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(7) ABSTRACT

Skin-mounted or epidermal devices and methods for moni-
toring biofluids are disclosed. The devices comprise a func-
tional substrate that is mechanically and/or thermally
matched to skin to provide durable adhesion for long-term
wear. The functional substrates allow for the microfluidic
transport of biofluids from the skin to one or more sensors
that measure and/or detect biological parameters, such as
rate of biofluid production, biofluid volume, and biomarker
concentration. Sensors within the devices may be mechani-
cal, electrical or chemical, with colorimetric indicators being
observable by the naked eye or with a portable electronic
device (e.g., a smartphone). By monitoring changes in an
individual’s health state over time, the disclosed devices
may provide early indications of abnormal conditions.
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DEVICES AND RELATED METHODS FOR
EPIDERMAL CHARACTERIZATION OF
BIOFLUIDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit and priority of
U.S. Provisional Patent Application No. 62/035,823, filed
Aug. 11, 2014, and U.S. Provisional Patent Application No.
62/142,877, filed Apr. 3, 2015, each of which is hereby
incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable.
BACKGROUND
[0003] Emerging wearable sensor technologies offer

attractive solutions for continuous, personal health/wellness
assessment, forensic examination, patient monitoring and
motion recognition. Recent advances in epidermal electron-
ics provide classes of skin-mounted sensors and associated
electronics in physical formats that enable intimate contact
with the skin for long-term, reliable health monitoring.
[0004] An important measurement mode in such devices
may involve the analysis of body fluids (e.g., blood, inter-
stitial fluid, sweat, saliva, and tear), to gain insights into
various aspects of physiological health. Such function in
wearable sensors, generally, and epidermal electronics in
particular, is relatively unexplored. Existing devices either
use complex microfluidic systems for sample handling or
involve purely concentration-based measurement without
sample collection and storage, or access to parameters
related to quantity and rate. In addition, mechanical fixtures,
straps and/or tapes that are typically required to maintain
contact of these devices with the skin do not lend themselves
well to continuous, long term monitoring without discom-
fort.

SUMMARY OF THE INVENTION

[0005] Skin-mounted or epidermal devices and methods
for monitoring biofluids are disclosed. The devices comprise
a functional substrate that is mechanically and/or thermally
matched to skin to provide durable adhesion for long-term
wear. The functional substrates allow for the microfluidic
transport of biofluids from the skin to one or more sensors
that measure and/or detect biological parameters, such as
rate of biofluid production, biofluid volume, and biomarker
concentration. Sensors within the devices may be mechani-
cal, electrical or chemical, with colorimetric indicators being
observable by the naked eye or with a portable electronic
device (e.g., a smartphone). By monitoring changes in an
individual’s health state over time, the disclosed devices
may provide early indications of abnormal conditions.
[0006] Epidermal devices disclosed herein may be used to
monitor parameters such as temperature, pressure, electric
potential, impedance and biomarker concentration.

[0007] Analytes that may be detected by the disclosed
devices include but are not limited to iron ion, copper ion,
chromium ion, mercury ion, sodium ion, potassium ion,
calcium ion, chloride ion, hydronium, hydroxide, ammo-
nium, bicarbonate, urea, lactate, glucose, creatinine, ethanol,
ketone, nitrite, nitrate, uric acid, glutathione, blood urea

Aug. 17,2017

nitrogen (BUN), human serum albumin (HSA), high-sensi-
tivity C-reactive protein (hs-CRP), interleukin 6 (IL-6),
cholesterol, brain naturiuretic peptide (BNP) and glycopro-
tein.

TABLE 1

Fxamples of biofluids and their respective sampling methods

Biological Fluid Sampling Method

Saliva Non-invasive

Sweat

Gingival crevicular fluid

Tears

Interstitial fluid Micro-needle

Bleod Reverse iontophoresis

Thermal ablation

TABLE 2

Potential biomarkers for guantitative colorimetric detection

Colorimetric detection

reagent/scheme Analyte biomarkers

Tron ion, copper ion, chloride ion, pH
(H* and OH"), bicarbonate

Urea, lactate, glucose, creatinine,
ethanol, ketone, nitrite/nitrate, uric acid,
glutathione, blood urea nitrogen (BUN)

Chromogen

Enzymatic reaction

Immunoassay Human serum albumin (HSA), high-
sensitivity C-reactive protein (hs-CRP),
interleukin 6 (IL-6), cholesterol, brain
naturiuretic peptide (BNP), glycoprotein

[0008] The disclosed devices may mobilize and access

biofluids by mechanical, electrical and/or thermal mecha-
nisms including but not limited to surface wicking,
microneedle extraction, reverse iontophoresis and/or ther-
mal microablasion.

[0009] In an embodiment, a device comprises at least one
microneedle or an array of microneedles for accessing
interstitial fluid or blood. Microneedles may, for example, be
fabricated from polymeric materials, silicon or glass using
known micromachining techniques. Some methods for mak-
ing and using microneedles and microneedle arrays are
disclosed, for example, in E. V. Mukerjee, “Microneedle
array for transdermal biological fluid extraction and in situ
analysis,” Sensors and Actuators A, 114 (2004) 267-275. In
an embodiment, a microneedle or microneedle array may be
disposed at a surface of an epidermal device, for example, at
a microchannel opening.

[0010] In an aspect, a device for monitoring a biofluid
comprises a functional substrate that is mechanically
matched to skin; wherein the functional substrate provides
for microfluidic transport of the biofluid; and at least one
sensor supported by the functional substrate.

[0011] In an aspect, a device for monitoring a biofluid
comprises a functional substrate that is thermally matched to
skin; wherein the functional substrate provides for micro-
fluidic transport of the biofluid; and at least one sensor
supported by the functional substrate.

[0012] In an aspect, a device for monitoring a biofluid
comprises a functional substrate providing for microfluidic
transport of the biofluid through one or more microfluidic
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channels each having a substantially uniform lateral dimen-
sion; and at least one sensor supported by the functional
substrate.

[0013] In an embodiment, a device for monitoring a bio-
fluid further comprises a component for extracting intersti-
tial fluid or blood from a subject. For example, the compo-
nent for extracting interstitial fluid or blood may be selected
from a microneedle component, a reverse iontophoresis
component and a thermal microabrasion component.
[0014] In an embodiment, a functional substrate is an
elastomeric substrate. In an embodiment, the functional
substrate is substantially colorless and substantially trans-
parent. In an embodiment, the functional substrate has a
modulus less than or equal to 100 MPa and optionally in
some embodiments less than or equal to 10 MPa. In an
embodiment, the functional substrate has a modulus selected
from a range of 10 kPa to 10 MPa and in some embodiments
selected from a range of 100 kPa to 1 MPa. In an embodi-
ment, the functional substrate has a thickness selected from
a range of 500 um to 2 mm and in some embodiments
selected from a range of 500 ym to 1 mm. In some
embodiments, the functional substrate is selected from the
group consisting of polydimethylsiloxane (PDMS), polyure-
thane, cellulose paper, cellulose sponge, polyurethane
sponge, polyvinyl alcohol sponge, silicone sponge, polysty-
rene, polyimide, SU-8, wax, olefin copolymer, polymethyl
methacrylate (PMMA) and polycarbonate. In some embodi-
ments, the functional substrate has a dielectric constant
greater than or equal to 2.0. In some embodiments, the
functional substrate has a dielectric constant selected from a
range of 2.20 to 2.75. In some embodiments, the functional
substrate has lateral dimensions or a diameter less than or
equal to 700 mm?. In some embodiments, the functional
substrate has a permeability for the biofluid greater than or
equal t0 0.2 g/h m*. In some embodiments, the functional
substrate has a coeflicient of thermal expansion selected
from a range of 1/° C. (x1075) to 3/° C. (x10™*). In some
embodiments, the functional substrate has a porosity greater
than or equal to 0.5.

[0015] In some embodiments, microfluidic transport is
spontaneous microfluidic transport via capillary force.
[0016] In some embodiments, a device for monitoring a
biofluid comprises at least one microfluidic channel having
a substantially uniform lateral dimension. For example, the
microfluidic channel may have a length selected from a
range of 1 mm to 7 cm and optionally in some embodiments
selected from a range of 1 cm to 5 cm. In some embodi-
ments, a microfluidic channel has a width selected from a
range of 100 um to 1 mm and optionally in some embodi-
ments selected from a range of 200 um to 700 pum.

[0017] Insome embodiments, the biofluid is selected from
the group consisting of sweat, tears, saliva, gingival crev-
icular fluid, interstitial fluid, blood and combinations
thereof.

[0018] In some embodiments, a sensor of the device is a
non-pH colorimetric indicator. In some embodiments, the
sensor of the device may comprise an electrical sensor, a
chemical sensor, a biological sensor, a temperature sensor,
an impedance sensor, an optical sensor, a mechanical sensor
or a magnetic sensor. In some embodiments, the sensor of
the device is an LC resonator.

[0019] In some embodiments, the device further com-
prises an actuator. For example, the actuator may generate
electromagnetic radiation, acoustic energy, an electric field,
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a magnetic field, heat, a RF signal, a voltage, a chemical
change or a biological change. In some embodiments, the
actuator comprises a heater, a reservoir containing a chemi-
cal agent capable of causing a chemical change or a bio-
logical change, a source of electromagnetic radiation, a
source of an electric field, a source of RF energy or a source
of acoustic energy.

[0020] In some embodiment, the device further comprises
a transmitter, receiver or transceiver. In some embodiments,
the device further comprises at least one coil. For example,
the at least one coil may be a near-field communication coil
or an inductive coil. In some embodiments, the at least one
coil comprises a serpentine trace.

[0021] In some embodiments, the sensor is a colorimetric
indicator. For example, the colorimetric indicator may be
disposed within a cavity of the functional substrate. The
cavity may be connected to an opening at a surface of the
functional substrate by a microfluidic channel.

[0022] In some embodiments, the colorimetric indicator
changes color in response to an analyte in the biofluid. In
some embodiments, the colorimetric indicator is embedded
in a matrix material selected from the group consisting of
filter paper, polyhydroxyethylmethacrylate hydrogel
(pHEMA), agarose gel, sol-gel and combinations thereof. In
some embodiments, the colorimetric indicator comprises a
cobalt dichloride salt. In some embodiments, the colorimet-
ric indicator comprises a chemical selected from the group
consisting of glucose oxidase, peroxidase, potassium iodide
and combinations thereof. In some embodiments, the colo-
rimetric indicator comprises a chemical selected from lactate
dehydrogenase, diaphorase, formazan dyes and combina-
tions thereof. In some embodiments, the colorimetric indi-
cator comprises a 2.4,6-tris(2-pyridiyl)-s-triazine (TPTZ)
complexed with mercury ion or iron ion. In some embodi-
ments, the colorimetric indicator comprises a 2,2'-bicin-
choninic acid. In some embodiments, the colorimetric indi-
cator comprises a 1,10-phenanthroline. In some
embodiments, the colorimetric indicator comprises a uni-
versal pH indicator.

[0023] In some embodiments, the device is a skin-
mounted sensor. In some embodiments, the skin-mounted
sensor quantitatively and/or qualitatively monitors the bio-
fluid of a subject.

[0024] In some embodiments, the device has a modulus
and a thickness within a factor of 1000 of a modulus and a
thickness of an epidermal layer of the skin of a subject,
optionally for some embodiments a factor of 10 of a modu-
lus and a thickness of an epidermal layer of the skin of a
subject, and optionally for some embodiments a factor of 2
of a modulus and a thickness of an epidermal layer of the
skin of a subject. In an embodiment, for example, the device
has an average modulus equal to or less than 100 times,
optionally equal to or less than 10 times, the average
modulus of the skin at the interface.

[0025] In an embodiment, for example, the device has an
average thickness less than or equal to 3000 microns,
optionally for some embodiments less than or equal to 1000
microns. In an embodiment, for example, the device has an
average thickness selected over the range of 1 to 3000
microns, optionally for some applications selected over the
range of 1 to 1000 microns.

[0026] In some embodiments, the device has an average
modulus less than or equal to 100 MPa, optionally for some
embodiments less than or equal to 500 kPa, optionally for



US 2017/0231571 Al

some embodiments less than or equal to 200 KPa, and
optionally for some embodiments less than or equal to 100
KPa. In some embodiments, the device has an average
modulus selected from a range of 0.5 kPa to 100 MPa,
optionally for some embodiments 0.5 kPa to 500 kPa, and
optionally for some embodiments 1 kPa to 100 kPa.

[0027] Insomeembodiments, the device has a net bending
stiffness less than or equal to 1 mN m, optionally for some
embodiments less than or equal to 1 nN m. In some
embodiments, the device has a net bending stiffness selected
from a range of 0.1 nN m to 1 N m, optionally for some
embodiments selected from a range of 0.1 nN m to 1 mN m,
and optionally for some embodiments selected from a range
of 0.1 nNmto 1 nN m.

[0028] In some embodiments, the device has a footprint
selected from a range of 10 mm® to 2000 cm”, and optionally
selected from a range of 300 mm? to 2000 cm?.

[0029] In an aspect, a method of making a device for
monitoring a biofluid comprises: providing a functional
substrate that is mechanically matched to skin; wherein the
functional substrate provides for microfluidic transport of
the biofluid; and providing at least one sensor supported by
the functional substrate.

[0030] In an aspect, a method of making a device for
monitoring a biofluid comprises: providing a functional
substrate that is thermally matched to skin; wherein the
functional substrate provides for microfluidic transport of
the biofluid; and providing at least one sensor supported by
the functional substrate.

[0031] In an aspect, a method of making a device for
monitoring a biofluid comprises: providing a functional
substrate that provides for microfluidic transport of the
biofluid through one or more microfluidic channels each
having a substantially uniform lateral dimension; and pro-
viding at least one sensor supported by the functional
substrate.

[0032] In an aspect, a method for monitoring a biofluid
comprises: providing a device comprising a functional sub-
strate that is mechanically matched to skin; wherein the
functional substrate provides for microfluidic transport of
the biofluid; and at least one sensor supported by the
functional substrate; applying the device to the skin of a
subject; and obtaining data from the at least one sensor;
wherein the data provide quantitative and/or qualitative
information about the biofluid of the subject.

[0033] In an aspect, a method for monitoring a biofluid
comprises: providing a device comprising a functional sub-
strate that is thermally matched to skin; wherein the func-
tional substrate provides for microfluidic transport of the
biofluid; and at least one sensor supported by the functional
substrate; applying the device to the skin of a subject; and
obtaining data from the at least one sensor; wherein the data
provide quantitative and/or qualitative information about the
biofluid of the subject.

[0034] In an aspect, a method for monitoring a biofluid
comprises: providing a functional substrate that provides for
microfluidic transport of the biofluid through one or more
microfluidic channels each having a substantially uniform
lateral dimension; and at least one sensor supported by the
functional substrate; applying the device to the skin of a
subject; and obtaining data from the at least one sensor;
wherein the data provide quantitative and/or qualitative
information about the biofluid of the subject.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1. (a) Schematic illustration of a passive
wireless capacitive sensor designed for sensing of sweat
from the surface of the skin. Pictures of a device in ()
longitudinal and (c) latitudinal states of deformation, and
crumpled between the fingers (d). Pictures of a device
mounted on the skin in (e) undeformed, (f) uniaxially
stretched and (g) biaxially stretched configurations.

[0036] FIG. 2. (a) Scanning electron micrograph of a
sensor on a PUR substrate coated with a thin silicone film;
the regions colorized in yellow represent the interdigitated
gold electrodes. (b) Picture of a sweat sensor and a reference
sensor on the arm of a volunteer for in-vivo testing. (¢)
Picture of a sweat sensor underneath a primary coil. A
syringe needle inserted into the sensor delivers controlled
amounts of a buffer solution through a syringe pump. (d)
Representative data showing the response of the sensor
(resonant frequency, f,) as a function of time after introduc-
tion of 0.6 mL buffer solution (labeled 1). The initial
response (labeled 2) corresponds to wicking of the solution
into the porous substrate, to yield a stable overall shift in f;
(labeled 3). As the solution evaporates over the next several
hours, f,, recovers to approximately the initial value. The
inset shows the phase difference measured by the primary
coil at the three time points indicated in the main frame. (e,
/) Results of testing on two volunteers, with comparisons to
changes in weight evaluated using similar porous substrates
(without detection coils) placed next to the sensors. Both {,
and the weight of the sensors calibrated from f, are shown,
along with comparison to the weight of the reference sub-
strates. (g) Phase response of a sensor under biaxial strain
from 0 to 27%. (%) Phase response as a function of concen-
tration of sodium chloride, from 0 to 4.5 g/L. (i) Change in
f, of a sweat sensor on a CP substrate as a function of time
during controlled injection of 0.6 mL buffer solution.
[0037] FIG. 3. (a) Wireless sweat sensors based on dif-
ferent porous substrates. (b) SEM images of the substrates
coated with thin layer of silicone to facilitate chemical
bonding between the sensors and the substrates. (¢) Weight
gain of different substrate materials associated with immer-
sion in water. (d) Porosity of the substrate materials. (e)
Images of strips of the substrate materials when partially
immersed into water with red dye. (f) Water permeability of
the substrate materials.

[0038] FIG. 4. (@) Images that illustrate a simple colori-
metric detection scheme, based on systematic increases in
transparency with water absorption. (b) The ratio of RGB
intensity for a sensor like the one illustrated in (@), as a
fanction of water absorption. (¢) An image and vector
diagrams corresponding to a sensor and its expansion due to
water absorption. (d) Series of pictures of a sensor doped
with a pH indicator, each collected with absorbed water at a
different pH value. (¢) Absorbance of RGB channels at
different pH values. (f) Absorbance of RGB channels at
different copper concentrations. (g) Absorbance of RGB
channels at different iron concentrations.

[0039] FIG. 5. (@) Capacitance values of a coaxial cable
probe when in contact with sensors on CP and PUR sub-
strates injected with 0.6 mL buffer solution. (b) Stability of
a sweat sensor at temperatures from 25 to 45° C. (¢) Time
variation of f, for a sweat sensor on a silicone substrate in
response to the injection of 0.6 mL buffer solution. (d) Drift
and stability of a sensor output at dry state over an extended
period of 3 hours.
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[0040] FIG. 6. (a) A sensor is biaxially stretched by two
perpendicular stretchers at a strain from 0 to 27%. (b)
Expansion of the surface area of the sensor in response to
water absorption.

[0041] FIG.7.(a) SEM images of porous materials, show-
ing that the pores of PUR and Silicone dressing are uniform
and that the pores of RCS, PVAS, and CP are amorphous. ()
Contact angle measurements performed by partially
immersing strips of the porous materials into water dyed
with red color, and recording the angle at the interface of two
materials.

[0042] FIG. 8. (a) Color changes in the sensor when the
free copper concentration changes from 0 to 1 mg/L, (b)
Color changes in the sensor when the iron concentration
changes from 0 to 0.8 mg/L.

[0043] FIG.9. (a)-(g) Fabrication processes for a wireless
sweat sensor.
[0044] FIG. 10. Exploded view of a colorimetric sensor

comprising a near-field communication coil.
[0045] FIG. 11. Photograph of the device of FIG. 10
adhered to the skin of a subject.

[0046] FIG. 12. Fabrication method and adhesion test on
skin.
[0047] FIG. 13. Artificial sweat pore test using a syringe to

feed artificial sweat at a rate of 12 pL/hr.

[0048] FIG. 14. Colorimetric detection of various bio-
markers using a sweat sensor for self-monitoring and early
diagnosis.

[0049] FIG. 15. Absorbance spectrum illustrating the color
change of a reactant that may be used to determine sweat
volume and rate.

[0050] FIG. 16. Absorbance spectrum and legend illus-
trating the color change of a reactant(s) that may be used to
determine sweat pH, which may be correlated with sodium
concentration, indicating to a user the proper time to
hydrate.

[0051] FIG. 17. Absorbance spectrum and legend illus-
trating the color change of a reactant(s) that may be used to
determine glucose concentration in sweat, which may be
correlated with blood glucose concentration.

[0052] FIG. 18. Absorbance spectrum and legend illus-
trating the color change of a reactant(s) that may be used to
determine lactate concentration in sweat, which may provide
an indication of shock, hypoxia and/or exercise intolerance.
[0053] FIG. 19. A sweat sensor incorporating colorimetric
biomarker indicators provides qualitative and quantitative
data that may be observed by the naked eye and/or wire-
lessly observed by a detection device. such as a smartphone.
[0054] FIG. 20. (A) Schematic illustration of an epidermal
microfluidic sweat sensor providing information of sweat
volume and rate as well as concentration of biomarkers in
sweat incorporated with wireless communication electron-
ics. (B) Fabrication process for flexible and stretchable
epidermal microfluidics. (C) Pictures of fabricated sweat
sensors mounted on the skin under various mechanical
stresses.

[0055] FIG. 21. (A) Picture of fabricated epidermal sweat
sensor indicating informative detection schemes for sweat
analysis. (B) In vitro artificial sweat pore system set up. (C)
Optical image of sweat sensor applied on artificial pore
membrane. (D) Scanning electron microscopy (SEM) image
of the artificial pore membrane. Inset shows magnified
image of single pore. (E) Representative images of sweat
patch on the artificial sweat pore system while mimicking
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sweating events for 5 h. Sweat flowed continuously in the
microfluidic systems along with color change accordingly.
[0056] FIG. 22. Analytical colorimetric detections and
respective UV-Vis spectrums of critical biomarkers in sweat.
(A) Spectrum of anhydrous (blue) and hexahydrate (pale
pink) cobalt (II) chloride. The presented color in the spec-
trum corresponds to the observed color with naked eye. (B)
Optical images of resulted color change of the filter papers
as a function of various pH values and analyte concentra-
tions. (C) Spectrum of universal pH assay with various
buffer solutions in the range of pH 5.0-8.5. (D-F) Spectrum
of biomarkers in sweat as a function of concentration of
analytes: glucose (D), lactate (E) and chloride (F). The
presented color for each spectrum corresponds to exhibited
color on paper-based colorimetric results, which is presented
in image (B). Insets indicate calibration curves of respective
analytes corresponding with concentration in the optical
images (B). All spectra were determined at room tempera-
ture.

[0057] FIG. 23. (A) An image of fabricated sweat sensor
incorporated with near-field communication electronics. (B)
Demonstration pictures of wireless communication via
smartphone. The RGB information was determined using an
android image analysis app.

[0058] FIG. 24. (A) Schematic illustration of an epidermal
microfluidic sweat sensor providing information on sweat
volume and rate as well as concentration of biomarkers in
sweat incorporated with wireless communication electronics
and an adhesive layer. (B) Schematic illustration of image
process markers applied to an epidermal microfluidic sweat
Sensor.

[0059] FIG. 25. Graphical representation of water loss as
a function of outlet channel (A) width and (B) length.

[0060] FIG. 26. Graphical representation of back pressure
inside a channel showing that shorter outlet channels and
larger channel widths produce lower back pressures.

[0061] FIG. 27. (A) Schematic illustration of a cross
section of a microfluidic channel deformed due to pressure.
(B) Schematic illustration of a top perspective view of a
section of an epidermal microfluidic sweat sensor showing
a width of the microfluidic channel. (C) Graphical repre-
sentation of deformation shown as volume change due to
pressure.

[0062] FIG. 28. (A) Experimental set-up for 90° peel
adhesion property testing (standard 1SO 29862:2007) using
a force gauge (Mark-10, Copiague, N.Y.). Images of (B)
holding devices adhered on the skin with a force gauge and
(C) peeling devices at an angle of 90°. (D) Force measure-
ment while displacing the device at a rate of 300 mm/min
indicated by the gray region where peeling occurs. Deter-
mined average peeling force is 5.7 N.

[0063] FIG. 29. Colorimetric determination of creatinine.
(A) UV-VIS spectrum with various creatinine concentra-
tions (i.e., 15-1000 pM) and (B) constructed calibration
based on this spectrum. The presented color for each spec-
trum corresponds to exhibited color on paper-based colori-
metric detection reservoirs as a function of creatinine con-
centration, which is presented in optical image (C).

[0064] FIG. 30. Colorimetric determination of ethanol.
(A) UV-VIS spectrum with various ethanol concentrations
(i.e., 0.04-7.89% (w/v)) and (B) constructed calibration
based on this spectrum. The presented color for each spec-
trum corresponds to exhibited color on paper-based colori-
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metric detection reservoirs as a function of ethanol concen-
tration, which is presented in optical image (C).

[0065] FIG. 31. (A)-(D) Various microfluidic sweat sensor
designs.
[0066] FIG. 32. Various types of orbicular channel designs

and respectively calculated channel properties.

DETAILED DESCRIPTION OF THE
INVENTION

[0067] In general, the terms and phrases used herein have
their art-recognized meaning, which can be found by refer-
ence to standard texts, journal references and contexts
known to those skilled in the art. The following definitions
are provided to clarify their specific use in the context of the
invention.

[0068] “Functional substrate” refers to a substrate compo-
nent for a device having at least one function or purpose
other than providing mechanical support for a component(s)
disposed on or within the substrate. In an embodiment, a
functional substrate has at least one skin-related function or
purpose. In an embodiment, a functional substrate of the
present devices and methods exhibits a microfluidic func-
tionality, such as providing transport of a bodily fluid
through or within the substrate, for example via spontaneous
capillary action or via an active actuation modality (e.g.
pump, etc.). In an embodiment, a functional substrate has a
mechanical functionality, for example, providing physical
and mechanical properties for establishing conformal con-
tact at the interface with a tissue, such as skin. In an
embodiment, a functional substrate has a thermal function-
ality, for example, providing a thermal loading or mass small
enough so as to avoid interference with measurement and/or
characterization of a physiological parameter, such as the
composition and amount of a biological fluid. In an embodi-
ment, a functional substrate of the present devices and
method is biocompatible and/or bioinert. In an embodiment,
a functional substrate may facilitate mechanical, thermal,
chemical and/or electrical matching of the functional sub-
strate and the skin of a subject such that the mechanical,
thermal, chemical and/or electrical properties of the func-
tional substrate and the skin are within 20%, or 15%, or
10%, or 5% of one anothet.

[0069] Insome embodiments, a functional substrate that is
mechanically matched to a tissue, such as skin, provides a
conformable interface, for example, useful for establishing
conformal contact with the surface of the tissue. Devices and
methods of certain embodiments incorporate mechanically
functional substrates comprising soft materials, for example
exhibiting flexibility and/or stretchability, such as polymeric
and/or elastomeric materials. In an embodiment, a mechani-
cally matched substrate has a modulus less than or equal to
100 MPa, and optionally for some embodiments less than or
equal to 10 MPa, and optionally for some embodiments, less
than or equal to 1 MPa. In an embodiment, a mechanically
matched substrate has a thickness less than or equal to 0.5
mm, and optionally for some embodiments, less than or
equal to 1 cm, and optionally for some embodiments, less
than or equal to 3 mm. In an embodiment, a mechanically
matched substrate has a bending stiffness less than or equal
to 1 nN m, optionally less than or equal to 0.5 nN m.
[0070] In some embodiments, a mechanically matched
functional substrate is characterized by one or more
mechanical properties and/or physical properties that are
within a specified factor of the same parameter for an

Aug. 17,2017

epidermal layer of the skin, such as a factor of 10 or a factor
of 2. In an embodiment, for example, a functional substrate
has a Young’s Modulus or thickness that is within a factor
of 20, or optionally for some applications within a factor of
10, or optionally for some applications within a factor of 2,
of a tissue, such as an epidermal layer of the skin, at the
interface with a device of the present invention. In an
embodiment, a mechanically matched functional substrate
may have a mass or modulus that is equal to or lower than
that of skin.

[0071] Insome embodiments, a functional substrate that is
thermally matched to skin has a thermal mass small enough
that deployment of the device does not result in a thermal
load on the tissue, such as skin, or small enough so as not to
impact measurement and/or characterization of a physi-
ological parameter, such as a characteristic of a biological
fluid (e.g. composition, rate of release, etc.). In some
embodiments, for example, a functional substrate that is
thermally matched to skin has a thermal mass low enough
such that deployment on skin results in an increase in
temperature of less than or equal to 2 degrees Celsius, and
optionally for some applications less than or equal to 1
degree Celsius, and optionally for some applications less
than or equal to 0.5 degree Celsius, and optionally for some
applications less than or equal to 0.1 degree Celsius. In some
embodiments, for example, a functional substrate that is
thermally matched to skin has a thermal mass low enough
that is does not significantly disrupt water loss from the skin,
such as avoiding a change in water loss by a factor of 1.2 or
greater. Therefore, the device does not substantially induce
sweating or significantly disrupt transdermal water loss from
the skin.

[0072] In an embodiment, the functional substrate may be
at least partially hydrophilic and/or at least partially hydro-
phobic.

[0073] In an embodiment, the functional substrate may
have a modulus less than or equal to 100 MPa, or less than
or equal to 50 MPa, or less than or equal to 10 MPa, or less
than or equal to 100 kPa, or less than or equal to 80 kPa, or
less than or equal to 50 kPa. Further, in some embodiments,
the device may have a thickness less than or equal to 5 mm,
or less than or equal to 2 mm, or less than or equal to 100
um, or less than or equal to 50 um, and a net bending
stiffness less than or equal to 1 nN m, or less than or equal
to 0.5 nN m, or less than or equal to 0.2 nN m. For example,
the device may have a net bending stiffness selected from a
range of 0.1 to 1 nN'm, or 0.2 to 0.8 aN m, or 0.3 to 0.7 nN
m, or 0.4 to 0.6 nN m.

[0074] A “component” is used broadly to refer to an
individual part of a device.

[0075] “Sensing” refers to detecting the presence,
absence, amount, magnitude or intensity of a physical and/or
chemical property. Useful device components for sensing
include, but are not limited to electrode elements, chemical
or biological sensor elements, pH sensors, temperature sen-
sors, strain sensors, mechanical sensors, position sensors,
optical sensors and capacitive sensors.

[0076] “Actuating” refers to stimulating, controlling, or
otherwise affecting a structure, material or device compo-
nent. Useful device components for actuating include, but
are not limited to, electrode elements, electromagnetic radia-
tion emitting elements, light emitting diodes, lasers, mag-
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netic elements, acoustic elements, piezoelectric elements,
chemical elements, biological elements, and heating ele-
ments.

[0077] The terms “directly and indirectly” describe the
actions or physical positions of one component relative to
another component. For example, a component that
“directly” acts upon or touches another component does so
without intervention from an intermediary. Contrarily, a
component that “indirectly” acts upon or touches another
component does so through an intermediary (e.g., a third
component).

[0078] “Encapsulate” refers to the orientation of one struc-
ture such that it is at least partially, and in some cases
completely, surrounded by one or more other structures,
such as a substrate, adhesive layer or encapsulating layer.
“Partially encapsulated” refers to the orientation of one
structure such that it is partially surrounded by one or more
other structures, for example, wherein 30%, or optionally
50%, or optionally 90% of the external surface of the
structure is surrounded by one or more structures. “Com-
pletely encapsulated” refers to the orientation of one struc-
ture such that it is completely surrounded by one or more
other structures.

[0079] “Dielectric” refers to a non-conducting or insulat-
ing material.
[0080] “Polymer” refers to a macromolecule composed of

repeating structural units connected by covalent chemical
bonds or the polymerization product of one or more mono-
mers, often characterized by a high molecular weight. The
term polymer includes homopolymers, or polymers consist-
ing essentially of a single repeating monomer subunit. The
term polymer also includes copolymers, or polymers con-
sisting essentially of two or more monomer subunits, such as
random, block, alternating, segmented, grafted, tapered and
other copolymers. Useful polymers include organic poly-
mers or inorganic polymers that may be in amorphous,
semi-amorphous, crystalline or partially crystalline states.
Crosslinked polymers having linked monomer chains are
particularly useful for some applications. Polymers useable
in the methods, devices and components disclosed include,
but are not limited to, plastics, elastomers, thermoplastic
elastomers, elastoplastics, thermoplastics and acrylates.
Exemplary polymers include, but are not limited to, acetal
polymers, biodegradable polymers, cellulosic polymers,
fluoropolymers, nylons, polyacrylonitrile polymers, poly-
amide-imide polymers, polyimides, polyarylates, polybenz-
imidazole, polybutylene, polycarbonate, polyesters,
polyetherimide, polyethylene, polyethylene copolymers and
modified polyethylenes, polyketones, poly(methyl meth-
acrylate), polymethylpentene, polyphenylene oxides and
polyphenylene sulfides, polyphthalamide, polypropylene,
polyurethanes, styrenic resins, sulfone-based resins, vinyl-
based resins, rubber (including natural rubber, styrene-buta-
diene, polybutadiene, neoprene, ethylene-propylene, butyl,
nitrile, silicones), acrylic, nylon, polycarbonate, polyester,
polyethylene, polypropylene, polystyrene, polyvinyl chlo-
ride, polyolefin or any combinations of these.

[0081] “Elastomer” refers to a polymeric material which
can be stretched or deformed and returned to its original
shape without substantial permanent deformation. Elasto-
mers commonly undergo substantially elastic deformations.
Useful elastomers include those comprising polymers, copo-
lymers, composite materials or mixtures of polymers and
copolymers. Elastomeric layer refers to a layer comprising
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at least one elastomer. Elastomeric layers may also include
dopants and other non-elastomeric materials. Useful elasto-
mers include, but are not limited to, thermoplastic elasto-
mers, styrenic materials, olefinic materials, polyolefin, poly-
urethane thermoplastic elastomers, polyamides, synthetic
rubbers, PDMS, polybutadiene, polyisobutylene, poly(sty-
rene-butadiene-styrene), polyurethanes, polychloroprene
and silicones. Exemplary elastomers include, but are not
limited to silicon containing polymers such as polysiloxanes
including poly(dimethyl siloxane) (i.e. PDMS and
h-PDMS), poly(methyl siloxane), partially alkylated poly
(methyl siloxane), poly(alkyl methyl siloxane) and poly
(phenyl methyl siloxane), silicon modified elastomers, ther-
moplastic elastomers, styrenic materials, olefinic materials,
polyolefin, polyurethane thermoplastic elastomers, poly-
amides, synthetic rubbers, polyisobutylene, poly(styrene-
butadiene-styrene), polyurethanes, polychloroprene and sili-
cones. In an embodiment, a polymer is an elastomer.
[0082] “Conformable” refers to a device, material or sub-
strate which has a bending stiffness that is sufficiently low to
allow the device, material or substrate to adopt any desired
contour profile, for example a contour profile allowing for
conformal contact with a surface having a pattern of relief
features. In certain embodiments, a desired contour profile is
that of skin.

[0083] “Conformal contact” refers to contact established
between a device and a receiving surface. In one aspect,
conformal contact involves a macroscopic adaptation of one
or more surfaces (e.g., contact surfaces) of a device to the
overall shape of a surface. In another aspect, conformal
contact involves a microscopic adaptation of one or more
surfaces (e.g., contact surfaces) of a device to a surface
resulting in an intimate contact substantially free of voids. In
an embodiment, conformal contact involves adaptation of a
contact surface(s) of the device to a receiving surface(s) such
that intimate contact is achieved, for example, wherein less
than 20% of the surface area of a contact surface of the
device does not physically contact the receiving surface, or
optionally less than 10% of a contact surface of the device
does not physically contact the receiving surface, or option-
ally less than 5% of a contact surface of the device does not
physically contact the receiving surface.

[0084] “Young’s modulus” is a mechanical property of a
material, device or layer which refers to the ratio of stress to
strain for a given substance. Young’s modulus may be
provided by the expression:

_ (stress) (10 )(F\ M

T (strain) ‘AL X’"

where E is Young’s modulus, L, is the equilibrium length,
AL is the length change under the applied stress, F is the
force applied, and A is the area over which the force is
applied. Young’s modulus may also be expressed in terms of
Lame constants via the equation:

_ pGA+2u) (I
T A4y

where A and p are Lame constants. High Young’s modulus
(or “high modulus”) and low Young’s modulus (or “low



US 2017/0231571 Al

modulus™) are relative descriptors of the magnitude of
Young’s modulus in a given material, layer or device. In
some embodiments, a high Young’s modulus is larger than
alow Young’s modulus, preferably about 10 times larger for
some applications, more preferably about 100 times larger
for other applications, and even more preferably about 1000
times larger for yet other applications. In an embodiment, a
low modulus layer has a Young’s modulus less than 100
MPa, optionally less than 10 MPa, and optionally a Young’s
modulus selected from the range of 0.1 MPa to 50 MPa. In
an embodiment, a high modulus layer has a Young’s modu-
lus greater than 100 MPa, optionally greater than 10 GPa,
and optionally a Young’s modulus selected from the range of
1 GPa to 100 GPa. In an embodiment, a device of the
invention has one or more components having a low
Young’s modulus. In an embodiment, a device of the inven-
tion has an overall low Young’s modulus.

[0085] “Low modulus” refers to materials having a
Young’s modulus less than or equal to 10 MPa, less than or
equal to 5 MPa or less than or equal to 1 MPa.

[0086] “Bending stiffness” is a mechanical property of a
material, device or layer describing the resistance of the
material, device or layer to an applied bending moment.
Generally, bending stiffness is defined as the product of the
modulus and area moment of inertia of the material, device
or layer. A material having an inhomogeneous bending
stiffness may optionally be described in terms of a “bulk” or
“average” bending stiffness for the entire layer of material.
[0087] The invention can be further understood by the
following non-limiting examples.

Example 1: Stretchable, Wireless Sensors and
Functional Substrates for Epidermal
Characterization of Sweat

[0088] This Example introduces materials and architec-
tures for ultrathin, stretchable wireless sensors that mount on
functional elastomeric substrates for epidermal analysis of
biofluids. Measurement of the volume and chemical prop-
erties of sweat via dielectric detection and colorimetry
demonstrates some capabilities. Here, inductively coupled
sensors comprising LC resonators with capacitive electrodes
show systematic responses to sweat collected in micropo-
rous substrates. Interrogation occurs through external coils
placed in physical proximity to the devices. The substrates
allow spontaneous sweat collection through capillary forces,
without the need for complex microfluidic handling systems.
Furthermore, colorimetric measurement modes are possible
in the same system by introducing indicator compounds into
the depths of the substrates, for sensing specific components
(OH-, H*, Cu*, and Fe**) in the sweat. The complete
devices offer Young’s moduli that are similar to skin, thus
allowing highly effective and reliable skin integration with-
out external fixtures. Experimental results demonstrate volu-
metric measurement of sweat with an accuracy of 0.06
ul/mm? with good stability and low drift. Colorimetric
responses to pH and concentrations of various ions provide
capabilities relevant to analysis of sweat. Similar materials
and device designs can be used in monitoring other body
fluids.

1. Introduction

[0089] Emerging wearable sensor technologies offer
attractive solutions for continuous, personal health/wellness
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assessment,™! forensic examination® patient monitoring
131 and motion recognition.[%”] Recent advances in epider-
mal electronics™ provide classes of skin-mounted sensors
and associated electronics in physical formats that enable
intimate, conformal contact with the skin. The soft, non-
irritating nature of this contact yields an interface that
simultaneously provides high precision, accurate measure-
ment of biophysiological patameters, such as temperature,™
hydration,™®? strain,"! and biopotential.'** Such epidermal
sensors are ultrathin, breathable and stretchable, with
mechanical and thermal properties that closely match to the
skin itself, to enable effective skin integration with mininum
constraints on natural processes. The results provide unique
capabilities in long-term, reliable health monitoring.
[0090] An important measurement mode in such devices
may involve the analysis of body fluids (blood, interstitial
fluid, sweat, saliva, and tear), to gain insights into various
aspects of physiological health.['*1%1 Such function in wear-
able sensors, generally, and epidermal electronics in particu-
lar, is relatively unexplored. Existing devices either use
complex microfluidic systems for sample handling™ 72! or
involve purely concentration-based measurement without
sample collection and storage, or access to parameters
related to quantity and rate.?*"**1 In addition, mechanical
fixtures, straps and/or tapes that are typically required to
maintain contact of these devices with the skin do not lend
themselves well to continuous, long term monitoring with-
out discomfort.[**! In the following, a set of materials and
device architectures that provide advanced capabilities in
this area is reported. The key concept involves the use of
functional soft substrates to serve as a means for microflu-
idic collection, analysis and presentation to co-integrated
electronic sensors and/or external camera systems. The
pores of these substrates spontaneously fill with body fluids
that emerge from the skin, where they induce colorimetric
changes in the substrate and alter the radio frequency
characteristics of integrated electrical antenna structures.
The results offer valuable insights into the properties and
volume of sweat, and their relationships to fluctuations in
body temperature,”*! fluid and electrolyte balance,’** and
disease state.*”! The devices also eliminate the need for
direct skin-electrode contacts, thereby minimizing irritation
that can be caused by contact between the skin and certain
metals,[*®! while at the same time enabling repeated use of
a single device with minimal noise induced by motion
artifacts. The sensors exploit inductive coupling schemes,
without on-chip detection circuits but with some potential
for compatibility using near-field communication systems
that are found increasingly in portable consumer electronic
devices. The entire sensing system offers flexible and
stretchable mechanics, with form factors that approach those
of epidermal electronics.

2. Results and Discussion

[0091] FIG. 1a shows images and schematic illustrations
of a typical device (22x28 mm? for the surface area of the
substrate, and 10x15 mm? for the dimension of the sensor)
that includes an inductive coil and a planar capacitor formed
with interdigitated electrodes. The coil consists of four turns
of thin copper traces in a filamentary serpentine design that
affords both flexibility and stretchability. The width of the
trace is 140 um, and the lengths of the inner and outer turns
are 4.8 and 9.5 mm, respectively. The electrodes consist of
serpentine wires (50 um in width) that have lengths between
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6.5 to 8.4 mm, to form 9 digits with a digit-to-digit spacing
of 600 um. The dielectric properties of the microporous
supporting substrate strongly influence the capacitance of
the structure.

[0092] In this way, the sweat sensor enables capacitive
detection of the change of the dielectric properties of the
substrate as its pores fill with biofluids (e.g. sweat). An
external primary coil generates a time varying electromag-
netic field that induces a current flow within the sensor. The
impedance of the sensor is then determined by the amount
of sweat within the substrate; this impedance influences that
of the primary coil placed in proximity to the device. The
resonance frequency (f;) of the sensor can be determined
from the frequency of a phase dip (or a peak in the phase
difference, A8, obtained from the subtraction of the phase of
the primary coil with and without the sensor underneath) in
the phase-frequency spectrum of the primary coil.**>2) At
measurement frequencies examined here (100 to 200 MHz),
free water molecules are under the influence of d relaxation.
1331 The responses of the functional polymer substrates only
involve contributions from induced charges. The movement
of the water molecules and dynamics of the induced charges
are sufficiently fast to respond to the external electromag-
netic field. As a result, the combined dielectric properties of
substrate and the sweat exhibit an invariant dielectric
response over a wide range of frequencies (FIG. 5(a)). For
present purposes, the frequency-dependence in the dielectric
properties of the substrate can be ignored.

[0093] The sensor offers mechanical properties (elastic
modulus~80 kPa) similar to those of the skin.”* The thick-
ness of the substrate (1 mm), along with its lateral dimen-
sions and porosity define the amount of fluid that it can
capture. The devices exhibit robust, elastic behavior under
axial stretching (FIGS. 16 and 1¢) and other more complex
modes of deformation (FIG. 1d). Attachment of the sensor
onto the skin (FIG. 1e) using a thin layer of commercial
spray-on bandage as adhesive leads to reversible skin/sensor
bonding that can withstand significant extension and com-
pression of the skin with suflicient mechanical strength to
prevent delamination (FIGS. 1f'and 1g).

[0094] In vitro experiments involve slow introduction of
0.6 mL of buffer solution (phosphate buffered saline, Sigma-
Aldrich Corporation, St. Louis, Mo., USA) onto the sub-
strates with a syringe pump, over the course of ~40 minutes
(FIG. 2d). The resonance frequency of the sensor (f,), as
measured by the shift of the phase peak of a primary coil
placed in proximity to the device (FIG. 2¢), decreases with
increasing buffer solution content in the substrate. This
response reflects increases in the permittivity due to replace-
ment of air with buffer solution in the pores of the substrate,
leading to an increase in the capacitance of the interdigitated
electrodes associated with their proximity to the substrate.
For a typical porous polyurethane (PUR) (PUR permittiv-
ity=7,%"1 PUR substrate permittivity=1.42 at 0.93 porosity
in air) (FIG. 2a), {, shifts from 195.3 to 143.3 MHz in this
experiment (FI1G. 2d). Drying of the sensor in air at room
temperature leads to the recovery of f,, eventually to the
original value (1953 MHz) over a period of ~6 hours,
indicating a reversible response with relative insensitivity to
residual salt that might remain in the substrate.

[0095] Assessment of performance with human subjects
involves use of sensors on cellulose paper (CP) and silicone
substrates attached to the arms of two volunteers. Reference
substrates made of the same materials with similar sizes
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placed in close proximity to the sensors provide means for
determining the accuracy and establishing a calibrated
response (FIG. 2b). The monitoring includes measuring the
value of f, of the sensors and the weight of the reference
substrates every 5 min for a period of 2 hours. The results
indicate that f,, is inversely proportional to the weight of the
reference sensor, such that the response can be calibrated
with any two measured weights. The calibrated results
closely follow weight changes of 0.4 (FIG. 2¢) and 0.2 g
(FIG. 2/) in the reference substrates, corresponding to 0.4
and 0.2 mL of sweat over the sensing areas.

[0096] Dimensional changes associated with deformation
of the skin or swelling of the device caused by sweat
absorption could, conceivably, lead to changes in f,. Strain
induced effects can be examined by biaxially stretching a
device and measuring f, at various states of deformation
(FIG. 6(a)). The results show changes of only 0.9 MHz for
biaxial strains of 27% (FIG. 2g) that are comparable to those
caused by the absorption of water (FIG. 6(5)). The modest
changes in f, under biaxial stretching may be attributed to
the symmetric design of the sensor coil as well as mutual
compensation of the changes in lengths and spacings of the
interdigitated electrodes. The effects of temperature are also
small. In particular, data indicate (FIG. 5(b)) that f, shifts
from 199.25 MHz to 196.63 MHz when the temperature is
changed from 25 to 45° C. Finally, although the salinity and
ionic content of the sweat may lead to changes in both
conductivity and permittivity, experiments with buffer solu-
tions having various concentrations of sodium chloride (0 to
4.5 g/L) reveal only small variations in f;, (=0.6 MHz; FIG.
2h).

[0097] The sensors exhibit excellent repeatability and are
suitable for repeated use. Multiple (i.e. five) measurements
using sensors on CP and silicone substrates serve as dem-
onstrations. Between each measurement, immersion in
water followed by drying on a hot plate regenerates the
devices. The changes in f, are repeatable for experiments
that involve injection of 0.6 mL buffer solution (FIGS. 2i and
5(c)). The average change in f; is 58.3 MHz with a standard
deviation of 1.1 MHz for the sensor on CP; the correspond-
ing values for silicone are 60.1 MHz and 3.6 MHz, respec-
tively. The changes in f, undergo different temporal patterns,
as might be expected due to the differences in chemistry,
microstructure and pore geometry for these two substrates.
Measurements over 3 hours show no drifts in £, (FIG. 5(4)).
The noise levels are <0.7 MHz; this parameter, together with
an average change of f, of 58.3 to 60.1 MHz for 0.6 mL
buffer solution over a surface area of 22x28 mm?, suggests
a measurement accuracy of ~0.06 mL/mm?.

[0098] The coil structures can be mounted onto various
types of functional substrates. Demonstrated examples
include recycled cellulose sponge (RCS), polyurethane
sponge (PUR), polyvinyl alcohol sponge (PVAS), cellulose
paper (CP), and silicone sponge (FIG. 3a). Cutting with a
hot-wire device (PUR, silicone) or with a razor blade (other)
vields the appropriate lateral dimensions and thicknesses.
Spin-coated silicone films with accurately controlled thick-
ness (=10 pm; FIG. 3b) enable strong bonding between each
of these functional substrates and the sensors through sur-
face chemical functionalization, while preventing direct
contact between the sensors and the sweat. Relative char-
acteristics in water absorption are also important to consider,
as described in the following.
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[0099] The percentage gain in weight of the various
porous materials after immersion in water defines their
ability to hold fluids; the results are =2300% (RCS),
~1200% (PUR), =750% (PVAS), =350% (CP), and ~1500%
(silicone) (FIG. 3c). These data, together with measured
volume changes yield the porosity levels: 0.97 (RCS), 0.93
(PUR), 0.90 (PVAS), 0.83 (CP) and 0.95 (silicone) (FIG.
3d). The water permeability can be determined from the
capillary water absorption rate by combining Darcy’s law
191 and the Hagen-Poiseuille equation.*”! Strips of the
substrates (3 mm in width and 28 mm in length) are partially
immersed into water with red dye (3 mm under the water).
A camera enables measurements of changes in height of the
absorbed water as a function of time (FIG. 3¢). The CP
material exhibits the fastest absorption rate (complete filling
in =6 s), followed by the RCS (=25 s). The PUR shows the
smallest rate, with an increase in height of 8.3 mm over 130
s. These rates depend strongly on the pore size and degree
of interconnectedness and on the contact angle. The latter
can be determined optically (FIG. 7(5)); the former can be
obtained by scanning electron microscopy (FIG. 7(a)) or by
calculation and measurement of the height of absorbed water
at a long period of time (details in supporting information).
The permeability of the five substrates are 2.4 (RCS), 0.3
(PUR), 0.4 (PVAS), 8.7 (CP), and 8.6 (silicone) um? (FIG.
3/).

[0100] In addition to dielectric response, absorption of
water changes both the transparency, due to index matching
effects, and the overall dimensions, due to swelling (FIGS.
4a and 4¢). These effects can be used as additional mea-
surement parameters to complement the electrical data
described previously. The optical behavior can be illustrated
by placing a sensor on a region of the skin with a temporary
tattoo pattern. Continuous introduction of a buffer solution,
up to a total of 0.6 ml, leads to increasing levels of
transparency. Selected regions of the images in FIG. 4a can
be used to obtain RGB (red, green, and blue) intensities at
different locations. The resulting data (FIG. 4b) indicate that
the water content is inversely proportional to the ratio of the
RGB intensity on the sensor and the skin. The water also
induces changes in the lateral dimensions. These changes
can be measured by optically tracking the displacements of
an array of opaque dots (Cr, by electron beam evaporation
through a shadow mask) on the device (FIG. 4¢). The results
indicate a large displacement response to introduction of 0.2
mL of the buffer solution (=2.3 mm dot displacement), but
with diminishing response for an additional 0.4 mL (=0.5
mm dot displacement). Nevertheless, these motions, which
may be limited by mechanical constraints associated with
mounting on the skin, might have some utility in measuring
sweat loss.

[0101] The substrates can be rendered more highly func-
tional, from an optical standpoint, by introduction of chemi-
cals or immobilized biomolecules. Resulting interactions
with the sweat can be evaluated through electrical dielectric
measurement or simply colorimetric detection. For example,
silicone substrates doped with colorimetric indicators render
sensitivity to relevant biophysical/chemical parameters,
such as pH values (FIG. 4d), free copper concentrations
(FIG. 8(a)), and iron concentrations (FIG. 8(5)). To dem-
onstrate pH detection, standard buffer solutions with pH
values from 4 to 9 are introduced into a substrate that is dyed
with a mixture of several different pH indicators (bromo-
thymol blue, methyl red. methyl yellow, thymol blue, and
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phenolphthalein). These chemicals reversibly react with free
—OH groups and/or protons in the buffer solutions, leading
to changes in absorption spectra. Accordingly, the substrate
undergoes a series of color changes that reveal the pH values
(FIG. 4d). In addition, buffer solutions with copper (FIG.
8(a)) and iron (FIG. 8()) at physiological concentrations
(0.8 to 1 mg/L) can also be detected using similar colori-
metric schemes. The intensities of individual colors (red,
green, and blue) extracted from the images determine
changes in analyte concentrations (FIGS. 4e, 4f and 4g).
This type of strategy has potential utility when used in
combination with the sorts of wireless schemes introduced
here. For example, near field communication®®! enabled
devices such as cellphones also offer digital image capture
capabilities, for simultaneous colorimetric measurement.

3. Conclusions

[0102] The results presented here provide materials and
design strategies for integrating flexible and stretchable
wireless sensors on functional substrates. Demonstrated
devices intimately mounted on the skin enable non-invasive,
wireless quantification of sweat loss as well as colorimetric
detection of sweat composition. Similar strategies can be
used to develop sensors for monitoring a range of key
parameters associated not only with sweat but with other
body fluids.

4. Experimental Section

[0103] To fabricate the device, a layer of polydimethylsi-
loxane (PDMS, 20 um thick) is first spin-coated onto a glass
slide (FIG. 9(a)). Curing the PDMS at 120° C. for 10 min
and treating its surface with reactive ion etching (RIE) for 5
min (20 scem O,, 300 mTorr pressure, 150 W power) allows
conformal spin-coating of a layer of polyimide (PI; 1 pm
thick) on top. A bilayer of chrome (5 nm) and gold (200 nm)
deposited by electron beam (ebeam) evaporation is photo-
lithographically patterned to form serpentine interdigitated
electrodes (FIG. 9(b)). An additional spin-coated PI (1 pm)
layer electrically insulates the surfaces of the electrode
patterns, while selective regions on the PI layer are etched
by RIE for electrical contact between the electrode and
serpentine coils formed by patterning a layer of ebeam
deposited copper (6 um) (FIG. 9(c)). The entire patterns are
encapsulated by another spin-coated PI layer (1 um). Pat-
terned RIE yields an open mesh layout, capable of release
onto the surface of a target substrate by use of water-soluble
tape (Aquasol ASWT-2, Aquasol Corporation, North
Tonawanda, N.Y., USA). To prepare the functional sub-
strates, a layer of uncured silicone (10 pum thick) is spin-
coated onto a water soluble tape fixed on its edges to a glass
slide by Scotch tape. Pre-curing the silicone at 150° C. for
1 min transforms the liquid precursor into a tacky, soft solid
(FIG. 9(e)). Placing the substrates on the silicone film with
gentle pressure allows the partially cured film to crosslink
with porous structures on the surface. The silicone and the
substrates are then fully cured at 120° C. to achieve robust
bonding (FIG. 9(f)). The resulting structure is removed from
the glass, and rinsed with water to remove the water soluble
tape. Deposition of Ti/Si0, (5/60 nm) onto the exposed
backside of the sensor facilitates chemical bonding to the
PDMS film on the functional substrates after UV ozone
activation. Dissolving the water soluble tape yields an
integrated device with excellent levels of mechanical
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stretchability and flexibility (FIG. 9(g) and FIG. 15). The
functional substrates can be immersed into colorimetric
indicators, followed by baking at 100° C. on a hotplate to dry
the devices.

[0104] Five hydrophilic porous substrates serve as the
sweat absorption materials, including Whatman GB0O03 cel-
lulose paper (GE Healthcare Life Sciences, Pittsburgh, Pa.,
USA), Scotch-Brite recycled cellulose sponge (3M Coop-
eration, St. Paul, Minn., USA). polyvinyl alcohol sponge
(Perfect & Glory Enterprise Co., Ltd., Taipei), Kendall
hydrophilic polyurethane foam dressing (Covidien Inc.,
Mans-feld, MA, USA), and Mepilex silicone foam dressing
(Mélnlycke Health Care AB, Sweden). For colorimetric
detection, a universal pH indicator (pH 2-10) (Ricca Chemi-
cal, Arlington, Tex., USA) yields responses to buffer solu-
tions with well-defined pH (Sigma-Aldrich Corporation, St.
Louis. Mo., USA). Colorimetric copper and iron ion detec-
tion is enabled by a copper color disc test kit (CU-6, Hach
Company, Loveland, Colo., USA) and an iron color disc test
kit (IR-8, Hach Company, Loveland, Colo., USA), while
standard stock solutions of copper and iron (Hach Company,
Loveland, Colo., USA) are diluted to achieve different ion
concentrations.

[0105] The sensors can be integrated onto the skin. Briefly,
spray bandage (Nexcare No Sting Liquid Bandage Spray,
3M Cooperation, St. Paul, Minn., USA) is first applied onto
the corresponding skin region. Evaporation of the solvent
results in a tacky. water-permeable film that does not sig-
nificantly influence the transdermal water loss from the skin
and provides sufficient adhesion to fix the sweat sensors onto
the skin. The sensor is then applied to the skin with con-
tinuous pressure over several seconds. The bonding is
reversible, but is sufliciently strong to accommodate heavy
sweating and shear forces.

[0106] The electrical responses of the sensors are evalu-
ated using a HP 4291 A impedance analyzer (Agilent Tech-
nologies, Santa Clara, Calif., USA) with a frequency range
from 1 MHz to 1.8 GHz. The analyzer connects to a one-turn
hand-wound copper primary coil whose resonance fre-
quency is significantly different from the sweat sensor. The
coil is placed 2 mm away from the sweat sensor during the
measurement. However, small variations in the distance
between the coil and the sweat sensor are tolerable, with
negligible effects on the results. A xyz mechanical stage and
a rotational platform allow manual adjustment of the posi-
tion and orientation of the primary coil relative to the sweat
sensor. The primary coil provides a time varying electro-
magnetic field that induces alternating voltages in the sweat
sensor. Changes of sweat content within the substrate of the
sensor lead to changes in the capacitance of the sweat sensor
and its f,. A syringe pump (KD Scientific Inc., Holliston,
Mass., USA) is used to deliver buffer solutions to the sensors
during the in vitro experiments. The sweat sensors with a CP
substrate and a silicone porous material are mounted on the
arms of two volunteers for 2 hour in vivo testing, with
reference substrates of the same materials and sizes placed
in close proximity to the sweat sensors (FIG. 2b). For the
first hour, the volunteers exercise continuously to generate
sweat, and then stop to rest for the second hour. During the
measurement, the sweat sensors remain on the skin, while
the reference sensors are peeled off every 5 min to record
their weight using a precise balance and reattached back to
the same positions afterwards.
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[0107] The absorbance values are estimated from the
digital images by accessing the RGB (red, green, blue)
values of the selected regions on the experimental images
using Imagel'**! The average RGB values are determined
from multiple pixels enclosed within a rectangular frame
drawn by Imagel] with a plugin called, “measure RGB”. The
Absorbance (A) defined as the negative log of the transmit-
tance (L1/1,,,..), 1s then calculated using the following for-
mula:

A=-log(L/ Ty z) M

in which I, denotes the R, G or B values for the functional
substrates and I, . the R, G, or B value for the background,
both obtained from the experimental images.
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[0127] Supporting Information 1. Methods for Determi-
nation of Weight Gain, Porosity, and Permeability

[0128] The percentage weight gain (W %) of the sub-
strates can be obtained by measuring the weight of the

materials in dry (W,,) and water-saturated (W) states.
Thus, W % can be expressed as.

W= Y Yoy o0 @
dry
[0129] The porosity (¢) of the materials is determined by

the volume of pores (V) to the total volume of the
medium (V,,,;,), is thus defined by

Vpores ( Wsar - Wdry)/ Pwater (2)

Vb"lk (Wxar - Wary)/pwarer + “/dry/pbulk

[0130] where, p,, ., and P, are the density of the water
and the substrate materials, respectively.

[0131] To obtain the water permeability of the substrates,
the Darcy law!"!, which describes the water flow in porous
materials, can be used. It is found that the pressure gradient
(VP) that causes the water to flow in the porous materials
can be described by

e 3
VP==
Kq

where q is the volume average velocity (or flux), which
represents discharge per unit area, with units of length per
time. The factor K is the permeability of the material and p
the viscosity of the water. Determination of VP typically
involves an experimental setup containing two chambers
with well-controlled pressures. An alternative method uses
the Hagen-Poiseuille equation!” to determine VP by con-
sidering the porous materials as bundles of capillaries. As a
result, the pressure gradient can be further expressed as:

o VP _ 80 @
"L R

where AP is the pressure loss, L the length of the pipe, u the
dynamic viscosity, Q the volumetric flow rate (volume of
fluid passing through the surface of the pipe per unit time),
R the radius of the capillaries. Combing Eq. (3) and Eq. (4)
yields
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[0132] Here, Q/nR? represents the interstitial velocity of

the flow, while q represents the superficial velocity of the
flow. As a result, the ratio between Q/nR? and q is equivalent
to the porosity of the materials

- (Q/.«er ]
q

Thus, Eq. (5) can be further simplified as

8K ®)
RP=—
(0]

[0133] The linear momentum balance of the flow within a

capillary tube can be expressed as

2ccos(6) Buhhr

d(hh') @]
R PR g

where terms from left to right refer to the capillary pressure,
the hydrostatic pressure, the viscous pressure loss, and the
inertia terms, respectively. In Eq. (7), a is the surface tension
of water, h is the height of water in the capillary tube at time
t, and 0 is the contact angle at the interface of the capillary
tube and the water. As the porous materials may not have
uniform R (especially for the porous materials with amor-
phous pores), such as RCS, PVAS, and CP in FIG. 7(a), it
is possible to replace R in Eq. (7) with a more general term
R,, which represents the static radius of the porous materials
and can be obtained from the equilibrium height (h,,) in the
static case (height of the absorbed water in the porous
materials when t reaches o). The static radius R, can be
calculated from

20cos(6) (8)

h, =
“" Repg

[0134] As a result, Eq. (7) can be further expressed as

2acos(d) Buhhr AWK ©

F—tp—
A A~ I

by considering a flow regime where the influence of inertia
as well as the influence of gravity can be neglected®*.
Thus, Eq. (8) can be simplified to

20cos()  Buhiv (10)
R r

s
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-continued
hdh  ocos(6) (1

& du

[0135] Solving this ordinary differential equation with the
initial condition h(0)=0 leads to the Lucas-Washburn equa-
tion [4].

- o Rycos(0) (12)
h" = o 1
[0136] According to Eq. (6), Eq. (12) can be further

expressed as

W o Rycos(60) N docos(d) K (13)
ST ' Ta eR!
[0137] As a result, the permittivity (K) can then be deter-

mined using the following equation

W ugR; (19

- 4acos(@)r

[0138] where h, t, ¢, and R, of individual materials can all
be experimentally determined, as summarized in Table 3.

TABLE 3

Parameters of the porous materials used for functional substrates

K
Materials W% pp(gem’) @ hm) t(s) Rim ()
RCS 2296 L5 097 0025 25 252E-5 243
PUR 1184 1.2 094 0008 130 1.52E-4 033
PVAS 746 1.2 090 0013 130 634E-5 041
CP 332 L5 083 0025 6 250E-5 867
Silicone 1502 1.2 095 0025 70 178E-4 857
[0139] 2. Experiments for Determination of Weight Gain,

Porosity, and Permeability

[0140] R, can be determined from the h,, measurement, in
which 50 cm strips of the porous materials are partially
immersed into the water (approximately 1 cm strip in the
water), while the heights of the water in the strips after one
day immersion are measured. As PUR and silicone have
more uniform pore sizes (FIG. 7(a)), their R can also be
determined by measuring the radii of 10 pores in their SEM
images and taking the average numbers. The contact angle
6 can be measured through the analysis of images taken by
a camera on the interface of water and the porous materials
(FIG. 7(b)). The relation between h and t can be obtained
using video captured throughout the process of water
absorption.
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Example 2: Epidermal Microfluidic Sweat Patch

[0145] This Example discloses an epidermal microfluidic
sweat patch incorporating at least one microfluidic channel
and a plurality of colorimetric indicators disposed within
cavities of the patch. The patch optionally includes a near-
field communication coil.

[0146] Table 4 shows concentrations of parameters and
chemical species relevant to sweat monitoring.

TABLE 4

Parameters and chemical species relevant to sweat monitoring,

Constituents Median Concentration Range

Sweat gland 100 pores/cm? 50~300 pores/cm?
density

Sweat rate 50 pL/hour - cm? 12-120 pL/hour - em?
pH 4.0-6.8

Glucose 0.17 mM 5.6 uM-2.2 mM

Lactic acid 14 mM 3.7-50 mM

Chloride 23 mM 0.02-280 mM

Sodium ion 31 mM 0.11-390 mM

[0147] FIG. 10 shows an exploded view of a colorimetric

sensor comprising a near-field communication coil. FIG. 11
is a photograph of the device of FIG. 10 adhered to the skin
of a subject.

[0148] FIG. 12 illustrates a fabrication method for a sweat
patch and an adhesion test on skin.

[0149] FIG. 13 illustrates an artificial sweat pore test using
a syringe to feed artificial sweat at a rate of 12 pl/hr.
[0150] FIG. 14 shows a sweat patch incorporating colo-
rimetric detection of various biomarkers for self-monitoring
and early diagnosis. For example, FIG. 15 shows an absor-
bance spectrum illustrating the color change of a reactant
that may be used to determine sweat volume and rate. FIG.
16 shows an absorbance spectrum and legend illustrating the
color change of a reactant(s) that may be used to determine
sweat pH, which may be correlated with sodium concentra-
tion, indicating to a user the proper time to hydrate. F1IG. 17
shows an absorbance spectrum and legend illustrating the
color change of a reactant(s) that may be used to determine
glucose concentration in sweat, which may be correlated
with blood glucose concentration. FIG. 18 shows an absor-
bance spectrum and legend illustrating the color change of
a reactant(s) that may be used to determine lactate concen-
tration in sweat, which may provide an indication of shock,
hypoxia and/or exercise intolerance.

[0151] As shown in FIG. 19, a sweat sensor incorporating
colorimetric biomarker indicators provides qualitative and
quantitative data that may be observed by the naked eye
and/or wirelessly observed by a detection device, such as a
smartphone.

Example 3: Sweat Patches

[0152] Overview

[0153] Provided herein are epidermal microfluidic sweat
patches for daily wear as personal healthcare monitoring
systems that are highly conformable and stretchable. The
patches allow for the non-invasive determination of sweat
rate, sweat volume, and biomarker concentration, thereby
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providing clinically reliable information. This technology
relates to self-diagnostic systems for monitoring an indi-
vidual’s health state by tracking color changes of indicators
within the devices by the naked eye or with a portable
electronic device (e.g., a smartphone). By monitoring
changes over time or trends, the disclosed devices may
provide early indications of abnormal conditions.

[0154] The disclosed sweat sensor enables detection of
sweat volume and rate, as well as concentration of biomark-
ers in sweat (e.g., pH, glucose, lactate, chloride, creatinine
and ethanol) via various quantitative colorimetric assays. In
an embodiment, the colorimetric indicators are incorporated
into a polydimethysiloxane (PDMS) substrate because
PDMS is a silicon-based organic polymer approved for a
wide range of medical applications, including contact lenses
and medical devices.

[0155] Epidermal Microfluidics

[0156] Microfluidic analytical devices for sweat monitor-
ing were developed based on a 2D channel system within
poly(dimethylsiloxane) (PDMS) without pumps, valves, or
fluid detectors. The chemical and physical characteristics of
PDMS made it suitable for epidermal applications. For
example, PDMS is optically transparent, elastomeric, non-
toxic, chemically inert toward most reagents, and possesses
a low surface energy.' The fabricated epidermal sweat patch
was composed of four individual quantitative colorimetric
detection reservoirs and an orbicular outer-circle serpentine
fluidic channel (F1G. 21A). Each of the biomarker detection
reservoirs holds 4 pl, while the orbicular water detection
channel contains 24 pl.. The sample inlet located at the
bottom of the device (0.5 cm?) may cover about 50 sweat
glands, thus introducing sweat into the device, filling the
detection reservoirs, and allowing sweat to flow through the
outer-circle channel for approximately 6 hours calculated
based on an average sweat rate of 12 pl/hourcm® for
humans. Due to the interfacial permeability of PDMS, which
is impermeable to liquid water but permeable to gases, the
water loss of the sweat patch was moderate (3% of the total
volume during the sensor life-time). The device was 3 cm in
diameter and 500 wm in thickness constructed with PDMS
consisting of 30:1 (v/v) base:curing agent resulting in a
modulus of 145 kPa. The mass of the device was =970 mg.
[0157] The epidermal microfluidic sweat sensors were
fabricated using soft lithography. The schematic illustration
and fabrication processes are shown in FIG. 20. A master
device was prepared from a silicon wafer by photolithogra-
phy and dip-etching to generate a reverse image having 300
pm deep channels. To produce replicas, the mixture of 30:1
(v/v) base:curing agent of PDMS was poured over the
master that was coated with a thin layer of poly(methyl
methacrylate) (PMMA) and cured at 70° C. for 1 h. Once the
PDMS was fully cured, the replica was released from the
master. The prepared replica was then sealed with a PDMS
film by oxygen plasma bonding for 1 min to activate surface
silanol groups to form siloxane bonds. Finally, the fabricated
microfluidic devices were attached to a commercial medical
dressing (i.e., Tegederm®) via oxygen plasma bonding and
applied on the skin surface. This epidermal microfluidic
sweat-monitoring device was able to withstand significant
tension, compression, and twist of the skin while maintain-
ing sufficient adhesion (FIG. 20C).

[0158] Quantitative Colorimetric Detection of Biomarkers
[0159] The colorimetric determination holds great advan-
tages for diagnosis in quantitative analysis. In this sweat
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sensor, four colorimetric analyses were introduced for criti-
cal biomarkers being able to self-diagnosis and monitor a
variety of medical conditions. Each detection reservoir rep-
resented a different analyte for determination of (1) water
(for sweat volume and rate evaluation), (2) pH, (3) glucose,
(4) lactate, and (5) chloride concentrations.

[0160] Thermal regulation and dehydration are highly
related to sweat rate and volume and thus continuous
monitoring is a vital tool for assessing health states of
individuals and providing information relating to electrolyte
balance and rehydration. The orbicular channel in the sweat
sensor was coated with cobalt (II) chloride (i.e., CoCl,)
contained in a polyhydroxyethylmethacrylate hydrogel
(pHEMA) matrix. As the sweat is introduced into the
channel the blue colored anhydrous cobalt (II) chloride
reacts with water turning into hexahydrate cobalt chloride
(i.e., CoCl,.6H,0) presenting a pale purple color (FIG.
22A). By determining the distance of color change within
the channel during a certain period of time, the sweat rate
and volume could be assessed.

[0161] Not only physical sweat analysis, but chemical
detection of biomarkers in sweat is essential. In some
embodiments, quantitative colorimetric assays were demon-
strated with paper-based reservoirs individually located in
the middle of the sweat sensor. Filter paper was chosen as a
matrix material among other materials (e.g., hydrogel, sol-
gel, and agarose gel) since the hydrophilic cellulose fibers
wicked biofluids at a fast absorption rate, as well as provided
a solid support for assay reagent and allowed clear contrast
regarding color changes.> A colorimetric sweat sensor was
developed that consisted of four critical biomarker detection
reservoirs: pH, glucose, lactate, and chloride.

[0162] The pH value of sweat has been known to exhibit
a proportional relationship with sweat rate and sodium ion
concentration. As an indicator of proper hydration time for
a user, sweat pH was determined using a universal pH
indicator consisting of various pH dyes (e.g., bromothymol
blue, methyl red, and phenolphthalein), which covers a wide
range of pH values. While the sweat was introduced in the
reservoir, the pH indicator changed color based on the ratio
of weak acid and its conjugate base form of the indicator
based on the Henderson-Hasselbalch equation. The color
change was observed according to various pH values of
buffer solution in a medically reliable range (i.e., pH 4.0-7.0)
as shown in FIG. 22B and its respective spectrum is pre-
sented in FIG. 22C.

[0163] Glucose concentration in the sweat is one of the
most critical biomarkers for monitoring health state, espe-
cially playing a crucial role for improving diabetes treat-
ment. In this device, the glucose was detected based on an
enzymatic reaction that governed the selectivity of the
measurement. Physically immobilized glucose oxidase pro-
duced hydrogen peroxide associated with oxidation of glu-
cose and reduction of oxygen, next, iodide was oxidized to
iodine by peroxidase, which was also contained in the
paper-based reservoir® Therefore, a color change was
observed from yellow to brown, the respective colors of
iodide and iodine, to indicate the concentration of glucose.’
The color change illustrating the glucose concentration is
presented in FI1G. 22B as well as the respective spectrum in
FIG. 22D. Thus, this device may warn of abnormal blood
glucose concentrations for not only diabetes patients but also
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prediabetes and healthy persons by correlating perspiration
glucose concentration in a completely noninvasive manner
on a daily basis.*

[0164] The sweat lactate concentration is an indicator of
exercise intolerance, tissue hypoxia, pressure ischemia, and
even pathological conditions (e.g., cancer, diabetes, and
lactate acidosis).® Lactate is produced by anaerobic energy
metabolism from the eccrine gland, so lactate concentration
in perspiration is a good criterion for determining individu-
als’ abilities to endure rigorous exercise, especially for
athletes and military personnel, and/or severe physical activ-
ity while on life support.® Enzymatic reactions between
lactate and co-factor NAD" by lactate dehydrogenase and
diaphorase allowed a color change of a chromogenic reagent
(i.e,, Formazan dyes) resulting in an orange color. As shown
in FIGS. 22B and 22E, the color change within the detection
reservoir was observed with regard to the concentration of
lactate within the medically relevant range of 1.5-100 mM.
[0165] The representative sweat tests rely on determina-
tion of chloride ion concentration in perspiration. These tests
may diagnosis cystic fibrosis (CF) since excreted chloride
content increases when there are defective chloride channels
in sweat glands.” Additionally, the level of chloride is
considered to be an index of hydration. Accordingly, the
level of chloride in sweat was determined using colorimetric
detection by competitive binding between Hg>* and Fe™*
with 2,4.,6-tris(2-pyridiyl)-s-triazine (TPTZ). In the presence
of chloride ion, iron ion prefers to bind with TPTZ while
Hg>* participates as HgCl,, which results in a color change
from transparent to blue binding with respective metal ions.
The quantitative colorimetric results are shown in FIGS.
22B and 22F.

[0166] Not only the biomarkers mentioned above, but
copper ion, iron ion, and ethanol concentrations in sweat
may also be detected by colorimetric assay. The trace copper
ion in sweat was determined using a 1,2-bicinchoninate acid
(BCA). The copper complex with BCA exhibited an intense
purple color demonstrating a quantitative color change from
0 to 1 mg/mL.® Similarly, iron ions were detected by a
colored complex formed with 1,10-phenanthroline in the
range of 0-0.8 mg/L.** Additionally, colorimetric detection
of ethanol was demonstrated using an enzymatic reaction
consisting of alcohol dehydrogenase, peroxidase, and for-
mazan dye.

[0167] Collectively, these quantitative colorimetric analy-
ses provide pre-diagnostic information of multiple biomark-
ers in sweat. By combining the colorimetric devices with
telemedicine technology, this sweat patch could provide a
user-friendly self-monitoring system for daily wear.

[0168] Telemedicine Technologies

[0169] Inorder to provide personalized clinical health care
with a smartphone, near field communication (NFC) elec-
tronics were applied to the sweat patch. The NFC commu-
nication devices were fabricated with an ultrathin construc-
tion using ultralow modulus materials, which enable
wireless communication under extreme deformations in
daily usage.® The NFC coils were incorporated on the sweat
patch as shown in FIG. 23A. The biomedical information of
sweat is quantitatively analyzed by taking images of the
sweat sensor showing the color changes of the reservoirs
(FIG. 23B). Using wireless NFC electronics to communicate
to a smartphone permits the images to be examined based on
an RGB digital color specification, converted into health
informatics (e.g., concentration of biomarkers) and option-
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ally transmitted from an individual’s smartphone to medical
staff or a medical records database.
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Example 4: Additional Sweat Patches

[0179] FIG. 24(A) shows a schematic illustration of an
epidermal microfluidic sweat sensor providing information
on sweat volume and rate as well as concentration of
biomarkers in sweat incorporated with wireless communi-
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cation electronics and an adhesive layer for adhering the
sensor to the epidermis of a subject. FIG. 24(B) shows a
schematic illustration of image process markers applied to
an epidermal microfluidic sweat sensor. Image process
markers are laminated on or disposed in a top layer of the
sensor for white balance and color calibration, which
enables the sensors to function under various light condi-
tions. The image process markers also provide a reference
for device orientation and a border-line for color change
within a channel.

[0180] FIG. 25 provides graphical representations of water
loss as a function of outlet channel (A) width and (B) length.
Smaller channel widths generally lead to a lower rate of
water vapor loss than larger channel widths, but channel
length does not significantly affect the rate of water vapor
loss. FIG. 26 provides a graphical representation of back
pressure inside a channel showing that shorter outlet chan-
nels and larger channel widths produce lower back pres-
sures. At a channel width of 100 pum, back pressure became
negligible for all channel lengths studied. The following
equation was used to calculate the theoretical pressure in the
channel:

8L(w =) UM Vipyu Py (15)

VP~
wh  p  RT

where h=300 um, M=29E-3 Kg/mol, p=1.2 Kg/m®, p=1.
8E-5 Pa's, P,=1E5 Pa, V, =15 ul./hour, R=8.314 J/(mol'K),
T=300 K.

[0181] FIG. 27 shows a schematic illustration of a cross
section of a microfluidic channel deformed due to pressure
(A) and a top perspective view of a section of an epidermal
microfluidic sweat sensor showing a width of the microflu-
idic channel (B), as well as a graphical representation of
deformation shown as volume change due to pressure. The
volume change was calculated using:

AV VP4 (16)

vV T SERR

where 2a=1 mm, t=100 pm, E=145 KPa and v=0.5. At an
outlet width greater than 10 um, a pressure-induced volume
change can be avoided.

[0182] To harvest biofluids using pump-less microfluidics,
sufficient adhesion force is required to drive fluid into the
microfluidics system. The disclosed microfluidic devices
demonstrate great adhesion on the epidermis facilitated by
medical-grade adhesives (e.g., Tagaderm®). FIG. 28 shows
an experimental set-up for 90° peel adhesion property test-
ing (standard ISO 29862:2007) using a force gauge (Mark-
10, Copiague, N.Y.) (A). A holding devices is adhered on the
skin with a force gauge (B) and devices are peeled at an
angle of 90° (C.). The force measurement while displacing
the device at a rate of 300 mm/min is shown graphically in
(D) and the area where peeling occurs is indicated by the
gray region. The average peeling force was determined to be
5.7 N. Thus, the disclosed microfluidic sweat sensors may be
bonded to the epidermis of a subject with an adhesion force
in the range from 1 Nto 10 N,or 2 Nto 8 N,or3 N to 6
N.
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[0183] FIG. 29 illustrates one example of colorimetric
determination of creatinine. A UV-VIS spectrum illustrating
various creatinine concentrations (i.e., 15-1000 pM) is
shown in (A) and a constructed calibration curve based on
this spectrum is shown in (B). The presented color for each
spectrum corresponds to exhibited color on paper-based
colorimetric detection reservoirs as a function of creatinine
concentration, which is presented in optical image (C). This
colorimetric analysis is based on an enzymatic reaction
using a mixture of creatinine amidohydrolase, creatine ami-
dinohydrolase and sarcosine oxidase. Reaction of creatinine
with this enzyme mixture generates hydrogen peroxide
proportional to the concentration of creatinine in biological
fluids. The hydrogen peroxide concentration is determined
colorimetrically by the chromogen 2.5-dichloro-2-hydroxy-
benzenesulfonic acid and 4-amino-phenazone in a reaction
catalyzed by horseradish peroxidase.

[0184] FIG. 30 illustrates one example of colorimetric
determination of ethanol. Ethanol is detected via reaction
with alcohol dehydrogenase in the presence of formazan
dye. A UV-VIS spectrum illustrating various ethanol con-
centrations (i.e., 0.04-7.89% (w/v)) is shown in (A) and a
constructed calibration curve based on this spectrum is
shown in (B). The presented color for each spectrum cor-
responds to exhibited color on paper-based colorimetric
detection reservoirs as a function of ethanol concentration,
which is presented in optical image (C).

[0185] FIG. 31 shows various microfluidic sweat sensor
designs including four individual quantitative colorimetric
detection reservoirs and an orbicular outer-circle fluidic
channel. In some embodiments, a single microfluidic chan-
nel is in fluidic communication with all of the colorimetric
detection reservoirs and an orbicular fluidic channel. In an
other embodiment, one microfluidic channel transports flu-
ids from the epidermis of a subject to the colorimetric
detection reservoirs and a second microfluidic channel trans-
ports fluids from the epidermis of the subject to the orbicular
fluidic channel (C). In another embodiment, each colorimet-
ric detection reservoir and the orbicular microfluidic channel
may be independently connected to a microfluidic channel
that transports fluid from the epidermis of a subject. Option-
ally, each of the colorimetric detection reservoirs may com-
prise an outlet to a channel that allows vapor to escape to the
surrounding environment. As shown in (D), the outlet chan-
nel may be tapered to increase in volume nearer the outlet to
the surrounding environment, thereby accommodating
larger quantities of vapor without increasing back pressure
within the outlet channel. In any of the embodiments dis-
closed, the orbicular fluidic channel may be circular or
serpentine and the orbicular fluidic channel may have a
sealed distal end, optionally including a reservoir, or an
outlet to the surrounding environment. As shown in FIG. 32,
a serpentine orbicular fluidic channel provides a greater area
and channel volume than a circular orbicular fluidic channel
while controlling for channel width and height to avoid
collapse of the channel. For example, a serpentine channel
may provide an increased area of up to 58% compared to a
circular channel having an identical channel width. An
increased area of the orbicular channel increases the amount
of time a microfluidic sweat sensor can be used for moni-
toring a subject without being replaced or dried.
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STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

[0186] All references throughout this application, for
example patent documents including issued or granted pat-
ents or equivalents; patent application publications; and
non-patent literature documents or other source material are
hereby incorporated by reference herein in their entireties, as
though individually incorporated by reference, to the extent
each reference is at least partially not inconsistent with the
disclosure in this application (for example, a reference that
is partially inconsistent is incorporated by reference except
for the partially inconsistent portion of the reference).

[0187] The terms and expressions which have been
employed herein are used as terms of description and not of
limitation, and there is no intention in the use of such terms
and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized
that various modifications are possible within the scope of
the invention claimed. Thus, it should be understood that
although the present invention has been specifically dis-
closed by preferred embodiments, exemplary embodiments
and optional features, modification and variation of the
concepts herein disclosed may be resorted to by those skilled
in the art, and that such modifications and variations are
considered to be within the scope of this invention as defined
by the appended claims. The specific embodiments provided
herein are examples of useful embodiments of the present
invention and it will be apparent to one skilled in the art that
the present invention may be carried out using a large
number of variations of the devices, device components,
methods and steps set forth in the present description. As
will be obvious to one of skill in the art, methods and devices

useful for the present embodiments can include a large
number of optional composition and processing elements
and steps.

[0188] When a group of substituents is disclosed herein, it
is understood that all individual members of that group and
all subgroups, including any isomers, enantiomers, and
diastereomers of the group members, are disclosed sepa-
rately. When a Markush group or other grouping is used
herein, all individual members of the group and all combi-
nations and subcombinations possible of the group are
intended to be individually included in the disclosure. When
acompound is described herein such that a particular isomer,
enantiomer or diastereomer of the compound is not speci-
fied, for example, in a formula or in a chemical name, that
description is intended to include each isomer and
enantiomer of the compound described individually or in
any combination. Additionally, unless otherwise specified,
all isotopic variants of compounds disclosed herein are
intended to be encompassed by the disclosure. For example,
it will be understood that any one or more hydrogens in a
molecule disclosed can be replaced with deuterium or tri-
tium. Isotopic variants of a molecule are generally useful as
standards in assays for the molecule and in chemical and
biological research related to the molecule or its use. Meth-
ods for making such isotopic variants are known in the art.
Specific names of compounds are intended to be exemplary,
as it is known that one of ordinary skill in the art can name
the same compounds differently.

[0189] The following references relate generally to fabri-
cation methods, structures and systems for making elec-
tronic devices, and are hereby incorporated by reference to
the extent not inconsistent with the disclosure in this appli-
cation.

Attorney Publication

Docket No. Application No.  Filing Date Publication No.  Date Patent No. Issue Date
145-03 US 11/001,689 Dec. 1, 2004  2006/0286488 Dec. 21,2006 7,704,684 Apr. 27, 2010
18-04 US 11/115,954 Apr. 27,2005 2005/0238967 Oct. 27,2005 7,195,733 Mar. 27, 2007
38-04A US 11/145,574 Jun. 2, 2005 2009/0294803 Dec. 3, 2009 7,622,367 Nov. 24, 2009
38-04B US 11/145,542 Jun. 2, 2005 2006/0038182 Feb. 23,2006 7,357,367 Jul. 7, 2009
43-06 US 11/421,654 Jun. 1, 2006 2007/0032089 Feb. 8, 2007 7,799,699 Sep. 21, 2010
38-04C US 11/423,287 Jun. 9, 2006 2006/0286785 Dec. 21,2006 7,521,292 Apr. 21, 2009
41-06 US 11/423,192 Jun. 9, 2006  2009/0199960 Aug. 13,2009 7,943,491 May 17, 2011
25-06 US 11/465,317 Aug. 17,2006 — — - =

137-05 US 11/675,659 Feb. 16, 2007  2008/0055581 Mar. 6, 2008 - =

90-06 US 11/782,799 Jul. 25,2007 2008/0212102 Sep. 4, 2008 7,705,280 Apr. 27, 2010
134-06 US 11/851,182 Sep. 6,2007  2008/0157235 Jul. 3, 2008 8,217,381 Jul. 10, 2012
151-06 US 11/585,788 Sep. 20, 2007 2008/0108171 May 8, 2008 7,932,123 Apr. 26, 2011
216-06 US 11/981,380 Oct. 31, 2007 2010/0283069 Nov. 11,2010 7,972,875 Jul. 5, 2011
116-07 US 12/372,605 Feb. 17, 2009 — — - —

213-07 US 12/398,811 Mar. §, 2009 2010/0002402 Jan. 7, 2010 8,552,299 Oct. 8, 2013
38-040 US 12/405 475 Mar. 17, 2009 2010/0059863 Mar. 11,2010 8,198,621 Jun. 12, 2012
170-07 US 12/418,071 Apr. 3,2009  2010/0052112 Mar. 4, 2010 8,470,701 Jun. 25, 2013
216-06A US 12/522,582 Jul. 9, 2009 — — - —

38-04A1 US 12/564,566 Sep. 22, 2009 2010/0072577 Mar. 25,2010 7,982,296 Jul. 19, 2011
71-07 US 12/669,287 Jan. 15,2010  2011/0187798 Aug. 4, 2011 - —

60-09 US 12/778,588 May 12,2010 2010/0317132 Dec. 16, 2010 - —

43-06A US 12/844,492 Jul. 27,2010 2010/0289124 Nov. 18,2010 8,039,847 Oct. 18, 2011
15-10 US 12/892,001 Sep. 28, 2010 2011/0230747 Sep. 22,2011 8,666,471 Mar. 4, 2014
19-10 US 12/916,934 Nov. 1, 2010  2012/0105528 May 3, 2012 8,562,095 Oct. 22, 2013
3-10 US 12/947,120 Nov. 16, 2010 2011/0170225 Jul. 14, 2011 - —

118-08 US 12/996,924 Dec. 8, 2010 2011/0147715 Jun. 23, 2011 8,946,683 Feb. 3, 2015
126-09 US 12/968,637 Dec. 15,2010  2012/0157804 Jun. 21, 2012 - —

50-10 US 13/046,191 Mar. 11, 2011 2012/0165759 Jun. 28, 2012 - —

151-06A US 13/071,027 Mar. 24, 2011 2011/0171813 Jul. 14, 2011 - —

137-05A US 13/095,502 Apr. 27,2011 — — - —

216-06B US 13/100,774 May 4, 2011 2011/0266561 Nov. 3, 2011 8,722,458 May 13, 2014
38-04A2 US 13/113,504 May 23,2011 2011/0220890 Sep. 15,2011 8,440,546 May 14, 2013
136-08 US 13/120,486 Aug. 4, 2011 2011/0277813 Nov. 17,2011 8,679,888 Mar. 25, 2014



US 2017/0231571 Al

Aug. 17,2017

17

-continued
Attorney Publication
Docket No. Application No.  Filing Date Publication No.  Date Patent No. Issue Date
151-06B US 13/228,041 Sep. 8, 2011 2011/0316120 Dec. 29, 2011 — —
43-06B US 13/270,954 Oct. 11, 2011 2012/0083099 Apr. 5, 2012 8,394,706 Mar. 12, 2013
3-11US 13/349,336 Jan. 12,2012 2012/0261551 QOct. 18, 2012 — —
38-04EUS 13/441,618 Apr. 6,2012  2013/0100618 Apr. 25, 2013 8,754,396 Jun. 17, 2014
134-06B US 13/441,598 Apr. 6,2012  2012/0327608 Dec. 27,2012 8,729,524 May 20, 2014
28-11 US 13/472,165 May 15, 2012 2012/0320581 Dec. 20, 2012 — —
7-11 U8 13/486,726 Jun. 1, 2012 2013/0072775 Mar. 21, 2013 8,934,965 Jan. 13, 2015
29-11 US 13/492,636 Jun. 8, 2012 2013/0041235 Feb. 14, 2013 — —
84-11 US 13/549,291 Jul. 13,2012 2013/0036928 Feb. 14, 2013 — —
25-06A US 13/596,343 Aug. 28, 2012 2012/0321785 Dec. 20, 2012 8,367,035 Feb. 5, 2013
150-11 US 13/624,096 Sep. 21,2012 2013/0140649 Jun. 6, 2013 — —
38-04A3 US 13/801,868 Mar. 13, 2013 2013/0320503 Dec. 5, 2013 8,664,699 Mar. 4, 2014
125-12 U8 13/835,284 Mar. 15, 2013 2014/0220422 Aug. 7, 2014 — —
30-13 US 13/853,770 Mar. 29, 2013 2013/0333094 Dec. 19, 2013 — —
213-07A US 13/974,963 Aug. 23, 2013 2014/0140020 May 22, 2014 8,905,772 Dec. 9, 2014
19-10A US 14/033,765 Sep. 23,2013 2014/0092158 Apr. 3, 2014 — —
13-10AUS 14/140,299 Dec. 24, 2013 2014/0163390 Jun. 12, 2014 — —
38-04A4 US 14/155,010 Jan. 14, 2014 2014/0191236 TJul. 10, 2014 — —
136-08A US 14/173,525 Feb. 5,2014  2014/0216524 Aug. 7, 2014 — —
216-06C US 14/209,481 Mar. 13, 2014 2014/0373898 Dec. 25, 2014 — —
134-06C US 14/220,910 Mar. 20, 2014 2014/0374872 Dec. 25, 2014 — —
38-04F US 14/220,923 Mar. 20, 2014 2015/0001462 Jan. 1, 2015 — —
151-06C US 14/246,962 Apr. 7,2014  2014/0361409 Dec. 11, 2014 — —
62-13 US 14/250,671 Apr. 11, 2014 2014/0305900 Oct. 16, 2014 — —
56-13 US 14/251,259 Apr. 11, 2014 2014/0323968 Oct. 30, 2014 — —
60-09A US 12/778,588 Sep. 5,2014  2015/0132873 May 14, 2015 — —
84-13 US 14/504,736 Oct. 2, 2014 2015/0141767 May 21, 2015 — —
213-07B US 14/521,319 Oct. 22,2014 — — — —
7-11AUS 14/532,687 Nov. 4, 2014 2015/0080695 Mar. 19, 2015 — —
2-14 US 14/599,290 Jan. 16, 2015 — — — —
71-07A US 12/669,287 Apr. 14, 2015 — — — —
213-07C US 12/398,811 May 7, 2015 — — — —
13-13 WO PCT/US2014/015825 Feb. 19, 2014 WO2014/126927 Aug, 21, 2014 — —
128-13 WO PCT/US2014/014932 Feb. 5,2014 WO 2014/124044 Aug, 14, 2014 — —
8-14 WO PCT/US2014/014944 Feb. 18, 2014 WO 2014/124049 Aug. 14, 2014 — —
35-13 WO PCT/US2014/021371 Mar. 6,2014 WO 2014/138465 Sep. 12, 2014 — —
54-13 WO PCT/US2014/032848 Apr. 3,2014 WO 2014/165686 Oct. 9, 2014 — —
[0190] Every formulation or combination of components inclusive or open-ended and does not exclude additional,

described or exemplified herein can be used to practice the
invention, unless otherwise stated.

[0191] Whenever a range is given in the specification, for
example, a number range, a temperature range, a time range,
or a composition or concentration range, all intermediate
ranges and subranges, as well as all individual values
included in the ranges given are intended to be included in
the disclosure. It will be understood that any subranges or
individual values in a range or subrange that are included in
the description herein can be excluded from the claims
herein.

[0192] All patents and publications mentioned in the
specification are indicative of the levels of skill of those
skilled in the art to which the invention pertains. References
cited herein are incorporated by reference herein in their
entirety to indicate the state of the art as of their publication
or filing date and it is intended that this information can be
employed herein, if needed, to exclude specific embodi-
ments that are in the prior art. For example, when compo-
sitions of matter are claimed, it should be understood that
compounds known and available in the art prior to Appli-
cant’s invention, including compounds for which an
enabling disclosure is provided in the references cited
herein, are not intended to be included in the composition of
matter claims herein.

[0193] As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is

unrecited elements or method steps. As used herein, “con-
sisting of” excludes any element, step, or ingredient not
specified in the claim element. As used herein, “consisting
essentially of” does not exclude materials or steps that do not
materially affect the basic and novel characteristics of the
claim. In each instance herein any of the terms “compris-
ing”, “consisting essentially of” and “consisting of” may be
replaced with either of the other two terms. The invention
illustratively described herein suitably may be practiced in
the absence of any element or elements and/or limitation or
limitations, which are not specifically disclosed herein.

[0194] One of ordinary skill in the art will appreciate that
starting materials, biological materials, reagents, synthetic
methods, purification methods, analytical methods, assay
methods, and biological methods other than those specifi-
cally exemplified can be employed in the practice of the
invention without resort to undue experimentation. All art-
known functional equivalents, of any such materials and
methods are intended to be included in this invention. The
terms and expressions which have been employed are used
as terms of description and not of limitation, and there is no
intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that
various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically dis-
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closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.
[0195] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural reference unless the context clearly dictates
otherwise. Thus, for example, reference to “a cell” includes
a plurality of such cells and equivalents thereof known to
those skilled in the art, and so forth. As well, the terms “a”
(or “an”), “one or more” and “at least one” can be used
interchangeably herein. It is also to be noted that the terms
“comprising”, “including”, and “having” can be used intet-
changeably. The expression “of any of claims XX-YY”
(wherein XX and YY refer to claim numbers) is intended to
provide a multiple dependent claim in the alternative form,
and in some embodiments is interchangeable with the
expression “as in any one of claims XX-YY.”

[0196] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meanings as com-
monly understood by one of ordinary skill in the art to which
this invention belongs. Although any methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of the present invention, the
preferred methods and materials are described.

We claim:

1. A device for monitoring a biofluid comprising:

a functional substrate that is mechanically matched to
skin; wherein said functional substrate provides for
microfluidic transport of said biofluid; and

at least one sensor supported by said functional substrate.

2. A device for monitoring a biofluid comprising:

a functional substrate that is thermally matched to skin;
wherein said functional substrate provides for micro-
fluidic transport of said biofluid; and

at least one sensor supported by said functional substrate.

3. A device for monitoring a biofluid comprising:

a functional substrate providing for microfluidic transport
of said biofluid through one or more microfluidic
channels each having a substantially uniform lateral
dimension; and

at least one sensor supported by said functional substrate.

4. The device of any one of claims 1-3, wherein said
functional substrate is an elastomeric substrate.

5. The device of any one of claims 1-3 further comprising
a component for extracting interstitial fluid or blood from a
subject.

6. The device of claim 5, wherein the component for
extracting interstitial fluid or blood is selected from a
microneedle component, a reverse iontophoresis component
and a thermal microabrasion component.

7. The device of any one of claims 1-3, wherein said
functional substrate is substantially colorless and substan-
tially transparent.

8. The device of any one of claims 1-3, wherein said
functional substrate has a modulus less than or equal to 100
MPa.

9. The device of any one of claims 1-3, wherein said
functional substrate has a modulus selected from a range of
10 kPa to 10 MPa.

10. The device of any one of claims 1-3, wherein said
functional substrate has a thickness selected from a range of
500 um to 2 mm.
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11. The device of any one of claims 1-3, wherein said
functional substrate is selected from the group consisting of
polydimethylsiloxane (PDMS), polyurethane, cellulose
paper, cellulose sponge. polyurethane sponge, polyvinyl
alcohol sponge, silicone sponge, polystyrene, polyimide,
SU-8, wax, olefin copolymer, polymethyl methacrylate
(PMMA) and polycarbonate.

12. The device of any one of claims 1-3, wherein said
functional substrate has a dielectric constant greater than or
equal to 2.0.

13. The device of any one of claims 1-3, wherein said
functional substrate has a dielectric constant selected from a
range of 2.20 to 2.75.

14. The device of any one of claims 1-3, wherein said
functional substrate has lateral dimensions or a diameter less
than or equal to 700 mm?.

15. The device of any one of claims 1-3, wherein said
functional substrate has a permeability for said biofluid
greater than or equal to 0.2 g/h m>.

16. The device of any one of claims 1-3, wherein said
functional substrate has a coeflicient of thermal expansion
selected from a range of 1/° C. (x107%) to 3/° C. (x10%).

17. The device of any one of claims 1-3, wherein said
functional substrate has a porosity greater than or equal to
0.5.

18. The device of any one of claims 1-3, wherein said
microfluidic transport is spontaneous microfluidic transport
via capillary force.

19. The device of any one of claims 1-2 further compris-
ing at least one microfluidic channel having a substantially
uniform lateral dimension.

20. The device of any one of claims 3 and 19, wherein said
microfluidic channel has a length selected from a range of 1
mm to 7 cm.

21. The device of any one of claims 3 and 19, wherein said
microfluidic channel has a width selected from a range of
100 um to 1 mm.

22. The device of any one of claims 1-3, wherein said
biofluid is selected from the group consisting of sweat, tears,
saliva, gingival crevicular fluid, interstitial fluid, blood and
combinations thereof.

23. The device of any one of claims 1-3, wherein said
sensor is a non-pH colorimetric indicator.

24. The device of any one of claims 1-3, wherein said
sensor comprises an electrical sensor, a chemical sensor, a
biological sensor, a temperature sensor, an impedance sen-
sor, an optical sensor, a mechanical sensor or a magnetic
Sensor.

25. The device of any one of claims 1-3, wherein said
sensor is an LC resonator.

26. The device of any one of claims 1-3 further compris-
ing an actuator.

27. The device of claim 26, wherein said actuator gener-
ates electromagnetic radiation, acoustic energy, an electric
field, a magnetic field, heat, a RF signal, a voltage, a
chemical change or a biological change.

28. The device of claim 26, wherein said actuator com-
prises a heater, a reservoir containing a chemical agent
capable of causing a chemical change or a biological change,
a source of electromagnetic radiation, a source of an electric
field, a source of RF energy or a source of acoustic energy.

29. The device of any one of claims 1-3 further compris-
ing a transmitter, receiver or transceiver.
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30. The device of any one of claims 1-3 further compris-
ing at least one coil.

31. The device of claim 30, wherein said at least one coil
is a near-field communication coil.

32. The device of claim 30, wherein said at least one coil
is an inductive coil.

33. The device of claim 30, wherein said at least one coil
comprises a serpentine trace.

34. The device of any one of claims 1-3, wherein said
sensor is a colorimetric indicator.

35. The device of claim 34, wherein said colorimetric
indicator is disposed within a cavity of said functional
substrate.

36. The device of claim 35, wherein said cavity is
connected to an opening at a surface of said functional
substrate by a microfluidic channel.

37. The device of claim 34, wherein said colorimetric
indicator changes color in response to an analyte in said
biofluid.

38. The device of claim 34, wherein said colorimetric
indicator is embedded in a matrix material selected from the
group consisting of filter paper, polyhydroxyethylmethacry-
late hydrogel (pHEMA), agarose gel, sol-gel and combina-
tions thereof.

39. The device of claim 34, wherein said colorimetric
indicator comprises a cobalt dichloride salt.

40. The device of claim 34, wherein said colorimetric
indicator comprises a chemical selected from the group
consisting of glucose oxidase, peroxidase, potassium iodide
and combinations thereof.

41. The device of claim 34, wherein said colorimetric
indicator comprises a chemical selected from lactate dehy-
drogenase, diaphorase, formazan dyes and combinations
thereof.

42. The device of claim 34, wherein said colorimetric
indicator comprises a  2,4,6-tris(2-pyridiyl)-s-triazine
(TPTZ) complexed with mercury ion or iron jon.

43. The device of claim 34, wherein said colorimetric
indicator comprises a 2,2'-bicinchoninic acid.

44. The device of claim 34, wherein said colorimetric
indicator comprises a 1,10-phenanthroline.

45, The device of claim 34, wherein the colorimetric
indicator comprises a universal pH indicator.

46. The device of any one of claims 1-3, wherein the
device is a skin-mounted sensor.

47. The device of claim 46, wherein said skin-mounted
sensor quantitatively and/or qualitatively monitors said bio-
fluid of a subject.

48. The device of any one of claims 1-3, wherein the
device has a modulus and a thickness within a factor of 2 of
a modulus and a thickness of an epidermal layer of the skin
of a subject.

49. The device of any one of claims 1-3, wherein the
device has an average modulus less than or equal to 500 kPa.

50. The device of any one of claims 1-3, wherein the
device has an average modulus selected from a range of 0.5
kPa to 100 kPa.

51. The device of any one of claims 1-3, wherein the
device has a net bending stiffness less than or equal to 1 nN
m.

52. The device of any one of claims 1-3, wherein the
device has a net bending stiffness selected from a range of
0.1to 1N m.
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53. The device of any one of claims 1-3, wherein the
device has a footprint selected from a range of 300 mm? to
2000 cm®.
54. A method of making a device for monitoring a biofluid
comprising:
providing a functional substrate that is mechanically
matched to skin; wherein said functional substrate
provides for microfluidic transport of said biofluid; and

providing at least one sensor supported by said functional
substrate.

55. A method of making a device for monitoring a biofluid
comprising:

providing a functional substrate that is thermally matched

to skin; wherein said functional substrate provides for
microfluidic transport of said biofluid; and

providing at least one sensor supported by said functional

substrate.

56. A method of making a device for monitoring a biofluid
comprising:

providing a functional substrate that provides for micro-

fluidic transport of said biofluid through one or more
microfluidic channels each having a substantially uni-
form lateral dimension; and

providing at least one sensor supported by said functional

substrate.

57. A method for monitoring a biofluid comprising:

providing a device comprising a functional substrate that

is mechanically matched to skin; wherein said func-
tional substrate provides for microfluidic transport of
said biofluid; and at least one sensor supported by said
functional substrate;

applying said device to the skin of a subject; and

obtaining data from said at least one sensor; wherein said

data provide quantitative and/or qualitative information
about said biofluid of said subject.

58. A method for monitoring a biofluid comprising:

providing a device comprising a functional substrate that

is thermally matched to skin; wherein said functional
substrate provides for microfluidic transport of said
biofluid: and at least one sensor supported by said
functional substrate;

applying said device to the skin of a subject; and

obtaining data from said at least one sensor; wherein said

data provide quantitative and/or qualitative information
about said biofluid of said subject.

59. A method for monitoring a biofluid comprising:

providing a functional substrate that provides for micro-

fluidic transport of said biofluid through one or more
microfluidic channels each having a substantially uni-
form lateral dimension; and at least one sensor sup-
ported by said functional substrate;

applying said device to the skin of a subject; and

obtaining data from said at least one sensor; wherein said

data provide quantitative and/or qualitative information
about said biofluid of said subject.

60. The method of any one of claims 54-59, wherein said
functional substrate is an elastomeric substrate.

61. The method of any one of claims 54-59, wherein the
device further comprises a component for extracting inter-
stitial fluid or blood from a subject.

62. The method of claim 61, wherein the component for
extracting interstitial fluid or blood is selected from a
microneedle component, a reverse iontophoresis component
and a thermal microabrasion component.
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63. The method of any one of claims 54-59, wherein said
functional substrate has a modulus less than or equal to 100
MPa.

64. The method of any one of claims 54-59, wherein said
functional substrate has a dielectric constant greater than or
equal to 2.0.

65. The method of any one of claims 54-59, wherein said
functional substrate has a permeability for said biofluid
greater than ot equal to 0.2 g/h m?,

66. The method of any one of claims 54-59, wherein said
functional substrate has a coeflicient of thermal expansion
selected from a range of 1/° C. (x1076) to 3/° C. (x10*).

67. The method of any one of claims 54-59, wherein said
sensor is a colorimetric indicator.

68. The method of any one of claims 54-59, wherein said
sensor is a non-pH colorimetric indicator.

69. The method of any one of claims 54-59, wherein said
sensor comprises an electrical sensor, a chemical sensor, a
biological sensor, a temperature sensor, an optical sensor, a
mechanical sensor or a magnetic sensor.

70. The method of any one of claims 54-59, wherein said
sensor is an LC resonator.

Aug. 17,2017

71. The method of any one of claims 54-59, wherein said
device further comprises an actuator that generates electro-
magnetic radiation, acoustic energy, an electric field, a
magnetic field, heat, a RF signal, a voltage, a chemical
change or a biological change.

72. The method of any one of claims 54-59, wherein said
device further comprises a transmitter or receiver.

73. The method of any one of claims 54-59, wherein said
device further comprises at least one coil.

74. The method of claim 73, wherein said at least one coil
is a near-field communication coil.

75. The method of claim 73, wherein said at least one coil
is an inductive coil.

76. The method of any one of claims 54-59, wherein the
device has a modulus and a thickness within a factor of 2 of
a modulus and a thickness of an epidermal layer of the skin
of a subject.

77. The method of any one of claims 54-39, wherein said
device has an average modulus less than or equal to 500 kPa.

78. The method of any one of claims 54-59, wherein said
device has a net bending stiffness less than or equal to 1 nN
m.
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