ABSTRACT
SAHA, TAMOGHNA. Engineering and Oskin Validation of a Novel Osmoti€apillary
Wearable Patch for Loatgrm Sweat Lactate MonitorindJnder the direction of DrOrlin D.
Velev and Dr. Michael D. Dickgy

Biomarkers in sweat are a largely untapped source of health information. However, most
of the currently available sweat sensing devices require external power, cannot measure these
biomarkers under low sweat rates (such as in humans at rest), and dowid¢ @dequate
information about the relationship between sweat and blood biomarker levels. Hence, these
devices mainly rely on active perspiration for their operation. Biomarker analysis via active
sweating is not only inconvenient and tedious (sincegtiires strenuous exercise) but also raises
additional questions concerning its clean capture, external contamination, error in measurements
due to uncontrolled evaporation, and dilution due to excessive sweating. Furthermore, these
devices get saturatedigkly as they operate with large sweat volumes and cannot operate long
term (for hours) Thus, there remains a need for techniques that could allow efficient collection and
transport of small volumes of fluid from skin to sensors for {targn and continuas biomarker
monitoring.

This dissertation presents the desigryitro, andin-vivo (on-skin) validation of a novel
wearable prototype concept, which combines a few fluid withdrawing techniques that have not
been used earlier in swedadsed wearables.ud prototype simultaneously uses osmosis (zero
external power), generated by a hydrogel disk interfacing the skin feinaasive and exertion
free sweat sampling, and a paper microfluidic channel witevaporation pad at the end for
maintaining longterm sweat inflow and sensing.

We initially introduce the design of our novel, Rmvasive, wearable, zeffmowered sweat

sampling patch that functions without the necessity of active sweat release prior to testing. We



validate the functioning of the patah in-vitro (benchtop) settings to investigate the role of
osmosis, evaporation, hydrogel surface area, paper pore size, and transport effects at-the paper
hydrogel interface towards lofigrm biomarker collection.

This report is followed by the data ¢ime in-vivo (on-skin) validation of the patch which
was used to sample sweat lactate under rest, varying levels of exercise, apgepnse
conditions. Weshowed that sweat lactate was sampled mostly via osmosis in measurements from
subjects at rest, vile from actively generated sweat during exercise trials.

We also develop a continuous sweat lactate sensing platform through the integration of our
previously introduced sweat sampling patch with enzymatic electrochemical sensors. The platform
was validéed undelin-vitro (benchtop) anéh-vivo (on-skin) settings. It could also be connected
to a flexible circuit board including Bluetooth datansmission modules and tested through- real
time monitoring of sweat lactate trend on a wireless device, suhi®ad.

Finally, we demonstrate how our novel osmaipillary platform can be integrated with
microneedle patches to develop a ldagn (~ hours) interstitial fluid (ISF) sampling platform.
|l nstead of glucose hydr og eilnms(hydragel infusedewitrapura o v e |
glycerin) to serve this purpose. We validated this integrated systemiondieo settings, where
we found that this integrated platform can sample model biomarkers for up to 5 hours.

Overall, mplementation of such newipciples for sweat fluid harvesting and management
via wearable patch devices can contribute toward the advancement of next generation wearables

which will provide comprehensive analysis of different sweat biomarker trends in the human body.
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Figure 2.6.(a) Plot showing the cumulative dye intensity on pad with 4M glucose hydrogels

of varying surface area on model skin. b. Plot highlighting of 4M
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glucose hydrogels with varying surface afgaSchematic illustrating the
effects occurring at the hydrogekin interface due to hydrogels with varying
surface area. Data represents mean + S.D (n=3)Ndn-significant vs.
05CM X DX XX XXX XXXXXXXXXXXXXXXXXXXXXX0BXXXXXX
Figure 2.7. (a) Chronological grey scale images of the evaporation pad featuring the
gradual accumulation of salt, glucose, andBhdye in two 4M glucose
hydrogel patch, each with a paper of different pore s{bg®lot showing the net
dye accumulation on the evaporation p@jlVariation of quantity of Rhda on
pad. Cumulativéntensity profile of both dyes on the rectangular section of the
paper channel. * p<0.06P X X X X X X X X X X X X X X X X X X X X X XK X X X X X >
Figure 2.8 (a) Schematic showing the biomarker transport on paper with and without the
presence of a barrier between the hydrogel and paper interface. b. Plot showing
a comparative intake of dye on the pad with and without the presence
of a barrieK @ X X X X X X X X XROKRXROKX X X X X X X X X X X X X BEBX X X X X X
Figure 2.A.1. Explanation of how cumulative intensity of dye collected on evaporation pad
is quantified(a) Schematic of the paper microfluidic patch used for
sampling model sweat from model skin systémh A rectangulasection
chosen on the evaporation pad for image analysis after 12 hours of interfacing
with model skin(c) Red channel intensity of similar rectangular sections
chosen on evaporation pad at different times for a
24-hour ruK X X X X X X X X X X X X XEKEKKZKEKEKEKX XXX XXX X XXX
Figure 2.A.2. Highlighting the importance of osmosis in facilitating more dye collection.

a.Images showing net dye collection on the paper microfluidic channel in
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the patch when backed with a PDMS disk, uponrtprating the paper with DI
water (left), PBS (center), and 4M glucose solution (right). b. Images
highlighting the precipitation of Rhodamine B dye particles under high
concentrations of NaCl. Calibrationgplof c. Rhodamine B in PBS and
d. BPB in PBS. e. Ratio of moles (RB) on the evaporation pad,
comparing the dye intake of pveet vs. dry paper in the patch with 4M
glucose hydrogel. All the experiments were run for 24 WS X X X X. XX X
Figure 2.A.3. a. Optical images highlighting the lagging of RB@nd BPB transport on paper,
in comparison to the PBS fluid in 4M glucose hydrogel patches. b. Optical
i mages highlighting the Amaxi mum dye pe¢e
the chronologal accumulation of Rh@ and BPB levels on the evaporation
pad of 4M glucose hydrogel patche® X X X X X X X X X X X X X X X ’BEBX X X X X X
Figure 2.A.4. Optical images comparing the chronological accumulation of BPB dye
on evaporation pad for 2.5M glucose and 4Mcgke treated
hydrogel patche§ P X X X X X X X X X X X X X X X X X X X X X X X7& X X X X X X
Figure 3.1. Schematic of the earable, zerpowered, and nemvasive sweat sensing
platform on skin. The platform comprises of a hydrogel pad and a paper
microfluidic channel. $nultaneous action of osmaosis, capillary wicking,
and evaporation leads to lotgrm sweat withdrawal from skigven at
resting perspiration ratEFS@ X X X X X X X X X X X X X X X X X X X X XX X X X X X
Figure 3.2. Plots presenting a comparative analysis of the sampkrd@s sweat lactate
guantity with different pumping materials in the patch, under varying

physiological conditions. (a) Table highlighting the full forms of all the

XVili



physiological conditions in which the human subjects were tested. Plot showing
the amount of lactate sampled during (b) NEX trial, (c) MEX trial, (d) PMEX trial,
(e) HEX trial, (f) PHEX trial. Error bars denote the standard deviation obtained
from all subjects. * p<0.05. These plots show that all pumping materials in the
patch can sample lactate on pafére error bars denote standard deviation from
all SUbECIX P X X X X X X X X X X X XXX XXX XX XXXXXXXXHEXXXXXX
Figure 3.3.Crosssectional schematics of sweat lactate transport with different pumping
materials at the interface with the skin. The pumping materials include (a) 4M
glucose hydrogel patch, (b) PBS Ihggel patch, and (c) PDMS disk patch
during HEX, PMEX, and PHEX trials. Schematic showing the sweat lactate
transport in (d) 4M glucose hydrogel patat), PBS hydrogel patch, and
(f) PDMS disk patch during MEX and HEX trialg}) Compiled optical irage
of patches with different pumping materiafter testing under varying
physiological conditions. The red mark on the paper channel indicates the
position of sweat after each tridlhese schemati@nd imageshow that
osmotic sampling of laate occurs only in a 4M glucose hydrogel patch. The
PBS hydrogel patch and PDMS disk patch sample lactate from activeXsweafx o
Figure 3.4. Plot showing the effectiveness of the 4M glucose hydrogel in facilitating
lactate withdrawal via osmosis wrddifferent physiological conditions. Each
dot denotes data from one subject. The dashed line connects the mean values to
guidethe egy@s P X X X X X X X X X X X X X X X X X X X X X X X X XX X X X X X
Figure 3.5. Relationship between sampled sweat lactate quantity (under different

physiological conditions) and sweat volume on paper for a 4M glucose

Xix



hydrogel patch. Plots showing how sweat lactate depends on sweat volume
during (a) NEX trial, (b) MEX and HEXigals, and (c) PMEX and PHEX
trials.Each dot denotes data from one subfedtX X X X X X X X X X X X XX X X X X ®
Figure 3.6. Comparative analysis of sweat lactate concentration readout of 4M glucose
hydrogel patch and blood lactate concentration. (a) Plot showing the estimated
sweat lactate concentration in a 4M glucose hydrogel patch under
different physiological conditins. (b) Plot presenting a comparative analysis of
the lactate concentration readout from our patch (dotted circular box) to the
lactate concentration data from previously published lactate studies. (c) Plot
showing the measured blood lactate cormediain under different
physiological conditions. Relationship of sweat and blood lactate concentration
during (d) NEX trial, () MEX and HEX trials, and (f) PMEX and PHEX trials.
Each dot denotes data from one subject. These plots elucidate thaticorre
between blood and sweat lactate levels under different physiological conditions.
The error bars denote standard deviation from all subfedtX X X X X X X X X0X X X X
Figure 3.A.1. Schematic illustration of the human trial protocol. 4 M glucose hydrogel,
PBS hydrogel, and PDMS disk patches were tested on skin during rest,
exercise, and postxercise conditions for sweat lactate estimation. The dry
rub test estimates the basetéde level during each physiological stdge X X X108 &
Figure 3.A.2. Rotational speed of the cycle ergometer and exercise intensity range during

humantrialX @ X X X X X X X X X X X X X X X X X X X X X X X X XIFOX X X X X X
Figure 3.A.3. Calibration plot of normalized intensitg. lactate concentratidh® X X X X XXX & ®

Figure 4.1.Wearable continuous sweat lactatenitoring platform (a) Optical image of

XX



CSLMP without hydrogel on bench, and on the forearm. The prototype is
first connected to the custom WEES and then mounted on the skin using a
Velcro strap. (b) Blow out schematic of the whole prototype highlighting all
of its individual componentsc) Schematic of CSLMP with the embedded
hydrogel and how the hydrogel withdraws sweat lactate from skin via osmosis.
(d) Schematic highlighting the immobilized components of the working
electrode and the reaction mechanism of lactate det¥ctiol X XXXXXX X X X1X8X
Figure 4.2.In-vitro validation of the FLS performance using
chronoamperometry. (&hronoamperometric response of the sensor under
varying levels of lactate concentration. (b) Calibration plot of the sensor
highlighting the current vs. lactate concentration dependence. (c) Plot showing
the stability of the sensor with time. (d) Plot proving the selectivity of the
sensor towardkctate detection in presence of common
sweathiomarker¥ @X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 4.3 Design of flexible circuit board (WEES) and its chronoamperometric response
with the lactate sensor. (a) Optical image of the circuit boarBI¢ck
diagram highlighting the components of the circuit board. (c) Comparative
analysis of the sensor response between potentiostat and WEES for a
continuous increase in lactate concentration. (d) Comparative analysis of the
sensor response betarepotentiostat and WEES when exposed to
simultaneous increasing and decreasing lactate concengabofX X X X X XXX X © ®
Figure 4.4. Schematics of the stdyy-step protocol followed during the human trial tests.

The subjects are tested under (a) NEXMBX, and (c) HEX Sweat lactate

XXi



was measured using the integrated system of CSLMP with WEES, whose
reattime trends were obtained on an iPad. Sweat rate was measured using a
Macroduct patch duringothMEX and HEXtrials. Blood lactate was
measured separately after completion of eachtriaX X X X X X X X X X X KK X X X X ®
Figure 4.5.Images and plots showing the results from théody testing of CSLMP for
sweat lactate detection. (a) Optical image showing the level of sweat
penetration in the paper channel during NE¥X, and HEXtrials. (b) Plot
showing the sweat lactate igs 0f3 subjects during the NEX trials for 2 hours.
(c) Plot showing the sweat lactate concentration trend of 2 subjects during MEX
trials for an hourDark green zone: warm up, light red zone: medium intensity
exercise, light green zone: cool dovuh) Plot showing the trends of sweat rate
and exertion intensity of 2 subjects during the MEX triadsP{ot showing the
sweat lactate concentration trend of 2 subjects dut)y trials forhalf an
hour. Dark red zone: high intensity exercise.rkex red zone: highly strenuous
high intensity exercisé) Plot showing the trends of sweat rate and exertion
intensity of 2 subjects during thiEEX triadlsSX P X X X X X X X X X X X X X XX X X X X X d
Figure 4.A.1. Schematic highlighting the two designs of the circskstion of the paper
channel (left) along with their chronoamperometric validation
(rgh) X DX X X XX XXX XXX XXX XXX XXXXXXXXXXXB XXX XXX
Figure 4.A.2. Optical image of the patch with a paper of smaller (than our current
design) evaporation pad ffleand its corresponding lactate concentration
readout during MEX trials on subjecXIP X X X X X X X X X X X X X XD4IX X X X X X

Figure 4.A.3. Plots showing a comparative analysis of continuous chronoamperometry vs.
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duty cycle chronoamperometry for design 1 (left) and design 2 (MgitX X ¥4X @
Figure 4.A.4. Plot showing the blood lactate concentration from subject 1(orange) and
subject 2(green) during reMEX trials, and HEX trialX @ X X X X X X X XIAR2X X X ®
Figure 5.1.Wearable osmotic patch, MAP and the benchtop experimental setup of the
integrated SEBtP P X X X X X X X X X X X X X X X X X X X X X X X X A X X X X X X
Figure 5.2.Optical images of the evaporation pad of patches containing hydrogels treated
with different osmolytes @ X X X X X X X X X X X X X X X X X X X X XIBHK X X X X X
Figure 5.3.(a) Normalized cumulative dye intensity measuredlte evaporation pad over
time for different gel systems. Note: Without microneedles involved just
the glycerogel(b) Quantity of dye sampled on the evaporation pad by different
gel systemg(c) Quantity of dye sampled on the full paper channel by different
gel systems. The error bars denote.&@m
three trialX I X X X X X X X X X X X X XX X XXX X XXX XX X XIBX X X X X X
Figure 6.1 Schematic of the LFA platform combined with the osmogpillary patciX ®XXXL70
Figure 6.2 Schematic of our previously developed sweat lactate sensing platform with
provisions for monitoring sweat rate andpP X X X X X X X X X X X X X AR X X X X X &
Figure 6.3 The continuous sweat lactate sensing platform fabricated on a thick Pl sheet
with copper electrodes and gold interconmgasEX X X X X X X X X X X X X7X X X X X X
Figure 6.4. Schematic of the concept for future generations of drug delivery system

platforms using our osmoticapillary patclk @ X X X X X X X X X X X X X X7 @ X X X X X d
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CHAPTER 1

Introduction: A Comprehensive Review of Sweat Sampling and

Sensing of Various Biomarkers



1.1The Production and Transport Mechanism of Sweat

Sweat is produced by the sweat glands of the body to regulabet¢heal body temperature.
Sweat contains biomarkers that are present ibltreel and can be easily generated on skin through
exertion. These biomarkers provide information regarding the health of an individual. The ability
to capture and analyze sweat represents am@asive alternative to blood withdrawal. Sweat can
also actas a medium for metabolic waste and toxicant excretion from the body.
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Figure 1.1.Transport mechanism of sweat from the sweat glands to skin surface. (a3 €rss
of the skin highlighting all the types of sweat glands. (b) Scherhgfidighting the mechanism
of sweat secretion in the secretory coil and (c) Na and ClI reabsorption in the duct.

There are three main types of sweat glands: eccrine, apocrine, and apoé&ggtires (
1.19.2 The density of eccrine sweat gts is the highest (~ 2850 glands/crf) and they are
distributed nearly throughout the entire surface area of the body (rilion in the entire body).
The palmsand soles have the highest eccrine gland density. Eccrine sweat mainly constitutes
water,NaCl, and chemicals from interstitial fluid (ISF). Apocrine sweat glands are in the axilla
(arm pit), breasts, face, and scalp. These glands open into hair follicles instead of onto the skin
surface and are responsible for the production of pheromoneswiat produced by these glands

are rich in lipids, sugars, and ammonia. The apoeccrine sweat gland have properties of both eccrine



and apocrine sweat glands. These glands are present in the axillary region of the body (like
apocrine), and its sweat congition matches with the eccrine sweat composition.

The eccrine sweat glands are majorly responsible for sweat production in the body. They
consist of three sections: secretory coil, dermal duct, and upper coiled duct. The secretory coil
contans three types of cells: clear, dark, and myoepithelifie clear cells are mainly responsible
for the production of sweat. The dark cells act as repository for bioactive materials in sweat, while
the myoepithelial cells provide structural integrityth@ duct against the hydrostatic pressure of
sweat. Initially, a thermal stimulus leads to the binding of acetylcholine (neurotransmitter of
parasympathetic nervous system) to muscarinic receptors, which in turn causes an influx of Ca
into the clear cell§Figure 1.1B. This results in an efflux of Kand Cl, which causes a cell
shrinkage, and leads to the simultaneous influx and efflux &f Kfa and Cl via the basolateral
(between cytoplasm and clear cells) and apical membrane (between the lumeltsandence,
an osmotic gradient gets generated in the clear cells, which causes water movement into the lumen.
In the luminal cells, Na CI, and bicarbonates are continuously reabsorbed back into the clear
cells through active and passive diffusionnsport processesFigure 1.1 However, the
reabsorption rate is inversely related to the flow speed of sweat through the duct. Hence, lower
absorption rates indicate higher electrolyte levels in the lumen. The sweah&duminal cells

is then pumpedlong the length of the duct to the skin surface.

1.2 SweatWithdrawing Techniques from the Skin and Biomarkers

Sweat can be generated on the skin surface using the following techniques: (a) active perspiration,
(b) reverse iontophoresis, and (c) osmosis. The production of sweat on the skin surface due to

active sweating is very commolt.happens when the subjeeisher undergo strenuous physical



exertion for a considerable timEigure 1.2} ingest sweat stimulating agents such as pilocatpine
or are exposed to high temperature settings. A hot shower can also induceFgyueatl(.2h.*
Exercising generates heat in the bpdyhich is shed from the body through sweat release.
Moreover, strenuous physical exertion under high humidity conditions escalates the rate of sweat
generation. Depending on the exertion level, testing time, and tegtngn skin, the total sweat
volume generated can be -68 pL>® Although sweat generation vi@tive sweating is easy, it
can raise questions concerning its clean capture, external contamination, loss of sweat due to
evaporation, or dilution caused due to excessive swe4dtiAgnce, measuring biomarkers from
sweat produced via active sweating has inherent limitations.

Sweat can also be withdrawn via reverse iontophotésieverse iontophoresis is achieved
by passing small magnitudes of current through the skin surface to cause both electrophoretic and
electroosmotic flow underneath therskipon applying electric fie|dll cations flow towards the
negatively charged skin (anode) causing an electroosmoticFigwré 1.2§. Electroosmosis then
causes electrophoresis, by which neutral molecules get transported acreks.tAdesweat
volume collected via this method can be up to 584However, due to the involvement of current
passage through skin, this method is slightly invasiveature.

Our group has pioneered the technique of withdrawing sweat via osmosis by using a
hydrogel®!! The hydrogel is tunetb have a lower chemical potential of water than sweat inside
the skin. Hence, the hydrogel withdraws sweat via osmosis after interfacing tieigkie 1.29l.
Such a mechanism allows sensing during low perspiration conditions, such as when the subjects
are at rest, or present in low humidity conditions. Moreover, as sweat transport only occurs at the
interface of skin and hydrogel, there are leBances for external contamination or losses via

evaporation. Testing our patch (area ~0.%)com the forearm for 2 h on rested subjects have



resulted in ~ 3 pL of sweat collectiéipart from osmoti@xtraction, hydrogels can also be used
as a medium to detect biomarkers from fingertips through active diffusion of $igrae(1.29.1°

The operating volumin this case is ~80 pL.
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Figure 1.2.Different sweat sampling techniques used by various sweat based wearable studies.
Sweat from the skin surface can be generated by either making the subjects undergo (a) strenuous
physical exertion or (b) thermglinduced exertion. (c) Invasive procedures such agasging

small magnitude of current through skin surface can also generate sweat (d) Hydrogels with higher
osmotic strength than sweat can withdraw sweat directly from skin surface. (e) A hydrogel (with
high water content) can sample sweat biomarkers directly from skin surface, such as from

fingertips.

Sweat contains a wide variety of different biomarkers which can be quantified via different
sensing mechanisms. These biomarkers can range from ietehoftites, acids, hormones, and
small proteinsg:’ The tansport mechanism of all biomarkers depends on several other factors like

size, charge, and sweat rate."ad Cl are the most abundant ion species in sweat, which are



actively transported between blood and secretory coil due to the osmdifiéitgnces between

the two. C& and K" are present in mM range. NHiffuses into the sweat glands and ionizes due

to high sweat pH, which traps it inside the secretory coil and produces concentration in mM range.
Metabolic activity produces lactate andea in sweat. The glucose present in sweat is mostly
residual from blood and measures in UM range. Proteins such as hormones and neuropeptides are
also found in nM or pM traces. Alcohol, drugs, and heavy metals are also secreted in sweat. Hence,
the upconing sections will discuss different wearable prototypes that use various sweat sampling
and sensing techniques. Additionally, the physiological relevance of the common biomarkers in

sweat will also be discussed.

1.3SweatSampling and Sensing Techniques

1.3.1 SweasamplingUsing Microfluidic Platforms andSensing viaColorimetry

Once the sweat is present on the skin surface (either via active perspiration or osmotically
withdrawn), it is then sampled on a medium for sensing the biomarkers. This mediparti®f

the wearable device itself. Conventional microfluidic chariéfé and paper microfluidic
channels are the commonly used sampling mediums for &hé4t® In conventional microfluidic
channels, the channels are usuallyiprmobilized with enzymatic assays, which allows specific
sensing of an analyte. Many researchers have worked towards microfluidic channel based sweat
sensing devices. A amliimetry based sweat sensing platform (~ 4 cm diameter) was developed
using conventional microfluidic channels for simultaneous sensing of sweat lactate, chloride, pH,
andglucoset? (Figure 1.3 The platform was developed using complex microfluidic fabrication
techniques. The incoming sweat generated a color change upon intevatttitfte assays in the

channel, whose intensity was quantified via smartpt@sed image analysis techniques. Overall,



the platform was tested on the forearm and back of the human subjects, but only with active sweat
under heavy exertion conditions. A sian soft epidermal microfluidic sweat sensing device,
relevant to kidney disorder was developed to simultaneously measure sweat creatinine, urea, and
pH (Figure 1.3h. Thesubjects in this study generated sweat through showering under hot water
for 5-15 minutes? Surprisingly, the measured biomarker concentration-glostver matched well

with the concentration value dog exercise. Hence, this proved that showering did not dilute the
sweat, and can be used as a stimulus for future sweat based studies. Overall, this platform also
operated only under active perspiration with ~ 10 yL sweat volume. A colorimetric microfluid
platform was also developed for simultaneous detectfosweat rate, chloride, pH, glucose,
temperature, and lactate using capillary bursting valVegufe 1.3¢. These valves could
selectively control the inflow of sweat in the microfluidic channelgch prevents the intermixing

of biomarkers amongst each otRefience, this platform again involved complex microfluidic
fabrication techniques and functioned only during active perspiration.

While many sweasensing devicesse colorimetric outputs, there have been efforts to use
electronic outputs. For example, a battige, skin interfacing microfluidic device with nefald
communication (NFC) electronics was developed for volumetric analysisezft Figure 1.30L.°
The platform was designed to simultaneously sense sweat lactate and glucose. The unique
component of this device was the embedded NFC electronics, which allowed operation with low
power consumption and wireless data monitoring on a smartphone. Howévelevlte again
involved complex microfluidic fabrication techniques and functioned only under active

perspiration.



Colorimetric patches in the form of a super wettable balsd exist and have been
developed for simultaneous detection of gjicose, chloride, and calciurkigure 1.3¢ The
sweat was sampled in super hydrophilic wells which werergmbilized with assays. A
superhydrophobic silica background guided the sweat flow into the W&le biomarker levels
were analyzed using a smartphone under benchtop settings-viN@ (on-skin) validation was
demonstrated for thigatch.

Apart from conventional microfluidic channels, researchers have also explored paper
microfluidic channels as an alternative option to sample and measure components in sweat. Unlike
conventional microfluidic channels, paper microfluidic channels do require complex
fabrication procedures and fluid flow in these channels can be easily manipulated via capillary
action and evaporatiolatformscomprising both thread and paper channel have been used for
colorimetric sensing of sweat glucoségure 1.3).1* The thread was used as a transport medium
to transfer the sweat from skin to paper, where sensingevatucted and the color changeswa
observed. However, this platform was tested amyitro. A similar device involved using silk
thread as the transporting medium and pasethe sensing medium. The device was tested to
measure lactate and pH in sweat under active swe&iggre 1.3¢.'°

To overcome the inconvenience aftive pespiration a sweat sampling platform was
developed by combining paper microfluidics dmgbirogel osmosis, that had the potential to
function even on subjects under resting conditidigure 1.30.8 The paper has an evaporation
pad at the end to facilitate continuous sweat evaporation. This would maintain the capillary
pressure in the channel and allow lgrgm inflow of sweat® The platformwas used to quantify
sweat lactate concentration under varying physiological conditions by using an external

colorimetric assay. Unlike others, this was the first reported platform to use paper channels for



sweat transport and measure biomarker concentration from subjects alkthesigiAcolorimetric
sensors provide a visual, qualitative idea about the biomarker presence, they usually have a low
LOD, sensitivity, selectivity, and are irreversible in nattirelence, electrochemical sensors are
used as an alternative. The next section will discuss about a fexestedhllished electrochemical

sweat sensing platforms.
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Figure 1.3. Colorimetric based wearable swesensors. Sweat sensing devices developed on
colorimetric detection principle developed using (a) serpentine microfluidic channels, (b), (c)
microfluidic channels and capillary burst valves, (d) microfluidic channels with low power
consumption through viBlIFC electronics. Colorimetric sweat sensor developed using (a) paper

microfluidics, (fg) thread, and (h) paper microfluidics with room for evaporation.

1.32 SweatSensing vigElectrochemistry

The biomarkers in sweat can also be quantified using etdamical sensing platforms. These
platforms are usually a thredectrode system (transducing element). One of the electrodes
(working electrode) is functionalized with a biorecognition element (specific to an analyte in
sweat), that allows specific sengiof the biomarker (through change in either current, potential,

impedance, resistance, pH, heat, light, or mass). The biorecognition element can be either



DNA/RNA, an enzyme, antibody, organelle, or cell. These electrodes are connected to a
potentiostat(either benchtop or mobile), which applies the required potential to facilitate the
electrochemical reactions (usually redox reactions) for analyte sensing. Relative to colorimetric
sensors, electrochemical sensors are more sensitive, selective, pdesasdimit of detection
(LOD), and have a high linear dynamic range (LDBR).

Recentlya multtrmodel sweat sensing patch was depetbfor measuring sweat rate, ionic
charge and Naconcentration(Figure 1.43'® The sensor congisd of two electrodes with
interdigitated fingers in a microfluidic channel. A change in admittance was observed every time
as the sweat contacted the electrodes. Based on the admittance signal, distance travelled by the
sweat, and time of flow, sweat ratas analyzed. lonic charge was measured based on conductivity
change, using two impedimetric electrodes, whilé\Nas measured using i@elective electrodes
(ISE). An ionselective electrode is a transducer that works on the principle of a galvanic cell and
converts the activity of a specific ion dissolved in a solution into an electrical potential. These
electrodesconsist of a membrane that selectively captures an ion. The voltage theoretically
depends on the logarithm of the ionic activity. Thebody measured sweat rate and*Na
concentration ranged during human trials ranged-2@&3.L/min and 50150 mM, respeively.
Moreover, the platform had an outlet to allow replacement of old sweat with new, but still only
functioned under active sweat. A similar wearable microfluidic based sweat sensor measured sweat
rate and Na(Figure 1.4D.181° The average sweat rate; &* concentration range€l0.5 pL/min,

30 mM, and 7 mM during rapid high intensity trials (280 W) for 30 minutes. Retb-roll

screen printing techniques have been usedrfotipg these biosensors in bulkigure 1.4§.2°
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In terms of sampling, sweat generated via active exertion is often sampled in a microfluidic
chamberFigure 1.4dllustrates one such example, in which microchannels interface directly the
sensing electrodeé$. Electrohiemical sensors can also be integrated onto gagmad
microchannels. In one such prototype, sensing electrodes were directly screen printed on the paper
channel, functionalized with lactate oxidase enzyme, and testedinnleo settings for an hour.

The data correlated well with the colorimetric validatiBig(re 1.4%228

Electrochemical sensors have extended tloeius on measuring ‘K water loss from body, and
glucose in sweatEpidermal microfluidic electrochemical detection systems have also been
developed for lactate and glucose measurement in sweat. A wearable microfluidic device also
exists for simultaneolys measuring N§ K*, pH, and lactate (both electrolytes and analytes) in
sweat. In this design, the electrodesre made out of screen printing and directly interfaced the
sweat inside the microfluidic chambdfigure 1.45.2% The platform was attached to a physical
circuit board to monitor the reéime biomarker trends, but only functioned with active sweat.
Average pH,Na’, K*, and lactate concentration ranged ~ 6.5150 mM, 26100 mM, and 120

mM, respectively after 30 minutes of high intensity trials.

Sensors can also be printed on temporary tattoo paper, which allows the devices to
conform tothe skin. Moreover, tattoo papers are extremely thin, and adhere well to the skin
surface. A tattoo based electrochemical alcohol monitoring system for iontophoretically
withdrawn sweat. The system could measure sweat alcohol upitv4dnd was integratedith
a circuit board which allowed wireless monitoring through BluetoBthufe 1.49. A sensor
similarly based onontophoretic sweat extraction also exists for cystic fibrosis (CF) detection
(Figure 1.4h.2* The platform was used to monitor glucose; Nand Clin sweat. The glucose

sensor was enzymatic based, while the two electrolytes were measured ussedeatine
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electrodes. CF patients showed sweatda Cl concetration of- 100 mM, relative to ~ 20 mM
in healthy subjects. Moreover, an epidermal patch for simultaneous monitoring of hemodynamic
and metabolic biomarkers was also developed receRtyuie 1.4).2° The prototype could
simultaneously measure heart rate, arterial blood pressure, caffeine, glucose, lactate, and alcohol
from physically exerted sweat. Alie analytes were detected using enzyme as the biorecognition
element. On a similar track, a fully integrated wearable sensor array for simultaneously monitoring
Na’, K, glucose, and lactate from active sweat generated via cycling at a constant addogidde
has also been developdddure 1.4).2° The masured average sweat lactate, glucosé, &al K
ranged ~ 20 mM, 26100 uM, 56110 mM, and @5 mM, respectively after high intensity
workout. All analytes were sensed using enzyme, while the electrolytes were detected using ion
selective electrodes. dfdeover, the sensing array was connected to a circuit board, which
transmitted real time biomarker trends via Bluetooth on a wireless device.-bated biosensors
also exist for sweat lactate monitoring. The electrodes were printed on a tattoo paper and
immobilized with lactate oxidase enzynfégure 1.4k’ The sensor could measure lactate up to
20 mM. Exercise for 30 minutes showed a lactate concentration-aD~+8V. On a similar note,
enzymatic electrochemical biosensing platform have also been developed on a polyester sheet for
measuring lactate in swieiEigure 1.4).%8 The sensors were developed s@aeen printing and the
lactate concentration rangedl®@ mM for a 30 minutes workout. This concludes the general
discussion regarding some of the developedtechemical sweat sensing platforms, used for
sensing various sweat biomarkers.

Most of the platforms described in this section function only during active sweating.
Hence, they operate under high sweat volumes and consequentlyugesdaguickly (unable to

provide longterm (~ hours) of sensing). Hence, even with such high advancements in sensing, the
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necessity of an electrochemical platform capable of measuring sweat components with low sweat
volumes remains unaddressed. The gextion will target the individual biomarkers and discuss
about various platforms (both colorimetric and electrochemical) used for their sensing, along with

their physiological relevance in the body.

1.4 Sweat Biomarkers and their Metabolism in the Human Body

1.4.1 Na' and CI Levels in Sweat

Na" and Clare important electrolytes for determining the hydration level of the body. Dehydration
increases thdla" concentration in sweat during exercf@dloreover, high levels dfla” in sweat

also leads to Cystic Fibrosis (CF).Nad Clions are most abundant solutes in sweat. Water and
NaCl partition from blood to the lumen through the following mecharis¢as The chlorogenic
nerves in the brain stimulate the sweat glands which causes influxXoin@aits surrounding
cells. (b) C& stimulates K/CI channels which makes ‘Gind K to enter and exit the lumen,
respectively. (c) The KCI transport causes a chemical potential gradient, which in turn increases
the flux of Clinto the lumen. (d) Nathen enters the lumen to restore neutrality, whalses an
influx of water into the lumen to fequilibrate. This water forms a solution (sweat), which is then
pumped along the length of the channel. As the sweat rises onto to the skin surfare] K

are actively reabsorbed at the same rate viactvamnels: epithelial sodium channel (ENaC) and
CF transmembrane regulator (CFTR), respectively. The final amount‘afridaClin appearing

in the sweat mainly depends on the sweat rate and the reabsorption rate. Usually, the rate of
generation of NaandCl is greater than the reabsorption rate during active perspiration. Hence,

the concentration of Nand Clincreases with exercis8Moreover, Clion concentration in sweat
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is 2025 mM lesser than Naoncentration due to the contribution of other anions such agHCO

' Na" and Clion concentration in blood can range from 113® and 96106 mM, respectively.

Na" and Cl in sweat are usually measured using either ISE membranes, Ag/AgCl electrodes, or
PEDOT:PSS lectrodes®3! A wearable microfluidic platfornwas developed using ISE for
simultaneous detection of sweat Nand K under active perspiration conditionSigure 1.5

The ISE was developed usingtett-butyl-calix araendetraacetic acid tetraethyl ester (sodium
Inonophore X), for Nasensing, and valinomycin (potassium ionophQréot K* sensing. The
whole platform is encased using a 3D printed watch case and used for human trails. Under medium
to high intensity exercise for 90 minutes, the swedtddd K reading ranged-@ mM and 110

mM, respectively’? Researchers have also measured swegtklaand Cl concentration using
Tegdermbased sweat patches on 147 marathon rufiditse sweat was catted using sweat
patches from the forearm and electrolytes were measured usingghctiic flame photometry.

The results showed that average swedt Ka and Cl concentrations were ~ 43 mM, 32 mM, 6
mM, respectively. They even concluded that swésttmlyte levels did not correlate to sweat
rate, age, body characteristics, and trainBgmpionatto et ahlso developed a soft microfluidic
potentiometric detection system for'Nand K' in sweat Figure 1.5p.3* The platform was a three
electrode system, developed via screen printing process and by using ISEs. The LOD and LDR of
the Nd sensors were 0.1 mM and .00 mM, respectively. The platform was connected to a
circuit board for wieless data transfer onto a laptop. Both Alad K varied from 10100 mM

during an exercise trial for 30 minutes. A highly flexible, disposable microfluidic module with
reusable electronics also exists for continuous monitoring df iNNasweat Figure 1.%).3°
PEDOT:PSS was used as the sensing element. TheoNeentration ranged 41000 mM during

the medium and high intensity workouts f@0P seconds. Paper microfluidic channels have also
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been used for electrolyte sensing. A paper microfluidic based sweat electrolyte monitoring patch
was developed for simultaneous detection of Blad K in sweat Figure 1.59. The sensing
electrodes in thelatform were again ISE based and it needed at least 20 pL of sweat to operate.
The paper channel had a slot for sweat collection, transport, and evaporation. Thaad ODR

of the Nd sensors were 5 mM and1®0 mM, respectively. The patch was integilatéth an
opencircuit board in smartwatch to get the display of the real time trends on its screen.”The Na
and K' reading ranged from 460 mM and 411 mM, respectively after 30 minutes of exercfse.

A few sensing platforms mentioned in section 1.3.2 were also used for measuftileydgin
sweat!819232426  A|| platforms were again ISE based. The*Nancentration measured in their
respectie human trials ranged 860 mM®23 30-60 mM'9?5 and 2840 mMP“ Overall, the
mechanism of Naand CI partitioning in sweat is well understood and a lot of wearable devices
have been able to measure them successfully from actively generated sweat. The device readout
also matches well with their levels in blood (1B80 mM). However, further research needs to be
conducted to check if sweat Nand Cl ion levels can be measdrérom subjects under rested
conditions and investigate the correlation with blood.

1.4.2 K" Levels inSweat

K* in sweatis an indicator of muscle activity and hypo hyperkalemic conditions in the bodly.

The sweat potassium concentration rangd® InM. 2% Although, the mechanism behind the
appearance of Kin sweat is not fully understood, its presence on the skin surface is influenced by
the K" leak channels ithe duct.Research hashown that K present in the secretory coil of the
sweat glands stays isotonic with blood (~ 5 mM), while greater in the sweat appearing on the skin

surface due to reabsorption of Na
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Figure 1.4. Sweat sensors with electrochemical based method of detection. Sensing platforms

developed using {a) microfluidic channels and impedimetric sensordf)(shicrofluidic channels
with enzymatic electrochemical sensors. All sensors except (e) function only under active
perspiration. (gh) Electrochemical sensors can be also used on platforms that withdeawsav
iontophoresis. Moreoverij,j) electrochemical sensors can be used withmamofluidic based
platforms, which again function only during active perspiration. The sensors can be also printed

on unconventional substrates such as (k) tattoo papdf)gmolyester sheet.

The skeletal muscles are the major reservoiKfostorage. This makes the blood and sweat K
increase with exercisé.is also proverthatthe correlation between blood and sweatKgreater

when sweat is generated via iontopsis, rather than active perspirattdowever, there are no
strong evidence to support that siwk" increases with sweat rate. Like Nand Cl, K™ in sweat

are usually measured using either ISE membranes, Ag/AgCl electrodes, or PEDOT:PSS
electrodeg®313® Recently, a paper microfluidic based real time swefamiénitoring patch was

developed Figure 1.5%3° The paper channel had space for sweat collection, transport, and
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evaporation. fie prototype was only validated undesvitro settings and was designed to sense
K™ up to 32 mM (covering the entire physiological range). This prototype was further modified by
connecting it to a circuit board with Bluetooth and tested on human suthjgttg exercise. The
sweat K ranged 120 mM during the 30 minute exercise tri&diqure 1.5§.%° A few sensing
platforms mentioned in sectidn3.2 were also used for measuringjl&vels in sweat®?325 All
platforms were ISE based. Thé &oncentration measured in their respective human trials during
exercise ranged-5 mM*°, 2550 mM, 5-10 mMPS, Although different wearable platforms have
been able to meare sweat K, these platforms have not been able to decipher the information
regarding K metabolism in the human body. Hence, further validation is needed to understand
how K" appears in sweat. One way to figure this out could be via measufringsiteat, blood,
plasma under different physiological conditions on a large sample size.

1.4.3 Ca*?Levels in Sweat

Calcium is an essential biomarker for human metabolism and mineral homeostasis. Excessive
levels of calcium in biofluids can have detrimentakef§ on the function of organs, which can

lead to myeloma, acidase imbalance, cirrhosis, and renal failuré?@esweat varies from 0.41

12.4 mM! Although only a few sweat C& sensing platforms exist, one such wearable
electrochendal platform involved simultaneous measurement of bottf @ad pH in sweat
(Figure 1.59.** The LOD and LDR of the Casensors were 0.2 mM and @InM, respectively.

The sensing platform was developed using & @aophore (a compound that helps in selective
transport of C#) and showed a peak reading of ~ 1.5 mM during 30 minutes of high intensity
exercise. Moreover, the sensor was even attached to a circuit board for wireless data monitoring
on phone. Sweat Cahas also been measured using flexible and super wettable bands. A LDR of

0-15 mM was achieved for sweat €aetection, and the band was able to detect up to ~ 16mM
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Ca?in artificial sweat Figure 1.3%'% Although there are no such correlation studies existing
between blood and sweat calcium levels, the normal blo&de¥al ranges ~ 2:2.6 mM(similar

to normal level in sweat). Moreover, these swedt €ansors do not provide any information
about how C¥ appears in sweat and diseases that can occur dué’ionBalance.

1.4.4 LactateLevels in Sweat

Lactate is a biomarker for determining the oxidative stress levels and muscle health of the body.
Lactate is a byproduct of glycolysis, generated as an outcome of anaerobic glucose metabolism
due to high energy demand of the bodlus, it is commonly produced during intense exercise.
Lactate is predominantly present in eccrine styédvod 1’ and to a certain extent in tetrand

saliva*® The net aount of lactate present in these biofluids is highly dependent on the
physiological state and the site of anaerobic metabolism in the human body. Lactate monitoring is
of prime importance in certain groups of individuals, especially those who are flgqurent to

oxygen deficit conditions like athletes and military persofingbr improving training and
performance endurance). @cdl lactate levels in the body can abruptly alter the fluid pH and
cause several detrimental effects on human health like seizures, sepsis, renal failuré?, tumors
cerebral strok&, and panic disorders.

Lactate content in ecere sweat depends on several parameters like the exertion type, duration,
intensity, and sweat ratéMedium intensity exercise (600 % of maximum heart rate) for a short
duration, or heat induced sweating can generate a lactate concentration of up to 25 mM, while
exhaustive outdoor exercises could generate up to 115¥@n a contrary note, it is also proven

that the sweat lactat®ncentration varies inversely with sweat idteing high perspiration rates

This suggests that with rigorous physical activity, the rate of sweat release is greater than the rate

of lactate generation. There is also evidence that suggests swealdaelateary minimally with
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agée’, sex® and the sampling location (due to varying sweat gland derd#part from eccrine

sweat glands, there two other typeswéat glands in the body have been identified: apocrine and
apoeccriné.However, there is less evidence of lactate being present in the sweat secreted by these
glands and our focus here is on eccrine glands in the forearms as commonly accepted lactate testing

location.
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Figure 1.5 Na", CI, and C& sweat sensors. NandCl- sweat sensors developed using ISE as
sensing element in (a), (b), (c) conventional microfluidic channels, and (d), (e), (f) paper
microfluidic channels. (g) Cawearable electrochemical sensing platform developed on a PET

sheet.

Similar to most othebiomarkers, researchers have looked upon the correlation between the lactate
concentration in sweat and blodglood lactate concentration ranges betweenr20tbM for a
healthy subject at rest.During low to medium exercise intensity workout, the blood lactate
concentration neither shows a significant change in its magnitude, nor reflects a good correlation
with sweat lactateoncentratior?®®! Only once the body crosses its lactate threshold (LT), blood
lactate concentration rises exponentially and can peak up to 1% 8Mh high blood lactate can

inhibit muscle contractions and is undesirablestudy byKarpovaet al. has shown a positive
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correlation between blood asdieat lactate levels during high intensity exertiSghus, the extent

of lactate generation in both sweat and blood are well understood under active sweating.

Sweat lactate levels havdsa been quantified under resting conditi8%®3 The lactate
concentration ranges mM at restStudies have proven this with a fingertip todmdsed sweat
lactate monitoring platform, operated attr@Sgure 1.6a}%%® Such platforms stwed a LDR till

2 mM and comprised of a thin agarose hydrogel connected to the sensors. The hydrogel would
take up lactate from the fingertip and transport it to the sensor. Osmosis has also been used as the
major driving force to withdraw sweat under negtconditions® The prototype using this method
showed via colorimetric testing that most of the lactate being detected at rest was derived from
osmotic extraction, while it was majorly active persparatiuring exercisé? However, a majority

of sweat based wearable systems have quantified lactate only under active perdpifeBomat

lactate has also been quantified under submabexercising condition® The sweat was sampled

using the conventional absorbent patches in this study and was seen that sweat lactate increases
with exertion intensity. However, no correlation was observed between sweat and blood lactate
during medium exercise intensity. Sweat lactate has also been quantified under medium to high
exercise intensity with paper microfluidic based electrochemical wearable patch. The average
sweat lactate concentration was measured to be ~ 20 mM duringatkisutvintensity(Figure

1.6b)3! Overall, wearable devices have critically investigated sweat lactate levels under different
physiological conditions, including rest, and have also studied the correlation oflaotatd
concentration to sweat rate and blood lactate concetr&fiéf° Although it is known that sweat
lactate increases with exercise, other stimuli responses that cauaega ol the sweat lactate

level should also be investigated.
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1.45 Glucose Levelm Sweat

Glucose is an important biomarker for diabetes monitoring in the body. Glucose is mainly detected

from blood via the conventional finger pricking test. Hence nngessity of a wearable platform

for continuous sweat glucose monitoring has always been of prime importance. Sweat can be a

potential alternative biofluid for glucose monitoring. The sensing platform is usually enzymatic.

The glucose @ncentration in blood should ideally be less than 140 mg/dL (~ 7.8 mM), while the

glucose concentration in sweat ranges injiMence, the information gained from the glucose in

sweat is not helpful in predicting the diabetic state of the individual. Alieaty, microneedles

are a potential good candidate for interstitial fluid (ISF) sampling. The glucose levels in ISF

correlate well with blood’ Hence, ISFshould bethe alternative, neinvasive biofluid for

monitoring glucose levels in the body.
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Figure 1.6.Sweat sensors for lactate and ethanol detection.r&epkitform developed using (a)

hydrogel can sample sweat from fingertips under sedentary conditions, while (b) conventional

microfluidic based platforms work the best in sensing lactate under active perspiration conditions.
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(c) Microfluidic platform basean iontophoretic sweat extraction principle for ethanol detection

in sweat. (d) Fuel celbased platform for vapgrhase alcohol detection in sweat.

1.4.6 AlcoholLevels inSweat

Ethanol is the biomarker for monitoring alcohol levels in the body. It ranges betwe2h 2\l

in sweat and can be sensed electrochemically or colorimetrically using alcohol oxidase enzyme as
the biorecognition elementThe ethanol concentration in blood rises with alcohol consumption,
which eventually also reflects in sweat. A tattmsed iontophoretic sweat alcohol monitoring
system was developed using alcohol oxidase as the biorecognition element. The sensing
mechansm involved peroxide reduction in presence of a mediator (Prussian blue) to generate
current, which varies proportionally to the amount of ethanol content in sweat. The subjects on
whom this platform was tested, consumed an alcoholic beverage for 5 naindtgisowed a spike

in sweat alcohol levels within the next b@inutes Figure 1.49.3 Sweat was withdrawn via
iontoptoresis. This proves that the diffusion process of alcohol in blood is fast. Moreover, a
microfluidic patch based sensor was also developed for continuous sweat alcohol monitoring
(Figure 1.68.°® The patch had hexagonal microfluidic channel arrays that would sample the
iontophoretically generated sweat and transport it towards an electrochemical sensor. The sensor
possessed a LOD, LDR, and sensitivity of 1.7 uM, 0:-BB¥ mM, and 7.25 pA.mM.cni?,
respectively. The LDR covers the entire blood alcohol range 1520mg/dL) that gets reached

once the alcohol interferes with the motor function of the brain. Their human trials showed that
the bloodto-sweat lag time forlaohol transport ranges?l minutes. An enzymatic wearable fuel

cell based sensor also exists for transdermal alcohol monitdiigugré 1.60.°° The sensor could

detect vapophase alcohol content in sweat from G5I® mg/dL. This range is high as thedy

enters comatose phase beyond 500 mg/dL of alcohol consuntpibnblood alcohol and vapor
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phase alcohol in sweat were measured for 6 hours and it was deduced that sweat alcohol depends
on the perspiration rate. Moreover, the sensing platform was also connected to a physical circuit
board for wireless dataonitoring. Overall, sensing sweat alcohol appears to be straight forward

as the alcohol in sweat is mainly derived from blood, and there are many wearable prototypes who
have been able to do quantify this.

1.4.7 Uric Acid Levels in Sweat

In humans, uric acid is the noajproduct of the catabolism of purine nucleosides, adenosine, and
guanosine and is majorly excreted through kidri€{ic acid is a nitrogen containing metabolite
which alternatively excreted through sweat as well. Uric acid concentration in sweat rdfjes 2
mM?, while in blood it ranges-3 mM.! High uric acid content in sweat is even visible as a white
skin crust on patients with kidney failfeAlthough the mechanism ofiaracid portioning into

sweat is not fully understood, but it is speculated to occur via passive transport to the sweat glands
from blood®? Uric acid maybe also partitioned into sweat either through metabolism of the sweat
glands or by Urea TransportBr(UT-B), which is a membrane transport protein for urea in the
body®° In a study, uric acid from sweat, serum, and urine samples were measured from subjects
after a two hour tennis game. Uric acid was quantified based on the yparasée method. The

mean conentration of urea obtained in sweat, serum, and urine were ~ 0.025 mM, 0.39 mM, and
3.7 mM. No correlation was found between the sweat and serum urea concentrations majorly due
to varying sweat rates observed in different subjects. Some studies evest shigigsweat urea
concentration relates inversely to sweat fatelectrochemical biosensing platforms for uric acid
sensing in sweat have also been developed. In one such case, the sensing platformopasl deve
using highly conductive carbon nanofibers and could sense up to a 5mM uric acid in artificial

sweat Figure 1.73°° The platform was not validated on human skin. On alaimiote, a laser
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engraved biochemical sensor has been developed for sensing low concentrations of uric acid in
sweat for gout monitoring={gure 1.7p. Fabrication via laser engraving eliminated the necessity

of conventional elastomer based microfluidiatfiorms. Moreover, this was the first multi modal
sensing platform developed using laser engraving technology. The platform was enzymatic based
and was designed to sense up to 100 uM of uric acid in sweat with a LOD of ~ 1 uM. Moreover,
human trials on rhathy subjects showed the uric acid concentration range to vary between 0 and
60 uM. A comparison between sweat and serum uric acid levels was also presented which
confirmed that purine rich diet increases the uric acid levels in both blood and serutmakgven
increasing the risk of gout. A good correlation between sweat and serum uric acid levels were also
obtained from the trial% Moreover, a wearable sweat sensing platform has also been developed
for simultaneous detection of six biomarkers, amongst which uric acid waBigunee(1.7§. They

used silk fabric derived carbon té& structures for sensing. These structures wewgoped
hierarchical woven porous structures that have good electrical conductivity, rich active sites and
are hydrophilic for allowing efficient electron transmisstérNon-enzymatic based uric acid
biosensrs have also been developed using Nafion modified sqneeted carbon electrodes and

Ni nanostructures developed via glancing angle deposition (GLAD) techifi§lieric acid is

also released fromvounds. Hence, monitoring its level is crucial during wound healing to prevent
infection risks®® Moreover, wearable mouthguard based sensors have also been developed for
salivary uric acid sensing. However, ss&msors have only been validated on a benghtajro

setup with artificial salivd® Hence, as uric acid levels can vary in several biofluids, it is important

to check how these levels are interdependent with each otitar different physiological

conditions. Unfortunately, no existing study has investigated this.
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1.4.8 Ammonia Levels in Sweat

The primary source of ammonia in sweat is blood. The ammonia in blood originates from the
anaerobic glycolysis in active muscle fibers in whaclkenosine Bnonophosphate gets degraded

to inosine Smonpphosphate and ammonia in the myoadenylate deaminase reaction. Sweat
ammonia is suggested to have multiple sources: eccrine sweat glaroigdbgt of urea
catabolism, skin gas emissions, and blotadma3® Sweat has a pH of 5 and 7 during low and
high sweat rates, respectively. Since ammonia has a pKa of 9.3, it mostly stays protonated in the
sweat! Thus, ammonia has a high level of diffusivity through membranes, b6t ddids not
because of its ionic nature. This also makes the sweétIb\¢l be 2050 timeshigher than the
ammonia level in bloodSweat and blood ammontaave been quantifiednder medium to high
intensity exercise intensity as well as under f@@trcise condition® No correlation was
observed between them under all conditiolbis is in contrast with previous studies by
Czarnowski et aland AlvearOrdenes et al.where blood ammonia concentration got elevated
either by oral ingestion or hightensity exercise, which primarily contributed to sweat
ammonia’® However, as the testing location of all these studies were different, the results remain
contradictory and inconclusiveAnother study involvedmeasuing blood ammonia from
exercising individuals. The blood ammonia level increased with exercise and possissad a
relationship with lactate incremefitAnother study also reported a similar relationship between
ammonia and lactate levels in sweat and blood during their human trials under high intensity
exertion levelsOverall, the generation of lactate in sweat causes acidification of sweat, which

facilitates the diffusion of ammonia from eccrine duct to lumen duct of the sweat’gland.
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1.4.9 Ascorbic Acid_evels in Sweat

Ascorbic acid (AA) is another name for vitamin C and is present in sweat in the rang&®f 10
UM.” AA helps in production of collagen, iron absorption, cold treatment, and in protecting the
body from viralinfections’® Heat exposed activities or prolonged sport sessions can cause loss of
AA from the body via sweatAA is usually quantified using either HPLC, capillary
electrophoresis, or enzyme based colorimetric sei$&sveral wearable prototypes have been
developed to quantify AA in sweaA sensor patch based on silk fabric derived carbon textile has
been developed for AA monitoring in swé&The working electrode was made of silk fabric and
was doped with graphitic structures for increasing electrical conductivity, and active sites. The
sensor had a LDR till 6 uM and was stable for up to 4 weeks. However, the platform was not tested
on thehuman skin. Researchers have also developed an epidermal enzymatic platform for sweat
AA detection Figure 1.79.”® The working electrode was immobilized with ascorbate oxidase
enzyme, which served as the biorecognition element. The sensor possessed a LDR.till 1m
Ascorbate oxidase enzyme catalyzes the oxidation of vitamin C to dehydroascorbic acid by
consuming oxygen. The amount of oxygen consumed by the enzymatic reaction is proportional to
the ascorbic acid concentration, and it can be measured by monitewinganges in the oxygen
reduction current. The platform was also validated on real human skin by testing with
iontophoretically withdrawn sweat, extracted ~ 45 minutes after ingesting vitamin C pills.
Similarly, it was also tested with saliva and teaglédve-based sensor for simultaneous detection

of AA, pH, CI from naturally excreted sweat has also been develdgigdré 1.7 The
platform had a LDRIill 300 uM and could detect vitamin C sporadically up to 5 days. However,
the platform was not a wearable system. The biomarkers were measured using a benchtop

potentiostat system. The vitamin C reading range@Q@M during the human trials. Unlike
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conventional electrodes, a special electrode using alginate membrane and CuO nanoparticles has
also been developed and used on a platform for AA serfSiggré 1.75. The platform showed a

LOD of 1.97 uM and a LDR of 2250 uM. However, the platform was onbstricted to benchtop
testing’4 Moreover, microfluidic based platforms with fluorometric AA sensors have also been
used for AA measurementBigure 1.7¢.° Such a platform possessed a LDR till 100 uM and
could measure AA from human skin till 14 dayke AA concentration ranged 6015 uM. Hence,

again like K, Ca?, these wearable prototypes have not been able to trace the origin of AA
appearance in sweat. Hence, adé@pth study involving measuring AA in sweat, blood, plasma
under varying physiological conditions is important to answer such questions.

1.4.10 Cortisol Levels in Sweat

Cortisol is a glucocorticoid, which is a group of hormones released in the body via the activation
of hypothalamiepituitary-adrenal (HPA) axis to cope with psychological and physiological
stress’’ Cortisol is also responsible for increasing blood sugar, suppress immune, systeaid

with the metabolism of fat, proteins, and carbohydr&tttgs an indicator for the immune system
and can be used to diagnose Cushingb6s syndr ome
fatigue, low blood pressure, and depression. Cortisol is-$ipidble and so it can transport
between the lipicbilayer membranes of cells to appear in swelforeover, cortisol is majorly
available in two forms: bound and unbound. Unbound cortisol can freely undergo intercellular
passive transport through membranes, while the bound cortisol cannot. Hence, unbound cortisol
in serum can enter the lipid membrane of the salivary glands and havébedrto appear in
saliva’® The same transport mechanism also hold true for sweat di&vwasat cortisol and blood

lactate range between180 ng/ml and 44.45 ng/ml, respectively’&
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Sweat rate

Figure 1.7. Sweat sensors for uric acid and ascorbic acid detection. Uric acid sweat sensing
platforms are developed using various materials such as (a) conductive carbon nanofibers, (b) laser
engraving, and (c) silk fiber derived carbon textile. Epidermal enzymlatitrochemical sensing
platforms for ascorbic acid can be developed (a) on a flexible polyurethane substrate and be used
with iontophoretically extracted sweat, (b) on a glove, and (c) by using nanoparticles and
membranes. (g) Fluorometric detection basscbrbic acid sensors have also been developed.
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Figure 1.8.Sweat cortisol sensing platforms. Sweat cortisol sensing platforms can be developed
using a wide variety of techniques such as (a) via laser engraving of electrodes, (b) using porous
hydrogelsfor sensing from fingertips, (c) using nano porous membranes, (d) conductive carbon
fiber, (e) thin films, and (f) nano sheets.
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In the past few years, several wearable platforms have been developed for measuring sweat cortisol
levels. A flexible, wearakl sensor array using laser induced graphene electrodes has been
developed for sweat cortisastimation Figure 1.8% This sensor was an affinityased
electrochemical sensor in which sweat cortisol and horseradish peroxidaseldb&eJ cortisol
compee for binding onto antibodgnodified graphene electrode surfdé&he platform was tested

with human serum, saliva, and sweat. Cortisol levels in these biofluids were measured both in
morning and evening for 6 days. Serum, saliva and sweat cortisol ranged fre30@@Q/ml,

100-150 ng/ml, and 10@00 ng/ml, espectively. It was seen that morning cortisol levels were
always greater than the levels in the evening in all three biofluids. Moreover, a good correlation
between sweat and saliva cortisol, and sweat and serum cortisol levels were observed. The
platform was also tested with exercising individuals and by exposing the subjects to the cold
pressor test. During exercise, sweat cortisol ranged-3.0.8g/ml, and 110 ng/ml during the

cold pressor test. Moreover, a todadised, nofinvasive molecularly impnted polymer (MIP)

based electrochemical sensor also exists for sweat cortisol detdgtjare(1.80.8* The sensor
measures sweat cortisol from fingertip usingydrbgel, and by allowing cortisol to bind to a
cortisokimprinted electropolymerized polypyrrole coating. The sensor has a LDR and LOD of ~10
nM-1 uM, and 4660 nA/nM. The platform was tested on skin for cortisol measurement both at
morning and evening, dnduring exercise. Again, it was seen that the measured cortisol levels
were higher during the day (~ 200 nM during day and ~ 50 nM during night) and got elevated with
exercise. Cortisol concentration also increagethe cold pressor test and reached C-201.
Electrochemical devices using an electrochemical transistor and synthetic polymeric membrane
have also been developed for human cortisol senBiggre 1.83.8° The polymeric membraria

this device was stuck to the skin and was sensitive towards cortisol detection The sensor had a
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LDR of 0.01puM-5mM and could sense cortisol from human skin for up to 20 minutes. The cortisol
readout of the sensor also matched well with the ELISA readout. Conductive carbon fiber based
platform has also been developed for sweat cortisol senbiggr¢ 1.89.8° The fiber was
functionalized with FgOsto immobiize the antibodies specific to cortisol. The sensor possessed
aLDR of 1 fgto 1 ug and a LOD of 0.005 fg/ml. However, it was not tested on real human skin.
Electric double layer (EDL) modulated biosensor using ZnO thin films as an active site, also exists
for cortisol detectionRigure 1.8%8* ZnO is a biocompatible semiconductor with a band gap of
3.37 eV, high isoelectric point (IEP) of ~ 9.5, and tunable electrical properties. A higher IEP allows
enhanced protein adsorption due to higher electrostatict er act i on. Mor eover
crystdline nature and Zn and oxygen terminations, it has proven to be an effective substrate for
functionalization of several linker molecules, which help in the development of bio
immunoassays. Cortisol detection in sweat was achieved by quantifying the nogedeange

due to EDL modulation with AC electric field. The sensor had a LOD of 1 pg/ml in synthetic
sweat, while 1 ng/ml in human sweat and a LDR 6200 ng/ml. Again, it was not validated on

the human skin. On a similar note, a rfamadaic label freecortisol biosensor using MeS
nanosheetsFigure 1.8 has also been develop&dMoS; is a 2D inorganic transitiometal
dichalcogenide, whose single layer laasandgap of ~ 1.8 eV and is more sensitive than other 2D
materials. Moreover, MaS®dges can be chemically modified for biosensing applications. In the
sensingplatform, MoS nanosheete/ere modified with cortisol antibodies, which made it detect
cortisol via impedance spectroscopy. The sensor had a LDEB@d hg/ml and LOD of 1 ng/ml

but was not validated on human skin. Overall, the recent progress towards sweat cortisol

monitoring sems promising. However, as cortisol levels can vary in different biofluids (like uric
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acid), it is important to understand the interdependency of cortisol levels in all these biofluids

under different physiological conditions.

1.5Current Challenges related to Sweat Sampling and Sensing

Sweat is present inside the sweat glands, located at the hypodermis section of the skin surface with
an ionic strength of ~ 0.150° Overall, most of the existing sweat sensing prototypes rely on the
presence of visible, active sweat (relehs@her via exercise, iontophoresis, or body temperature
elevation) on the skin surface, prior sensing. Hence, such prototypes meopairativefor longer

time periodsunder the conditions of normal human activity (such as aesi)ave a short sensing
duration period (~ minutes)oreover, most of these prototypds not have an outlet site which

would allow continuous replacement of old sweat fluid with nelence, thecurrentsensing
platforms achieve a quicker saturation and cannot operate fogerlobme (~ hours)Although

there are a few prototypes who have quantified biomarkers from rested subjects, but they are either
not a wearable platfornave a low sampling duratipanddo not contain an outlet sitelence,

the necessity of an efficiergaywveatsampling andnonitoring device, capable of delivering leng

term information undesiny physiological condition and providing a comprehensive understanding

about themetabolismof different biomarkersemains unaddressed.

1.6 Layout of Dissertation

My graduate research was focused on the development of a new principle for the design of flexible
and wearable patches, which are capable of extracting sweat under both resting (with low sweat
release, or under low humidity conditions) and actively perspirorglidons for a longerm

period (~ hours), using osmotic pressure difference for pumping, and evaporation for liquid
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disposal. This Chapter 1 introduces some background regarding the mechanism of sweat
production, how sweat is sampled from the skin undeying physiological conditions, sensing
techniques of various biomarkers, recent development in dvasatl wearables, and what
information do different biomarkers convey under different physiological conditions. Chapter 2
introduces our noimvasive, warable, zergpowered sweat sampling patch, which simultaneously
uses osmosis (via hydrogel interfaced to skin), capillary wicking, and evaporation (via paper
microfluidic channel) to deliver lonterm biomarker collection. We validate the functioning of

the patch inin-vitro (benchtop) settings, where we investigate the role of osmosis, evaporation,
hydrogel surface area, paper pore size, and transport effects at thbyzapegel interface towards
long-term biomarker collection. Chapter 3 discussesdrthavo (on-skin) validation of the patch

where we used it to sample sweat lactate under rest, varying levels of exercise, -@xe nocst
conditions. We show that sweat lactate is majorly sampled via osmosis only when being measured
from subjects at rest. Laate was derived from actively generated sweat during exercise trials.
Moreover, it was also observed that sweat lactate concentration depends directly and inversely on
sweat rate during medium and high intensity workout. The sweat lactate concentratiesspds

a good correlation with blood lactate concentration only during the high intensity exercise trials.
Chapter 4 discusses about our continuous sweat lactate sensing platform, developed as an
extension of our previously developed sweat sampling patahthe inclusion of enzymatic
electrochemical sensors. The whole platform was also integrated with a dustbrtexible
wireless, wearable circuit board with Bluetooth modules, which allowedinealmonitoring of

sweat lactate trends on a device saglan iPad. Here, we validate the platform under ibetfiro

and in-vivo settings. Chapter 5, the final chapter of this dissertation, demonstrates how our

osmoticcapillary patch can integrate with microneedles patches to develop-tetom@~ hours)
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interstitial fluid (ISF) sampling platform. We have validated this integrated system onlyinnder
vitro settings. The last chapter, Chapter 6 summarizes my graduate research and provides future

directions for our osmotic capillary enabled sweat sensirfppia
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CHAPTER 2

A Wearable OsmoticCapillary Patch for Prolonged Sweat

Harvesting and Sensing*

*Based onSaha, T., Fang, J., Mukherjee, S., Dickey, M. D. & Velev, O. D. Wearable Osmotic
Capillary Patch for Prolonged Sweat Harvesting and Sen&{D§.Appl. Mater. Interfacels3,

8071 8081 (2021).
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2.1 Introduction

This chapter discusses about the design amdtifining of a wearable sweat sampling patch, based

on a novel sweat extraction principle that allows it to withdraw sweat from skin without the
requirement of any active perspiration prior testiBgveat contains diverse biomarkers that
provide essentiahformation regarding the health and physiological state of a human body. Sweat
is generated in the eccrine glands. Osmotic forces (from ion pumps in the sweat glands) drive the
sweat through narrow capillary dermal ducts to the surface of the skin tatectipe internal body
temperaturé:? Targeting sweat as a potential alternative biofluid for-mwasive sampling and
sensing of analytes (electrolytes, metal ions, metabolites, proteins, and exogeneous chemicals) has
received significant and growingt@ntion recently since it contains solutes that otherwise need to
be extracted invasively from blodd.Wearable swedbased sensors represent a growing field of
research and an emerging class of technology. They offer the promise -tifmeediealth
monitoring to provide useful information for personalized health tare.

One of the biggest challenges for sweat analysis is sampling sweat samples of sufficient
volume for assays. Most existing devices are either invasive in Hatrare only functional
under fiact iie esweatweeasedi dnegtd physical exertion prior to te$tihGor
example, iontophoresis and reverse iontophoresis arestablished methods for sampling sweat
and interstitial fluid (ISF) from the human bodyowever, both techniques involve passing small
electrical currents through the skin to drive the biofluid onto its sutfdehich requires external
power and can lead to skin irritation. Sweat can also be captured during active sweating (e.g. while
exercising). Biomarker analysis via active sweating is not only inconvenient and tedious (since it
requires strenuous exercise), but also raises additional questions concerning its clean capture,

external contamination, error in measurements due to undedtelaporation, and dilution due
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to excessive sweatingThus, there remains a need for techniques that could allow for efficient
collection and transport of small volumes of fluid from the skin (especially under normal human
activity which barely involve profuse sweating) to sensors for ldagn and continuous
biomarker monitoring.

Human sweat has an ionic strength of ~ 0.15M and hence, in principle, the difference in
the chemical potential due to solute concentration may be utilized as a drivingofaritedraw
it norrinvasively. We previously established this concept using hydrogels in a conventional
microfluidic channef® Osmotic pressure is a natural phenomenon that results from-soluéat
chemical potential imbalance between two solutioapagated by a semiermeable membrane,
and it exists until the difference is annulfé@smotic driven fluid transport has applications such
asin-vitro extraction of several compountf&* drug delivery?® andin-vivo biomarker sampling®

Many skininterfacing devices detect analytes via colorimetry by transporting sweat
through complex and serpentine microfluidic channels to a sensing zone. These sensors typically
determine multiple biomarker concentrations through pHoased image analysis basedtba
color intensity of a compound generated as a product of the specific reaction between the
biomarker and chemical reactants in the channels. However, conventional microfluidic channels
remain susceptible to fouling and thus may not be a suitable fptéom fluid transport! Another
class of sweat sensing wearables involve electrochemical measurédtefitavhere
concentrations are determined based on the magnitude of the generated current at the
functionalized electrode surface. Gludbse’?® lactatd10131928 p9.1317.28 o3t¢8.13.14.17
metal iond1%17 skin temperature, and uPeae few of the targeted biomarkers and vitals that have
been quantified using both colorimetric and electrochemical sensing platforms. Easy and

affordable access to such devices can significantly enhanspathhealth monitoring and disease
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detection from sweat. Despite the progress, all these devices face a key challenge: the inability to
provide continuous, lonrterm (~ hours) sweat management andyensl

The use of paper microfluidic channels can be an extremely simple and efficient approach
for longterm sweat harvesting and management. Paper is not only a readily available and
inexpensive material, but its porous nature and the ability to comdmel rites via capillary
wicking and evaporation makes it a very suitable as a medium to transport and manage&*$weat.
Evaporatiorassisted passive pumping has been used effectively by researchers to develop several
microfluidic devices*®” Yet, to thebest of our knowledge, the combined actions of passive
osmotic microfluidic pumping and evaporatiassisted fluid management via paper have not been
yetdeployed in an operational wearable device for biomarker analysis in sweat.
This article discussedhe in-vitro (benchtop) operation of a wearable prototype (patch) for
pumping sweat that uses a hydrogel to interface with skin. For the first time, it combines the action
of three basic effects: osmosis, capillary wicking through paper and evaporatiqrat@ihes can
sustain continuous, loAgrm (~ hours) sweat flow and biomarker sampling from model skin
settings. We initially begin by discusfsing
concept o of t hirvitp.dhraudh thisywejustify theopivatahrgle of the hydrogel
in determining theate of overall biomarker transport. Finally, wso study the effects of the
different components of patch that facilitate maximum biomarker collection on the evaporation
pad.The transport fodye and solute towards the evaporation gia 4M glucose hydrogel patch
were also studied based d¢f) swelling pressure of the hydrog&) hydrogel contact area with
skin, (3) paper pore sizeand @) transport properties across thertical portion of paper and

hydrogel interface.
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2.2 Experimental Section

2.2.1 Materials

The experiments were performed usindidtan filter paper (Grade 542, GE Healthcare Life
Sciences); Sylgard 184 elastomer (Dow Corning); phosphate buffer salisg, (R8enerated
cellulose dialysis tubing (215216, Fisher Scientific), acrylamide (Sigma), -NNO
methylenebisacrylamide (Sigma),2-hydroxy-4 -§2-hydroxyethoxyj2-methylpropiophenone
(Sigma), Dglucose, gelatin type A (=300 g Bloom, Sigirich), yellow fluorescent dye
(Tracerline, TP39000601hodamineB (RhoB), bromophenol blue (BPB)

2.2.2Patch Fabrication

Sylgard184 silicone elastomer (Dow Corning) and its curing agent were mixed in 10:1 w/w ratio
and cured for 12 hours atTto make the bader the PDMS sheet. The patch was prepared by
attaching two PDMS sheets togethe38 mm x 15 mm x 2 mm (bottom) and 30 mm x 15 mm x
1 mm (top). A single hole matching the hydrogel diameter was punched at 6mm from one of the
edges on the bottom sheet tcase the hydrogel. A section of Whatman 542 pa@er cut out
using a CQlaser cuttefUniversal Laser Systems VLS 3&)d was sandwiched between the top
and bottom PDMS sheetQur previousresearchon capillary assisted evaporative pumping
determined the dimension of the paper channel for this Stullye PDMS sheets were attached
together usingadditional silicong(Sylgard184), making sure that it did not contact the paper
channel. The whole patch was treated in an oven & 4@ernightto achieve firm adhesion
between the sheets.

2.2.3 Fabrication of Model Skin

PBS was initially heated to ~80°C. 13% (w/w) gelatin tfpsolution was prepared in 6 mL PBS

solution. Three kinds of dye solutions (fAmode
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(v/v) of a yellow dye solution in PBS, b) 0.2% (w/w) of RBan PBS,and c) 0.14% (w/w) of

BPB in PBSHuman sweatontainsseveral ions; hence R (cationic) and BPB (anionic) were
chosen to mimic the sweat constituents as realistically as possible. The dye solutions were
individually added to the gelatiRBS mixture ad stirred well. This gelatidlye-PBS mixture was

then transferred to a mold and was refrigerated overnight to obtain a sdllcegehterial. A thin
dialysis membrane (MWCO 12KDai 14KDa) was placed to cover the top surface to mimic the
tough semipernmable epidermal layer of skin. This arrangement of the gel with membrane served
as model skin. The patch with an embedded hydrogel or PDMS disk interfacing the model skin
served as oun-vitro experimental setugAdditional information regarding the argements for

data quantification ah-vitro experimental results are provided in the supplementary information.
2.2 .4Statistical Analysis

We performed awo-sample ttestfor statistical significance. Significance is denoted as p<0.05
and p<0.1.

2.2.5In-vitro experimental setup and image analysis of dye collection on evaporation pad using

Matlab

A test method was developed for quantitative measurement of the dye on evaporation pad. A
PDMS block (25 mm x 25 mm) was placed separately on top bi/tiregel patch after interfacing

with model skin to establish firm contact between the skin and hydrogel. The whole setup was
covered with a square shaped petri dish with four square shaped side cutouts for continual fluid
evaporation. The setup was thdaged over a black cardboard and covered with a cardboard box
to eliminate the illumination effects from the surrounding light. A Canon EOS Mark5 DSLR

camera was placed and focused on the patch freB0X%n away. Time lapse images of the dye
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flow were talen every 30 minutes till 24 hours. The test was performed under ambient lab
conditions (~22C and 40 % RH) and was repeated three times.

MATLAB (R2018b) was used to analyze the dye profile on the evaporation pad. Snaps of
the pad were taken every 30 miraitdl 24 hours. A small rectangular section (8 mm x 2 mm) was
selected on the pad each time for intensity measurements. Grey scale intensity was calculated and
averaged for pixels along a horizontal line that ran through the center of the selected Begtion
intensity data were integrated over the line, which evens the fluctuations of the dye inkéatsity.
intensity of the accumulated dye at a certain time (t) was calculated by subtracting its area under
the curve from area under the curve at t=0. Tifferénce was normalized on alOscale with O

being the minimum and 1 being the maximum intensity

2.3 Results and Discussion

Figure 2.1 highlights the components of the patch and how the hydrogel pump functions upon
interfacing with skin. The patchsahown inFigure2.1a, has three major section&) A circular

chamber hosting a hydrogel digR) A rectangular strip of paper sandwiched between two thin
PDMS sheets; an@) A paper pad with a large surface area open to the atmosphere that we refer
to as the fAevaporation pado. Hydr ogel di sks ar
benign to human skin) to lower their chemical potential (of the water in the gel) relative to sweat.
The infused hydrogels are then loaded onto the designatadacichamber of the patch. The
hydrogel disk and the circular end of the paper directly interface the skin. The hydrogel withdraws
sweat and its associated biomarkers from the skin surface due to a high osmotic pressure. The
extracted sweat and biomarK&om skin), together with some of the osmolyte solution (from the

hydrogel) get wicked through the rectangular paper strip towards the evaporatiofiquad (
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2.1b). The transported fluid mixture then reaches the evaporation pad, where it evaporates over
time. Continuous evaporation of both the osmolyte and the sweat with biomarkers leads to
accumulation of their nemolatile components on the evaporation paigire2.19.

Due to the existence of continuous fluid evaporation, the pad acts as a repufsitoyy
solute and biomarkers dissolved in the swéd@he evaporation of water from the pad maintains
the capillary pressure in the paper strip to promote continuoustdéomgfluid flow towards the
pad. The patch would cease to operate (stop withdrawing fluid) if either of the following conditions
are reachd over time: (1) chemical potential of the water in the sweat equals the chemical potential
of water in the hydrogel or (2) saturation of the pad by deposited salt / osmolyte. Hence, the useful
duration of patch operation depends on both the osmotiggtrehthe hydrogel and the dynamic
free available surface area on the pad. We r ef
of biomarker and osmolyte over time.
2.3.1Importanceof Osmotic Pressure and Fluid Evaporation
We evaluated thim-vitro performance of the patch by interfacing it with a-ilyfiesed model skin
under ambient conditions (22, 45% relative humidity (RH)) for 24 hours. This allows us to
characterize the rate of osmotic extraction of fluid, mimicking the operation oftittegaactual
skin. The schematic of the experiment is showrFigure 22a. We compared the flow rate
produced from three different discs: a hydrogel having a high solute concentration (treated with
4M glucose solution), a hydrogel having a low soluteceotration (treated with DI water or PBS),

and a control sample consisting of a PDMS disk (instead of hydrogel).
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Figure 2.1. Wearable, zerpowered, and neimvasive sweat sensing platform. (a) Image
highlighting the overall structure of the patch witih two main regions: a site for embedding a
hydrogel disk, and a long rectangular section of paper with a site for evaporation at the end. (b)
Optical image of the patch with hydrogel facing the forearm and a bboMvicrosssectional

schematics illustting the orgoing osmotic effects at the pagsin interface.

The hydrogel disc with high solute concentratioiiatesosmotic pumping rd transport
of abundant dye, sakind glucose flow towards the evaporatau Figure 22a, Figure 22b, top
row). Figure A.1. providedetailednformationof the procedure faneasurement of dye intensity.
In contrastthe PDMSdisk (Figure 2., bottom row did not extract any dye over time, evidently

due to the lack of a driving force at the papembrane interface. Similarly, the hydrogel discs
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infusedwith either DI water or PBS (low osmotic pressure) did not extnagtlye. These results
highlight and confim the importance of osmosis for extracting fluid across the paparbrane
interface. We further verified this conclusion by testing-mwetted paper strips (with either 4M
glucose solution, PBSand DI water) with (4M glucose patch) and without (PDMipaan
osmotic gradientOf these combinations, only the ones with osmotic pressure showed dye
transport, although using preetted (presaturated) paper limited the transpdtigre A.2 and
corresponding text Hence, a hydrogegdatchwith high solute cocentration combinedith dry

paper functions the best in delivering biomartkethe pad.

We next characterized the dye intensity profile along the whole paper channel (rectangular
strip and evaporation pad) for the patch with high sdhytdrogel. The dye intensity along the
length of the rectangular section of the paper started out low and then saturated with dye within 2
hours. The intensity did not vary along the length since this section is encapsulated in PDMS,
which prevents evapoiah. On the contrary, the overall dye intensity on the pad keeps increasing
as dye and salt accumulate when the carrier fluid evaporkigard 2.2). The device
demonstrates continuous flow over twelve hokigyre 2.21). After twelve hours, the evapdian

pad fully saturates with salt, glucose, and dye deposits, suppressing any further fluid evaporation.
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Figure 2.2. lllustration of patch operation with model sweat and model skin system (ah-The

vitro experimental setup consists of an enclosed hydrogel/PDMS disk hosted inside a PDMS
chamber with a paper channel interfacing the model skin platform. Simultaneous action of
osmosis, capillary wicking and evaporation leads to continuous fluid withdrawabldaction of

model biomarker on the pad. (b). Image showing the extent of dye collection on the evaporation
pad over time in two independent patches operating simultaneously with a 4M glucose equilibrated
hydrogel (top row) and a PDMS disk (bottom row) &24hour run on model skin. The images

for low solute hydrogel (water and PBS) were same as PDM®Idcpf the variation of the
normalized and three point averaged grey scale intensity gradient at different times. (d)
Normalized cumulative dye inteity measured on the evaporation pad over time for three different
trials. These plots and schematic together elucidate how the concept of evaporation assisted
capillary pumping in paper microfluidic channels can be combined with osmosis and eventually

beintegrated for long term sweat collection and analysis.
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2.3.2 Osmolyt&ffects on Model Biomarker Intensity

Next, we quantified theole of hydrogel composition on dye and solute deposition levels on the
pad. Hence, we started initially by conductingpesiments like the onés Figure 2.2 fora 24

hour period. The hydrogel disks were first equilibrated with solutions of either 4M glucose, 4M
glycerin, or 2M NaCl. Thee solute levelsshould provide similar osmotic pressweWe
investigatedindependenyl two oppositely charged dyes as model biomakerhodamineB,
(RhoB, cationic) andoromophenol blue (BPBanionic).Upon interfacing these patches to the
model skin (containingitherRho-B or BPB in PBS), we first observed that clear PBS fluid wicked
through the paper channel arehched the end of the pad i¥2 hours. The dye transport front
lagged behind PBS and took abo#t Bours to reach the end of evaporation (Fagure A.3) We

rank the hydrogels from best extraction (highest dye intensityyarst: glucose, glycerin and
NaCl (Figure 2.3, b, c, d).The dyepresumably lagdehind the initial PBS front due to
chromatographic effects arising from the polar nature of the dye. Surprisingly, botxtited

this lag despite being oppositelyacged(Figure A.3) Such effects may arise due to firesence

of theosmolyteand salt (from model skin) in the flow, which alters the interactions between the
dye molecules and paper as the flow progresses. These effects ttangda@ but do not prevent

the dye from reaching the evaporation pad.

The dye intensity levels on the evaporation pad degé&oagly on theosmolytebeing
used to treat the hydrogéh the patch containing a glucose hydrogel disc, evaporation of the
glucoe-PBS mixture deposits a thick, visually distinctust of glucosesalt on the evaporation
pad The deposition begins as soon as the fluid mixture reaches thearmhdontinues
approximately until the first twelve hours for both dye systems. Beyondhhisysteraachieve

saturation and show a negligible variation in dyensity Figure 2.®, d) The crustkeepson
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growing inwards with time (due to continuous fluid evaporation) and acts as a barrier for the
incoming dye flow. Consequently, the dye aoclates along this deposited sglticose crust
(Figure 2.2, c,top row). Visual inspectiorafter24 hours shows that the crust occupies about 20%

of the total surface area on the evaporation pad.
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Figure 2.3.Qualitative and gquantitative analysis otgaoperation using different osmolytes (a)
Optical images depicting the chronological accumulation ofRldlye on the pad over 24 hours.

(b) Plot depicting the variation of RH® dye intensity data over time. (c) Images showing the
variation of BPB dyedvels over time. (d) Plot of the BPB profile vs. time. The image sets highlight
the importance of choosing a suitable osmolyte for equilibrating the hydrogels as it determines the

overall fate of model biomarker collection on pad.

Unlike the glucose hydgel, the glycerin hydrogel deposits only a thin layer of salt
resulting from evaporation of PBS. This layer does not offer significant resistance to the incoming
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flow, allowing the dye and glycerin to spread all over the paglentuallysaturates the paahd
terminatedurther fluid evaporationKigure2.3a, c,middle row). The NaCl hydrogel exhibits the
lowest dye intensity amongst all other systefiguyre 2.2, c,bottom row, likely due to the
following two reasons: (1) lowest solutentent from reduced swellingf the hydrogel during
equilibrationprior to contact with the model skiand (2) the electrolyte ions from the NaCl
solution screen thelectrostatic repulsion between the dye molecules and the paper substrate and
promote songer dye adsorptiof.

Table 2.1provides adetailed analysis of the total salt and osmolyte deposition for every
hydrogel. Glucose as an osmolyte leads to the highest amount of solute accumulatiomgj~ 11
on the pad after 24 hours for both dye syste The amount of solute deposition varies
proportionally with dye intensity on the pad (Figure 2.3b, d). The results from Figure Z.alalad
2.1 illustrate the following three majooutcomes: (1) glucose hydrogels possess the highest
amount of solute i equilibration, (2) the nature tife osmolytecontrols the inflow of dye and
solute towards the pad, and (3) both glycednd glucosenfused hydrogel patches hold the
potential to support lonterm (~12 h) continuous biomarker withdrawal from +amively
sweating skin.

Table 2.1.Table highlighting the quantity of solute deposits on the evaporation pad with different
solute infused hydrogels for both the dyes, after 24 hours of operation. Data represents mean *

S.D. * p<0.05, ** nonsignificant, *** p<0.001 vs. 4M glucose.

Hydrogel type Evaporation pad Amount of deposition
weight change (mg)  on pad due to hydrogel
(mg)
4M Glycerin 6.8+1.27 5.04+0.86 *
2.5M Glucose 9.40+1.40 7.56+1.21 **
4M Glucose 11.72 £+ 4.67 10.84+3.94
2M NacCl 2.34+£0.74 0.91£0.27 ***
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2.33 Validation of Osmotic Pressure Difference between Hydrogels of Varying Solute
Concentration
The previous sectioillustrates the importance of osmosis for dye transport. Osmotic pressure
difference is a colligative property. Thus, the dye transport should depend on the concentration of
solute in the hydrogel. Toonfirm this, wecompare the dye withdrawing capacity2.5M and
4M glucose hydrogel omodel skin.
Figure 2.4a compares the accumulation of #Bhdye using 4M glucose hydrogels and
2.5M glucose hydrogeld-igure A.4 reports BPB dyeThe BPB dye also showed similar trends.
It is visually evident that thRho-B travels further on the pad with 4M glucose relative to the 2.5M
glucose hydrogel. The intensity trends of both dyes also verify this observation (Figure 2.4b). The
2.5 M glucose hydrogel deposited ~7.5 mg of crust while the 4M glucose hydrogelte®poki
mg of crust on the pad @ble 2.). Taken in sum, the results of Figure 2.3 and Figure 2.4 show
that increasing the chemical potential of the hydrogel increases the dye collection efficiency.
The difference of the dye intensiglues (at each tiestamp) between 2.5M glucose and
4M glucose hydrogels was greatertioe Rho-B model skin Figure 2.4). This occursince Rhe
B dye tends to bind more to the papeming thechannel because of its cationic nature. The
adsorption of theRho-B on thepaper, and a lower concentiat glucose hydrogel altogether
contribute towards the observed lower dye accumulation in 2.5M ghRlus8 system. Th
anionicBPB dyedoes not bindasmuch to the paper and transported fastéowardsthe pad.
Hence, the dference of the intensity values (at each tstaamp between 4M glucose and 2.5M
glucosewererelatively low forBPB (Figure 2.4, Figure A.4. Based on ouresults Figure 2.4,

b), it is apparent that besides osmotic pressure differdingg,evaporatio and theosmolyte
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nature thebinding of thebiomarkerto the paper conduélso plays &ey role indetermining its
collection on the pad.

2.34 Design Aspects of the Patch Facilitating Higher Model Biomarker Collection on Pad
The transport of dye and solute towards the evaporationfadM glucose hydrogel patevere
also studied on the basis ¢f) swelling pressure of the hydrogé) hydrogel contact area with
skin, (3) paper pore sizeand @) transport properties as®e the vertical portion of paper and

hydrogel interface.

2.3.4.1 Effect of otal Hydrogel Swelling Pressure

Theswellingpressure’( ) of ahydrogel is defined as the external pressure required to be applied
on the hydrogel to prevent it from swalh? It is amodelthat allowsto estimate theolvent intake
capacity of a hydrogel, post equilibration with any solutitie. investigated the swelling pressure

of each hydrogel to correlate its magnitude to their observed dye intensity levels on {as pad
shownin Figure 2.3, d, 2.4). The swellingcapacity of any gel system upon fluid intake is highly
dependent on the overall contributions from elastic forces, pofgoieent interactions, and ionic
composition. Theseffectsdepend on several thermodynamic propertgeg. {temperature, pH,
solution ionic strength and composition). Hence, iingortant to estimate each contribution to

understand the overall swelling behavior and fluid extraction capacity of a hyéfogel.
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Figure 2.4. Variation of dye accumulation on pad with osmolyte concéntra(a) Optical images
comparing the chronological accumulation of Fhdye on the pad between A/bglucose and 4

M glucose hydrogel. (b) Comparison of cumulative intensity of-Rlfblack) and BPB (red) dye

on the pad using patches with ®15and 4M glucose hydrogel, respectively. Error bars denote the
standard deviation obtained from three trials. These plots indicate that the hydrogel solute content

and the nature of dye affects the dye transport towards the evaporation pad.

Swelling of hydrogelsn a solution reaches equilibrium by minimizing the net change in
total free energyy"O .* As per the FlonjRehner theoryY"O is the sum of free energy change
due to: (1) polymer elastic network deformatidfiQ, (2) free energy change dte solvent
polymer chain mixing¥"O and (3) ionic contributions caused by the difference in counterions
between gel and solutio’O .Y'O andY"O are the main driving forces for water absorption
and gel swelling which is counteracted¥{ . The total swelling pressure ( is derived using

the following equation:
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(2
wherew is the solvent molar volume (18 ml/mad), is the number of moles of solverit, is
the total gel swelling pressure and, “ and® are the elastic, mixing and ionic contributions
to the total swelling pressure, respectively.

We first quantified the elastic contributioris () for all our hydrogel systems. For every
hydrogel variant, we estimated its weight swelling ratijo ( polymer volume fraction after
equilibration { , andgel shear modulus@ via experiments. These parameters were used for

the estimation of . Ther] was calculated as:

o — 3)

whereda s the initial mass of gel after equilibration in themolyteand& Is the mass of

gel after dryingh was calculated from} as follows:

" p —— (4)
where} is the polymer density (1.35 g/mBndd is the density of water (1 g/ml). The elastic

contribution in the hydrogel system usihgwas calculated as follows:

“ Q (5)

‘0 'O » 7 )
where'O s the dry gel shear modulusyequilibrated in any solutidghExperimentally obtained
n and’O were plugged in eq. (6) to obtai@

Standard compression tests using Instron 5943 were used to estmafe A dry

hydrogel disk (unequilibrated in any solution) specimed&inm dimeter and 8 mm in height

was placed in between two spacers, clipped to the grippers of the Instron. A compeatssin
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0.5 mm/min under 1 kN load cell was applied on the hydroggéteratehe stresstrain curve.
The linear regime betweer@1 mm/mm strain rate was used for estimation of Youngs modulus
'O . Assuming the gel network to be isotrop@, was calculated using eq. (@jth’ 1@®.}

O ¢O0 p (7

The shear modulus of dry géD( was estimated to be 0.07 MPa (Figure 2.5a).
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Figure 25. (a) Stress vs. strain plot of a dry polyacrylamide hydro@®l.The total swelling
pressure trends of all the different hydrogel systems.

The contribution from the polymesolvent mixing intesictions was calculated as follows:
“ — 1 1p n ] P (
where.. is the FloryHuggins polymeisolvent interaction parameté&or hydrogels,.. 1@ §°
The contributions from the ionic interactions are calculated as follows:
L] L4 w e, - 1 8 114
“ CY'Y O D] cw o] 9
where'Y is the gas constarityis the absolute temperatui@s the degree of ionization) is the

molar volume of the monomer unit of the polymer (63.45 ml/mol)dandis the concentration of

the electrolyte witlwhich thegel is treated.For glucose and glycerin, we assunded  mtand
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"Q p. For 2M NaCl, we assumed ¢ —and’Q (¢. Thesaneasured individual components

(as obtained from eq. (5), eq. (8), and eq. (9)) were substituted in eqofdtato“ , and was
plotted inFigure 2.%.

The 4M glucose hydrogel possessed a higherthan 2.5M glucose hydrogeFigure
2.90). 2.5M glucose and 4M glycerin hydrogels possessed similarA similar trend also existed
between 4M glucose and 2M NaCl hydrogel. Additiondily, majorly contributed t& in
2.5M,4M glucose and 4M glycerin hydrogels wHile remained the major contributor of
in 2M NaCl hydrogel. The contribution frotlm was negligible in all the hydrogel$gble 2.3.

The inflow of glucose inside the polymer network of 4M glucose hydrogel (upon swelling)
increases its overall sakicontent upon equilibration. Drying (for estimatihg) increases its
a due to inclusion of precipitated glucose in the gel network. This proportionally decreases its
N and increases its (based on eqg. (2) and eq. (3)). Hence, a highonseuently results in a
high* and“ in the 4M glucose hydrogeAs osmotic pressure is a colligative property, it is
evident for 4M glucose hydrogel to possess a highemdswelling tendency than 2.5M glucose
hydrogel. This is even justifieidom the swelling pressure magnitudiegure 2.%) and from their
respective dye and solute intake capadigire 2.®, d,Figure 2.4, andTable 2.). Glycerin is
a low volatile solvent by nature. Hence, the glycerin trapped inside the 4M glyceragbldoes
not evaporate during drying. This results in a loveand“ than 4M glucose hydrogel. 2.5M
glucose and 4M glycerin hydrogels possess a sithilardue to similam (Figure 2.%B, Table
2.2). Asimilar®  also results to theitirailar extent of dye collection on the péeigure 2.9, d
andFigure 2.4). The absence of ionic components and a negligible contributiori‘frgmnakes
“ the major contributor df  in 2.5M,4M glucose and 4M glycerin hydrogels. Heriegher

the* | higher will be®  and dye withdrawing capacity of the hydrogel.
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The polyacrylamide hydrogel swells the least upon equilibration with 2M NaCl solution.
The presence of cowrions in thebulk salt solution reduces the ion concentration difference
between inside and outside the gel netwoTlis decreases the driving force of swelling and
eventually leads to a lower inflow of salt into the gel matpon equilibration. Heng&M NacCl
hydrogel shows the highe$t (higher than 4M glucose, 2.5M glucose and 4M glycerin hydrogels)
and thdowest? . This also leads to a relatively low contribution from on“  (Table 2.2)
The 2M NaCl hydrogel shows a high due to the high ionic strength of 2M NaCl salt solution
(based on eq. (8)). This majorly contributes towards its ‘high(similar to 4M glucose hydrogel,
Figure 2.B). Additionally, the 2M NaCl hydrogel results in the lowest dye and solute inflow
towards pad Figure 2.3, d, Table 2.). This occurs due to low solute content in the gel, post
equilibration. A low solute content has proportionally lesser ions, which results in low water and
dye inflow from the model skin during osmosis.

Thus, we conclde the following four observations for the 2M NaCl hydrogel system: (1)
“ is not an accurate tool to predict the dye withdrawing capacity since & higindicates
reduced hydrogel swelling. (2) The magnitudé of majorly determines theet solute, dye and
model sweat flow on paper since it indicates the osmotic strengtthydragel*® (3)“ and
“ relate directly and inversely to the ionic strength ofasmolyte respectively and (4) A high
“ additionally interrpts the dye and solute flow from model skin by screening off the
electrostatiaepulsive effects between dye molecules and paper (as explained for the 2M NaCl

hydrogel inFigure 2.2, c).
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Table 2.2 Table highlighting the polymer volume fraction and the contributions from, “

and“ towards* for different hydrogel systems. N/A: not applicable
Hydrogel type 0, T iy (atm) T, (atm) Tion(atm) Teor(atm)
4M Glycerin 0.34 27.35 -0.45 N/A 26.86
2.5M Glucose 0.33 26.75 -0.49 N/A 26.26
4M Glucose 0.44 64.56 -0.53 N/A 64.02
2M NaCl 0.16 3.09 -0.38 62.97 65.86

2.3.4.2Effectof Hydrogel Contact Area
We investigated the effects of the hgtirogel surface area that remains in contact with the model
skin, while maintaining a constant gel thickness. The 4M glucose hydrogel diameter was varied
between 0.8 1.3 mm and was used in the patch with a dry papervaheng hydrogel surface
area dil not affect the dye intensity level (of both RB@and BPB) on the padFigure 2.6a “
and solute content on the pad were quantified for each hydrbaielle(2.3, Figure 2.§bSolute
accumulation increased on the pad (additional ~ 4 mg) Whileemained constant with hydrogel
surface area

The osmotic pressure of a material varies directly with its surfagelte ratio® This
ratio relates inversely to the hydrogel diameter for our system (since gels are cylindrical in shape
with constant height). Therefore, hydrogels with a smaller diameter will ideally possess a higher
osmotic pressure upon equilibration with asmolyte However, a negligible change fn
confirms all hydrogels (of varying surface area) to possess a simila¢tFigure 2.6h. As a result,
the water and dye transport rate remain unaffected when these hydrogels interface the model skin
(Figure 26¢). Consequently, the dye levels on the pad and the lifetime of patch also remain
minimally affected.An increase in solute accumulation on padkle 2.3 can be attributed to

additional diffusive effectoccurringduring the equilibration of hydrogal 4M glucose solution.
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However, these deposits do not interfere the dye transport towards pad. Overall, the hydrogel
surface area does not play a critical role in influencing the biomarker transport over the range
studied here (0.5 to 1.15 én

2.3.4.3 Effect of paper pore size on the dye accumulation intensity on pad

We also investigated the effect of the paper pore size amethiaflow of dye towardghe padin

a4M glucose hydrogel patch. Two grades of commercial filter papertestex] eah having the

lowest and the highest pore size, respectively: Whatman 542 (~2.5 um pore size) and Whatman
541 (25 um). We observed a higher dye accumulatibim Whatman542 (igure 2.7 a, b, c,)d

The BPB dye also showed similar trends. Moreover, sdepesition on the pad was greater with

Whatman 542.
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Figure 2.6.(a) Plot showing the cumulative dye intensity on pad with 4M glucose hydrogels of
varying surface area on model skib) Plot highlighting“  of 4M glucose hydrogels with
varying surface are&c) Schematic illustrating the effects occurring at therbgdkskin interface

due to hydrogels with varying surface area. Data represents mean + S.D (n¥#3Now

significant vs. 0.5 cf
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Table 2.3 Table highlighting the solute accumulation on the evaporation pad of patches with 4M
glucose hydrogels of wging surface area after 24 hours of operation on model skin. Data

represents mean + S.D. * p<0.05, **** p<0.1 vs. 0.¥cm

Hydrogel area Evaporation pad weight Amount of deposition
(cm?) change (mg) on pad due to hydrogel
(mg)
0.5 11.72 £ 4.67 10.84 £3.94
0.83 17.53+2.76 15.64 + 2.34*
1.13 18.10 £+ 4.86 15.84 + 4 71%***

The dye and fluid (PBS and glucose solution) reach the evaporation pad at a faster rate (in
comparison to Whatman 542) with Wham 541 paper. Consequently, the rate of solute
deposition (salt and glucose) is high since a higher pore size favors a higher evaporation rate. The
fastincoming fluid spreads the deposited solutes all over the pad and generates an uneven,
scattered distbution of salt, glucose, and dye in comparison to the 542 sybigorg 2.7 The
BPB dye also showed similar trends. Mass balance studies showed greater solute (additional ~
4mg) inflow in 541 systenT@able 2.4. This confirms that observed reduction of dye accumulation
in 541 system is due ta higher solute deposition ompad, which eventuallyeducesfluid
evaporation(Figure 2.7p. With spectrophotometry, a significant difference (p<0.05) of dye
collection wa observed between 541 and 542 systEigufe 2.7¢. The rectangular strip also
showed a lower intensity due to a lower incoming flow of dyigure 2.79. These interrupted
evaporative effects persist till the very end for both the dyes. Overall, adngsized papemay
be beneficial for the patch due to expedited fluid flow but may not be the best option for conducting

sensing operations on the pad or on the rectangular €ltygr properties of papehe like
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permeability, tortuositynay also conthute to inflow of dyeHowever these parameters have not
been investigated in our current work

Table 2.4: Table highlighting the solute accumulation on the evaporation pad of a 4M glucose
hydrogel patch with papers of varying pore sizes after 24 lodwseration. Data represents mean
+ S.D. **** p<0.1 vs. 0.5 crA

Hydrogel area Evaporation pad weight Amount of deposition
(cm?)/Paper type change (mg) on pad due to hydrogel
(mg)
0.5/542 11.72 £ 4.67 10.84 £3.94
0.5/541 13.35+1.70 13.88 + 4,53 ****
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Figure 2.7. (@) Chronological grey scale images of the evaporation pad featuring the gradual
accumulation of salt, glucose, and RBalye in two 4M glucose hydrogel patch, each with a paper
of different pore sizeqb) Plot showing the net dye accumulation on the evajoorgad.(c)
Variation of quantity of Rha on pad. Cumulative intensity profile of both dyes on the rectangular

section of the paper channel. * p<0.05.
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2.3.4.4Effect of Transport Properties across Hydrogelper Interface

In our patch design, the vedl portion of a 4M glucose treated hydrogel remains in continuous
contact with a verticadection of papeWe investigated the fluidye transport at this hydrogel
paper interface, as we hypothesize it to affect the dye collection levels on the pads#iphof
parafilm (barrier) was inserted in between the vertical pomiothe hydrogel and the vertical
paper section to block contact and fluid transport in this rediaguie 2.8% With in-vitro
experiments (using 4M glucose hydrogel patch on-Rlamd BPB model skins), the intensity of

the dye on the pad was compared to a patch without this barrier.
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Figure 2.8. (a) Schematic showing the biomarker transport on paper with and without the presence
of a barrier between the hydrogel and paper iatexfb) Plot showing a comparative intake of

dye on the pad with and without the presence of a barrier.

Flow through the patch the presence of barrier initially lagged (till ~2.5 hours) and
continued showing lower intensity levels till ~6 hours@mparison to the original patch (without
barrier) for both the dye#fter 6 hours, RheB intensity leveled with the original patch, but BPB
levels persisted to stay lowrifure. 2.8b. The extent of solute deposition remained unaffected
with barrier inclusion for both the dyeggble 2.4. Additionally, spectroscopic analysis of dye on

the evaporation pad revealed greater dye collection under the absence of allizdniec?.f.
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Table 25. Table highlighting the solute accumulation on thepevation pad of a 4M glucose
hydrogel patch, with and without the presence of barrier at the hygvagel interface after 24
hours of operatiorData represents mean + S.D (n=3). ** pggnificant vs. NB.

Barrier(B) or No barrier Evaporation pad weight Amount of deposition

(NB) change (mg) on pad due to hydrogel
(mg)
B 13.84+1.72 11.64 +1.86 **
NB 11.72 +4.67 10.84+ 3,94

Table 26. Table presenting a comparative analysis of the net dye accumulation on the evaporation
pad after 24 hours using a 4M glucose hydrogel patch, with without the presence of a barrier at the
hydrogelpaper. Data represents mean = S.D (n=3).

Dye type moles of dye on pady, parrier
moles of dye on padg,,rier

Rho-B 1.92+1.03

BPB 6.90+0.16

Figure 2.8kclearly indicates that the barrier adds as an extra resistive component into the
patch, as it reduces the dye (both Hhand BPB) transport at the vertical portion of hydregel
paper interface. This eventually leads to lower inflow of dye towards the etiapgoad. Dye
guantification on the pad via spectroscopic analysis supports the flow disruptive nature of the
barrier. The ratio of the sampled dye amount under the absence and presence of a barrier being
greater than unity justifies that barrier to beawafrable for the patcfTable 2.5) Additionally, a
higher ratio (much greater than unity) for BPB dye also supports its wider gap between the two
intensity trends (with and without barrier) throughout the testing pefigdire 2.8b, Table 2)5

However,similar levels of solute deposition on pad confitimstthe barrierstrictly restrics only
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theflow of dyeand not the glucosgalttransportt the verticaportion ofhydrogetpaper interface
(Figure 2.8a This difference exists due to a differencethe hydrogel surface area that stays
exposed to the paper. In gouatch, thehydrogel contacts the paper at two differsités (1) the
circular end of the paper channel that interfaces the membrang)ahd shortvertical portion

in between the PDMS and vertical portion of hydrogel. A greater portion of the hydrogel stays in
contact with the circular end of the paper channkk resence of barrier does not disrupt the
glucosesalt flow at this regiomsinceit is present in between the vertical portion of the hydrogel
and paperAs a result, the glucossaltflow stays uninterruptedtthis region of the patcand does
not affecttheflow of solutetowards the padl'he results also confirm that solaecumulation on
padis majorly derivedrom the hydrogekircular papeportionmembranegegion and notfrom

the vertical hydrogepaper interfaceln conclusion the barrier does mdinder the osmotic
transport of dye, glucose, and salt across the circular-pagmbrane interface. It only interrupts

theflow of dyeacross the vertical hydrogel portion and vertical paper interface.

2.4 Conclusions

We report here tha-vitro (benchop) functioning of a notinvasive sweat sampling patch that
operates under novel sweat extraction principles. The patch uses a hydrogel disk infused with a
solute of high concentration to raise its chemical potential difference with respect torstheat

skin. The extracted sweat is transported via a paper channel and evaporated at a pad to maintain
the continuous inflow oéxtractedluid and its associated biomarkefsis patch is flexible, nen

invasive low-costand can be comfortably worn on therskihe osmotigressure of the hydrogel

in the patchcan be tuned taontrol the sweat extraction ratesing osmolytesof different

concentration. Our benchtop testing using model skggestshatout of the three systems tested,

70



4M glucose hydroges most efficientin biomarkercollectionand delivery tahe evaporation pad.

The solute content in the gel and the available pad surface area for fluid evaporation govern the
biomarker transport. Based on these aspects, the lifetime of the patch was fobed to
approximately 12 hourdMoreover, we found thatM glucose hydrogels possessed the highest
swelling pressuré which also correlated to its dye collecting capability on the pad. The hydrogel
contact area does not significantly affect the inflow of thyeards the pad. Additionally, paper

with low pore size and with no barrier in between the vertical portion of hydrogel and paper,

function better in delivering greater amounts of dye on the pad.
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2.6 Supplementary Information

Sl 1: In-vitro experimental setup and image analysis of dye collection on evaporation

pad using Matlab

Rectangular strip

Hydrogel disk
Evaporation pad

Intensity (a.u)

=6 hour

AR\ ~——12 hour
~—24 hour|

100 ~——18 hour

R : . . !
00 0.2 04 06 08
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Figure 2.A.1. Explanation of how cumulative intensity of dye collected on evaporation
pad is quantified(a) Scrematic of the paper microfluidic patch used for sampling model
sweat from model skin systefib) A rectangular section chosen on the evaporation pad for
image analysis after 12 hours of interfacing with model gk)nfRed channel intensity of

similar recangular sections chosen on evaporation pad at different times fdra24un.

A test method was developed for quantitative measurement of the dye on evaporation pad.
A PDMS block (25 mm x 25 mm) was placed separately on top of the hydrogebfiatch
interfacing with model skin to establish firm contact between the skin and hydrogel. The
whole setup was covered with a square shaped petri dish with four square shaped side
cutouts for continual fluid evaporation. The setup was then placed ovackadairdboard

and covered with a cardboatabx to eliminate the illumination effects from the
surrounding light. A Canon EOS Mark5 DSLR camera was placedfocused on the

patchfrom 1530 cm away. Time lapse images of tlye flowwere taken every 30 mittes
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till 24 hours The test was performed under ambient lab conditions’C-28d 40 % RH)
and was repeated three times.

MATLAB (R2018b) was used tanalyze the dyerofile onthe evaporation pad.
Snaps of the pad were taken every 30 mintiite& hours A small rectangular section (8
mm x 2 mm) was selected on the pad each time for intensity measurements. Grey scale
intensity was calculated and averaged for pixels along a htalzme that ran through the
center of the selected section. Net intensity of the accumulated dye at a certain time (t) was
calculated by subtracting its area under the curve from area under the curveTdtet=0
differencewas normalized on a-D scale wth 0 being the minimum and 1 being the

maximum intensity{Figure 2.A.1)related to Figure 2.2c, 2.3b, d, 2)4b

S| 2: Factors facilitating higher model biomarker collection on pad

We speculate that prewetting the paper channel may cause dye trantpopatch, rather
thanthe osmotic pressure. To rule out this possibility, wewet the paper channel both

in the absence (PDMS disk) amal the presence (4M glucose hydrogel) of osmotic
pressure. In this way, the model skin directly interfaces witletasurface. One of three
solutions prewetted the paper channel: DI water, PBS, and 4M glucose. The DI water and
PBS saturated paper channels displayed negligible levels of dye inflow into the rectangular
strip of the patch with PDMS disk. However, the 4Micose solution prewetted paper
channel in thé?DMS disk patch displayed considerable inflow of dye, though not enough
to reach the evaporation pad (Fig@ra&.2a). The results confirm the necessity of osmotic
pressure for transporting fluid from the nebdkin. Thecombined action of a prewetted

paper and 4M glucose hydrogel is presented later.

73



Sos. y=0.0652x+0.0416
o R2=0.98
€ 06+ ’
N~
8 0.44 )
©
8 0.2 P
OAO-VI’ . . ; ; —
0 2 4 6 8 10
Concentration (uM)
1.0 ' . - T 15
_ 1| y=0.0437x+0.0089 5
;o.a- R2=0.99 5 PBS DI Water
£ 0.6 %’,10‘
g l =} 4M Glucose
B 041 [ ko) I
© . T 5.
Q02 - r °
(®) A &
004" 2
0

o

2 4 6 8 10
Concentration (uM)

Figure 2.A.2. Highlighting the importance of osmosis in facilitating more dye collection.
(a) Images showing net dye collection on the paper microfluidic channel in the patch when
backed with a PDMS disk, upon gireating the paper with DI water (left), PBS (center),
and 4M glucose solution (righi) Images highlighting the precipitation of Rhodamine B
dye particles under high concentrations of NaCl. Calibration pl¢t)dRhodamine B in

PBS and d. BPB in PBS. e. Ratio of moles (l)an the evaporation pad, connipgy the

dye intake of prevet vs. dry paper in the patch with 4M glucose hydrogel. All the

experiments were run for 24 hours.

The RheB dye particles precipitate upon adding to highly concentrated NaCl
solution (Figure2.A.2b). Presence of Naons scren the electrostatic repulsion between
the dye molecules and decrease the interparticle repulsion. The occurrence of such effects
at the papemembrane interface in 2M NaCl hydrogel system is one of the reasons for low
dye inflow towards pad (Figui2A.2b, d). A calibration curve was developed for both the
type of dyes in PBS to quantify the amount of dye deposition on pad (Riguge, d).
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To further support the key role of osmolyte, we repeated experiments using
prewetted papers (with either 4M glucesdution, PBS, and DI water) in a hydrogel patch
infused with 4M glucose and compared the fhaccumulation on pad to a patch with dry
paper (Figur@.A.2e). Prewetting of paper did not enhance the dye collection under any
case. Accumulation of solutes the pad right from the start suppresses the inflow of
biomarker. Hence, a high solute hydrogel embedded patch with a dry paper functions the

best in delivering greater levels of biomarker on the pad.

(b)

Maximum dye
penetration depth

Clear PBS
fluid

1 hour 2 hour 3 hour

Figure 2.A.3. (a) Optical images highlighting tHagging of RheB and BPB transport on

paper, in comparison to the PBS fluid in 4M glucose hydrogel pat@d)&3ptical images

hi ghlighting the f@Amaximum dye penetration
accumulation of Rh@® and BPB levels on the evaption pad of 4M glucose hydrogel

patches.

Figure2.A.3a shows that both RH® and BPB dye lagjoehind the PBS flow as the
fluid progresses from the hydrogels towards the pad upon interfacing with model skin. The
clear PBS fluid reaches the pad end irolithwhile it takes about-2 hours for the dye to

reach their maximum penetration depth (Figuhe 3b).
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6 hour 12 hour 24 hour

Figure 2.A.4. Optical images comparing the chronological accumulation of BPB dye on
evaporation pad for 2.5M glucose and 4M glucose treated hyqratphes.

The chronological accumulation of BPB dye the evaporation pad 4M glucose
and 2.5M glucose hydrogeatchesreshownin Figure2.A.4. It is evidenthat 4M glucose

hydrogelcollects more dyéue to a higher osmotic strengtfan2.5M glucosehydrogel
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CHAPTER 3

Colorimetric Sensing d Sweat Lactate using the OsmotiEnabled

Wearable Sweat Harvesting Patch*

* Based onSaha, Tet al. Osmotically Enabled Wearable Patch for Sweat Harvesting and Lactate
Quantification Micromachinesl2, 1513 (2021).
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3.1 Introduction
Lactate is a byproduct of glycolysis, generated as an outcome of anaerobic glucose metabolism
due to high energy demandtbk body. It is a pivotal biomarker for determining oxidative stress
levels, muscle health, and tissue hypdxiaactate is predominantly presentsocrinesweat,
bloodf® and to a certain extent in téand saliva. The net amount of lactate presenthese
biofluids is highly dependent on the physiological state and the site of anaerobic metabolism in
the human body. Lactate monitoring is of prime importance in individuals, especially for those
who are frequently prone to oxygen deficit conditidke hthletes and military personiéor
improving training and performance endurance) and woman during childbirth (hypoxic distress
during labor in the fetu$)Critical lactate levels in the body can abruptly alter the fluid pH and
cause several detrimel effects on human health like seizures, sepsis, renal failure, fymors
cerebral strok€and panic disorders.

Lactate content in eccrine sweat depends on several parameters like the exertion type,
duration, intensity, and sweat rdtévledium intensity exercise (600% of maximum heart rate,
<100 W or <100 rpm) for a short duration, or heat induced sweating can generate a lactate
concentration of up to 25 mM, while exhaustive outdoor exercises could generate up to 115
mM.1213180n a cotrary note, it is also proven that the sweat lactate concentration varies inversely
with sweat raté’ This suggests that with rigorous physical activity, the rate of sweat release is
greater than the rate of lactate generation. There is also evidence that suggests sweat lactate levels
vary minimally with ag®, sex>*® and the sampling location (due t@rying sweat gland
density)>® Apart from eccrine sweat glands, there two other types of sweat glands in the body

have been identified: apocrine aagoeccring Howe\er, there is less evidence of lactate being
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present in the sweat secreted by thesedgl@and our focus here is on eccrine glands in the forearms
as commonly accepted lactate testing location.

Similar to most other biomarkers, researchers have looked upon the correlation between
blood and sweat lactate. The blood laetadncentration ranges between-B.1M for a healthy
subject at redtDuring low to medium exercise intensity workout, the blood lactate concentration
neither reflects a significant change in its magnitude nor a good correlation with sweat lactate
concetration®2° Once the body crosses its lactate threshold (LT), blood lactate concentration
rises exponentially and can peak up to 11 fMuch high blood lactate can inhibit muscle
contractions and is undesirabf&ome studies have shown positive catieh between blood and
sweat lactate levels during high intensity exeréi§bus, the extent of lactate generation in both
sweat and blood are well understood under active sweating. However, to the best of our knowledge,
there are no available studiesthmonitor sweat and blood lactate levels under low sweating
conditions or after a sufficient long time post exercise.

Researchers have been able to quantify sweat and blood lactate levels using different
sensing and quantification technég®-1*>* Established commercial and laborattygsed sensing
platforms function in the presence of an enzyme (either lactate oxidasg@ ¢cQactate
dehydrogenase (LDH)). Skin interfacing wearable sensor prototypes developed on colorimetric
principles nvolve transporting sweat through complex serpentine microfluidic channels to a
sensing zone, which contains a lactate specific enzymatic assay. The incoming lactate in the sweat
reacts and generates a colored product whose intensity is quantified viabglsed image
analysis. This intensity directly correlates to the concentration of lactate in’3#reat.

Another class of wearable device prototypes involve electrochemical measurements where lactate

concentration is determined based on the magnitude of the current generated at the functionalized
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electrode surfac&>! These sensing platforms usually com@risthreeelectrode system where
the enzyme is immobilized on the working electrode either via dirdsag, adsorption,
electrostatics, or covalent bondifgLactate in sweat can be also quantified using
chemiluminescenéé® HPLC®%° and enzyme freeolorimetry?’

Despite delivering oispot sweat lactate detection with high sensitivity, wide linear
dynamic range (LDR), and low limit of detection (LOD), the current wearable platforms face the
following three key challenges: they (1) r@minoperative under the conditions of normal human
activity i which rarely involves profuse sweatfig?222°4042444850 (9) do not provide a
comprehensive analysis of the human lactate metabolism and its correlation to blood lactate levels
27,3034,36,4042,4648,50.56 (3) require an external power source for continuous operatfoti:*©
4247148582%T h ys, most of the current sweat | actate
i.e. either require the subjects to undergo stresyalysical exertion, ingest sweat stimulating
agent$®>’or elevate body temperatditgprior to testing. As a result, these prototypes can quantify
the lactate concentration in sweat only during exercise, and not under any other physiological
condition (ike rest or posexercising conditions). Furthermore, conducting measurements via
active sweating is not only inconvenient and tedious, but also raises questions concerning its clean
capture, external contamination, low sweat volumes due to uncontredpdration, and dilution
of biomarkers because of excessive sweating. Some prototypes have quantified sweat lactate
release from rested subjeéts®>8However, these prototypes are not a wearable platform, have a
low sampling duration, do not report theweat lactate results pestercise, and do not study the
correlation between blood and sweat lactate levels. Hence, the necessity of an efficient sweat

lactate monitoring device, capable of delivering information under all physiological conditions
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(red, during exercise, and peskercise) and providing a comprehensive understanding of the
human lactate metabolism remains unaddressed.

This chapter discusses the-skin performance of our previously developed zero
powered, nofinvasive weeable sweat sampling patéh®®®°We use threalifferent pumping
materials (based on different osmotic strength) in our patch for sampling sweat lactate from the
forearm region of the body. We chose the forearm since it is standard for such measwethents
has one of the highest sweat gland densities in the body. These patches were tested under five
different physiologicatonditions (rest, medium intensity exercise, high intensity exercise, post
medium intensity exercise, and pdsgh intensity exerces). We initially present a comparative
analysis of the amount of lactate sampled by each pumping source. We then discuss the operating
mechanism of each pumping materiatskin towards facilitating longerm lactate withdrawal
and estimate how much laaat sampled via osmosis. Next, we study the dependency of sweat
lactate on the sweat rate. Finally, we seek to understand the correlation between sweat and blood

lactate levels.

3.2 Experimental Section

3.2.1 Materials

The experiments were performed using Whatman filter paper (Grade 542, GE Healthcare Life
Sciences); Sylgar@84 elastomer (Dow Corning); phosphate buffer saline (PBS), acrylamide
(Sigma), NN©O met hyl enebi s acr shydeoxpi Geydroxgethoxgazna )
methylpropiophenone (Sigma);ducose, alcohol wipes (medical grade), aAddtic acid quick

test strips (QQLLACL10, BioAssay Systems), and lactate plus meter (Nova Biomedical).
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3.2.2 Patch Fabrication

Sylgard184 silicone elastomer (Do@orning) and its curing agent were mixed in 10:1 w/w ratio
and cured for 12 hours atTto make the base for the PDMS sheet. The patch was prepared by
attaching two PDMS sheets togethe38 mm x 15 mm x 2 mm (bottom) and 30 mm x 15 mm x

1 mm (top). A sigle hole matching the hydrogel diameter was punched at 6mm from one of the
edges on the bottom sheet to encase the hydrogel. A section of Whatman 542 paper was cut out
using a CQlaser cuttefUniversal Laser Systems VLS 3&)d was sandwiched betwede top

and bottom PDMS sheetQur previous research on capillary assisted evaporative pumping
determined the dimension of the paper channel for this studlye PDMS sheets were attached
together using additional silicone as a binder (Sylda4)), makig sure that it did not contact the
paper channel. The whole patch was treated in an ovefiGb#6rnight to achieve firm adhesion
between the sheets.

3.2.3 Hydrogel Synthesis and PDMS Disk Fabrication

The hydrogels for the osmotic interface were madegusacrylamide monomer, -N 6
methylenebisacrylamide as the crosslinker and-hyd@oxy4 -8g-hydroxyethoxyj2-
methylpropiophenone as the phatditiator. The monomer solution contained 22% (w/w)
acrylamide, 0.48% (w/w) crosslinker and 0.15% (w/w) pHottbator. The solution was cured
inside a circular petri dish (47 mm diameter) under a 175 mf\iramp (Sunray 40BM) for

three minutes. Disks of 6 mm diameter were punched out and stored in dtli@iuéose or PBS
solution for 24 hours. These solutioserved as the osmolytes. After 24 hours, the infused disks
were transferred to a fresh solution in a vial and stored for further usage. A single disk was taken

out, blotted with a paper napkin, and was fitted inside the circular space in the patch ssere u
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Disks of 6 mm diameter were punched out from a 2 mm thick PDMS sheet. This was referred as
PDMS disk. The PDMS disk was fitted inside the circular space in the patch before usage.
3.2.4 OnSkin (invivo) Sweat Analysis.

Human trials were conductexh individuals in five sets: (a) NEX.€ without exposing them to

any physical activity) for 2 hours. (b) during MEX for an hour. (c) PMEX for 2 hours. (d) during
HEX for 30 minutes. (e) PHEX for 2 hours. All trials were conducted under normal ambient
conditions (22°C, 45% relative humidity (RH)and strictly as per two approved IRB protocols
(UNC-18-1959 and UNE19-3065). 8 healthy subjects (5 females and 3 males), ag28,20ere
recruited from the NC State University campus. All 8 subjects were tastiedl NEX, MEX, and
PMEX trials while 3 subjects were tested under MEX, and PMEX trials. All subjects gave written,
informed consent before participation in the study.

We used three types of patches for our human trials, which differebiypie of their
pumping material: 4M glucose hydrogel, PBS hy
were initially washed with alcohol and DI water. These patches were then snapped on both
forearms of every individual using a Velcro strap. The esttbjresided on a bench for 2 hours
when testing under NEX. After 2 hours, the patches were taken off and stored for analysis. A paper
strip was also gently rubbed (dry rub test) on the skin to check the base lactate level after 2 hours.
Blood lactate wameasured using the conventional finger pricking test. This concluded the NEX
trials. The skin was rewashed using alcohol and DI water and a fresh new batch of all three patch
types were interfaced onto the skin again during the MEX tiiiils subjects exeised on a cycle
ergometer (Life Fitness) under ambient conditions for an doting medium exercise intensity
(MEX) trials, and for 30 mins during high exercise intensity (HEX) triglEX trials involved 5

minutes of warmup (560 W at 60 rpm), followed by 20 minutes of constant load exercise at
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medium intensity (78.00 Wat 75 rpm anda final 5 minutes of cooling down. This cycle was
repeated for another 30 minutédter an hour, the patches were taken off and a dry rub test was
performed. Blood lactate was also measured. This concluded the MEX trials. The skin was washed
again with alcohol and DI water. A fresh new batch of all three patch types were interfaced onto
the skin again for 2 hours. After 2 hours, the patches were taken off and stored for analysis.
Additionally, a dry rub test and blood lactate test were also conducted. This concluded the PMEX
trials. The HEX and PHEX trials were conducted after 24 hpost, PMEX trial completion. The

skin was initially washed with alcohol and DI water. The patches were then snapped on both
forearmsHEX trials involved5 minutes of warmup (560 W at 60 rpn), followed by5 minutes

of constant load exercise HIO W and % rpm. The intensity was then increased to high intensity
(100-150 W for 10 mins with 75 rpm), followed by 5 minutes at-PB0 W and 75 rpm. Exercise

was then terminated, and the subjects rested for 5 minutes. Overalljlijects exercised under

HEX for 30 mins. After the test, both dry rub and blood lactate tests were conducted. The protocol
followed for PHEX trial was same as PHEX trial. The subjects refrained from any food or drinks
throughout the testing period. The paper channel in the patch vassdtneith our previously
developed colorimetritactate assay (lactate dehydrogenase based) to determine the lactate levels
after the completion of each trigflA further detailed description of the testing protocol is provided

in the Supplementary Inforation.

3.2.5 Statistical Analysis

We performed &wvo-sample #test for statistical significance. Significance is denoted as p<0.05.
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3.3 Results and Discussion

3.3.1 Sweat Sampling Mechanism of the Wearable Patch

Our wearable patch functions basedtloa simultaneous action of three basic effects to deliver
long-term sweat and biomarker sampling: osmosis, capillary wicking, and evapdfaismosis

is the main pumping mechanism for sweat extraction. A hydrogel, infused with a high concentrated
solute(osmolyte) generates the osmotic driving force with the skin. The hydrogel is hosted inside
the circular chamber of the patch as shown in Figure 3.1hytwe@gel disk and the circular end

of the paper directly interface the skiffhe hydrogel withdrawsweat and its associated
biomarkers due to its higher osmotic strength (with respect to sweat) (Figure 3.1). These
withdrawn sweat and biomarkers are sampled on a paper microfluidic channel. The paper channel
has two sections: (a) a long rectangular ssanflwiched between two PDMS sheets), with one
end is in contact with the hydrogel and the other end connected to (b) a pad with a large surface
area (evaporation pad), left open to allow sweat evaporation. The sweat, biomarkers, and the
osmolyte travel trough the rectangular section of the paper channel via capillary action towards
the evaporation pad. The incoming sweat evaporates from the pad, leaving behind all biomarkers
and nonvolatile osmolytes. These biomarkers can be quantified using differehtticala
techniquesSince osmosis is a colligative property, the patch does not require any external power
source for longerm operation. The patch will continue to operate (withdraw sweat from skin) as
long as the chemical potential difference between the skin and hydsogelintainedIn our
previous work, we have analyzed thevitro performance of the patch and studied all its
component$#*°6%\e found that hydrogel equilibrated in 4M glucose solution with a dry paper
channel, functions best in delivering letegm model biomarker collection on paper. Hence, we

decided to use a patch with 4M glucose hydrogel and dry paper for all our human subject studies.
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3.3.2. Sampling of Sweat Lactate using Different Pumping Materials in the Patch

We characterized the efficienofthree different pumping sources in our patch for sampling sweat
lactate from the human skin: 4M glucose hydrogel, PBS hydrogel, and a PDMS disk. These
osmolytes were chosen since they have varying levels of osmotic strength and are benign to the
human &in upon contact. The 4M glucose hydrogel has the highest osmotic strength. The PBS
hydrogel is isotonic with sweat, while the PDMS disk is inert and has no osmotic action. We
embedded each of these materials in the patch and estimated the amounedhktdtay sample

on paper under five different physiological conditions: rest (NEX), medium intensity exercise
(MEX, 60-70 % of maximum heart rate), pasedium intensity exercise (PMEX), higihtensity
exercise (HEX, >85% maximum heart rate), and piggt imtensity exercise (PHEXJFigure A.1)

The base lactate level under each physiological condition was measured by mechanically abrasing
the paper channel on skin. This method of | ac
Such a comprehengvstudy would provide a better understanding regarding how effectively
lactate is sampled via osmosis under varying physiological conditions, unlike our previous work,
where we only used the 4M glucose hydrogel patch to sample lactate during rest and MEX
condition. The exercise protocol for the human trials and the calibration plot of the lactate assay
protocol is presented in the Supplementary Informatibgufe A.2, A.3. The methodology of
calibration has been reported in our previous p&jpEne sendgivity and LOD of our colorimetric

lactate assay are 0.18 a.u./mM and 750 uM, respectively.
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Figure 3.1. Schematic of the earable, zerpowered, and nemvasive sweat sensing platform
on skin. The platform comprises of a hydrogel pad and a papeffiondiochannel. Simultaneous

action of osmosis, capillary wicking, and evaporation leads to-temg sweat withdrawal from
skineven at resting perspiration rates.

Figure 3.2 presents a comparative analysis of sweat lactate intake by different pumping
materials in the patch under varying physiological conditions. Figure 3.2a highlights the full form
of all the physiological conditions in which the subjects weredegtiter 2 hours of NEX trials,
the 4M glucose hydrogel, PDMS disk, and the PBS hydrogel patch collected ~ 17+11 nmoles,
17.5£12 nmoles, and ~ 13.3+7.5 nmoles of lactate, respectively. The dry rub test resulted in ~
23.631£9.5 nmoles of lactate on papeeaft hours (Figure 3.2b). The results show that all three
pumping materials in the patch can sample lactate from the skin during rest. The 4M glucose
hydrogel patch shows visible fluid flow on the paper channel (Figure 3.2b). In contrast, the PBS

hydrogelpatch did not show any visible fluid collection but did collect lactate on paper (Figure
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3.39). As PBS hydrogel is isotonic to sweat, it is evident that the lactate on paper originates from
the natural lactate generation rate of the body (2@ imole.crit.min).26 The same reason also
holds for the PDMS disk patch (Figure 3.2b). The lactate readouts of all three pumping materials
matched well with the dry rub test (Figure 3.2b). This justifies that lactate readout of our patch
matches well with base late levels after 2 hours and shows that it can function efficiently under
low sweating conditions.

The patches were also tested under the influence of MEX. The 4M glucose hydrogel,
PDMS disk, PBS hydrogel patches sampled ~ 50.58%t20noles, 49.32+26.8 nmoles,
51.56+25.61 nmoles of lactate, respectively, after 1 hour of exercise. The dry rub test resulted in
~ 30+13.4 nmoles of lactate collection on paper after 1 hour (Figure 3.2c). The amounts of lactate
sampled by all three pumpimgaterials were significantly greater (p<0.05) than NEX trial results,
and dry rub test during MEX. All three patch types also showed greater sweat collection on paper
than NEX trials.

Exercise increases the energy demand of the.badpart of this high energy
demand is compensated via anaerobic glycolysis, which leads to the generation of lactate in
sweat3130ur patch was able to detect this increase with all three pumping materials. Exercise
al so | eads t oerdian.cHerice/ lactate sampldd by agiel glucose patch is derived
via both osmosis and active sweat under exercise. Inclusion of active sweat makes the 4M glucose
patch collect more lactate than the dry rub test. PBS hydrogel and PDMS disk patches show
elevatedlactate levels solely due to the inflow of active sweat, sincedbayotcreate osmotic

gradients with inherent fluid withdrawing power.
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Figure 3.2. Plots presenting a comparative analysis of the sampled average sweat lactate quantity
with different pumping materials in the patch, under varying physiological conditions. (a) Table
highlighting the full forms of all the physiological conditions in which the human subjects were
tested. Plot showing the amount of lactate sampled during (b) NEXaHdEX trial, (d) PMEX

trial, (e) HEX trial, (f) PHEX trial. Error bars denote the standard deviation obtained from all
subjects. * p<0.05. These plots show that all pumping materials in the patch can sample lactate on
paper.The error bars denote standlaeviation from all subjects.

The patches were tested under PMEX conditions for 2 hours. The 4M glucose hydrogel,
PDMS disk, PBS hydrogel collected samples containing ~ 19.50+8.0 nmoles, 21.0+9.0 nmoles,
and 14.6+12.6 nmoles of lactate, respectively. dityerub test resulted in ~ 19.8+10.8 nmoles of
lactate on paper after 2 hours (Figure 3.2d). 4M glucose patch showed visible fluid flow on paper,
while PBS hydrogel patch and PDMS patch did not sample any fluid on paper. During PMEX, the
aerobic glycolyss rate increases and lactate in sweat gets converted to pyruvate [2]. Hence, the
amount of lactate in sweat decreases as the body cools down after exercise. Our patch was able to

detect this change with all three pumping materials. Additionally, simdtat&readouts with the
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NEX trials also indicate that base lactate levels were reached within 2 hours after exercise
completion in all subjects.

HEX trials were also conducted with all three patch types. The 4M glucose hydrogel,
PDMS disk, PBS hydrogel sgpled ~ 143.76+£10.7 nmoles, 170.30+14.9 nmoles, 168.10+16.8
nmoles of lactate, respectively. The dry rub test resulted in ~ 89.30+£14.6 nmoles of lactate on paper
after 30 minutes (Figure 3.2e). All three patch types sampled ~ 5 times greater sweat volume o
paper than MEX trials. The amount of lactate sampled by all three pumping materials and dry rub
were significantly greater (p<0.05) than the lactate sampled during MEX trials. Additionally, the
lactate readouts of all three pumping materials were Siginifiy greater than the readout of the
dry rub test. HEX rapidly induces anaerobic glycolysis and ramps up the lactate levels in sweat.
21T HEX also leads to greater active sweat release than MEX, which makes all three types of
patches sample greater et than the dry rub test. This confirms that the amount of lactate in
sweat depends on sweat raté!®

The patches were next tested under PHEX trials for 2 hours after the MEX trials. The 4M
glucose hydrogel, PDMS disk, PBS hydrogel sampled ~ 5.05#2dles, 9.45+3.3 nmoles,
10.09+4.7 nmoles of lactate, respectively. The dry rub test resulted in ~ 6.03+£5.8 nmoles of lactate
on paper after 2 hours (Figure 3.2f). All three patches and dry rub tests showed significantly lower
lactate levels (p<0.05) thadEX and PMEX trials. The 4M glucose patch showed visible fluid
flow on paper, while PBS hydrogel patch and PDMS patch did not sample any fluid on paper
(Figure 3.39g). Significant lower levels of lactate than HEX trials prove that most of the lactate in
sweaat had been converted to pyruvate within 2 hours. Moreover, significant lower levels of lactate
than PMEX trials show that the rate of aerobic metabolism (conversion of lactate to pyruvate)

during PHEX is higher than PMEX. Hence, lesser lactate appesaneat during the PHEX trials.

95



Our patch was able to detect this change with all three pumping materials. Additionally, similar
lactate readouts with the NEX trials also prove that base lactate levels were also reached within 2
hours.

3.3.3 Working Mechasim of Different Pumping Materials «kin Towards the Sampling of Sweat
Lactate

We interpret the transport effects of each pumping media based on the amount of lactate withdrawn
by them at the papeskin interface. Figure 3.3a highlights how a 4M gludwmgérogel facilitates

lactate withdrawal from skin during NEX, PMEX, and PHEX trials. Once the hydrogel interfaces
the skin, osmosis is initiated due to the chemical potential difference between the hydrogel and
sweat inside the skin. The glucose solutifsorQ the hydrogel) and the osmotically withdrawn
sweat and lactate (from skin), collectively appear in the form of a colorless liquid that wicks onto
the rectangular section of the paper channel over time. Since no active sweat is released at rest, the
lactate registered on paper is derived completely from the osmotically withdrawn sweat (Figure
3.2b,d,H ¥ The PBS hydrogel is isotonic with sweat and has no fluid withdrawing power. Hence,
the patch does not show any visible sweat collection at the-gdpenterface (Figure 3.3b).
However, the paper registers considerable amount of lactate from the skin (Figukf3.Z his

lactate amount is an outcome of the wet paper absorbing some of the naturally generated sweat
lactate from the human bod§The PDMS disk collects lactate on paper, but without any traces

of fluid on the paper channel (Figure ®2,f 3c). The absence of fluid on the paper channel is
expected since PDMS has no intrinsic fluid withdrawing capacity. The lactate appears completely

due to the naturals natural production rate in the body
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Figure 3.3.Crosssectional schematics oiveat lactate transport with different pumping materials

at the interface with the skin. The pumping materials include (a) 4M glucose hydrogel patch, (b)
PBS hydrogel patch, and (c) PDMS disk patch during HEX, PMEX, and PHEX trials. Schematic
showing the swat lactate transport in (d) 4M glucose hydrogel pagiRBS hydrogel patch, and

(f) PDMS disk patch during MEX and HEX trialg) Compiled optical image of patches with
different pumping materiaksfter testing under varying physiological conditiohise red mark on

the paper channel indicates the position of sweat after eachltrede schematicend images

show that osmotic sampling of lactate occurs only in a 4M glucose hydrogel patch. The PBS

hydrogel patch and PDMS disk patch sample lactate &ctie sweat.

We also interpret schematically the-skin action of the pumping materials during MEX
and HEX trials. The 4M glucose hydrogel patch shows greater fluid and lactate collection on the
paper channel than the NEX trials (Figu@ c,e). The additional fluid flow arises due to the
infl ow of factiveo sweat i n the patch (Figur
increases with exercise. Hence, the rise in the amount of lactate content on paper is a direct result
of active sweat inflow:!"*8The PBS hydrogel also shows greater fluid and lactate collection on
paper than the NEX trials (Figure 2). Since, a PBS hydrogel has no fluid withdrawing power,
the additional fluid and lactate on paper is derived fromriflew of active sweat (Figure 3.3e).
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The same collection mechanism also holds for a PDMS disk patch (Figurge 323f). Figure

3.3g shows a compilation of optical images of patches with different pumping materials after each
trial, highlighting the leel of maximum sweat penetration on paper. Overall, the results from
Figure 3.3g validate the sweat transport mechanism shown in Figuagp 3 2l,e,f.

We also evaluated the amount of lactate sampled by the 4M glucose patch via osmosis under
different phyiological conditions. This patch selection was made as 4M glucose hydrogels
possessed the highest (in comparison to PBS hydrogel and PDMS disk) osmotic strength. The
efficiency of the 4M glucose hydrogel towards lactate withdrawal via osmosis is expiessed

terms of Aosmotic contribution (OC)o0, which
3 3

: T TT

3 p

where¢ is the moles of lactate sampled by the 4M glucose hydroged ands the moles of

lactate sampled by the PBS hydrogel.

The 4Mglucose hydrogel patch sampled on average ~ 40% (NEX), ~ 25% (MEX), ~45%
(PMEX), ~ 0.5% (HEX), and ~20% (PHEX) more lactate than a PBS hydrogel patch. The observed
variation in the contributions under each condition can be attributed to the differéneeate of
lactate metabolisyand to the small differences between the rates of lactate generation by each

forearm,in each subject. (Figure 3.4).

Lactate collection via osmosis dominates during NEX, PMEX, and PHEX trials due to
the absence of active sweat inflow in the paper channel. MEX and HEX trials lead to the active

inflow of sweat in the patch, which increases the lactate content on papeovdiQrHEX leads

to greater sweat and lactate collection than MEX, but samples lactate the least via osmosis. Hence,
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the higher the inflow of active sweat, the lesser is the lactate collection via osmosis. Overall, our
wearable patch functions by two con@nt mechanisms for sweat lactate withdrawal: (a) osmosis

at low sweat rates, and (b) active sweat for medium to high sweat rates.
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Figure 3.4. Plot showing the effectiveness of the 4M glucose hydrogel in facilitating lactate
withdrawal via osmosis under different physiological conditions. Each dot denotes data from one
subject. The dashed line connects the mean values to guide the eyes.

3.3.4RelationshipBetweerSveatLactate andSveatVolume

We investigated how the sweat lactate content depends on the sampled sweat volume on paper
under all five physiological conditions. This helped us to understand the dependency of sweat
lactate on the sve rate. We analyzed this only for the 4M glucose hydrogel patch for two reasons:
(a) 4M glucose hydrogel has the highest osmotic strength. Hence, its pumping activity was our
major focus of interest. (b) The PBS hydrogel patch did not result in sweattmoll on paper

during NEX, PMEX, and PHEX trials. Hence, calculation of lactate concentration was not always
possible for a PBS hydrogel patch. The 4M glucose hydrogel sampled ~ 1.8+0.4 uL (NEX),

2.7+1.3 pL (MEX), and 1.620.3 pL (PMEX), 11.3+3.2 pL (HEXnd 1.60£0.5 pL (PHEX) of
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fluid on paper. During NEX, MEX, HEX, and PHEX trials, sweat lactate increased with the fluid

volume on paper (Figure 3.5 a,b,c). However, we observed an opposite trend during the PMEX

trials (Figure 3.5¢).

The 4M glucose hydrogel produced an average sweat withdrawal rate (SWR) of 0.03
pL.cm2.min which corresponded to an average sweat volume of ~ 1.8 pL after 2 hours of testing
under NEX. The sampled lactate quantity and sweat volume are in agreement vitéinathuzd>®
A good correlation (Pearsonds correlation <coOeE€
amount and fluid volume on paper. This shows that the amount of moles of lactate varies

proportionally with sweat rate at rest (Figure 3.5a). Heonsenosis leads to sweat and lactate

withdrawal during NEX trials (Figure 3.3a, 3.4).
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Figure 3.5. Relationship between sampled sweat lactate quantity (under different physiological
conditions) and sweat volume on paper for a 4M glucose hydrogel phttshsowing how sweat
lactate depends on sweat volume during (a) NEX trial, (b) MEX and HEX trials, and (c) PMEX
and PHEX trials. Each dot denotes data from one subject.

The 4M glucose hydrogel produced a SWR of ~ 0.10 pt2.ommn? and ~0.75 pL.cm
2min? during MEX and HEX trials, respectively. Such sweat rates are in line with the

literature!”®1Both sweat and lactate amount on paper increased during MEX and HEX trials, with
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HEX collecting the highest amount of lactate (Figure 3.5b). The observed scattering between the
data points is a result of the difference in sweat generation rates in egtt.sdround ~ 11.5

puL, and ~ #8 pL of additional sweat flows into the paper during MEX and HEX trials,
respectively, in comparison to the NEX trials. This additional fluid is active sweat resulting from
exercise (Figure 3.3d). A good correlation (r3Mmbtween the sampled lactate amount and sweat
volume again proves that sweat lactate amount (moles) is a function of sweéat tifae 4M
glucose hydrogel produced a SWR of ~ 0.03 pl2anin™ during both PMEX and PHEX trials.

Such a SWR is simildo the NEX trials. The lactate amount possesses a hegative correlation (r<0)
with the sampled sweat volume on paper during PMEX trials (Figure 3.4c). This happens since
lactate gets converted to pyruvate as the body cools down after eXeéksiseresultthe amount

of lactate in sweat decreases. A positive correlation existed during PHEX trials due to the extreme

low magnitude of lactate amount (with respect to PMEX) and sweat volume.

3.35. Estimation oSwveatLactateConcentration and it&Relationshipwith Blood Lactate

The amount of sampled lactate quantity and sweat volume on paper was used to calculate the
lactate concentration for the 4M glucose hydrogel patch. The 4M glucose hydrogel initiates
osmotic withdrawal of sweat upon contact with thenski a lactate extraction rate (LER) (from

skin) of ~ 0.58 nmole.cthmin™® (NEX), ~ 3.21 nmole.crAmin? (MEX), ~ 0.68 nmole.cri.min

1 (PMEX), ~ 20.30 nmole.cthmin® (HEX), and ~ 0.16 nmole.cfmin (PMEX) (assuming
constant sweat generation rafElis corresponded to an average sweat lactate concentration of ~
9.38 mM (NEX), 19.30 mM (MEX), 13.08 mM (PMEX), 13.62 mM (HEX), and 3.18 mM (PHEX)

(Figure 3.6a).
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The sweat lactate concentration during NEX trial is considered low disitdavards
the lower end of the normal human sweat lactate concentration¥&mjé4_actate concentration
during MEX was significantly (p<0.05) greater than NEX trials. This happens because: (a) exercise
induces anaerobic metabolism which lead$h&dappearance of lactate in sweat, and (b) exercise
causes greater sweat release which proportionally releases more lactate (Figure 3.5b). Lactate
concentration during PMEX was significantly lower (p<0.05) than MEX since lactate gets
converted to pyruvatas the body cools down after exercise. Additionally, this also suggests that
base lactate levels were reached within two hours (p>0.05, with respect to NEX). The difference
between the lactate concentrations during MEX and HEX trials were insignificaDiOf)>
Although HEX trials lead to greater amount of lactate generation, higher sweat release slightly
decreases the lactate concentration due to dilution (Figure 3.2€:°5bjence, as the lactate
concentration peaks during MEX, we believe that ihesfacile physiological zone for estimating
the maximum sweat lactate concentration (Figure 3.6b). Sweat lactate concentrations during
PHEX trials were significantly lower than the PMEX trials (p<0.05) due to significant lower lactate
generation (Figure 3f). This confirms the following two outcomes: (a) the rate of disappearance
of lactate from sweat during PHEX trials is faster than PMEX trials, and happens within 2 hours
after HEX termination, and (b) two hours is a sufficient time period to reaclasieddctate level.
Moreover, the lactate concentration readouts of the 4M glucose hydrogel patches during NEX,
MEX, and HEX trials match well with the lactate concentration readouts of existing devices, which
were reported under similar exertion levelss{renedium intensity exercise, and high intensity
exercise) (Figure 3.61):214.17.23,30,34,36,4%,47,48,50,53,56.685 Thjs vglidates the efficient functioning

of our patch under all physiological conditions.
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We also measured blood lactate levels iaweéstigated its correlation to sweat lactate
under all five physiological conditions (Figure 3@l,e,f). The measured average blood lactate
concentrations were ~ 1.50 mM (NEX), 2.10 mM (MEX), 1.60 mM (PMEX), 7.55 mM (HEX),
1.90 mM (PHEX) (Figure 3.6c)Y.he r value between blood and sweat lactate concentration was ~
0.11 (NEX), 0.26 (MEX), 0.33 (PMEX), 0.98 (HEX). ar2i03 (PHEX) (Figure 3.5 d,e, poor
correlation between sweat and blood lactate levels was recorded during NEX trials (Figure 3.6d).
This is expected due to the lack of physical exertion. Hence, the lactate in sweat and blood during
NEX is mainly derived from the sweat glands above typriscle fiber$8 Type | muscle fibers
generate energy mainly by aerobic metabolism. The measunedjav®#ood lactate concentration
also matches well with literatufeBlood lactate concentration during MEX trials remained low
and similar to NEX trials (p>0.05) (Figure 3.6c). Hence, MEX does not affect the blood lactate
levels. This also results in aqrocorrelation between blood and sweat lactate levels (Figure 3.6e).
Such trends are expected since we operate below the lactate threshold (LT) of the human subjects
during MEX trials®® The blood lactate increases exponentially beyonc!LThe data also
established the source of lactate origination to be mainly the sweat glands above -iee type
muscles, and not bloddType-lla muscle fibers generate energy under both aerobic ardodia
metabolism. The poor correlation between blood and sweat lactate levels during PMEX exists due
to absence of physical exertion and glycolysis intiypriscle fibers (Figure 3.6f).

HEX causes a significant rise in the blood lactate lgypa6.05, with respect to MEX)
(Figure 3.6¢). Consequently, the ratio between sweat and blood lactate concentration decreases
(with respect to MEX). This results mainly from the following two reasons: (a) HEX makes the
subjects exceed their LT (>85% of maxim heart rate}! This causes the lactate to partition into

blood from the typdlb muscle fibers. The typdb muscle fibers generate energy purely via
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anaerobic glycolysi&(b) A drop in the HC®@ion concentration and pH in plasma leads to inflow

of lactate in blood to maintain the adidse equilibriun?’ Overall, a prolonged high blood lactate
concentration (> 3mM) induces faster fatigue and is not feasible for the®dSdyHence, an
individual can be acknowl gdackity Law shewelowrblgodii f i t O
lactate levels even under HEXA strong correlation exists between blood and sweat lactate levels
during HEX (Figure 3.6e). The correlation exists due to higher blood lactate levels than MEX trial.

Such correlations havesbn reported previouslyA poor correlation exists between blood and

sweat lactate levels during PHEX trials (Figure 3.6f) due to the absence of high physical exertion.
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Figure 3.6. Comparative analysis of sweat lactate concentration readout of 4@kgliiydrogel

patch and blood lactate concentration. (a) Plot showing the estimated sweat lactate concentration
in a 4M glucose hydrogel patch under different physiological conditions. (b) Plot presenting a
comparative analysis of the lactate concentrateaaout from our patch (dotted circular box) to

the lactate concentration data from previously published lactate studies. (c) Plot showing the

measured blood lactate concentration under different physiological conditions. Relationship of
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sweat and blood t@ate concentration during (d) NEX trial, (¢) MEX and HEX trials, and (f)
PMEX and PHEX trials. Each dot denotes data from one subject. These plots elucidate the
correlation between blood and sweat lactate levels under different physiological condiiens.
error bars denote standard deviation from all subjects.

3.4 Conclusions
We report here the eskin functioning of a nofnvasive sweat sampling patch that

operates under novel sweat extraction principles. The patch uses a hydrogel disk infused with a
solute to raise its chemical potential difference with respect to sweat in the skin. As a result, the
hydrogel directly withdraws the sweat from the skin via osmosis and without necessity of active
perspiration. The extracted sweat is transported vigparpehannel and evaporated at a pad to
maintain the continuous inflow of sweat and its associated biomarkers. Since osmosis is a
colligative property inherent to the system, the patch does not require any external power source
for long-term operation. Theatch will continue to withdraw sweat as long as the chemical
potential difference sustains between the hydrogel and sweat. Moreover, this patch design is
flexible, noninvasive, and can be comfortably worn on the skin.

We tested the patch with three different pumping media, under five different
physiological conditions for sweat lactate quantification. Results show that altpinngging
media sample lactate on paper during rest, exercise, anegxyarsise trials. Lacta is majorly
withdrawn by the glucose hydrogel via osmosis when the body remained eXesigNEX). The
PBS hydrogel and PDMS disk patches sample lactate on paper due to the natural sweat rate of the
body during NEX trials. The moles of sweat lactaikbected increases with exercise intensity and
decreases when the body cools down. During exertion (MEX and HEX), lactate is derived

primarily from the inflow of active sweat in all three patch systems. Hence, the amount of sweat
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lactate captured is prog@nal to the sweat rate. The calculation of sweat lactate concentration
was only possible for the glucose hydrogel patch as there was considerable sweat collection on the
paper. The lactate concentration measured by the glucose hydrogel patch matcketth e
lactate concentration readouts of other sensors, which were tested under similar exertion levels.
Sweat lactate concentration during HEX remained lower than MEX. This occurs because the rate
of sweat production (volume/time) is greater than #te of lactate generation (moles/time) in
sweat during HEX, which eventually leads to dilution and a lower lactate concentration
(moles/volume). Hence, sweat lactate concentration should be measured under MEX as it peaks
during this physiological conditiorBlood lactate concentration stayed low and did not show a
good correlation with sweat lactate concentration during NEX, MEX, PMEX, and PHEX trials.
This occurred due to the absence of physical exertion. In contrast, the blood lactate concentration
incressed and showed a good correlation with sweat lactate concentration during HEX. This
occurred since all subjects surpassed their LT during HEX. The variation in sweat and blood lactate
concentration levels under different physiological conditions is prdsiyraa outcome of varying
glycolysis rates at different muscle fiber sites.

Overall, our wearable osmotic sweat sampling patch appears to have big potential in
facilitating continuous sweat collection for hours and delivering usefutrhigdibrmation about
human lactate trends under varying physiological conditions. Despite-gi@ostudies, our patch
requires posprocessing measures for estimating the amount of lactate in sweat. After testing, the
rectangular strip needs to be cut and subjected to an assay for lactate determination. Hence, the
current version of the patch is not an optimized solution for device operation since an ideal
wearable should deliver continuous monitoring and-ties data generatiorOur group is

working towards extending the current version of the patch to a continuousmeaweat
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sensing platform for lactate by incorporating enzymatic electrochemical seimsaddition to

lactate, the prototype reported here can be used to sample other nsulgplebased biomarkers

as well.We are also working towards transforming our current patch to a lateral flow assay (LFA)
platform for cortisol and potassium detection in sweat. We believe that such a prototype, capable
of functioning with multiple sensingrinciples (colorimetric, electrochemical) will provide a
better, longterm understanding about the metabolism of different sis@sed biomarkers under

both at home and clinical settings.
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3.6 Supplementary Information

The subjed wereinitially made to sit and rest. THerearm regions of both hands were
then cleaned with alcohol wipes andidrized (DI) water taemove anyesidual lactateThree
skin patches (each with a 4M glucose hydroB8S hydrogeland PDMS diskwereinterfaced

to the washed part of each forearm using a Velcro stapvo hours. The subjects remained
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seatedduringthe nonexercise phaséNEX) and refrained from consumptiaf food and drinks
After 2 hours, the patches wetaken off, ther paper strig wereremoved a dry rub test was
performed by rubbing a new paper strip on the skin, and blood lactate was meaberedet
portion @M glucosehydrogelpatch and the dry iccular end (PBS hydrogebnd PDMS disk

patche} of the papechannelwere cut out and reserved for further analy$iis concluded the

NEX trial.
%
Washed Skin Wearable Patch Sweat + Osmolyte Flow Dry Rub Test é
Y Q g +
4 i % 4 S

AV = 4 (— o+ &t

/ s 7. 5%

// // 2 hours ¢/ ity

75-100 W, 1 hour (MEX)/ o ¢/

120-200 W, 30 mins.

1 Exercise (MEX+HEX) (HEX)
'Exercise (MEX+HEX) TR

* Patch with 4M glucose hydrogel/PBS hydrogel/PDMS disk

Figure 3.A.1. Schematic illustration of the human trial protocol. 4 M glucose hydrogel,
PBShydrogel, and PDMS disk patches were tested on skin during rest, exercise, and post
exercise conditions for sweat lactate estimation. The dry rub test estimates the base lactate

level during each physiological stage.

The subjects were then taken to an exercising room where their forearms were cleaned
again with alcohol wipes and DI watdreepatches (each with 4M glucosgdrogel

PBS hydrogel and PDMS disk were againinterfaced on each forearm. The subjects
exergsed on a cycle ergometer (Life Fitness) under ambient conditions for ardbong
medium exercise intensity (MEX) trials, and for 30 mins during high exercise intensity

(HEX) trials. MEX trials involved 5 minutes of warmup (580 Wat 60 rpn), followedby
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20 minutes of constant load exercise at medium intensit @03V at 75 rpm anda final

5 minutes of cooling down. This cycle was repeated for another 30 minutesar\fieur
of testing the patches wetakenoff, thar paper strig wereremoved adry rub test was
performed by rubbing a new paper strip on the skin, and blood lactate was me&kared
wet portion 4M glucosehydrogel patch) and the dry circular end (PBS hydrogahd
PDMS disk patchgsof the papechannelwere cut out and reservéar further analysis.

This concluded the MEX trial.

2504 250 v I v ' T v I v T v I 250 250
Intensity MEX (W)
---- Rotational Speed MEX (rpm)
- - - Intensity_HEX (W)
200+ 200 - Rotational Speed_HEX (rpm) T 200 [-200
1= 7
I I
150 4 150 4 — -+ 150 | 150
1 |
_____ 1 1
1 |
100 4 100 4 | : <+ 100 | 100
1
= .:
|
504 504 } 450 F50
|
04 0 T T T 0 Lo
0 10 20 30

Time (min)

Figure 3.A.2. Rotational speed of the cycle ergometer and exercise intensity range during
human trials

HEX trials involved5 minutes of warmup (560 W at 60 rpn), followed by5 minutes of
constant dad exercise at00 W and 75 rpm. The intensity was then increased to high
intensity (100150 W for 10 mins with 75 rpm), followed by 5 minutes at-PB0 W and

75 rpm. Exercise was then terminated, and the subjects rested for 5 méitees.
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completionof each trial the patches wetakenoff, paper strips were cut and reserved for
analysisa dry rub test was conducted, and blood lactate was meaBhiedoncluded the
HEX trial.

Post medium exercise (PMEX) and post high exercise (PHE3 twwere conducted in a
similar way as the NEX trials. The paper strips after each test averlgzed using a
commercial colorimetric lactate assfyactate dehydrogenase enzyme based) with our

previously developed protocH.
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Figure 3.A.3. Calibratian plot of normalized intensity vs. lactate concentration
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CHAPTER 4

Integration of Electrochemical Sensors with OsmotigCapillary

Patch Towards a Wearable Continuous Lactate Sensing Platforin
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Capillary Microfluidic Pumping. ir2019 IEEE SENSOR$4 (IEEE, 2019).
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3. Saha, Tet al. Wireless Wearable Electrochemical Sensing Platform with-Rerger Osmotic
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4.1 Introduction
Lactate is a byproduct of anaerobic glycolysis, generated as an outcome of oxidative stress
experienced by the body due to high levels of physical exérttda.an important biomarker for
determining muscle health, and tissue hypéfiaactate is predominantly present in sweat and its
amount depends on several parameters like exertion type, duration, intensity, sweat gland density,
and rate:® Sweat lacite can range from-215 mM, depending on the exertion level experienced
by the body:'® Lactate is also present in the blood where it ranges fror2 i for a healthy
subject at rest”® Greater amount of lactate begins to appear in the blood orén wWie body
experiences high intensity exertion (>120 W) and crosses the lactate threshold FoF)this
reason, the blood lactate concentration can peak up to ~11 mM upon surpas$ifigerdfore,
under all other physiological conditions (e.g.: restmedium exercise workout), sweat lactate
concentration usually ranges -18 times larger than blood lactate concentration, and does not
show a good correlation with blood lactate concentr&tfon.

The two major sensing principles on whimost of the wearable sweat sensors operate
to determine the sweat lactate content are: colorimetry and electrochemistry. The biorecognition
element used in these sensors are eltdwate oxidase (L) or lactate dehydrogenase (LDH)
enzymes. In case @& colorimetric wearable platform, the sweat is allowed to flow through
serpentine microfluidic channels which stay -prenobilized with lactate specific enzymatic
assays. The incoming sweat interacts with the assay to form a colored compound whosg intensi
directly correlates with the amount of lactate in the sW&aT.he electrochemical sensors are
usually in the form of a threelectrode system, where the enzyme (biorecognition element) is
immobilized on the working electrod&3® The lactate in sweaindergoes an enzymatic redox

reaction to generate a signal (change in current, voltage, or impedance), whose magnitude directly
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correlates with the amount of lactate. Lactate in sweat can be also quantified using
chemiluminescené@*® HPLC'! enzymefree colorimetry”, and optical techniqués.
Electrochemical lactate sensing platforms based on different biological fluids are more
sensitive, have a higher linear dynamic range (LDR), and a lower limit of detection (LOD, ~ nM
range), as compared toeih colorimetric counterpartsSkin-interfacing electrochemical sweat
lactate sensors usually have their electrodes fabricated either via photolithégtaphy, screen
printingt®:17.23:24.229,31,32,34,35384344ghjtter coating:>?, inkjet pinting®t, wax printing®or direct
stamping® techniques. These electrodes are printed on sheets of either polyimide
(PI)!314.18,24,29.354344 nolyethylene terephthalate (PEX3*272837 polyethylene naphthalate
(PEN)Y®2L plastid’3?, polycarbmate (PCY, polyester (PEf or tattoo papet! The ink material
of the working and counter electrodes can be either carboi26:2832.34.3543.44 p| atinunt18:20:42
silver3337or silk?’, while the reference electrode is usually Ag/AgCI pasté20.23.24.2@9.3%
35.37.4243The biorecognition element (either L6 LDH enzyme in bovine serum albumin (BSA)
or phosphate buffer saline (PBS)) is immobilized on the working electrode. Byeeris
crosslinked with glutaraldehytfe and sometimes mixed with either carbon nanotubes, graphene,
platinum, silver nanoparticles to enhance the sensitivity towards lactate
detectiontt232427.31.323337.43 4 greover, either chitosan or Nafion stibns are also added on the
electrode to remove the interference from other anal§tég32729.333437.4349he LOD and LDR
of these sensors can range betweerlO@nA.mm?.mM*and 630 mM, respectively:20:22:29:39
33,3740,4345
Despite deliering onspot sweat lactate detection with high sensitivity, wide LDR, and
low LOD, the current wearable platforms face the followtwg key challenges: they (1) remain

inoperative for longer time periods under the conditions of normal human activity ésuc
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rest}0:11.27.2831353%  and  (2) have a short sensing duration period (-~
minutes)!+1517.21.23.29.31.34355 ;s most of the current sweat lactate sensors function only during
Afactive sweatingo by maki ng 4l bxertios, iobtgpkeoretics un d
procedure, ingest sweat stimulating agéeis elevate body temperatdreprior to testing. As a

result, these prototypes can measure the sweat lactate concentration only during exercise.
Moreover, these prototypes do not haweoutlet site which would allow continuous replacement

of old sweat fluid with new. Hence, the current sensing platforms achieve a faster saturation and
cannot operate for a longer time (~ hous)>17:21.23.29.31.34.3532 A few prototypes have quéified

sweat lactate release from rested subféct&® However, these prototypes are not a wearable
platform, have a low sampling duration, and do not contain an outlet site. Hence, there is a
necessity of an efficient, continuous sweat lactate raong device, capable of delivering real

time and longterm information under all physiological conditions (rest, exercise, and post
exercise) and providing a comprehensive understanding of the human lactate metabolism remains
unaddressed.

This chapter imbduces our continuous sweat lactatenitoring platform (CSLMR)it was
developed as an extension of our previous-penwered, nosinvasive wearable sweat sampling
patch, which simultaneously uses osmosis, capillary wicking, and evaporation for sweat
sanpling.”%4344% The continuous, redime sensing is achieved by introducinfuactionalized
lactate sensor (FL3) the original patch desigwhich is then interfaced with a custom, flexible,
low-power, and wearable wireless electrochemical electsystem (WEESMWe initially begin
by discussing how we assemble the different components of the CSLMP to make it work on

subjects both at rest and during active perspiraidyvalidated the FL#-vitro to determine its
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LDR, LOD, and stability. Finallywe validated CSLMmn-vivo (on-skin) to demonstrate sweat

lactate sensing operation under rest, and under medium exercise conditions.

4.2 Experimental Section

4.2.1 Materials

The experiments were performed using Whatman filter paper (Grade 541, GE Healthcare Life
Sciences); phosphate buffer saline (PBS), acrylamide (SigmB)6N met hyl enebi sac
(Sigma), 2hydroxy-4 @¢2-hydroxyethoxy)2-methylpropiophenone (Sigma),-dducose, alcohol

wipes (medical grade), Nafion® (~5%), graphite (<20 pstabilized lactate oxidase (10kU,
E2030703P1, Sun Chemical, UK); Ag/AgCl ink (C2130809D5, Gwent) graphite paste
(C2070424P2, Gwent), carbon paste (C2050106P7, Gwent), Tegarderm (BMhigm sheet

(P1, 1 mil thick), Kapton tape, alcohol wipes (medical grade), lancet, and lactate plus meter (Nova
Biomedical), skin adhesive (Upright).

4.2.2 Hydrogel Synthesis

The hydrogels for the osmotic interface were made using acrylamide mononriéd, N
methylenebisacrylamide as crosslinker and -hy#8roxy-4 -8g-hydroxyethoxyj2-
methylpropiophenone as pheitatiator. The monomer solution contained 22% (w/w) acrylamide,
0.48% (w/w) crosslinker and 0.15% (w/w) phatdtiator. The solution was cured insideircular

Petri dish (47 mm diameter) under a 175 mW/ei lamp (Sunray 408M) for three minutes.

Disks of 6 mm diameter were punched out and stored in 4M glucose solution for 24 hours. 4M
glucose solution served as the osmolyte since it led to thestigccumulation of maximum model

biomarker on paper in our previoimsvitro experiments.After 24 hours, the infused disks were
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transferred to a fresh solution in a vial and stored for further usage. A single disk was taken out,
blotted with a paper p&in, and was fitted inside the circular space in the prototype before usage.
4.2.3 Prototype Fabrication

The lactate sensor was fabricated on a 0.025 mm thick Pl sheet. Initially, a circular section (exactly
as the diameter of the hydrogel) with all #¥edectrode heads was cut out from the sheet using a
CQO laser cutter (Universal Laser System VLS 3.5). Working electrode (WE, carbon ink with
Prussian blue mediator), reference electrode (RE, Ag/AgCl), and counter electrode (CE, carbon
ink) were then scem-printed one by one on the sheet, starting from the head with-a@80 size

mask. The dimensions of all the electrodes were 1.87x2 3 Tima sheet was kept inside an oven

at 80 C for 10 minutes, every time after printing an electrode. The outlitteeaf/hole prototype

was then cut out using a laser cutter.

15 mg/mL graphene stock solution was prepared in ethanol and sonicated in the ultrasonic
bath for 1 hour. 5 pL of an agueous mixture (4 pL of 50 mg/mlk IQLxPBS and 1 pL of 15
mg/mL grapheneni 1xPBS) was dropasted on the WE and dried at room temperature for 1 hour.

1 uL of 0.5 wt% Nafion was then dragasted on the WE and dried at room temperature for 1 hour.
This concluded the enzyme immobilization process and FLS development.

The paper cannel design used in CSLMP was slightly modified as compared to the design
used in all our previous studié$*344# The circular end of the paper has two slits and a-semi
circular region cut out. Moreover, the evaporation pad area of the paper civasnecreased,
while the rectangular section was modified to have a tortuous path, in comparison to our previous
design. The paper channel was placed on the Pl sheet with electrode heads, making sure that all
three electrodes lied above the slits on theutar end of the paper channel, upon interfacing. The

rectangular section of the paper channel was covered with a Tegaderm layer (1.9%2® cm
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conceal it from evaporation. A Tegaderm layer (1.5x0.8) evas attached over the electrodes to
prevent thenfrom touching the skin during human trials. A piece of Kapton tape (0.6x®)%6 cm
was attached on the lower backside of the electrodes so that the sensors have a rigid connection
with the flexible board. Finally, the hydrogel was placed on the circulaotiite sheet. This
concluded the fabrication of the prototype. The prototype was always stof&lafdre any test.

The CSLMP weighs ~165 mg (before hydrogel addition) and has dimensions of 70 mm x 30 mm
x 0.02 mm.

4.2.4 Invitro Testing with the Protgpe

The FLS was tested using chronoamperometry withrechtop potentiostat (600+, Gamry Inc.) at
T0.1 V with respect to the RE. 10 OL solution
all benchtop tests. All solutions were made in 1X PBS.dfability studies, 10 pL solution of
varying lactic acid concentration were added on the WE every 2 minutes and tested till 1100
seconds.

4.2.5 OnSkin (Invivo) Sweat Analysis

Human trials were conducted on individuals in three sets: (a) Rest (INBXithout exposing

them to any physical activity) for 2 hours. (b) during medium exercise intensity (MEX) for 1 hour.
(c) during high intensity exercise (HEX) for 30 minutes. Alls were conducted under normal
ambient conditiong22°C, 45% relative humidity (RH)and strictly as per two approved IRB
protocols (UNCG18-1959 and UNE19-3065).3 healthy subjects, aged-28, were recruited from

the NC State University campus. Alsubjects were tested under NEMXals. 2 subjects were
tested undeMEX and HEXtrials. All subjects gave written, informed consent before participation

in the study.

124



The forearm of each subject was initially washed with alcohol and DI water. The CSLMP
(without the hydrogel) with the electrodes facing the skin, was placed on the forearm. The 4M
glucose hydrogel was then placed on the circular section of CSLMP. A layer of Tegaderm was
attached on the top of the hydrogel so that it stayed affixed to thetymet A layer of Tegaderm
was also applied on the edges of the prototype so that it stayed attached to the skin surface. The
whole assembly was then connected to the WEES using a spacer. The subjects resided on a bench
for 2 hours when testing under NERhe lactate trends were continuously monitored on the iPad.
After 2 hours, blood lactate was measured using the conventional finger pricking test. This
concluded the NEX trials. The subject was then requested to sit on a cycle ergometer (Life Fitness)
unde ambient conditions and exercise for 1 hour during the MEX trials. MEX trial involved 5
minutes of warmup (560 W at50-60 rpm), followed by 20 minutes of constant load exercise at
medium intensity (78.00 W at 75100rpm) and a final 5 minutes of coadjrdown. This cycle
was repeated for another 30 minutes. The lactate trends were continuously monitored on the iPad.
A Macroduct patch was also placed on the forearm to monitor sweat rate. Blood lactate was
measured after the completion of the test. Thisckmled the MEX trials. The subjects were
refrained from any food or drinks throughout the testing pekiiX trials were also conducted
on the same cycle ergometer. HEX trial invohNgethinutes of warmup (560 W at50-60 rpm),
followed by5 minutesof constant load exercise at medium intensity-{09 W at 75100 rpm),
then 15 minutes afonstant load exerciselagh intensity(100-150 W at 75100 rpm), and a final
5 minute ofconstant load exercise higherintensity (150-200 W at 75100 rpm).The la¢ate
trends were continuously monitored on the iPad. A Macroduct patch was also placed on the
forearm to monitor sweat rate. Blood lactate was measured after the completion of the test. This

concluded thédEX trials.
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4.3 Results and Discussion

4.3.1 CSLMR Design Aspects and Working Principle

The CSMLP is developed by introducing enzymatiectrochemical sensors to our previously
developed wearable osmotic capillary sweat sampling platffigure 4.1a shows an optical
image of the prototype on benend on the forearm. The current version of the prototype has the
FLS electrodes placed in between the hydrogel and the circular section of the paper channel. Such
an arrangement was chosen to ensure instantaneous sensing of sweat lactate from sHKig, especia
with very low sweat volumes (such as when the subjects are at rest or under low humidity
conditions). Overall, the platform is thin, flexible, and can be easily mounted on the skin using
either a Velcro strap or a skaompatible adhesiveThe CSLMPweighs ~165 mg and has
dimensions o70x 30x 0.02mm.

Figure 4.1b shows a blowsut schematic of the patch components. The Pl sheet is initially
cut out to create a circular space for placing the hydrogel and three heads for printing the
electrodes. The working electrode (rightmost electriodEig. 4.18 is immobilized with LQ
enzyme solution. The circular end of the paper channel is then inserted into the circular space on
the Pl sheet, such that the electrode heads reside aboveehslgapHowever, the paper channel
design used in this study is different from all our previous studies in the following ways: (a) The
circular end of the paper channel in this study has two slits and acseubar section cut out.

Such a design was @ben to ensure that sweat infused lesser surface area of paper before reaching
the electrodes. This arrangement has proven to be advantageous during the trials at rest where the
withdrawn sweat volume is extremely low (21uL) (Appendix A.1). (b) The sipe of rectangular

section of the paper channel was modified from a pure straight rectangle to a tortuous rectangle.

This increased the net surface area of the paper channel in between the circular end and evaporation
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pad. As a result, the incoming sweatulbtravel further (by covering greater surface area of
paper) before entering the evaporation pad. Such a design would also delay the saturation of the
paper channel. (c) The surface area of the evaporation pad was also increased to such an extent
such tkat the incoming sweat would never fully wet it due to continuous evaporation. This would
maintain a constant inflow of fresh sweat and would facilitate-tenm (~hours) sensing (as the

paper channel will not be saturatéd).

The area of the evaporatioagpwas fixed in accordance with our previous work on paper
microfluidics? The effects of a saturated paper channeinevivo lactate sensing is shown in
Appendix A.2. Hence, saturation of the paper channel is not ideal fortdomgsensingA
Tegadermayer was then applied on top of the tortuous rectangular section of the paper, and over
the printed electrodes (until the circumference of the circular hole on the PI sheet). Covering the
tortuous rectangular section prevents sweat evaporation frongiba between the hydrogel and
evaporation pad (just as our previous prototypé}**The electrodes are also covereénsure
that they do not touch the skin surface directly, once mounted on the forearm. Hence, lactate will
be sensed only the are&eve the hydrogel is in contact with the skin. The hydrogel is then placed
on the circular hole, such that the thidectrode heads lied in between the hydrogel and paper. A
Tegaderm layer is applied on top of the hydrogel to position it firmly ovetebe@de heads. The
whole system is then connected to the custom WEES using a spacer and mounted on the forearm

for testing.
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Figure 4.1.Wearable continuous sweat lactatenitoring platform (a) Optical image of CSLMP
without hydrogel on bench, and time forearm. The prototype is first connected to the custom
WEES and then mounted on the skin using a Velcro strap. (b) Blow out schematic of the whole
prototype highlighting all of its individual components. (c) Schematic of CSLMP with the
embedded hydgel and how the hydrogel withdraws sweat lactate from skin via osmosis. (d)
Schematic highlighting the immobilized components of the working electrode and the reaction

mechanism of lactate detection.

Figure 4.1c shows the schematic of the prototype, witheing connected to the WEES.
Our wearable platform functions are based on the simultaneous action of three basic effects to
deliver longterm sweat lactate sensing: osmosis, capillary wicking, and evapot@smosis is
the main pumping mechanism fweat extraction. A hydrogel, infused with a highly concentrated
glucose solution (osmolyte) generates the osmotic driving force with the skin. This hydrogel is
placed on the circular chamber of the prototype as shown in Figure 4.1 blo/drbgel disk ad
the circular end of the paper directly interface the skire hydrogel withdraws sweat samples

with lactate due to its higher osmaotic strength (with respect to the sweat inside the skin).
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The withdrawn sweat lactate is sampled on the circular seatitre paper microfluidic
channel, where it meets the immobilized enzymatic assay on the electrode (FLS, Figure 4.1d). The
FLS undergoes a pair of redox reactions with sweat lactate: (a) Incoming lactate in sweat gets
oxidized to hydrogen peroxide £82) and (b) HO:is reduced to 20H This detailed reaction
mechanism has been established previotidijoreover, the graphene nanoparticles help in
enhancinghe sensor sensitivitgnd LOD by increasing the surface area of the electrodele
the Nafion Iger removes anionic interferences and increases seleéfiihe sweat lactate, and
the osmolyte then travel through the tortuous rectangular section of the paper channel via capillary
action towards the evaporation pad (Figure 4.1 a,b,c). This incoswaat continuously
evaporates from the pad, which maintains the capillary pressure in the paper to allow further inflow
of fresh sweat from skin areventually facilitate longerm sampling and sensing.

4.3.2 Invitro Validation of FLS in CSLMP via Chmoamperometry

We conductedh-vitro (benchtop) testing with our wearable CSLMP to test the performance of the
FLS. This was conducted by drop casting 10 pL solution of varying lactic acid concentrations on
the FLS. Figure 4.2a shows the chronoamperomegsigonse of the sensor under varying lactic
acid concentrations, as obtained from the potentiostat. The current increases with lactic acid
concentration and stabilizes within ~150 seconds. Figure 4.2b presents the calibration plot of
current vs. lactate omentration for the sensors, based on the trends from Figure 4.2a. The data
enables to calculate the sensitivity, LOD, and LDR of the sensor, which are 90 f&mmi,

350 nM, and €0 mM, respectively. Overall, our sensor was found to be more seradive
compared to the other lactate sensors in liter&ttfy&:29.3833740.4.45 Moreover, a LDR of @0

mM shows that the sensor can accurately measure the physiological lactate concentration range in

sweat.
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The stability of the sensor was also moretbwithtime (Figure 4.2c). A batch of four
sensors were immobilized on Day 1. Each sensor was tested on every single day for the next 4
days, by treating them with 10 pL solution of 10 mM lactic acid solution. We found that the sensor
was stable for 4 day when stored at’@. The selectivity of the sensor towards lactate detection
was also tested by exposing it to various compounds (ascorbic acid (AA), uric acid (UA), glucose,
Na‘, and K) that are commonly found in sweat. As shown in Figure 4.2d, thiicadadf
interferents caused a minimal change in the current response, while the response increased

significantly upon lactate addition. Hence, the sensor was highly selective towards the presence of

lactate in the solution.

a) b)
0 0 . . . .
.. R2=0.95
24 2. \\ y=0.335x |
. . .
< 3 ~
= 41 = 41 <
5 B
£ ] ..
8 -6 1 g -6 % \+
(@]
-8 1 -8
O 3 e s 130 150 -10- ' y : v
X 0 5 10 15 20 25
Time (sec) Lactate Concentration (mM)
c) o d)
0 —ar :
SAEARNE
2l ) 1XPBS f 50 4M UA \ i.jf:'-'ﬁ‘
2 —~ i (glf:xoc:':z L "\‘ Li:[‘:’tl!
< Te
2 4 I I 2 41 10mMLactate .
€ I I = e
(0] [0) 15 mM Lactate
= -6 = 6
3 3
O O
-8 8
-10 404+— . : . :
Day1 Day2 Day3 Day4 200 400 600 800 1000 1200
Time (sec)

Figure 4.2. In-vitro validation of the FLS performance using chronoamperometry.

(a) Chronoamperometric response of the sensor under varying levels of lactate concentration. (b)
Calibration plot of the sensor highlighting the current vs. lactate concentration degen@gn

Plot showing the stability of the sensor with time. (d) Plot proving the selectivity of the sensor

towards lactate detection in presence of common sweat biomarkers.
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4.3.3 Comparative Analysis of FLS Response between Potentiostat and WEES

We develped a flexible circuit board with Bluetooth modules (WEES) through which one can
monitor the reatime trends of the sweat lactate levels on a wireless device, such as a&igBea (
4.3a). The flexible circuit board with the wearable CSLMP is a wirelesarable electronic
platform for multtmodal electrochemical monitoring. The board weighs ~ 1.27 g and has a
dimension of 45 mm x 19 mm x 2 mm. The flexible board system is controlled by a Bluetooth
Low Energy (BLE) system on a chip (SoC, CC2642, Texasuments) which interfaces with an
electrochemical analog front end (AFE, AD5941, Analog Devices) (Figure 4.3b). The
electrochemical analog front end is programmed to measure lactate concentration f@&m the
electrode electrochemical cell on the FLS, whikionnected via a-pin ribbon connector. The

sampling rate, bias voltage, and gain can all be controlled by the SoC.

After initialization, the AFE reads from the electrochemical cell as well as the negative
temperature coefficient (NTC) thermistoratiit and stores the amperometric biochemical data
into a buffer which is then read by the SoC. The flexible board system is powered by a lithium
polymer battery (3.7V, 40 mAh) which is regulated to 1.8V to power the BLE SoC and then
boosted to 2.8V to posv the electrochemical analog front end. This gives the system an
approximate battery life of ~ 209 hours, which could be further increased with decreased sampling
and transmission rate. The system also contains doam accelerometer for measurement o

motion as well as a potentiometric buffer circuit for measuring -arenit potential.

The WEES was designed onto a custom flexible polyimide printed circuit board for better
wearability. For using under exercising conditions with the CSLMP, WEES eated with

silicone. The aggregated data is transmitted over Bluetooth to a either a custom Python script or a
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custom iPad application. Both of these allow the user to control the bias, sampling rate, and gain
of the system, allowing for use at a variefyoperating points. The custom WEES is also capable

of measuring in a duty cycle mode, where the system can periodically halt measurement to prolong
enzyme lifetime of functionalized electrodes. However, as the duty cycle test trends were similar
to the egular chronoamperometry trends with the potentiostat durimiyo testing at rest for 2

hours (Appendix A.3), we decided to use regular chronoamperometry for afl-eitno andin-

vivotests.
a) D) e
| E Lllhl:r:":z:;ymer E E !
1 ' Ui '
' i @
' : g |
| i .
I : l : NTC
I i ' : Greatt
I | S i S I _______________
| !
1 ) I
c) d)
0 T v
0 mM _ ~ - omM " T T =
9 @ - Potentiostat 04 . - @ - Potentiostat|
: (“71.00 mM -e-Board | P‘ﬁ ! oo get BE:,'; oS
24 ’4, 3.00mM ] 5 ¥ s |
< ¢ 2 | ¥IT eam smew P
e ® 475mM ' &
:’1 4 “4' 7.80 mM 18.63 mM| = 4 L l_/l_t ) 4 ‘>34: ]
5 ¢ty 080 = SR Ees |/
t -6 o\/ ] \/ g-/-e E 6 10 mM 6.40mM  4.57mM
> 2 = "2
o 1.50mM  15.57 mM O
8 8
-10 T T T T y -10 . ; . , .
200 400 600 800 1000 200 400 600 800 1000
Time (sec) Time (sec)

Figure 4.3: Design of flexible circuit board (WEES) and its chronoamperometric response with

the lactate sensor. (a) Optical image of the circuit board (b) Block diagram highlighting the
components of the circuit board. (c) Comparative analysis of the sensor regmivween
potentiostat and WEES for a continuous increase in lactate concentration. (d) Comparative analysis
of the sensor response between potentiostat and WEES when exposed to simultaneous increasing

and decreasing lactate concentration.
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As the CSLMRutilizes zerepower osmotic sweat extraction, the only electrical power
consumed by the whole system is from the wearable electronics. Coupling osmotic sweat
extraction with WEES provides a significant decrease in power consumption in comparison to the
existing iontophoretic systems, eventually leading to a significant increase in battery life, which is
a key concern for wearable system development. Additionally, the system components were
selected for high efficiency and low quiescent current, and theduheld system software was
optimized for minimal power consumption while sampling and transmitting data over BLE to the
iPad data aggregator. Total power consumption of the system was 706 pW at 10 Hz sampling rate,

which is the lowest reported to date imguarison to the existing systems in literattfe.

The dynamic current response of the lactate sensor was tested under increasing lactic acid
concentrations by using both the potentiostat and WEES (Figure 4.3c). The lactate concentration
of the soltion on the FLS was increased every 2 minutes. For both measurement systems, the
sensor was able to detect the dynamic changes in current response up to 20 mM, with a sensitivity
of ~ 102 nA.mM-.mm? (potentiostat) and 117 nA.nmkdmm? (flexible circuit ard). The
dynamic response was also tested by continuously exposing it to solutions of low and high lactate
concentrations (Figure 4.3d). Such simulation mimics varying sweat rates during real on skin
testing, which can proportionally affect the lact&teels. Lactate concentration of the solution on
the sensor was either increased or decreased every 2 minutes. The sensor showed a linear response
till ~ 10 mM, with a sensitivity of ~ 160 nA.mMmm? (potentiostat) and 172 nA.mifkimm?

(WEES) (Figure 4.3d Overall, the response of the sensor with the WEES functioned well under

the human physiological lactate range and was similar to the response from the potentiostat.
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4.3.4 OnBody Operation wititHuman Subjects

The primary goal of this study is to alsst the whole integrated CSLMP with WEES on skin (

vivo) for reattime sweat lactate sensing under two different physiological conditiast (NEX),

medium exercise intensity (MEXpand high intensity exercise (HEX\Ve affixed the whole
system ontte forearm of each subjg@ hours (NEX), 1 hour (MEX), angD minutes (HEX)) and
monitored the redime lactate concentration trends over time on an iPad. Through these tests, we
sought to analyze the following: (1) the réiahe performance of the integrated system towards
continuous sweat lactate measurement, (2) comparison afctiaédd measurements with data from
previously investigated sweat lactate sensors, and (3) comparison of the sweat lactate levels to

blood lactate levels under varying physiological conditions.
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Figure 4.4: Schematics of the stdpyy-step protocol fotbwed during the human trial tests. The
subjects are tested under (a) NEX, (b) MEXd (c) HEX Sweat lactate was measured using the
integrated system of CSLMP with WEES, whose-tegmaé trends were obtained on an iPad. Sweat
rate was measured using a Maduict patch duringpothMEX and HEXtrials. Blood lactate was

measured separately after completion of each trial.

Figure 4.4 depicts the stages of the human trial protocol being followed duriimg the

vivo tests. The forearm was choseas the testingocation since it is standard for such
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measurements and has one of the highest eccrine sweat glands in tHeoboelsting under rest,
the skin surface of the forearm is initially washed with alcohol and DI water to remove any residual
lactate. The integrated system (CSLMP attached to WEES) is then placed on the cleaned skin for
2 hours. The real time sweat lactate trends are continuously obtained on an iPad. Blood lactate was
measured after the completion of the test using a commero@d bdctate meter. The system is
also tested under MEXnd HEXcondition for an houand 30 minutes, respectivelyhe MEX
trial includes two cycles (of 30 minutes each) of warming up, exercise, and cooling down. Blood
lactate was also measured after thiapletion of the tesThe HEX trial includes about 10 minutes
of medium exercise workout and 20 minutes of strenuous high intensity woBtoad lactate
was also measured after the completiorathtest.

Figure 4.5a shows thaptical images of the CSIIP after 2 hours of testing under NEX, 1
hour of testing under MEXand 30 minutes of testing under HEX conditiddaring NEX trials,
the platform samples ~2 pL of sweat on the paper chanA@his fluid volume is sampled mainly
via osmosié and is lowsince there is no physical exertion involved. The sweat mainly stays
accumulated at the circular end of the paper channel, where it comes in contact with the FLS to
generate a signal. Exercise leads to the generation of active sweat which gets sathpledmer
channel durindpothMEX and HEXtrials. The sweat fluid encounters the FLS at the circular end
of the paper channel (appears hazy due to sweat accumulation) and flows all the way to the
evaporation pad over time through the tortuous rectangedtios of the paper channel.

The sweat lactate concentration trends with time3fsubjects during the NEX trials is
shown inFigure 4.5b. The maximum measured sweat lactate concentration waas2Due to
extreme low sweat rates (0.03.pin?.cnT?)®, lactate takes ~ 16200 seconds to appear on the

circular end of the paper channel. The lactate concentration peaks&amiRas soon as the
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osmotically withdrawn sweat meets the FLS (Figure 4.5b). Similar lactate concentration values
have been previously reported from rested subjéttd*®*Hence, this validates the effective
functioning of the CSLMP on subjects at rest. Moreover, the osmotic chemical potential difference
between the hydrogel and sweat also decreases over time as asintsises. As a result, the
amount of lactate sampled by the hydrogel decreases over time (Figure 4.5b).

Overall, the CSLMP can measure sweat lactate concentration for ~100 minutes from
subjects under NEX condition. Such a sensing interval at rest $gdeoad extraordindy long,
as no other wearable prototype in the literature has been able to measure sweat lactate for such
long time period$:?>4The measured blood lactate concentration in both subjects was also low
(average value ~1.4 mMyhich is expected due to the absence of physical exertion (Appendix
A4)8

The CSMLP was also used to measure the sweat lactate trends over time from subjects
during MEX trials Figure 4.5c showthe sweat lactate trends measured over time for 2 subjects.
The lactate concentration peaked twice during the two exercise cycles and showed a maximum of
~5-7.5mM during the whole testing period. Although both subjects exercised at a physical level
of ~80-90 W during the trials, the sweat release rate of SubjéetiO uL of sweat sampled in an
hour) was greater than Subject 2 (~ 10 uL of sweat sampled in anAigure 4.5d). The sweat
volume sampled by the Macroduct was calculated using an established ptottwopeak lactate
concentration during the firsycle of the trial wasimilar tothe peak during the second cycle for
Subject 1 while it was greater in the first cydier Subject 2. Moreover, the lactate concentration

trends also correlated directly to sweat rate and exercise intensity (Figord)4.5

136



(=2
~—

MEX HEX 100 —
— 75F
% 50}
25 k
g 0.0
+= 100 T
—s2
% 75—
@ 50F
o
8 25F
O 00 D ko el
)
£ 10.0 =
g 75F
S sof
25F
0.0 i n L L " "
1200 2400 3600 4800 6000 7200
Time (sec)
— d)i.
—~ I i = L . L] [
S 75 g A _ . = " .
E 50} 1 g o i ; )
e <100
O 25F E g w s1 & '] T = & = g5 =
© 2
g 0.0 2 2 ) . L E 50 | =
5 £ o .
g 10.0 ﬁS}JI T T T T ;i 20— =
© 75t ] s f
-— -
g 5.0F 1 E‘ 0 [] L] , " w s w = %
©
-1 25F 1 "g’wo w52 g . "= 5 = &
0.0 2 : i 2 z s0f -
600 1200 _ 1800 2400 3000 3600 § o i
Time (sec) e B 600 1200 1800 2400 3000 3600
e) _u ) Iy :
=15) 3 st . a - .
\E, o . L . i
10 | &
S £200 5 T v
= 5F 2
® 2 100 . & 2 - .
= 0 £ g L
c z
§20 35 6o =] v < . T
815' i’ . . . .
§F 0 . L L L
2 10F E
5 £ 20057 T T
‘g 5F ? 100 | - - " = "
r . E o0 L N X
-0 600 1200 1800 0 600 1200 1800
Time (sec) Time (sec)

Figure 4.5.Images and plots showing the results from théody testing of CSLMP for sweat
lactate detection. (a) Optical image showing the level of sweat penetration in the paper channel
during NEX MEX, and HEXtrials. (b) Plot showing the sweat lactate trend3 sxibjects during

the NEX trials for 2 hours. (c) Plot showing the sweat lactate concentration trend of 2 subjects
during MEX trials for an hourDark green zone: warm up, light red zone: medium intensity
exercise, light green zone: cool dowd) Plot stowing the trends of sweat rate and exertion
intensity of 2 subjects during the MEX trials) Plot showing the sweat lactate concentration trend

of 2 subjects duringlEX trials forhalf an hourDark red zone: high intensity exercise. Darker red
zone: hidnly strenuous high intensity exerciggPlot showing the trends of sweat rate and exertion
intensity of 2 subjects during th&EX trials.
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The CSLMP was also tested on 2 subjects during HEX trials for 30 minutes. Both the
subjects showed a low sweattke concentration {2 mM) till 300 seconds as this was the
warmup phase (Figure 5.4e). The subjects then exercised under MEX intensity fr€d80300
seconds. However, both the subjects did not show a significant change in the lactate concentration
valueseven though sweat had entered the paper channel. This confirms that lactate release in sweat
was delayed till 600 seconds. The subjects entered the HEX zone after 600 seconds and continued
exercising till 1800 seconds. Both subjects started showing amasinog sweat lactate
concentration trend, which peaked to ~112mM around 901100 seconds. After 1000 seconds,
both subjects started showing a decreasing sweat lactate concentration trend even with a high sweat
rate (~ 34 pL/min), which continued tilLl800 seconds (Figure 5.4f). This is an outcome of lactate
getting diluted due to excessive sweat release, which has also been previously reported in few
other studieg2**'Hence, the rate of sweat release was greater than the rate of lactate release in
both subjects from 1160800 seconds. The blood lactate concentration during the HEX trials
ranged 1112 mM Appendix A.94. Such a high blood lactate concentration occurs since the
subjects surpass their lactate threshold 1€¥&l high blood lactate caentration during HEX can
also result from the drop of HGG@on concentration and pH in plasma, which causes lactate influx

in blood to maintain acitbase equilibriund?

4.4 Conclusions

We report here a wearable, continuous sweat lactate monitoring platform, developed as an
extension of our previously developed sweat sampling patch. The platform is developed on a thin
polyimide sheet using hydrogel containing a high solute concentraiting as the pump for

sweat withdrawal via osmosis. The collected sample is processed and analyzed via a paper

138



microfluidic channel with a site for evaporation at the end, and sgméeted electrodes with
immobilized LQ enzyme for lactate sensing. Tplatform is connected to a custom built wireless
flexible circuit board with Bluetooth modules that allows +&#@le monitoring of sweat lactate

data on a wireless device. The hydrogel and the electrodes are arranged in a way as to allow rapid
sensing ofactate from skin, even with low sweat volumiesvitro testing of the lactate sensors
showed a LOD, LDR, and stability of 350 nM, 20 mM, and 4 days, respectively. The integrated
system (platform with circuit board) was testaevivo for sweat lactate dettion from subjects

during rest and MEX trials. At rest, the platform was able to continuously measure lactate for up
to 100 minutes and show a peak sweat lactate concentratior3ofnh®2 During MEX trials, the
platform showed two peaks during the tweleg of workout with a peak lactate concentration of

7-9 mM. Additionally, it was also observed that sweat lactate concentration varies proportionally
with sweat rateThe lactate concentration peaked around20nM during 30 minutes of HEX
workout. The &ctate concentration possessed a direct relation with sweat rate initially. However,
this relationship got inversed during high sweat rates due to dilution of lactate with excessive sweat
release. Furthermoreuowearable platform can be further extenétedsensing other biomarkers

in either sweat or interstitial fluid (ISF). Currently our group is developing a platform for long
term ISF sampling. We aim to achieve this by adhering our continuous osmapiliary patch

with WEES on top of a microneedlatgh, and eventually place the whole integrated system on

top of the skin. Such a system would allow f&@le monitoring of ISF biomarkersurthermore,

the design of our patch allows sensors to be placed on the rectangular section of the paper channel

and develop a lateral flow assay platform for sensing biomarkers in either sweat or saliva.
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Figure A.1. Schematic highlighting the two designs of the circular section of the paper

channel (left) along with their chronoamperometric validation (right).

Design 2 has a smaller surface area than design 1. Hence, the sweat would travel relatively
quicker in design 2 before entering the rectangular section of the paper channel. This also
means more inflow of lactate over time in desigmsivo chronoampenmetric studies at

rest with the potentiostat validated the same outcome (more negative current) for design 2.

Appendix 2
A paper channel with a smaller evaporation pad area will saturate at a faster rate than our
current design. Full saturation of theaporation pad would restrict sweat evaporation and

prevent the inflow of fresh sweat. As a result, no new lactate would be detected with
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exercise progression. Hence, no peak was observed during the second cycle of MEX trial
for subject 1, unlike as shown Figure 4.5c. This confirms that the paper channel should
be designed to delay saturation. This can be achieved by simultaneously increasing the

surface area of the rectangular section of the paper channel and the evaporation pad.

_
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20 40 60 80
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Figure A.2. Optical mage of the patch with a paper of smaller (than our current design)
evaporation pad (left) and its corresponding lactate concentration readout during MEX

trials on subject 1.

Appendix 3

Both duty cycle and continuous chronoamperometric studies on skinavpbtentiostat

show similar trends during rest trials. Hence, chronoamperometry mode does not matter
for our lactate trials. Moreover, this also proves that the &@xyme can maintain its

catalytic activity for 2 hours.
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Figure A.3. Plots showing a comparative analysis of continuous chronoamperometry vs.
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Figure A.4. Plot showng the blood lactate concentration from subject 1(orange) and

subject 2(green) during re$fiEX trials, and HEX trials

Blood lactate concentration does not change significantly during MEX trials as the subjects
did not surpass their lactate threshold intensity |dYeting HEX trials, lactate threshold
intensity is crossed by both subjects and consequently a higherédtatie concentration

is observed.
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CHAPTER 5

Interstitial Fluid Harvesting and Processing Using OsmotieCapillary

Patch and Microneedle Integration*

* Based onSaha, T., Velev, O.D., Dickey, M.D., Daniele, M.A., Interstitial Fluid Harvesting and
Processing Using Gel Osmosis and Paper MicrofluidiEéded an Invention Disclosure with NC
StateUniversity (D20210140).
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5.1 Introduction

Interstitial fluid (ISF) is a thin layer of fluid which surrounds the body cells and contains dissolved
substances that are exchanged with blood capillafifisis present below the epidermis and is

rich in serum, plasma, and other diverse biomarkers (ions, proteinseaalolites), that provide
essential information regarding the health and physiological state of a human body. ISF also helps
in bringing oxygen, nutrients to cells, and remove waste products from them. Moreover, as lower
molecular weight biomarkers (NaK™, lactate, alcohol, and glucose) tend to diffuse out faster
through the blood capillary walls due to the pressure exerted by the blood flow, it makes ISF the
best alternative biofluid (other than blood) for quantifying these biomarkers.

Microneedle array patches (MAPs) are downsized version of traditional hypodermic
needle$that represent a growing field of research since they hold the potential to sample ISF in a
minimally invasive and less painful manf@rMAPs can be made up of vamg materials like
polymerg#>, siliconé, steel, and ceramic& Moreover, they are available either as solid, porous
or hollow structures of different length, sharpness, and density, which can be fabricated using
techniques like etching, lithography,iaromachining, and 3D printiny® The MAP sensing
platform can be based on either colorimetric or electrochemical principle. Colorimetric MAPs
sensors either have the biorecognition element embedded inside the microneedle or coated on
them. If embedded side, the MAP is added into a buffer solution for analysis, post te$ting.
Enzyme coated microneedles form a colored compound on the microneedle surface after coming
in contact with ISE! Electrochemical MAP sensors can also have the biorecognition releme
either coated on the microneedles or inside thefhe specific biomarker in the ISF undergoes a
redox reaction on the microneedle surface to generate an electrochemical signal (current or voltage

change). Glucosgelactaté?, alcohot®, and drug¥ are a few biomarkers that have been analyzed
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from the ISF using MAPs. Moreover, MAPs have been also used to perform transdermal drug
delivery1>16The drug molecules are usually loaded onto the microneedle matrix and then injected
into the tissue.

Despite the huge advantage of MAPs in health monitoring, sampling of biomarkers
from ISF with MAPs have been conducted only by directly interfacing them onto the skin surface.
22 As a result, these patches withdraw ISF for a short time (~ m)ratdssample extremely low
fluid volume (~ pL)?® Reverse iontophoresis has been used to extract ISF previously. However,
this technique has been demonstrated successfully only for glucose sensing, but not other
analytes’* Hence, these patches lack a comgnt for supporting lorterm ISF collection and
management, and thus fail to preserve a H@mm record of the biomarker. Additionally,
guantifying biomarkers from such low fluid volumes can raise questions concerning its clean
capture, external contandtion, and losses due to evaporation. Thus, there exists a necessity for a
technique that would facilitate lortgrm ISF sampling and deliver a cumulative record of the
biomarkers.

Human ISF has an ionic strength of ~ 0.15M and heng®jnciple, the difference in
the chemical potential due to solute concentration may be utilized as a driving force to withdraw
it norrinvasively?>?® We have previously established this concept using hydrogels in a
conventional microfluidic channel fan-vitro sweat extractiod’” Osmotic pressure is a natural
phenomenon that results from sokgtdvent chemical potential imbalance between two solutions,
separated by a sefpermeable membrane, which persists until the difference is anftilled.
Osmotic driven fluid transport has djsations such ai-vitro extraction of several compountfs,

31 drug delivery®? andin-vivo biomarker sampling®
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In addition, paper microfluidic channels can be an extremely simple and efficient
approach for longerm ISF harvestig and management. Paper is not only a readily available and
inexpensive material, but its porous nature and the ability to manipulate flow rates via capillary
wicking and evaporation, serves as some of its distinctive features as a medium to transport and
manage ISP+ Additionally, evaporatiorassisted passive pumping has been used effectively by
researchers to develop several microfluidic deviéeget, to the best of our knowledge, the
combined actions of passive osmotic microfluidic pumping ando@atiorrassisted fluid
management via paper have not beendggtioyed in an operational wearable ISF monitoring
platform for biomarker analysis.

In this chapter, we report thie-vitro operation of an integrated prototype that uses
hydrogel to interface with a microneedle patch for pumping ISF from model skin settings. For the
first time, it combines the action of three basic effects: osmosis, capillary wicking through paper
and evaporation for sampling ISF. The patches can sustatinwous, longerm (~ hours) model

ISF flow and biomarker sampling.

5.2 Experimental Section

The experiments were performed using Whatman filter paper (Grade 542, GE Healthcare Life
Sciences); Sylgard 184 elastomer (Dow Corning); phosphate buffer saline (PBS), regenerated
cellulose dialysis tubing (215216, Fisher Scientific), acrylamide (Sigma)N-N 6
methylenebisacrylamide (Sigma), -hgdroxy-4 §2-hydroxyethoxyj2-methylpropiophenone
(Sigma), Dglucose, glycerin, gelatin type A (=300 g Bloom, Sighldrich), and yellow

fluorescent dye (Tracerline, TP39000601)
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5.2.1 Osmoti®atch Fabrication

Sylgard-184 silicone elastomer (Dow Corning) and its curing agent were mixed in 10:1 w/w ratio
and cured for 12 hours atTto make the base for the PDMS sheet. The patch was prepared by
attaching two PDMS sheets togethe38 mm x 15 mm x 2 mm (bottomhe 30 mm x 15 mm x

1 mm (top). A single hole matching the hydrogel diameter was punched at 6 mm from one of the
edges on the bottom sheet to encase the hydrogel. A section of Whatman 542 paper was cut out
using a CQlaser cuttefUniversal Laser Systems VLS 3&)d was sandwiched between the top
and bottom PDMS sheet©ur previous work on capillary assisted evaporative pumping
determined the dimension of the paper channel for this Wdrke PDMS sheets were attached
together sing additional silicone (Sylgarti84), making sure that it did not contact the paper
channel. The whole patch was treated in an oven & 4@ernight to achieve firm adhesion
between the sheets.

5.2.2 Hydrogel Synthesis

The hydrogel for the osmotic inface was made using acrylamide monomerN N
methylenebisacrylamide as crosslinker and -hy#8roxy-4 -8g-hydroxyethoxyj2-
methylpropiophenone as the phatditiator. The monomer solution contained 22% (w/w)
acrylamide, 0.48% (w/w) crosslinker and 0.15% (wphptainitiator. The solution was cured
inside a circular petri dish (47 mm diameter) under a 175 mf\iramp (Sunray 40BM) for

three minutes. Disks of 8mm diameter were punched out and stored in either 4M glucose solution
12M glycerin, 8M glyceriror pure glycerirfor 24 hoursThese solutionserved as the osmolytes
Infusing the hydrogels with pure glycerin instead of water leads to a new class of gels called

Agl ycerogel so. These (Afters24 moarg, thenfuged desks werea i n g |
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transferred ta fresh solutiorand stored for further usage. A single disk was takenbtaited

with apapemapkin and was fitted inside the circular space in the patch before usage.

5.2.3 Microneedle Fabrication

Microneedles were fabricated usingethacrylated hyaluronic acid (meHA). A solution of 4 wt%
was prepared and added to clean, dry mold. It was then centrifuged at 3800xg for 4 mireutes.
molds were then filled once again to create a backing layer and allowed to dry at ambient
temperatureAfter allowing to dry completely in the molds, the microneedle patches were removed
and crosslinked by exposing to 30 mW?ddV for 300 seconds.

5.2.4 Fabrication of Model Skin

PBS was initially heated to ~80°C. 13% (w/w) gelatin tpgolution was pneared in 6 mL PBS
solutionAdye sol uti on ( df B14b% ¢viv) obai yalonfuoréseendye in PBS

was prepared aratlded to the gelatiRBS mixture and stirred well. This gelatige-PBS mixture

was then transferred to a mold and was refrigerated overnight to obtain a sdiké gehterial.

This gel served as h modél skim. For some experiments tiain dialysis nembrane (MWCQ
12KDai 14KDa) wasalsoplacedoverthe top surfacef the geto mimic the tough semipermeable
epidermal layer of skiand was altogether used as the model.sKire patch with an embedded
hydrogel/glycerogehterfacedhemicroneedle pah, which itself interfaced the model skin. This
served as oun-vitro (benchtopkexperimental setup.

5.2.5 Image Analysis of Model Biomarker on Evaporation Pad

A test method was developed for quantitative measurement of theadyenulatedon the
evapoation pad. A PDMS block (25 mm x 25 mm) was placed separately on top of the hydrogel
patch after interfacing with model skin to establish firm contact between the skin and hydrogel.

The whole setup was covered withetangulaipetri dish with four squarshaped side cutouts
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for continual fluid evaporation. The setup was then placed over a black cardboard and covered
with a cardboartdox to eliminate the illumination effects from the surrounding li§ix UV LED
lights, from an ACLOROL 5050 LED strip, weiplaced approximately 2 inches in front of the
paper strips to illuminate the fluorescent d¢gCanon EOS Mark5 DSLR camera was plaaed
focused on the patdhom 1530 cm away. Time lapse images of thee flowwere taken every
15 minutestill 6 hours The test was performed under ambient lab conditions’C-aad 40 %
RH) and was repeated three times.

MATLAB (R2018b) was used tanalyze the accumulated dywofile on the
evaporation pad. A small rectangular section on the pad (& ramm) was selected each time
for intensity measuremeniSreen channehtensity was calculated and averaged for pixels along
a horizontal line that ran through the center of the selected section. Net intensity of the accumulated
dye at a certain time (fyas calculated by subtracting its area under the curve from area under the
curve at t=0The differencavas normalized on aD scale with 0 being the minimum and 1 being
the maximum intensity
5.2.6 Quantification of Model Biomarker on the Paper Channel, Glycerogel, and Microneedle
Patch
After experiment, the whole paper channel was divided into the rectangular strip and evaporation
pad through cutting. The strip, evaporation pad, hydrogel/giget and the microneedle patch
were individually stored in 5 mL of PBS solution overnight. This allowed the sampled dye to
completely dissolve into the solution. The concentration of dye was quantified usingves UV

spectrophotometer (Jasco UV/Vis550).
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5.3 Results and Discussion

Figure 5.1shows the osmotic patch, MAP, and the integrated benchtop experimental setup. The
osmotic patch hosts eitharhydrogel or glycerogel and interfaces a microneedle patch, which
together interface with the model skiSuch an experimental setiydly mimics the operation of

thisii nt egrated patcho (os mohreatskipat ch and micr or

Evaporation

. -3 | GlycerogellHydrogel Rectangglarstnp EvaporatllonPad

1D
Hydrogel ----"‘!l-j‘ ' A

v

S

Figure 5.1.Wearable osmotic patch, MAP and the benchtop experimental setup of the integrated
setup.

The main goal lies in utilizing the osmotic pressure difference between the skin,
microneedles, and either hydrogel or glycerogel, to drive the flow of model ISF from skin to
microneedles and then eventually to the paper channel in the osmotichbatabgel disksare
equilibrated with either glycerin solutiondwhich are benign to human skimf varying
concentration or p utoleverdheiycoeaical potentidh (of thg waterirotee | 0 )
gel) relativeto ISF. Both the hydrogel and glyceel serve as the main pumping source that
facilitates longterm fluid withdrawal from the skin. The infused hydrogel/glycerogel is then
loaded into the designated circular chamber of the patch. The hydrogel/glycerogel withdraws ISF
and its associated biomka&rs from the skin surface, through the microneedles due to a high
osmotic pressure difference. The extracted ISF and biomarker (from skin), together with some of

the osmolyte solution (from the hydrogel) get wicked through the rectangular paper sargstow
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the evaporation pad. The transported fluid mixture then reaches the evaporation pad, where it
evaporates over time. Continuous evaporation of both the osmolyte and the sweat with biomarkers
leads to their accumulation on the evaporation pad.

Due to the continuous fluid evaporation, the pad acts as a repository of any solute and
biomarkers dissolved in the ISEThe evaporation of water from the pad maintains the capillary
pressure in the paper strip to promote continuousienyg fluid flow towards the pad. The patch
would cease to operate (stop withdrawing fluid) if either of the following conditions are reached
over time: (1) chemical potential of the water in the ISF equals the chemical potential of water in
the hydrogel o(2) saturation of the pad by deposited/salnolyte. Hence, the useful duration of
patch operation depends on both the osmotic strength of the hydrogel/glycerogel and the dynamic
free available surface ar ea o necoriireioupdembsitionVNe r e f
of biomarker and osmolyte over time.

5.3.1 Validationof Osmotic Pressure Difference in Hydrogels of Varying Osmotic Strength and
Glycerogel
We quantified theole of hydrogel compositiomn dye and solute deposition levels on the pad.

We started initially by conducting experimesisiilar tothe onesn Figure 5.1for a 5hour period.

The hydrogel disks were first equilibrated with solutions of either 12M glycerin, 8M glycerin, 4M
glucoseor pure glycerin. A control experiment was also conducted with glycerogel in the osmotic
patch but without the microneedle patch.

Upon interfacing the integrated patch to the model skin (containing yellow fluorescent dye
as model biomarkeryye first observed that clear PBS fluid wicked through the paper channel and
reached the end of the pad 2 hours. The dye transport front lagged behind PBS and took about
3-4 hours to reach the end of evaporation gagure 5.2. Chromatographic effég arising from

the dye adsorptiedesorption equilibria between the dye molecules in the PBS and paper substrate
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result in the lagging of dy&.The total sampled fluid volume ranged frori® L on pad, while

being from 1520 pL on the paper stripiVe rank the gels from best extraction (highest dye
intensity) to worstglycerogel, 12M glycerin, 8M glycerin and 4§lucose Figure 5.2. Mass
balance studies show that all type of gels sample similar quantity of fluid on the paper channel.
However, 4M glucosbydrogel samples the least on the evaporation pad (bdble

The dye intensity levels on the evaporation pad degaodgly on theosmolytebeing
used to treat the hydrog@&quilibration of the hydrogel with pure glycerin causes thesfiexr of
water from hydrogel to glycerin due to osmosis. As a result, the glycerogel becomes highly water
depleted and possesses a very high osmotic strength (with respect to glucose hydrogels). Once
embedded in the integrated patch and mad®ntact wih model skin, the glycerogsWvells the
highest (change in weight gfycerogel ~ 130.85 mg) and leads to largest amount of dye sampling
on the paper channel till ~ 5 houfsdure 5.2, first row, Figure 53At 5 hours the evaporation
pad gets completely saturated with glycerin, which eventually terminates further fluid evaporation
and dye collection.

The intensity ofdye sampled by 12M glycerin and 8M glycerin hydrogel on the pad and
paper channel are similafigure5.2, second and third row, Figure 5.3a,)b,The 12M glycerin
hydrogel swells more than 8M glycerin hydrogel due to a higher osmotic strength. However, a
greater inflow of glycerin towards the pad, stops fluid evaporation at a quicker rate in 12Nhglycer
hydrogels. This eventually reduces the inflow of dye towards pad and makes the paper channel
sample less dye. As a result, the difference between the amount of dye sampled by 12M glycerin
and 8M glycerin hydrogel stays negligible. The 4M glucose hydisagaples the least amount of
dye and fluid on the evaporation pad. The inflowing glucose solution evaporates over time and

deposits glucose at the junction between the rectangular strip and evaporatiéigpesl §.2
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fourth row). The deposited glucosetaas a barrier for the incoming dye flow and restiiists
penetration towards the end of the evaporation pad. Hence, 4M glucose hydrogel is not a suitable

candidate for long term samplimgth microneedles.

Glycerogel

4M Glucose

Glycerogel+ no microneedle

0 hour 2 hours 4 hours 5 hours
Figure 5.2.Optical images of the evapoi@t pad of patches containing hydrogels treated with

different osmolytes.

A control test was also conducted with just a glycerogel in the osmotic patch, but without the
microneedle patch. The glycerogel facilitates greater dye collection than 8M glgoerib2M

glycerin hydrogels, but lesser than with the presence of microneedles on both the pad and paper
channel Figure 5.2, last row, Figure 5.3 b). @his additional dye quantity mainly comes from

just the microneedle patch, which it samples after ngnm contact with the model skin. The
glycerogel withdraws dye from the microneedle patch as well astirerskin. Thus, presence of
microneedle in between glycerogel and skin, aids with increased dye sampling on the paper

channel. The operation of théhale device critically depends on the high osmotic pressure of the
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glycerogel Moreover, having a hydrogel in the patch without MAP would ideally make it extract
sweat upon interfacing with skin.

Table 5.1. Table summarizing the overall nssalance of the model skin with the integrated patch

using different gel types after 5 hours of operation. Data represents mean + S.D from three trials.

Gel type Change in weight | Change in weight
of evaporation of full paper strip
pad (mg) (mg)

Glycerogel 6.00+0.00 13.35+0.50

12M Glycerin  7.70+1.06 15.77 £ 1.53

8M Glycerin 8.40+1.98 15.75+£1.70
4M Glucose 1.93+0.71 1493 +3.61

Without 5.60 + 6.08 18.30+1.56
microneedles
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Figure 5.3.(a) Normalized cumulative dye intensity measured on the evaporation pad over time
for different gel systems. Note: Without microneedles involved just the glyce(by€uantity
of dye sampled on the evaporation pad by different gel sysfejm@uantity of ¢e sampled on

the full paper channel by different gel systems. The error bars denote S.D from three trials.
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