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Systems for capture, storage and analysis of eccrine sweat can
provide insights into physiological health status, quantify losses of
water, electrolytes, amino acids and/or other essential species, and
identify exposures to adverse environmental species or illicit drugs.
Recent advances in materials and device designs serve as the basis
for skin-compatible classes of microfluidic platforms and in situ
colorimetric assays for precise assessments of sweat rate, sweat
loss and concentrations of wide-ranging types of biomarkers in
sweat. This paper presents a set of findings that enhances the
performance of these systems through the use of microfluidic
networks, integrated valves and microscale optical cuvettes formed
by three dimensional printing in hard/soft hybrid materials systems,
for accurate spectroscopic and fluorometric assays. Field studies
demonstrate the capability of these microcuvette systems to eval-
uate the concentrations of copper, chloride, and glucose in sweat,
along with the pH of sweat, with laboratory-grade accuracy and
sensitivity.
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3D-printed epidermal sweat microfluidic systems
with integrated microcuvettes for precise
spectroscopic and fluorometric biochemical assays+
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New concepts

Analysis of biochemical content in sweat can provide insights into overall
physiological health conditions, yield information for disease diagnostics,
produce alerts into environmental exposures and define the loss of essential
substances. Recent advances in materials science and device engineering
serve as the basis for skin-compatible classes of microfluidic platforms for
in situ analysis and continuous monitoring via colorimetric assays. The
accuracy of this type of platform can, however, be limited by artifacts of
digital imaging processes that are used for colorimetric quantitation and by
mechanical deformations of the analysis chambers during on-body tests.
This paper reports new materials and 3D printing concepts for microfluidic
networks that incorporate microscale optical cuvettes in hard/soft composite
constructs. These mechanically stable systems enable precise spectroscopic
and fluorometric measurements, without limitations of past approaches.
Specifically, this hard/soft hybrid platform not only provides options for
in situ analysis, but it is also compatible with laboratory-grade analysis via
bench-top spectrometers. This paper systematically explores various
polymeric materials for these devices, with quantitative experimental
investigations and computational modeling of their capabilities in these
wearable microfluidic sensing technologies. Field studies demonstrate
applications in evaluating the concentrations of copper, chloride, glucose
in sweat and the pH of sweat, with laboratory-grade accuracy and sensitivity.
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Introduction

Sweat contains a rich mixture of electrolytes, metabolites, metals
and small molecules. Analysis of these species can reveal physio-
logical health conditions, provide information for disease
diagnostics," yield insights into environmental exposures and
define the loss of essential substances. For example, the
concentration of chloride in sweat commonly serves as a screen
for cystic fibrosis (CF).” The level of pH of sweat can indicate
hydration status.” The amount of glucose in sweat can provide
information into prediabetic conditions.* Copper deficiency,
perhaps detectable in sweat, can suggest disorders of the liver.?
By comparison to blood and interstitial fluid, sweat is attractive
in these and other related contexts due to its potential to be
captured in a natural, non-invasive fashion."

Conventional methods for sweat collection rely on absor-
bent pads taped on the skin, followed by sample transfer,
centrifugation and dilution for analysis using benchtop equip-
ment. Drawbacks of this method include contamination
from oils and other substances on the skin or in the pads, as
well as unavoidable sample loss via evaporation and manual
manipulation.® Recently developed alternative approaches rely
on wearable flexible electronic devices and/or microfluidic
systems integrated with potentiometric,”"" colorimetric**™*® or
fluorometric'”° sensors. Systems for electrochemical detec-
tion and wireless data communication support capabilities for
in situ analysis and continuous monitoring but they require
power sources and they are susceptible to biofouling and other
effects that can reduce robustness and reliability.>! Colori-
metric or fluorometric chemistries, particularly when inte-
grated into soft microfluidic structures, allow for in situ
operation without additional components, where digital cam-
eras and color extraction algorithms provide mechanisms for
wireless readout.>” The accuracy of this type of scheme can
be limited, however, by artifacts of the imaging process and by
slight mechanical deformations of the analysis chambers."*?*"

We send a warm salute to Mate-
rials Horizons in recognition of
its 10th anniversary. Over this
decade, Materials Horizons has
served as an essential journal
highlighting advances at the
forefront of materials science
and engineering. We are regular
readers of papers published in
Materials Horizons and we have
served as referees for several
submitted manuscripts. We are
excited to publish our work on
materials for 3D-printed devices
designed to allow capture, storage and spectroscopic analysis of
eccrine sweat for the 10th anniversary collection. We look forward
to future opportunities to publish our best work in Material
Horizons.

John A. Rogers

This journal is © The Royal Society of Chemistry 2023
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Recent reports introduce hybrid hard/soft structures to mini-
mize the latter effects while maintaining sufficient flexibility
for gentle interfaces to the skin by laser processing’® or 3D
printing.'* Cumbersome fabrication schemes® and remaining
challenges in color extraction'*'* represent two key disadvantages.

Techniques in 3D-printing offer potential alternatives, with
versatile options in 3D structure geometries and fine features,
along with automated operational modes suitable for high
throughput production.”>** Likewise, spectrophotometric
methods for colorimetry and fluorometry, as widely used in
analytical chemistry,>* could form the basis for improvements
over image capture/analysis. A key requirement is in optical
cuvettes that have sufficient, consistent path lengths, fixed
dimensions, high optical quality and low background fluores-
cence intensities.””

This paper introduces a set of ideas, materials and process-
ing approaches that exploit these two opportunities. Specifi-
cally, 3D-printed hard-core/soft-shell microfluidic systems that
integrate microcuvettes offer skin-compatible mechanics with
capabilities for removal and insertion into bench-top spectro-
meters for laboratory-grade evaluations. 3D printing is impor-
tant as a manufacturing method due to its ability for rapid and
low-cost prototyping of microfluidic structures with complex
valve features, interconnecting microfluidic channels, and
microcuvettes in various optical-grade resins. Serpentine layouts
and soft elastomeric encapsulating structures are other essential
design features. These mechanically robust constructs ensure
fixed, well-defined optical pathways with necessary valving
features to ensure controlled filling dynamics. The result
enables precise spectroscopic measurements without motion
artifacts during usage and removal. Examples of sensors for
copper, chloride, and pH of sweat as well as enzymatic glucose
assays support precise colorimetric and fluorometric analysis,
respectively. Field trials in healthy volunteers validate the
performance of the devices in practical examples, with sweat
induced by exercise and exposure to high heat and humidity.

Results and discussion

Constituent materials, design layouts and fabrication
procedures

The biomarker concentration in the sensing reservoir, i.e. the
microcuvette, can be quantified optically through use of the
Beer-Lambert law (eqn (1)):

A = ecl (1)

where A is the absorbance, ¢ is the molar absorption coefficient,
¢ is the molar concentration, and [ is the optical path length. As
shown in eqn (1), uncertainties in [ introduce corresponding
uncertainties in calculation of biomarker concentrations. Thus,
minimizing mechanical deformations of the sensing micro-
cuvette by use of materials with high Young’s modulus is
necessary for accurate analysis.

Fig. 1a illustrates the procedures for fabrication. As described
in detail in the Methods section, a 3D printing process generates a

Mater. Horiz., 2023, 10, 4992-5003 | 4993
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Fig.1 3D-printed, skin-compatible microfluidic system for capture, storage and analysis of sweat using spectrophotometric and fluorophotometric
techniques. (a) Sequence of steps for fabricating systems that combine microfluidic systems with integrated microcuvettes (skeletons) in a high modulus
polymer, subsequently encapsulated in a soft elastomer. (b) Exploded view illustration of a device, as mounted on the upper arm. (c) Schematic illustration
of the process for ultraviolet-visible spectrophotometry and fluorometric measurements for analysis of copper, chloride and glucose in sweat, and for
sweat pH. (d)-(f) Photographs of 3D-printed microcuvettes filled with dyed water (d), fluorescent dye (e), and ultraviolet dye (f). (g) Photograph of a device

mounted on the skin.

skeletal structure (Fig. Sla, ESIf) in an acrylate polymer
selected to ensure mechanical stability and to provide high
optical transparency, as described in the following section. This
structure defines the microfluidic channels, valves and micro-
cuvettes for routing and storing samples of sweat in geometries
that allow for spectrophotometric analysis.>® The microcuvettes
contain assays for either colorimetric (Cu®", Cl~, pH) or fluoro-
metric (glucose) detection of sweat biomarkers. A double-sided
adhesive (90 880, Adhesive Research, Inc., PA, USA) seals the
top surface of this printed structure to complete the micro-
fluidic construct (Fig. Sib, ESIf). A silicone elastomer (poly-
(dimethylsiloxane), PDMS) serves as a soft encapsulating mate-
rial that defines a composite device, in layouts with effective
mechanical properties that facilitate mounting on the soft, curved
surfaces of the skin. A thin, medical grade adhesive (PC2723U;
ScapaHealthcare, CT, USA) provides strong adhesion to the skin,
with minimal dead volume near the inlet region.”” A laser profiling

4994 | Mater. Horiz., 2023, 10, 4992-5003

process opens inlets and outlets for collection of sweat and release
of air, to complete the fabrication. An exploded view schematic
illustration appears in Fig. 1b. After a period of sweat collection, the
device can be removed from the skin and directly inserted into a
UV-visible spectrometer or fluorescent imager for precise optical
analysis (Fig. 1c). Photographs of devices filled using water with
fluorescent and ultraviolet dyes are in Fig. 1d-f and Fig. S2 (ESIt).
The microcuvettes can be designed with thicknesses that optimize
the optical path length for spectroscopic evaluation tailored to
specific assays. Photographs of devices with thick (depth: 1 mm)
and thin (depth: 200 pm) microcuvettes mounted on the arm are in
Fig. 1g and Fig. S3 (ESIt).

Characterization of 3D-printed sweat microcuvettes made of
various resins

The structures can be formed in the full range of materials that
are compatible with 3D printing (Fig. 2a). The work here

This journal is © The Royal Society of Chemistry 2023
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focuses on four types of resins selected for their suitability in
spectroscopic evaluations throughout the visible range: metha-
crylate-methacrylate (MA-MA), acrylate-isobornyl acrylate
(Acrylate-IBA), methacrylate-urethane methacrylate (MA-UDMA),
and a biocompatible form of MA-UDMA (b-MA-UDMA). Mechan-
ical and chemical data for resins used in this paper are summar-
ized in Table S1 (ESIf). Transmission spectra of 3D-printed
microcuvettes show high transparency for wavelengths between
420 nm and 700 nm for all four cases. Specifically, the transmit-
tance values (including reflection losses) averaged across a wave-
length range of 500-700 nm for layers of resins with thicknesses
of 1 mm, relevant to the application investigated here, are: b-MA-
UDMA 92%; MA-UDMA 85%; Acrylate-IBA 83%;j; and MA-MA 80%.
As reference, the value for PDMS is 95.53%, Fig. 2b).

Other considerations are in the mechanical and water
barrier properties, to ensure dimensional stability and minimal
evaporative losses, respectively. MA-MA (Young’s modulus:

View Article Online
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2.2 GPa) and b-MA-UDMA (Young’s modulus: 2.9 GPa) are
relatively stiff materials that offer high impact resistance and
mechanical stability during use on the skin, well-matched to
requirements in demanding applications such as those encoun-
tered in the military or in contact sports. A disadvantage is in the
reduced compliance, with negative implications for user comfort.
Acrylate-IBA (Young’s modulus: 3.23 MPa) and MA-UDMA
(Young’s modulus: 8.9 MPa), which have comparatively lower
modulus, avoid this drawback (Fig. 2c and Fig. S4, ESIt).

These differences in mechanical properties can be under-
stood based on free-volume theory and the chemical composi-
tions of the resins (ESIT Note 1). As shown in Table S1 (ESIf),
rubbery resins with low moduli (MA-UDMA, Acrylate-IBA)
consist mainly of acrylate monomer. Substitution of acrylate
monomer with urethane methacrylate/methacrylate monomer
increases the modulus (MA-MA, b-MA-UDMA) due to the
presence of larger side groups. These methyl groups cause steric
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Fig. 2 Characteristics of microcuvettes, microchannels and valves formed by 3D printing. (a) Photograph of an isolated optical microcuvette (left)
compared with a conventional cuvette (right). (b) The transmittance of microcuvettes formed from different resins. (c) Photographs of microcuvettes
made of MA-MA and Acrylate-IBA during bending, to illustrate their different mechanical properties. (d) Cross-sectional optical micrograph of a
microcuvette. (e) The water transmission rate of microcuvettes formed with different resins. (f) Photographs of microcuvettes filled with dyed water after
12 h in an ambient laboratory environment. The bubbles arise due to evaporation of water. (g) Optical micrographs of capillary bursting valves integrated
with microchannels that connect to microcuvettes of MA—MA. The color contours reflect the shapes of the microchannels, which differ slightly from the
targeted shapes due to the resolution limits of the 3D printing process. Scale bar: 0.2 mm. (h) Experimental results and calculated bursting pressures for
capillary bursting valves. (i) Sequence of images that shows the sequential filling of microcuvettes.
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hindrance for rotary isomerization around bonds in the main
chain, thereby reducing the kinetic mobility and free volume, and
subsequently increasing the modulus.*®

The free volume not only facilitates local segmental mobility
of the polymer chain, but it also allows the diffusion of small
molecules including water, ions, and gases into the polymer
film. As a result, the water-vapor transmission rate (WVTR)
depends on the free volume fraction of polymer (ESIt Note 1).
As might be expected due to free volume considerations,
MA-MA and b-MA-UDMA have lower water permeabilities than
Acrylate-IBA and MA-UDMA, thereby reducing their ability to
retain sweat without losses.”® The rates for such losses can be
evaluated using completed devices, as illustrated in the cross-
sectional image of the layered configuration of Fig. 2d. The
ability to retain sweat depends primarily on the resin materials,
as the sealing adhesive serves as a highly impermeable barrier
to water penetration (Fig. S5, ESIT). Experiments to quantify the
efficiency in sweat retention involve aqueous solutions of
triarylmethane blue dye loaded within the microfluidic struc-
ture. Epoxy applied to the inlets and outlets eliminates losses
through these regions. Comparisons include structures made
of the four materials described above, along with an otherwise
similar structure formed using PDMS as a reference. Images
captured over 26 h at room temperature (Fig. S6, ESIT) quantify
the loss of water as a function of time, as shown in Fig. 2e. The
results at 12 h (Fig. 2f) reveal vast improvements in retention
for devices formed with all of the resins, compared to those
with PDMS. At 26 h, the water loss for the MA-MA, MA-UDMA,
b-MA-UDMA, Acrylate-IBA and PDMS cases are 6%, 9%, 12%,
13% and 67%, respectively.

Capillary bursting valves (CBVs) route sweat into micro-
cuvettes in a sequential manner, with negligible mixing of early
and late sweat (Fig. 2g), as a passive form of chronometric
sampling.*® The bursting pressures depend on the surface
tension, the width of the microchannel, and the height and
diverging angle of the features that define the valve.*® Mea-
sured data and calculated bursting pressures for three different
types of CBVs appear in Fig. 2h. The contact angles used in the
calculations follow from determinations using a goniometer
(VCA Optima XE, ASI Products, Inc), as in Fig. S7 (ESIT).
As sweat passes through the inlet, the filling front diverts into
two paths. One passes into CBV #2, and another into CBV #3.
Because the bursting pressure of CBV #2 is smaller than that of
CBV #3, the front passes through CBV #2 first and fills the
corresponding microcuvette. Afterward, the front meets CBV
#1, which has a higher bursting pressure than CBV #2. As a
result, the front at CBV #3 halts while the front at CBV #2 moves
forward. This combination of three CBVs allows for a desired
sequential filling process with simple 3D printing steps, as
demonstrated in Fig. 2i. The critical features in the CBVs must
be defined precisely for repeatable, high-performance opera-
tion. The resolution of these features depends on the para-
meters of the printer and the photochemical properties of the
resins.>’”? For microchannels with depths of 1 mm defined
with the printer used here, the minimum widths of microchan-
nels in structures formed with MA-UDMA, b-MA-UDMA and
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Acrylate-IBA are 500 pm, while those in MA-MA can be as
narrow as 200 pm with enhanced precision in the diverging
angles (Fig. S8, ESIt). For comparatively shallow microchannels
(depths of 200 pm), the minimum widths with MA-MA, MA-
UDMA and b-MA-UDMA are 200 um, and that for Acrylate-IBA is
500 pum (Fig. S8g-j, ESIT).

Incorporating these CBVs and microchannels allows collec-
tion of sweat into the microcuvettes under physiological con-
ditions (Fig. S9, ESIt). Fig. S9 (ESIt) shows a fluid dynamic
simulation (CFD) that captures the moving interface between
air/sweat to show the sweat collection efficiency under natural
sweating conditions. As shown in Fig. S9 (ESIt), the micro-
fluidic structures collect sweat into the entire volumes of the
microcuvettes with given boundary conditions without any
leakage to the air vent channel or formation of air bubbles
(ESIT Note 2). An alternative route to these types of structures
relies on 3D printing to form corresponding molds (Fig. S10,
ESI{). Fig. S10a (ESIt) shows a mold printed in Acrylate-IBA
with a minimum microchannel width of 200 pum. The soft and
elastic properties of the Acrylate-IBA facilitates demolding from
a UV curable optical adhesive (NOA63, Norland Products Inc.,
NJ, USA), selected as the skeletal material for its high trans-
parency (Average of 500-700 nm: 90.6%), low fluorescence
background intensity (Fig. S11, ESIf), and high modulus
(Young’s modulus: 1.1 GPa). An ultraviolet laser system (Proto-
Laser U4, LPKF, Germany) removes excess materials and defines
the overall profile the molded structure. As with the 3D printed
examples, these molded parts can be loaded with chemical assays,
capped with adhesives and encapsulated in PDMS to yield com-
plete devices.

Another advantage of 3D-printed microcuvettes or NOA
compared to PDMS, is their low permeability to diffusion of
small molecules. As described in other studies, uncontrolled
absorption of small molecule species of interest into PDMS can
limit use of this material in platforms for biomarker sensing or
drug screening.*®* As shown in Fig. S12a and b (ESIt), PDMS
substrates not only strongly absorb small hydrophobic mole-
cules such as rhodamine B, but also water-soluble bromothy-
mol blue dye used for pH assays. 3D-printed resins or NOA
based microfluidics are, in this sense, attractive alternatives.
Incubation of rhodamine B solution in 3D-printed and NOA
microcuvettes allows for measurements of the absorption rate
by fluorescence imaging (Fig. S12c and S13, ESIt). The results
show the molecular absorption rates for MA-MA and NOA
much smaller than that of PDMS, such that these effects can
be neglected for the timescales for sweat collection and analysis.
Table S2 (ESIt) summarizes the optical, chemical, and mechanical
properties of resins explored here and their effect on sweat
detection accuracy.

Mechanical considerations

For precise spectrophotometric analysis, the optical path length
must be well defined and stable against mechanical deforma-
tions that may occur during use and manual handling. At the
same time, the overall device must offer soft, stretchable
properties to enable robust, non-irritating and water-tight

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00876b

Published on 21 Mhawuri 2023. Downloaded on 2025-11-08 03:57:01.

Communication

interfaces to the surface of the skin. The skeletal architecture
described here, and in simpler versions reported previously,**
combines a microfluidic channel and microcuvette structure
of relatively hard materials with a surrounding soft matrix,
designed in layouts that ensure a low effective modulus for this
hard/soft composite system. Serpentine geometries lower the
effective modulus of the hard skeleton structures and increase
their effective stretchability. Fig. 3a-f presents photographs of a
skeletal structure made of MA-MA in states of deformation,
highlighting the distributions of strain obtained by finite
element analysis (FEA). As shown in Fig. 3d, uniaxially stretch-
ing the hard/soft composite system by 15% leads to maximum
strains in the MA-MA microcuvettes that remain under 1.5%.
The elongation of the MA-MA material is 6% (Table S1, ESIt).
The serpentine geometry ensures a stable interface under
mechanical deformation with strains in the hard skeleton that
are below its elongation limit.

Fig. S14a (ESIt) shows the details and key dimensions,
including widths of the channel walls and the thickness of
the encapsulation used in the FEA analysis. The results corre-
spond to a device that includes a disk-shaped encapsulation
structure that has a diameter of 33 mm and a thickness of

View Article Online
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400 pm, stretched by 30%, bent to a radius of 30 mm, and
twisted by 90° across the opposite edges. For 30% stretching of
the skin, the skeleton structure experiences an effective stretch
of ~15%. Strong adhesion to the bottom adhesive prevents
leakage under these and related conditions (Fig. S15, ESIT).
Photographs of a device with 200 pum microcuvette thicknesses
under various deformations are in Fig. S14b-d (ESIf). The
strains appear mostly in the soft encapsulation material.
Increasing the Young’s modulus of the skeleton material
decreases the change in optical path length during mechanical
manipulation (Fig. 3g and Fig. S14e, ESIY). Specifically, under
stretching to strains of 30%, the volume change in the fluid
microcuvettes decreases from approximately 7% in a device
made only of PDMS compared to less than 0.5% for a corres-
ponding device that uses a skeletal structure of MA-MA.
Skeletal structures formed with the other materials show even
further reduced changes.

The mechanical responses at the skin interface must be
considered as well, as these attributes determine user comfort.
The contours of the interfacial stresses on the skin evaluated by
FEA appear in Fig. 3i and Fig. S14g (ESIf). The maximum
interfacial stresses on the skin occur at the edges, where they
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Fig. 3 Mechanical simulation of the 3D-printed MA—-MA sweat microcuvette system via FEA analysis. (a)—(f) Photographs (a)—(c) and FEA results (d)—(f)
for a thick device (1 mm) made of MA—-MA under stretching (30%), bending (radius: 30 mm) and twisting (90°). (g) Change in volume of a microfluidic
structure formed using materials with various young's modulus as a function of uniaxial stretching. (h) Volume changes due to different deformations.
(i) FEA results of interfacial stresses on the skin underneath a thick and thin device for the case of 25% uniaxial stretching of the skin. (j) Maximum
interfacial stresses on the skin as a function to uniaxial stretching for the thin (depth: 200 pm) and thick (depth: 1 mm) layout. (k) Maximum interfacial
stresses on the skin as a function to the modulus of the microfluidic structure in the thin (microcuvette depth: 200 um) and thick (microcuvette depth:
1 mm) layout.
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reach the threshold for skin sensation (20 kPa) at a stretch of
8%. Thin devices enhance the ability to mount on body loca-
tions that involve strong curvature and/or large natural defor-
mations because in such cases, the threshold is exceeded only
for a stretch larger than 24%. The interfacial stresses averaged
over the bottom surface of the thick and thin devices for
stretching of the skin by 30% are 19 and 14 kPa, respectively
(Fig. 3j). Decreasing the Young’s modulus of the skeleton lead
to corresponding decreases in the maximum interfacial stres-
ses, as shown in Fig. 3k. Also of note is that the maximum
interfacial stresses within the device occur at the interfaces
between the skeletal structures and the surrounding encapsu-
lation. The magnitude of the stresses for thin devices are
approximately 2.25 times lower than those for thick devices.

Quantitative analysis of copper, chloride, pH, and glucose in
sweat

Quantitative colorimetric measurements involve passage of
light through the microcuvette regions after filling with sweat
and chemical reaction with colorimetric assays placed at these
locations. The spectral absorbance of the products of these
reactions correlates quantitatively to the concentration of the
analyte. Fluorometric analysis relies on an optical measure-
ment of fluorescence intensities excited by products of
reactions with fluorometric assays. In both cases, use of the
microcuvettes avoids the need to remove sweat from the device
structure prior to analysis.

Traditional colorimetric analysis gives simple, intuitive
results for concentrations of biomarkers, but often suffers from
uncertainties that arise from variabilities in the external light-
ing conditions, such as light intensity or color temperature.
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The microcuvette system introduced here is attractive in part
because it eliminates the effects of such variabilities. Compared
to previously reported strategies based on color intensity extrac-
tion from digital images, this spectrophotometric approach
improves the linearity, lowers the detection limit, and increases
the resolution (Table S3-S5, ESIY).

These features are especially beneficial in detecting analytes
that have low concentrations in sweat. Copper, as an example,
is of interest due to its relationship to Alzheimer’s disease and
other forms of neurodegeneration.’® A normal physiological
concentration of copper in human sweat is 1.4 + 0.5 ppm.*®
A colorimetric assay for copper relies on the reaction of
cuprizone and copper ions in a basic environment (pH ~ 8.5).
The copper cuprizone complex that results from this reaction
presents a blue color with an absorbance peak at ~600 nm.
Fig. 4a and b show the spectra and peak absorbance values
measured across concentrations from 0.25 to 3 ppm. The data
indicate that the peak absorbance correlates linearly with
copper concentration with a Pearson’s r of 0.998. The lower
detection limit and the resolution are both ~0.25 ppm. Corres-
ponding limits based on color analysis of digital images are in
the range of ~2.5 ppm under typical conditions (Fig. S16a,
ESIt). Experiments show that the absorption properties are
unchanged over a range of reaction temperatures relevant to
the envisioned application (20-40 °C), with reaction timescales
between 5 to 10 minutes (Fig. S16b-d, ESIt). Studies of the
dependence of the reaction on pH (from 4 to 9) indicate that the
color change is the most pronounced at pH 8.5 (Fig. S16e, ESIT).
A HEPES(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer added to the assay ensures that the reactions occur at
a pH of 8.5. Since the Cu assay depends on pH, a HEPES buffer

c d
0000
0 625 125 25 12000

50 75 100 4000

(M) 0 40 80 120 160
Glucose Conc (uM)

8000

FI (AU.)

g
- —46—54
b= 0.8 4.6 57| ~ 038
<06 182 206
: =
c —0
£04 =503 g 04
™ 6.9
20.2 ¢ A\ _;; § 02

0.0 = "[3o0

400 500 600 700 800 5 6 7
Wavelength (nm) pH

Fig. 4 Quantitative analysis of copper, glucose, chloride, and pH by spectrophotometry and fluorometric. (a) and (b) Quantitative spectrophotometric
colorimetric copper assay. Spectra (a) and peak absorbance values (600 nm) (b) determined using assays in microcuvettes (depth: 1 mm) filled with
aqueous solutions with different concentrations of copper. (c) and (d) Quantitative fluorophotometric analysis of glucose in aqueous solutions.
Fluorescent images (c) and associated fluorescent intensity (d) determined using assays in microcuvettes (depth: 1 mm) filled with aqueous solutions with
different concentrations of glucose (excitation: 558 nm, emission: 583 nm). (e) and (f) Quantitative spectrophotometric of the concentration of chloride
in aqueous solutions. Spectra (e) and peak absorbance values (510 nm) (f) determined using assays in microcuvettes (depth: 1 mm) filled with solutions
with different concentrations of chloride. (g) and (h) Quantitative spectrophotometric analysis of pH in aqueous solutions. Spectra (g) and peak
absorbance values (550 nm) (h) determined using assays in microcuvettes (depth: 1 mm) filled with different ph buffer solutions.
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(buffer capacity, f ~0.054) maintains the microcuvette pH to a
value of 8.5. Measurements indicate that introduction of arti-
ficial sweat with a pH of 4.5 in a microcuvette that contains
HEPES, leads to a pH of 8.5 (Fig. S16f, ESIt).

Another example is in measurements of sweat glucose,
known to correlate loosely with blood glucose, with some
potential for screening for hyper or hypoglycemic conditions.*
The assay used here exploits glucose oxidase to oxidize glucose
into gluconic acid and hydrogen peroxide. The hydrogen
peroxide then reacts with a fluorometric probe catalyzed by
horseradish peroxidase (HRP), to produce a resorufin fluoro-
phore (excitation: 530-570 nm, emission: 590-600 nm). Across
the physiological range of glucose in sweat (6.25-160 uM), the
fluorescence intensity (FI) of this assay correlates linearly with
concentration with a Pearson’s r of 0.99811 (Fig. 4c and d).
With a visible color change, this assay can also be used
simultaneously for colorimetric glucose sensing. Simple color
intensity analysis of digital images of this assay fail, however, to
determine glucose concentrations lower than 10 uM (Fig. S17a
and b). Compared to previously reported results'® (Table S3,
ESIt), the approach reported here improves the detection
resolution by nearly two and a half times. Additional experi-
ments show that temperature (20-40 °C) affects the overall
reaction timescales (80-100 min), but with consistent final
values (Fig. S17c). Variations in pH (pH 5-7), however, affect
the stabilization of the fluorometric probe and glucose oxidase,
leading to pH dependent fluorescence intensities (Fig. S17d,
ESIt). Glucose assay buffers (f ~0.065) pre-loaded in the
microcuvette ensure that the pH remains at 7.5, independent
of the pH of the sweat (Fig. S17e, ESIt).

Another important biomarker is sweat chloride, used as a
standard for diagnosing cystic fibrosis (CF)* in clinical practice.
The chloride assay presented here uses silver chloranilate
immobilized in polyhydroxyethyl methacrylate (pHEMA). Silver
chloranilate reacts with chloride ions to generate a purple-
colored conjugate with peak absorbance at ~510 nm."? Fig. 4e
and f shows absorbance spectra at different chloride concen-
trations. The peak absorbance at 510 nm correlates linearly
with chloride concentration with a Pearson’s r of 0.996. Detec-
tion of the chloride concentration reaches a limit of 1 mM and
a resolution of 1 mM, roughly a 5-10 times improvement over
previous studies based on digital image analysis'® (Table S5, ESI).

Sweat pH can serve as an indicator of overall hydration
status, and this value can also enhance the accuracy of inter-
preting the responses of assays that depend on pH. The pH
indicator presented here involves a mixture of bromocresol
purple, bromocresol green and bromothymol blue. These weak
acids react with water to form a conjugate base that provides
the colorimetric response indicator. Results shows that sweat
microcuvette with a mixture of these acids demonstrates
pH detection limit of 4.6 and resolution of 0.2 which are
comparable to the previous works of 0.5 (Table S4, ESIY)
within physiological range of sweat pH from 4.5 to 7.5
(Fig. 4g and h). Additional experiments define the dependence
of the assay on temperature and its kinetics. Results from the
pH assay across a broad range of temperatures, from 20-40 °C
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indicates a minimal effect of temperature, in terms of both
final color and kinetics. The reaction timescale is ~3 min,
largely independent of temperature over this range (Fig. S18,
ESIY).

The colorimetric analysis gives simple, intuitive results of
biomarkers, however, it often suffers from uncertainties from
the external lighting conditions such as light intensity or color
temperature. Under controlled lighting conditions with
color references, uncertainties for the colorimetric assays are
~2 mM for chloride, ~7 mM for glucose, and 0.1 for pH.
As shown in Table S3-S5 (ESIt), use of the microcuvette enables
the lowest detection limit with best linearity compared to
previously reported colorimetric approaches.

Human trials

Demonstration studies focus on determining the concentra-
tions of copper, chloride and glucose in sweat and the pH of
sweat, in collection scenarios that include resting in a sauna
and exercising on a stationary bike, both for 30 minutes, across
three healthy adult subjects (Subject 1: female, 26 years old.
Subject 2: female, 39 years old. Subject 3: male, 48 years old.).
As illustrated in Fig. 5a, the devices mount on the back after
cleaning the skin with alcohol pads. Removing the devices after
sweating and then analyzing the sweat through spectrophoto-
metry yields information on the concentrations of the targeted
analytes. Comparisons rely on sweat collected manually at an
adjacent location, for analysis by inductively coupled plasma
mass spectrometry (ICP-MS), fluorescent spectrophotometry,
and pH metrology. As shown in Fig. 5b-e, the copper, chloride
and glucose concentrations and the pH values obtained using
the devices show good correlation with these standard mea-
surements (n = 5 for Cl, n = 6 for Cu and pH, n = 7 for glucose).
The concentrations for sauna and exercise induced sweat
appear in Fig. S19 (ESIf). The results suggest that copper,
glucose and pH are the same for these two scenarios, while
the chloride concentration is slightly higher for exercise
compared to sauna induced sweat.

Conclusions

This study introduces a class of sweat microfluidic device that
exploits 3D-printed microfluidic constructs with integrated
microcuvettes, embedded in a soft elastomeric matrix. Hard,
non-deformable 3D-printed microcuvettes enable accurate
optical sensing capabilities, where the soft silicone encapsula-
tion layer provides skin-interfaced, water-tight mechanics. This
hybrid system provides stable operation with skin-compatible
mechanics, designed to enable removal and insertion into
spectrophotometry instruments for colorimetric and fluoro-
metric assays. 3D-printing offers an attractive means for fabri-
cation, with materials and with feature sizes that support the
demanding requirements associated with this application.
Studies of 3D-printed microcuvettes with different resins reveal
their capabilities for accurate optical sensing; among the four
different resins tested here, the MA-MA polymer shows the best
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Fig. 5 Human trials. (a) Schematic illustration of the approach to collect sweat into skin-mounted microfluidic devices during sauna or exercise and to
perform spectroscopic analysis. (b)—(e) Comparison between biomarkers (copper, chloride, pH, glucose) concentrations measured using integrated
micro cuvette and using conventional laboratory-based analysis of sweat collected using a pipette (n = 5 for Cl, n = 6 for Cu and pH, n = 7 for glucose).
Data points with the same color are from the same trial. *p < 0.5, two-tailed test.

combination of mechanical, material, and optical properties
for colorimetric/fluorometric sensing. Examples of colorimetric
and fluorometric chemical and enzymatic assays include
those for evaluating copper, chloride, pH and glucose in sweat.
Human trials with healthy subjects validate the capabilities of
the technology against standard collection schemes and labora-
tory methods. Studies of the concentration of analytes in sweat
induced by physical exercise and exposure to a sauna provide
insights into the practical operation of these systems.

Experimental details
Device fabrication

The skeletons were designed in AutoCAD and converted into
STL files. After importing the STL files in the PreForm software
(Formlabs), mechanical support structures were manually added
to the outside of the microcuvettes to avoid any residue that might
affect their optical properties. The software sliced and coded the
file into g-code before uploading it into the printer. The minimum
sliced layer thickness varied with the type of resin (MA-MA:
0.025 mm, MA-UDMA & b-MA-UDMA: 0.05 mm, Acrylate-IBA:
0.1 mm). Smaller layer thicknesses yielded higher resolution
along the z axis. Molds for skeletal structures consisted
of Acrylate-IBA resin to facilitate demold. A Form3B printer
(Formlabs) defined both the skeletal structures and the molds
via exposure using a UV laser. After 3D printing, all printed
parts were sonicated in isopropyl alcohol for 6 min, dried in a
hood for 1 h, and post-cured in Formlabs UV cure for 15 min at
room temperature.

Coatings of parylene-C (thickness: 2 pm, Specialty Coating
Systems) formed on skeletal structures of Acrylate-IBA and
MA-UDMA facilitated curing of to define the encapsulating
matrix.’” An alternative involved heating at 80 °C for 8 h, after
curing®® for between one to three times. No surface treatments
were required for MA-MA and b-MA-UDMA resins.

5000 | Mater. Horiz., 2023,10, 4992-5003

The molding process used a UV curable optical adhesive
(NOA63, Norland Products Inc., NJ, USA) cast on the 3D-printed
mold. After curing in a UV flood exposure system (Inpro Tech-
nologies F300S, INPRO Technologies, Inc., MD, USA) for 2 min,
the part was demolded and profiled by an ultraviolet laser system
(ProtoLaser U4, LPKF, Germany) to remove the access materials.

Assays were immobilized on the surfaces of the micro-
cuvettes. Bonding of double-sided adhesives (90 880, Adhesive
Research, Inc., PA, USA) cut into appropriate shapes using a
CO, laser sealed the top sides of the microfluidic structures.
Encapsulation in PDMS (elastomer/curing agent ratio, 15:1;
Sylgard 184, Dow Corning) completed the fabrication.

Copper, pH, and chloride sensors were stored at room tem-
perature prior to use. These assays were stable at room tem-
perature for at least up to 3 months. The glucose assay was
stored in the freezer since the fluorometric probe is light-
sensitive. After loading all sensing assays, the devices were
stored in an amber vacuum desiccator to minimize exposure to
light and humidity prior to use. The devices were used within a
week after preparation.

Colorimetric and fluorometric assay preparation

(1) Copper. A commercially available cuprizone reagent
(Low Range Copper Test Kit, Lamotte, MD, USA) mixed with
1 M HEPES buffer at a 1 to 1 ratio by volume yielded the copper
assay solution. Addition of a HEPES buffer solution ensured a
pH value of 8.5. Drying a 3.6 pL volume of this assay solution
into a microcuvette in a desiccator completed the assay
immobilization.

(2) Chloride. Adding 50 mg of silver chloranilate (MP
Biomedicals, CA, USA) into 200 pL of 2% pHEMA methanol
solution yielded the chloride assay solution. Casting 5 pL of this
solution into a microcuvette and drying in a desiccator for
5 min completed the assay immobilization. Repeating the last
step through four cycles achieved a total volume of 20 pL.
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(3) pH. Adding 10 mg bromocresol purple (Sigma-Aldrich,
MO, USA) and 10 mg bromocresol green (Sigma-Aldrich, MO,
USA) into 100 mL 0.04% wt. bromothymol blue (Sigma-Aldrich,
MO, USA) solution defined the pH assay solution. Drying a
0.73 pL volume of this assay into a microcuvette in a desiccator
for 1 h completed the assay immobilization.

(4) Glucose. Adding 10 mg poly(vinyl alcohol) (PVA) into
990 pL deionized (DI) water yielded a 1% wt. PVA solution.
Diluting with DI water formed a 0. 1% wt. PVA solution. Drying
a 7.3 uL volume of this solution into the microcuvettes involved
use of a hotplate at 60 °C for 15 min. This PVA assisted
immobilization improves the stability of the enzyme and the
consistency of the response.***° The glucose assay kit was
purchased from Cell Biolab, Inc. A 1 puL volume of glucose
10X assay buffer dried in the microcuvette minimized the pH
dependence of the reactions, as described in the main text.
Mixing 50 pL of glucose oxidase and 5 pL of HRP stock solution
yielded the glucose assay solution. A 0.2 pL volume of the
glucose assay solution was dried into the microcuvette under
vacuum for 90 min. Drying 0.2 pL of the fluorometric probe in
the microcuvette in a vacuum desiccator for 60 min completed
the assay immobilization.

pH buffer solution preparation

Adding 14.2 g Na,HPO, powder into 500 mL DI water and shaking
thoroughly prepared the 0.2 M Na,HPO, solution. Adding 4.803 g
citrate powder into 250 mL DI water and shaking thoroughly
prepared the 0.1 M citrate solution. Adding 2.33 mL, 2.48 mL,
2.57 mL, 2.67 mL, 2.9 mL, 3.03 mL, 3.21 mL, 3.31 mL, 3.64 mL,
4.09 mL and 4.36 mL 0.2 M Na,HPO, into each vial separately and
adding 2.67 mL, 2.52 mL, 2.43 mL, 2.33 mL, 2.1 mL, 1.97 mL,
1.79 mL, 1.69 mL, 1.36 mL, 0.91 mL and 0.65 mL into the previous
vials yield a total of 5 mL solution for each vial. Mixing thoroughly
completed the preparation of the buffer solutions. Measurements
of pH were performed using a PH60S Spear pH Tester (Apera
Instruments, OH, USA).

Buffer capacity tests

The buffer capacity was calculated using f = An/ApH, where
An is the amount of acid added to the buffer, and ApH is the pH
change in the buffer after adding acid solution. To evaluate the
buffer capacity, 0.1 M citric acid was added to the 250 pL buffer
solution, and the change in pH was measured with a digital pH
meter. To investigate the pH in the microcuvette, a 100 pL
volume of pH buffer was mixed with 100 pL of artificial sweat
(Pickering Laboratories, CA, USA) at a pH 4.5. Changes in pH
were then measured with a pH meter.

Spectroscopic measurements, fluorescent imaging, and
colorimetric analysis

The absorbance of the samples was determined by ultraviolet-
visible-near infrared spectroscopy (PerkinElmer LAMBDA 1050,
MA, USA). The fluorescence intensities were measured using a
fluorescent imager (Sapphire Biomolecular Imager, Azure Bio-
systems, CA, USA). For colorimetric analysis, the samples were
placed inside of a lightbox, and images were captured with a
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digital SLR camera (Canon EOS 6D; Canon, Tokyo, Japan).
Red, green, blue color intensities were evaluated with Image]
software. The region of interest (ROI) was selected at the center
of each microcuvette to avoid any effects of shadowing.
An X-rite color checker (X-rite, MI, USA) served as the reference
for color intensities.

Human trials

Testing involved healthy adults as volunteers during normal
physical activity. The on-body sweat test protocol was approved by
the Institutional Review Board (IRB) of Northwestern University
(STU00214004). All subjects provided their consent prior to parti-
cipation. Before sweat collection, the devices were applied to the
alcohol-cleaned surface of the skin and pressed tightly to ensure
strong adhesion. Each volunteer engaged in 30 min of exposure to
the sauna environment and 30 min of cycling. After sauna or
exercise, the devices were removed from the skin and analyzed by
with either a visible spectrometer or a fluorescent imager. The
sweat for laboratory analysis was collected with a pipette from
regions of the skin adjacent to the devices. Each sweat sample was
centrifuged and filtered before analysis.

Lab analysis. Sweat volumes of 10-50 pL were collected from
each subject. Chloride and copper concentrations were ana-
lyzed by ICP-MS (Thermo iCap7600, Thermo Fisher Scientific,
MA, USA). Analysis of pH relied on a PH60S Spear pH Tester
(Apera Instruments, OH, USA). Glucose concentrations were
measured with a fluorospectrometer (NanoDrop 3300, Thermo
Fisher Scientific, MA, USA).

Statistical analysis. All average values and error bars, repre-
senting the standard deviations (SDs) in the figures, were
calculated using Excel (Microsoft). Pearson correlation analysis
with two-tailed p values was conducted using the OriginLab
software (OriginLab Corporation, MA, USA).
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