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ABSTRACT ARTICLE HISTORY
Wearable sweat sensors are gaining significant attention due to Received 26 April 2023
their unparalleled potential for noninvasive health monitoring. ~ Accepted 11 July 2023

Sweat, as a kind of body fluid, contains informative physiological KEYWORDS
indicators that are related to personalized health status. Sweat sensors; skin-
Advances in wearable sweat sampling and routing technologies, integrated electronics; in-situ
flexible, and stretchable materials, and wireless digital technolo- detection; microchannels;
gies have led to the development of integrated sweat sensors wearable device

that are comfortable, flexible, light, and intelligent. Herein, we

report a flexible and integrated wearable device via incorporat-

ing a microfluidic system and a sensing chip with skin-integrated

electronic format toward in-situ monitoring of uric acid (UA) in

sweat that associates with gout, cardiovascular, and renal dis-

eases. The microfluidic system validly realizes the real-time cap-

ture perspiration from human skin. The obtained detection range

is 5-200 uM and the detection limit is 1.79 uM, which offers an

importance diagnostic method for clinical relevant lab test. The

soft and flexible features of the constructed device allows it to be

mounted onto nearly anywhere on the body. We tested the

sweat UA in diverse subjects and various body locations during

exercise, and similar trends were also observed by using

a commercial UA assay kit.
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Introduction

With the rapidly growing demand for digital healthy monitoring, increasing interest in
miniaturized and integrated diagnostic devices have been driven [1,2]. Wearable devices
integrated with sensors and electronics in particular have the advantages of non-
invasively and quickly capturing changes in healthy indicators [3-5]. Recent studies
revealed that sweat is an important body fluid for healthy management, disease diag-
nosis, and sports performance evaluation [6-10]. For example, excessive levels of Ca%* in
sweat results in cirrhosis, renal failure, and acid-base balance disorders [11-13]. The
concentration of lactic acid in sweat is the gold standard to diagnose lactic acidosis,
tissue hypoxia, and respiratory [14,15]. Furthermore, sweat remains relatively easy to
access due to the fact that sweat glands are distributed throughout the entire surface
of the body unlike other biofluids (such as saliva, interstitial fluid, and urine) [16]. In
addition to sweating through physical exertion which is the most common way of sweat
sampling [17,18], many other techniques have been proposed for non-invasively extract-
ing sweat till date, including thermal stimulation [19], chemical stimulation [20], or ion
osmosis [21]. To sum up, it is meaningful and achievable to develop convenient and
reliable wearable devices to offer insight into healthy status by analyzing the dynamics of
the concentration of targets in sweat. To date, most of the current development of
wearable sensors focused on electrolytes (Na*, K*, and CI™) or metabolites such as
glucose and lactic acid, which are made possible by ion-selective or enzyme-modified
electrodes, respectively.

UA is the ultimate metabolite of purine metabolism, which has been proved and
adopted as a vital indicator for the diagnosis of gout [22-25]. According to relevant
literature reports, the concentration of UA in sweat has a certain correlation with
blood [26,27]. Thus, tracking the concentration of UA in sweat during daily life is
beneficial for reducing risk of gout. UA has also been widely used as a biomarker for
cardiovascular [28,29], renal diseases [30], and type 2 diabetes [31,32]. Nevertheless,
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the development of a reliable and integrated wearable device for UA monitoring in
human sweat remains a challenge as the result of difficulties in its low concentration,
the design of sweat sampling system, and the integration of flexible and wearable
sweat device. At present, compared with capillary electrophoresis [33], high-
performance liquid chromatography [34], and fluorescence spectroscopy [35] which
require bulky instruments and complex operating procedures, electrochemical sensors
are extremely suitable for wearable sweat devices due to their rapid response, high
sensitivity, and simple construction [36,37].

In this work, we report a flexible and wearable sweat monitoring device which
integrates with a UA biosensing system and a polydimethylsiloxane (PDMS)-based micro-
fluidic system. It enables in-situ perspiration collection and analysis, as well as wireless
data transmission. In detail, the sweat excreted by epidermis can be gathered sponta-
neously through the inlet microchannels to the target detection chamber. Meanwhile, the
outlet microchannel ensures fresh sweat collection and analysis. For the UA sensing
chamber, a three-electrode electrochemical sensor modified with nano Au is adopted
based on Au electrodes. The resulted UA sensor exhibit great sensing linearity between
current responses at the specific potential and the targeted UA concentrations.
Furthermore, by virtue of integration with a flexible circuit board and a soft encapsulation
layer, the system can be mounted onto skin comfortably and fulfill wireless and real-time
detection, demonstrating great potential in daily healthcare.

Results and discussion
Epidermal flexible device for sweat sensing

The skin-integrated sweat collection and monitoring device contains a UA sensor unit
based on Pl substrate, a microfluidic system based on PDMS substrate, and a medical
adhesive layer as exhibited in Figure 1a, where the key components were manufactured
using simple and mature photolithography and 3D printed techniques. As these parts are
both constructed on the ultra-thin and soft substrates, the finial integrated device was
flexible (Figure S1 and S2) and can be bent and twisted serving for body motions. In
Figure 1b, the diameter of each electrode in the three-electrode system was set to 3 mm.
After individual modification, nano Au, Ag/AgCl, and Au electrodes were used as working,
reference, and counter electrodes, respectively (Figure 1c). The design sketch of the
fabricated microfluidic system is illustrated in Figure 1d. The constructed system could
non-invasively gather and routing sweat UA. For further realizing miniaturization and
integration, the above sensing patch was connected to a flexible printed circuit board
(FPCB) as displayed in Figure 1f. The corresponding system-level block diagram in
Figure 1g describes the flow of electrical signals in the electrochemical measurements.
The circuit mainly consists of a Microcontroller (MCU), a embedded Analog-to-Digital
Converter (12-bits ADC), a Digital-to-Analog Converter (16-bits DAC), a Dual Operational
Amplifier (Dual OP-AMP), and an NFC chip. The NFC chip along with energy-harvesting
capacities out of the RF field powers external devices. The electronics consuming of our
sensing device is 14.4 mW. The Dual OP-AMP is applied to compose the three-electrode
system.
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Figure 1. Overview of the flexible and wearable device for UA detection in sweat. a Schematic
illustration of the integrated sweat sensor patch consisting of a stretchable microfluidic system and
a soft UA sensor. b the design sketch of the three-electrode system fabricated by photolithography
approach. ¢ Optical imagine of the modified UA sensor. d the design sketch of the microfluidic system.
e Optical imagine of the prepared microfluidic system worn on the human skin. Scale bar, 1cm.
f Photograph of the designed FPCB. Scale bar, 1 cm. g System-level block diagram describing the
signal transduction, data processing, and wireless transmission. h Optical images of the microfluidic
system integrated with the modified UA sensor under bending and twisting. i Schematic representa-
tion of the microfluidic system for sweat collection and guidance. j Photograph of its filling profile
using the colored ink to clearly identify the water/air interface. The upper right image is a partially
enlarged illustration.

Considering the electroactivity of UA molecules, differential pulse voltammetry
(DPV) was employed to record sweat UA level on the basis of the amplitude of the
oxidation peak response. DAC is programmed to release differential square pulse
waves between WE and RE. Based on the DPV method, the reference current can be
acquired from WE and then converted to the voltage value via transimpedance
amplifier (TIA), which is read by embedded ADC in MCU. The acquired data are
wirelessly transmitted to the user device over NFC for further analysis of UA con-
centration. It is worth mentioning that the overall dimension of the integrated device
is 6.2cm x 2.2cm X 1.35 mm (length x width X thickness) and its weight is only 1.31g
after PDMS encapsulation. The ultra-thin and light-weighted features enable it com-
fortably and tightly attaches to the human skin.
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Microfluidic system design and characterization

The microfluidic system was composed of two layers of PDMS, bottom channel
layer and top cover layer. The bottom layer was fabricated with the assistance of
a high precise 3D printed mold to form two sweat reservoirs, a reaction chamber,
two inlet microfluidic channels to connect sweats reservoirs and the reaction
chamber, and one outlet channel (Figure 1d). Specifically, the cylindrical sweat
reservoirs were 2mm in radius and 0.6 mm in depth. The sensing chamber was
designed with the diameter of 4.5 mm and depth of 0.4 mm. All the microfluidic
channels were 0.15mm in width and 0.4 mm in depth. Therefore, the total volume
capacity of the microfluidic system is approximately 10 pL. Thanks to its thin and
flexible features, the designed microfluidic system can be worn on the human skin
even without a medical adhesive layer (Figure 1e). What is more, it can be suitably
assembled with the sensor unit (Figure S3) and can be easily bent and twisted as
displayed in Figure 1h. These results reveal the outstanding potential of our system
in wearable miniaturized devices.

The prepared microfluidic channel has the advantages of thinness, in-situ and
efficient collection of sweat on body, and easy combination and expansion with
other components. First, our microfluidic channel was fabricated via 3D printed
technology, which is faster and simpler than common photolithography process.
Microfluidic channel based on 3D printed technology is also low cost and unique
scalability. Second, the ultra-thin and light-weighted features enable it comfortably
and tightly attaches to the human skin.

Figure 1i represents the sweat collection and guidance mechanism of the
microfluidic system. It is due to the capillary effect that the sweat secreted by
sweat glands autonomously flows into the sensing chamber along the microfluidic
channels and finally contacts with the internal detection unit to realize detection.
With the help of the microfluidic system, the temporal resolution and detection
accuracy of the UA sensor were greatly enhanced by continuously providing flesh
sweat from the skin to the sensing chamber. In addition, all microchannels, sweat
reservoirs, and detection chamber were treated with hydrophilic groups, which
facilitated the delivery of sweat to the detection chamber without any extra
assistance. When the resulting sweat fully filled the detection chamber, it then
flowed out of the chamber and eventually gathered to the outlet. In order to
simulate the sweat collection and storage functions of our microfluidic system,
a fixed rate of colored ink was introduced from the inlets to the microfluidic
channels. According to the related literature [38], the generation rate of sweat
during active secretion is about 1.0-15puL min—', thus 10 uL min~"' was select as
the fixed rate. The filling time of the microfluidic chamber was calculated as 62.1 s,
suggesting the high temporal resolution of our microfluidic device. Figure 1j shows
the filling profile of the microfluidic system, where almost visible areas of the
sensing chamber was filled with colored ink demonstrating our microfluidic system
allows for efficient sweat collection. Besides, the serpentine interconnection design
(the inset in Figure 1j) of the microfluidic system follows the mechanical guideline
in stretchable electronics, and therefore extremely enhances its stretchability.
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Fabrication and characterization of UA sensor unit

As shown in Figure 2a, the detection principle of the UA sensor unit relies on the
electroactivity of UA molecules, which can be oxidized to allantoin, accompanied by
a characteristic oxidation peak. In addition, in order to meet the UA detection require-
ments in sweat, the UA sensor was modified with nano Au using Au electrode as matrix
providing a lower detection limit. While the detection samples containing UA molecules,
the oxidation peak current of UA (/ya) came out at 0.25 V. The concentration of UA (Cya) in
the sample can be calibrated according to the fluctuation of /ya. The surface morphology
of nano Au was characterization by E-SEM (Figure S4). Compared with bare Au shown in
Figure S5 (the inset image), nano Au formed on bare Au electrode possessed uniform
burr-like structure, indicating that nano Au/Au electrode was successfully prepared.

The Au electrodes before and after modifying nano Au were evaluated in terms of the
electrochemical behaviors. As can be observed in Figure 2b, the calculated surface area of
nano Au electrode was 5.2 times larger than that of bare Au electrode via comparing the
enclosed areas of their CV curves in 0.1 M H,S0O,4, manifesting that the modification of
nano Au effectively increased the surface area of the WE. This result may also be attributed
to the elevated electron transfer rate on the electrode surface by the gold nanoparticles,
thereby enhancing the electrocatalytic activity of the working electrode. The electroche-
mical behavior was also be tested in [Fe(CN)¢]>*~ probe solution. As displayed in
Figure 2c, after nano Au deposition, the reversible redox peak currents significantly
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E Nano Au
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b 200 c

——Bare Au electrode 2504 ——Bare Au electrode
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Figure 2. Electrical characterizations of the biosensor for UA determination. a Schematic illustration of
the fabricated sensor for UA monitoring. CV curves of bare Au electrode and nano Au electrode in
b 0.1 M H,SO4 and ¢ 0.1 M KCl aqueous solution containing 5 mM [Fe(CN)e]>~*. The scan rate was set
as 50 mV s
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increased compared with the bare Au electrode. These results proved that nano Au
electrode is superior to Au electrode due to its larger surface area and better catalytic
activity.

Sensing performance for UA detection

The sensing performance of nano Au electrode-based UA sensor was assessed in terms of
dynamic detection range, selectivity, long-term stability, and spike recovery. Figure 3a
depicts DPV responses of the fabricated UA sensor in PBS (pH 7.2) containing UA at
various concentrations. It also can be observed that the response signals of Iy (~0.25V)
increased with the increase of UA concentration, owing to the fact that UA molecules
were oxidized on the surface of WE. It was seen that nano Au electrode based UA sensor
exhibited a wide linear relationship in the range of (5-200 uM) with the regression
coefficient of 0.990 (Figure 3b). The detection limit was calculated to be 1.79 uM (S/N =
3). To evaluate reliability of the electrode preparation method, five batches of electrodes
were used to detect 50 uM and 100 uM UA samples, respectively. As displayed in Figure
S7, the output signals of the five batches of electrodes tended to be consistent, which
proved the reliability of the electrode preparation method adopted.
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44 2
04— . , : v
0 50 100 150 200
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Figure 3. Sensing performance of the fabricated UA biosensor. a DPV responses and b calibration
curve of the sensor in PBS (pH 7.2) containing various UA concentrations. ¢ Response signals of the
sensor to different electrolytes including UA alone and UA mixed with interfering substances. The
concentration of UA was 100 pM and that of interferents was 500 uM. d Responses obtained from the
prepared sensor in PBS containing 100 pM UA after storage for various time period. Error bars
represent the standard deviation from three parallel tests.
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The selectivity was appraised by collecting its DPV response signals at 0.25 V to diverse
sweat components. In Figure 3¢, negligible deviations were noticed between the DPV
responses at 0.25 V to pure target and the mixtures, illustrating excellent tolerance of the
UA sensor to the interfering substances. Furthermore, long-term stability was also studied
by testing 100 uM UA sample every day. Figure 3d depicts that there are no significant
decrement in DPV signals, manifesting acceptable stability of the nano Au electrode-
based UA sensor. What is more, its stability under inward and outward bending deforma-
tions was also studied as revealed in Figure S6. It indicated that the signal fluctuations
arising from repeated deformations were almost negligible, showing the strong mechan-
ical stability of the fabricated sensor, further confirming its potential in wearable devices.

To appraise reliability and validity of our UA sensor unit in real-sample detection, the
fabricated sensor was employed to detect UA in artificial sweat samples. As illustrated in
Table 1, the calculated recovery values obtained via standard addition method were in the
range of 96.1-100.7%, indicating decent accuracy and feasibility of the sensor unit.

In situ sweat analysis

To realize on-body validation, the fully integrated device was mounted on human skin for
in situ sweat collection and analysis. As displayed in Figure 43, it could be flexibly worn on
various body parts, including arm, forehead, chest, and leg. The designed patches were
applied to each of the above four body parts of one subject and the concentration of UA
in perspiration were tested at 10-min intervals, where the subjects were asked to perform
constant-load exercise for 30 min on a cycle ergometer (Figure 4b-d). It can be seen that
the concentration of UA at different test locations were almost consistent. Meanwhile,
a decreased trend in UA concentration was observed with continued perspiration as the
result of profuse sweat secretion [39,40]. In addition, to further evaluate the real-time
monitoring effect of our device, varied UA secretion were tested on three healthy
individuals during 30-min exercise and the results were summarized in Figure 4e and
Figure S8. The data from commercial UA assay kit followed similar trends comparing with
our wearable device as shown in Table S1, demonstrating the reliability of our wearable
device. These results verified that our flexible and wearable device possessed remarkable
potential for in situ sweat analysis.

Table 1. Determination results of UA in artificial sweat using the fabricated sensor (n = 3).

Artificial sweat samples Added (uM) Found by the fabricated sensor (uM)? Recovery (%)
1 0 - -
30 29.08 = 0.12 96.9
60 57.87 £ 0.32 96.5
2 0 - -
30 30.21 = 0.44 100.7
60 59.72 £ 0.18 99.5
3 0 - -
30 28.82 + 0.38 96.1
60 59.08 = 0.27 98.5

*The data are presented as the mean + standard deviation.
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Conclusions

In this paper, a flexible and wearable device for in-situ sweat UA monitoring was devel-
oped via integrating a epidermal microfluidic system and a soft biosensor unit. Our
wearable device enabled efficient sweat sampling, sensitive UA sensing, and wireless
data processing and analysis. It also presented excellent comfortable capability by virtue
of the favorable flexible and stretchable of the soft substrate. We have demonstrated the
in-situ UA sensing results using our wearable device and a commercial UA assay kit
toward different volunteers or various body locations during exercise. The similar fluctua-
tion trend and high correlation obtained in our study indicated the application potential
of the proposed device in wearable and intelligent sweat UA sensing. This work provides
a promising design approach for the development of wearable devices. And if further
combined with multiple sensing units, it is expected to be used for noninvasive monitor-
ing of multiplexed biomarkers for applications in a variety of personalized medicine
scenarios.

Materials and methods
Chemicals and apparatus

UA, lactic acid, urea, ascorbic acid (AA), glucose were supplied by Adamas Reagent
Co. Ltd. (Shanghai, China). Gold acid chloride trihydrate (HAuCl,-3 H,O) was pur-
chased from Alfa Aesar (Shanghai, China). Photoresist (PR, AZ 4620) and its related
developer were purchased from the AZ Electronic Materials Co. Ltd. (Suzhou,
China). Polydimethylsiloxane (PDMS, Sylgard 184 Kit) was obtained from Dow
Corning Co. Ltd. (Michigan, America). Artificial sweat from Bolinda Technology Co.
Ltd contains 1.2g L' NaCl, 0.25g L™' KCl, 1.5g L™ lactic acid, 0.6 g L™ urea, and
259 L' acetic acid. Other reagents, such as Ks[Fe(CN)gl, K4[Fe(CN)gl, CaCl,, KCl,
NaCl were obtained from Sigma Aldrich Co. Ltd. (Tianjin, China) and used as
received. The commercial UA assay kit was purchased from Bikese Biotechnology
Co. Ltd. (Dingzhou, China).

All electrochemical measurements were conducted on an electrochemical workstation
(CHI 660E, Shanghai Chenhua, China). DPV was performed from — 0.2 to 0.5 V with a pulse
amplitude, width and period of 50, 100, and 16.7 ms, respectively. For cyclic voltammetry
(CV) test, the scan rate was set as 50mV s~' unless mentioned otherwise. And all
potentials were referred to Ag/AgCl (saturated KCl solution). Surface morphology of the
modified electrodes was characterized with an environmental scanning electron micro-
scope (E-SEM, Quanta-250, American FEI Corporation). The three-electrode patch was
fabricated with the help of a URE-2000 mask aligner model to operate photolithography.

Preparation of the three-electrode sensor for UA sensing

The preparation of the sensor patch was described as follows. First, the polyimide
(PI) film was sticked on a glass and sequentially cleaned with deionized water (DI
water), ethanol, and acetone. A layer of Cr/Au (10nm/100 nm) was coated by
E-beam. Subsequently, to obtained the three-electrode pattern, a PR layer was spin-
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coated on the surface of Au membrane at 500 rpm for 10 s and 3000 rpm for 30 s,
and then baked at 110°C for 5 min. The above PR/Au/Cr/Pl film was exposed to
ultraviolet light for 45 s with the help of custom mask and developed for 1 min in AZ
400K solution. Finally, Au and Cr were etched accordingly, followed by acetone was
used to remove the residual PR. The bare three-electrode array was prepared as
shown in Figure S1a.

For the working electrode (WE), electrochemical preparation of gold nanoparticles
(nano Au) on Au electrode was conducted with chronoamperometry method [41].
Briefly, nano Au was electrodeposited on the surface of Au electrode in 0.5M H,SO,
containing 10 mM HAuCl, with applied potential of 0.15V for 100 s. For the reference
electrode (RE), Ag/AgCl ink was screen-printed onto another Au electrode. The designated
counter electrode (CE) was left unmodified. Finally, the fabricated sensor patches were
stored at room temperature in the dark when not in use.

Fabrication of the flexible microfluidic system and the wearable device

The microfluidic system was composed of two layers of PDMS, bottom channel layer and
top cover layer. Its detailed preparation process was described as follow. First, a 3D
printed mold was prepared by photopolymerization of commercial photocurable poly-
acrylate with a high precise 3D printer. Then the mold was cleaned by acetone and
isopropanol sequentially following by a heat treatment process at 80°C for 30 min to
eliminate surface residual stress. After that, PDMS with the mass ratio of prepolymer and
crosslinker at 10:1 was poured into the mold followed by degassing for 30 min and cure at
80°C for 2 h. The top layer of PDMS, with the mass ratio of prepolymer and crosslinker at
10:1, was fabricated by spin-coating with the spinning speed and duration of 500 rpm and
30 s, respectively. At last, the fabricated sticky PDMS capping layer was cut into pieces to
bond with the UA sensing unit and the above bottom layer of microfluidic system. Then, it
was connected with a designed FPCB to obtain the final flexible and wearable device.
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