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A wearable paper-integrated microfluidic device
for sequential analysis of sweat based on capillary
actiont
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Soft, skin-mounted microfluidic devices can collect microliter volumes of eccrine sweat and are capable of
in situ real-time analysis of different biomarkers to assess physiological state and health. Chrono-analysis
of sweat can be implemented to monitor temporal variations of biomarker concentrations over a certain
period of interest. Conventional methods used to capture sweat or some of the newly developed
microfluidic platforms for sweat collection and analysis are based on absorbent pads. They suffer from
evaporation, leading to considerable deviations in the concentration of the biomarkers. Here, a paper-
integrated microfluidic device is presented for sequential analysis of sweat that is easy to fabricate and does
not include air exits for each reservoir, which reduces undesirable effects of sweat evaporation.
Furthermore, the high capillary force of filter paper is leveraged to route the liquid into the chambers in a
sequential fashion and allow further chemical analysis. The employed design of the paper-embedded
microfluidic device successfully samples and analyzes artificial sweat sequentially for flow rates up to 5 uL
1 without showing any leakage. We demonstrated the performance of the device, employing
colorimetric assays for chrono-analysis of glucose standard solutions at concentrations in the range of 10-
100 mM and pH of sweat during exercise. The results reveal the presented approach's functionality and
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Introduction

Wearable sensors capable of non-invasive analysis of biofluids
such as sweat, saliva, interstitial fluid (ISF), and tears have
recently gained extensive attention in health monitoring.’™
Eccrine sweat, in particular, contains a wealth of different
biomarkers, from metabolites and proteins to electrolytes, metal
ions, and amino acids,”® and could provide important
information regarding physical statuses like dehydration” and
diseases such as cystic fibrosis and kidney disorders.*° pH level
is an important indicator of metabolic alkalosis and a vital
parameter in characterizing various health conditions.'®*
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potential to analyze the concentration of biomarkers over a certain period sequentially.

Moreover, glucose level can provide useful information about
diet and athletic performance.'* Early developed technologies
for sweat collection rely on absorbent pads or coiled tubes,*'*
followed by analysis using benchtop equipment. However,
expensive laboratory instruments and trained personnel are
required to handle this process. Moreover, several personnel-
involved steps could result in considerable evaporation, leading
to a significant change in the inherently low concentration of
different biomarkers in sweat.”'® Recent advances in soft, skin-
compatible microfluidic devices and chemical sensing
techniques have paved the way for novel skin-mounted
conformal systems to overcome existing limitations in
traditional sweat analysis methods.'®™®

Several microfluidic platforms have been developed to
sequentially analyze different biomarkers in sweat, which
enables tracking of temporal variations without interfering with
daily activities. One of the most commonly used methods is to
use capillary bursting valves (CBVs).'® Although CBVs can route
the sweat effectively, they involve complicated microfabrication
processes, including lithography, etching, etc., which require a
cleanroom environment. Super-absorbent polymers (SAPs) have
also been used as a passive valve to control and guide the sweat
into the desired reservoirs for analysis. However, they still need
to be coupled with other valves (CBVs or hydrophobic valves) to
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function in sweat chrono-sampling."> To reduce the complex
fabrication processes, hydrophilic porous media like filter paper
and cotton have attracted attention.”*”>* Recent studies utilized
the wicking ability of textiles and hydrogel to measure the sweat
rate and analyze biomarkers.>>>*>® However, to the best of our
knowledge, this study is the first to implement capillary action
for chrono-analysis of biofluids via paper-integrated
microfluidics. This could eliminate the need for costly, tedious,
and time-consuming microfabrication processes. In a study,
hydrogel-based thermo-responsive valves were employed to
actively route the sweat into the desired reservoirs for analysis.*”
Although their device showed promising results in guiding and
compartmentalizing sweat in an active manner, an extra
pressure regulation system was needed besides the control
valves. Additionally, because of the hydrophobic nature of the
microchannels, there is a delay between the target valve opening
and the biofluid arrival at the reservoir for sweat analysis.

Filter paper, in particular, has shown great potential in
being integrated into microfluidic devices due to easy and
low-cost fabrication procedures.”®*® Because of the high
wicking ability of filter paper, when coupled with an active
routing system, there is a potential that the delay time would
be much lower. Moreover, a lower fluid volume is needed to
fill the chamber and come in contact with the sensing
system. On the other hand, porous materials can quickly
absorb liquid and be utilized as a channel to deliver it to
specific points by capillary force. Additionally, filter papers
can be integrated with valves to route the liquid into the
desirable sensing area.*’

Herein, we present a simple, robust, and reproducible
method to fabricate a microfluidic device that could be used
for sequential analysis of sweat. This versatile device can also
be integrated into ISF and tear sensing platforms. Filter
papers are embedded within a flexible microfluidic device for
passive routing of the sweat into the reservoirs sequentially,
thereby providing time-dependent analysis of various
biomarkers. Moreover, in our design, the reservoirs do not
include any air outlet channel for each reservoir. Considering
an air exit for each reservoir is problematic because it allows
evaporation, thereby changing the concentration of the
biomarkers.”'*'**> By only changing the dimensions of
reservoir and channel or filter paper type, the device is
capable of fluid chrono-analysis for short and long periods.
The sweat rate could range from a few hundred nL min™
em™ (at rest) to about 60 uL min™' ecm™> (during severe
exercise conditions),'*** affecting the required time for sweat
to arrive at the sensing area. When conventional microfluidic
devices are attached to a body, the biofluid movement inside
the microfluidic channels might be affected under extreme
conditions such as exercise.*® However, when using paper
inside the microfluidic layer, the capillary force of filter paper
ensures that the liquid inside the microchannels always
moves towards the desired locations with minimum backflow
and intermixing of fluid between different locations. In vitro
experiments reveal the high potential of the presented
approach in in situ chrono-analysis at both high (5 uL min™)
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and low (<0.5 uL min™") flow rates. Moreover, the fluid rate
measurement part of the device allows an understanding of
fluid flow. To demonstrate the performance of the device, the
fabricated device is used for chrono-analysis of glucose
concentration in an artificial fluid. Also, in vivo experiments
were performed to determine the pH level in sweat during
exercise conditions. The results show the device's
functionality in collecting and sequentially analyzing
biofluids. Although there has been extensive research on
biofluid sensing, this study presents the first work to exploit
capillary action for chrono-analysis of sweat and potentially
other biofluids.

Results and discussion

Design and fabrication of flexible microfluidic device with
embedded filter paper for sequential analysis

An exploded view of the epidermal microfluidic patch for
colorimetric sequential analysis of biofluids is presented in
Fig. 1(a). The device's overall thickness is 310 um, developed
in rectangular geometry with a length and width of 65 mm
and 20 mm, respectively (Fig. 1(b) and (c)). The device
comprises layers of patterned and laminated adhesive tape
for biofluid analysis and flow rate measurement. Further
details about the design of the microfluidic patch can be
found in Fig. S1.f A bottom layer of soft ultrathin biomedical
adhesive with fluid collection zones at the inlets establishes
the route for the liquid to enter the microfluidic channels,
provides a strong bond to the skin, and secures sealing. The
skin-adhesive layer includes patterns to have an optimum
fluid collection while maintaining strong adhesion to the
skin. Additionally, three sample collection sites per inlet are
utilized to shorten the fluid collection time for the analysis
and flow rate measurement parts (Fig. 1(b)). The device was
explicitly optimized for sweat collection by considering ~14
sweat glands at 104 glands per cm? thus, the collection
surface area of each pattern is ~13.4 mm’ (~40.2 mm’
collection area for each part of the device).>**® Depending on
the application, the number of inlets and the surface area of
the patterns can be modulated to increase or decrease the
fluid collection rate. The star-shaped openings help sweat
collection by covering more sweat pores while providing
robust attachment of the device to the body. The
microchannels and reservoirs were defined using a laser-
cutter, which can be programmed by software to rapidly
transfer a micro-scale design with high accuracy.

As the sweat enters the device, which is driven by the
positive pressure created by natural sweat excretion in the
case of sweat sampling,®” it flows into the microfluidic patch
and moves towards the circular reservoirs for colorimetric
analysis and the flow rate measurement sections of the
patch, simultaneously (Fig. 1(b)). In the case of sweat
sampling, the flow rate is an indicator of dehydration level.
An increase or decrease in sweat loss affects the
concentration of different biomarkers, thus providing crucial
information for the analysis of the biomarkers. A thin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the flexible sensor for chrono-analysis of biofluid. (a) Exploded view of different layers of the sensor. (b) Illustration
of top and bottom view of the device. (c) Photograph of the microfluidic device with embedded filter papers. (d) Working principle of the device

for sequential analysis.

transparent  polyethylene  terephthalate  (PET) layer
encapsulates the microfluidic channel to extract color
information from optical images efficiently. The top and
bottom view of the device is presented in Fig. 1(b), and an
optical image of the representative device is shown in
Fig. 1(c). A microfluidic device with four reservoirs, with filter
papers embedded in each one, is developed for the
sequential sampling of biofluids. The filter paper enables
routing of liquid into the reservoirs sequentially by the
capillary force, allowing the microfluidic device to be used
for effective chrono-analysis of various biomarkers in sweat

(Fig. 1(d)).

Theoretical analysis and experimental validation of the filter
paper wicking rate

Understanding the fluid behavior in different parts of the
microfluidic device enables determining the channel size and
the appropriate type of paper (thickness, pore size, etc.) to
have an optimum design for the required applications. Since
the perspiration rate of the human body is different when in
rest or during exercise, a suitable design is needed to control
the sequential sampling of sweat into separate reservoirs
without diffusion-based or flow-based mixing of samples.

The fluid flow in the paper structures is governed by the
capillary force at low Reynolds number (Re), which lowers the
fluid mixing in straight channels.*® In dry flow or paper wet-
out conditions, where the fluid comes in touch with the
paper for the first time, the fluid flow is categorized as
laminar flow regime and is modeled by the Lucas-Washburn
equation:*”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where L is the distance traveled by the fluid front, r is the
average pore radius, y is the surface tension of the liquid,
and g is the dynamic viscosity of the liquid.

Because eqn (1) is only applicable to 1D flow and neglects
the effects of hydrophobic boundaries on the capillary flow
and evaporation effects, it may lead to a lower accuracy for
fluid flow estimation. For a fully wetted paper, Darcy's law
can be used to describe the flow rate:*°

_ KAAP
=~z
Eqn (2) shows that the liquid flow rate (Q) in a fully wetted
paper is a function of paper permeability (), cross-sectional
area (A), pressure difference (AP), and dynamic viscosity of
the liquid. For the parts of the device where there is no
embedded paper, the pressure along the channel can be
estimated with the dynamic pressure:

Q

(2)

1
p=_ V2 3
2/’ ()

where p is the density of the liquid and V is the velocity.

By neglecting the pressure loss in the channels, the
dynamic pressure can be calculated from the liquid flow rate.
When the liquid arrives at the junction points and comes in
contact with the filter paper by the pressure difference
generated by the biofluid (APs), the capillary pressure caused
by the porous paper (AP.,p) applies an extra positive pressure
and changes the direction of fluid into the reservoir

Sens. Diagn., 2022,1, 775-786 | 777
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Fig. 2 Schematic demonstration of the working principle of the microfluidic device to route liquid into reservoirs in a sequential manner. (a)
Liquid is guided into the reservoir due to the added capillary pressure of filter paper and air discharge (APs,,: sweat pressure, AP.,: paper capillary

pressure). (b) Schematic illustration of chrono-sampling of the liquid.

(Fig. 2(a)). Although the air inside the device might cause a
slight pressure loss and slow down the liquid flow, it can
come out of the reservoirs through the pores and open spaces
between the paper and channel walls and leave the device
through the exit at the end of the microfluidic channels. This
approach eliminates the need for an air outlet at each
reservoir, thereby lowering the rate of evaporation
considerably and increasing the accuracy of biomarker
analysis.®® In the study of Zhang et al, one-opening
chambers were created using hydrophobic valves to reduce
sweat evaporation by removing air outlets.*’ As opposed to
this study that used multiple processes to achieve their goal,
herein this issue is resolved by simply embedding filter
papers in each chamber. The liquid that initially arrives at
the entrance section of the first reservoir is pulled by the
embedded filter paper into the reservoir because of surface
tension. After filling the first reservoir, the liquid starts
flowing towards the second reservoir, where the same process
occurs (Fig. 2(b)). By this mechanism, all of the reservoirs fill
sequentially, enabling chrono-analysis of different
biomarkers in biofluids.

To confirm the theoretical approach, an artificial biofluid
pumping system was generated to mimic sweat collection
(Fig. S21). The flow rate was varied from 0.5 to 50 uL min",
corresponding to different sweat rates during resting or
exercise conditions.*"** In addition, higher sweat rates than
those in exercise conditions (0.6 uL min™ per gland)'*!
were also examined to obtain the maximum flow rate at
which the device could perform adequately for sequential
analysis. Moreover, the selected double-sided tape for the

778 | Sens. Diagn., 2022,1, 775-786

microfluidic layer has a contact angle of approximately 86°,
and based on the equation for capillary pressure (P. = (2ycos
O/r.),"* where y is the liquid-air surface tension, 6 is the
contact angle, and r. is the radius, the resulting capillary
force on biofluid advancement in the channels is negligible.

The junction points of the paper before reservoirs (depicted
as W; in Fig. 2(a)) should be wide enough so that the capillary
force of the paper could change the direction of the liquid.
Having the parameters in eqn (1) as pyater = 0.072 N m™, Tpore =
10 um, cos(d) = 1 (the water contact angle is approximately 0 on
the filter paper), and f4yacer = 0.001 Pa s, the equation can be
simplified as L = 0.019v¢ (m) = 19v/¢(mm). For liquid flow
rates of 0.5-50 uL min ™", the fluid velocity in the microchannels
is in the range of 0.11-11 mm s . Using eqn (3), the
corresponding dynamic pressure will be in the range of 0.006-
60.5 mPa, which is much lower than the reported capillary
pressures for different filter papers in the literature.**

The theoretical analysis of the wicking ability of the filter
paper was carried out by dipping a strip of filter paper with
width and length of 5 and 100 mm, respectively, into dyed water
solution (Fig. S3(a)f), and the required time for the liquid front
to travel through the paper at different distances was recorded.
The results are presented in Fig. S3(b)T and are compared to the
results obtained from the Lucas-Washburn correlation. The
considerable difference between experimental and theoretical
results was mainly due to the one-dimensional fluid flow
assumption in the Lucas-Washburn model. The wicking
constant from the experimental results is 4.277 mm s *°
(L = 4.277/{(mm)). Using this equation, the time required for
the fluid to travel 0.9 mm (width of the filter paper) through the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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strip is 0.044 s. To change the direction of the liquid when it
comes in contact with the paper, the fluid velocity in the
x-direction needs to reach 0 at the end of the strip (Fig. 2(a)). By
using V = Ax/At from the above information, the resulting
average velocity is 20.4 mm s, and based on the cross-
sectional area of the microchannels, the corresponding liquid
flow rate would be 104 uL min™". This means that the capillary
pressure of the paper creates enough driving force to change
the direction of fluid flow from the x- to the y-direction for flow
rates up to 104 uL, min~". However, it should be noted that the
traveling rate of the liquid front diminishes over time. By
assuming the embedded paper in each reservoir as an
equivalent strip with 0.9 mm width, the required time for the
liquid to travel 0.9 mm at the end of the strip is 6.7 s. The
resulting average velocity and liquid flow rate would be 0.134
mm s and 0.68 pL min™', respectively, which reveals a
significant decline in the efficiency of the paper strip in guiding
the liquid. Nevertheless, even at this flow rate (0.68 pL min™"),
the device would be effective for extreme cases.

Although the force due to surface tension might be
sufficient to pull the fluid towards the desired reservoir, the
capillary pressure of paper diminishes as the fluid moves
inside the paper as a result of viscous resistance, which is
proportional to the velocity with 8uL/D**® This resistance
force causes a reduction in fluid velocity as the liquid front
moves through the porous paper, as the calculated velocities
above also confirm. According to the characterization results,
at the beginning of liquid and paper contact, the porous
medium could also pull a high flow rate of liquid (e.g:, 25 uL
min™") and change its direction. However, this lasts for only a
short duration, and after that, the liquid continues its
original direction while also penetrating the paper.

View Article Online

Paper

Effectiveness of paper wicking under different flow rates

The proposed device will only be effective up to a certain flow
rate, based on the design of the filter paper.*’ To investigate
the performance of the proposed paper-based device at
different liquid flow rates, a simple design was used. Red
and blue dyes were located near the inlet of the channels to
facilitate visualization of the filling process. In Fig. 3(a), the
liquid flow rate is 0.5 uL. min™", and our data suggest that the
paper width of 0.9 mm is sufficient to guide the liquid
entirely into the reservoir. Using (L =4.277\/¢{(mm)), the
required time for the liquid to travel through the whole paper
and final 0.9 mm is 2.16 and 0.57 s, respectively. By using V =
Ax/At, the required time for the velocity of the flow to reach
zero in the x-direction when it comes in contact with the
paper is about 8.18 s, which is much longer than 0.57 s.
Therefore, the liquid stops at the intersection (Fig. 3(a)-II)
until the liquid fills the first section completely. As shown in
Fig. 3(a)-III, the liquid continues its movement in the
x-direction after complete filling of the first section (the red-
colored liquid has reached the end of the paper). When the
liquid arrives at the second intersection, the liquid velocity in
the x-direction becomes zero again, and the filter paper pulls
the flow into the second section until the second section fills,
after which the fluid continues its movement in the
x-direction towards the exit (Fig. 3(a)-IV and V).

To investigate the device performance at higher sweat
rates, a liquid flow rate of 5 uL min™, corresponding to a
sweat rate of ~0.12 uL min™" per gland, was pumped into the
microfluidic device using the artificial perspiration system.
As shown in Fig. 3(b)-II, the fluid velocity reaches zero in the
x-direction, and the filter paper guides the liquid into the

Fig. 3 A simple design of the microfluidic device with embedded filter papers to show the approach could work at different liquid flow rates
corresponding to different sweat rates. (a) 0.5 uL min™, (b) 5 pL min™%, (c) 25 uL min™* over time (I-V). Scale bars represent 2 mm. Yellow circles:

uncolored liquid flow front. Purple circles: colored liquid flow front.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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first section. For the flow rate of 5 pL min~", 0.82 s is needed
for the flow to reach zero velocity in the x-direction, which is
higher than 0.57 s, the required time for the fluid front to
travel the final 0.9 mm of the paper strip. The fluid continues
its movement in the x-direction after filling the first section,
and when it arrives at the second paper strip, the whole
process repeats until the fluid exits through the outlet
(Fig. 3(b)-III-V). In Fig. 3(c), the device's applicability at a flow
rate of 25 pL. min~' corresponding to a sweat collection area
of ~40 mm?* at 104 glands per cm> and sweat rate of 0.6 uL
min " per gland was examined. At the beginning of paper
wet-out, the liquid travels quickly through the paper, and it
stops the liquid movement in the x-direction (Fig. 3(c)-II).
However, after some point, the rate of liquid movement in
the paper drops, and some part of the liquid starts moving in
the x-direction while also filling the remaining part of the
first section (Fig. 3(c)-II). At a flow rate of 25 uL min’,
~0.16 s is required for the liquid to stop entirely at the
x-direction, which is lower than 0.57 s, and as a result, after
filling a part of the first channel (~2 mm), the liquid
continues flowing in the x-direction. As shown in Fig. 3(c)-
IV and V, the same process occurs when the liquid arrives at
the second intersection. Although it is realized that the
presented paper-based device may not function properly at
very high flow rates, the examined liquid flow rates in the
inlet are well within the sweat rate range available in the
literature."®*"** Moreover, by simply increasing the width of
the filter paper or making other possible alterations, the

View Article Online
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device's applicability for higher flow rates can be enhanced.
Previous studies showed that the transfer time of the liquid
to the sensing area is reduced by increasing the width of the
paper.** Since a part of the filter paper in the proposed
device is placed in the main microchannel to wick the fluid
into the reservoirs, it should be noted that by selecting wider
substrates, the pressure drop will be increased in the main
channel. This could result in a liquid leakage, backflow, and
fluid blockage. To avoid this issue, our experiments showed
that for flow rates of up to 10 uL min™", there will not be any
leakage or fluid blockage for the paper width of 0.9 mm. The
paper diameter for the chamber section is 6 mm, which is in
the range of other paper-based devices with colorimetric
analysis.**™*® It is also worth mentioning that decreasing the
width of the filter paper (to decrease the pressure drop)
reduces the ability of the device in changing the direction of
the incoming liquid in the main microchannel into the
sensing chamber.

Fluidic operation of the paper-integrated microfluidic device
for the sequential sampling of sweat

Sequential fluid sampling was accomplished by embedding
filter papers in the microfluidic layer, which allows chrono-
analysis of biofluids without any actuator or moving part.
Fig. 4 illustrates how the device successfully collects liquid
into separate reservoirs without undesired flow mixing. Red,
blue, green, and purple dyes are located near the inlet of

ooy Liquid

11T

oy o¢

Fig. 4 Sequential filling of the microfluidic device at a pumping flow rate of 1.5 uL min™. (a) In vitro chrono-sampling of liquid on paper-
embedded chambers dyed with different colors: (1) filling the first reservoir (red-dyed) and liquid stoppage at the junction, (ll) filling the second
reservoir (blue-dyed), (Il) filling the third reservoir (green-dyed), (IV) filling the fourth reservoir (purple-dyed), and (V) liquid flowing through the exit
channel (brown-dyed). (b) Wetting angle of the liquid in different locations of the microchannels: (I) between the first and the second reservoir and
(I) between the third and the fourth reservoir. (c) The time required to fill each reservoir and measured liquid flow rate after each reservoir. Scale
bars represent 3 mm.
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each reservoir to facilitate the visualization of chrono-filling.
Also, a brown dye is located at the outlet to visualize the
exiting flow from the device. Since the dimensions of
microchannels are in hundreds of micrometers and the flow
rates were a few microliters per minute, the Reynolds
numbers are smaller than 1 (Re <1), which suggests that the
flows in the device are laminar and only diffusion-based
mixing occurs.*”*® In Fig. 4, sequential filling of sweat into
the micro-reservoirs is demonstrated at a flow rate of 1.5 pL
min~', which could be considered a high flow rate compared
to physiological ranges of sweat rate.”® Four reservoirs are
considered to monitor the concentration of biomarkers at
four different time frames. No actuator or external part is
used, and sequential sampling is simply achieved by
embedding filter papers inside the microchannels.
Furthermore, unlike many studies that have considered exit
channels for each reservoir to allow the air inside the
reservoir to leave,”'® in this method, the need for an air
outlet for each reservoir is eliminated, which results in lower
water evaporation and more accurate concentration analysis
of biomarkers. Despite the high liquid flow rates, no liquid
leakage was observed during the sampling (Movie S1). This
suggests that the fluid can advance easily in the different
parts of the device without any liquid blockage, resulting in
increased pressure and leakage.

In Fig. 4(a)-1, the liquid has filled the first reservoir (red
dye), and the flow is completely stopped at the junction of
the first reservoir. The flow does not start to move towards
the second reservoir without the first one entirely filled,
which shows that the air inside the reservoir exits from the
chamber completely. This is especially beneficial for the
sequential sampling of biofluids because with every reservoir
being entirely filled, the liquid from the following time
frames will only flow towards the next reservoirs, enabling
chrono-analysis of the biofluid. After filling the first reservoir,
the liquid flows towards the second reservoir, and the same
process repeats for the third and fourth reservoirs (Fig. 4(a)-
II to IV and Movie S1t). The high capillary action of the filter
paper lowers the intermixing between the reservoirs
considerably (i.e., no colored dye is transferred to other
chambers by flow). This shows the advantage of the
employed method over the paper-based devices integrated
with ~ dissolvable valves in liquid chrono-sampling.*®
Moreover, the interfaces between chambers with different
colors are less than 5% of the total volume of each chamber,
leading to low molecular diffusion between reservoirs. In this
sequential sampling approach, there is a considerable
improvement over previous studies in reducing the
intermixing between reservoirs.'®* The color gradient in
Fig. 4(a) is caused by the fluid flow during chamber filling.
Increasing the binding of the color or enzyme in the case of
enzymatic analysis of biomarkers could help overcome this
4550 Moreover, the color gradient is lower in some
reservoirs. This is mainly because the amount of dye placed
in the entrance section of the paper is higher compared to
that in the other reservoirs. This result suggests that

issue.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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although challenging, non-uniform spotting of the reagents
during preparation of the colorimetric assay could help in
reducing the color gradient. In our microfluidic device,
reagents are spotted in the entrance section of the circular
zones so that higher enzyme attachment could happen in
this section and liquid flow could carry along the unattached
enzymes, resulting in a more uniform color after enzymatic
reaction. For further enhancement, a higher concentration of
reagents could be spotted on the fluid entrance section. By
doing this, a part of the reagents in this part could be
transferred to other parts (lower concentrations of reagents),
leading to a more uniform color. Fig. 4(b) shows close-up
images of the liquid shape and wetting angle in the
microchannels. The wetting contact angle is about 90° at
different locations of the device (Movie S1t), which suggests
that the effect of capillary force inside the channels on liquid
advancing is almost negligible. The required time for each
reservoir to be filled (the time difference between liquid
arrival and flowing towards the next chamber) is presented in
Fig. 4(c). All the chambers are roughly filled at the same
duration, and the minor difference in the required time to fill
each chamber could be because of small deformations or
compressions on the filter paper during the fabrication
process, which affects the liquid traveling speed in the
paper.”’ According to Fig. 4(c), the average required time for
the reservoirs to be filled is about 51.5 s. However, it takes
~3.3 min for the reservoirs (~5 puL volume without filter
paper) to be filled at the same flow rate. This suggests that
the analysis time could be lowered significantly when needed
(e.g., electrochemical sensing, which needs the entire
reservoir to be filled to ensure complete contact between the
liquid and the electrodes) by embedding filter papers in the
reservoirs. The measured liquid flow rate after each reservoir
is approximately equal. The minor variations might have
resulted from early or late detachment of liquid from the
filter paper. When the liquid detaches earlier, as discussed in
the theoretical analysis, it means that the reservoir is yet to
be filled, and as a result, the reservoir continues to be filled
after liquid detachment, leading to a lower flow rate after the
reservoir.

Flow rate measurement and evaporation rate

Measuring sweat rate is an essential indicator of dehydration
and kidney disorders. Several methods have been proposed
to measure sweat rate, including electrical impedance,**°*>%?
capacitance hygrometry,”* and, recently, the kinetics of liquid
filling into the microfluidic device.*® Herein, the latter was
used to measure the fluid flow rate. Blue-dyed water was
pumped into the microfluidic layer using the syringe pump
in the test setup (Fig. S27). Fig. 5 shows the filling process of
the flow rate measurement part of the microfluidic patch at a
flow rate of 5 uL min'. Fig. 5(a) and S4f demonstrate the
required time to advance the fluid in the microchannels. A
wetting contact angle of about 90° was observed (Movie S27).
The volume inside the channels can be measured at different
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to study the reduction of evaporation rate for the microfluidic device without an air outlet. (d) Measured evaporation rate for the devices with and
without an air outlet, indicating a clear reduction in the water loss by removing the air outlet.

time frames using the optical images and can be used to
measure the flow rate. In Fig. 5(b), the volume of liquid
inside the device over time at different flow rates is given.
The measured flow rates show good consistency over time,
indicating that the adopted method could serve as a good
choice of measurement of the biofluid flow rate.

Owing to the inherently low concentration of different
biomarkers in sweat, it is of high importance to preserve the
liquid content in the solution to avoid any concentration change
because of evaporation. Special design of the microfluidic
device in this study eliminated the need for air outlets. Fig. 5(c)
shows the reservoirs with (I) and without (II) a 150 um wide air
outlet. The mechanism of air discharge in the case of no air
outlet was explained in the previous sections. The water weight
loss was determined by measuring the initial weight of the
device and the weight of the device at different times. A high-
precision balance was used to measure the weight difference at
37 °C to simulate the evaporation rate when the device is
attached to the body. Although water weight loss can be seen
for the case of no air outlet in Fig. 5(d), there is a significant
decrease in the rate of water loss compared to the devices with
air outlets. This proves the lower evaporation rate by removing
the air outlets, thus lowering the inaccuracy of biomarker
concentration analysis. As can be seen in Fig. 5(d), the
evaporation rate is almost the same when two or four reservoirs

782 | Sens. Diagn., 2022,1, 775-786

of the device are filled. After two days there was still water left
in the reservoirs for the device with no air outlets, whereas the
device with air outlet was completely dried out (Fig. S57). The
low evaporation rate is especially vital for small biofluid
collection rates. Although the evaporation rate is smaller
compared to those of previous studies,® extra efforts are
needed to further reduce the evaporation. It is already
challenging to collect sweat at low perspiration rates (e.g., at
rest),*® and evaporation of collected sweat would make it even
harder and lower the accuracy of analysis.

Chrono-analysis of glucose concentration and pH

For quantitative in vitro testing of the performance of the
microfluidic device, standard glucose solutions at different
concentrations were sequentially pumped into the device
using the syringe pump (Fig. S21). Here, a colorimetric
sensing approach is employed for simple and rapid
assessment of glucose concentration. Several studies have
used paper-based chemical assays for the colorimetric
analysis of different biomarkers in sweat.’"*>%%%% QOptical
images were collected from a series of experiments with
samples of known glucose concentrations for calibration
purposes. An open-source image analysis software (ie.,
Image]) was used to extract the intensity profiles at R, G, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chrono-analysis of the sweat pH.

B channels, corresponding to different glucose solution
concentrations. A calibration plot of digital color data (in %
RGB format) versus glucose concentrations is shown in
Fig. 6(a). For glucose assay, the enzymatic reaction of iodide
to iodine in the presence of glucose oxidase leads to a change
in the color of the substrate from yellow to brown, whose
intensity is defined by the concentration of glucose.*®

To demonstrate the applicability of the proposed
microfluidic device under in vivo conditions, the developed
patch was attached to the arm and upper back of a volunteer
under exercise conditions. After sweat collections, the color
of the inserted indicator paper in the reservoir changed. A
similar approach to glucose experiments was adopted to
obtain the calibration plot (Fig. 6(b)).

© 2022 The Author(s). Published by the Royal Society of Chemistry

First, the glucose solutions with concentrations of 10-100
mM were pumped (flow rate of 0.5 uL min') into the
microfluidic device in a way that the chambers were filled
with increasing concentrations of solutions. Although these
concentrations are above the physiological levels of glucose
in sweat and interstitial fluid, here the goal is to show the
functionality of the device in sequential sampling of different
glucose concentrations using capillary action. In our future
studies, electrochemical sensing will be integrated into the
developed microfluidic device in order to analyze lower
concentrations of glucose. Additionally, this microfluidic
device can be integrated with a microneedle patch to
measure the glucose levels in the extracted ISF that has
higher concentrations of glucose compared to sweat.’® Fig.
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S6t1 shows the required time for each reservoir to be filled.
23.9 min was needed for all the reservoirs to be filled at a
liquid flow rate of 0.5 uL min". Although this flow rate is
low compared to perspiration rate under exercise conditions
or in a sauna, it is considerably higher than sweat rates when
the body is at rest. The required times in Fig. S61 suggest
that it could take about a day for the reservoirs of 6 mm to
be filled during rest. This time would be even longer if the
evaporation rate is considered. To address this issue, the
diameter of the reservoirs could be decreased. Fig. 6(c)
illustrates that the device could successfully guide the
solutions of different concentrations into separate reservoirs.
In another experiment, the glucose solutions were pumped
into the device in a decreasing order to show the
functionality of the device under various time-dependent
conditions. In Fig. 6(d), the digital images’ measured glucose
concentrations by the colorimetric analysis were compared
with the standard concentrations. As can be seen, there is a
good agreement between actual and predicted glucose
concentrations. Also, the device showed good reproducibility
over a wide range of liquid flow rates (0.1 to 10 pL min™")
with a relative standard deviation of up to 3.5% (Fig. S7,f n =
3), which highlights the effectiveness of the developed
approach in wearable applications. The underestimation or
overestimation of the glucose content could be because of
the lower accuracy of calorimetric analysis compared to other
methods such as electrochemical sensing.®'® Additionally, a
slight intermixing of solutions with different concentrations
could be the reason for the inaccurate predictions in the 2nd,
3rd, and 4th reservoirs.

Fig. 6(e) shows optical images of the microfluidic device
attached to the arm and upper back of the subject. It is
evident from the images that the device bound tightly to the
skin, facilitating a conformal, water-tight seal to the skin.
The deployed device did not cause any irritation or
discomfort during exercise for the subject. The microfluidic
patch successfully collected sweat without showing any
leakage or detachment. As can be seen in Fig. 6(f), it took 10
and 25 min for the sweat to arrive in the first and third
reservoirs, respectively. According to Fig. 6(f)-III, there was no
substantial variation in the pH levels during exercise from
both arm and upper back, showing a low sweat rate of the
subject.*®

Although the results show negligible leaching during
sequential sampling of the glucose solutions, this could be a
problematic issue during colorimetric analysis by lowering
the homogeneity of the color.*>*” Since the presented device
is designed in a way that each reservoir becomes saturated
before the liquid advances, this effect is minimized. The
color gradient is lower compared to that of previous
studies.***® To further decrease the color gradient, smaller
reservoirs could be designed so that the filter papers become
saturated quicker. Blocking any further liquid introduction
into the chamber will prevent the reagents from being carried
along with the glucose solution, which is the main cause of
the color gradient. According to previous studies, selecting
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the proper paper type or using chitosan or silica
nanoparticles to cover the paper could reduce the color
gradient during glucose detection.***®° This issue could be
decreased more by integrating electrochemical sensing into
the microfluidic device. Since each reservoir is completely
filled before the liquid starts flowing towards the next
reservoir, the sample in each reservoir cannot be refreshed
and as a result each reservoir could be used once for
biomarker analysis. This potential drawback could be
partially addressed by increasing the size of the device,
lowering the diameter of the reservoirs, and design
optimization, resulting in an increased number of reservoirs.
The proposed device is fabricated using low-cost materials
(double-sided tape, PET, and filter paper). When all the
reservoirs of a device are filled for biomarker analysis, the
used device could be replaced easily with a new one.

Conclusions

This study introduces a flexible paper-integrated microfluidic
device for sequential capture and analysis of biomarkers in
biofluids. The device leverages the high capillary force of
filter papers to route the liquid into microreservoirs. The
proposed approach does not need an air outlet for each
reservoir, leading to more accurate measurements of
biomarker concentrations, which are susceptible to
evaporation. The results reveal the capability of the designed
device in chrono-sampling of liquid at flow rates of up to 5
uL min~', which could be even higher by changing the design
of the microchannels and the dimensions of embedded filter
papers. Colorimetric analysis of the sequentially pumped
glucose solutions at different concentrations and in vivo
experiments of pH levels demonstrated that the presented
approach could serve as a simple method to monitor
temporal variations of physiological state throughout a
period of interest.

Experimental
Materials and methods

The wearable device for chrono-analysis of sweat is composed
of several layers, which can be listed as (from bottom to top):
skin adhesive (60 um thick; 1524; 3M, MN, USA), transparent
polyethylene terephthalate (PET) layer (40 pm thick, MG
Chemicals, Canada), microfluidic layer for embedding filter
papers (170 um thick double-sided tape, 9495LE 300LSE, 3M,
MN, USA), filter papers (MN 619; Macherey-Nagel, Diiren,
Germany), and another 40 pm thick PET layer for
encapsulation. A laser-cutting machine (Protolaser U4; LPKF,
Germany) was used to create the microchannels and
reservoirs on the double-sided tape and create the inlet
regions on the PET and skin adhesive layers. The design
layouts for laser cutting of double-sided tapes and PET layers
were prepared using AutoCAD. These layers were vertically
assembled to fabricate the microfluidic module. The
microfluidic layer contains collection chambers with a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diameter and height of 6 mm and 170 um, respectively (Fig.
S1t), resulting in about 5 pL liquid capacity. The chemical
assays for colorimetric analysis of glucose concentration were
spotted on the reservoir part of the filter papers, followed by
inserting the papers in the microfluidic layer. Then, the top
and bottom of the microfluidic layer were enclosed by
adhering PET layers to the double-sided tape, rendering a 3D
microfluidic structure. The medical grade acrylate adhesive is
bonded to the bottom microfluidic device, serving as a water-
tight interface to the skin.

Forming the colorimetric assay and calibration

Glucose detection involves a chemical reaction of glucose
oxidase (Gox; G2133-10KU; Sigma Aldrich, MO, USA) and
potassium iodide (KI, Sigma Aldrich, MO, USA). GOx solution
was prepared by dissolving 1 mg of glucose oxidase in a 1 mL
phosphate buffer solution (PBS). The glucose assay was
established by dispensing 5 pL of KI solution (0.6 M) and
introducing 5 uL of GOx solution on the filter papers.>® Then,
the filter papers were completely dried, and 5 pL of standard
glucose solutions, which were prepared by dissolving glucose
powder (p(+)-glucose; 1191GR500; neoFroxx, Germany) at
different concentrations, were added to the analytical zone.
For pH measurements, commercial indicator paper (REF
92120; Macherey-Nagel, Diiren, Germany) served as the assay.
A razor blade was used to cut the paper into the desirable
shape to facilitate insertion of paper into the reservoirs. After
chemical reaction and change of color, the RGB composition
of each assay was recorded to be used for the calibration
process. Three replicates per measurement were assessed.

Image analysis

The images of the device were captured via a smartphone
under white light conditions and processed using Image]
software. After transferring the JPEG images to a computer,
R, G, and B channels were extracted and the intensity values
of the entire filter paper in each reservoir were measured.
The R channel of the images was used to correlate the
intensity to the glucose concentration and pH in each
reservoir.

Contact angle measurement

5 pL droplets of deionized water were placed on different
locations of the surface to measure the contact angle using
an Attension® Theta Lite optical tensiometer. The final
contact angle of the surface was obtained by measuring and
averaging five sessile contact angles.
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