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The advancement of soft, wearable microfluidic devices relies on the microfabrication of polydimethylsiloxane
(PDMS) using soft lithography techniques. However, thin 3D microstructures made of PDMS limit long-term
storage of aqueous samples and reduce the accuracy of onboard sensing modalities within the platform because
of the material's high permeation of water vapor. We studied a composite material of collagen microparticles and
PDMS that greatly reduces water evaporation while maintaining the properties of a soft elastomer required for

skin-interfaced microfluidics. The collagen-PDMS material is biocompatible, affordable, and non-toxic. We re-
duced permeability by 80.2% by building a film containing 30 wt% collagen microparticles. Mechanical prop-
erties, such as elastic modulus and bonding efficacy, can vary as a function of particle concentration in the films.
The skin-interfaced collagen-PDMS microfluidic devices increase sweat retention by 45% through 9 h compared
with pure PDMS. This material can greatly improve the long-term sample storage of epidermal devices.

1. Main text

Recent advances in skin-interfaced sweat sensing systems provide in
situ physiological and biochemical information, such as sweat rate and
chloride concentration in sweat [1-4]. Significantly increased attention
to sweat analysis has accelerated the development of epifluidics, the
skin-interfaced microfluidic devices capable of conformally contacting
with the skin while harvesting the sweat for bioanalysis [5-9]. The
epifluidic devices are realized using thin, 3D microstructures made of
elastomeric materials, typically polydimethylsiloxane (PDMS), that are
capable of direct collection and storage of sweat by using advanced
structural design and system integration [1-4] [10],. However, PDMS
has high vapor permeability that limits the storage time of sweat in thin
epifluidics that are kept at body temperature [11]. A biofluid sample
stored in a thin PDMS microfluidic device begins evaporating during
sample collection, which results in inaccurate measurements of bio-
marker concentration [12]. Thus, it is crucial for the collected samples
to be tested upon close time frame of collection by onboard sensing
modalities. Otherwise, sample analysis becomes increasingly difficult
due to transportation over long distances for laboratory instrumenta-
tions [9]. Studies of composite materials have sought to alter the
properties of PDMS through the use of additives. For example, graphene
[13], silica nanoparticles [14], and silver [15] have been used to create
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PDMS composites with altered conductivity, mechanical strength, and
antimicrobial properties, respectively, while maintaining other prop-
erties of PDMS [12]. Skin is itself a waterproof composite material
comprised of many different proteins, including collagen. We hy-
pothesize that a collagen PDMS composite which mimics human skin
could be less permeable to water vapor. Additionally, collagen has
demonstrated the ability to reduce water vapor permeability of PDMS
with a focus on application in a micro-total analysis system (uTAS)
[16]. Collagen plays a critical role in the interactions between cells and
the extracellular matrix in the human body [17], and it has been used in
drug delivery [18], tissue engineering [17], and wound healing appli-
cations [19]. Collagen is not only biocompatible but exhibits high water
absorption properties that allow it to serve as a barrier to water
transmission through a bulk material [20]. These properties make
collagen a promising material to be investigated for use in PDMS
composites that could be integrated into epidermal microfluidic de-
vices. While pure collagen is available for research applications, it is
also available cheaply as a dietary supplement. In this study, we in-
vestigate the collagen-PDMS composite embedded with low-cost nu-
traceutical fish collagen microparticles. The collagen-PDMS composite
significantly reduces the evaporation of water vapor, thus extending
biofluid storage time. The composite material also maintains favorable
mechanical properties, such as an elastic modulus similar to the
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epidermis and bonding efficacy that allows for the fabrication of mul-
tilayered microfluidic devices while still enabling the use of soft litho-
graphy. Additionally, the skin-interfaced collagen-PDMS microfluidic
devices were fabricated with a 3D printing system to demonstrate low-
cost sweat collection and storage patch-type microfluidic devices that
can retain fluid for a long time.

The PDMS composites materials were prepared and tested for water
vapor permeability using low cost ($0.26/g) and commercially avail-
able fish collagen (Rousselot, WI). Collagen particles were ground with
a mortar and pestle followed by water-bath sonication that resulted in
decreased particle size and improved homogeneous dispersion.
Particles untreated in this matter resulted in films containing an uneven
collagen distribution (Fig. S1). The microparticles of collagen were
dispersed in uncured PDMS which was then prepared in films. This
process created a PDMS dominant interface allowing for further en-
gineering (e.g., soft lithography) (Fig. S1). In addition to collagen, other
known skin biocompatible materials such as silicone rubber thickener
Ure-Fil 9 (Smooth-On; PA), and zeolite (Sigma-Aldrich; MO) were used
as additives for direct comparison against collagen-PDMS composite
(Fig. S3).

Collagen-PDMS films were incorporated in epidermal sweat collec-
tors via soft lithography and improve biosample retention despite
evaporation being driven by body heat from skin interface (Fig. 1A).
Sweat collection devices were fabricated using soft lithography tech-
niques and a stereolithography 3D printing system to allow for an
economically affordable manufacturing process. Devices present a
thickness of 2 mm and a diameter of 3 cm. Although our device is

Water Vapor
A - . PDMS . -

——

Body Hoat
Skin

Collagen/PDMS
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thicker than the devices previously reported (thickness of 700 um), the
fabricated device functions in mechanical adaptability on the skin and
efficient sweat collection [8]. Sweat collectors consisted of multiple
layers containing channels, an indicator dye, and adhesive (Fig. 1B).
The addition of collagen particles to PDMS decreases the optical
transparency of the material resulting in an elastomeric, opaque white
film (Fig. 1C). Particles covered 46 = 5% of film area imaged using an
optical microscope. The treated particles each occupied an average area
of 31.28 + 3.45 ym? (~3 pm radius particles) when embedded within
the film (Fig. 1D). Reduced optical transparency did not affect visua-
lization of the collected sample within the device because of the in-
dicator dye (Fig. 1E-F). Natural pressure from sweat glands introduces
sweat into the epidermal microfluidics, which forces the indicator dye
to travel through microchannels and thus visually presents a collection
of sweat in real-time. With fabricated collagen-PDMS epifluidics, the
sweat rate was observed ~43 pL hr~! em ™2 which is consistent with
previously reported sweat rate values [8]. The water retention of a
collagen-PDMS collection device was compared to that of a plain PDMS
device. Devices were filled with water and left to sit at ambient con-
ditions for 9 h. The collagen-PDMS epifluidics demonstrate ~45% en-
hanced sweat sample retention within the time period compared to the
device made of pure PDMS. The increased amount of collagen in the
collagen/PDMS collectors showed a corresponding decrease in the
sample loss. The 30 wt% collagen-PDMS epifluidics results in 93 + 2%
sample retention after 9 h while 59 = 8% of the sample evaporated
when using pure PDMS epifluidics (Fig. 1G). This demonstrates that the
interaction of collagen and PDMS particles in the composite improves

Indicator Dye Ny

Adhesive Layer

Channel Layer
(Demolded from
3D printed part)

®
s O o
© © o

Sample Loss (%)
N
(=)

0% 10% 15% 20% 30%
wt% Collagen

Fig. 1. Schematic diagram and morphology of collagen/PDMS composite microfluidics (A) The schematic diagram shows a comparison between a PDMS and
collagen/PDMS skin-interfaced biofluid collection device. Water vapor evaporation driven by body heat is reduced when using collagen/PDMS. (B) Exploded view
showing layers of the sweat collection device, including cover layer, indicator dye, channel layer, and adhesive. The top and channel layers are composed of collagen/
PDMS composite. (C) Optical images of PDMS and collagen/PDMS, highlighting the deformable and stretchable properties of PDMS maintained in collagen/PDMS.
(D) Optical image showing the surface of a 10 wt% collagen/PDMS film. Darker sections indicate areas of opaque collagen aggregates. (E) Optical image of
deformable collagen/PDMS sweat collector, showing indicator dye before sweat collection. Thickness of the device is 2 mm. (F) Collection of sweat from the skin
after 40 min of exercise. The travel of orange dye reflects of total amount of sweat collected. (12 pL hr ™). (G) Water loss from sweat collectors after 9 h of wearing on

the forearm, (n = 3, error bars represent standard deviation, *p < .05).
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Fig. 2. Permeability of collagen/PDMS to water vapor and hydrogen ions (A)
Water vapor permeability over time. Permeability fluctuates during initial
hours of testing and values stabilize after 6 h. (B) Mean permeability of each
sample after 6 h of testing exhibiting a decrease in water vapor permeability as
additional collagen is added (n = 4, error bars represent standard deviation,
*p < .05). (C) The optical transmittance of collagen/PDMS films, highlighting
the sharp increase in opacity as collagen is added. (D) Difference in pH mea-
sured after 72 h, using collagen/PDMS interface as a barrier between DI water
and 0.1 M HCL The permeability to hydrogen ions decreases as a function of
collagen concentration in the film. Inset shows the H-cell apparatus used to test
hydrogen ion permeability.
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the fluid retention ability of collagen-PDMS epifluidic device.

Water vapor permeability of the collagen-PDMS composite films
were further characterized as a function of the weight contents of col-
lagen microparticles. Films were created using 0 wt%, 10 wt%, 15 wt%,
20 wt%, and 30 wt% collagen concentrations. Higher concentrations of
collagen microparticles failed to be cast in homogenous films. Water
vapor permeability was determined using Eq. (1), where the mass of
water loss (Am) divided by the hours of testing (t), surface area (A), and
thickness of the film (h) and the unit of WVP presents as mg hr~'em™3.

WVP = m/(tx A X h) (€]

After the start of measurements, water vapor transmission rate
through the film increased gradually until reaching an equilibrium
value, which may have been caused by the saturation of water vapor
within the device (Fig. 2A). However, this phenomenon was less severe
as collagen particle concentration increased in the PDMS structures.
Water vapor permeability decreases as collagen particle concentrations
increase in PDMS films. While the average permeability value for a pure
PDMS film was 8.70 + 2.68 mg hr™! cm™3, a WVP of 30 wt% col-
lagen-PDMS showed 1.72 + 0.84 mg hr~! cm ™2 which represents an
80.2% reduction by the addition of collagen microparticles to the
polymeric matrix (Fig. 2B). This demonstrates that sample loss in the
collagen-PDMS devices was improved by the reduced permeation of
water through collagen/PDMS structure matrix. The reduced permea-
tion of water through the collagen/PDMS matrix may have been caused
by the water sorption by collagen particles within the PDMS matrix.
The cross-sectional surface SEM images of films submerged in water for
24 h shows swelling of collagen particles when compared to collagen/
PDMS film at ambient conditions (Fig. S5). However, collagen/PDMS
would not be exposed to similar conditions during use in epifluidics.
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Fig. 3. Mechanical and physical characteristics of collagen/PDMS films. (A) Representative stress strain curves of different collagen/PDMS samples. Note the increase
in plastic deformation as the wt% of collagen is increased. (B) Elastic modulus for collagen/PDMS samples indicating an increase in stiffness as additional collagen is
added (n = 4, error bars represent standard deviation, *p < .05). (C) Ultimate tensile strength (UTS) for collagen/PDMS samples, showing a decrease in UTS as
collagen wt% increases in the flims (n = 4, error bars represent standard deviation, *p < .05). (D) The peel strength of different wt% collagen/PDMS samples
oxygen plasma bonded to PDMS (n = 3, error bars represent standard deviation, *p < .05). (E) Ratio of peels/breaks when testing collagen/PDMS peel strength
(collagen/PDMS is bound to PDMS except for 10%/10% sample, where collagen/PDMS was bound to collagen/PDMS). (F) Contact angle measurements of different
wt% collagen/PDMS films (n = 3, error bars represent standard deviation). t-test indicates no statistically significant difference between results (p > .49).
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Table 1

Mechanical characteristics of collagen/PDMS films. Results obtained from
standard tensile and contact angle tests of various wt% collagen-PDMS films.
Values indicate changes in the composite's properties as a function of collagen
particle concentrtaion.

wt% Ultimate Modulus [MPa] Failure strain Contact angle [°]
collagen strength [mm/mm]

[MPa]
0% 0.97 = 0.11 1.06 + 0.12 0.87 *= 0.10 110.1 = 1.02
10% 0.52 = 0.05 0.85 = 0.06 0.83 = 0.09 111.2 * 4.06
20% 0.47 += 0.07 1.17 = 0.26 0.81 * 0.10 110.8 + 2.58
30% 0.45 = 0.03 1.80 + 0.33 0.77 = 0.17 111.5 + 3.00

Optical transmittance tests were conducted to quantify the previously
noted increase in film opacity due to microparticle addition (Fig. 2C).
The PDMS microfluidic devices with multiple reservoirs and channels
are susceptible to cross-contamination because of the permeability of
PDMS to small molecules [8]. This is important in the case of drug
delivery devices where small molecule absorption impedes efficient
delivery [21]. To understand the small molecule permeability of col-
lagen-PDMS composites, the proton permeability of the collagen-PDMS
composite films was studied using an electrochemical H-cell apparatus
and assessing passive diffusion of protons across the film (Fig. 2D). The
pH change of a reservoir following the testing period signified the
proton transmission across each film concentration. The pH changed by
1.20 = 0.13 after 72 h with pure PDMS films. However, the collagen-
PDMS films resulted in a reduction of 0.18 =+ 0.02 pH and
0.05 = 0.04 for 10 wt% and > 15 wt% films, respectively (thickness of
films averaged ~570 um). This demonstrates that a collagen particle-
PDMS structure can potentially minimize the cross-contamination of
different fluids (Fig. 2D).

Various mechanical properties of collagen-PDMS films were char-
acterized. As collagen-PDMS composites are intended for use in skin-
interfaced wearable microfluidics, it is important to understand how
the device performs under mechanical distortions with soft and curvi-
linear skin. Representative stress-strain curves for collagen-PDMS
composites were created following tensile testing (Fig. 3A). The failure
strain of the composite was slightly reduced as more collagen was
added to PDMS. Failure strain of PDMS was 0.87 * 0.10 mm/mm. For
collagen-PDMS, failure strains were 0.83 *= 0.09, 0.81 = 0.10, and
0.77 = 0.17 for 10, 20, and 30 wt%, respectively. The 10% collagen-
PDMS films exhibited the lowest elastic modulus at 0.85 + 0.06 MPa
(Fig. 3B). The collagen/PDMS composite films had moduli comparable
to the reported modulus of the epidermis (~1 MPa) [22]. The 30 wt%
collagen-PDMS composite had a modulus of 1.80 + 0.33 MPa which
differed the most from the epidermis modulus as compared to other
concentrations. The addition of collagen microparticles reduces the
mechanical strength of the polymer. The ultimate tensile strength of
pure PDMS films was 0.97 MPa, while 30 wt% collagen/PDMS films
show an ultimate tensile strength of 0.45 MPa representing a 53.6%
reduction. The initial addition of collagen reduces strength more sig-
nificantly than further addition (Fig. 3C). For a composite material, the
interactions at the interface of the additive and the bulk material play a
critical role in determining the mechanical properties. High levels of
adhesion at the interface allows the transfer of stress between the ad-
ditive and the bulk material [23,24]. This may explain why the lower
wt% composites maintain properties close to PDMS, and the 30 wt%
composite has an elevated modulus. SEM analysis reveals gaps between
collagen and PDMS, illustrating the poor adhesion between the mate-
rials (Fig. S2). Nevertheless, collagen-PDMS composites maintained the
elastomeric properties of PDMS (low modulus and high failure strain)
that are suitable for soft bioelectronics applications. Plastic deformation
of the material increased with increasing collagen concentration be-
cause the presence of collagen microparticles increases the rigidity of
PDMS, resulting in a stiffer material [23]. Bonding efficacy of the

Colloid and Interface Science Communications 38 (2020) 100301

collagen-PDMS composite materials was tested using a T-peel test for
soft lithography. One advantage of PDMS is its ability to create multi-
layer microfluidic devices by utilizing oxygen plasma treatment. Results
show that peel strength is inversely proportional to collagen particle
concentration (Fig. 3D). The 10 wt% collagen-PDMS bonding with bare
PDMS had the greatest peel strength of 568 *+ 77 N m™?, while 30 wt
% collagen-PDMS exhibits peel strength of 360 + 103 N m™ . Ad-
ditionally, the bonding of two 10 wt% collagen-PDMS films together
resulted in a strength of 130 * 16 N m™' (Fig. 3E). Hydrophobic
surfaces have been demonstrated to decrease the pressure required for
laminar flow within microfluidic devices [25]. The contact angles of the
composites exhibit a range of 110.1°-111.5° showing a slight increase of
hydrophobicity because of the rough surface but no significant change
across varying collagen concentrations (p > .49) (Fig. 3F). The re-
ported range of the contact angle for PDMS is 95°-114°, which agrees
with the result found in prior studies, but the increased water retention
ability in the collagen-PDMS device may be because of improved water
adsorption at the surface of collagen-PDMS rather than within the bulk
of the material (Table 1) [26-28].

In conclusion, collagen-PDMS composites exhibit lower water vapor
permeability as compared with PDMS films. Proton permeability of
PDMS was also significantly lowered in composites. Additionally, col-
lagen-PDMS displayed moduli consistent with that of human epidermis,
and hydrophobicity of the polymeric matrix is unaffected by the ad-
ditive. The collagen-PDMS epifluidics significantly increase sweat
sample retention over a nine-hour period. The sweat collection rate of
composite epifluidics matched that of previously constructed, skin-in-
terfaced PDMS sweat sensors. The collagen-PDMS epifluidic can be
engineered with analytical modalities such as colorimetric analysis for
detecting sweat rate and volume as well as physiochemical analysis.
Indeed, collagen-PDMS can serve as a useful material for fabricating
epidermal microfluidics for various sweat monitoring applications as
well as long-term storage and transport vehicle. Future studies should
elucidate the mechanism of water vapor permeability reduction. The
study of the interactions at the interface of collagen and water vapor
under various temperature and humidity conditions is underway.
Further research in this area is underway to incorporate various natural
materials and structures to improve sweat sample retention while ad-
vancing the conformability of the epifluidics.

2. Experimental section
2.1. Preparation of collagen-doped PDMS film

Collagen-PDMS composites were made using low cost ($0.26/g),
commercially available, type 1 collagen. Peptan Fish Collagen
(Rousselot; WI) was ground for 5 min using a mortar and pestle and was
added to Sylgard 184 PDMS (Dow Corning; MI). Uncured PDMS was
mixed by hand using a 10:1 ratio of base to curing agent (10:1 base:cure
ratio). Collagen was added in appropriate amounts to create films of
each wt%. The uncured collagen-PDMS solution was poured into 50 mL
centrifuge tubes to be sonicated for 5 min using an ultrasonic cleaner
(MTI Corporation; CA). After sonication, solutions were poured onto
150 mm Petri dishes to create films followed by 1 h degassing under
vacuum and oven curing at 60 °C for 2 h. The size of collagen particles
was measured by an optical microscope and SEM performing image
analysis using ImageJ software.

2.2. Fabrication of sweat collector and sweat retention test

The spiral model for sweat collectors was designed in AutoCAD,
adapting the design from a standard sweat collection system (i.e.,
Macroduct®), and then 3D printed using Formlabs Form 2 stereo-
lithography printer (Formlabs; Massachusetts) using Formlabs Grey
Resin. The skin-interfaced sweat collecting systems were prepared using
soft lithography described in previously published papers [8,29].
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Completed sweat collectors were attached to the surface of the skin
using double-sided medical adhesive (3M 1524). The collagen-PDMS
sweat collection devices were tested for sweat collection and water
retention capabilities of the wearable microfluidics. Skin-interfaced
collagen-PDMS microfluidics were placed on the lower back of the
subject and collected sweat while the subject ran for 40 min on a
treadmill. The sweat volume collected in the device was tracked by
imaging every 10 min and further image analysis of indicator dye in
ImageJ. To evaluate aqueous water retention, the mass changes of the
device were monitored at ambient conditions for 9 h.

2.3. Water vapor and proton permeability testing

Permeability testing was conducted using Payne Permeability Cups
(TQC Sheen; MI) following ASTM D1653 [30]. Each cup was filled with
8 g of DI water. The collagen-PDMS films were clamped between the
retaining ring and the body of the permeability cup so that the film
separates the water from the external environment. Cups were kept in
an acrylic desiccator containing Drierite desiccant (W.A. Hammond
Drierite Co.; OH) to control humidity. Temperature and humidity were
maintained at 23.4 = 0.3 °C and 37.7 * 4.8% relative humidity,
respectively. Water loss from the permeability cups was measured by
weighing each cup hourly for 12 h. Permeability was calculated as the
mass of water loss (Am) divided by the hours of testing (t), surface area
(A), and thickness of the film (h) (Eq. (1)).

An H-cell electrochemical apparatus was used to evaluate proton
permeability with passive diffusion. Proton diffusion across the col-
lagen-PDMS films was measured by testing the pH using a pH meter
(HANNA Instruments; RI).

2.4. Mechanical testing and physical properties

Tensile testing was conducted to evaluate the physical properties of
collagen-PDMS samples. For each wt% composite, two batches were
prepared. Each batch provided two samples for testing resulting in four
samples total per wt%. Aluminum molds yield dog bone-shaped sam-
ples which were subjected to a strain rate of 10 mm min~ ' using an
Instron 3340 Universal Testing Machine (Instron; Massachusetts) for
stress-stain and bond strength measurements. Films were bonded to-
gether using a Plasma Cleaner PDC-32G (Harrick Plasma; New York) set
to 18 W of RF power for 3 min treatment in a vacuum chamber. Oxygen
was added using a flow rate of 393.3 cm® s~ ! and nitrogen was added
using a flow rate of 78.7 cm® s 1. The surface activated collagen-PDMS
films were pressed together and heated for 1 h at 60 °C to strengthen the
bond. T-peel testing was conducted using the Instron machine with a
strain rate of 6 mm min~'. Peel strength was calculated as twice the
average force applied during the peel (F) divided by the width of the
sample (w) (Eq. (3)).

Peel Strength = 2 x F/w 3

Contact angle measurements were collected using a CAM100
Contact Angle Meter (KSV Instruments; CT).
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