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ARTICLE INFO ABSTRACT
Keywords: Eccrine sweat can serve as a source of biomarkers for assessing physiological health and nutritional balance, for
Bioelectronics tracking loss of essential species from the body and for evaluating exposure to hazardous substances. The
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Health monitoring

growing interest in this relatively underexplored class of biofluid arises in part from its non-invasive ability for
capture and analysis. The simplest devices, and the only ones that are commercially available, exploit soft
microfluidic constructs and colorimetric assays with purely passive modes of operation. The most sophisticated
platforms exploit batteries, electronic components and radio hardware for inducing sweat, for electrochemical
evaluation of its content and for wireless transmission of this information. The work reported here introduces a
technology that combines the advantages of these two different approaches, in the form of a cost-effective, easy-
to-use device that supports on-demand evaluation of multiple biomarkers in sweat. This flexible, skin-interfaced,
miniaturized system incorporates a hydrogel that contains an approved drug to activate eccrine sweat glands,
electrodes and a simple circuit and battery to delivery this drug by iontophoresis through the surface of the skin,
microfluidic channels and microreservoirs to capture the induced sweat, and multiple colorimetric assays to
evaluate the concentrations of chloride, zinc, and iron. As demonstrated in healthy human participants moni-
tored before and after a meal, such devices yield results that match those of traditional laboratory analysis
techniques. Clinical studies that involve cystic fibrosis pediatric patients illustrate the use of this technology as a
simple, painless, and reliable alternative to traditional hospital systems for measurements of sweat chloride.

1. Introduction continuous and careful management (Ruzal-Shapiro, 1998). Character-
ized by the production of thick, sticky mucus in the respiratory, diges-
Cystic fibrosis (CF) is a common fatal genetic disease that demands tive, and reproductive systems, CF can result in lung infections and
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diminished lung function (Lyczak et al., 2002). Furthermore, digestive
discomfort, such as poor nutrient absorption and gastrointestinal issues,
further complicate the treatment of CF and afflict daily lives (Ooi and
Durie, 2016). Evaluation of the concentration of chloride ions in sweat is
the principal diagnostic test for CF, as commonly used in newborn
screening (Beauchamp and Lands, 2005). Detection of elevated values of
chloride performed via sweat collected from a patient and then trans-
ferred into a chloridometer for analysis represents the clinical standard.
This test also can be used to monitor the progression of the CF condition
and to guide timely adjustments to treatment regimens.

Although sweating can be induced by physical exercise or by expo-
sure to hot, humid environments (ex, a warm water shower or bath)
(Gao et al., 2016; Zhang et al., 2019), these options are generally not
suitable for infants or most pediatric patients. An attractive and
commonly used alternative relies on iontophoresis as a safe, simple, and
painless process to deliver drugs that stimulate the action of eccrine
glands through the surface of the skin non-invasively (Bariya et al.,
2018; Lee et al., 2023; Sempionatto et al., 2021; Tu et al., 2023; Wang
et al., 2022). Clinical standard systems rely on rigid, bulky hardware
strapped tightly to the surface of the skin to capture sweat into coiled
tubes following induction with separate pairs of electrodes and power
supplies (“CF Sweat Testing,” n.d.). The cost and complexity of this
approach and the associated need for trained operators to perform the
required procedures limits the use to specialized hospital facilities. This
testing hardware also only applies to the measurement of chloride,
without options in evaluating other biomarkers of potential relevance to
the status of CF patients.

Recent research establishes the technology foundations for classes of
devices that can mount gently on the surface of the skin for collecting
sweat and performing in situ analysis of its chemical content, principally
as the basis for physiological monitoring (Kim et al., 2019; Koh et al.,
2016; Reeder et al., 2019). The simplest systems exploit soft,
skin-compatible microfluidic systems with colorimetric assays for pas-
sive capture, storage and analysis of sweat rate, sweat loss and
biomarker concentrations in sweat. Such devices are now in widespread
commercial use for quantitatively measuring the loss of electrolytes and
water through the natural release of sweat (Baker et al., 2020; “Gx Sweat
Patch,” n.d.). The process involves collection and analysis of digital
images of the channel and reservoir structures of the device while on the
skin, with established primary applications in sports performance and
worker safety. An attractive feature of this technology is in its ability to
be manufactured at scale, in cost effective continuous roll-to-roll pro-
cesses, with options that support single-use modes of operation. Previ-
ous work demonstrates the applicability of this technology in testing for
CF with pediatric patients, but with a requirement for separate means to
stimulate the release of sweat (Ray et al., 2021). Unlike previous studies
that focus solely on colorimetric detection methods or utilize conven-
tional sweat collection techniques, our approach combines a compact
iontophoresis system with a microfluidic structure, enabling analysis of
chloride levels and other species in sweat after triggered activation of
sweat glands. An alternative skin-interfaced platform for this purpose
relies on integrated electronic components, batteries and radio hard-
ware to induce sweat, to electrochemically evaluate its content and to
wirelessly transmit the results to a separate device. (Choi et al., 2018;
Emaminejad et al., 2017, 2017, 2017; Kim et al., 2016; Min et al., 2023;
Tu et al., 2023; Wang et al., 2022). The large size, complexity, and cost
of these research platforms create challenges in their commercial or
clinical translation for widespread, routine use.

Here, we report a skin-interfaced, miniaturized wearable platform
that combines the key advantages of these two distinct approaches, with
demonstrations relevant to testing for CF and for care of patients with
this condition but with a much wider range of potential applications.
The device combines a simple electronic circuit, a manual switch,
electrodes, hydrogels that include pilocarpine, colorimetric biosensors,
microfluidic channels and microreservoirs, all within in a soft, flexible
encapsulating structure. This miniaturized platform requires only
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microliters volume of sweat, thereby allowing rapid quantitative
monitoring of various biomarkers from small regions of the skin. This
feature represents a significant advance over standard clinical methods,
which often require comparatively large volumes of sweat and complex
procedures. Additionally, our device offers enhanced portability and
convenience, as it is compact and wearable without imposing significant
burden on the user. In demonstrations reported here, the platform in-
cludes separate microreservoirs and assays not only for chloride, an
essential indicator for CF, but also for zinc and iron as species to monitor
nutritional deficiencies that many CF patients experience due to diges-
tive problems and malabsorption. Feasibility studies include monitoring
of these species in five human subjects before and after a meal, with
comparisons to standard laboratory analysis results. Additional work
includes screening for five pediatric patients with CF, to compare the
simplicity in operation, the reliability in evaluation and the accuracy in
quantitative measurements of chloride to clinical standard systems used
for this purpose in hospital settings.

2. Methods
2.1. Fabrication of the circuit, hydrogel, and microfluidic device

An ISO 9001-compliant PCB (printed circuit board) manufacturer
provided the fPCB (flexible printed circuit board) based on designs
created using Eagle CAD (Autodesk). A coating of gold (200 nm)
deposited by electron beam evaporation on the anode and cathode
prevented copper oxidation and corrosion. An In/Ag soldering paste
(Indium Corporation) bonded the electronic components (coin-cell
battery, tactile switch, low-dropout voltage regulator, DC/DC converter,
red LED, capacitors, and resistors) to the fPCB. Use of a heat gun during
the application process ensured fast and strong bonding.

A 4% agarose gel was prepared in a glass bottle by melting the
agarose in deionized water, and pH buffer using a microwave and then
cooling to 50 °C on a hot plate. Pilocarpine drug was then added to the
gel to form a 0.5% concentration of pilocarpine hydrogel. The gels
resulted from pouring the resulting liquid into a silicone mold with a
depth of 3 mm at room temperature. The hydrogel was immediately
transferred into a sealed container and wrapped with parafilm to
minimize moisture loss. The pilocarpine concentration in the hydrogel
was set to 0.5% to facilitate comparison with clinical standards. The
clinical standard (Macroduct product) utilizes a pilocarpine concentra-
tion of 0.5%.

A thin layer of photoresist (KMPR 1010; MicroChem, MA, USA) spin-
cast (3000 rpm for 30 s) on a silicon wafer (1 mm thick) and then
patterned by photolithographically defined the geometry of the micro-
fluidic system, including the microchannels, the microreservoirs, and
the passive valves. After patterning, deep reactive ion etching (STS
Pegasus ICP-DRIE, SPTS Technologies Ltd.) created trenches with depths
of 200 pm. During the etching process, a thin layer of a fluorinated
polymer (CFn) formed on the surface facilitated release from the mold.
After fabrication of this mold, a mixture of a white dye (Reynolds
Advanced Material, IL, USA, 10 wt%) and a precursor of PDMS (10:1
ratio of base to curing agent; Sylgard 184, Dow Corning, MI, USA) was
spin-cast on the mold at 200 rpm for 30 s and baked at 70 °C for 2 h.
After curing, the microfluidic layer was peeled from the mold. A me-
chanical biopsy punch defined 0.3 mm diameter inlet holes. Drop cast-
ing delivered assays for each biomarker into the microreservoirs.
Separately, a uniform layer of PDMS (10:1) spin-cast (400 rpm for 30 s)
and cured (70 °C for 2 h) served as a 100 pm thick cover layer bonded to
the molded base using a corona treatment process. A mechanical die
cutter defined the outer perimeter of the microfluidic system and two
openings for the hydrogels.

2.2. Encapsulation of the circuit, and microfluidic device

A pair of convex (with holes) and concave (with pillars) aluminum



J. Kim et al.

molds for the top encapsulation layer of the device was designed using
SOLIDWORKS 2019 (Dassault Systemes) and formed using a milling
machine (MDX-540, Rolland DGA). A silicone layer (PDMS, mixed with
5 wt% white silicone dye) cast against these molds and thermally cured
at 100 °C for 20 min defined the top encapsulation layer. Integration of
the electronic circuit within the top encapsulation layer was achieved
using a silicone polymer (Ecoflex 0035, fast cure material). Curing and
solidification occurred within approximately 10 min, thereby elimi-
nating the need for a thermal curing step, and securely attaching the
circuit to the upper encapsulation. Application of a medical-grade ad-
hesive film (1524 skin adhesive, 3M) on both the top encapsulation
containing the integrated circuit and the bottom microfluidic channel
created a cohesive assembly.

2.3. Development of colorimetric assays for CF-biomarkers

Colorimetric chemical reagents, described in the following text, were
drop cast into each microreservoir and dried in a desiccator.

(1) Chloride: 50 mg of silver chloranilate (MP Biomedicals, CA, USA)
dispersed in 200 pL of 2 wt% polyhydroxyethylmethacrylate
(Sigma-Aldrich, MO, USA) methanolic suspension. A volume of
0.5 pL of this solution was cast and dried in a corresponding
reservoir.

(2) Zinc: The materials were purchased from Abcam (Cambridge,
UK). The solution was prepared by mixing a 5-Br-PAPs solution
and a solution of salicylaldoxime at a ratio of 4:1 volume. A
volume of 1 pL of this solution was cast and dried in a corre-
sponding reservoir.

(3) Iron: The material was purchased from Abcam (Cambridge, UK).
A volume of 1 pL of Ferene-S solution was cast and dried in a
corresponding reservoir.

2.4. Imaging sweat glands and characterizing their densities

Bromophenol blue was dissolved in pure acetone in a 5% (w/v) so-
lution and then mixed with silicone in 1:1 volumetric ratio. The mixture
was magnetically stirred at 25 °C until the acetone evaporated away and
an orange solution was formed. The skin surface was washed and dried
before spreading the bromophenol dye in a thin layer. Reaction with
sweat from activated glands turned the orange dye blue in those regions
within a few minutes.

2.5. Characterization and analysis

The temperature was measured using an IR camera (FLIR Systems,
Wilsonville, OR, USA) and analyzed using the FLIR ResearchlIR software
(Research IR Max, FLIR Systems). The transmittance of the samples was
measured by ultraviolet-visible-near infrared spectroscopy (Perki-
nElmer LAMBDA 1050, MA, USA). For this characterization, a trans-
parent microfluidic channel was used instead of a white microfluidic
channel. Average values and error bars were calculated using Excel
(Microsoft). Each data point indicated the average of measurements, and
the error bars represented the standard deviations (SDs). Pearson cor-
relation with two-tailed p values analysis was conducted using the SPSS
statistical software (IBM, NY, USA) and Origin Pro 9.0 software (Origin
Lab, MA, USA).

The commercial software Ansys Maxwell was used to study the
electric field generated by electrodes with square and circular shapes
inside the skin. The relative permittivity (¢;) and bulk conductivity ()
were 1 x 10% and 0.1 S:m™? for the skin. A current of 0.25 mA was
applied to the electrodes. An adaptive mesh (tetrahedron elements) was
adopted to ensure computational accuracy.

Biosensors and Bioelectronics 253 (2024) 116166

2.6. Sweat stimulation and color analysis with a ColorChecker

A test consisted of sweat stimulation (pilocarpine iontophoresis for 5
min) followed by sweat collection (~30 min), using either the Macro-
duct system or the skin-interfaced device reported here. In terms of
Macroduct product, the test followed the instructions in the product
catalog. Sweat was extracted from the collector after 30 min and
analyzed using a chlorodimeter. For the skin-interfaced device, a digital
image was recorded after removal from the arm, for quantitative anal-
ysis by color extraction algorithms. A digital image of the microfluidic
device was captured along with an X-rite color checker, which served as
a color reference. Regions of interest (ROIs) were carefully selected in
the sensing reservoirs to avoid any defects. For image calibration, the
color calibration transformation matrix was computed from the color
values of the reference (Ray et al., 2021). The color values from the
sensing reservoirs were converted to calibrated color values with the
transformation matrix. The representative color parameters were care-
fully selected from the primary test; lightness (L*) in CIELab color space
was used for chloride ion, whereas RGB values were used for zinc and
iron level quantification. The final color intensities were converted to
ion concentrations by using prior calibration curves determined from
standard solutions..

2.7. Measurements of CF-related biomarker levels healthy human
subjects’ studies

Testing involved five healthy adults (aged 20-35) as volunteers. All
subjects provided their consent prior to participation. Prior to sweat
stimulation and monitoring, the skin was cleaned with an alcohol gauze
pad and clean tissue with deionized water, followed by attachment of
the skin-interfaced, miniaturized wearable systems on the forearms.
Sweat collected by the Macroduct collector was analyzed using a lab-
based instrument. The collected sweat samples were diluted into 3 mL
3% HNOg, without the need for additional heating because of the
absence of organic chelates to form with the metals. Diluted samples
were analyzed by ICP-MS (Thermo iCap7600, Thermo Fisher Scientific,
MA, USA). Colorimetric analysis from the skin-interfaced device yielded
biomarker concentrations.

2.8. Clinical study design

The purpose of the clinical study was to demonstrate a skin-
interfaced, miniaturized device for use in collecting and analyzing
sweat for the diagnosis of CF. Patients were recruited from CF pop-
ulations. The study was Institutional Review Board (IRB)-approved
through the Ann & Robert H. Lurie Children’s Hospital (IRB,
2018-1440). Patients with CF were recruited from the Cystic Fibrosis
Center at Lurie Children’s Hospital. Informed consent was obtained after
the study was explained. The sweat tests were performed by trained
personnel at Northwestern University and Lurie Children’s Hospital.
Patient sweat tests followed established clinical protocols. The pilot
study (N = 7) was conducted to evaluate the performance of a developed
device with an integrated colorimetric chloride assay. For the Macroduct
system, chloride measurements were performed using a clinically
certified ChloroCheck Chloridometer (ELITech Group).

3. Results

3.1. Design of the skin-interfaced, miniaturized wearable platform for
evaluation of sweat biomarkers related to cystic fibrosis and nutritional
balance

As shown in the schematic illustration of Fig. 1A, the device supports
combined capabilities in stimulation, collection, and multicomponent
biochemical analysis of microliter volumes of sweat. The elements
include a disposable soft, microfluidic system with reagents that enable
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Fig. 1. Schematic illustrations and images of a skin-interfaced, miniaturized wearable platform for triggered induction, capture and colorimetric analysis of
microliter volumes of sweat. (A) Schematic exploded view illustration of the design of system. (B) Block diagram of the operational scheme of the sweat triggering
circuit with electrodes, a tactile switch, LED, and coin-cell battery. (C) Schematic illustrations of the iontophoresis step and sweat monitoring step. (D) Optical image
of the microfluidic channel structure with CBVs. Scale bar, 1 cm. (E) Detailed schematic illustration of sampling inlet, microreservoir, and CBVs with different
channel widths and diverging angles. (F) Optical images of the operation of the CBVs in guiding sweat into the microreservoir, and microfluidic channel. A dye was
incorporated to enhance visualization, leading to a transition from light blue to yellow green. Scale bars, 1 mm. (G) Image of the sweat stimulation circuit (top), a
fully integrated device with a circuit, and microfluidic sensor (bottom). (H) Images of a device on the thigh of a realistic model of a neonate. Scale bar, 2 cm. (I) Image

of the completed device with several disposable sweat sensors. Scale bar, 2 cm.

colorimetric sensing of multiple biomarkers, a hydrogel with a cholin-
ergic drug that stimulates eccrine sweat glands (pilocarpine), and a
reusable, flexible electronics module that initiates delivery of this drug
through the skin by iontophoresis. In the examples reported here, the
sensing functionality enables precise measurements of the concentra-
tions of chloride, zinc, and iron in sweat, the first of which is directly
related to CF; the others provide insights into related aspects of nutri-
tional status, all with sensitivity across physiologically relevant ranges
for sweat. The system-level block diagram in Fig. 1B and the circuit
layout in Fig. S1 illustrate the operation and circuit design, respectively.
A flexible printed circuit board (fPCB, PCBWay; thickness: ~100 pm)
supports a collection of surface-mount electronic components inter-
connected by copper traces in serpentine geometries to enhance the
mechanical compliance. A small coin-cell battery (CR1025, Renata;
diameter: 10 mm; thickness: 2 mm; 3 V; 30 mA h) and a low-dropout
voltage regulator (TPS7A0318DBVR, Texas Instruments) provide a sta-
ble supply voltage of 1.8 V. Pressing a tactile switch generates a clock
signal and toggles the electronic status of the D flip-flop (SN74AUP1-
G74YZPR, Texas Instruments) from Low to High or from High to Low, to
activate or deactivate a step-up DC/DC converter (R1218, Ricoh Elec-
tronic Devices) that boosts the voltage from the battery to a range of
16-18 V sufficient to support the iontophoresis delivery process. A red

LED indicates the operational status (Fig. S1B). As a safety mechanism, a
limiting resistor ensures that the current remains below 0.25 mA, cor-
responding to a current density (2.5 pA/mm?) that lies within a safe
range for human skin. Gold serves as an inert electrode material to
enable multiple cycles of use with little degradation.

Fig. 1C shows processes for sweat induction that follow from use of
this system. The applied voltage causes positively charged pilocarpine
molecules to move from the anode side of the system into the skin and
toward the cathode, thereby activating sweat glands directly underneath
and adjacent to the location of the hydrogel at the anode. Sweat induced
at the adjacent regions enters into three inlets defined on the base of the
soft (1-2 MPa; silicone elastomer) microfluidic system. This sweat
passes through separate microchannels and passive microvalves (capil-
lary bursting valves, CBVs) to three corresponding microreservoirs
(Fig. 1D), each of which contains a different colorimetric reagent (for Cl,
Zn, and Fe ions). When sweat flows through a single connected channel
and encounters two separate CBVs with differing bursting pressures, it
follows the path of least resistance by passing through the valve with the
lower bursting pressure initially. This strategic placement of CBVs with
varying pressures near channel intersections allows for precise control
over the direction of flow. The measured bursting pressures of CBV #1,
#2, and #3 are 0.4, 0.8, and 12 kPa, respectively (Fig. S2). Upon the
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initial arrival of sweat at CBVs #1 and #2, CBV #1 opens to facilitate the
flow into the microreservoir. Once the reservoir is adequately filled, the
pressure of the sweat flow triggers the opening of CBV #2, which has a
lower bursting pressure compared to CBV #3, ensuring a sequential flow
of sweat through the microfluidic system. By this process, the micro-
valves prevent excess sweat from washing out the reagents in these
microreservoirs by routing this sweat through connecting microfluidic
channels and outlet ports (Fig. 1E and F). The microreservoirs have
circular shapes with diameters of 2 mm and depths of ~200 pm, cor-
responding to volumes of 2~3 pL. This microfluidic system adopts the
form of a thin (0.7 mm), rectangular shape (50 mm by 15 mm) with
openings at the two ends for the hydrogels. The device, with all com-
ponents co-integrated into a soft silicone encapsulating structure, ap-
pears in Fig. 1G. The small size (50 mm by 15 mm) and the flexibility of
the system facilitates attachment onto various body locations for both
infants and adults (Fig. 1H, and Fig. S3) using a mild, medical grade
adhesive (1524 skin adhesive, 3M, Inc.; thickness 60 pm). Openings in
this adhesive define areas for collecting sweat and delivering the pilo-
carpine, with a water-tight seal to the surrounding areas of the skin for
efficient sweat collection without leakage or contamination from the
hydrogel (Fig. S4). The system can be used many times (~19 times) with
a single coin-cell battery, in a mode where the microfluidic component is
a single-use disposable (Fig. 1I, and Fig. S5). Additional details of the
fabrication and integration strategies are in Fig. S6 and the Methods.
By comparison, the clinical product for sweat collection and analysis
(Macroduct® Sweat Collection System, ELITechGroup) involves three
separate parts (Fig. S7): one that delivers pilocarpine; another that
collects induced sweat (plastic housing, elastic strap and coiled tube);
and a third that analyzes the concentration of chloride in the sweat. The
first part activates the sweat glands by use of an external power supply
(width: 18 cm, depth: 14 cm, height: 5 cm), a set of wired electrodes
(electrode size: 6 cm?, wire length: 15 cm) that connect to the supply,
pilogel discs (disc size: 6 cm?, thickness: 6 mm) that load onto the
electrode surfaces, and a strap (width: 2 cm and length: 25 cm) that
presses the system onto the skin. The second part collects the induced
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sweat into a coiled tube (diameter: 2 mm, length: 30 cm) contained in a
rigid housing (oval size: 6 cm?), also with a strap to ensure a tight seal to
the skin. Collection of at least 15 pL of sweat, 7 times more than that
required for the platform reported here, enables analysis by a benchtop
external instrument (25 cm x 30 cm x 20 cm) (Fig. S7), as the third part
of the system for analysis of the chloride concentration in sweat
extracted from the tube. The large, cumbersome nature and cost of this
three-part system, the difficulty in collecting sufficient sweat for anal-
ysis, and the potential for contamination during transfer of sweat from
the tube to the analysis instrument, confines its use to trained personnel
in hospital or laboratory environments.

3.2. Design, characterization, and safety of the iontophoresis system

The parameters for iontophoretic delivery of pilocarpine and the
responses of the activated sweat glands are important design consider-
ations. The square shape of the electrode leads to release of sweat uni-
formly across each inlet of the sweat microfluidic structure, as illustrated
in Fig. 2A. Simulation results indicate that the maximum electric field in
the skin is ~300 V/m for this geometry (Fig. 2B, and Fig. S8), which was
about 16 times smaller than the regulatory limit (5000 V/m) (“Radia-
tion,” n.d.), and that the electric field extends to areas adjacent to the
electrode. Application of bromophenol dye to the skin allows visuali-
zation of sweat glands activated by this iontophoresis process, as
described in the Methods section (Tashiro et al., 1961). Studies on three
subjects (two females and one male) with iontophoresis applied for 5
min on the forearm (Fig. 2C) reveal average densities of activated sweat
glands of 28 and 23 glands/0.25 cm? for regions within the areas of the
anode and immediately adjacent to it on the side facing the cathode,
respectively (Fig. 2C and 2D). This adjacent region is, therefore, a
valuable location for capturing sweat through inlets to the microfluidic
structure. In iontophoretic delivery, the pilocarpine hydrogel also plays
a crucial role. Immediate transfer to containers and wrapping in paraf-
ilm after forming the hydrogels minimizes evaporative losses. Experi-
mental assessments of evaporation during storage appear in Fig. S9.
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Fig. 2. Design, characterization, and safety profile of the iontophoresis system. (A) Illustration of the inlet location of the microfluidic channels relative to the
rectangular electrodes. (B) Electric field distributions on the surface of the skin for electrodes with square shapes during iontophoresis operation. (C) Photograph of
sweat glands imaged with bromophenol blue on the forearm after 5 min iontophoresis. The dark square indicates the location of the anode. Scale bar, 1 cm. (D) Sweat
gland densities at the location of the anode and adjacent to it (one representative image: Fig. 2C) for three subjects. Each data point represents the mean =+ SD. (E)
Infrared image of an operating device applied on the skin of healthy subject for evaluating the effects of heat generated by the iontophoresis process. Scale bar, 1 cm.
(F) The temperature of the device and the skin interfaced with the device during the device operation for 5 min. (G) TEWL measured prior to iontophoresis (plotted at
time = 0) and 7 min following either 2.5, 5, and 7 min of current passage at 0.25 mA. Results for the skin sites below the anode and cathode after operation for
various times, and a control case that does not involve operation. Each data point represents the mean + standard deviation for five subjects.
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Monitoring the mass of the hydrogel over seven days reveal no signifi-
cant changes, indicating the effectiveness of the storage conditions in
preventing evaporation.

Further studies focus on aspects related to safe operation of the de-
vice, including parasitic heating that can occur during iontophoresis
(Moritz and Henriques, 1947) and associated alterations in the
trans-epidermal water loss (TEWL) or skin pH. For the first, an infrared
camera and thermocouple provide precise measurements of heating
during operation of the device for 5 min (Fig. 2E and 2F). Results with a
healthy human subject (Female, 30 years old) indicate that the tem-
perature of the skin remains relatively unchanged, at ~30.1 °C, while
the temperature of the surface of the device increases slightly from
26.2 °C to 27.4 °C. Evaluations of TEWL using a commercial meter
(gpskin barrier pro, GPower Inc., Korea; a contactless measurement
using humidity and temperature sensors) provide insights into possible
irritation to the skin and/or disruptions in barrier function (Honari and
Maibach, 2014). The sites of measurement before and after use of the
device include those at the location of the anode and the cathode and at
a nearby region away from the device but exposed to the same hydrogel
(Fig. S10A), across healthy subjects. The results for cases of iontopho-
resis (without pilocarpine) at 0.25 mA for 2.5, 5 and 7 min appear in
Fig. 2G. TEWL increases with the time of application (anode: from 9.8 +
1.6 g/m%h to 39.0 + 2.3 g/m? h, cathode: from 8.6 + 2.0 g/m?h to 23.2
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+ 4.6 g/m%h, and control: from 9.4 + 2.7 g/m?h to 32.0 + 9.7 g/m>h
after 5 min iontophoresis). The site exposed to the hydrogel for the same
period of time but without iontophoresis shows similar results. The
changes in TEWL can, therefore, be associated with the hydrating effects
of the hydrogel, unaltered by the iontophoresis process. Additional in-
formation follows from assessments of skin pH using a commercial meter
(Skin pH tester, Hanna Instruments, USA) applied to five healthy sub-
jects before and after the iontophoresis process. These measurements
examine the possibility that iontophoresis leads to some electrolysis of
water, with potential for associated changes in pH by generation of H*
and OH™ at the anode and cathode, respectively. As shown in Fig. S10B,
the changes in skin pH are small (anode: from 5.2 + 0.4 to 5.1 + 0.4, and
cathode: from 5.2 £+ 0.5 to 5.1 &+ 0.4), with values that lie within a
normal range for skin (4.7-5.7) (Lambers et al., 2006).

3.3. Quantitative colorimetric analysis for monitoring of biomarkers
related to CF and nutritional balance

As discussed previously, a high concentration of chloride in sweat is a
well-established marker for CF. The other species analyzed here relate to
nutritional status, with specific additional relevance to patients with CF.
For example, zinc and iron deficiency can follow from poor protein
digestion and fat malabsorption (Dodge and Turck, 2006; Engelen et al.,
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2014; Escobedo Monge et al., 2019). Deficiency of these minerals can lead
to a broad range of consequences and symptoms, such as stunted growth,
delayed sexual maturation, disturbed immunity, and anemia, each of
which is frequently present in patients with CF (Van Biervliet et al., 2007).
In particular, young infants, because of their rapid growth rate, have
relatively high physiologic requirements for zinc and iron (Krebs et al.,
2000). Approximately 35% of children with CF are either nutritionally ‘at
risk’ or in ’urgent need’ of nutritional intervention and rehabilitation
(Escobedo Monge et al., 2019). For these reasons, monitoring of nutrition
is important, therefore motivating our development of a single platform
capable of measuring zinc, iron and chloride concentrations in sweat by
colorimetric reagents integrated into the microfluidic system. This scheme
affords an ability to measure these concentrations in situ during and
immediately after sweat collection, without need for integrated electro-
chemical sensors or for sweat extraction and measurement with external
instruments. Silver chloranilate suspended in polyhydroxyethyl
methacrylate solution serves as the colorimetric sensor for chloride,
following a reaction that produces a purple color, as described previously
(Ray et al., 2021) (Fig. 3A). A drop-casting procedure loads this reagent
into the microreservoirs. Similar casting schemes yield assays for zinc, and
iron. The zinc sensor uses 2-(5-Bromo-2-pyridylazo)-5-[N-propyl-
N-(3-sulfopropyl)-amino]-phenol (5-Br-PAPs) as a chelating agent that
binds zinc with high affinity, leading to a color change from yellow to pink
(Fig. 3B) (Wang et al., 2018). As shown in Fig. 3C, iron relies on
3-(2-pyridyl)-5,6-difurylsulfonic acid-1,2,4-triazine disodium salt (Fer-
ene-S) to produce a blue complex (Hirayama and Nagasawa, 2017).

Fig. 3D-F shows the lightness (‘L*’ from black (0) to white (100)) for
the chloride sensor and extracted RGB values for the zinc and iron
sensors for various concentrations from digital images captured with a
color balance reference (ColorChecker; Fig. S11A) using a digital single-
lens reflex (dSLR) camera or smart phone camera under ambient lighting
or, for highest accuracy, controlled lighting conditions (light box,
Fig. S11B, luminance: 900 Lux). Additional details of the digital
imaging-based quantification for each ion are in Fig. S12 and the
Methods. Calibration curves reveal linear relationships between the
lightness and the concentration of chloride (0.25 L*/mM, Fig. 3D) and
between the green (G) value and the concentration of zinc and iron
(0.15 %/pM, Fig. 3E; 0.1 %/pM, Fig. 3F). By the metric 3c/slope (c: the
standard deviation, slope: the slop between the color response versus
concentration), the detection limits of chloride, zinc, and iron are 0.8
mM, 0.7 pM and 1.2 pM, respectively. Established guidance is that
chloride concentrations below 30 mM are normal, between 30 mM and
60 mM suggest some symptoms of CF, and greater 60 mM strongly
indicate that the patient has CF (Farrell et al., 2008). As shown in the
calibration curve (Fig. 3D), the sensor covers this full range of concen-
trations (0-100 mM). For zinc and iron, healthy individuals have con-
centrations of 5-17 pM and 0.4-20 pM, respectively (Kim et al., 2022).
As with chloride, the colorimetric sensors for zinc and iron also cover the
physiologically relevant ranges. Measurements by ultraviolet (UV)-vi-
sible spectroscopy (Fig. 3G-I) yield results similar to those obtained
from digital images.

Additional experiments define the dependence of the chloride assay
on pH, temperature, and time. Sweat is normally slightly acidic, with pH
typically between 4.5 and 7.0. Results of tests in buffer solutions with pH
4, 5, 6, and 7, as shown in Fig. S13A, indicate that the responses of the
chloride assays change the sensitivity by only 0.001 L*/mM over this
range. The temperature of the sweat, enclosed in devices that are in
intimate contact with the skin, is comparable to that of the body, be-
tween 33.5 and 36.9 °C. Results obtained from 20 °C to 40 °C reveal
negligible dependence of the response on temperature, with a decrease
in sensitivity of only 0.002 L*/mM (Fig. S13B). Stability studies of zinc
and iron sensors reported previously (Kim et al., 2022), demonstrate
similarly low levels of sensitivity to pH and temperature. Measurements
of the time dependence of the colorimetric response of the chloride
sensor reveal saturation within approximately 10 min (Fig. S13C).
Previous reports on the zinc and iron sensors indicate similar behaviors
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(Kim et al., 2022). The chloride, zinc, and iron sensors measure the
concentration of each biomarker in sweat that enters the microfluidic
channel. Residual pilocarpine from the hydrogels has the potential to be
present in the sweat that enters the device. Experiments to investigate
the possible effects, as shown in Fig. S14, involve measurements of the
color change of the chloride, zinc, and iron sensors in the presence and
absence of pilocarpine. The results indicate that the effect of pilocarpine
on the colorimetric assays is negligible.

3.4. On-body tests of healthy human subjects before and after a meal

Dietary adjustments and nutritional management are important as-
pects of the treatment and care of all individuals, but especially those
with CF. Due to challenges in digesting and absorbing nutrients properly,
patients with CF often require specialized dietary considerations. Studies
reported here, therefore, examine changes in chloride, zinc and iron
concentration before and after dietary intake. Tests with healthy human
subjects involve controlled dietary intake (three males and two females)
to demonstrate key features of the integrated device (mounted on the left
forearm) with control measurements (on the right forearm) performed
using a commercial system and analysis with laboratory instruments.
Details are in the Methods section. One set of experiments shows that the
concentration of each of the sweat biomarkers studied here increases
after a meal (Fig. 4A-C) following overnight fasting, as determined using
both systems. Specifically, before the meal, the concentrations are 1.6
mM-26.8 mM for chloride, 6.9 pM-15.1 pM for zinc, and 0.9 pM-2.5 pM
for iron. After the meal, these values increase to 5.4 mM-27.0 mM for
chloride, 9.3 pM to 22.1 pM for zinc, and 2.8 pM-7.3 pM for iron.

Comparisons between sweat samples analyzed ex situ by inductively
coupled plasma-mass spectrometry (ICP-MS) and in situ by colorimetric
evaluations (Fig. 4D-F) show Pearson correlation coefficients of 0.976,
0.988, and 0.891 with the low two-tailed p value (**p < 0.01 for chlo-
ride, **p < 0.01 for zinc, and **p < 0.01 for iron) for concentrations of
chloride, zinc, and iron sensing, respectively.

3.5. Clinical studies of patients with cystic fibrosis

Studies to demonstrate clinical utility involve patients with CF
evaluated at the Cystic Fibrosis Center at the Ann & Robert H. Lurie
Children’s Hospital (Chicago, IL). Bilateral testing enables comparisons
between the device reported here and the clinically established standard
described previously (Macroduct). Fig. S5A shows a representative pe-
diatric participant wearing both devices during a clinical evaluation.
The clinical standard with wired electrodes and tight straps is on the
right arm. A gentle adhesive holds the device introduced here to the left
arm. Photographs of other participants wearing both devices are in
Fig. S15. Table S1 summarizes the participant demographics and ages
(N = 7). Fig. 5B highlights the components utilized in both systems, to
emphasize the simplicity and ease of use of the technology introduced
here. Fig. 5C and D depict the testing processes. For the clinical standard
product, the first step involves fastening wired electrodes to the arm
using a strap (Fig. 5D, step 1). A technician then initiates sweat stimu-
lation via a control system (Fig. 5D, step 2), and upon completion,
removes the electrodes (Fig. 5D, step 3). Next, the rigid, plastic housing
sweat collector is carefully aligned and affixed to the stimulated area
using another strap to apply sufficient pressure to form an adequate seal
(Fig. 5D, step 4). After 30 min for sweat collection, the technician
removes the protective transparent cover from the sweat collector and
then carefully inserts the syringe into the tube. The tube is uncoiled from
the collector and severed using a nipper. Inmediately after severing the
tube, the technician uses the plunger to draw the sweat from the tube.
(Fig. 5D, steps 5-7) and loads it into dedicated equipment for analysis
(Fig. 5D, step 8). In contrast, the device reported here offers a much
more streamlined approach. After attaching to the skin (Fig. 5C, step 1)
and activating via the switch (Fig. 5C, step 2), sweat begins to collect
into the microfluidic channels and microreservoirs. Following the
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Fig. 4. Human trials for the system and comparisons to lab analysis, before and after taking a meal. Measured sweat concentrations of (A) chloride, (B) zinc, and (C)
iron by colorimetric image analysis before and after taking a meal. The error bars represent the standard deviations. Validation of the colorimetric approach for
analyzing (D) chloride, (E) zinc, and (F) iron in sweat samples through comparisons to results obtained by lab analysis. The data are based on sweat samples collected

from healthy human subjects (n = 5).

clinical standard protocol (Macroduct product), sweat collection pro-
ceeds for 30 min to ensure sufficient quantities of sweat for analysis. By
contrast, due to the small volumes (2-3 pL) of the microfluidic reser-
voirs, filling can occur in less than 30 min. Furthermore, the microvalves
in our microfluidic system direct excess sweat to outlet ports. This design
feature ensures that measurements can be performed at any time after
the reservoir fills. The device can then be removed after sweat collection
(Fig. 5C, step 3), for immediate colorimetric without further manipu-
lation or transfer, or access to additional equipment other than a camera
(Fig. 5C, step 4). During step 3, careful handling eliminates the possi-
bility of expelling sweat from the device during removal (Fig. S16).
Among seven patients, one complained of pain during sweat stimu-
lation and one did not yield sufficient sweat (~15 pL), both with the

clinical standard product, thereby preventing collection and comparison
in those two cases. Fig. S5E shows that results for the remaining five
patients indicate excellent agreement between the two measurements,
all within uncertainties (Correlation coefficient = 0.98) with the two-
tailed p value (*p < 0.05). Additional evaluations focus on the level of
pain associated with these two methods, across a scale from 0 (no pain)
to 10 (high pain). As shown in Fig. 5F, the average pain levels for the
device reported here are ~2, a factor of two less than those of the clinical
standard product. Fundamental design improvements evident in our
device as compared to the Macroduct product include a method for
device attachment, sweat visualization, and patient comfort.
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Fig. 5. Pictures and results from clinical studies of the system, with comparisons to the standard process. (A) Representative photograph of a pediatric subject
undergoing a sweat test procedure. The clinical standard product is on the right arm, featuring wired electrodes secured with straps. The system introduced here is on
the left arm. (B) Comparison of the components involved in the clinical standard test and the system introduced here. (C) Images of the four steps for conducting the
test using the system introduced here. (D) Pictures of the eight steps for performing the test using the clinical standard product. (E) Comparison of chloride values in
sweat between two methods (colorimetric analysis and chloridometer) in clinical studies of pediatric patients with cystic fibrosis (n = 5). (F) Pain levels experienced
with these two systems, for seven patients. Each point indicates the pain level, and the error bars represent the standard deviation.

4. Discussion and conclusion

This report introduces a skin-interfaced, miniaturized soft micro-
fluidic platform that can monitor the concentrations of chloride, zinc,
and iron in sweat, as parameters relevant to screening for cystic fibrosis
and tracking the health of patients with this disease. Colorimetric assays
provide the basis for measurements of these biomarkers in micro-
reservoirs filled with sweat stimulated by iontophoretic delivery of
pilocarpine through the skin using a compact, simple electronic system.
Demonstration studies that include both healthy participants and cystic
fibrosis pediatric patients illustrate the ease-of-use of the technology as
well as its reliability and accuracy in operation, benchmarked against
laboratory instruments and clinical standard assays (Macroduct). A key
advantage of the device is in its ability for use outside of hospital set-
tings, without the need for trained personnel. The consequences allow
applications in remote or resource-limited regions, with immediate
implications in health equity. Future studies will examine the use of
similar concepts for evaluating other sweat biomarkers of interest to
additional classes of patients.
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