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Sweat, as a sample that includes a lot of biochemical information, is good for non-invasive monitoring. In
recent years, there have been an increasing number of studies on in situ monitoring of sweat. However,
there are still some challenges for the continuous analysis of samples. As a hydrophilic, easy-to-process,
environmentally friendly, inexpensive and easily accessible material, paper is an ideal substrate material for
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making in situ sweat analysis microfluidics. This review introduces the development of paper as a sweat
analysis microfluidic substrate material, focusing on the advantages of the structural characteristics of
paper, trench design and equipment integration applications to expand the design and research ideas for
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1 Introduction

Sweat is an important body fluid which plays a role in
excretion and regulation of body temperature.”””* Being
secreted by sweat glands, sweat is rich in electrolytes (Na', K,
H', Ca®*, etc.) and metabolic molecules (glucose, lactate,
etc.),>* which can be used to indicate the health status of the
body at the molecular level.” In recent years, a number of
groups have done research on related mechanisms, such as
exploring the correlation between sweat analytes and blood
analytes,®"® which drives the field of sweat analysis and
analyte detection.’® Notably, sweat can be collected in a non-
invasive, continuous manner to provide the required sample
for detection.’>'® The distribution of exocrine sweat glands in
various parts of the body is shown in Fig. 1a. The picture
shows that exocrine sweat glands are distributed in almost all
skin regions, which allows more options for the installation
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the development of in situ sweat detection technology.

sites of wearable sweat analysis devices. Thus, the ideal
wearing position for wearable sensors allows the collection
and testing of body surface sweat without interfering with the
wearers’ daily activities."”

The rising research interest in sweat composition analysis
has made sweat a potential biological sample for diagnostic
purposes.'® There are two main techniques for body surface
sweat analysis: a non-in situ (in vitro) testing method and an
in situ (body surface) testing method. Compared to in vitro
sweat analysis techniques, in situ analysis of body surface
sweat collects and detects sweat samples instantly at the
location where the sweat is produced, avoiding the cumber-
some sweat collection and pre-treatment. It also avoids the
problem of requiring staff intervention during the analysis
process and reduces the risk of sample contamination.'® Along
with the development of flexible electronics, continuous body
surface sweat detection has been rapidly developed in recent
years.

General wearable body surface sweat sensors are applied
directly to the skin surface and measure sweat as soon as it is
secreted. During prolonged measurement, the analyte crystals
left after sweat evaporation near the electrode may dissolve
again, resulting in changes in sweat marker concentration.>*!
Sweat accumulation caused by prolonged measurements can
block the sweat pores and cause subcutaneous edema, thus
affecting the sweating rate.”*** Early studies on in situ detec-
tion of sweat on the body surface focused on the flexible, bend-
able aspects of the sensor substrate material, while often
ignoring issues such as evaporation of sweat and mixing of old
and new sweat due to sweat accumulation during continuous
analysis.”**** These problems can directly affect the accuracy
of on-body characterization. Despite the outstanding advan-
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Fig. 1 (a) Distribution of sweat glands on the body surface, composition in sweat, and pattern diagram of sweat monitoring. (b) Key points of paper-

based microfluidics.

tages of in situ sweat detection, there are still some problems
in achieving reliable, non-invasive and real-time accurate
detection.’

Recent studies have shown that microfluidic systems made
of thin, soft materials with similar Young’s modulus to that of
skin can solve some of the problems mentioned above.*®*’
The structure of microfluidic systems needs to enable quick
collection of sweat from the skin surface for subsequent
sensing. Body surface sweat analysis devices based on colori-
metric techniques can be integrated with microfluidic devices
prepared from PDMS (polydimethylsiloxane) materials.>>® In
the field of electrochemical body surface sweat analysis, the
use of PDMS materials to prepare microfluidic devices for
sweat collection and reactions has also been reported.'”*
Although PDMS materials show some advantages in the prepa-
ration of body surface microfluidic systems, their preparation
process is complex and costly (photolithography). Therefore, a
material with low cost and a simple preparation process is
required for mass production.”®

Paper is considered an ideal substrate material for in situ
sweat analysis because of its hydrophilicity, ease of processing,
flexibility, low cost, environmental friendliness, and biocom-
patibility.>® Recently, paper-based microfluidic devices have
been developed for sweat collection and transport,*™**> which
benefits from hydrophobic treatment. In our previous study,
we developed a three-dimensional paper-based microfluidic
device by folding prefabricated cellulose paper for collecting
sweat from the skin surface.**** Thus, paper-based microflui-
dics have become a potential tool for in situ analysis of sweat
to promote the development of healthcare management and
exercise monitoring.**>°

As shown in Fig. 1b, this review focuses on the appli-
cation and development of paper-based microfluidics in
sweat detection. We first describe the structure and charac-
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teristics of paper and list a range of paper-based hydro-
phobic treatments for various needs. Then, the review dis-
cusses the structural design of the flow channel and the
factors affecting the design of the microfluidics. Finally, the
review summarizes the currently available equipment for
in situ analysis of sweat based on paper substrates. Overall,
the review provides an overview of the recent efforts in
paper-based microfluidic devices and concludes by highlight-
ing several challenges and envisioning new opportunities for
in situ analysis of sweat.

2 Paper

Paper is a kind of material with a microscale porous network
structure which mainly consists of cross-stacked and intercon-
nected cellulose fibers.>” The capillarity and hydrophilic
ability of paper make it a pump-less alternative to generate
microfluidics. Paper-based microfluidics can be precisely
adjusted to meet various needs by varying various paper
characteristics such as thickness, porosity, roughness, and
wettability.>®° Patterned paper is ideal for low-cost, portable,
and technically simple multiplexed bioassays.''** Paper-based
microfluidics offer many unique advantages over conventional
microfluidics in terms of unpowered fluid transport via capil-
lary action, high surface area to volume ratio for chemical reac-
tions and assays, and the ability to store reagents in an active
form within the fiber network.*> With the advantages men-
tioned above, paper has become an attractive substrate
material for in situ sweat detection, which makes it a promis-
ing starting point for a “lab on paper”.

In the scientific community, we have come to accept the
definition that a surface is hydrophobic when its static water
contact angle 4 is >90° and is hydrophilic when 8 is <90°.%¢
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The formula of Lucas-Washburn implies the relationship:

__yrcos® dL
4L dt

where v is the speed, y is the surface tension, r is the radius, L
is the length, 7 is the liquid viscosity, 6 is the contact angle
and ¢ is the penetration time. For a certain paper type and a
certain kind of liquid, L, y and # can be considered as constant
and v correlates with r as well as 6.

According to this formula, it is obvious that the capillary
force can be modified by modifying the capillary radius and
contact angle. For example, glue particles are fixed on the
surface of the fiber and paper, covering part of the capillary or
reducing the radius (r) of the capillary to reduce the pene-
tration rate. The glue changes the surface properties of the
paper, increases the interface contact angle (6) between the
paper surface and the liquid, and makes the paper obtain the
ability to resist liquid penetration.”*

As shown in Fig. 2, various fabrication techniques have
been developed for microfluidics, mainly including wax-print-
ing,>* 2D shaping/cutting,”®> and 3D packaging/stacking.>®
Moreover, techniques of paper-based microfluidics such as
photolithography, PDMS printing, inkjet etching, printed
circuit, and plasma/laser treatment have also been developed
quickly. According to the binding state of hydrophobic com-
pounds and paper, we divide them into two categories: physi-
cal blockage and chemical modification. We classify common
hydrophobic design according to these two categories.

In terms of physical blockage, photolithography is the first
hydrophobic fabrication method used in paper-based microflui-
dics.*" The success of wax printing has led to the development
of fabrication methods enabling the creation of hemi- and fully
enclosed channels within the paper.**®* Laser cutting and
shaping makes paper thin and easy to fracture,® while the flexo-
graphic printing lacks reproducibility and flexibility.

In terms of chemical modification, covalent chemical modi-
fication of paper based on reacting with functional groups in
cellulose is the most commonly used method.”®*” For
example, Malancha Gupta et al. demonstrated for the first
time that solventless initiated chemical vapor deposition can
be used for three-dimensional patterning of paper-based
microfluidics with a thin layer of hydrophobic photo respon-
sive poly(o-nitro benzyl methacrylate).*® Hsiu-Yang Tseng et al.
successfully developed programmable wicking profiles by alter-
nating coated and uncoated zones with a solution composed
of potassium alum and animal glue, which is a sizing material
used in the fabrication of calligraphy Xuan paper.”® Bahram
Hemmateenejad et al. reported a three-dimensional origami
paper-based analytical device (3D-mu PAD) for ABO and Rh
blood type detection using a three-dimensional origami micro-
fluidic technology, using alkyl ketene dimer (AKD) ink for
hydrophobic design.®® Chemical modification presents a more
stable state whereas physical blocking, especially wax printing,
shows great potential in manufacture.®’

With the advantages of smooth surface, uniform structure,
a high content of a-cellulose, and very good wicking pro-
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perties,> Whatman No. 1 chromatography paper is the most-
used paper substrate for paper-based microfluidics, while
nitrocellulose paper is more widely used for lateral flow
immunoassays®®* for its better protein adsorption ability.*>%°
As an alternative, office paper, a substrate of commercial inter-
est, is accessible but less attractive for technical paper,®”°®
because the high amount of calcium carbonate (CaCOs;)
present may interfere with the pH.®® Using Whatman No. 1
chromatography paper, Mustafa Sen et al. demonstrated a
paper-based microfluidic combined with a deep learning-
based smartphone app called “DeepLactate” and then applied
it for quantitative and selective determination of lactate con-
centration in sweat.”” Whatman No. 4 is a very fast filtering
paper with an excellent retention rate, whose size of pores is
20-25 pm and whose thickness is 210 ym.”* Different combi-
nations of different papers can also be formed. For example,
Raquel B. R. Mesquita et al. described a paper-based microflui-
dic for the quantification of total phenolic compounds in
wines with the top layer consisting of 24 papers (Whatman®
541, pore size 20-25 pm, thickness 160 pm) and the bottom
layer consisting of 24 papers (Whatman® 3, pore size 6 pm,
thickness 390 pm).*°

In summary, paper is known as an interlaced network of
cellulose fibers that wicks fluids by capillarity. As a kind of
hydrophilic and pump-less material, which is discussed when
talking about its advantages, paper is extremely suitable to
generate microfluidics. Various hydrophobic fabrications of
paper summarized above optimize the design of microfluidics
furthermore. In addition, different kinds of paper listed in this
part can meet different needs when applied in paper-based
microfluidics. Taking all these factors into consideration,
paper can be an extraordinary candidate substrate for micro-
fluidics in flexible and wearable devices.

3 The structure of paper-based
microfluidics
3.1 2D paper-based microfluidics

The application of paper as substrate materials for the sensing
field has a long history. In 1949, Ralph H. Miiller and Doris
L. Clegg designed a patterned filter paper to speed up the
diffusion process and to minimize the sample volume.”* It was
recognized as the prototype of paper-based microfluidics. For
decades, paper has been used as a platform of analytical
chemistry, such as chromatography,”””> immunoassay,”®”®
electrochemical analysis”®™®* etc. With the development of a
variety of techniques of hydrophobic boundaries, such as wax
printing,® photolithography,® and plasma treatment,*>*® the
hydrophobic and hydrophilic zones of the microfluidics are
clearly demarcated so that the paper acts not only as a plat-
form, but also as a flow channel to guide the liquid flow,
which allows it to be used in a wider range of applications in
sensing.

In 2007, George M. Whitesides et al. used photolithography
to pattern photoresist (SU-8, SC) embedded in paper and
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designed a 2D paper-based microfluidic to confine liquid flow urine.*" It was regarded as the first 2D paper-based microflui-
within the channel in a controlled manner, which was used dic for inspection in liquid flow. 2D paper-based microfluidics
for the determination of glucose and protein in artificial are simple to design and fabricate, which realizes the function
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of collecting and conducting sweat on the body surface. Since
then, a growing number of research studies in paper-based
microfluidics have sprung up, mainly focusing on the

methods of hydrophobic modification,”™®” the design of
microfluidic ~ structure®*®*®*  and  application  in
biosensors.”*%%%4%7

The geometry and size of the 2D paper-based microfluidics
play critical roles in the fluid flow of microfluidic devices. The
width of the channel affects the speed of liquid flow. As shown
in Fig. 4b, a decrease in channel width can increase wicking
speed.”® Details on this part will be discussed in later sections.
As a result, fan-shaped®®®® and dendritic>*'°® microfluidics
had emerged, different from traditional rectangular designs.

However, 2D microfluidics have limitations in complex
fluidic manipulations. For example, it is hard for 2D microflui-
dics to realize sample pre-treatment or multi-parameter detec-
tion in the same occupied area.'®*°°

3.2 3D paper-based microfluidics

Compared to 2D paper-based microfluidics, 3D paper-based
microfluidics offer more dimensions to facilitate the design of
structures. It allows more complex detection and analysis pro-
cesses to be performed on a single platform to integrate more
functions, thus developing the potential of multi-step detec-
tion in a compact device.'”” In 2008, George M. Whitesides
et al. designed a filter paper-based 3D microfluidic analysis
device for the determination of glucose and proteins in artifi-
cial urine,*” which was regarded as the first analysis device
based on 3D microfluidics. As Fig. 3d shows, the microfluidic
drives the fluid from the top four inputs to the bottom 1024
output detection points. Such a structural design allowed the
fluid to flow laterally within each layer, or vertically between
layers, which minimized the quantity of sample loss and
decreased the required sample volume. This device presents a
feasible solution for subsequent high-throughput analysis of
paper-based microfluidics.

While the 3D structure has many advantages over the 2D
ones, the difficulty in designing the 3D structure lies in achiev-
ing the connection of the hydrophilic zone between the
layers.'°® This is the transformation process from a flat hydro-
phobic structure to a three-dimensional hydrophobic struc-
ture. Recent studies have explored hydrophobic design
methods for vertical structures, which mainly include the fol-
lowing forms. First, stacking of two-dimensional paper-based
microfluidics with multiple sheets of paper is an easy way to
produce 3D paper-based microfluidics. For example, Frank
A. Gomez et al. demonstrated a glucose detection platform
based on 3D stacked paper-based microfluidics in 2019.'°° In
addition, the researchers introduced the idea of valve switch-
ing in traditional microfluidics into paper and fabricated
paper-based microfluidics with a switching function. For
example, Chaoyong James Yang et al. demonstrated an “on
and off” paper-based microfluidic.'* As Fig. 3f shows, the for-
mation of hydrogels overcame the capillary force, preventing
the dye solution from flowing further. Using an aptamer as a
cross-linker, a smart, target-responsive hydrogel can be syn-
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thesized, in which target binding can mediate gel-sol phase
switching. As a result, the corresponding dye colour will
appear in the responsive circles. Second, origami of two-
dimensional paper-based microfluidics is another way to
produce 3D paper-based microfluidics, which achieves the
integration of paper-based microfluidics on a single sheet of
paper.''® For example, Jinghua Yu et al. demonstrated a multi-
plexed chemiluminescence immunoassay for point-of-care
diagnostics based on 3D origami-based microfluidics in
2012."°" Third, wax density layering for single paper is a novel
method for 3D paper-based microfluidic construction, which
achieved fabrication without folding. As Fig. 3g shows, Xiao Li
et al. created microfluidics in single sheets of paper by control-
ling the density of deposited wax on paper.'®®

3.3 Modular design

A microfluidic system typically consists of many different
modules, such as reaction chambers, mixers, detectors,
pumps, valves, etc.''’ Benefiting from the capillary force,
paper-based microfluidics provide a pump-less alternative to
generate microfluidics."**""® The key to using paper-based
microfluidics for in situ monitoring lies in modular design.
The most important of these are the sweat absorption buffer
zone, the flow reaction zone, and the evaporation zone.

The function of the sweat absorption buffer zone is to
absorb sweat from the skin surface. Scallop or vortex shapes
are the most common shapes of the sweat absorption buffer
zone, which aim to pursue efficient sweat absorption. For
example, Chengyi Hou et al. demonstrated a vortex shaped one
in 2021."* The results showed that the sweat diffusion rate in
layer 1 was very fast in the first 5 seconds, which reflected the
high efficiency of the vortex shape for sweat absorption and
transfer. In addition, the diffusion rate of sweat decreased
layer by layer, indicating that the hydrophilic region of each
layer has a buffering effect on the next layer. Notably, the
sweat absorption buffer zone stabilized the diffusion rate of
sweat on the next functional layer, which is essential to avoid
fluctuations in electrical signals during real-time monitoring.
Parallel results, during a review of research in recent years,
were found in which Qingpeng Cao et al*’ and Tianyu Li
et al.'® all designed multilayer structures, realizing efficiency
of sweat absorption.

The capillary flow rate is a key parameter in the perform-
ance of the assay in the flow reaction zone due to the fact that
the effective concentration of the analytes is related to the
capillary flow rate."*>''® Ever since its empirical formulation
in 1856, Darcy’s law has been a hallmark in modelling
momentum transport through porous media.'’” In 2010,
Jennifer L. Osborn et al. focused on the flow in conventional
paper-based microfluidic ducts.''” Assuming the sample pad
is an infinite source and the absorbent pad is an infinite sink,
the flow in a fully wetted paper device is approximated by
Darcy’s law:

Analyst, 2023,148, 175-1188 | 1179


https://doi.org/10.1039/d2an01818g

Published on 20 de febrer 2023. Downloaded on 14/2/2026 14:03:56.

View Article Online

Minireview Analyst

a

:
:
.
:
:
I
b
:
i3
o
"
I
.
“
i
:
:

@ Origami

20 mm

Reagent tab

Adding Sample

Hydrophilic reservoir
- L-Apt in layer 2
=1 P-SA & P-SB in layer 3
‘; - Food color in layer 4
‘ \ Hydrophilic channel
Hydrophobic wax-paper
Wax 1
Wax 2
Paper
9 Wax Density Layering N
; Wax 2 Wax 3
. Heatln9$ Layer 1 Hea[mg‘ Wax 4
I&ensnty f Layer 1
i ow
Wax E Heating

Layer 2
Layer 1,

Layer 2
Layer 4

Layer 1 “Ceiling” wax

-

Layer 2 Layer2  Layer3 Layer 4

600 pm

Fig. 3 Typical 2D/3D paper-based microfluidics. (a) The first 2D paper-based microfluidic. Reproduced with permission from ref. 38. Copyright
2007 WILEY-VCH.* (b) The first 2D paper-based microfluidic used for electrochemical detection. Reproduced with permission from ref. 72.
Copyright 2009 American Chemical Society.”® (c) A typical dendritic 2D paper-based microfluidic. Reproduced with permission from ref. 27.
Copyright 2009 WILEY-VCH.88 (d) The first 3D paper-based microfluidic.*’ (e) A 3D origami paper-based microfluidic. Reproduced with permission
from ref. 38. Copyright 2012 The Royal Society of Chemistry.'°* (f) A 3D stacking “on and off" paper-based microfluidic. Reproduced with permission
from ref. 39. Copyright 2015 American Chemical Society.'%? (g) A wax density layering 3D paper-based microfluidic. Reproduced with permission
from ref. 40. Copyright © 2014 Springer-Verlag Berlin Heidelberg.'%3

where Q is the volumetric flow rate, « is the permeability of the  drop occurring over the length, L, of the paper network. Due to
paper, wh is the paper cross-sectional area of width, w, and this, it is possible to change the volumetric flow rate Q con-
height, i, u is the dynamic viscosity, and AP is the pressure trolled by simply changing the fluid path length, fluid path
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diameter, fluid depth, and thickness. The patterning process
defines the width and length of paper-based microfluidics, and
the thickness of the paper defines the height of the channel.

This assumption is correct when the effect of the evapor-
ation process in paper-based microfluidics is not taken into
account. However, due to the need of continuous monitoring,
the effect of the evaporation process plays a significant role. In
that case, the mass of the evaporated water per unit time
equals the mass flow rate through the channel, when the
device is completely saturated with water. In 2020, Orlin D
Velev et al. incorporated the retardation factor and rearranged
the equation result in an expression for dye velocity."*

 RHA
T wM

where v is velocity, R¢ is the retardation factor of the paper, HA
is the constant evaporation flux, H, and the area of the evapor-
ation zone, A, M is moisture content of the wet paper, w is the
channel width. Therefore, the flow rate can be changed by
changing the channel width and evaporation area. However,
the areas of the evaporation zone lie below the line in
Fig. 4c.'® Otherwise, the evaporation zone will be not fully
saturated, since the capillary wicking is not able to replenish
water rapidly enough to fully saturate the pad area. In this
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case, the flow should be described according to Darcy’s law.
Therefore, assessment of the evaporation area is crucial.
Attention should be paid to whether the flow reaction area is
incorporated into the evaporation area and whether it is
obscured by encapsulation.

With the development of integrated equipment and the
demand for multi-parameter detection, 3D paper-based micro-
fluidics are becoming the future development trend step by
step.*>'%%!1% However, most of the previous research studies
have focused on a single layer, and there is a lack of evidence
in the research between layers currently. Vertical flow in paper
may need further investigation, for which diagnostic devices
based on vertical sample flow are possible."'* Since an external
driving force is not necessary for paper-based microfluidics,
we did not include it in this paper.

4 Paper-based microfluidic devices
for in situ sweat analysis

In situ sweat analysis devices are booming with the develop-
ment of flexible and conductive materials with good perform-
ance.'® As discussed above, paper, to some extent, is a cost-
effective substitute for PDMS as a detection module and paper-
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Fig. 4 Research studies in the flow regime of 2D/3D paper-based microfluidics. (a) A schematic of the paper Y device for validating Darcy’s law.
Reproduced with permission from ref. 5. Copyright 2010 The Royal Society of Chemistry.'*? (b) The relationship of channel width and wicking speed.
Reproduced with permission from ref. 6. Copyright 2019 The Royal Society of Chemistry.®® (c) A typical dendritic 2D paper-based microfluidic.
Reproduced with permission from ref. 19. Copyright 2020 American Institute of Physics.'® (d) Demonstration of programmed fluid delivery using a
simple 2D paper network. Reproduced with permission from ref. 23. Copyright 2010 The Royal Society of Chemistry.%° (e) Dynamic distribution of
sweat contents in a 3D paper-based microfluidic. Reproduced with permission from ref. 21. Copyright 2020 Elsevier B.v.14
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based microfluidics economically solves the long-standing head-
aches caused by undesired sweat accumulation and contami-
nation in in situ sweat analysis. Along with the insights from
research studies on effective channel design, there are a growing
number of outcomes regarding paper-based microfluidic devices
for versatile applications. These devices employ different prin-
ciples to evaluate the sweat loss'*'™** and detect chemical mole-
cules such as electrolytes,””"**'**> gmall molecules"*® and
major molecules'®” in sweat. This review is a retrospect on the
paper-based microfluidic devices reported previously for in situ
sweat analysis sorted by different detecting objects.

Monitoring the physical properties of sweat such as the per-
spiration volume and rate is vital for assessing physiological
status and improving athletic performance®®*?#™3° and correc-
tion for biomarker measurement in sweat.”®?*'?>131 gome pre-
vious works have reviewed the research progress in wearable
sweat-loss measuring devices'*> while this section focuses
more on the application of paper-based microfluidic devices in
this field. Due to the hygroscopicity or capillarity, paper-based
microfluidic devices facilitate the channel with self-driving
ability. This unique property endows paper-based microfluidic
devices with extraordinary advantages over other microfluid
devices. Andreu Vaquer et al. developed a sweat volume colori-
metric platform made of filter paper.'”® The absorbed sweat
was dyed after passing through the dye reservoir on the filter
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paper, leaving a path on the paper strip. The length of the
colour band quantitatively reflected the sweat volume. Though
simple in design and intuitive in results, it failed to manifest
the change of sweat volume over time, and the uneven diffusion
of the dye front could likely cause reading errors. Vaibhav Jain
et al. realized time sampling by constructing a 2D paper-based
radial microfluidic array using a colorimetric method to demon-
strate sweat dynamics.'*' The device consisted of a series of
microfluidics with different lengths and widths which were
designed to allow the collected sweat to flow at the same rate.
The blue CoCl, deposited at the end of the channel turned red
when it was hydrated as CoCl,-6H,0. Therefore, the number of
channels that turned red semi-quantitatively and semi-continu-
ously reflected the perspiration dynamics.

Colorimetric and electrochemical methods are mainly used
for sweat-loss evaluation.'*> However, only the colorimetric
method was reported in paper-based microfluidic devices.
Colorimetry was the most traditional application of filter
paper, which was featured as simple and intuitive.
Unfortunately, it was incapable of continuous
monitoring.'*>"** With the development of flexible conductive
paper-based composite materials,"*® it is promising to
combine electrochemical methods with paper-based microflui-
dic devices in the future to realize continuous monitoring of
perspiration volume and rate.

Table 1 Advantages and disadvantages of various paper-based microfluidic integrated devices

Detection Limit of
methods Device Target detection Advantages Disadvantages Ref.
Electrochemical =~ Wax printing 3D paper-based Glucose 5 uM 1. Continuous monitoring 1. Difficult to 33
microfluidic electrochemical in real time manipulate
integrated device Glucose  10.3 pM 2. Quantitative detection 2. Complex fabrication 100
process
Glucose  17.05 yM 3. High detection sensitivity 3. Low mechanical 114
and low limit of detection properties
Lactate 3.73 pM 4. Environment-friendly, 133
biodegradable and low cost
Office paper-based electrochemical ~ Zn(u) 25 ng mL ™"
sensor
PDMS-based microfluidic patch Glucose  7.34 uyM 1. Skin-compatible 1. Surface adsorption 134
mechanical properties
Lactate 1.24 mM 2. Versatility and rapid 2. Heat does not
prototyping dissipate easily
3. Relatively high cost
Colorimetric Chemically patterned microfluidic Glucose 13mgdL™ 1. Easy to manipulate 1. No capacity for 50
paper-based analytical device continuous
monitoring
TNFo 3ngmL™" 2. Usually simple 2. Usually qualitative
fabrication process detection
Ni 150 pg L™ 3. Environment-friendly, 3. Low mechanical
biodegradable and low cost ~ properties
Wax printing 3D paper-based Glucose — 122
microfluidic electrochemical Lactate = —
integrated device pH —
2D paper-based microfluidic pH — 125
analytical device Urea —
3D paper-based microfluidic BSA — 127
analytical device Glucose —

PDMS-based colorimetric sensing
device with super absorbent
polymer valves

M82 | Analyst, 2023, 148, 1175-1188

Chloride 1 mM

1. Skin-compatible 1. Surface adsorption 135
mechanical properties
2. Biocompatible and

profoundly precise

2. Heat does not
dissipate easily
3. Relatively high cost
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Sweat is rich in electrolytes and chemical substances,
among which, CI™ concentration is an important indicator for
the diagnosis of cystic fibrosis**”**® and levels of Na*, K*, H"
well reflect the body dehydration state.'****' Furthermore,
given that lactate concentration in sweat and blood are highly
correlated, lactate in sweat well reflects the degree of muscle
fatigue.”” Sweat glucose is also an important pointcut for non-
invasive body glucose level monitoring,” which has captured
extensive attention.””'** As shown in Table 1, many research
studies successfully applied colorimetric and electrochemical

4

Working electrode (WE)

Absorption layer
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methods in the in situ detection of analytes with paper-based
microfluidic devices. Colorimetry is widely used to detect
sweat pH,””'?* lactate,>*'*® glucose,'”” creatinine,"** uric
acid," protein content,"”” etc. As shown in Fig. 5a, Zhong
Zhang et al. designed a multifunctional paper-based microflui-
dic colorimetric device that simultaneously measured the
sweat volume, pH and lactate and glucose content.'*?
Patterned filter paper separated the detection area as different
functional regions. pH indicator solution, i-lactate oxidase/
horseradish peroxidase/o-phenylenediamine dihydrochloride

27

Counter electrode (CE)
E Reference electrode (RE)

. Wax

Paper

Sweat

e Glucose sensor
I 1
=— = Lactate sensor

.\
‘D
Step 3

Accelerated diffusion layer 4 4 4 A A 4
Y Y YT

Layer 4

Layer 3

Layer 1

Paper Microfluidic t

Sensors =

Sweat /

Epidermis

Sweat Duct

;/‘ o= \ = “f"'—Skin

FPCB

Glucose Sensor

Electrocardiographic Sensor
Sweat Microfluidic Channel

Fig. 5 Typical paper-based microfluidics for sweat content measurement. (a) A 3D device by stacking, for versatile applications using a colorimetric
method. Reproduced with permission from ref. 8. Copyright 2019 The Royal Society of Chemistry.*?? (b) A 3D device by origami featured with inte-
grated processing of electrodes and channels. Reproduced with permission from ref. 9. Copyright 2021 Elsevier B.V.°° (c) A 3D device by origami,
for sweat electrolyte electrochemical monitoring. Reproduced with permission from ref. 20. Copyright 2020 Wiley-VCH.!® (d) A 3D device by
origami with a unique vortex-like absorption layer to accelerate sweat absorption. Reproduced with permission from ref. 21. Copyright 2020 Elsevier

B.v.14
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(OPD), and glucose oxidase/horseradish peroxidase/AAP/DHBS
were respectively modified on functional regions to detect pH,
lactate and glucose concentration. Chromogenic intensities
were quantified using smartphone photography and Image]
software processing. However, the double conversion from
analyte concentration to colour intensity, and then to the
image analysis software magnified the error.

Electrochemical methods have been widely used in in situ
sweat monitoring because of their high sensitivity, dynamic
recording and ease of miniaturization.'"® Several research
groups reported their work on paper-based microfluidic
devices for in situ sweat electrochemical monitoring, which
performed well in the detection of sweat glucose®'°*'** and
lactate.’'* Qingpeng Cao et al and Jiawang Ding et al
designed 3D paper-based microfluidic devices for potentio-
metric biosensing on enzyme activities and electrolyte
level."'®'® In Cao’s work, the paper-based microfluidic
device includes five layers, namely sweat collector layer, verti-
cal channel layer, lateral channel layer, electrode layer, and
sweat evaporator layer.''® The 3D structure was constructed
by folding, in which Na" and K' selective electrodes were
attached to the electrode layer using double-sided tape to
respond to the change in sweat Na® and K' concentration.
This work also integrated a paper-based microfluidic device
with a smartwatch, and results demonstrated that the device
successfully solved the problem of sweat accumulation and
exhibits desirable performance in both in vivo and in vitro
tests. For glucose detection, Tianyu Li et al also used
origami to construct 3D paper-based microfluidic devices,
but they made important improvements to the fabrication
and design of the device."® As shown in Fig. 5c, the research
group realized the integrated processing of electrodes and
channels by screen printing technology. Moreover, a dendri-
tic absorption area was designed to improve the efficiency of
sweat collection and conductive hydrogel material was used
to construct a glucose electrode, which contributed to an un-
precedented high sensitivity for glucose detection. The
device integrated the absorption area, ECG electrode, glucose
detection electrode, and evaporation area on a single filter
paper, realizing non-invasive real-time monitoring of electro-
physiological and biochemical signals with low cost and high
efficiency. Similar work was done by Li et al.''* Notably, they
designed a unique vortex structure to accelerate the absorp-
tion and transduction of sweat, which was proved to be
effective by the simulation analysis of dynamic distribution
of sweat diffusion. In conclusion, paper-based microfluidic
electrochemical devices have great potential for in situ detec-
tion of sweat components, but there is still a problem of low
device integration.

5 Conclusions and perspective

With the advantages of accessibility, ease of processing,
environment-friendliness, biodegradability and low cost, paper
became an attractive substrate material for in situ sweat detec-
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tion, which makes it a promising starting point for a “lab on
paper”.

This paper reviewed the advantages of paper as an ideal
candidate substrate material for microfluidics and summar-
ized the up-to-date research progress on in situ sweat detec-
tion. Firstly, we described the two intrinsic characteristics of
paper—hydrophilic property and capillary action based on the
structure of paper—and presented an overview of the different
methods of hydrophobic treatment to realize the functionality
of paper-based microfluidics. Next, we introduced some classic
2D/3D structures of paper-based microfluidics and the basic
concepts of dynamics of fluids in porous media. Finally, we
presented some integrated devices for in situ sweat detection
based on paper-based microfluidics. Here are some sum-
maries and outlook from the review.

In terms of the design of paper-based microfluidics, the fol-
lowing recommendations are summarized:

(1) Choice of the paper type. Different types of paper show
different characteristics, such as weight, thickness, porosity,
particle retention, filtration speed, and wicking speed, making
it possible to meet various needs. For example, with bigger
porosity and faster wicking speed, Whatman #4 paper is a
better choice for a microfluidic substrate.

(2) Choice of the hydrophobic method. Chemical modifi-
cation presents a more stable state whereas physical blocking,
especially wax printing, shows great potential in manufacture.

(3) The co-design of channel module and size. Paper-based
microfluidics consist of a sweat absorption buffer zone, the
flow reaction zone, and the evaporation zone, in which the
flow rate of the flow reaction zone plays an important role in
in situ sweat detection. The size of the channel, especially its
width and evaporation area, is relevant to the flow rate.

Although paper-based microfluidics have been in develop-
ment for more than a decade, there are still many key chal-
lenges remaining to be overcome during in situ sweat detection
as described below.

(1) Salt deposition problem during long-term monitoring:
While the water in the sweat is evaporated, it leaves behind dry
salt deposits, which will hinder the operation of the equip-
ment over time.

(2) Paper wetting problem during long-term monitoring:
Whether chemically modified or physically blocked, the hydro-
phobized paper has a certain shelf life, which imposes limit-
ations on long-term in situ sweat detection.

(3) Minimizing the structure of the microfluidics: Although
3D paper-based microfluidics have made some progress com-
pared with 2D ones, there is still room for further improve-
ment in integrating more functions in less space.

In recent years, we have witnessed the beginning of paper-
based integrated analytical devices. The iterations of these
sensing devices depend on the developments of advanced
functional materials, which have made a splash in recent years
including nanoparticles,'*® hydrogels,'*® aerogels,"**'** and
so on. In particular, conductive materials, such as PEDOT:
PSS,'*®  carbon nanotubes,'” polyaniline (PANI),"*®* and
MXene (Ti3C2),"* play an important role in sensors."”® Their

This journal is © The Royal Society of Chemistry 2023
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development has led to optimization for device miniaturiza-
tion and detection sensitivity.'>* Beyond doubt, progress in
materials will foster the development of paper-based inte-
grated analytical devices aimed at in situ sweat detection.

In summary, this review presents the recent advancements
in paper-based microfluidics related to design and appli-
cations. The challenges associated with the device are also dis-
cussed and future directions are provided. It is hoped that this
review will accelerate the development of a lab on paper in the
field of in situ sweat detection.
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