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ABSTRACT: Recent advances in microelectronics, microfluidics, and electrochemical
sensing platforms have enabled the development of an emerging class of fully integrated
personal health monitoring devices that exploit sweat to noninvasively access biomarker
information. Despite such advances, effective sweat sampling remains a significant
challenge for reliable biomarker analysis, with many existing methods requiring active
stimulation (e.g,, iontophoresis, exercise, heat). Natural perspiration offers a suitable
alternative as sweat can be collected with minimal effort on the part of the user. To
leverage this phenomenon, we devised a thin hydrogel micropatch (THMP), which
simultaneously serves as an interface for sweat sampling and a medium for
electrochemical sensing. To characterize the performance of the THMP, caffeine and
lactate were selected as two representative target molecules. We demonstrated the
suitability of the sampling method to track metabolic patterns, as well as to render
sample-to-answer biomarker data for personal monitoring (through coupling with an
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electrochemical sensing system). To inform its potential application, this biomarker sampling and sensing system is
incorporated within a distributed terminal-based sensing network, which uniquely capitalizes on the fingertip as a site for

simultaneous biomarker data sampling and user identification.

KEYWORDS: natural perspiration, hydrogel micropatch, biosensor, sample identification, electrochemical analysis, Internet-of-Things,

lactate, caffeine

31 Recent advances in miniaturized electronics, microfluidics,
32 and electrochemical sensing platforms have paved the
33 path for the realization of chemo/biosensing networks geared
34 toward general population health and wellness monitoring.'™*
35 To this end, a sweat-based sensing modality presents a great
36 potential for the integration into such networks, as it provides
37 noninvasive access to molecular-level information, enabling
38 insight into the body’s dynamic chemistry.””" However,
39 realizing effective sweat sampling remains a fundamental
40 challenge in noninvasive chemo/biosensing.” Previous studies
41 have mainly relied on either physical or chemical stimulation
4 procedures (e.g, exercise,”' heat,'' and iontophoresislz) to
43 induce sweat production in substantial volumes (~50 uL).
44 While useful for infrequent analysis in laboratory settings,
45 challenges remain when implementing these methods in the
46 context of (semi)continuous measurements: exercise requires
47 strenuous physical activity, which may not be suitable for all
48 potential users (especially the bedridden, neonatal, or elderly
49 populations); heat can lead to exhaustion and discomfort,

-
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which could cause noncompliance if used in a device for so
patients; and iontophoresis has numerous challenges related to s
the integration of device- and circuit-level stimulating sa
components, which are currently being addressed."” It is also s3
worth noting that the analyte concentration in sweat has been s4
shown to be sweat gland secretory rate—dependent,14 which, in ss
the absence of corrective calibration mechanisms, leads to s
distortion in the biomarker measurements when relying on s7
stimulation-based sweat sampling. 58

Given the challenges of these sampling methods, alternative s9
methods of accessing sweat biomarkers may warrant 6o
exploration. One such alternative is naturally occurring/ 61
background thermoregulatory perspiration (hereinafter, re- ¢
ferred to as natural perspiration). Natural-perspiration-based 63
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Figure 1. (a) Schematic of the THMP-based naturally perspired analyte sampling and wireless in situ electrochemical analysis on a fingertip. (b)
First-order microfluidic model for natural perspiration sampling with an open-air interface and hydrogel interface. (c, d) Amount of caffeine (c) and
lactate (d) sampled per unit area on the fingertips with a dry absorbent pad (can be effectively considered as an open-air sampling interface) and
hydrogel interface (sampled from four different fingers of the same subject; error bars indicate standard error). Sampling events targeting caffeine
were conducted 2 h after the consumption of beverages containing 150 mg caffeine.

64 sampling eliminates the need for active stimulation and
65 provides a stable secretion rate (on the order of 1 nL/min
66 per gland) within the time window of sampling.'® This
67 minimizes the confounding effect of sweat rate variability and
68 leads to more accurate analysis. Furthermore, owing to its low
69 secretion rate, natural perspiration is speculated to give
70 adequate time for the low-membrane-permeability analytes to
71 partition from blood to sweat, and thus sweat—blood
72 correlation can be established for a wider range of
73 biomarkers.">'® While this phenomenon has not been widely
74 used for bioanalytical device development, academic forensic
75 science studies have already demonstrated its utility in residual
76 fingerprint analysis for the simultaneous rendering of
77 biochemical and user identification information.'” In one
78 respect, drugs or metabolites of target compounds can be
79 extracted from the sweat, yielding information about the
80 individual’s consumption of illicit substances with the added
81 potential to make inferences regarding the individual’s general
g2 health state."® Complementarily, the spatial distribution of
83 those extracted analytes, coupled with ridge and groove
84 patterns of the sweat left on the surface, can be exploited to
produce a latent fingerprint image to uniquely identify the
individual."

To fully realize the potential of natural perspiration for
noninvasive health monitoring applications, two fundamental
challenges related to biomarker sampling and sensing must be
addressed. First, instantaneously secreted sweat droplet
sampling is challenging because of its low flow rate and
associated volume of secretion, and such sampling requires
sweat collection by accumulation over a period of time in
suitable interfaces/reservoirs to facilitate effective analyte
partitioning and collection from sweat glands. Second, in situ
electrochemical techniques (which are commonly used for
sweat analysis at the “point-of-person”) require a reliable
medium to envelop and protect sensing electrodes, as well as
facilitate analyte transport to those electrodes for detection.
100 Previous work demonstrating analyte sampling interfaces for
101 natural perspiration from the skin can generally be categorized
102 by interface type (either dry or wet). Dry interfaces (like

unwetted filter paper or the commercial PharmChek skin
patches) typically require longer collection periods (on the
order of days) and are thus more useful in obtaining a binary
presence metric indicating if a compound has accumulated to
sufficient levels for detection.”””' Hydrated interfaces (like
wetted filter paper or hydrogels), on the other hand, are better
suited for health monitoring devices and terminals aiming to
study and characterize pharmacokinetic and metabolic profiles
of the subjects due to their shorter sampling times and
improved partitioning efficiency (greater analyte collec-
tion).”””** Both interface types, however, are commonly
used only as reservoirs for subsequent analysis in a decoupled
manner with bulky laboratory instruments (e.g, mass
spectrometers). Recently, a proof-of-concept of lactate
measurement with a sensor-coupled hydrogel was demon-
strated for fingertip sweat sampling;25 however, the key
hydrogel sensor performance metrics (including the sensor’s
limit of detection (LoD), detection range, and selectivity) has
not been fully characterized, and its deployment in diverse
application spaces has not been demonstrated.

Here, we devise a thin hydrogel micropatch (THMP) for
simultaneous natural perspiration collection and in situ
electrochemical analysis (Figure la) and then demonstrate
its utility in an integrated health monitoring setting to illustrate
its enabling potential in diverse application spaces. To
characterize THMP’s performance, caffeine and lactate were
selected as two representative target molecules. The choice of
caffeine was motivated by its therapeutic potential for the
treatment of airway obstruction and apnea of prematurity”®>’
and the fact that it is a xenobiotic. We particularly exploit its
xenobiotic nature to perform controlled studies for determin-
ing optimal sampling conditions and demonstrating the utility
of the approach for tracking dosage levels and metabolic
patterns. The choice of lactate was motivated by its clinical
significance in a variety of applications’® and the fact that
lactate-targeting sensors have been extensively explored for
sweat analysis.””*’ Accordingly, by coupling a custom-
developed wireless enzymatic lactate sensing module with
the hydrogel interface, we demonstrate a THMP-based sensing
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system, which noninvasively renders sample-to-answer bio-
marker data from the fingertip. Furthermore, this coupled
system was leveraged to demonstrate the proof-of-concept of a
distributed terminal-based chemo/biosensor network, which
uniquely capitalizes on the fingertip as a site for simultaneous
biomarker data sampling and user identification. This terminal-
based sensing modality can be embedded within the extant and
future Internet-of-Thing (IoT) infrastructures for community-
based health monitoring,

B EXPERIMENTAL SECTION

Materials and Reagents. Agarose, sodium acetate buffer solution
(3 M, pH = 52 + 0.1), caffeine, caffeine—"C; (I mg/mL in
methanol), multiwalled carbon nanotube (MWCNT, carboxylic acid-
functionalized), Nafion perfluorinated resin solution (5 wt %),
chloroplatinic acid hexahydrate (H,PtCls;-6H,0), m-phenylenedi-
amine, bovine serum albumin (BSA), glutaraldehyde solution (25
wt %), poly(vinyl chloride) (PVC), tetrahydrofuran (THF), sodium
L-lactate, p-glucose, uric acid (UA), ascorbic acid (AA), sodium
chloride (NaCl), and potassium chloride (KCl) were purchased from
Sigma-Aldrich (Missouri). 2-Propanol (IPA), water (Optima LC/MS
grade), formic acid, acetonitrile (Optima LC/MS grade), and
phosphate-buffered saline (PBS, pH = 7.4) were purchased from
Fisher Scientific (Massachusetts). Silver—silver chloride (Ag/AgCl)
ink was purchased from Ercon Incorporated (Massachusetts). Lactate
oxidase (LOx) was purchased from Toyobo USA, Inc. (New York).

Molecular weight cutoff (MWCO, 10 kDa) centrifugal filters
(Amicon Ultra-0.5) were purchased from Sigma-Aldrich. Double-
sided tape (170 pm thick, 9474LE 300 LSE) was purchased from 3M
Science (Minnesota). Poly(ethylene terephthalate) (PET, 100 pm
thick) was purchased from MG Chemicals (BC, Canada). CF1
absorbent pads were purchased from GE Healthcare Bio-Sciences
(Pennsylvania). Espresso containing 75 mg caffeine per shot used for
caffeine testing in human subjects was purchased from Peet’s Coffee
(California).

THMP Fabrication. The THMPs were prepared using a layered
mold assembly of a glass slide substrate, a middle layer consisting of
one or more strips of double-sided tape, and a PET capping layer
(Figure S1). Tape and PET layers were laser-cut to form a
microfluidic chamber and access ports, respectively (Epilog Mini
24, Epilog Laser). The chamber (6 mm in diameter) was used to
define the hydrogel patch size, and 1 mm inlet and outlet ports in the
PET layer enabled solution injection into the chamber. Hydrogel
thickness was controllably adjusted by varying the number of double-
sided tape strips used to create the wall of the microfluidic chamber.
Hydrogel (containing 2% agarose) was then prepared by dissolving
agarose powder in a 0.01 M acetate buffer (diluted from a 3 M stock
solution, pH = S, similar to sweat31) followed by placing the resulting
mixture in an 80 °C water bath. After agarose was completely
dissolved, the solution was immediately injected into the preas-
sembled mold (heated to 80 °C on a hot plate). Following sufficient
cooling, the fabricated hydrogel patch was obtained by peeling the
tape and PET layers from the glass slide. Patch volumes were
calculated from weight measurements assuming a density of 1 g/mL.

Natural Perspiration Sampling. For natural perspiration
sampling intended for caffeine analysis, participants with a regular
caffeine intake (e.g, routine or daily consumption of caffeinated
beverages) were excluded to avoid confounding factors (e.g., caffeine
accumulation in body),** and all of the participants were required to
abstain from the consumption of food, beverages, and drugs
containing caffeine for 24 h prior to the experiment. The skin
sampling regions of interest were washed with hand soap sheets
(Travelon, Illinois) and deionized (DI) water followed by wiping with
Kimwipes containing 70% IPA. The efficiency of the adopted cleaning
protocol is demonstrated in Figure S2. A THMP or absorbent pad
was placed on the skin for S min for sweat sampling, and a
polyethylene plastic film was used to cover the device to avoid
evaporation. Given that the natural perspiration rate, on the high end,

is on the order of 0.4 mg/(cm® min)** (which is much higher than the
rate of observed transepithelial water loss>*), the incremental volume
contribution of natural perspiration to the THMP is less than 1 L. As
the original THMP volume is ~8 uL, the volumetric contribution by
natural perspiration results in dilution by a factor of ~10, allowing to
establish a linear relationship between the collected analyte amount
and the corresponding analyte concentration in perspiration.

Lactate Quantification with Lab Instrument. After natural
perspiration sampling, the THMP or absorbent pad was placed into
an Eppendorf tube containing 100 yL of acetate buffer (0.01 M, pH =
5), and the tube was sonicated for S min at room temperature for the
extraction of the target molecules. The lactate concentration in the
tube was quantified directly with the YSI 2900 analyzer (YSI
Incorporated, Ohio) in duplicate, and the average value was used. The
amount of lactate sampled per unit area was determined from the
concentrations in the extraction buffer, extraction buffer volume, and
the area of the THMP or absorbent pad.

Caffeine Quantification with Liquid Chromatography—

214

Tandem Mass Spectrometry (LC—MS/MS). The amount of 227

caffeine sampled with the THMP or absorbent pad was measured
by LC—MS/MS with multiple reaction monitoring (MRM) technique
(Figure S2). 3C isotopically labeled caffeine (caffeine—'">C;) was
used as the internal standard (IS). For calibration, different
concentrations of caffeine were spiked into water (Optima LC/MS
grade) to make standard solutions of 0.0, 1.0, 2.0, 5.0, 10.0, 50.0,
100.0, and 200.0 nM. For the analysis of real samples, the
perspiration-sampled THMP or absorbent pad was placed into an
Eppendorf tube containing 200 uL of acetate buffer (0.01 M, pH = §),
and the tube was sonicated for S min at room temperature for target
molecule extraction. A molecular-weight cutoff (MWCO) filtering
was used to remove any particulate matter from the sample. The
standard solution or real sample extraction of 150 yL was mixed with
1.5 uL of 10.0 uM IS (to reach a final IS concentration of 0.1 uM),
loaded into a 10 kDa MWCO filter, and centrifuged at 14 000g for 10
min. The low-molecular-weight filtrate was then transferred into an
autosampler vial for caffeine quantification.

An Agilent 1200 series HPLC (Agilent Technologies, California)
equipped with a HTS PAL autosampler (CTC Analytics, Minnesota)
was coupled to an API 4000 triple quadrupole mass spectrometer
(Sciex, ON, Canada) for MRM experiments. A Zorbax 300 SB-C18
column (0.5 ID X 150 mm L, 5 um, Agilent Technologies) was used
for separation. Solvent A was water with 0.1% formic acid, and solvent
B was acetonitrile with 0.1% formic acid. The flow rate was 400 uL/
min with the following gradient: 5% B (0—0.5 min), from S to 90% B
(0.5-5.5 min), 90% B (5.5—8.5 min), from 90 to 5% B (8.5—9.0
min), 5% B (9.0—11.0 min). Sample vials were maintained at 4 °C in
the autosampler tray. A sample of 20 yL was loaded onto the column
each time.

The instrument was operated in an MRM mode with the following
m/z transitions: 195.2 — 138.1 for caffeine and 198.1 — 140.1 for
caffeine—"3C,. The declustering potential (DP), entrance potential
(EP), collision energy (CE), and collision cell exit potential (CXP)
were optimized at 71, 10, 27, and 8 V for caffeine, and 86, 10, 27, and
8 V for caffeine—">C;, respectively. Ion spray voltage and temperature
were 5500 V and 400 °C, respectively. The collision gas, curtain gas,
and ion source gas 1 and 2 were set at 4, 30, 30, and S0 psi,
respectively.

Lactate Sensing Module Fabrication. The lactate sensing
module was fabricated on a pair of gold (Au) electrodes (diameter:
2.4 mm, 20 nm Cr/100 nm Au) deposited and patterned on the PET
substrate. The reference electrode was fabricated by drop-casting the
Ag/AgCl ink directly on the Au electrode followed by baking at 80 °C
for 10 min. To fabricate the working electrode, 1.15 uL of the
MWCNT solution (2 mg/mL in a 5 wt % Nafion solution) was drop-
cast onto the Au electrode and dried at an ambient environment.
Platinum nanoparticles (PtNPs) were then electrochemically
deposited onto the MWCNT-modified Au electrode in the PtNP
deposition solution (2.5 mM H,PtCl and 1.5 mM formic acid in DI
water) using cyclic voltammetry (0——1.0 V vs Ag/AgCl, 20 cycles, SO
mV/s). The poly-m-phenylenediamine (PPD) layer was subsequently
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Figure 2. Characterization of naturally perspired analyte sampling with THMP. (a) Amount of caffeine sampled per unit area on different body
sites (three subjects with three trials at each position; sampled 2 h after the consumption of a beverage containing 150 mg of caffeine; error bars
indicate standard error). (b) Amount of caffeine sampled per unit area on the fingertips of the same subject with different caffeine dosages (sampled
from three different fingers, 2 h after the consumption of beverages with the annotated caffeine content; error bars indicate standard error). (c)
Amount of caffeine sampled per unit area on the fingertips of a single subject at 30 min intervals before and after the consumption of a beverage
containing 150 mg of caffeine. (d) Amount of lactate sampled per unit area on the fingertips at 30 min intervals (from a sedentary subject, sampled

from three different fingers; error bars indicate standard error).

279 electrochemically deposited onto the Au/MWCNT/PtNP electrode
280 with the m-phenylenediamine solution (5 mM in PBS) by applying
281 0.85 V (vs Ag/AgCl) for 120 s. The modified working electrode was
282 then washed with DI water and dried. To immobilize LOx, BSA was
283 used as a stabilizer and glutaraldehyde was used as a cross-linker.
284 Specifically, S00 yL of the BSA solution (10 mg/mL in PBS) was first
285 mixed with 4 uL of glutaraldehyde solution (25 wt %), followed by
286 mixing with the lactate oxidase solution (10 mg/mL in PBS) ata 1:1
287 ratio (v/v). The enzyme mixture (1.15 uL) was drop-cast onto the
288 Au/MWCNT /PtNP/PPD electrode and dried at room temperature.
289 Then, the sensor was dip-coated with the PVC solution (3 wt % in
200 THF) twice and dried at 4 °C in a dark environment overnight. The
291 fabricated sensors were stored at 4 °C.

292 Lactate Sensing Module Characterization and Measure-
2903 ment. The thickness of each layer of the lactate sensor was measured
294 by the Dektak 6M profilometer. To characterize the electrochemical
295 performance of the developed lactate sensing module, constant
296 potential amperometric measurements were conducted at +0.5 V vs
297 Ag/AgCl. By drop-casting the lactate solution (in PBS, pH = 7.4) of
298 different concentration levels onto the corresponding sensors,
299 calibration plots were obtained, which were utilized to determine
300 the performance of the developed sensing interface. The limit of
301 detection (LoD) for each amperometric sensing interface was
302 calculated as LoD = 3 X SD/slope, where SD is the standard
303 deviation of the baseline noise in the PBS, and the slope is defined as
304 the amperometric current change vs lactate concentration change.
305 Sensitivity is calculated as the slope divided by the sensor’s surface
306 area. To characterize the THMP-based sensing module, the THMPs
307 were soaked in the analyte solution (in PBS, pH = 7.4) for at least 10
308 min and then transferred onto the sensor surface (while ensuring that
309 minimal lactate solution residue was present on the surface of the
310 THMP). Corresponding amperometric measurements were con-
311 ducted after placing the presoaked THMP onto the sensor. Lactate
312 tracking on the fingertips was performed by instructing the subject to
313 press the index fingertip onto the THMP for 5 min, followed by
314 taking an amperometric measurement upon the removal of the
315 fingertip.

316 Readout Circuit Module for THMP-Based Wireless Sensing
317 System. The wireless amperometric measurement was realized with a

—

i

~

—

—_

miniaturized readout circuitry similar to our previous effort.'* The
circuitry includes an ultralow-power microcontroller unit (MCU,
STMSL-UFQFN20, STMicroelectronics, California), which is inter-
faced with an onboard Bluetooth transceiver to wirelessly and
bilaterally communicate user commands and the sensor’s output
current in real time with a custom-developed smartphone application.
The MCU controls the developed analog signal acquisition and
conditioning circuits interfacing the THMP-based sensing module. An
onboard potentiostat chip (LMP91000, Texas Instruments, Texas)
was programmed to apply +0.5 V across the working and the
reference electrodes and set to convert the acquired current signal to
voltage values with the aid of its internal transimpedance amplifier.
The corresponding output voltage was filtered by a fifth-order low-
pass filter module (MAX7422 chip, cutoff frequency: 1 Hz, Maxim
Integrated, California) and converted into the digital domain by a 12-
bit analog-to-digital unit (built-in in the MCU). A compact
rechargeable lithium-ion polymer battery with a nominal voltage of
3.7 V and a capacity on the order of 100 mAh was used to power the
readout board.

User Identification Module. The fingerprints of the users were
collected and identified with a commercial fingerprint scanner

module (TTL GT-511CIR, SparkFun Electronics, Colorado),
which bilaterally communicates with a microcontroller (Atmega8) or
the provided software. The fingerprint templates of all of the users
were stored in the fingerprint scanner module before identification
tests.

Institutional Review Board (IRB) Approval for Human
Subject Testing. The conducted human subject experiments were
performed in compliance with the protocols that have been approved
by the IRB at the University of California, Los Angeles (IRB #17-
000170). All subjects gave written informed consent before
participation in the study.

B RESULTS AND DISCUSSION

Naturally Perspired Analyte Sampling. To set up a
framework for natural-perspiration-based analyte sampling, we
expand upon the first-order microfluidic models of eccrine
sweat glands presented in the previous studies..'® As shown in
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Figure 3. (a) Image of a one-touch THMP-based wireless electrochemical sensing system (sampling from a fingertip). (b) Schematic of the
THMP-based lactate sensing module. Zoomed view (right) shows the structure of the LOx working electrode (with the approximate thickness of
each layer annotated). (c) Measured amperometric responses of THMP-based lactate sensing module upon the placement of hydrogels presoaked
in solutions with different lactate concentration levels. The inset shows the corresponding calibration curve (error bars indicate standard error,
measured with three different THMPs). (d) Selectivity study of THMP-based lactate sensing module. The tests were performed separately, with
THMPs presoaked in solutions containing different interfering species. Measured amperometric responses were normalized to a 1 mM lactate
readout (error bars indicate standard error, n = 3). (e) Dynamic THMP-based amperometric response to 1 yL of a 10 mM sodium lactate
concentrated solution, drop-cast onto a 340 ym-thick blank hydrogel. The inset shows the response time vs hydrogel thickness (error bars indicate
standard error, n = 3). (f) System-level block diagram of the THMP-based wireless sensing system (interfaced with a readout board and a mobile
application). (g) Amperometric response of a THMP-based lactate sensor measured by the developed readout circuitry vs potentiostat. (h)
Representative measurement (1.4 yA) derived from the placement of the fingertip on the integrated sensing system, determining the sampled
lactate concentration to be 1.6 mM (upon postcalibration). The nset shows the raw recording of the corresponding measurement, as well as the

recording for the case of a blank THMP (included for comparison).

Figure 1b, P, is the varying hydrostatic—osmotic pressure
(originating from the accumulation of Na* and CI ions in the
secretory lumen®®), which pumps sweat from the glands to the
pores on the skin surface, forming sweat droplets. R, Ry, and
R, are the fluidic resistances of the upper coiled duct, the
dermal duct, and the secretory coil, respectively. The surface-
tension-induced Laplace pressure, Py, acts to oppose sweat
secretion, where the surface tension corresponds to that of a
sweat droplet with a finite radius of curvature forming on the
surface of the skin. For natural perspiration to occur, P;, must
be increased beyond P;. Once perspiration has occurred, Py,
will be reduced (due to the loss of the accumulated Na* and
Cl™ ions upon secretion) and must rise above the P threshold
again to induce the next cycle of the sweat secretion, giving rise
to the pulsatile behavior of natural perspiration. This behavior
is consistent with the previous observations'® and our own
examination of natural perspiration (Supporting Information

Movie 1, a video recording of a subject’s fingertip), where the
naturally perspired droplets were generated and then
evaporated.

To eliminate the P pressure barrier, a hydrogel-based
collection interface is devised. By creating a continuous
hydrophilic fluidic path connecting the secretory coil and
sampling reservoir, the hydrogel effectively reduces Py to zero
(Figure 1b, right). In this way, even a small P, buildup will
result in sweat secretion that can be utilized for analyte
collection by the hydrogel. In addition, due to its aqueous
nature, the hydrogel interface also serves to facilitate the
diffusion of analytes from sweat to the reservoir. These two
features render the hydrogel an effective collection reservoir for
capturing analyte flux. To illustrate the analyte collection
efficacy of the devised THMP, perspiration sampling experi-
ments targeting caffeine and lactate (as two representative
molecules) were performed. The caffeine sampling experi-
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380 ments were performed 2 h after the consumption of caffeinated
390 beverages. The analyte collection capability of the THMP was
391 compared with that of the dry absorbent pad (which can be
392 effectively considered as an open-air sampling interface in the
393 described model, laser-cut to be the same size as the THMP).
394 For each target, the two sampling media were placed side by
39s side on a subject’s fingertip. After sampling, the two media
396 were immersed in acetate buffer solutions for analyte extraction
397 followed by quantification. Caffeine concentration levels were
398 measured by LC—MS/MS (similar to previous effort,;***’
399 calibration shown in Figure S3), and lactate concentration
400 levels were measured by a YSI analyzer. The analyte sampling
401 characterization results for both molecules indicated that the
402 hydrogel interface sampled approximately three times as much
403 analytes as the dry pad interface (Figure lc,d), which is in
404 agreement with the described first-order model and informs
405 the enhanced analyte collection capability of the THMP.

406 To further validate the suitability of THMP for analyte
407 sampling, it was deployed on eight different body sites for
408 caffeine sampling on three subjects. Figure 2a shows that the
409 hydrogel micropatch was able to collect detectable (by LC—
410 MS/MS) levels of xenobiotics for most of the sampling points.
411 In particular, for all of the subjects, the highest amounts of
412 analytes (per unit area) were collected from the

413 fingertips among the investigated body sites. This observa-
414 tion may be attributed to the fact that the fingertips have the
415 highest density of eccrine sweat glands®® and/or that blood
416 capillaries lie in close proximity to the fingertip’s sweat
417 glands.>” From this investigation, the fingertips were
418 determined to be the optimal site for sampling due to their
419 higher analyte yield, and thus this site was used to conduct the
420 subsequent analyte collection characterization experiments.

41  To illustrate the utility of the THMP for natural perspiration
422 sampling, we demonstrated its capability to track different
423 caffeine intake dosage levels in a subject. Accordingly, the
424 subject was instructed to consume caffeine-based beverages
425 with four different caffeine amounts (0, 75, 150, and 225 mg),
426 and at least 24 h of washout period was included in between to
427 avoid the carryover effect. THMP-based sampling was
428 performed 2 h after each caffeine intake. As shown in Figure
429 2b, the quantification results indicate that the amount of
430 caffeine sampled in the hydrogel increased linearly with
431 increasing dosage, which, in turn, illustrates the reliability of
432 the THMP-based sampling method. Furthermore, we
433 employed THMP to characterize the temporal metabolic
434 pattern of caffeine (as a xenobiotic). Accordingly, THMP-
435 based sampling on a subject’s fingertip was performed at 30
436 min intervals before and after the consumption of a beverage
437 containing 150 mg of caffeine. As shown in Figure 2c, for this
438 subject, the sampled caffeine peaked around 2.5 h after caffeine
439 intake followed by a steady decline. Similar experiments with 1
440 h sampling intervals were also conducted for three additional
441 subjects, where the captured caffeine metabolic patterns
442 (Figure S4) were consistent with that observed in the 30
443 min interval study. On a broader level, the results also inform
444 the feasibility of utilizing this approach to construct the
445 pharmacokinetic profiles of xenobiotic compounds including
446 pharmaceutical drugs. As a complementary test, to evaluate the
447 THMP’s ability to render an endogenous compound’s
448 temporal profile, THMP-based fingertip sampling was
449 performed targeting lactate. Accordingly, one subject was
450 monitored at 30 min intervals in a sedentary state (where no
451 significant change in sweat lactate level was expected). The
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—

—

—

@

—
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results indicate that the sampled lactate by the THMP was 452
relatively stable over the duration of the test (Figure 2d), 4s3
validating the consistency of the analyte sampling capability of 4s4
the THMP. 455
THMP-Based Wireless Electrochemical Sensing Sys- 4s6
tem. With the THMP established as an effective sampling 457
reservoir, we next investigated its suitability as an electro- 4s8
chemical sensing medium. In that regard, one may need to 4s9
note that the electrochemical sensor response (which is 460
proportional to the target concentration in the hydrogel) must 461
be measured in relation to the hydrogel thickness to infer the 462
flux of the target molecules into the hydrogel reservoir. Here, 463
analyte sampling was performed with hydrogel micropatches of 464
three different thicknesses (340, 510, and 680 pm, placed side 465
by side on a subject’s fingertip). Lactate and caffeine were 466
targeted and quantified with the standard lab instruments. The 467
results show that for the tested sampling time (S min), the 468
amount of target analytes sampled was relatively constant 469
among different thicknesses, implying the presence of a higher 470
analyte concentration in a thinner hydrogel (Figure S5), which, 471
in turn, relaxes the requirements for sensor sensitivity and limit 472
of detection. 473
Based on these findings, the thinnest THMP (340 pm thick) 474
was subsequently used to couple with an electrochemical 475
sensing system to noninvasively render sample-to-answer 476
biomarker data. As a proof-of-concept, we targeted lactate 477
with a custom-developed enzymatic sensing system (Figure 478 3
3a). The lactate sensing module was composed of a THMP 479 3
affixed upon a flexible PET substrate patterned with function- 480
alized Au electrodes (Figure 3b). The electrodes were 4s1
functionalized to implement a mediator-free electroenzymatic 4s2
sensing interface.*”*' The structure of the working electrode 4s3
was composed of (1) a PVC layer interfacing the THMP, as a 484
diffusion-limiting membrane (to enhance the sensor dynamic 4ss
range); (2) a LOx layer, which generates hydrogen peroxide 4s6
(H,0,) 487
in proportion to the lactate concentration level in the 488
THMP; (3) a PPD layer, which mitigates the confounding 4s9
effect of electroactive species present in the sampled 490
perspiration (e.g., UA and AA); and (4) an MWCNT/PtNP 401
layer, which enhances the sensor sensitivity (leveraging the 492
nanostructure’s high catalytic activity and large surface area). A 493
linear response of the developed sensing interface toward 494
lactate was observed over a range of 0—4 mM with the 495
sensitivity of 1.88 + 0.24 uA/(mM cm?) and the LoD of 0.12 49
+ 0.02 mM (Figure S6). 497
Calibration of this THMP-based sensing module was 498
performed with THMPs presoaked with lactate solutions 499
(with concentration levels in the range of 0—2 mM), displaying so0
a linear response with high repeatability (Figure 3c) and so1
indicating the suitability of the THMP interface for electro- s02
chemical sensing applications. Expanding on these findings, 503
selectivity tests were performed to verify the biofluid (as a so4
complex matrix) sensing capability of the THMP—sensor- s0s
coupled interface. To this end, the THMP-based lactate so6
sensing module was challenged against a diverse panel of s07
interfering species at physiologically relevant concentration sos
levels (including electrolytes, electroactive species, and other so9
small molecules). Figure 3d shows that the presence of each sio
nontargeted analyte has minimal response compared to that of s11
lactate. Furthermore, the sensor shows a negligible response to s12
the sequential introduction of those nontargeted analytes 513
(Figure S7). As shown in Figure S8, the sensor’s biofluid si4
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Figure 4. Terminal-based sensing network. (a) Schematic of the structure and function of a one-touch THMP-enabled biochemical sensing and
user identification terminal. (b) Tracking sweat lactate among a group of three individuals (S1—S3) using two cloud-connected terminals (T1 and
T2). Imaged fingerprints of each user entry are included, and each arrow indicates the terminal used by each subject (N/A indicates no entry by the
subject). Photograph (right) shows a representative terminal. (c) Corresponding user-identified and sorted sweat lactate profiles of the users,
rendered by the devised terminals. (d) Comparison of the in situ measured lactate concentration levels in THMP vs the corresponding amount of

the sampled lactate measured by a lab instrument (YSI analyzer).

sis sample quantification capability was further validated by
s16 comparing the estimated lactate concentration from the
s17 developed sensor with that analyzed by a standard lab
s1s instrument (YSI analyzer) toward a 10X diluted sweat
s19 (mimicking the dilution of the sampled perspiration within
520 the THMP).

521 As an additional sensing performance parameter relevant to
522 the context at hand, the response time of the sensing module
523 was characterized, which is dependent on the analyte diffusion
524 dynamic (assuming operation in the diffusion-limited regime,
s25 diffusion time 7 o« H?/D, where H is the diffusion length, or
s26 the thickness of the THMP, and D is the analyte diffusion
527 coefficient inside the hydrogel). Accordingly, a hydrogel was
528 mounted onto the sensor from ¢ = 0 to 100 s, after which 1 uL
529 of the concentrated sodium lactate (10 mM) sample was drop-
s30 cast onto hydrogel to mimic the natural perspiration
531 phenomenon. Hydrogels with different thicknesses 340, 510,
s32 and 680 um were utilized to investigate the influence of
533 hydrogel thickness to the response time of the sensing module.
s34 The sensing module’s current response was monitored
535 continuously, and the response time was defined and recorded
536 at the time corresponding to that where the sensor current
s37 response reached 90% of its maximum current change
s3s (representative recording of the 340 ym-thick hydrogel case
s39 is shown in Figure 3e). The measurements demonstrated that
s40 thinner hydrogels exhibited shorter response times, indicating
s41 the superior dynamic performance of a thin hydrogel (Figure
s42 3e, inset). Considering the disposable nature of the THMP-
543 based sensing module, the lifetime of the lactate sensor and the
s44 shelf life of THMP and sensor were investigated. Accordingly,
s4s Figure S9 shows the continuous operation of the lactate sensor
s46 for 4 h, demonstrating a sufficiently long lifetime of the
s47 developed sensor. The shelf life of THMP and the lactate
s48 sensor was characterized separately. To store THMP, a
s49 hydrophobic plastic-based package was designed (Figure

550 S10a, inset), which minimizes the water evaporation over

time. As shown in Figure S10a, less than a 10% weight loss of ss1
THMP was observed after the storage of THMP within this ss2
package for longer than 120 h at room temperature. In ss3
addition, Figure S10b,c shows that the representative ss4
characterized lactate sensors maintain their responsiveness sss
after S days of storage (at 4 °C). Future efforts with the ss6
particular focus on preserving the enzyme activity can be ss7
geared toward improving the shelf life. 558

To realize a fully integrated and self-sufficient biomarker sso
sampling and sensing system, the sensing module was seo
interfaced with a custom-developed Bluetooth-enabled readout se1
board, which implements seamless and in situ signal se2
acquisition, processing, and wireless transmission to a s63
dashboard (e.g, a mobile application; Figure 3f). At its core, se4
the board (Figure S11) functions as a potentiostat circuit, s6s
consisting of biasing, amplification, and filtering stages, s¢6
controlled by an MCU. Prior to its deployment for on-body s67
biomarker measurements, the board’s signal acquisition and ses
processing functionalities were validated by comparing its seo
readings against a commercial potentiostat for a range of s70
lactate concentration levels. Figure 3g shows a high level of s71
linearity between the board and potentiostat readouts. The s72
fully integrated sensing system was further validated by s73
demonstrating its ability to estimate the lactate level, sampled s74
directly from a subject’s fingertip. Figure 3h demonstrates a s7s
representative readout and the corresponding calibrated lactate s76
concentration level (raw recording is shown in the inset and is s77
compared to the readout of a blank THMP). 578

Terminal-Based Sensing Network. The noninvasive and s79
passive biomarker sampling and sensing nature of the THMP- sso
based wireless sensing system make it suitable for general ss1
population monitoring, presenting a great potential for ss2
incorporation within the IoT infrastructure. To this end, we ss3
demonstrated a proof-of-concept for a distributed biochemical ss4
sensing network, which can be modeled as an array of k-cloud- sss
connected terminals (each employing a THMP-based sensing sss
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system), shared by n users. The terminals exploit the fingertip
as the sampling site, which uniquely allows for the
simultaneous collection of the user identification information
(from the fingerprint) and sweat biomarker information (from
natural perspiration). The capture of fingerprint information
allows individuals to take their biomarker reading with shared
terminals at different time points via exploiting the one-touch
biochemical sensing/user identification capability. In that
regard, user identification along with biomarker sensing
eliminates an extra step for the user intervention, allowing
for the convenient use of terminals for biomarker sampling.

As shown in Figure 4a, each terminal is composed of (1) an
identification module, which, at its core, employs a commercial
fingerprint scanner module and is configured to obtain the
fingerprint information from the top-half of the fingertip and
identify the corresponding user by comparing the imaged
fingerprint to a database of fingerprints, and (2) a THMP-
based sensing system that captures the concentration of target
molecules from the lower half of the fingertip. Upon one-touch
information sampling, the biomarker information is paired with
the imaged fingerprint and linked to the user’s identity at the
terminal level. Then, the user-identified and time-stamped
biomarker information is subsequently transmitted, with the
aid of a local processor, to cloud servers online, for information
sorting and updating the user’s record. To assess the one-to-
one mapping capability of the identification module, the user
identification based on the top-half of the fingertip (Figure
S12) was preliminarily characterized by creating a database of
20 index finger fingerprints from individual subjects and
verifying that the subsequently introduced partial fingerprints
were correctly identified (provided by the same group of
subjects). This result is aligned with the previous studies
demonstrating the robustness and accuracy in subject
identification based on partial fingerprint imaging.**

Here, the proof-of-concept for the envisioned distributed
biochemical sensing network was implemented to track lactate
(using the readily developed and described THMP-based
lactate sensing system) among a group of three individuals (n
= 3, two adult males and one female) using two cloud-
connected terminals (via a cellular module, k = 2). Over a
period of 3 days, these individuals were instructed to use the
terminal, depending on their convenience and availability. A
database of their index finger fingerprints was created and
loaded onto the fingerprint scanner module of each of the
terminals to allow for tracking the user entries. The recorded
entries confirmed that Subjects 1 and 2 provided one sample
per day, and Subject 3 only used the terminal on the second
and third day (Figure 4b).

For each entry, the electrochemically generated sensor
response was postcalibrated, user-identified, time-stamped, and
then transmitted to a custom-developed Google Cloud
platform. The uploaded data are sorted according to the
existing user ID database, yielding the sweat lactate profiles of
each individual (Figure 4c). To validate the lactate readings,
analytes sampled in the THMP were extracted into acetate
buffer solutions after each electrochemical measurement, and
the lactate concentration levels were quantified by the
commercial lab instrument (YSI analyzer). Quantification by
the YSI analyzer before and after amperometric measurement
indicated that the electrochemical measurement process had
minimal influence on the lactate present (Figure S13). Figure
4d shows that the calibrated concentration levels obtained
from the THMP-based sensing system and the corresponding

amount of the sampled lactate quantified by the lab instrument
reading are correlated (R = 0.78). The results indicate that the
devised sensing terminal can capture the trend of the sampled
lactate amount variation. It is also worth noting that the
nonideal characteristics in the measurements (e.g., finite x/y-
axis intercept, inconsistent relative change between some of the
pairs of measurements) may be related to the fact that (1) the
measurement of YSI in the low-concentration regime is prone
to error and (2) a small portion of the sampled analyte may
stay on the THMP surface and may not diffuse into the bulk
hydrogel. To this end, system-level calibration can be
incorporated to correct such nonideal characteristics.

On a broader level, the subject-independent and terminal-
based nature of the demonstrated network allows for the
integration of other sensors and automated back-end
processing modules (including sample preparation and
calibration units) to target a wide panel of biomarkers.

Bl CONCLUSIONS AND OUTLOOK

In conclusion, a thin hydrogel micropatch was devised for
simultaneous natural perspiration collection and in situ
electrochemical analysis. A first-order fluidic model was used
to describe the enhanced analyte collection capability of the
hydrogel, a property that was verified through caffeine and
lactate sampling. Informed by the biomarker sampling
characterization results across different body locations, the
fingertip was determined as the optimal site for natural
perspiration sampling, which was subsequently used to
demonstrate the successful tracking of the dosage level and
metabolic pattern of the caffeine intake among different
subjects. The suitability of THMP as an electrochemical
sensing medium was characterized by augmenting the THMP
with a wireless enzymatic lactate sensing module, for which
excellent reproducibility, selectivity, and response time ~50 s
were demonstrated. These results inform the utility of natural-
perspiration-based biomarker analysis, which can create new
directions for noninvasive chemo/biosensing. To reinforce this
point, we demonstrated the proof-of-concept for an
unprecedented distributed terminal-based bio/chemical sensor
network, which uniquely capitalizes on the fingertip as a site for
simultaneous biomarker data sampling (via natural perspi-
ration) and user identification (via fingerprint).

Future work will focus on utilizing and building upon the
presented technology to characterize and address relevant
confounding factors (that, at the current stage, remain
underexplored, because of the lack of suitable technologies
to perform such studies) toward establishing the physiologi-
cally meaningful interpretation of the biomarker readings. In
that regard, future engineering efforts will involve the
incorporation of a perspiration rate sensing interface to
normalize the THMP-based biomarker readings in relation

699

to the perspiration rate, mitigating the confounding effects of 700

inter/intrasubject perspiration rate variability (assuming a
direct measure of the analyte concentration in sweat is
needed). Also, a standard skin surface cleaning component in
the chemo/biosensing terminal will be devised to achieve
autonomous operation and to minimize skin contamination.
Furthermore, large-scale clinical investigations will be

performed to systematically characterize the contribution of 707

relevant underlying biological sources (e.g., natural perspi-
ration, sweat gland/skin metabolism, transepithelial water loss)
and understand the corresponding analyte partitioning path-
ways, to establish the physiological significance of the
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712 biomarker readings (e.g., correlation with blood concentration
713 levels) for the context at hand. The joint engineering and
714 clinical efforts will converge to realize a scalable network with
715 fully automated bioanalytical capabilities to render physiolog-
716 ically relevant information. The presented noninvasive chemo/
717 biosensing network can be positioned within the IoT
718 infrastructure, widening the accessibility of personalized health
719 monitoring for the general population.
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