik et al., 2014; Parlak et al., 2018). 

The high surface-area of the Au 3D-nanostructured electrode creates 
a high density of immobilized Ab, which optimizes the sensing perfor
mance in terms of both sensitivity and dynamic range. The calibration 
curve for the biosensor with the Au 3D-nanostructured working elec
trode presented an LOD as low as 1 pg/ml, sensitivity of 0.25 Ohm/ng 
ml-1, and good linearity (Fig. 2h). On the other hand, the biosensor 
made with a Au thin-film working electrode on the mogul-patterned 
substrate had an initial impedance level larger than that of the Au 3D- 
nanostructured electrode and a smaller area for Ab immobilization 
(Fig. S11). Therefore, the change ratio in the electron transfer resistance 
(ΔRet; sesnor=Ret;AbðSÞ) of the biosensor made with a Au thin-film electrode 
was smaller than that of the biosensor made with the Au 3D-nanostruc
tured electrode over a cortisol concentration range of 1 pg/ml – 1 μg=ml 
(Fig. 2i). For example, the ΔRet; sesnor=Ret;AbðSÞ of the biosensor with the 
Au thin-film electrode was 49.4%, whereas that of the biosensor with the 
Au 3D-nanostructured working electrode was 232.3% at a 1 μg= ml 
cortisol concentration. Therefore, the 3D-nanostructuring of the work
ing electrode played a critical role in enabling on-body immunode
tection by enhancing the impedimetric signal enough to encompass the 
cortisol concentration range in human sweat. 

The selectivity of label-free impedimetric biosensor for cortisol 
sensing should be tested against interference from molecules also pre
sent in sweat at similar solution conditions. In particular, neuropeptide 
Y (NPY) is present in human sweat and has a similar function to cortisol 
(Cizza et al., 2008). We calculated Ret;Ab� AgðSÞ values in the 10 mM K3[Fe 
(CN)6] and PBS 1X solution after incubation with cortisol (1 ng/ml), 
NPY (1 ng/ml), cortisol (10 ng/ml), and NPY (10 ng/ml) in sequence. 
The Ret;Ab� AgðSÞ value from the Nyquist plots increased only when the 
sensor was incubated with the cortisol-spiked artificial sweat (Fig. S12). 
Thus, our biosensor shows good selectivity for cortisol against NPY. 

To investigate the effect of mechanical deformation on our stretch
able immunosensor, we conducted EIS measurements under stretched 
conditions of 10%, 20%, and 30% strain with a cortisol concentration 
with 1 ng/ml (Fig. 2j). The Ret;Ab� AgðSÞ values did not change signifi
cantly even under the 30% stretched condition because they are mainly 
affected by how many Ab and Ag molecules are conjugated on the sur
face. Because the mogul pattern on the stretchable PDMS substrate is 
flattened by stretching, the effective area of the working electrode is not 
expected to change significantly with stretching up to 30%. Therefore, 
our stretchable, label-free biosensor fabricated on the mogul-patterned 
substrate can be used for skin-mountable, quantitative immunode
tection of cortisol in sweat. 

3.5. Evaluation of integrated biosensor patch 

To verify the performance of our integrated LOP containing both our 
microfluidic device and electrochemical biosensor, we conducted EIS 

Fig. 3. Characterization of the integrated LOP platform (microfluidic device and biosensor patch) and demonstration of on-body immunodetection. (a) Picture of the 
LOP measuring the cortisol level in artificial sweat while loaded in a customized stretching rig connected to a potentiostat. The electrode lines of the working, 
counter, and reference electrodes are connected to bendable probe tips for measurement. The artificial sweat spiked with cortisol was dropped into the I. Then, after 
waiting for 15 min, the reagent solution was injected into the R by pushing the button, and the EIS curve was determined directly. (b) Calibration curve for the 
ΔRet; patch obtained from the LOP as a function of cortisol concentration (results of triplicated experiments, n¼3). (c) Picture of human subject 1, who exercised by 
cycling while the LOP was attached to their forehead. (d) Cortisol concentration results from an ELISA kit and the LOP assay for 6 samples, 2 each (one from the 
morning and one from the evening) from subjects 1, 2, and 3. The error bar is indicated on the analysis from the ELISA kit (n ¼ 3), and the relative difference in the 
measured concentrations from the ELISA and LOP assays, (

�
�CELISA � CPatchj

�
�=CELISAÞ, is marked above the bar graph (e) Comparison of the cortisol concentration 

analyses from the ELISA kit (CELISA) and LOP (CPatch). The data are presented as Bland-Altman plot. 
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testing of cortisol in artificial sweat (ISO standard, pH 5.5) after inte
grating our microfluidic device with our stretchable impedimetric 
biosensor(Kulthong et al., 2010). First, however, we measured the 
Ret;AbðSÞ of the Ab-immobilized biosensor to calculate the ΔRet value 
because the passive microfluidic device is disposable. After integration 
with the microfluidic device, 500 μL of the redox meditator solution was 
carefully injected into the R. When 100 μL of the artificial sweat spiked 
with cortisol was dropped on the I, it flowed passively to the S and filled 
it within 2 min. After the 15-min incubation, the R was activated by 
pushing the button, and the Ret;Ab� AgðPÞ value, which is the Ret value in 
the patch with Ab-Ag binding, was measured (Fig. 3a). 

We prepared cortisol-spiked artificial sweat samples at various con
centrations, 1 pg=ml; 1 ng=ml; 10 ng=ml; 100 ng=ml; and 1 μg= ml, and 
calculated the Ret; Ab� AgðPÞ values from multiple biosensors upon target 
binding (Fig. S13) to determine ΔRet;patch ¼ ðRet; Ab� AgðPÞ � Ret; AbðSÞÞ. 
We observed a shift compared with ΔRet;sesnor and explained in Supple
mentary Information in detail (Fig. S14). The average value of ΔRet; patch 

was obtained in triplicate at each concentration in the biosensor patch 
integrated with the microfluidic device, and the obtained calibration 
curve was fitted with the relation logðΔRet; patchÞ ¼ 0:27316 �
logðconcentrationÞ þ 1:27087 in a detection range from 1 pg/ml to 1 μg/ 
ml and a sensitivity of 0.273 Ohm/ng ml-1 (Fig. 3b). 

3.6. On-body immunodetection of cortisol in sweat during exercise 

To evaluate the biosensor patch integrated with the microfluidic 
device for on-body immunodetection in a real application, we attached 
it to the foreheads of three healthy human subjects and measured the 
cortisol levels in their sweat during exercise (Fig. 3c). The sweat cortisol 
levels were monitored twice in each subject: in the morning (9:00 a.m.) 
and evening (6:00 p.m.). The subjects exercised by cycling, and the 
sweat from their skin accumulated in the I and then passively flowed 
into the S. Generally, the sweat rate is reported to be 50–130 μl/cm2/hr 
during exercise (Choi et al., 2018; Nyein et al., 2018, 2019). The area of 
the I is around 50.24 mm2, so the S, with a volume of 27 μL, can be filled 
completely within 30–40 min after starting exercise even though the 
sweat rate differs from person to person. Once the S is full, sweat stops 
entering because of the bursting valve between the S and the D. In that 
way, the amount sweat is self-metered for precise target quantitation. 
During exercise, sweat samples from each subject were also collected in 
vials for a comparative analysis using a commercial ELISA kit. After the 
15-min incubation in the S for the cortisol to bind with the Ab probes, 
the R button was pushed to inject the reagent solution into the S, and 
faradaic EIS was performed. The Ret;Ab� AgðPÞ value was calculated from 
the integrated patch and converted to cortisol concentration using a 
calibration curve (Fig. 3d). Subject 1 had the highest cortisol concen
tration among the subjects, and subject 3 had the lowest cortisol level. 
The tendency of increased cortisol in the morning and decreased cortisol 
in the evening was observed in subjects 1 and 2 but not in subject 3. 
Cortisol levels vary according to personal circadian cycles, generally 
increasing during the day and decreasing at night (Kaushik et al., 2014). 
Thus, personalized monitoring is needed to diagnose personal stress 
levels. 

The concentrations of cortisol obtained from the microfluidics- 
integrated biosensor patch (Cpatch) were compared with those 
measured by the cortisol ELISA assay (CELISA) (Table S2, Fig. 3d and 3e). 
The CELISA values (triplicated) were obtained using the four parameter 
logistics (4-PL) calibration curve (Fig. S15). We evaluated the relative 
accuracy of cortisol detection by comparing the biosensor patch results 
with the standard ELISA assay results (

�
�CELISA � CPatchj

�
�=CELISAÞ. The 

average difference between the two assay results was about 14.7%, with 
a standard deviation of 9.38% (Table S3 and Fig. 3e). Even though the 
number of sweat samples for the two assays was small, the cortisol levels 
obtained from the LOP assay were similar to those in the ELISA assay. 

4. Conclusions 

No previous researchers had successfully integrated sample- 
controlling microfluidics and a skin-mountable biosensor into fully 
functional lab-on-a-chip technology. We met those challenges using the 
specifically designed valves and channels of our microfluidic device, 
which enables one-touch operation for simultaneous mediator delivery 
and washing. Using those techniques, we built an all-in-one, integrated 
microfluidics-electrochemical biosensor patch that provides wearable 
immunodetection of cortisol in human sweat. Our proposed LOP plat
form, which can complete all the steps required to detect low- 
concentration biomarkers, is very promising, especially if it can be 
combined with a wearable electrochemical reader with circuitry for 
impedance signal readout and wireless data transmission. Furthermore, 
wearable biosensor systems based on our LOP platform could be 
extended to detect other biomarkers in sweat (such as cytokines and 
neuropeptides), therapeutic drugs in sweat, and more diverse bio
markers in other biofluids, including interstitial fluids or wound 
exudate. 
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