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Abstract

Sweat is an important biofluid present in the body since it regulates the internal body temperature,
is relatively easy to access on the skin unlike other biofluids and contains several biomarkers which
are also present in the blood. Although sweat sensing devices have recently displayed tremendous
progress, most of the emerging devices primarily focus on the sensor development, integration
with electronics, wearability, and data from in-vitro studies and short-term on-body trials during
exercise. To further the advances in sweat sensing technology, this review aims to present a
comprehensive report on the approaches to access and manage sweat from the skin towards
improved sweat collection and sensing. We begin by delineating the sweat secretion mechanism
through the skin, and the historical perspective of sweat, followed by a detailed discussion on the
mechanisms governing sweat generation and management on the skin. We conclude by presenting
the advanced applications of sweat sensing, supported by a discussion of robust, extended-
operation epidermal wearable devices aiming to strengthen personalized healthcare monitoring

systems.
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1. Introduction

This review will provide a comprehensive overview regarding the existing techniques used
for withdrawing, sampling, and managing sweat from the skin surface. Unlike other biofluids (such
as interstitial fluid (ISF), saliva, urine, and tears), human sweat remains relatively easy to access
due to the following reasons: (a) sweat glands are distributed throughout the entire surface of the
body (~ 2-4 million in total) [, which means that sweat can be generated from all body parts; and
(b) sweat appears naturally on the skin surface to regulate the internal body temperature, which
can get elevated through common activities such as exercise.l?! Furthermore, since sweat contains
important biomarkers which are also present in blood™?!, it appears to be an attractive non-invasive
alternative biofluid source for gaining important health information regarding the human body.
The on-demand availability of sweat on the skin surface has led to the development of several
skin-worn non-invasive epidermal devices that allow continuous and convenient access to the
health and nutritional state of the human body.[* I The success and reliability of such sweat-based
sensing and energy devices require a deep understanding of the sweat sampling methods and the

factors that affect their efficiency for long-term monitoring.

Over the years, researchers have continuously investigated different active and passive
non-invasive techniques for extracting sweat on the skin surface and how to deploy them through
wearable prototypes. Active sweating through physical exertion has been the most common way
till date to generate sweat instantaneously on the skin surface.l!l Other techniques include
thermall*® or chemical stimulation™™, osmosis®?*3, or relying on the natural perspiration rate of
the human subject.[**! Classical approaches for sweat sampling and transport include utilization of
substrates such as absorbent padsi*>!®l and commercial Wescor Macroduct® patches.[*”]
Additionally, the prototypes comprising surfaces with alternative superhydrophilic and
superhydrophobic coatings™®l, and in-house fabricated microfluidic channels which are either
polydimethylsiloxane (PDMS)% paper3] or thread based, have been also utilized for the same
purpose.?%! Furthermore, efficient sweat management approaches for facilitating prolonged sweat
collection and sensing have been achieved via inclusion of capillary valves for flow regulation(”-?],
evaporation?>24 or by increasing the surface area of the sampling zone in the prototypes.?®l
Sensing of various sweat biomarkers has been largely conducted with either electrochemical or

colorimetric based assays.[?°! Moreover, sweat collection techniques have also benefited energy



harvesting applications, such as with skin-worn biofuel cells (BFCs).[?627]1 Hence, the sweat
collection method should be tailored to meet requirements of the specific sensing or energy

applications.

Herein, we discuss and summarize the different approaches used to date for continuous,
long-term sweat withdrawal, sampling, and management, and discuss how these capabilities are
executed in wearable sensing and energy platforms. To get a better understanding, we begin by
discussing the physiological mechanism of sweat production inside the human body and the
historical importance of sweat sensing. Subsequently, we provide a detailed analysis of existing
sweat withdrawing techniques. Next, we focus on the different sweat management approaches that
facilitate long-term sampling and epidermal sensing. Finally, we discuss future directions and
prospects, with a focus towards state-of-the-art wearable epidermal devices and advanced sweat
sensing applications. Overall, this review differentiates from existing sweat-based wearable sensor
reviews by focusing primarily on key techniques and strategies for accessing and sampling the
sweat biofluid towards the successful effective operation of such skin-worn sensors for supporting

continuous and long-term monitoring.
1.1 Generation Mechanism and Historical Perspective of Sweat

To understand the different sweat withdrawal techniques, it is important to initially know
regarding how sweat is generated on the skin surface. The human skin consists of three types of
sweat glands: eccrine, apocrine, and apoeccrine (Figure 1a left).[*?] The eccrine sweat glands are
located at the hypodermis section of the skin and are majorly responsible for sweat production in
the body. The density of these glands are the highest (~ 250-550 glands/cm?) and their total number
ranges ~2-4 million in the entire body. Eccrine sweat glands consist of three sections: secretory
coil, dermal duct, and upper coil duct. The secretory coil consists of three types of cell: clear, dark,
and myoepithelial, in which the clear cells are majorly responsible for sweat production (Figure
1a right).!? Additionally, the dark cells act as a storage for the active materials in sweat, while the
myoepithelial cells provide structural integrity to the duct against the hydrostatic pressure exerted
by sweat. As the body experiences a thermal stimulation, an osmotic gradient gets generated in the
clear cells due to influx of calcium ions (Ca?"), which causes water movement into the lumen
section of the secretory coil (Figure 1a panel 1). lons and salts are continuously absorbed and

reabsorbed between the clear cells and lumen via active and passive diffusion processes. Hence,
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the eccrine sweat is mainly composed of water, NaCl, and substances from the interstitial fluid
(ISF). The rate of reabsorption varies inversely to the flow speed of sweat in the duct, indicating
that the lower the absorption rate, the higher will be the electrolyte levels in the luminal sweat. The
sweat from the luminal cells is then pumped along the duct (Figure 1a panel 2) via capillary forces

towards the skin, where it appears on the skin surface through the skin pores.
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Figure 1. Sweat secretion mechanism and historical relevance of sweat sensing. a) Schematic
showing the cross-section of the skin with the different types of sweat glands, and the
mechanism of sweat secretin in the secretory coil.>?8] Adapted with permission. Copyright 2020,
American Chemical Society and Copyright 2019, Taylor and Francis Group. b) Chronological
evolution of sweat-based cystic fibrosis detecting prototypes.[*72°-31 Adapted with permission.
Copyright 2000, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright 2010, Royal Society
of Chemistry. Copyright 2017, National Academy of Sciences. Copyright 2021, American
Association for the Advancement of Science.

The importance of measuring sweat biomarkers for health monitoring and disease detection
has been a topic of interest for a very long time. Cystic fibrosis (CF) is one of the first health
disorders to be investigated that contributes to irregular sweat electrolyte levels (usually CI- and
Na*).l17:2%.321 The Na* and ClI- levels during CF can reach up to ~60 mM2 and ~ 160 mMEBH,
respectively, with exercise. Under sedentary conditions, both Na* and CI" can range ~ 80-100 mM
during CF, as compared to 20-30 mM in healthy subjects.*! CF is an autosomal genetic disease
that occurs due to mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene.’ Due to the continuous and dynamic mutation of the CFTR gene, routine screening of CF
has always proven to be challenging.®¥l Traditional techniques for CF detection include
polymerase chain reaction (PCR), fluorometric based assaysi®*l, flame photometry, and anion
exchange chromatography.1 However, since such techniques demand sophisticated, bulky,
expensive analytical instrumentation with high degree of technical operational expertise with not
being able to provide real-time analysis of biomarker levels, finding alternative wearable platforms

for CF detection has received tremendous attention.

lontophoresis (IP) using transdermal pilocarpine delivery has served as a gold standard
sweat extraction method for decades since it is convenient, non-invasive, and patient friendly.*!
Researchers started using this technique for CF detection by combining it with a Wescor
Macroduct® patch for sweat sampling around early 2000’s (Figure 1b top).[*”] The Macroduct
patch consists of a blue dye in the tubing that provides an estimate of the sweat rate and volume
sampled. The sampled sweat (~ 50-75 pL) was routed through an ion-selective commercial
microelectrode array for ex-vivo electrolyte estimation. Around 2010’s, researchers started
developing a wearable prototype version for CF detection (Figure 1b right). One such reported
prototype included commercial fabrics for sampling exercise induced sweat and transporting it to
the ion-selective electrodes (ISEs) for electrolyte sensing.l?®! A portable potentiometer was used

to obtain a reading on a real-time scale. All these individual components were typically assembled
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using a strap and worn on the body. The prototype showed Na* concentration around ~ 60 mM
from CF patients with exercise. However, the presence of bulky components in such prototypes
and the requirement of physical exertion prior the monitoring, led to the development of a fully
integrated wearable platform in 2017 (Figure 1b bottom).% Such epidermal platform included
an iontophoretic platform for sweat extraction and Na* and CI" ISEs for specific electrolyte
estimation. The whole system was even connected to a wireless circuit board, that allowed real-
time estimation of electrolyte levels and sweat rate. IP could generate sweat rate up to ~1
uL/min/cm? and show sweat Na*and CI- concentration around ~80-100 mM in CF patients. On a
similar note, a colorimetric based, soft epidermal microfluidic device for sweat CI” estimation was
also developed last year for early CF diagnosis in a population of wide age range (Figure 1b
left). ! The estimated CI- concentration ranged 80-160 mM in CF patients after exercise. Hence,
itis evident that CF-based sweat sensors have evolved immensely over the last two decades, clearly
highlighting the historical relevance of sweat and its potential to be used as an alternative biofluid

source for non-invasive health monitoring and disease detection.

To get further in-depth information regarding the potential of sweat, the following sections
of this review will summarize the different approaches used to date for continuous, long-term
sweat withdrawal, sampling, and management, and discuss how these factors get executed in

wearable sensing and energy platforms for advanced high-tech applications.

2. Sweat Generation Techniques on Skin
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Figure 2: Schematic showing a compiled representation of different active and passive sweat
withdrawal techniques reported to date.

To quantify the different biomarkers in sweat, the primary necessity is to first have the
sweat fluid be accessible on the skin surface (Figure 2). The techniques through which sweat gets
generated on the skin, can be broadly classified into two main categories: active and passive.
Active sweat generation techniques are generally exhaustive for the human body as they rely on
either physical exertion through exercisel*>2¢-381 external heat application (through sauna or hot
shower) on skint*%%1 or on transdermal delivery of chlorogenic agents for triggering sweat
production.’%41 Although these techniques usually end up generating higher sweat volume, the
generated sweat remains susceptible to questions about clean capture, external contamination,
losses due to uncontrolled evaporation, and dilution due to excessive sweating. On the contrary,
passive sweat generation techniques are comforting to the body since their working principles do
not involve applying an external stimulus. Relying on the natural sweat generation ratel®2342-451 or
by using an external medium for generating an osmotic pressure differencel!32346-481 with respect
to the sweat, have proven to be attractive for passive sweat extraction. While these techniques are
exertion free, non-invasive, and can operate under low sweating conditions (such as at rest or low

humidity settings), they sample low sweat volume over time which can be susceptible to losses



due to evaporation. Thus, all sweat withdrawing techniques possess their own advantages and
disadvantages. The next section will provide a detailed discussion and analysis about the working
mechanism of all sweat withdrawing techniques and will illustrate how they are executed in
different wearable form factors for on-body sensing.

2.1 Sweat Generation via Active Sweating

A common way to generate instantaneous sweat on the skin surface is via active
perspiration, where an applied external stimulus (heat, shock, or chemical) triggers the sweat
production in the sweat glands. The working principles and the protocols used for this goal are
shown in Figure 3. Active sweat generation through exercising (at varying intensity levels) is the
conventional approach that researchers have predominantly used for on-body validation of various
wearable prototypes, that aim to target the non-invasive detection of various
biomarkers.[+819333849 The sensing component of such prototypes can be deployed in three
different ways for facilitating continuous monitoring under active sweating: (a) direct interfacing
with the sweat present on the skin surfacet, (b) embedding inside microfluidic channels(®l, and
(c) interfacing with external microfluidic form factors (polymer, paper, or thread based
microfluidic channels).[®! The example shown in Figure 3a left comprises of a soft, thin, flexible
epidermal wearable tattoo with screen printed electrodes for sweat lactate estimation. Lactate is a
byproduct of anaerobic glycolysis, commonly generated in sweat as an outcome of oxidative stress
experienced by the body due to high levels of physical exertion.[?®l The NE-shaped tattoo
comprises of the screen-printed three-electrode system with enzymatically (lactate oxidase, LOX)
functionalized working electrodes for selective lactate detection.® The patch was tested during
active exercise for 2000 seconds where the sweat lactate concentration peaked up to ~ 20 mM.
Although, direct interfacing allows the highest proximity of the sensor with skin, it can still make
the sensor vulnerable to contamination from skin or be exposed to lesser biofluid volume due to

losses from sweat evaporation, if not properly sealed.
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Figure 3: Active sweat withdrawal techniques. Sweat can be generated on the skin surface (a)
through exhaustive physical exertion.l®°1 Reproduced with permission. Copyright 2013,
American Chemical Society and Copyright 2016, American Association for the Advancement of
Science. (b) Use of iontophoresis for delivering chlorogenic agents for chemical stimulation,%
Reproduced with permission. Copyright 2016, American Chemical Society. Use of (c) using
thermal stimulation techniques.'® Reproduced with permission. Copyright 2019, Royal Society
of Chemistry.

Epidermal prototypes can also harvest and transport actively perspired sweat using
conventional microfluidic channels (as implied by the arrow), with pre-immobilized reagents for
specific sweat biomarker detection (Figure 3a right).[?%3%51 Syuch prototypes are usually
colorimetric based where an inflowing sweat biomarker undergoes a redox reaction to generate a
colored product, whose intensity directly correlates with the amount of biomarker present, and can
be quantified using smartphone-based imaging techniques. Unlike the disadvantages (limited only

to lab settings, time consuming to apply, blocking of sweat glands) of common of sweat sampling



methods (whole body washdown, patches, and polymer bags)®®? , microfluidic channels allow
better fluid control under limited operating space. The prototype shown in Figure 3a right was
based on such similar principles, where it could simultaneously measure glucose, chloride, lactate,
pH, and sweat rate from subjects during active exercise (cycling and outdoor activities).[® Several
other reported wearable prototypes also function based on similar principles.[72%:3951.53-551 Einally,
the sensing zone can be also interfaced directly to the microfluidic pathway. In such a case, the
incoming biomarker from the actively generated sweat undergoes a continuous reaction to generate
real-time trends of the biomarker levels.564156-591 Although, microfluidic channels allow rapid
sampling, operation with low reagent volume, better control of molecules due to laminar flow, and
the feasibility of including automation to avoid human error®®  they can still be exposed to
biofouling from sweat. Moreover, under high sweat rate, the immobilized reagents for the
colorimetric assays within the microfluidic channels can also be susceptible to leaching, which
might consequently dampen the biomarker signal. Multiple common sweat biomarkers, such as
glucose, lactate, sodium, chloride, uric acid, or ascorbic acid, have been measured using this
arrangement. However, since exercise involves physical exertion, it might not be the best testing
methodology for deriving information from sweat from subjects who are aged and suffer from pre-
existing health conditions. Hence, other alternative sweat withdrawing techniques that would

demand lesser exertion and be comforting to the human body are highly desired.

Given the limitations of sweat withdrawal via exercise, researchers have used chemical
(40411 and thermal stimulation techniques® as other non-invasive alternatives for sweat
extraction. Cholinergic agents, such as pilocarpine or carbachol, have proven to induce sweat
secretion in the secretory coils of the sweat glands (chemical stimulation).[? These agents are
cationic compounds which are transdermally delivered through the skin surface via IP. IP is an
established technique for inducing fluid flow inside the skin using electric field (Figure 3b).
During IP, these agents are loaded (usually in a hydrogel) onto the anodic terminal and delivered
through the skin by applying an external electric current (0.2-0.5 mA/cm?), which consequently
triggers the movement of the anionic species inside the skin towards the anode and cationic/neutral
species towards the cathode (direction of electroosmotic flow). The sensing component can be
placed on either of the electrode terminal, depending upon the electrostatic nature of the target
biomarker. Moreover, the volume of sweat generated can range 15-100 L, depending on the
applied current density and IP time.¥] The schematic shown in Figure 3b describes a soft,
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adhesive tattoo like wearable patch for sweat alcohol sensing using IP.[*Y The path consisted of
two silver electrodes for applying IP and an enzymatic (alcohol oxidase (AOXx)) electrochemical
sensor (with a catalytic Prussian blue (PB) layer) attached near one of the electrode terminal, which
could measure alcohol levels up to 40 mM in-vitro. The patch was validated on subjects after
letting them consume varying levels (5-10 0z) of alcohol beverages. With 5 mins of IP, the sensor
was able to give the response for alcohol presence in sweat and show a good correlation with blood
alcohol concentration (BAC). Similar patches working with IP have also been developed for other
biomarkers such as electrolytes*®4, vitamin CPl, glucosel*%1 amino acidsf® and lactate.[5”]
Although IP can operate on subjects at rest, there always remains a possibility of skin burns due
to electric current and drug overdosing due to material defects in the patch, hence requiring proper
safety precautions.%8! The power requirement to generate electricity also remains as a major

concern.

The thermal stimulation technique for sweat generation is accomplished by exposing the
body to high temperature conditions (such as hot shower or sauna bath).[”1%%! Sych an external
stimulus raises the internal body temperature which eventually leads to greater sweat generation
for homeostasis maintenance. The schematic shown in Figure 3C shows the testing protocol
followed by a prototype during on-body testing, that relies on warm shower for sweat generation.
The prototype following this protocol relied on colorimetric measurements of measuring pH, urea,
and creatinine concentrations along with the sweat rate.!*? 5-15 mins of hot shower were sufficient
for sensing sweat biomarkers. The plot in Figure 3C also verifies that higher the exposed
temperature, the higher will be the rate of sweat generation. Such similar approaches have been
also used by other colorimetric platforms for measuring nutritional biomarkers (calcium, zinc, and
vitamin C, with 50 mins sauna)® lactate, and electrolytes (with 30-40 mins sauna) in sweat.[’]
Since, thermal stimulation techniques generate high sweat rates (~0.3-0.5 pL/min), they are mostly
used in conjunction with microfluidic platforms, as they allow better sweat fluid management.
Although this technique does not include exhaustive physical exertion, long-term exposure of the
skin to such high temperatures could prove detrimental to the skin.®® Moreover, the concerns
similar to active sweating and leaching in microfluidic channels also remain valid in this case.
Hence, the next section will focus on passive sweat extraction techniques which are comforting to
the body.
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2.1 Sweat Generation via Passive Sweating

As an alternative to the cumbersome and stressful active perspiration techniques,
researchers have come up with sweat generation techniques which are exertion free and comforting
to the body. In one such technique, the concept of diffusion has been utilized to sample sweat
biomarkers. The working principle used for this passive sweating technique is shown in Figure 4.
This concept was pioneered in 2019, where the fingertip was used for ex-situ sweat lactate
measurements using an agarose based hydrogel on rested subjects.** The hydrogel acted as a
sweat reservoir that facilitated lactate transport (due to its inherent water content) from the fingertip
to the sensing electrodes, based on the natural perspiration rate. Moreover, the fingertip was chosen
as the sampling site since it was found to be extremely rich with sweat glands and have close
proximity to the blood capillaries.'®" Potentiometry with carbon electrodes was used in this
study. This concept was later translated into a fully integrated prototype for ex-situ caffeine and
lactate measurements from the fingertip of rested subjects.?®] The reported prototype used Au
electrodes with multi-walled carbon nanotubes (MWCNTS) and poly-m-phenylenediamine (PPD)
for sensing, connected to a physical circuit board (PCB) on bench, that allowed direct data storage
on cloud. Although estimating caffeine and lactate levels from sweat at rest are important, nothing
can beat the fact of this concept being transitioned for sweat glucose estimation without any active

perspiration requirement.

The first touch-based prototype for sweat glucose measurement was developed in 2021
(Figure 4a).[*®l Unlike the previous reported touch based prototypest**21, this prototype used a
porous polyvinyl alcohol (PVA) hydrogel (75 um thickness) for sampling and transporting glucose
from the fingertip to the sensor (PB based carbon ink). PVA based hydrogels are more porous than
agarose gels.[’>73 Hence, such a gel type allowed faster (within 60 sec) biomarker transport which
could be useful for glucose sensing, since its amount in sweat is low (unlike blood). The prototype
was able to show an increase in the sweat glucose level after meal intake, along with validations
from blood glucose. Since the correlation between sweat and blood glucose has always remained
debatable, the researchers developed an algorithm to eliminate the dependency on interpersonal
sweat rate for their concentration calculations. Such personal calibration led to greatly enhanced
the correlation (Pearson’s correlation coefficient (Pr)=0.95, with mean absolute relative difference
(MARD)~ 7.9%, and 100% points lying in the A+B region of Clarkes Error Grid (CEG)) between
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the estimated sweat and blood glucose concentration. The same group has expanded these
principles towards levodopa (L-dopa) monitoring in sweat!*!l, and cortisol“? in connection to
enzymatic (tyrosinase) and molecularly-imprinted (MIP) receptors, respectively, — a major
milestone for sweat sensing. The former allowed tracking of L-Dopa pharmacokinetic profiles
following an oral tablet administration. The passive fingertip perspiration was also applied to
biofuel cell energy harvesting using sweat lactate as the fuel.?®! Remarkably high ‘return of
investment’ was reported considering the passive nature of the sweat generation. Although finger
touch-based sensing provides rapid, painless, non-invasive monitoring from sweat, it still suffers
from a few potential drawbacks such as: (a) Since there is a hydrogel involved which is kept open
(without concealment) during sensing, it can be vulnerable to drying over time. Drying would
reduce the water content of the hydrogel that would eventually disrupt the biomarker transport,
induce noise in the system, and not support long-term monitoring; (b) No prototype has been able
to quantify the sweat rate/sweat volume while sensing. These are useful parameters whose
estimation could give an idea about the extent of dilution caused by the water in the hydrogel; (c)
The hydrogel thickness is crucial since it controls the diffusion coefficient (D), which affects the
rate of biomarker transport to the electrodes.[*!
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Figure 4: Passive sweat withdrawal techniques. Sweat can be generated on the skin surface
without exertion using two ways: (a) Relying on the high natural perspiration rate at fingertips.
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The produced sweat can be sampled and transferred to the electrode for sensing using
hydrogels.1*¥] Adapted with permission. Copyright 2021, American Chemical Society (b) By
creating an osmotic pressure difference with respect to sweat inside the skin surface.[*3! This
technique can also be deployed with a hydrogel and be combined with evaporation for facilitating
long-term collection and sensing. Reproduced with permission. Copyright 2021, American
Chemical Society

Another attractive sweat generation via passive sweating involves osmosis, capillary
wicking, and evaporation.[*32%l The prototype shown in Figure 4b left executed these principles
in a wearable prototype. Osmosis, capillary wicking, and evaporation facilitate simultaneous
pumping, transport, and management of sweat, respectively. A polyacrylamide hydrogel
equilibrated in a highly concentrated solution of glucose was used to initiate a chemical potential
difference with respect to sweat upon interfacing with the skin. A paper microfluidic channel
sandwiched between the hydrogel and skin, was used to transport the sampled sweat via capillary
action. Furthermore, the end of the paper channel was expanded to a circular fan shaped pad to
allow sweat evaporation (Figure 4b left and right). Continuous evaporation maintained the
capillary pressure in the channel which allowed continuous inflow of sweat from the hydrogel
towards the circular pad.?2 Hence, the evaporation pad acts as a reservoir for all the sweat
biomarkers. The prototype would cease to operate if either the chemical potential difference
between the sweat and skin nullifies or the evaporation pad gets completely saturated due to solute
deposition, allowing no further free space for evaporation. The reported prototype has been used
to estimate sweat lactate concentration during rest and under different gradients of exercisel*3],
which proved that sweat lactate concentration increases with exercise. Blood lactate concentration
and sweat rate were also measured, which showed that the sweat lactate concentration depends on
sweat rate and correlates well with blood lactate concentration only under high intensity exercise
(70-80% maximum heart rate).*64"1 Enzymatic based electrochemical sensors based on PB
mediated carbon electrodes have also been integrated with this prototype.[?>481 However, in
comparison to the hydrogel-based finger touch-based sensors, this system possesses the following
advantages: (a) The hydrogel stays concealed inside a silicone chamber which prevents it from
drying; (b) Sweat rate estimation and long-term operation is possible due to continuous sweat
evaporation; (c) Osmosis is a colligative property, which means that it only depends on the solute-

solvent concentration difference between two mediums.
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Overall, although finger touch-based sensing and osmotic hydrogel-based techniques allow
painless, non-invasive detection, they result in low sweat volume generation, in comparison to
their active sweating technique counterparts. Moreover, the osmotic based technique is also
humidity dependent since the evaporation rate depends on it. Hence, all sweat generation
mechanisms possess their own advantages and disadvantages. The next section will discuss about

the various sweat management techniques.

3. Sweat Management Techniques from Skin

Once the sweat is on the skin surface, it is important to manage it efficiently using
appropriate measures to avoid contamination or mixing and support prolonged sensing by delaying
the saturation of both the sensor and the sampling substrate.®? Figure 5 highlights the different
sweat management techniques reported till date to support long-term sampling and sensing in
wearable prototypes. In general, it is relatively difficult to manage the sweat in prototypes that
directly interface the skin for sensing, since they can be susceptible to errors arising from either
uncontrolled sweat evaporation, dilution, and contamination. Hence, a sampling media is

necessary to eliminate the effects of such parameters.

One of the most common and efficient ways of sampling and managing sweat is by using
microfluidic channels. The use of microfluidics technologies for biosensing applications has
existed since the early 2000°s.1075:78] However, it entered the domain of wearable sweat sensing
only around the late 2010’s%877781 and since then this field has been growing ever since.
Microfluidic technologies are good candidates for sweat management since they require smaller
sample volumes, allow better control of biomarkers due to the laminar flow, and allow room for
integrating automation to reduce human intervention. They can be based on either polymer
(PDMS/PMMA)B paperl*®l or thread®, in which the sensors can be either directly placed
inside the channel (common in colorimetric sensors)4°7°8% or pe interfaced to the microfluidic
pathway (as in electrochemical platforms).[622458182] The time lag between introduction of sweat
in the channel and its arrival to the sensor is governed by the Taylor-Aris dispersion model.[
Figure 5a shows an example of a sweat sensing microfluid patch, highlighting the front and
backside of a wearable glucose sensing platform that withdraws sweat using IP and samples it in
a PDMS microfluidic channel, having electrochemical sensors interfaced to it.[*!l IP was achieved

using pilocarpine infused hydrogels, while the sensor relied on a PB mediated gold electrode. The
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microfluidic reservoir took ~ 15 mins to get filled up with sweat and the prototype was validated
on body for continuous glucose estimation for 20 mins. However, this just represents one example,
but apart from this, sweat rate>*8184 metabolites**41571  electrolytes®®l and nutrition

biomarkers3% — all have been estimated with microfluidic prototypes.

Although microfluidic channels are efficient in sweat handling, they can still experience
biofouling from unregulated sweat flow. One such way to prevent this could be via capillary
bursting valve (CBV) installation inside the microfluidic channels. This idea was pioneered and
deployed in wearable sweat based microfluidic platforms in 2017.I74°1 CBVs are micron sized
features constructed inside microchannels that operate based on the capillary pressure (also
referred as “bursting pressure (BP)” in this context) of the fluid. They are mainly used to control
flow and even connect microchannels of varying diameters and surface properties.®”] Each CBV
can be designed to accommodate a certain level of BP to allow sequential sweat flow in the
channels. The BP depends on the surface tension of the fluid, pressure of the non-wet gaseous
phase in the channel, fluid contact angle, and channel dimensions. Channels with a lower width
and height would require a greater BP. Figure 5b shows a section from a soft, epidermal
microfluidic patch consisting of microchambers for sweat storage, each connected with multiple
CBVs.l'l It can be seen that by tuning the BP in each CBV, sweat (herein blue dye solution) can
be sequentially guided through multiple channels and microchambers. The fluid inside these
microchambers can be also transferred by centrifugation to different collection chambers for
biomarker analysis. The resulting prototype was used to estimate sweat lactate and electrolyte
levels in each microchamber from actively perspired sweat via colorimetry. This similar concept

has been executed in several other sweat microfluidic prototypes. 228l
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Figure 5: Sweat management techniques in wearable prototypes. (a) Sweat being sampled in
microfluidic channels for better biomarker handling.[*!] Adapted with permission. Copyright
2022, Springer-Verlag GmbH Germany, part of Springer Nature (b) Capillary bursting valves
installation in microfluidic channels for flow manipulation.[’] Adapted with permission. Copyright
2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (c) Superhydrophilic and
superhydrophobic coating enabled microfluid pathway.®®) Reproduced with permission.
Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (d) Flow regulation achieved
with thermo-responsive polymeric flow valves.[®® Reproduced with permission. Copyright 2020,
Springer-Verlag GmbH Germany, part of Springer Nature (e) External protective polymeric layer
over microfluidic platform.®!I Reprinted with permission. Copyright 2020, Wiley-VCH GmbH (f)
Evaporation assisted pumping of sweat using paper microfluidic channels.??l Reproduced with
permission. Copyright 2020, American Institute of Physics.

The morphology of the substrate and the contact angle between sweat and the substrate can
also play an important role towards sweat management.[® Inspired by the wedge like shape of a
cactus spine, researchers have developed microfluidic channels with both superhydrophilic and
superhydrophobic layers, that mimic the shape of such natural structures for managing sweat flow.
The PDMS microfluidic prototype shown in Figure 5c utilizes this concept.®¥ The
superhydrophilic and superhydrophobic layers were created using PVA/silica nanoparticle
solution and octadecyltrichlorosilane (ODTS) treatment, respectively, on the channel. This
induced variation in the surface morphology of the channel and generated a wettability gradient,

which eventually propelled the sweat droplet towards the wide superhydrophilic surface (along the
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direction of Laplace pressure). The prototype had electrochemical sensors embedded in the
microfluidic pathway, which were used to estimate sweat glucose (with food intake) and lactate
concentration (with exercise). This similar concept has also been executed in microwells to
develop wearable bandages for multiple sweat biomarker (glucose, chloride, calcium, and pH)

sensing.[8l

External polymeric valves have also been used to regulate the sweat flow in microfluidic
channels. The effectivity of such valves remains dependent on external stimulus such as a change
in temperature®® or moisture.®®l The prototype reported in Figure 5d used a Poly (N-
isopropylacrylamide) (PNIPAM) hydrogel as an embedded thermo-responsive valve for flow
regulation inside the microfluidic channel.® When the hydrogel temperature crosses lower
critical solution temperature (LCST), it allows sweat to flow in the channel. The flow stops when
the temperature reaches below LCST. Electrochemical glucose and lactate sensors were also
directly interfaced to the microchannel, which measured data from on-body during active
perspiration. The whole platform could also be connected to a flexible PCB for wireless data
transfer, storage, and monitoring. Moisture dependent polymeric vales have been developed using
super absorbent polymers (SAP) such as sodium polyacrylate.531 Such materials swell upon water
intake and manipulate the flow inside microfluidic channels. Simple touch-based pressure

sensitive check valves also exist for sweat flow regulation in microfluidic channels.[®3%4]

Moreover, to prevent the effects of external stresses, polymeric layers have been found to
be useful encapsulations for microfluidic prototypes. The prototype reported in Figure 5e used an
external polyurethane (PU) skeleton layer for this purpose.l®! PU was chosen because of its high
modulus (~ 1.1 GPa). The rigid layer made the prototype be resistive to external compression,
impacts, acceleration, and evaporation, and allowed successful colorimetric sweat chloride
detection under these conditions. Similarly, another wearable microfluidic prototype was
developed using hydrophobic poly(styrene-isoprene-styrene), that not only made it stress resistive,

but also be resistive to external moisture.%

Apart from the conventional polymer-based microfluidic channels, paper can be also used
as an effective substrate for sampling, transporting, and managing sweat. We have already
discussed in Figure 4b how paper microfluidic channels can be utilized under passive sweating.

Paper is not only inexpensive, thin, and widely available, but its porous nature and ability to control
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flow rates via capillary wicking and evaporation, makes it a suitable medium for sweat
management.[*®>%¢! Evaporation assisted pumping in microfluidic channels has existed for quite a
while.-*°1 However, the first study to show that this concept can also be used for sweat pumping
was reported recently and is shown in Figure 5f.22 Such paper channel design consisted of a
rectangular section and an evaporation pad of large surface area. As sweat enters the pad, it starts
to evaporate and leaves behind solute deposition. Evaporation maintains the capillary pressure in
the channel (by preventing it from complete wetting) which facilitates long-term sweat inflow by
delaying saturation. In-vitro studies have shown that by carefully tuning the width, length of the
rectangular channel, and pad area, continuous flow can be sustained for up to ~ 10 days. With time,
the rate of sweat evaporation from the pad would decrease due to continuous solute deposition
(lack of free space for evaporation). Overall, the evaporation pad can also act as a repository for
all sweat biomarkers and can be used for ex-situ sensing. This study laid the foundation for the
design of the osmotic wearable prototype reported in Figure 4b. The next section will discuss the
future directions and prospects, with a focus on the high-tech and advanced applications of sweat

sensing in general.

4. New Directions for Sweat Sensing

Till now, we have seen how sweat can be sampled, accessed on the skin surface, and be
managed using different tools and techniques for prolonged collection/sensing through delayed
saturation in wearable prototypes. Considering all those aspects, the field of sweat sensing has
witnessed considerable development in the past few years, with prototypes majorly focusing on
long-term monitoring (~ hours), wireless real-time data monitoring on smart devices, multiplexing
with other biomarkers, energy harvesting through BFCs, integration with physiological signal
monitoring, and utilizing them for high-tech real-world applications. Hence, we will focus on all
these aspects in this section and discuss them based on the sequential integration of multiple

aspects to sweat sensors towards next generation and advanced applications.

The usage of smart devices (computers, laptops, mobile phones, tablets) for monitoring
and storing the real-time biomarker signals, as obtained from the wearable sensors have expanded
widely. Amongst these, smartphones have proven to be the most useful tool for such purposes
since they are portable, have become affordable to the general population, and have in built
features that allow storage and sharing of data. In today’s world, smartphone assisted monitoring
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is being allowed by all the leading commercial health and fitness monitoring devices, such as
Apple Watch or Fitbits, and continuous glucose monitors (CGMs) of Abbott or Dexcom.
Furthermore, smartphones also allow the users to share their health data with and receive assistance
from their healthcare providers, eventually preventing them from cumbersome in-person doctor

Visits.

The rapid growth of smartphone usage has also made it enter the field of sweat sensing.
The utilization of smartphone highly depends upon the sensing mechanism of the wearable
prototype. In colorimetric microfluidic sensors, the concentration of the biomarker is predicted by
estimating the color intensity of the generated compound, post reaction with the assay, using image
analysis techniques.[&10-31.80:84100.1011 The prototype shown in Figure 6a uses this concept for sweat
rate and chloride estimation for sport science applications.l® The prototype consists of PDMS
microfluidic channels with an embedded colorimetric chloride assay. By mapping the color
intensity of the generated compound (upon the interaction of sweat chloride with the assay) using
computer vision algorithms, the dynamic sweat rate and chloride content were estimated. The
prototype was tested on 312 subjects from which a good correlation between sweat chloride
concentration and sweat rate was observed. Advanced machine learning based algorithms have
also been deployed with this prototype recently for further accurate estimations of sweat rate and
chloride concentration.l*%?l Alternatively, smartphone-based monitoring can be achieved with
electrochemical platforms by connecting them to circuit boards having in built electronic modules

for allowing wireless data transmission (via Bluetooth) and storage. 23]

The use of laser engraving for fabricating both microfluidic channels and sensor has
received a considerable recent attention.[>51 The traditional approaches for fabricating silicone
based microfluidic channels are expensive, time consuming, and not scalable.[*® Hence, CO;
based laser engraving techniques have gained recognition since they allow rapid fabrication of
different patterns under ambient conditions, which allow scalable production of wearable sensors
within less time.51%1 Electrodes can also be fabricated using lasers. Laser induced graphene (LIG)
is produced by scribing infrared (IR) laser on a polyimide (PI) substrate which photothermally
converts the carbon atoms from sp® to sp? orientation. As a result, the C-O, C=0, and N=C bonds
in the Pl get broken, generating porous graphene nanosheets with more than 85% carbon
content.[*% Hence, LIG electrodes provide high surface-to-volume ratio due to enhanced porosity
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in comparison to traditional graphene.l'® The prototype shown in Figure 6b followed these
principles and was used to detect uric acid (UA) and tyrosine in sweatl®!, where the LIG-based
sensors could measure up to 200 uM and 1000 pM of uric acid and tyrosine, respectively. The
prototype could monitor temperature and strain with LI1G sensors, and was even validated on gout
patients, where their UA concentration ranged ~80-160 uM. Another prototype based on the
similar concept was also developed for sweat cortisol sensing for tracking the circadian rhythm of

the human body.[7]
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Figure 6: Recent advancements in the field of sweat sensing. (a) Smartphone based detection for
estimating sweat biomarker levels. Reproduced with permission.®¥ Copyright 2020, American
Association for the Advancement of Science. (b) Usage of laser for engraving microfluidic
channels and porous electrode fabrication.®! Reproduced with permission. Copyright 2019,
Springer Nature. (c) Simultaneous monitoring of multiple biomarkers from multiple biofluids on
a single wearable platform." Reproduced with permission. Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim (d) Sweat nutrition biomarker monitoring platform.% Reproduced
with permission. Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Hydrid
wearable patch comprising both biophysical and biochemical monitoring systems.[%! Reprinted
with permission. Copyright 2021, Springer Nature. (f) Biofuel cell based long-term energy
harvesting from sedentary subjects.[?] Reprinted with permission. Copyright 2021 Elsevier Inc.
(g) Biochemical signal-machine interfacing systems for encrypted data storage and feedback-
based systems.[%”] Reprinted with permission. Copyright 2022, National Academy of Science.

Researchers have also tried to simultaneously target the sensing of two different
biomarkers from two different biofluids using a single wearable platform. The prototype shown in
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Figure 6¢ was developed on a tattoo paper which used IP to simultaneously withdraw sweat and
ISF for sensing alcohol and glucose, respectively.*d IP was applied through transdermal
pilocarpine delivery from the anodic electrode terminal, which triggered an electroosmotic flow
inside the skin. This led to the flow of sweat and cations towards the anode, and ISF and glucose
towards the cathode (along the direction of electroosmotic flow). Hence, alcohol and glucose
sensors were placed at the anode and cathode, respectively. On-body testing (with meal and 5-12
oz of alcoholic beverage) with 5 mins of IP showed glucose and alcohol response, which also
correlated with their concentration in blood.

Nutrition biomarkers have also started to get a lot of attention recently due to their link
with disease management and functioning of the immune system.[1%1 Inadequate nutrition status
can prove catastrophic in terms of affecting ones physical, and mental health and also be
responsible towards chronic disease development.[*%l Vitamins (A, B6, B12,C, D3, and E)*°,
minerals (Zn, Fe)'H ca?*8 Mg?*321 B-hydroxybutyrate (BHB)™'?, and cholesterol™®l are
some of the important nutritional biomarkers that have been monitored from different human
biofluids. Although there has been a good progress in terms of sensing these biomarkers on
benchtop settings, only a few sweat based wearable platforms have been reported.[*3%661 One of
the recently developed prototype is shown in Figure 6d, which was designed to simultaneously
transdermally deliver and monitor vitamin C, Zn, Fe, and Ca?*, using colorimetry.®® The platform
consisted of PDMS microfluidic channels which had the specific assays embedded in them. The
sensors could estimate up to 200 pM, 100 pM, 100 pM, and 3 mM of vitamin C, Zn, Fe, and Ca?*,
respectively. During on body validation, the nutrients were first delivered transdermally through
the skin and then monitored in sweat generated through sauna. A good correlation was also
observed with their levels in blood. Moreover, IP stimulated sweat has also been used for
monitoring nutrition biomarkers (amino acids, vitamins, and BHB), using MIPs[® and simple

enzymatic sensors.?!

Continuous monitoring of biophysical signals (such as blood pressure (BP) and heart rate
(HR)) also play a significant role in determining the physiological condition of the human body.
Hence, their monitoring is as important as the monitoring of biochemical signals. A prototype
capable of measuring simultaneously these biochemical and biophysical signals could prove

extremely useful for monitoring severe health conditions such as obesity, diabetes, and
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cardiovascular diseases. The first wearable prototype to execute this functionality was reported in
2016, 81 where only sweat lactate and HR were monitored under active sweating. However, the
prototype shown in Figure 6e was the first one to extend this functionality towards multiplexed
sensing from different biofluids in a single wearable form factor.['%! The prototype was developed
on a conformal, stretchable substrate using styrene-ethylene-butylene-styrene (SEBS) elastomer,
which could simultaneously monitor glucose, lactate, caffeine and alcohol enzymatically, while
BP and HR using ultrasonic transducers. The transducers were developed using lead zirconate
titanate (PZT), with glucose being targeted from ISF, caffeine and alcohol from IP stimulated

sweat, and lactate from actively perspired sweat.

Despite the tremendous progress towards sweat based wearables, the amount of power
consumed during sensing remains a potential issue. Most of the wearable prototypes are powered
either by a commercial Li-ion battery (which can be bulky and heavy) or near field communication
(NFC) chips. Additionally, if the prototype runs on IP, the power consumption increases further
(as high as ~ 30 mW for IP and 6 mW for sensing).[“’l Although with passive sweat collection the
power consumption reduces significantly?®l, the problem still remains unsolved for prototypes
running on active perspiration. These shortcomings have led to the development of wearable sweat
based BFC for harvesting power.['411%1 Sweat based BFC’s use lactate as a fuel since it can be
generated easily with exertion and its concentration range in sweat is high (~ mM). The enzymatic
lactate bioelectrode served as the anode for catalyzing the oxidation of lactate to pyruvate, while
the cathode undergoes a reduction reaction in presence of either bilirubin oxidase enzyme
(BOx)2"1, PtH15] or Ag,0.[1¢] Sweat based BFCs have been able to achieve power density as high
as ~ 1.2 mW/cm?, being capable enough to run a light emitting diode (LED) and Bluetooth low
energy (BLE) radio.['*®l Additionally, power harvested by BFCs have also been stored in

supercapacitors.[*7:118]

Although sweat based BFCs have proven to be extremely efficient, a major drawback
experienced by them lies in being functional only under active perspiration. Thus, these BFCs
would not operate under low humidity conditions or on rested subjects. The prototype shown in
Figure 6f has addressed this problem by harvesting power from a simple touch of the finger.[6!
Porous PVA hydrogels were used to sample and transport the sweat lactate from the fingertip to
the BFC. The BFC was developed using CNT foam with LOx and Pt on the anode and cathode,
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respectively. By making the BFCs be in continuous contact for 10 hr on the finger during sleep, ~
300 mJ/cm? (~ 30 mJ of energy per hour) of power output was obtained. Since a single press on
finger consumes ~ 0.5 mJ of energy, this whole system resulted in a high energy return on
investment (~ 60 times higher). Furthermore, the harvested power was also utilized to operate

thermochromic displays for Na" and vitamin C sensors.

The concept of touch-based sensing has also been merged with machine encryption to
develop a bio-human-machine interface system, which would translate the touch based entries to
biochemical and biophysical indices, and eventually store them in cloud memory (Figure 6g).*%]
Such interfacing is achieved by executing special algorithms that enable biometric encryption of
one’s physiological parameters. The prototype reported in Figure 6g used a conventional touch-
based platform (using hydrogels) to obtain the biochemical signals of alcohol and acetaminophen
(Ac) from the fingertip. The enzymatic sensors of alcohol and acetaminophen were designed to
measure up to 2.5 mM and 12 uM, respectively in-vitro. Biophysical signals such as heart rate and
SpO2 were also measured in conjunction. The whole prototype was even deployed on a steering
wheel of a car for in-vivo demonstration of alcohol presence in the body. The display screen would
instantly show an alert message if sweat alcohol content surpassed the limit. Such a system - if
connected to the car ignition system - can eventually restrict drivers from driving under influence
(DUI). Furthermore, the Ac platform was even connected to a feedback-based system which would
determine the medication requirement of the subject, based on the Ac levels.

5. Conclusions and Outlook

Sweat contains a plethora of biomarkers that coexist in blood and serves as an easily accessible
non-invasive biofluid. It is secreted mostly by the eccrine sweat glands, where its accumulation
occurs due to osmotic effects between the glands and their surroundings. The continuous transport
of sweat onto the epidermis is driven by capillary effects and evaporation. Sweat can be actively
generated on the epidermis with physical exertion, chemical stimulation, and/or thermal
stimulation, while passively relying on either the resting perspiration rate or osmosis. Furthermore,
long-term sweat inflow and extended sensing can be achieved with different microfluidic
substrates comprising polymeric valves for flow regulation in the channels, along with tuning the
surface morphology of the flow channel, and/or by allowing continuous evaporation. Owing to the

sweat management strategies described in this article, the recent advances in sweat sensing
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prototypes have marked a transition to smartphone-based extended monitoring with cloud data

storage, multiplexed biophysical and biochemical sensor arrays, and even wearable biofuel cells

for self-powered multiplexed sweat sensing. Table 1 highlights the list of all key sweat biomarkers

with their reported extraction techniques, correlation with blood, and the diseases linked with their

levels in sweat. Overall, understanding the biochemical pathway of such biomarkers and their

correlation to blood is subjected to the individual’s health and testing conditions, which wearable

prototypes have been trying to solve, develop, and improve continuously.

Table 1. Analytes in sweat with their extraction and correlation information with blood.

Sweat Concentration: -
Analyte extraction Colr_r(;ela_tloni Importance Ref.
modality Sweat Blood Validation
. . 30-90 mM 135-150 mM [121,122] Dehydration, [4,123]
Sodium (Na+) | Active [119] [120] YIY hyponatremia
. B . 10-100 96-106 mM [122,124] CySth fibrosis, [125,126]
Chloride (CI") Active MM [129] [120] YIY dehydration
Ambulatory
Potasilum Passive 1-2[4111g1M 5-6 mM [127] y/y [121122] momtorm_g, [30,128]
(K% sweat quality
control
CaIC|um - 0-15 mM _ [130] [131,132] Metab()llsm, [129,132]
(Ca?") Active [129] 1-3mM YN Homeostasis
Ammonium . 0.8-8mM 30-80 uM [134] Metabolic [134,135]
(NHi7) | Active 133 127133 YN conditions
Homeostasis
pH Active 3-80 6.3 -7.4 0% | vyyy [12L1221 | dysregulation, | [137:138]
stress
Active .
Glucose and 10'2[938] HM thQ'loo }1';"9195 Y[y B4l Diabetes [141.142]
) igher
Passive
Active Muscle
Lactate and 4-1([)1(1)9§nM 0.5-[11333]mM Y/N [244] fatigue, [145,146]
Passive Tissue hypoxia
Personal
Ethanol Passive ZmSNZI 2[1]5 2'5-2&]'5 MMy yy a7 health, Social | 111471
order
Uric Acid Passive | 18 -[ES]“M 5-7 mM (271 N/N Chronic [150.151]
nephritis

25




Arthritis,
i i Parkinson's, | (1231321
Ascorbic Acid | Passive | * SQZ]HM 10 2[95(2’]“'\" Y/N 132 Alzheimer's, 50]
cardiovascular
disease, cancer
8- 150 Mental
Cortisol Passive (53 | 2-25 pg/ml B4 yyy 54 diseases, [155,156]
ng/ml .
fatigue, stress
Caffeine Passive | O7° [L11597{mL 0-30 uMm [571 Y[y 08l Performance | [#2158]
Neuropeptide . 0.8-75 0.5-70 pg/mL [160] Depression, [123,161]
Y Passive og/mL 1159 [159] YIY stress
Levodopa (L- : 0-25uM | [163] [164] Tardive [44,164,16
dopa) Passive [162] 0-9 pg/mL Y/N dyskinesia 5]
Regulation of
MicroRNAs Active - - N/N [266] biological [166]
processes
*Y: Yes, N: No

Despite these advancements, there remains certain challenges that require attention. These

challenges are highlighted below:

A. Not all wearable sweat sensing platforms have an integrated system built for estimating

sweat rate. Quantifying the real-time sweat generation rate is important to understand the
dependency of the biomarker amount on the volume of sweat produced. The prototypes
quantifying sweat rate are mostly impedimetric, that are sensitive to the total ionic content
of sweat. Hence, most of the platforms measuring non-ionic biomarker levels either do not
measure sweat rate or rely on the visual progression (like tracking a dye trace in a
microfluidic channel) of sweat. Sweat rate estimation via visual progression is a qualitative
approach. Although recent studies have validated such methods on a large pool of subjects,
quantified its performance with integrated mobile-based imaging tools, and compared its
efficiency with respect to absorption pads (gold standard technique), they remain
executable only on microfluidic channels with actively perspired sweat.® Moreover, there
are only a few platforms that discuss sweat rate when measuring on sedentary individuals
and its effect on the concentration of a few target molecules (glucose, cytokines, and

cortisol).%?1 Hence, a universal sweat rate estimation technique remains to be engineered.
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B. Most reported BFC patches operate solely on sweat lactate. Lactate is an oxidative stress
biomarker which increases in sweat with physical exertion. Moreover, excessive exertion
can dilute the sweat lactate concentration and even force the unhealthy subjects to cross
their lactate threshold (appearance of lactate in blood), eventually proving detrimental for
them. 61 Although BFC operation has been demonstrated using sweat lactate from resting
subjects, the process still remains time-consuming due to the low perspiration rate.
Furthermore, the biochemical partitioning of many sweat metabolites remains inadequately
understood. Hence, more comprehensive studies focused on addressing these constraints
are required, instead of simply developing a sensor that expands the pool of measurable
sweat-borne metabolites. Upon further progress, these new sweat-borne metabolites should
also be investigated for BFC applications, since power consumption is a major constraint
dictating the feasibility and functionality of wearable sensors/electronics.

C. Proteins, DNA, neuropeptides, and cytokines hold huge potential in determining the health
condition of an individual since they are sensitive indicators of disease and inflammation.
However, since these biomarkers are present in extremely diluted levels in sweat (~ ng/mL
or pg/mL), further research efforts are needed to develop ultrasensitive sensors targeting

such trace biomarkers.

D. There also remains a lack of closed loop feedback-based drug delivery systems coupled
with sweat sensing prototypes. In such systems, whenever the measured biomarker
concentration value would exceed its normal level, a tuned dose of the drug would be
released into the body to counter the detrimental effects of the disease biomarker. The
foremost constraints of such sense-act-treat systems would be the variable dilution of the
analyte depending on the varying sweat generation rate of the individual, inadequate
precision in timed release of the drug owing to the time offset between sweat versus blood-
based biomarker profiles, as well as the possible non-internalization/inefficient drug uptake
through the skin because of the sweat flow rate and/or skin conductivity, among other
subjective physiological parameters. However, with further progress on addressing these
uncertainties, the development of such closed-loop technologies for addressing multiple

disease biomarkers would contribute strongly towards the development of at-home
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personalized healthcare, bearing unique physiological and user-related benefits of its

noninvasive approach.

. The commercialization of current wearable sweat sensors requires further attention to
several issues. Such issues are attributed to the following two reasons: (a) Most fully
integrated, wearable sweat sensors can only estimate the biomarker levels with biochemical
sensors. However, if one wants to gain necessary health information from sweat, decisions
should be made by simultaneously monitoring both biochemical and biophysical signals
(heart rate, pulse, SpO2, core body temperature, blood pressure). Although, a multiplexed
platform capable of such multi-modal operation has been recently reported™°l, there still
remains room for improvement and great need for more of such platforms with extensive
on-body validation. (b) Biochemical sensors rely on enzymes for operation. Many enzymes
are fragile and their activity depends on the biofluid temperature and pH. Hence, highly
stable non-enzymatic synthetic receptors sensing ways (using nanozymes,681%1 or
MIPs®®l) need to be explored. Furthermore, inclusion of evaporation to microfluidic
prototypes can prevent them from biofouling and sustain long-term, continuous wearable
performance. (c) Most wearable prototypes show the sensor operation on-body without
validation against gold standard analytical techniques (e.g., high performance liquid
chromatography (HPLC), mass spectroscopy). Such large-scale validations are necessary
to assess their accuracy and understand their operation and performance under varying

physiological conditions.

Overall, the field of sweat sensing still has a long way to go in terms of understanding the

biochemical partitioning of several biomarkers, development of a universal sweat rate estimation

technique, and understanding the correlation of sweat-borne biomarker levels with disease onset

and progression through extensive clinical trials and pilot studies. Till date, only one conventional

microfluidic based wearable sweat sensor (for sweat rate, Na*, and CI- detection) has been

commercialized post intense clinical validation.’® Hence, there remains a pressing need for the

development of novel sweat-management and sensing platforms, multifunctional sweat-powered

autonomous wearables, and most importantly, comprehensive study protocols targeting these

pitfalls in sweat analysis.
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