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An epidermal wearable microfluidic patch for simultaneous
sampling, storage, and analysis of biofluids with counterions
monitoring

Brince Paul Kunnel,*2 and Silvia Demuru @

Simultaneous access to the different biofluids enables an accurate analysis of multiple analytes, leading to a precision
diagnosis and medication. Additionally, establishing a relationship between various markers at different biofluids and their
correlation to blood allows developing an algorithmic approach, which aids non-invasive diagnosis through single parameter
monitoring. However, the main bottleneck that exists in multiple biofluid analyses for its clinical implementation is the
requirements of the advanced microfluidic coupled device design, which empowers simultaneous collection and monitoring.
To tackle this challenge, we present an epidermal wearable bio-fluidics patch that facilitates simultaneous on-demand
extraction, sampling, and storage of sweat and interstitial fluid (ISF) along with monitoring of their corresponding
counterions. The clean room-free development of biofluidic patch is realized through 3-D integration of laser patterned
optimized microfluidics structures, low-cost screen-printed stimulation module, and potentiometric chloride (Cl) and
calcium (Ca?*) ions sensing module for adequate dual biofluid sampling and analysis. The developed CI- and Ca?*ion-selective
sensors exhibit good repeatability, selectivity, acceptable stability, and sensitivity. The proof of concept demonstration of
the fabricated patch for simultaneous dual-sampling, storage, and monitoring of the sweat CI- and ISF Ca?* on a healthy
volunteer during different day periods leverages its potential in real-time personalized healthcare clinical usages. Further,
the patch's feasibility in electronic interface and wireless transmission facilitates point-of-care non-invasive lab-on-skin

application for monitoring the health status of individuals.

Introduction

Internet of things has revolutionized medical diagnostics with the
concept of telemedicine and e-health, especially in the field of
electrophysiological signal monitoring such as electrocardiography,
electromyography, and electroencephalography.’> However, the
complexity in bulk sensor acquisition systems and the requirement
of the skilled operators has led to the exploration of advanced
flexible and skin interfaceable sensors that not only resulted in
wearable electrophysiological signal acquisition devices such as
smartwatches but wearable haptics based biorobots for fitness and
health monitoring.2® Compared to the substantial advancement in
physical data acquisition, molecular health diagnosis still hinges on
conventional invasive blood or urine grounded analysis, which
requires specialists for sampling, measuring, and interpreting the
data.? Even if some flourished efforts have been made to explore
analytes from tear, sweat, and saliva as an alternative to the blood,
simultaneous probing of different biofluids and establishing the
reliable relationships among the analytes could facilitate precision
diagnostics.>10
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In recent years, sweat, an epidermal biofluid excreted by the eccrine
sweat gland, has been explored widely for healthcare applications
due to the presence of rich biochemical analytes such as proteins,
jons, nutrients, and metabolites.!? As several of these markers
circulates from blood, sweat analysis can be an alternative to track
the individual's health information.? There have been numerous
efforts to manufacture wearable sweat epidermal platforms for
multiplexed monitoring of electrolytes, metabolites, and proteins
based on different sensing mechanisms.’37 Among them,
electrochemical sensors facilitate versatile, cost-effective, and easy
interfacing through wearable technology.'® Based on sweat analysis,
it is possible to effectively monitor the various health conditions such
as cystic fibrosis, metabolic alkalosis, diabetes, nutrition deficiency,
and body dehydration. 1826 Interestingly, some reports have shown
the successful correlation of sweat lactate and ethanol with
blood.?227 Although most epidermal sweat sensors exploit sweat
generation through prolonged exercise, the iontophoresis process
has been established for on-demand sweat induction, especially for
infants, sedentary individuals, and elders. 2%-3¢ Thus, devotion to
developing the sweat-based sensors and exploration of in-situ
analysis of different sweat analytes and their correlation affords
great promise for future non-invasive clinical diagnostics.

ISF is another attractive body fluid that resides in the
interstitial space amongst cells, and many of the ISF markers migrate
from the bloodstream.3® Several ISF analytes have shown a good
correlation with corresponding blood components by providing great
promises as a biofluid for diagnosis.3> The primary challenge that
exists is the epidermal extraction of the ISF: even though ultrasonic-
based sonophoresis has been shown as a potential technique for
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extraction, it is complex to integrate it into wearable devices.3%:4°
Alternatively, microneedle array-based transdermal devices can be
used to access the ISF through skin penetration and have been
demonstrated for sensing glucose, potassium (K*), sodium (Na*) ions,
and proteins.374? However, the main complications lie in the
fabrication of microneedles, the possible delamination of the
sensor’s surface during insertion, and toxicity due to the direct
interaction of sensor constituents such as ionophores with ISF.
Reverse iontophoresis, which involves delivering mild current across
the epidermis, has emerged as another method to extract ISF and
molecules present in it.*2 Some progressive development has been
made to extract ions and metabolites from ISF based on this
principle. Christopher et al. demonstrated successful quantification
of glucose and potassium transdermally extracted into a gel using
reverse iontophoresis.*> Benoit et al. showed therapeutic drug
monitoring application by reverse iontophoretically extracting
phenytoin and successfully correlated with its subdermal
concentration.** Yao et al. reported integrating an ISF extraction
module and glucose sensors in a single device.*> Also, Bandodkar et
al. successfully demonstrated advanced manufacturing of wearable
tattoo-based glucose monitoring for extracting ISF using reverse
iontophoresis.3> Tierney et al. has shown accurate tracking of
transcutaneously extracted glucose with blood glucose for a non-
diabetic volunteer.*® In another study, Yihao et al. reported a paper
battery-powered skin-like glucose biosensor for ISF glucose
monitoring and showed a good correlation with clinically examined
blood glucose.*’ Interestingly, in a recent study on extended
interstitial fluid glucose monitoring, Ernesto et al. demonstrated
successful decoding of ISF and validated the good correlation of ISF
glucose with blood glucose levels for diabetic and non-diabetic
patients.*® All these studies show the feasibility of the reverse
iontophoresis method for ISF extraction and ease implementation
into wearables compared to microneedles and ultrasonic-based
sampling.

Despite numerous reports of wearable epidermal sensors
demonstrated for separate biofluid analysis, there are not many
efforts devoted to developing wearable sensors for simultaneous
collection and investigation of various biofluids that lead to a
precision diagnosis. The wearable sensor for simultaneous
evaluation of body fluids such as urine, sweat, and tear have been
demonstrated by ex-situ analysis.*® The studies on wearable tattoo
platforms for simultaneous monitoring of sweat-alcohol and ISF-
glucose and the recent demonstration on simultaneous analysis of
metabolites and hemodynamic parameters have shown some
progressive effort in this field.>%>! However, there exist some
complications to implementing this in practical application, such as
(i) possibility of delamination and contamination of the sensor’s
functionalization materials due to direct contact of sensing layer
coated surfaces to the skin causes, (ii) the evaporation of biofluid
causing unstable sensors readings due to integration of the
extraction and sensing modules into a single layer, and the (iii)
probability of mixing of the distinct biofluids extracted
simultaneously to the skin surface during a long time operation (by
occurring the flow of extracted fluids through the skin surface due to
lack of different collection chambers whenever secretion begins).
These challenges can be addressed by implementing a layered
structure of the intelligent and optimized fluidic sensing patch that
facilitates separate but simultaneous sampling of biofluids to analyze
corresponding analytes. The interfacing of the appropriate
microfluidic features not only boosts the efficient biofluid collection
by avoiding cross-talk but benefits future analysis of collected
biosamples.>253

2| J. Name., 2012, 00, 1-3

Herein, we present a novel sweat and interstitiaIvfgyvigrihcéeggﬂ%g
(SIFP) for on-demand simultaneous extraction|: collestiar anakyxsis,
and storage of biofluids. The SIFP uses the iontophoresis process at
the anode and the reverse iontophoresis process at the cathode side
of the patch for parallel extraction of sweat and ISF biofluids,
respectively. The SIFP’s ability for simultaneous collection of sweat
and ISF enables establishing the relationship between these two
biofluids at different physiological conditions as well as various
markers present in them. Furthermore, finding a relationship
between diverse analytes at different biofluids and their correlation
to blood facilitates to establish non-invasive precision diagnosis
through single parameter monitoring by an algorithmic approach. As
an initial effort, the multiplexed monitoring of sweat CI-and ISF Ca%*
has been demonstrated for a proof of concept by embedding the
respective ion-selective sensors in SIFP’s fluid transport path. Cl-ion
is one of the important markers in sweat as its concentration level
screens is used for screening cystic fibrosis (CF) patients 1°. Ca?* in
biological fluid plays an essential role in metabolism as well as
minerals homeostasis.*® Although there have been few reports on
elevated intracellular Ca%* concentration in CF cells, which might
influence cellular metabolism, there have been no extensive studies
to prove this concept due to the lack of simultaneous monitoring of
CF and Ca?* ions from the interstitial spaces.>*>” The SIFP addresses
similar challenges by providing an effective way of collecting sweat
and ISF simultaneously and demonstrating its capability to monitor
sweat ClI" and ISF Ca?* as model electrolytes. The cost-effective,
cleanroom-free fabrication of SIFP is achieved by 3D integration of
layered architectures of the laser engraved fluidics structures for
efficient sampling and storage of bio-fluids and screen printing of
ion-selective sensors followed by modification with the respective
Ca?* and Cl selective membranes. The concept of continuous
collection and withdrawal of collected biofluids in SIFP fluidics is also
demonstrated from the clinical application perspective. The SIFP
sensors characterization is performed in the respective electrolyte as
well as artificial biofluids, and real-time application of parallel
biofluid sampling and sensing is demonstrated on a healthy
volunteer followed by a wireless display of SIFP sensors reading on a
smartphone. The successful SIFP performance and demonstration of
its competence for real-time parallel biofluids sampling and analysis
exhibit its potential to revolutionize existing medical analysis with
non-invasive point-of-care analysis for precision diagnosis.

Experimental

Fabrication of SIFP’s Sensors and Electrodes

The SIFP’s sensor array, including electrodes for reference
and ion-selective sensor’s electrodes and electrodes for anode
and cathode of stimulation module, was fabricated on a PET film
(125 pm) by a screen printing method. Each electrode
corresponding stencils were laser-patterned in a PET film.
Reference electrodes and conductive lines were fabricated by
printing Ag/AgCl ink, whereas carbon paste was used for
printing Cl- and Ca?* ion-selective sensor’s working electrodes,
followed by 20 mins curing at 80° C. The polyurethane (PU) layer
printed on top of printed electrode layers followed by 1 hr
curing at 80° C form the encapsulation layer. Similarly, the
anode and cathode stimulation electrode layers were
fabricated using Ag/AgCl ink printing (20 mins curing at 80° C)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Overview and working principle of the SIFP. (a) Optical image of SIFP attached to the wrist of the subject, schematic illustration of the cross
sectional view of the SIFP (i), exploded view of the SIFP with stimulation, transport, sensing, and storage modules (ii). (b) Schematic illustration of
the secretion of sweat and ISF through chemical stimulation reverse iontophoresis. (c) Schematic illustration of sweat and ISF flow through their
respective transport module to the storage module of the SIFP fluidics. (d) Schematic representation of the counter-ion attractions, anions are
attracted to the anode, and cations are attracted towards the cathode of the electrodes. (e) Block diagram of the PCB used for stimulation and

analysis of biofluids and smartphone interface for SIFP communication.

followed by printing the PU encapsulation (1 hr curing at 80° C).
Finally, CI- and Ca?* ion-selective sensors were fabricated by
drop-casting 2 uL of CI, and Ca?* membrane solutions,
respectively, onto their respective working electrodes followed
by drying in the ambient environment. The fabricated Ag/AgCl
reference electrode was coated with reference membrane
solution (5 pL). More details related to materials, preparation of
membranes, and measurements are provided in Supporting
Information.

Fabrication of fluidics modules and SIFP

The optimized transport and storage fluidics modules features
were laser engraved on PET substrate. Briefly, the transport fluidics
module’s fine features such as inlet channel, sensing chamber, and
outlet channel with an outlet to the storage module were engraved
with a single pass of 40% laser power, a 1% motion stage speed, and
6000 Hz laser pulses. The storage module features were fabricated
with parameters of 25% of laser power, 0.8% motion stage speed,
and 6000 Hz laser pulses frequency in a single pass. 7% laser power
with 0.5% motion stage speed and 1000 Hz laser pulses frequency
(single pass) were used for double-sided engraving adhesives
(ARcare 92712, Acrylic) and skin adhesives (ARclear 8932EE,
Silicone). The stimulation module’s gel holder layer was fabricated

This journal is © The Royal Society of Chemistry 20xx

on a 500 um PMMA film using the laser pass parameters of 15% laser
power, 0.3% pass speed, and a laser pulses frequency of 6000 Hz in
a single pass. The SIFP was obtained by vertical integration of the
featured stimulation layer, fluidics transport layer, sensing layer, and
storage layer in a 3D-direction using patterned adhesives. An Ecoflex
adhesive was used to fix the ago tubes (Imm diameter) at the inlets
of the ISF and sweat fluidics. The prepared pilogel and PBS gels are
poured into the SIFP’s respective gel holding voids, then solidified at
4 °C for 1 h. A pattered medical adhesive film was attached to SIFP
for mounting patches to subject epidemics.

RESULTS AND DISCUSSION

Design, principle, and interfacing of the SIFP

The operation of the SIFP consists of a simultaneous sampling of
ISF and sweat biofluids by iontophoresis and reverse iontophoresis
process, the passage of biofluids through their respective pathways,
wireless multiplexed monitoring of ISF Ca?* and sweat CI- ions, and
storage of the bio-fluid in their respective compartments for future
analysis. The design consideration of the SIPF patch includes the

J. Name., 2013, 00, 1-3 | 3
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necessity of the smallest biofluid stimulation region, sufficient
biofluid collection for analysis in minimum time, the geometrical
strategy of the ion-selective sensors for better signal acquisition,
engineering of microfluidics that enables proper implantation of the
sensors as well as the efficient biofluid sampling and storage, and
optimal inter-facing of the patch to the skin and electronics. The
wrist attached SIFP is illustrated in Fig. 1a along with its cross-
sectional (Fig. 1ai) and exploded views (Fig. 1aii). As shown in the
figure, the SIFP has a vertical integrations of the stimulation,
transport, sensing, and storage modules that facilitate biofluids
induction, sampling, carriage, analysis, and storing of fluids,
respectively, in a single epidermal skin patch. Cost-effectiveness
(compared to a patch fabrication utilizing multistep
photolithographic process, cleanroom facilities, and long processing
time), user-friendliness, strain-free data acquisition, and simplicities
in-circuit interfacing are the main factors considered for the material
selection and fabrication procedures to realize the SIFP. The
engineered implementation of the SIFP sensor arrays facilitates
easiness in readout circuit inter-facing. The attachment of the SIFP to
the skin is enabled through a medical-grade skin adhesive film that
provides tight sealing without skin irritation.

The SIFP stimulation module consists of anode and cathode
electrodes printed on a polyethylene terephthalate (PET) substrate
coupled with a pilogel and a PBS gel, respectively, through a
polymethyl methacrylate (PMMA) gel coupler. The coupled gels act
as the interface between electrodes and epidermis, thus preventing
skin burning by providing sound isolation. Pilogel is loaded with
cholinergic agonists (e.g., pilocarpine) that gets repelled to the
epidermis during the iontophoresis process and binds to the sweat
gland's acetylcholine receptors to induce sweat (Fig. 1b). The human
skin’s negative charge and counterions migration cause the parallel
electroosmotic flow of the interstitial fluid toward the cathode.>®
Thus, sweat is induced towards the anode, while ISF collected is
collected at the cathode compartment (Fig. 1b). As shown in Fig. 1c,
electro repulsion causes the attraction of anions at the anode side
and cations at the cathode side. The induced biofluids are rapidly
transported to their respective fluidics collection compartments
through the SIFP’s capillary tube inlets without causing the mixing of
biofluids.

SIFP’s microfluidics combines the biofluids transport and storage
module, and they are laser engraved on a PET substrate based on
computational optimization. The integration of these modules to the
SIFP facilitates prevention of contamination of ion-selective sensor
array surface due to direct contact with epidemics, eliminates
unstable sensor reading due to evaporation of biofluids, avoids
mixing of biofluids by rapid sampling during its excretion starts, and
enables storing of fluids for future analysis. The transport module
consists of a 1 mm diameter inlet coupled to a stimulation module
through the capillary tube, an inlet channel with a width of 150 um
links to a sensing chamber of varying width toward its outlet, and a
2mm diameter outlet connects to a storage module. The engineered

View Article Online
DOI: 10.1039/D2LC00183G

and optimized design of the SIFP’s transport module enables quick
uptake and fast transport of the biofluids by eliminating the
backpressure in the flow as its excretion starts. The osmotic pressure
and capillary action at the SFIP’s inlet allow the flow of the biofluids
to the storage module of the SIFP. The storage module is designed
with a maximum capacity of 20 pL biofluid. The storage capacity of
the biofluids can be in-creased by redesigning this module based on
the application of biofluid collection.
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Fig. 2 Response of the SIFP ion-selective sensors in their respective
electrolyte. (a) Response of the CI- ion-selective sensor to different
concentrations of Cl- ions. (b) Response of the Ca? ion-selective sensor to
different concentration of Ca?* ions. (c) Linear relationship between open
circuit potential and CI- ion concentrations in logarithmic scale. (d) Linear
relationship between open circuit potential and Ca?* ions concentrations in
logarithmic scale. (e) Repeatability of the CI- ion-selective sensor when with
cyclic variation of CI ion concentrations from 10 mM to 160 mM. (f)
Repeatability of the Ca?* ion-selective sensor when with cyclic variation of
Ca?* ion concentrations from 0.25 mM to 2 mM.
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Finally, the SIFP’s sensing module comprises potentiometric
sensors developed by a screen printing process on a PET substrate
followed by membrane coating and integrated into their respective
biofluid compartment (Fabrication details provided in the
Experimental section). Carbon-based ink and Ag/AgCl ink are used to
fabricate ion-selective electrodes (ISE) and reference electrodes,
respectively. Calcium ionophore Il (ETH 129) based membrane is
used for the selective sensing of the Ca?* from ISF, whereas CI-
detection from the sweat is achieved by tridodecylmethylammonium
chloride-based membrane. The chloride saturated polyvinyl butyral
(PVB) membrane coating on Ag/AgCl reference electrode provides
stable potential at different ionic strengths avoids the voltage drift
by preventing the interaction of ClI- ions with reference. The
intelligent design of the sensor's conductive path enables easy
interfacing with the printed circuit board (PCB). As shown in Fig. 1e,
PCB design includes separate voltage buffers and filters for Ca?* and
CI-ISE’s signal acquisition and conditioning, the reference bias circuit,
and the microcontroller unit (MCU) interfacing for data processing
and transfer. The MCU includes a 12 bit analog to digital converter
(ADC), which converts incoming analog data to the digital signal, and
the processed data is wirelessly transmitted to the host device using
an on-chip WIFI unit. An iontophoretic unit, which includes a booster
with a current converter for setting a stimulation current and a
switch for controlling the duration of iontophoresis is coupled to the
main part of the PCB. The switch enables the selection of the
stimulation module and sensing module. An android based
application developed on a smartphone facilitates instantaneous
graphical visualization of the real-time SIFP data, whereas the
incorporated cloud storing facility helps retrieve the recorded data
for further analysis. The SFIP is powered by the lithium-ion polymer
rechargeable cell.

Characterization of SIFP sensors

The SIFP’s chloride and calcium ion sensors performance was
evaluated in their corresponding electrolyte solution with
physiologically pertinent concentrations of ClI- and Ca?* ions present
in sweat and ISF. Fig. 2a shows the response of the CI- ion sensor in
chloride electrolyte with varying 10-160 mM CI- ion concentration.
Similarly, the Ca?* ion sensors’ response in calcium electrolyte with
varying concentrations of 0.25-2 mM Ca?* ion is shown in Fig. 2b.
Both CI ion sensor and Ca?* ion sensor exhibited near-Nernstian
response with sensitivities 53.1 mV/decade and 32.0 mV/decade,
respectively (Fig. 2c,d). The reversibility of the sensors was assessed
by recording their responses to sequential changes of respective
ion’s electrolyte concentrations in a cyclic manner (Fig. 2e,f). The CI-
ion sensor showed a mean sensitivity of 52.3 mV/decade with 0.4%
relative standard deviation (RSD), whereas the Ca?* ion sensor
exhibited a mean sensitivity of 32.9 with 1.1% RSD in one and a half
step cycle repetitive measurements. The fast response with very
negligible signal differences between cyclic concentration changes of
electrolyte indicates the good reversibility and repeatability of the
fabricated sensor.

The reproducibility of the sensors was evaluated by recording six
fabricated Ca?* ion and ClI- ion sensors responses in their
corresponding electrolyte solutions with varying 0.25- 2 mM Ca?* and
10-160 mM CI- concentrations, respectively (Fig. S1a,b). Both Ca?*ion

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Characterization of the SIFP ion-selective sensors. Selectivity study of
the (a) Ca?* and (b) Cl- ion-selective sensor in the presence of the
physiologically relevant probable interfering ions. (c) Response of the Ca?* and
CI- ion-selective sensors during 70mm, 60mm, and 40mm bending states. (d)
Combined in-vitro operation of the Ca>" and CI- ion-selective sensors.

and CI- ion sensors showed good reproducibility with a mean
sensitivity of 33.1 mV/decade (1.9% RSD) and 52.8 mV/decade (1.5%
RSD), respectively. The discrepancies between the absolute potential
values of the sensors when exposed to the same analyte
concentration, which arises due to the manual drop-casting of
membranes, can be corrected by a two-point calibration and setting
the baseline value to zero.3® Fig. 3a,b shows the response of the CaZ*
ion and Cl- ion sensors towards possible physiologically relevant

interfering ions present in respective biofluids. The significantly
smaller change in the response of the sensors to the added
interference ions than the response of the respective targeted ion
implies the specificity of the fabricated sensors. Besides that, the
fabricated sensors exhibited a good selectivity coefficient over
various interfering ions (Table S1). Also, both ion-sensors showed
negligible response to the agonist agents used to stimulate biofluids
(Fig. S2). In addition, both Ca?* ion and ClI- ion sensors showed no
significant response to their respective biofluids’ physically relevant
variation of pH or temperature (Fig. S3 and S4).

The stability of sensors was assessed in terms of long-term
operation as well as storage duration. As shown in Fig. S5a and b, the
Ca?* ion sensor exhibited a potential drop of 1.5 mV/hr, whereas ClI-
ion sensor showed a potential drop of 1.3mV/hr. This study implies
the ability of the SIFP sensors for continuous signal acquisition. Fig.
S5c and Fig. d show the storage stability of the Ca?* ion sensor and
Cl-ion sensor, respectively. The Ca?* ion sensor showed good
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Fig. 4 Optimization, design, and characterization of the SIFP fluidics. The geometries of the transport and storage modules of the SIFP were determined based
on computational analysis and Young-Laplace model to obtain maximum fluid flow velocity without backpressure. Velocity and pressure dependence
optimization on (a) width and (b) length of the inlet channel. (c) Selection of inlet channel design towards the sensing chamber. Velocity and pressure

dependence optimization on (d) width and (e) length of the outlet channel. (f)
module’s (g) pressure, (h) velocity counterplots. SIFP storage module’s (i) pressu

Selection of outlet channel design from the sensing chamber. SIFP transport
re, and (j) velocity counterplots. Optical images of SIFP fluidics leakage test (k)

simultaneous flow through ISF and sweat compartment, (1) concept of the continuous simultaneous sampling and withdrawal of biofluids (red indicated region
represents ISF flow section whereas, green indicated region represents sweat flow section).

stability in sensitivity up to three weeks, and relative sensitivity was
reduced to 84.41% after four weeks. However, the ClI- ion sensor
exhibited non-negligible sensitivity changes from the third-week
beginning and found be 79.78% on the fourth week. The proper
calibration in advance of the experiments enables the usage of the
SFIP sensors even after a specific storage duration. The mechanical
stability of fabricated sensors was evaluated by bending the sensors
a different angles (Fig. S6 and S7) as well as recording the sensing
response of the sensors before and after applying different bending
angles (Fig. 3c). The small change in resistance and good sensing
signal stability during different angles deformation shows the
suitability of the fabricated sensors for wearable applications. The
cross-talk interference between the Cl- ion and Ca?* ion sensors was
estimated by recording the combined response of the sensors with
successive variations of each sensor's respective target analyte
concentrations (Fig. 3d). The good signal response of each sensor to

their target ions irrespective of the counter ion sensor’s variation of
concentration indicates the reliability of the SIFP sensors for
simultaneous biofluids monitoring.

Design, integration, and characterization of SIFP fluidics
The fluidics design for the SIFP was optimized based on
computational fluid dynamics using ANSYS FLUENT 2021 R1

academic and Young-Laplace model.>® The fluidics transport module
features such as the inlet channel, the outlet channel, and shape of

6 | J. Name., 2012, 00, 1-3
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the inlet to the sensing chamber and from the sensing chamber to
the outlet were optimized to obtain the maximum fluid flow velocity
to ensure adequate biofluid sampling for analysis. The height of the
fluidic structure was kept as a fixed constraint, which is the total
thickness of the PET and the adhesive layers used for the fluidics
fabrication. The storage module was designed to provide a constant
flow rate without causing back pressure and dead volume. The
geometries (length and width) of the inlet and outlet channels of the
transport and storage modules of the SIFP were selected based on
the pressure and the velocity counterplots analysis to obtain the
maximum fluid flow velocity without backpressure. Then, the
geometry of the inlet joint (with converging angle) to the sensing
chamber and the geometry of the sensing chamber joined to the
outlet (with convergent angle) were determined based on the Young-
Laplace model and pressure and velocity counterplots analysis to
have the maximum fluid flow velocity. The geometry of the sensing
chamber was selected to get a feasible connection to the optimized
inlet and outlet geometries and an appropriate placement of the ion-
selective sensors without hindrance to the flow. Both sweat and ISF
fluidics modules of SIFP were designed with the same geometries,
facilitating the comparison of both compartment's fluids flow rates
at different physiological conditions. As shown in Fig. 4a, the fluid's
pressure and the velocity profile decrease with the increase in the
channel's width (after 150 um). Similarly, the flow velocity profiles
drop drastically with the increase of channel length (after 4.5mm)
(Fig. 4b). Thus, 150 um and 4.5mm was selected as a SIFP fluidics inlet
channel width and length, respectively, for the transport module.

This journal is © The Royal Society of Chemistry 20xx
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The inlet shape towards the sensing chamber and the outlet shape
from the sensing chamber were evaluated based on pressure and
velocity profiles with different shapes and angles of the joints (Fig.
S8). The channel inlet divergent joint to sensing chamber with angle
B=15° and a convergent outlet joint from the chamber with angle
B’=75° were selected as optimum design parameters, which provides
the maximum fluid flow velocity (Fig. 4c,f). The design of the sensing
chamber with a varying width from inlet to outlet facilitates proper
integration of the ion-selective sensors without any obstruction to
the flow by avoiding any dead volume inside the chamber. A channel
width of 500 um was selected for the outlet channel since a
drastically decreasing velocity profile was observed after that (Fig.
4d). The outlet channel velocity profile exhibited an increasing trend
with the channel length, and it appeared as an almost constant
profile at 600 um length, whereas the pressure profile showed a
linear variation with length (Fig. 4e). Thus, a channel length of 600
um was selected for the outlet. A diameter of 2mm was chosen for
the inlet to the storage module of the SIFP, to enable fast passage
through the transport module without any backpressure. The
storage module was fabricated to allow an accumulation of 20 L of
biofluid, and the optimized design facilitates a constant flow towards
the outlet of the respective biofluids’ storage modules. In addition, a
1mm diameter outlet of the SIFP at the end of the storage module
ensures the withdrawal of the collected biofluid after its complete
filling.

Fig. 4g and Fig. 4h depict the pressure distribution and velocity
counterplots, respectively, for the transport module of the SIFP. The
maximum pressure at the fluid inlet of the channel was observed and
maintained a constant pressure towards the outlet of the transport
module. Similarly, after a fast flow of the fluid through the inlet
channel, the continuous fluid velocity profile was maintained inside
the sensing chamber of the transport module of the SIFP, which
enables stable readings from the ion-selective sensors. The velocity
counter-line plots reveal that the fluid meniscus advances radially to
the inlet of the sensing chamber (Fig. S9a). The pressure distribution
plots of the storage module show that the maximum pressure was
experienced at the inlet through which the fluid enters from the
transport module, and then it maintains a constant pressure towards
the outlet (Fig. 4i). The velocity distribution was almost stable
through the module's center towards the outlet, which was evident
from the velocity path-line distribution (Fig. 4j and Fig S9b). A
schematic illustration of the SIFP fluidics fabrication is shown in Fig.
S10. A series of tests were performed to assess the fabricated
microfluidics efficiency for maintaining a leakage-free fluid flow by
using the flow of a colored dye with a maximum flow rate of 5uL/sec
maintained using a pump. Fig. S11a and Fig. S11b show an optical
image of the fluid flow through the transport module of the ISF
compartment and the filling the storage compartment, respectively.
Similarly, the fluid flow through the sweat compartment is shown in
Fig. S11c and Fig. 11d. Simultaneous flow through both
compartments is depicted in Fig. 4k, whereas the concept of the
continuous simultaneous sampling of biofluids and withdrawal is
shown in Fig. 4l. The leakage-free incessant simultaneous flow of
fluid even at a higher flow rate reveals the reliability of fabricated
SIFP microfluidics module for simultaneous sampling, carriage, and
storage of the biofluids.

The characterization of the sensor array with the integrated fluidics
was performed by recording the responses of the ion-selective
sensors while maintaining a constant flow of the artificial biofluids in
the respective compartment. Fig. 5a and Fig. 5b depict

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Response of the SIFP ion-selective sensors in artificial biofluids. (a)
Response of the Cl-ion-selective sensor to different concentrations of Cl-ions
in artificial sweat. (b) Response of the Ca?* ion-selective sensor to different
concentrations of Ca%* ions in artificial ISF. (c) The linear relationship between
open circuit potential and artificial sweat Cl-ion concentrations in logarithmic
scale. (d) The linear relationship between open circuit potential and artificial
ISF Ca?* ions concentrations in logarithmic scale.

the Ca?* ion sensor and CI- ion sensor response, respectively, and
their corresponding calibration plots are shown in Fig. 5¢ and Fig. 5d.
Both Ca?* ion CI ion sensors exhibited a near-Nernstian response
with the sensitivity of 32.9 mV/decade and 54.2 mV/decade,
respectively, which reveals the capability of the SIFP sensors for
complex biofluid analysis. To further evaluate the stability of the
sensor’s responses during the epidermal interfaces, the PCB
interfaced SIFP system filled with the respective electrolytes in each
sensor's biofluid compartment was fixed to the subject wrist, and the
sensors’ responses were recorded while the subject was undertaking
various daily routines as well as different arm gestures (Fig. S12 and
Fig. S13). The stable sensors responses with negligible signal
fluctuations during these activities show the robustness of the
fabricated SIFP for biofluid analysis with minimal body movement.
However, the main application of the fabricated SIFP lies in biofluids
monitoring on sedentary condition individuals.

Sweat and ISF sampling characterization

The amount of the biofluids secretion depends on the appropriate
selection of gel, applied current intensity, and duration of the
stimulants delivered to activate the glands. The coupling of the
pilogel to the anode and PBS gel to the cathode was chosen since it
shows the best results for an adequate fluid flow through the channel
for the analysis (Table S2). After the coupling of the respective gel,
the simultaneous analysis of the biofluids’ flow through the channel
was performed. The stimulation parameters were optimized by
applying different current intensities for a different duration. Even
though the application of the higher stimulation current intensities
induced higher biofluid quantities, to minimize skin irritation, the
stimulation current intensity was limited to 1.3 mA, which also
ensured sufficient biofluid sampling for analysis. Similarly, the
stimulation duration was optimized to 10 min, which enabled the
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Fig. 6 Characterization of sweat and ISF secretion. (a) Schematic illustration of the sweat secretion and sweat flow in the transport module through the inlet
of the anode compartment. The stimulation module was activated for 10 min for the iontophoretic delivery of pilocarpine, which activates the sweat gland
for sweat induction at anode compartment. (b) For the individual sweat flow analysis, the transport module was integrated into the anode compartment of
the stimulation module and attached to the subject’s wrist. (c-d) Optical images of the flow dynamics of the secreted sweat through the sweat transport
module after sweat flow initiation (advancing fronts of the fluids at various times is indicated). (e) The sweat flow reached the outlet of the transport module
in 8 min. (f) Schematic illustration of the ISF extraction and ISF flow in the transport module through the inlet of the cathode compartment. The reverse
iontophoresis process was performed by activating the stimulation module for 10 min, which causes electro-osmotic flow and extraction of ISF at the cathode
compartment. (g) For the individual ISF flow analysis, transport module was integrated into the cathode compartment of the stimulation module and attached
to the subject’s wrist. (h-i) Optical images of the flow dynamics of the secreted ISF through the transport module after ISF flow initiation (advancing fronts of
the fluids at various times is indicated). (j) The ISF flow reached the outlet of the transport module in 11 min.

higher ISF and sweat flow with adequate sampling for analysis
compared to the lower stimulation period (Fig. S14). It was also
observed that a duration longer than 10 min causes skin irritation.

To further analyze the efficiency of the biofluid flow through their
respective transport modules of the SIFP, sweat and ISF flow were
monitored individually by integrating the corresponding transport
module (sweat/ISF) to the respective stimulation module
compartment (anode/cathode) and performing stimulation at the
optimized parameters (Fig. 6a,f). For the sweat flow analysis, the
transport module (without sensing and storage modules) was
integrated into the anode compartment of the stimulation module
and firmly attached to the subject’s wrist with PCB interfacing, as
shown in Fig. 6b. The sweat induction process was executed by
activating the stimulation module for 10 min to induce the sweat
gland due to iontophoretic delivery of pilocarpine, which causes
sweat secretion. The secreted sweat slowly accumulated the
transport module through the inlet at the anode compartment. The
time taken by sweat flow to reach the outlet of the transport module
was monitored for estimating sweat flow rate. Fig. 6¢c-e shows the
optical images of flow dynamics of the sweat. It was observed that
the sweat flow advances to the sensing chamber after 1 min of the
sweat flow initiation, and the flow reached the outlet in 8 min. Thus,
the sweat flow rate was calculated to be 1.25 uL/min based on the
volume of the transport module and the time taken by the sweat
flow to reach the outlet. The 1 cm? stimulation area enabled the

sweat flow into the fluidics, and the sweat rate per gland was
estimated to be 8.3 nL/min. Similarly, to analyze the ISF flow, the
transport module (without sensing and storage modules) was
integrated into the cathode compartment of the stimulation module
and tightly attached to the subject’s wrist with PCB interfacing, as
shown in Fig. 6g. The reverse iontophoresis process was conducted
by activating the stimulation module for 10 min, which causes
electro-osmotic flow and extraction of ISF at the cathode
compartment. The extracted ISF was slowly drifted to the transport
module through the inlet at the cathode compartment. The ISF flow
rate was assessed based on the time taken by ISF flow to reach the
outlet of the transport module. Fig. 6h-j shows the flow dynamics of
the ISF through the transport module. Slower flow dynamics were
observed for ISF than for sweat, and ISF reached the outlet of the
patch in 11 min with a flow rate of 0.91 uL/min. These
characterization results indicate the efficiency of the fabricated
patch for biofluids secretion and carriage with the optimized
parameters of the stimulation process.

On-body biofluids analysis using SIFP

The Simultaneous sampling of the different biofluids from the
vascular space and study of the relationship between these biofluids
as well as various markers present in them at various physiological
conditions are intrinsically significant to analyze the behavior of the
different body fluids compartments and their electrolyte balance at
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Fig. 7 On-body biofluid analysis. (a) The SIFP is attached to the subject wrist for biofluid secretion, collection, storage, and the sensors data are transmitted to
the smartphone-based application and cloud for analysis, (i-iii) optical images of the flow dynamics of the secreted ISF and sweat through the respective ISF
(red indicated region) and sweat (green indicated region) transport and storage modules of the SIFP (advancing fronts of the fluids at various times is indicated).
Sweat and ISF flow rate (b) during hydration (c) dehydration conditions. (d-f) ISF’s Ca?* ion and (g-i) sweat’s Cl- ion concentration profiles of the subject during

(d, g) morning, (e, h) afternoon, and (f, i) evening analysis.

the different body's physiological states. This analysis could
potentially provide emergent information on the critical conditions
of the body when undergoing different situations, and It might lead
to predicting several medical and physiological health statuses.
However, there has been no sufficient analysis due to limitations in
the technology to simultaneously access and sample the different
body fluids. The SIFP presented here facilitates simultaneous
sampling, transport, and storage of ISF and sweat and analysis of ions
present in them. As an initial effort, SIFP capability to monitor the
relationship between ISF and sweat flow-rate and the efficiency of
monitoring sweat Cl- and ISF Ca2+ concentrations as a model system
at different physiological conditions such as hydration and
dehydration states of the body was demonstrated on a healthy
volunteer. The Sweat and ISF flow rates were estimated by analyzing
the time taken by the respective sweat and ISF flow to reach the
outlet of the corresponding SIFP transport module, whereas Ca2+ion
and Cl- ion-concentration was estimated by recording stabilized
responses from ion-selective sensors after filling the respective ISF
and sweat compartment of the storage module and further stopping
of the fluids flow occurs. A two-point calibration method was
executed before as well as after each trial for

calibrating the SIFP sensors. lon-selective sensors based on
tridodecylmethylammonium chloride membrane for Cl- sensing and
ETH129 membrane for CaZ* sensing were already demonstrated the
well-established  validation with the ion-chromatographic
measurements, which enables the development of ion-selective
sensors for real sample analysis based on these membranes*®>°. The
SIFP also validates this by showing a consistent relationship between
one of its sensor’s concentration profiles with ion-chromatographic
measurements, which reveals the reliability of the SIFP for biofluid
analysis (Fig. S15). To perform the on-body biofluid analysis, the PCB
interfaced SIFP was well fixed to the wrist of the healthy volunteer,
as shown in Fig. 7a. The stimulation process was executed with a 10
min duration by activating the stimulation module of the SIFP. The
iontophoresis and reverse iontophoresis process initiates the
secretion of sweat and ISF, which slowly transport the fluids through
the corresponding biofluids transport modules and accumulates
them to the respective storage modules. The SIFP sensor module was
triggered after both biofluids’ flow was saturated and they filled the
storage module by its maximum quantity, which enables to acquire
stable readings from the sensor array for accurate measurements of
the biofluids’ ionic profiles. The SIFP readings were displayed on the
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smartphone interfaced application by wireless transmission and also
facilitated storing in the could platform for future retrieval for
analysis.

Fig. 7a(i)-(iii) shows the simultaneous sampling and transport of
the ISF and sweat in SIFP with different time intervals. From the
optical image of the flow in the ISF compartment, it was observed
that ISF crossed half portion of the transport module in 7 minutes
and reached the outlet of the transport module in 12 minutes with a
flow rate of 0.83 pL/min. The ISF flow arrived near to outlet of the
storage module in 16 minutes, and the flow was found to be
saturated after that. The sweat flow covered 90% of the transport
module in 7 minutes and arrived at the outlet of the storage module
in 16 min. The sweat flow rate was approximately 1.25 pL/min, and
this flow was recorded in a hydrated volunteer. The three trial
experiments conducted during hydrated conditions exhibited a
similar trend of elevated sweat flow rate than ISF (Fig. 7b). A more
precise flow rate can be estimated by interfacing with flowrate
modules and admittance-based measurements. In contrast, the
sweat flow rate was observed to be very slow compared to ISF flow
during dehydration states, as shown in Fig. S16. In this case, sweat
reached the outlet of the transport module in 12 minutes, and the
estimated flow rate was 0.83 pL/min. The ISF flow was found to stop
at 15 min by accumulating half of the storage module, whereas sweat
flow was stopped without even covering the half portion of the
storage module. A similar trend of higher ISF than sweat flow was
observed in two trial experiments on a healthy volunteer with a
dehydrated state, whereas one trial showed almost the same flow
for both ISF and sweat (Fig. 7c). The phenomena of observation of
less sweat flow rate than ISF flow during dehydration can be
explained based on the physiological fluid balance on the body,
which is the combination of intracellular and extracellular (interstitial
and intravascular space) fluid. Dehydration causes a reduction in the
intravascular fluid. However, Nose et al. reported that the decrease
in the extracellular fluid amount is much smaller than the sweat
loss.®0 In addition, extracellular fluid is balanced by drawing the fluid
from the intracellular space if any reduction in fluid occurs. The
decrease in the sweat rate after dehydration was also reported in
Fortney et al.'s studies.®’ However, establishing a consistent
relationship between ISF and sweat flow rate and their dependency
on hydration and dehydration required large population studies,
which is beyond the scope of this study. Fig. 7d-i shows the SIFP’s ion-
sensors readings recorded from the on-body application on a healthy
volunteer during different day periods. The stabilized response from
Ca?* ion and ClI ion sensors after filling the respective biofluid’s
storage module and further stopping the fluids flow were considered
to estimate the ion-concentration level. Ca?* ion sensor responses
from the ISF compartment did not show much deviation during

View Article Online
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different periods and reflected a concentration profile of less than 1
mM. However, ClI ion sensor reading reflected a concentration
profile of above 40 mM during the morning compared to the
afternoon and evening measurements, during which the CI- ion
sensor recorded a concentration profile of less than 40 mM. This
reduction in concentration profiles may be related to the diet and
dehydration states ®2; however, the exact interpretation of these
observations is beyond the current focus of the study. This on-body
analysis affirms the capability of the SIFP for simultaneous analysis of
ISF and sweat, including different phycological states of individuals
and providing corresponding concentration profiles of the ions in
biofluids. This proof-of-concept experiment can further be extended
to the investigations on large populations, which might bring the
potential application of SIFP in personalized healthcare monitoring
and predicting individuals’ physiological statuses.

Conclusions

The Simultaneous analysis of biofluid and insight information of
the biomarkers will revolutionize the medical field in terms of
precision diagnosis and medication. The present work
demonstrated such an effort by realizing the wearable biofluids
patch, SIFP, for simultaneous secretion, sampling, storing the
ISF and sweat, and detection of the respective counter ion. The
clean-room free cost-effective fabrication of SIFP includes the
development of the sensors by printing and coating ion-
selective  membranes and coupling with laser engraved
microfluidics features and a biofluids stimulation system, which
enables simultaneous excretion of biofluids. The developed
SIFP’s CI- and Ca?* ion-selective sensors exhibited good
sensitivity, reproducibility, repeatability, and acceptable
stability for use in real biofluid monitoring. The judicial design
and interfacing of microfluidics facilitated intelligent transport
and analysis by storing biofluids and eliminating sensor
contamination by direct skin contact, evaporation of the
secreted biofluids, and mixing of biofluids. The electronic
interfacing and wireless data transmission of the SIFP
demonstrate its standalone operation capability for
simultaneous decoding of biofluids and biomarker profiles
without the requirement of separate external hardware. The
proof of concept study on a health volunteer by demonstrating
the analysis of the dynamics of biofluids for hydration and
dehydration states and profiling of the concentrations of ion’s
in different periods of the day reveals the SIFPs ability for real
sample analysis and predicting the different conditions of the
body for personalized healthcare use. The future work includes
the miniaturization of the system, extensive population studies
for generating large datasets, integration of multiple bio-
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marker sensors, analysis of biofluids from different body
locations, and its correlation with blood analytes to lead to a
smart non-invasive point of the care system for personalized
diagnostics. We envisage that the manifestation of the
simplified SIFP fabrication process and its capability of real
sample analysis could bring a breakthrough impact in precision
diagnosis by simultaneous monitoring of multiple biofluids.
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