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ABSTRACT: Wearable sweat biosensors have shown great progress in non- ' Self-supporting
g 9 q 9 q o N B Enzyme "= microfluidic

invasive, in situ, and continuous health monitoring to demonstrate individuals w7 ' ¢
physiological states. Advances in novel nanomaterials and fabrication methods sAC i
promise to usher in a new era of wearable biosensors. Here, we introduce a three- Paper \
dimensional (3D)-printed flexible wearable health monitor fabricated through a ' T ‘

unique one-step continuous manufacturing process with self-supporting micro- D @ N

fluidic channels and novel single-atom catalyst-based bioassays for measuring the Bioassay - gl’date
9 9 g Q 912 q ucose
sweat rate and concentration of three biomarkers. Direct ink writing is adapted to Uric acid T itor

print the microfluidic device with self-supporting structures to harvest human

sweat, which eliminates the need for removing sacrificial supporting materials and addresses the contamination and sweat
evaporation issues associated with traditional sampling methods. Additionally, the pick-and-place strategy is employed during the
printing process to accurately integrate the bioassays, improving manufacturing efficiency. A single-atom catalyst is developed and
utilized in colorimetric bioassays to improve sensitivity and accuracy. A feasibility study on human skin successfully demonstrates the
functionality and reliability of our health monitor, generating reliable and quantitative in situ results of sweat rate, glucose, lactate,
and uric acid concentrations during physical exercise.
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Wearable biosensors hold great potential for noninvasive Numerous wearable sweat sensors have arisen and demon-
and continuous tracking of health conditions and strated a wealth of sensing scenarios to monitor various
disease diagnosis,' > providing individuals with a comprehen- molecular-level physiological parameters.””*° Up to now,
sive insight into their dynamic physiological status.*”” Human colorimetric biosensors are often integrated with soft micro-
. . M . 1 . : . 10,27—30
sweat is a noninvasive biofluid and can be readily sampled from fluidic systems for in situ sweat collection and analysis.
the high density of sweat glands (over 100 glands/ cm?)® in the However, the majority of existing wearable microfluidic sweat
human body. Sweat consists of abundant biomarkers, such as biosensors are fabricated by soft lithography techniques, which
metabolites (glucose,”'’ uric acid,'' lactate,'” etc.) and are comglex and demand specialized equipment and
electrolytes (Na*, CI~, K%, Ca**, Zn*, and Cu2+).13_15 The expertise.” The low concentrations of biomarkers in sweat
levels of biomarkers indicate the risks for developing potential pose signiﬁ%czant challenges for the advancement of wearable
diseases.'® Glucose in sweat has been reported to accurately biosensors.”” Therefore, alternative fabrication techniques,

enhanced sensitivity, and incorporation methods are still
urgently required for developing advanced wearable micro-
fluidic devices.

Conventional sweat sampling methods include patches,”
whole body washdown,” and Macroducts,” involving
impedance from skin contamination, sweat rate effects, and
sweat evaporation.”® These collection techniques require
professional handling for precision analysis after sampling

reflect blood glucose.17 Measuring the glucose levels in sweat is
beneficial for diabetes management. Uric acid is the end
product of purine metabolism. Uric acid levels in sweat
indicate the risks of developing gout, kidney disease, or other
cardiovascular diseases.'® Lactate is a byproduct of anaerobic
metabolism, and its concentration in sweat can reflect the
exercise intensity and physiological conditions.'"” Therefore,
real-time monitoring for the concentration of target bio-
markers is beneficial for initial noninvasive assessment of

metabolic and physiological statuses, enabling personalized Received: March §, 2024
healthcare interventions and early detection of health issues.”’ Revised: ~ May 4, 2024
Excessive sweat rate implies the potential of developing Accepted: May 21, 2024

dehydration or hyperhidrosis.”’ Monitoring sweat rate is Published: May 31, 2024

essential for enhancing athletic performance,””’ ensuring
physical health, and aiding in disease management.”*
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Figure 1. Design and fabrication of the 3D-printed flexible microfluidic health monitor. (A) Schematic of the wearable flexible health monitor; (B)
3D-printing process of the wearable health monitor with microfluidic channel and SACs-based bioassays: (a) Adhesive layer with predefined inlet
holes, (b) DIW for the bottom layer, (c) PNP process for SACs-based colorimetric bioassays via vacuum mode, (d) Red dye was dripped close to
the inlet of the microfluidic channel, (e) DIW for self-supporting microfluidic channel, (f) Transparent/stretchable film was covered, and the color
reference bar was added; (C) optical image of a fabricated health monitor, scale bar, 1 cm; and (D) FEA simulation results (stress) and their
corresponding optical images of the health monitor on Ecoflex 00—30 skin during (a) stretching (elongation of 12 mm) and (b) bending (radius of

curvature 30 mm).

and cannot provide instant feedback, thus limiting their
applications.”” Advances in materials and fabrication methods
bring out the possibilities of epidermal microfluidic systems for

273138 Micro-

continuous monitoring and real-time analysis.
fluidics provides benefits to microliter-scale chemical and
biological research because of the advantages of small sample
volumes and well-controlled microenvironments.*’

Critical physicochemical requirements for substrate materi-
als in wearable sensors include ﬂexibility,40 stretchability,15
dimensional stability,*" and water resistance.”” Polymers are
the most popular functional materials for wearable sensors due
to a wealth of physical/chemical modification strategies and
their diverse traditional fabrication methods™
manufacturing approaches, such as three-dimensional (3D)
printing.** With the advantages of low manufacturing cost,
easy availability, and customized options,” 3D printing has
recently emerged as an alternative fabrication method for
microfluidics.*® Most 3D-printed microfluidic devices have
channel sizes from hundreds of microns to a few millimeters.*”
The 3D-printing process usually requires sacrificial supporting

or novel
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materials to fill the voids. However, supporting materials are
typically difficult to remove manually and block channel
sections with sharp bends and complicated inner designs,
limiting the use of 3D printing to fabricate structures for
microfluidic devices.*®

Due to the low concentration level of the sweat components,
the sensing module of wearable sweat sensors is required to
demonstrate high sensitivity and excellent selectivity for the
quantitative detection of sweat biomarkers."”** Enzyme-based
colorimetric methods have been used in a variety of biosensors
over the past decades.*”™>” Nanozymes are nanomaterials that
mimic natural enzyme properties and possess excellent
stability, low cost, easy production, and high catalytic activity,
which overcome the drawbacks of natural enzymes.’”>*
Among the nanozymes, single-atom catalysts (SACs) with
atomically dispersed metal atoms as active sites on their
supports have higher catalytic activity and selectivity than
traditional nanozymes, endowing the biosensors with higher
sensitivity and realizing the sensitive detection of trace
biomolecules.***® Iron—nitrogen—carbon single-atom catalysts

https://doi.org/10.1021/acssensors.4c00528
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Figure 2. SACs-based bioassay preparation and quantitative colorimetric. (A) Fabrication of bioassays. (B—D) Color change of bioassays and R, G,
and B values with different (B) glucose, (C) lactate, and (D) uric acid concentrations. (E—G) Comparison of (E) glucose, (F) lactate, and (G) uric
acid concentrations measured under different light conditions using color reference and standard concentration. Different light conditions (light
20%, light 50%, and light 80%) were obtained by controlling adjustable light bulbs. The higher the percentage value, the brighter the light. Indoor:
the images were taken in a room. Sunlight: the images were taken in the sun.

(Fe~N—C SACs) that mimic the natural metalloenzyme
structure have well-defined metal atom bond configurations,
high level of molecular selectivity, and are easy to fabricate,
enabling single-molecule detections with practical-use feasibil-
The Fe—N—C SACs that were synthesized by previous
work show excellent peroxidase-like activity.”*” It has been
proven that Fe—N—C SACs can be used in a series of
bioassays for ultrasensitive detection of H,O,, glucose, and
amide acid.*’

Herein, we present a disposable and flexible wearable health
monitor featuring self-supporting microfluidic channels and
novel SACs-based bioassays, which were fabricated in one
continuous step by 3D printing with direct ink writing (DIW)
and using a pick-and-place (PNP) strategy. These self-
supporting structures in the microfluidic channels of our
health monitor eliminate the need for sacrificial supporting
materials during manufacturing. These channels enable
accurate in situ measurement of sweat rate, addressing
concerns related to skin contamination and evaporation during
sweat sampling. The SACs-based bioassays in the health

cps ST
ities.
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monitor were utilized for enzymatic reactions and colorimetric
sensing to detect three biomarkers in sweat with linear ranges
of 0.01—0.3 mM for glucose, 1—50 mM for lactate, and 10—
100 uM for uric acid, respectively, which are in good
agreement with the clinical concentration range of healthy
people. The PNP strategy facilitated the precise integration of
SAC-based bioassays into the health monitor, streamlining the
process without the need for additional manual operations. In
combination, our proof-of-concept work overcomes the
inherent limitations in sensing sensitivity and simplifies
fabrication complexity for in situ sweat monitoring using
microfluidic channels while ensuring excellent wearability and
comfort. Furthermore, this integrated system demonstrates the
potential for expansion and customization to monitor multiple
sweat biomarkers, providing valuable physiological insights for
health monitoring,

B RESULTS AND DISCUSSION

The wearable flexible health monitor introduced here is
fabricated by the DIW method and integrated by PNP strategy

https://doi.org/10.1021/acssensors.4c00528
ACS Sens. 2024, 9, 3212-3223
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for in situ sweat analysis and biomarker detection. Figure 1A
illustrates the design of a 3D-printed flexible wearable health
monitor. The system consists of three major components from
bottom to top: (1) a medical-grade subjacent skin adhesive
layer (~0.06 mm, 3M 1524 Medical Transfer Adhesive) with
four predefined inlets (three inlets for connecting with the
bioassay reservoir modules, one inlet for connecting with the
spiral microfluidic channel) for skin-interfaced adhesion to the
human skin, (2) a 3D-printed microfluidic component with a
bottom layer (thickness, ~ 0.45 mm), food-grade red dye, and
microfluidic channel (#M1 for measuring sweat rate and #M2
for connecting with bioassay reservoir modules, wall thickness,
~0.45 mm) for sweat collection and measurement, and (3)
three SACs-based bioassays covered by a transparent and
flexible polyurethane (PU) film and a color reference bar for
colorimetric and quantitative detection of biomarkers concen-
trations (glucose, uric acid, and lactate, respectively). The one-
step fabrication process involving three nozzles and three
pneumatic dispensers for 3D printing is depicted in Figure 1B
and Movie S1: (a) the adhesive layer with defined inlets was
placed at a designated position of the 3D-printing platform;
(b) the bottom layer was printed by extrusion-based DIW
method with pneumatic pressure; (c) three paper-based
bioassays were integrated one by one via an empty nozzle
using an automatic PNP strategy with vacuum setting;’"*> (d)
food-grade red dye was dripped with air pressure to the 3D-
printed bottom layer; (e) the self-supporting microfluidic
channels were printed layer-by-layer; (f) a transparent stretch
PU film was used to cover the bioassays to avoid the oxidation
by air, and a color reference bar was added for color reference
and white balance to establish the true color of white.

The microfluidic component was fully 3D-printed with
biocompatible and hydrophobic silicone-based polymeric inks.
The capacity of the spiral microfluidic channel is about 78 L
with a circular sweat collection zone (1 mm in diameter).
Theoretically, this spiral microfluidic channel is capable of
collecting sweat for more than 30 min, depending on the
exercise intensities. The driving force comes from the natural
pressure (3—70 kPa, average: 40 kPa®) during the excretion
process of sweat glands.”®* Water-soluble food-grade red dye
was dripped from the inlet for favorable observation of the
filling front (the front edge of the color change). Microfluidic
channels for colorimetric sensing hold smaller volumes (~S uL
for each) and collection areas (1 mm in diameter). The
medical polyester fiber-reinforced tackified acrylic adhesive
film yielded a stable adhesion between the self-supporting
microfluidic component and human skin. The low modulus
and high elasticity of our silicone-based inks for microfluidic
components and stretchable adhesive rendered the whole
health monitor (thickness: 1.56 mm) with excellent flexibility
and wearability (Figure 1C).

To demonstrate that the stresses on the skin remained below
the somatosensory limit for verifying the comfortable
wearability of our health monitor, we conducted finite element
analysis (FEA) using a CAD model comprising a phantom skin
(Ecoflex 00—30 by casting, 140 mm X 65 mm X 2.5 mm), an
adhesive layer, and the microfluidic device in COMSOL
Multiphysics 6.2. The mesh used for FEA is shown in Figure
SIA. Two numerical experiments were performed: one for
stretching and one for bending. In the stretching experiment,
the skin was elongated by 12 mm, and the maximum value of
the von-Mises stress on the skin was well within the
somatosensory limit of 20 kPa’>*>°® as shown in Figure
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1D(a). For the bending experiment, the model was wrapped
around a physical cylinder of radius 30 mm, resulting in a
maximum von-Mises stress on the skin still below the
somatosensory limit, as depicted in Figure 1D(b). In both
models, the higher values observed near locations having sharp
changes in the geometric features such as corners and the
interface between the skin and adhesive layer may be attributed
as a numerical artifact. The corresponding resultant principal
strain on the skin is depicted in Figure S1B,C and Supporting
Information Text.

The colorimetric sensing strategy enables a simple and
quantitative analysis of the concentration of biomarkers in the
sweat. Figure 2A illustrates the preparation process of Fe—N—
C SACs-based bioassays to detect glucose, lactate, and uric
acid in human sweat by colorimetric method. The Fe—N—C
SACs, 3,3/,5,5 -tetramethylbenzidine (TMB), and three differ-
ent oxidases were dropped onto the filter paper, and then the
filter papers were dried in a 37 °C incubator for 5 min to
obtain bioassays used for the detection of biomarkers. The
detailed synthesis process of Fe—N—C SACs is described in
the Supporting Information and illustrated in Figure S2.
Briefly, Zn(NO;), and 2-methylimidazole reacted with each
other to form zeolitic imidazolate framework-8 (ZIF-8), which
is a class of metal-organic frameworks (MOFs). The ZIF-8
absorbed Fe’* to form Fe(NO;);-doped ZIF-8 as the precursor
(ZIF-8@Fe(NO);). After pyrolysis, the Fe—N—C SACs were
obtained. The transmission electron microscopy (TEM) and
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images show the character-
ization results of the Fe—N—C SACs (Figure S3). Fe—N—C
SACs of similar shape and size (rhombic dodecahedral) were
observed in the TEM images of the Fe—N—C SACs solution
with a concentration of 1 mg/mL (Figure S3A). In Figure S3B,
the Fe—N—C SACs solution with a concentration of 0.1 mg/
mL avoided the overlap of Fe=N—C SACs and allowed the
rhombic dodecahedral structure of Fe—N—C SACs to be more
clearly displayed in the TEM image. The HAADF-STEM
image shows bright spots (marked by circles), which are
attributed to Zn and Fe atoms. The presence of these dispersed
single metal atoms confirms the single-atom feature of Fe—N—
C SACs. Our previous study demonstrates that the Michaelis
constant K, of Fe=N—C SACs for H,0, is comparable to that
of natural horseradish peroxidase (HRP).®” However, the K,
for TMB is about 100 times smaller than that of HRP, which
means a significantly greater affinity of Fe—~N—C SACs for
TMB compared to HRP. These bioassays were placed into the
health monitor attached to the skin to test the biomarkers in
sweat. Figure S4 shows the reaction process on bioassays.
Glucose, lactate, and uric acid produce H,0O, with the catalysis
of glucose oxidase (GOx), lactate oxidase (LOX), and urate
oxidase (UOX) on glucose, lactate, and uric acid bioassays,
respectively. Subsequently, due to the superior peroxidase-like
activity of SACs, the reaction of H,O, and TMB could induce
the color change of TMB from colorless to blue rapidly. The
bioassay images after the color change are shown in Figure
2B—D. As the concentration of biomarkers increases, the color
change of the bioassays becomes more obvious. After color
calibration and white balance calibration, reliable red, green,
and blue (R, G, and B) values of color were obtained, including
glucose, lactate, and uric acid detections. In Figure 2B, with the
increase of glucose concentration from 0.01 to 0.3 mM, the R,
G, and B values decreased from 97.85, 101.80, and 99.30 to
62.32, 96.84, and 94.17, respectively. In Figure 2C, with the
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Figure 3. Design and analysis of the self-supporting microfluidic channel in the health monitors. (A) 3D models of the designed structure via
Slic3R; (B) cross-sectional SEM images of the 3D-printed self-supporting microfluidic channels with the designed inner radii: (a) 0.3 mm, (b) 0.4
mm, (c) 0.5 mm, (d) 0.6 mm, (e) 0.7 mm, and (f) 0.8 mm; (C) experimental setup of the channel volume testing system at a rate of 0.1 mL/min;
(D) experimentally determined microfluidic volumes; and (E) correlation of the filling front angle and corresponding volume from the inlet to the

filling front point.

increase of lactate concentration from 1 to SO mM, the R, G,
and B values decreased from 112.56, 104.96, and 107.86 to
64.85, 99.48, and 100.25, respectively. In Figure 2D, with the
increase of uric acid concentration from 10 to 100 uM, the R,
G, and B values decreased from 118.26, 121.81, and 123.18 to
92.16, 101.68, and 99.23, respectively. The results of fitting
linear curves between the biomarker concentration and the
values of R, G, and B show that the R value has the strongest
correlation with biomarker concentration, while the variations
in G and B values across biomarker concentrations are
minimal. Therefore, using the standard curve of the R value
is more accurate for determining the biomarker concentrations.
The curved lines between the R value of images and
concentrations of biomarkers are shown in Figure S5. The R-
squares of the three fitted curves all exceeded 0.9, indicating a
high linear correlation between concentrations of biomarkers
and R values. The limit of detection (LOD) was determined by
using the following equation: LOD 3 X S/N, where S
represents the standard deviation of the signal derived from a
blank solution, and N is the slope of the calibration curve.®®
The LOD of glucose, lactate, and uric acid were 0.038, 6.76,
and 6.98 uM, respectively. In the Supporting Information,
Table S1 shows the comparison of the linear detection range
and LOD of the device in this study with other wearable
sensors. Consequently, the R values of bioassays were
determined to obtain the concentration of biomarkers, and
the detection ranges of glucose, lactate, and uric acid were
0.01—0.3 mM, 1-50 mM, and 10—100 uM (Figure SS).
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Meanwhile, the concentration ranges of glucose, lactate, and
uric acid in human sweat have been reported at 0.01—0.2 mM,
5—40 mM, and about 10—80 uM,*"*7° indicating that the
detection range can effectively cover the physiological range of
these biomarkers in sweat. Therefore, a wearable health
monitor can be used to reliably detect concentrations of
biomarkers in sweat.

Different light conditions can affect the color of bioassays
captured by a camera, resulting in inaccurate concentration
measurements.”” Therefore, the color bar was placed on the
health monitors as a reference to obtain a reliable
concentration of biomarkers under different light conditions.
Light influences the color of bioassays and the color bar
simultaneously captured by a camera. Therefore, the existence
of color reference can eliminate the interference of such
environmental factors.”’ Figure S6A shows the images of color
blocks with different R, G, and B values under different light
conditions. The brightness of an adjustable bulb (Teckin SBSO
Smart Alexa Light Bulb) was changed to obtain four different
light conditions: 30, 50, 70, and 90% of maximum brightness.
In addition, the color bar images under indoor light and
sunlight were tested. According to the color detection results
of different light conditions, although the R values of color
blocks showed changes under the different light conditions, the
G and B values of color blocks (Figure S6B—G) were not
changed, indicating that there is no need to consider the
impacts of G and B values on R values when having a color bar
for color correction and white balance. Using the color bar as
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Figure 4. Feasibility study of sweat monitoring (68.9 °F, $9% humidity) through the 3D-printed wearable health monitors. (A) Schematic of body
location for preliminary studies. (B) Optical images of application of the health monitors using a smartphone and quantification of the angle of
filling front by Image] software. (C) Correlation of captured volume of sweat and the angle of filling front of the microfluidics. (D) Correlation of
arm temperature and heart rate with time during the testing. (E) Correlation of sweat rate with time at two locations on the left arm. (F)
Comparisons of concentration results of glucose, lactate, and uric acid via microfluidic health monitors and lab-based analysis (n.s.: no significant

difference between the two results.).

the reference, the concentration detection results of bio-
markers from health monitors under 5 different lighting
conditions (20, 50, and 80% different brightness light
intensities provided by adjustable brightness light bulb, indoor
light, and sunlight light) are shown in Figure 2E—G. Glucose,
lactate, and wuric acid with standard concentrations were
measured using the health monitors to determine the accuracy.
Figure 2E—G shows that although the light conditions were
different, the health monitors exhibited the capability to
measure similar and relatively accurate biomarker concen-
trations. The results mentioned above indicate that the color
bar method enables the elimination of the impact of light

3217

conditions and confirms the high accuracy of our health
monitors.

Precise sweat rate monitoring confronts hindrances from
skin contamination and sweat evaporation problems.”" These
issues can be addressed by developing skin-interfaced micro-
fluidics to harvest and route sweat for controllable, continuous
monitoring. Micron-scale channels present enhanced sensitiv-
ity for low sample volume.”” The yield strength of silicone-
based ink extruded layer-by-layer is sufficient to balance the
gravity-induced bending moment via carefully designed
filament stacking orientations in the submillimeter regime.””

Self-supporting structures (inner radius: 0.4—0.8 mm) and
bottom layers (thickness: 0.45 mm) were drawn in AutoCAD
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software and then exported as stereolithography (.STL) files.
The walls of the microfluidic channels (#M1 and #M2,
thickness: 0.45 mm) printed layer-by-layer finally were merged
at the top layers to form hollow channels, enabling self-
supporting microfluidic structures. Figure 3A illustrates the 3D
models of the designed self-supporting microfluidic compo-
nent sliced by Slic3R software. Scanning electron microscopy
(SEM) images in Figure 3B show that the self-supporting
structures were successfully DIW-printed with pure silicone
sealant inks without structural collapse and leakage. The inner
radii of the cross sections were set from 0.3 to 0.8 mm.
Depressions in the upper-left and upper-right corners of the
semicircle set at 0.3 and 0.4 mm were observed in the cross
section of SEM images (Figure 3B(a),(b)), while the central
depression was found in the channels with a radius set to 0.5
mm. The air within the microfluidic channel follows the ideal
gas law, so the flow impedance decreases as the cross-sectional
area increases.”’ Considering the sweating rate, reaction time
of bioassays, and usage time, we ultimately selected 0.6 and 0.4
mm as the inner radius settings for the spiral channel for
measuring sweat rate and the central three channels connecting
with the bioassays, respectively. After room temperature
vulcanization, the volumes of microfluidic channels were
measured by the syringe pump system setup pushing fluid at
0.5 mL/min (Figure 3C and Movie S2). The transparent test
holder was printed with a stereolithography (SLA) printer
using Formlabs clear resin. The whole support was hooked
over the syringe pump, and an injection syringe containing red
ink was mounted on the pump. The syringe needle was
inserted from the inlet, and the red ink was injected through
the outlet on the platform to the health monitors. When the
inks for the microfluidic channels were fully cross-linked, the
actual volume was reduced by about 40% for the 3D-printed
channels with 0.3 and 0.4 mm settings and 20% for the inner
radius above 0.6 mm compared to the theoretical values
(Figure 3D). The correlation between the angle of the filling
front and the corresponding volume from the inlet to the filling
front point was also established via the syringe pump for the
microfluidics (Figure 3E), which indicates that the angle of the
filling front in the microfluidic channel can be used to calculate
the volume of collected sweat. Young’s modulus was calculated
to be 430 kPa (silicone sealant) based on tensile tests (Figure
S7A). The mechanical properties of our customized silicone-
based polymeric inks (active agent: silicone agent; bulking
agent: silicone grease) can be adjusted via increasing the ratio
of bulking agents’>’* for mounting the health monitor on
different body locations (Figure S7A). The pure silicone-based
polymeric ink exhibits superhydrophilicity with a water contact
angle of ~120° (Figure S7B). The correlation between the
filling front of the spiral microfluidic channel and the volume is
demonstrated in Figure 3E, which can be used to calculate the
volume of captured human sweat in feasibility tests. The
volume experienced rapid growth with the increase of the
angle, and then the slope of the volume—angle curve
decreased, eventually having a linear trend when the filling
angle exceeded about 223°.

To evaluate on-body sweat sampling capabilities of our
health monitors, preliminary feasibility studies for the sweat
rate were performed on a healthy subject by riding an exercise
bike at a room temperature of 68.9 °F and 59% humidity with
two locations on the same arm (Figure 4A, Arm #1 and Arm
#2). An absorbing pad was attached to the same arm to collect
sweat for lab analysis of the three biomarkers (Figure 4A,
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absorbing pad). Optical images were taken every 10 min
(Figure 4B), and the angle of the filling front of the health
monitor was quantified by using Image] software. Clearly, no
extra red liquid was observed outside the microfluidic zone
during the testing and after the removal of health monitors,
indicating that the sweat was successfully collected and routed
into the channels without leakage issues. During physical
activity, sweat flows into the four inlets of channels. The sweat
rate within the three channels for bioassays (Figure 4C) was
different during the feasibility studies, possibly due to the
backpressure of the small channels and the distribution of
sweat glands.” Bioassays of the health monitors at arm #1 and
#2 locations had fully reacted with sweat for colorimetric
sensing before the completion of our human studies. Thus, the
images of sweat loss for the individual tests were sequentially
collected (Figure 4C). Sweat rate was determined from the
slope of the volume—time curve (Figure 3E). As shown in
Figure 4D, during the exercise, the arm temperature dropped
from 32.5 to 28.5 °C within the first 20 min, while the heart
rate increased, going up from 56 to 90 bpm within the first 10
min. The two parameters show decreased fluctuation
amplitude after 20 min in the testing period. In Figure 4E,
from 30 to 40 min, the sweating rate of the two locations
increased to the highest point about 0.07 and 0.06 mL/min-
cm?, respectively. The sweating rate decreased in response to
the reduction of exercise intensity. The sweat rates of the two
testing areas on the arm were roughly proportional to the
distribution of sweat glands in the human body. It should be
noted that the sweat rate varies among individuals and depends
on the physiological conditions.”” The feasibility studies
tentatively verified the practical functions and prospective
applications for outdoor exercising scenarios.

Field testing of sweat biomarkers using the health monitors
on the arm of a healthy volunteer during cycling demonstrates
the performance of the health monitors in an application.
Figure S8 shows the health monitor on the arm before and
after corrections of the color and white balance. Correction
through a color checker can effectively improve the accuracy of
the color of the images.”” The difference in temperature and
tint of the photo before and after correction is displayed in the
lower right corner of Figure S8, which indicates that the color
correction of the photo was completed. Figure 4F shows that
there is no significant difference in the concentration of
biomarkers in sweat measured using the health monitor and in
the laboratory. The glucose concentration in sweat measured
by the health monitor was about 0.086—0.100 mM. After
collecting the individual sweat, the glucose concentration
measured using a microplate reader was 0.095—0.111 mM.
The bioassay detected the concentration of lactate in sweat
ranging from 9.28 to 11.47 mM. According to the absorbance
data from the microplate reader, the lactate concentration was
determined as 9.71—11.14 mM. The result of uric acid in sweat
from the field testing was from 13.03 to 18.88 yM. In the
laboratory, the concentration of uric acid in sweat was 14.87—
17.73 puM. Compared with biomarkers concentrations in
normal human sweat and previous similar studies,”””””® the
concentrations of three biomarkers were within the normal
range. The difference between the glucose concentration at
two points on the volunteer’s arm measured by the health
monitor and the glucose concentration measured in the
laboratory was 0.011—0.015 mM. The differences between the
health monitor and laboratory measurements for lactate and
uric acid were 0.03—0.63 mM and 0.94—1.10 uM, respectively.
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The disparity between health monitor testing results and
laboratory analysis in this study is lower than in previous
similar studies that used commercial enzymes instead of Fe—
N-C SACs in health monitors for glucose.'””” Similarly, the
disparity between the health monitor test and laboratory
analysis of lactate measurement in this study (0.030—0.63
mM) is also lower than in similar studies that applied
commercial enzymes to measure lactate concentration in
human sweat.” The comparison results reflect the high
sensitivity of Fe—=N—C SACs as peroxidases and the accuracy
of SACs-based bioassays.

B CONCLUSIONS

In summary, this work introduces a proof-of-concept for a
disposable 3D-printed wearable, flexible health monitor
equipped with self-supporting microfluidics for monitoring
sweat rate and colorimetric sensing of glucose, lactate, and uric
acid. The in situ sampling process within self-supporting
microfluidics minimizes sweat evaporation and contamination.
The sensitivity of biomarker detection based on enzymatic
reactions is enhanced by employing SACs-based bioassays.
The feasibility study of the health monitors on human skin has
effectively validated that the combination of one-step
fabrication via 3D printing and novel sensitive nanomaterials
enables noninvasive monitoring of sweat rate and biomarker
concentrations. This is crucial for evaluating athletic perform-
ance and physiological conditions, contributing to the
development of the next generation of fully integrated wearable
sweat health monitors. Future studies will focus on developing
image processing and colorimetric analysis applications for
smartphones, exploring the potentials of additive manufactur-
ing in three key areas: (1) integrating capillary valves and
pumps for continuous monitoring, (2) investigating reusable
wearable health monitors for long-term use, and (3) enhancing
real-time analysis capabilities with smartphone applications.
Overall, our work demonstrates the feasibility of 3D-printed
flexible wearable health monitors for health monitoring.

B EXPERIMENTAL SECTION

Ink Materials for 3D Printing. Silicone-based polymeric inks
(acetoxy-based RTV sealant Loctite SI 595 CL) were loaded into a
Nordson EFD - HP 7x High-Pressure Dispensing Tool (3 cm®
barrels) for direct ink writing. Food-grade red dye was used at the
inlet region of microfluidics for visualization, and 3M 1524 Medical
Transfer Adhesive was used as a adhesive layer.

Preparation of SACs-Based Colorimetric Bioassays. The
immersing absorbent paper (Whatman grade 3MM) was fabricated
for small bioassays with a diameter of 6.4 mm as the reaction zones in
the health monitor. The bioassays were put one by one into the wells
of a 96-well plate (Celltreat 96-Well Polystyrene Cell Culture Non-
Treated Plates). Next, Fe—~N—C SACs were ground carefully in a
mortar and dispersed in ethyl alcohol to form a 1 mg/mL Fe—N—-C
SACs suspension. Then, 5 uL of a 1 mg/mL Fe—-N—-C SACs
suspension was slowly dropped onto each bioassay to ensure even
distribution on bioassays. GOx, LOX, and UOX were dissolved in
phosphate-buffered saline (PBS), respectively, to prepare three
enzyme solutions. The concentration of GOx and LOX is 1 mg/
mL, and the concentration of UOX is 0.5 mg/mL. Five uL of GOx,
LOX, and UOX solutions were dropped onto the bioassays for
detecting glucose, lactate, and uric acid, respectively. Finally, three
types of detected bioassays were obtained after drying. All of the
above drying processes were carried out in a 37 °C incubator. The
bioassays were stored at 4 °C without exposure to light. The bioassays
were placed on a plate that was fabricated with the same material as
the health monitor to detect the sensing function of 3 types of
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bioassays. Glucose solutions of different concentrations were
simultaneously injected via a different channel using a pipet to
simulate the inflow of sweat via the microfluidic channel in the health
monitor. After S min, the images of the bioassays were taken with a
camera (Nikon D750, MACRO 105 mm F2.8 EX DG OS HSM,
SIGMA) from ~20 cm above. After color calibration and white
balance calibration using a color checker (ColorChecker Passport
Photo 2, Calibrate) and Adobe Lightroom software (Adobe Inc., San
Jose, CA), the reliable R, G, and B values of color were obtained by
Image] software. The same method was used to detect lactate and uric
acid.

Preparation of Color Reference and Color Analysis Using
Color Reference. Color blocks with different R, G, and B values
were printed on paper to determine the effect of different G and B
values of the color reference and various light sources on the R value.
Figure SSA shows the R (130, 110, 90, 70, 50), G (120, 100, 80), and
B (120, 100, 80) values of the color blocks. By adjusting the
brightness of the light bulb, the images of color blocks with different
brightnesses (30, 50, 70, and 90%) were taken by the camera. The
two images were taken under indoor and sunlight lighting conditions.
After the color and white balance correction, images captured by the
camera with different light sources were measured R values by using
Image] (Figure SSB—G). Seven color blocks with different R values
are printed on paper to form a color reference. The R values of the
color blocks are 60, 70, 80, 90, 100, 110, and 120. The concentrations
of biomarkers corresponding to each color block are listed in Table
S2. Five uL of various concentrations of glucose (0.2, 0.1, 0.05, and
0.02 mM) were added to the bioassay through the channel. The
photos of the bioassay and color reference were taken by camera after
S min. The calibration curve with different light sources was obtained
to get the concentration of glucose on the bioassay. The same method
was used to measure the concentrations of lactate and uric acid. The
concentrations of lactate solution were 50, 30, 10, and 1 mM, and the
concentrations of uric acid solution were 80, 60, 40, and 20 uM.

Fabrication of Flexible Wearable Health Monitors by Direct
Ink Writing and Pick-and-Place Strategy. The one-step printing
was performed on a customized 3D-printing system (AGS1000,
Aerotech) with three independent motion-controlled axes. The G-
code indicating printing paths was generated by slicing the .STL files
were prepared with open-source Slic3r software. Three high-precision
dispensers (Ultimus V and Nordson EFD) were used simultaneously.
The first dispenser was used for the extrusion of inks through direct
ink writing (DIW) with pressure mode (inner diameter of nozzle:
0.15 mm, pressure: 3500 kPa, speed: 8—10 mm/s). The second
dispenser was used for automated place-and-place via an empty barrel
with moderate vacuum mode (nozzle: 1.65 mm, pressure: 10 "H,0O
(vacuum) and 8 kPa (release the bioassays, speed: 1 mm/s)). The
vacuum mode was activated once the nozzle was moved to the initial
location of the bioassays. The paper-based bioassays were lifted,
transferred, and deposited at target positions one by one. The three
bioassays were covered by transparent and flexible PU films to prevent
a reaction with the air. The third dispenser (nozzle: 0.2 mm, pressure:
30 kPa, speed: 1 mm/s) was used for adding the red dye to the
designated location near the inlet of the spiral microfluidic channel.

Validation of the Relationship Between Filling Angle and
Volume in Microfluidics. The relation between filling angle and
volume was established by pumping water through a syringe pump
into 3D-printed health monitors at a constant flow speed of 0.5 mL/
min.

Characterization. The polymeric ink with different weight ratios
of bulking agent (silicone grease #LP20, Trident) to the active agent
(acetoxy-based RTV sealant Loctite SI 595 CL) was printed into
rectangular samples (dimensions (length X width X thickness): 3$
mm X S mm X 1 mm). The tensile tests were performed using a
mechanical analyzer (Mark-10 Tensile Force Testers). The contact
angle of the cured silicone-based polymeric substrate was charac-
terized by using a VCA-OPTIMA system. Images were taken
immediately after dispensing 1 uL droplets of deionized water.
SEM images of microfluidic channels (sputter coated with gold) were
obtained using an FEI SEM Apreo Volumescope with EDAX and
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EBSD detectors at an accelerating voltage of 10 kV. The volume of
microfluidic channels was measured by a syringe pump system (NE-
1000 One Channel Programmable Syringe Pump). The Fe—N—C
SACs characterization was performed using transmission electron
microscopy (FEI Tecnai G2 20 Twin TEM, 200 kV LaB6 electron
source). Fe—N—C SACs were dispersed in ethanol to obtain 3 and
0.3 mg/mL SAC solutions. The morphology of Fe=N—C SACs in
both solutions was observed using TEM. The HAADF-STEM
imaging was conducted on a Hitachi HD2700C STEM operated at
200 kV and equipped with a probe aberration corrector (spatial
resolution <1 A, energy resolution 0.35 eV). The collection angle for
HAADEF is between 64 and 341 mad.

Feasibility Study of Microfluidic Health Monitors on Human
Skin. The feasibility study of microfluidic health monitors on human
skin was conducted on a healthy subject. An IRB review at the
Washington State University determined that this experiment does
not meet the federal definition of human subjects research, and
therefore, an IRB review was not required. The tests were performed
on an Expresso GO Upright exercise bike in the gym at Washington
State University (68.9 °F; 59% humidity). After the skin was cleaned
with alcohol wipes, flexible wearable health monitors were attached to
the two body locations (Arm #1 and Arm #2). Optical images were
captured every 10 min and quantified by Image] software to obtain
the filling angles. After the field test, the color checker was placed next
to the health monitor, and the color change of the bioassay in the
health monitors and color checker were recorded together (Figure
S8). After the color correction and white balance correction of Adobe
Lightroom software (Adobe Inc., San Jose, CA), the R values of the
bioassays were obtained. At the same time, the R values of color
blocks on the color reference were recorded to obtain the calibration
curve that was used to obtain the concentration of biomarkers from
the R values of bioassays. Then, the sweat collected by the health
monitors was used to verify the biomarker concentration in the
laboratory. The concentrations of the biomarkers were determined by
a standard and conventional biomarker concentration determination
method with a microplate reader.”” Five uL portion of sweat and
biomarkers of different concentrations were added to the well of a 96-
well plate, followed by 10 uL of 1 mg/mL Fe—N—C SACs, 30 uL of
oxidase (GOx, LOX, or UOX), and S0 uL of TMB. After incubating
at 37 °C for S min, the plate was read using a microplate reader, and
the absorbances of wells were measured at a wavelength of 370 nm.
The data was used to establish a linear relationship between
biomarker concentrations and standard solution absorbance, enabling
the calculation of biomarker concentrations in sweat. Finally, the
measurement accuracy of the health monitor was conducted by
comparing the concentration of biomarkers on the health monitor
with those measured in the laboratory.

B ASSOCIATED CONTENT
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Additional experimental details, including materials and
methods; finite element analysis of the microfluidic
structure; fabrication of Fe—N—C SACs through
synthesis and pyrolysis at 950°C; characterization of
Fe—N—C SACs; comparison of detection linear range
and limit of detection (LOD) of wearable sensors for
detecting biomarkers in sweat; concentrations of the
biomarker corresponding to the R values (PDF)

3D-printing process for the health monitor (Movie S1)
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Experimental setup for testing of the microfluidic
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