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ABSTRACT

DIRECT PRINTING OF CONDUCTIVE INKS FOR ORGANIC ELECTRONICS AND
WEARABLE MICROFLUIDICS

FEBRUARY 2019
ADITI R. NAIK, B.S., CORNELL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor James J. Watkins

This dissertation examines the direct printing of conductive inks on polymeric
substrates for applications in organic electronics, microfluidic valving systems, and
wearable sweat sensors. The inexpensive production of solution-based electrodes with
high electrical conductivity is necessary to enable the next-generation of printed, flexible,
and organic electronics. Specifically, the optimization and printing of liquid-phase
graphene ink and nanoparticle-based silver ink by soft nanoimprint lithography and
inkjet-printing is discussed to achieve printed functional devices. Using scalable low-cost
patterning systems, these flexible applications are compatible with roll-to-roll processing,
enabling large-scale manufacturing. This research expands the knowledge of high-
resolution printing optimization for the direct patterning of organic electronics and
development of sweat-based microfluidics for point-of-care diagnostic devices.

Chapter 1 describes the introduction of liquid bridge-mediated transfer printing of
graphene ink for customizable electrodes and interconnects. Flexible, printed, and
organic electronics are hindered by low transistor integration density due inherent size

resolutions of traditional printing technology. In comparison, soft nanoimprint



lithography-based methods offer an alternative high-throughput method and roll-to-roll
compatible patterning of electrodes. Graphene ink is directly printed using an ethanol
liquid bridge to produce uniform and precise electrodes, squares, dots, and line arrays on
a variety of substrates, illustrating the versatility of transfer printing. Furthermore, single-
crystal transistors were fabricated using printed graphene electrodes with both n-type and
p-type semiconductors, revealing excellent transfer and output characteristics in ambient
conditions. Organic inverters were also produced by integration of n-type and p-type
devices, demonstrating high gain values and symmetric switching. This work extends the
high-resolution applications of solution-based graphene ink for the field of organic
printed electronics.

The second chapter focuses on the development of robust electrowetting valves
for sweat-based wearable microfluidic devices. Despite important advances in wearable
sweat sensors, there are few reports regarding the integration of valving mechanisms into
these devices. This incorporation of microfluidic valves for time-stamped sweat
collection or multiple reagent reservoirs would enable the capability of complex analysis
for improved personal health monitoring. Electrowetting valves offer compelling
opportunities for portable, disposable, low-cost, and flexible valving systems with low
power requirements for actuation. The fabrication and assessment of wearable
electrowetting valves using a hydrophilic substrate for capillary-driven flow and medical-
grade skin adhesive for conformal body contact is introduced. Moreover, these
electrowetting valves for sweat-based microfluidics outperformed the electrowetting

valves discussed in previous literature in terms of valve hold time and electrode spacing.



These solution-based and low voltage valves broaden the applications of electrowetting
valves for point-of-care diagnostics in the area of noninvasive personal sweat monitoring.

Finally, Chapter 3 evaluates the performance of a microfluidic sweat sensing
platform developed using scalable printed electronics and low-cost adhesive-based
microfluidics. Sweat contains valuable information regarding electrolytes, amino acids,
small molecules, and proteins levels within the body. Harnessed as a diagnostic tool,
sweat would enable individuals to gain a deeper understanding of overall health status
through personalized and wearable monitoring. Specifically, an inexpensive skin-
compatible microfluidic platform is developed for continuous glucose monitoring
through sweat. Solution-based electrochemical sensor electrodes are optimized for inkjet-
printing and electrodeposition conditions. Additionally, an elastomeric polymer skin is
fabricated, imitating human eccrine sweat gland size and distribution. This synthetic skin
IS integrated with the microfluidic glucose sensor to deliver artificial perspiration through
the device at physiologically relevant sweating flow rates. Lastly, the sensor performance
demonstrated glucose detection at levels measureable in human sweat for diabetic

patients.
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CHAPTER 1
PRINTED GRAPHENE ELECTRODES FOR ORGANIC ELECTRONICS

The scalable fabrication of high-resolution electrodes and interconnects is
necessary to enable advanced, high-performance, printed, and flexible electronics. We
demonstrate the direct printing of graphene patterns with feature widths from 300 pm to
~310 nm by liquid-bridge-mediated nanotransfer molding. This solution-based technique
enables residue-free printing of graphene patterns on a variety of substrates with surface
energies between ~43 and 73 mN m™!. Using printed graphene source and drain
electrodes, high-performance organic field-effect transistors (OFETS) are fabricated with
single-crystal rubrene (p-type) and fluorocarbon-substituted dicyanoperylene-3,4:9,10-
bis(dicarboximide) (PDIF-CN.) (n-type) semiconductors. Measured mobilities range
from 0.2 to 2.1 cm? V!'s!' for rubrene and 0.1 to 0.6 cm? V!'s ! for PDIF-CN..
Complementary inverter circuits are fabricated from these single-crystal OFETs with
gains as high as ~50, as shown in Figure 1. Finally, these high-resolution graphene
patterns are compatible with scalable processing, offering compelling opportunities for

inexpensive printed electronics with increased performance and integration density.
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Figure 1. Printed Graphene Electrodes for Organic Inverters. (Left) Optical profilometry
of graphene electrodes, (Right) Inverter schematic and performance characteristics of p-
type and n-type single-crystal semiconductors on graphene electrodes.



1.1 Introduction

Flexible, printed, and organic electronics are predicted to dominate a $73.4 billion
market by 2027, demonstrating rapid growth from the recent $29 billion market in 2017.
This market advancement will be largely driven by organic light-emitting diodes
(OLEDs) for display applications, e.g. monitors, televisions, laptops, smartphones. The
second largest contributor will be the conductive inks developed for direct and solution-
processable patterning of interconnects used in printed electronics. These conductive inks
are mainly derived from metal nanoparticles or infused with carbon nanomaterials and
valued for their mechanical flexibility and low resistivity. Flexible electronics are also
poised for tremendous growth, particularly in the fields of integrated logic devices and
reliable sensors; however, these areas still require extensive research and development
prior to commercialization.?

A critical challenge for large-scale production of flexible, printed, and organic
electronics for low-cost, high-performance applications remains the realization of
inexpensive and high-throughput fabrication.? For rigid silicon-based electronics,
expensive nanofabrication facilities are built for individual processing of integrated
circuit chips. Each chip is produced by extensive manufacturing through separate
lithography, deposition, and etching fabrication units housed within a cleanroom
environment. Similarly, organic electronics are commonly produced by high-pressure
vacuum-based thermal evaporation and deposition of metals and organic small molecules
within an inert glove box environment.® In contrast, truly low-cost and rapid device
fabrication can be achieved by roll-to-roll processing, also known as web processing.

This technology originated from the coating and paper industries where several



manufacturing steps are performed on a single roll of material at fast production speeds.
For electronics, roll-to-roll processing would allow for multiple processing steps ideal for
solution-based methods, e.g. printing, coating, deposition, etc., to occur on a single roll of
plastic or metal foil as shown in Figure 2 below.* Therefore, it is imperative to translate
expensive organic electronics fabrication to solution-based, roll-to-roll amendable

methods.

Figure 2. Roll-to-roll manufacturing. (Left) Watkins group roIIto-roII coater. (Right)
FabricaFion of high-resolution nanoimprinted polymer structures by roll-to-roll
processing.
1.2 Organic Field-Effect Transistors

The transistor is the key component of modern electronics, which serves as an
electric valve to control and direct the flow of electrons. Developed by John Bardeen,
Walter Brattain, and William Shockley in 1947 at AT&T’s Bell Labs, the first transistor
was produced using germanium as a semiconductor with gold contacts. Bardeen,
Brattain, and Shockley were later awarded the Nobel Prize in 1956 in Physics for their
ground-breaking work on semiconductors and transistors. The term “transistor” was first

coined by John Pierce, as a combination of the words: tranconductance and varistor, and

selected through an internal vote within Bell Lab employees.® Scientific advances led to



the integration density of transistors doubling every year, a trend that was termed
“Moore’s Law” by Intel cofounder Gordon Moore, as shown in Figure 3a.° Presently,
silicon-based transistors are pushing the 10 nm node, resulting in the most high-
performance electronics to date; however, it is difficult to integrate silicon into flexible

electronic devices due to silicon’s inherently brittle nature and lack of flexibility.
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Figure 3. Design of Flexible Organic Transistors. (a) Moore’s law demonstrating current

silicon-based transistor feature size.” Flexible transistors currently have channel lengths
~50um, comparable to silicon-based transistor size before pre-1970s. (b) Schematic of
flexible, organic field-effect transistor device.® (c) Evaporated gold electrodes for OFET?®
(left), and inkjet-printed silver electrodes for OFET (right).

Therefore, researchers have focused on improving the organic field-effect
transistor (OFET), which is based on organic small molecules or polymers to allow for
truly flexible and even transparent transistors. The OFET is composed of conductive
source and drain electrodes connected by a semiconductor material, which can control

electric current by switching between an ON and OFF state. Above the semiconductor

sits the dielectric layer, which allows for the electric polarization of charges, which is



controlled by the conductive gate electrode, as shown in Figure 3b.1! Over the past 25
years, incredible advances in the field of OFET research have improved device
performance by 3-4 orders of magnitude and led to a greater understanding of transport
phenomena within organic semiconductors.!!

A brief introduction to the operation of an OFET begins with a discussion of
charge density modulation within the semiconductor layer, which is probed through three
observable external quantities, shown in Figure 4a.12 An applied voltage, known as the
source-drain voltage (Vas), is applied to the source electrode, resulting in charge injection
from the electrode into the semiconductor material. Efficient charge injection is
dependent on the relationship between the work function of the conductive electrode and
the molecular orbital energy levels of the semiconductor material. This remains a critical
issue for OFETS, since poor charge injection will result in decreased performance and
increased contact resistance.'® Significant research has improved hole-transporting p-type
semiconductors as well as electron-transporting n-type semiconductors. Next, the charge
density within the semiconductor or active layer is modulated by an applied gate-source
voltage (V) through the insulator layer. The choice of the dielectric material is important
as it influences the operating voltage of the OFET device. A poorly deposited dielectric
layer may introduce pinhole defects, leading to undesired leakage currents between the
gate electrode and source or drain electrodes.'* Finally, drain-source current (lgs) refers to
the current which passes through the active layer and is collected by the drain electrode.
The lgs of a device can be largely affected by unwanted charge traps at the
semiconductor-dielectric interface and are especially a challenge for solution-based

OFETs.®®
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Figure 4. OFET Performance. (a) Schematic of components and current flow within an
OFET. Representative (b) output curves of lgs versus Ve demonstrating the linear regime
at low Vg and (c) transfer curves of las versus Vgs.'2

Using these three measurable quantities (lss, Vas, Ve), the following three
important performance characteristics: electron mobility (u), voltage threshold (V), and
switching current ratio (lonorr) can be calculated. The basic relationship between these

parameters are described in the subsequent two equations, which are fully derived and
explained in several book chapters and tutorials.!

Linear Regime: I45 = % uCi(Vg — Vi — %)Vds [1]

Saturation Regime: 145 = % uC; (Vg — V)2 [2]
Additionally, the device channel length (L), width (W), and capacitance per unit area (Ci)
must be known. The OFET operates in the saturation regime when the lgs reaches a
plateau when plotted against Vs, as shown by the bolded lines of increasing Vg on a
representative output curve in Figure 4b, and in the linear regime prior to this occurrence
at low Vgs values. If the lgs is plotted instead against the Vg at increasing Vs, this is
known as the transfer curve (see Figure 4c). The V1 describes the voltage needed to

produce a conducting channel through the active layer, effectively turning the device ON,

while the lonorr demonstrates the ratio of lgs between the ON and OFF states of the



device. Finally, p can be experimentally obtained through calculating the slope in
Equations 1 or 2 above.'

During the fabrication of organic electronics, particularly organic transistors, one
of the most costly and time-consuming steps is the deposition of metal contacts for the
source, drain, and gate electrodes. The most common technique is vacuum evaporation of
metal through a shadow mask in an inert atmosphere, ordinarily within a glove box or
clean room environment. Precious metals, such as gold, silver, and platinum, are
commonly used for OFET electrodes.!! The high cost of these electrodes derives from the
expensive nature of these metals, e.g. gold is $1200 per ounce, as well as the energy
required to pressurize the vacuum chamber. However, there are two key advantages of
using evaporated metal electrodes: the chemical nature of these materials and the high-
resolution patterning achieved by evaporation. First, these highly conductive metals
demonstrate chemical stability and inertness while in contact with a variety of
semiconductors, dielectrics, and solvents. Secondly, gold electrodes have well-matched
work functions for efficient charge injection into semiconductor materials, and offer
routes to tailor their energetic compatibility through doping by self-assembled
monolayers. Finally, these materials are electrically capable and robust to handle large
voltages and currents over long periods of time.’

The second advantage refers to the patterning resolution achievable by vacuum
evaporation of metals, which is unparalleled compared to conventional printing
technologies, reaching resolutions of 5-10 um (see Figure 3c).!® Recent advances in
printing technologies have explored pathways to produce metal conductors using metal

nanoparticle-based inks and fabricating transistors contacts by inkjet-printing, screen-



printing, and gravure printing. However, these methods are inherently limited by low
throughout and low resolution.'® Optical images of evaporated gold electrodes and inkjet-
printed silver electrodes are shown in Figure 3c. Transistors fabricated by solution-based
printed approaches for flexible electronics remain above 50 pm in channel width
(comparable to pre-1970s technology) due to the resolution limitations of these
commercial processing techniques.” To translate these advantages to a low-cost, roll-to-
roll process, both an alternative conductive material and processing technique are

required.

1.3 Soft Nanoimprint Lithography

As the semiconductor industry achieved higher transistor integration in
accordance with Moore’s law, the production cost for integrated circuits similarly
increased dramatically. Presently, the industry is focused on developing extreme
ultraviolent lithography, known as EUV, to attain 13.5 nm feature size by 2020. A critical
challenge to ensure the future success of high-performance electronics is the realization
of manufacturing techniques that possessed nanoscale accuracy and precision. Several
technologies to produce submicron features exist, including electron beam, x-ray, and
scanning probe lithography; however, these methodologies are high cost and low
throughput, resulting in expensive manufacturing facilities.?® Currently, directed self-
assembly of block copolymers as a bottom-up fabrication method and nanoimprint
lithography as a top-down method have shown potential for next-generation nanoscale

patterning.?



Nanoimprint lithography was first established in a landmark Science paper by
Stephan Chou, Peter Krauss, and Preston Renstrom at the University of Minnesota in
1996.22 This technique was inspired by compression molding, where a material is placed
in contact with a prefabricated patterned mold and subjected to high temperature, used to
produce the micron-scale grooves on CDs. Similarly, for nanoimprint lithography, a hard
master mold of silicon oxide on a silicon wafer was patterned with 25 nm features using
electron beam lithography. This master was then pressed into poly(methyl methacrylate)
(PMMA), which was heated above its glass transition temperature as shown in Figure 5a,
and the residual layer was removed by reactive ion etching. Next, gold was vacuum-
evaporated over the nanoimprinted PMMA, which was subsequently dissolved by
acetone, producing precise and uniform sub-25 nm gold features.??

At the same time, researchers in George Whitesides’s group had developed the
process of soft nanoimprint lithography the early 1990s at Harvard University. A key
challenge for nanoimprint lithography is damaged incurred on the hard master mold over
several printing replications, which must be reproduced using conventional lithography in
a clean room environment. In comparison, Whitesides’s group developed soft elastomeric
daughter molds using poly(dimethyl siloxane) (PDMS), allowing for a low-cost
alternative, which could be replicated countless times from the original silicon master
mold. To accomplish this, PDMS was cured over a fluorinated master mold and peeled
from the surface, producing a flexible and patterned mold that is also compatible with
roll-to-roll processing.?? The PDMS molds or stamps were demonstrated to produce clean
nanoscale structures with minimal shrinkage. After a decade of dedicated research, soft

nanoimprint lithography has been developed to pattern both organic and inorganic



materials, including nanoparticles for a wealth applications across several fields of
research. In the Watkins’s group, researchers have utilized solvent-assisted nanoimprint
lithography to produce nanostructures antimicrobial surfaces, lithium ion batteries,
biosensors, and photonic woodpile structures as shown in Figure 5. Related direct
printing methods to fabricate structures using soft nanoimprint lithography, include
mircocontact printing,2 microtransfer printing, and micromoulding in capillaries.?
However, many of these methods still suffer from complex processes with multiple steps
and undesired residual layers between structures.
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lithography.?® (b) PDMS mold derived from nanopatterned silicon master mold. (c)
Nanoimprinted antimicrobial surface by Feyza Dundar. (d) 3D woodpile structure for
photonic applications by Irene Howell. (b) Various nanostructures and features imprinted
by Rohit Kothari.

A recently developed approach to direct printing which relies on PDMS molds is
liquid-bridge-mediated transfer molding process (LB-nTM), demonstrated by Sung et al.
(2010) to print high-resolution structures on a variety of substrates.?® Here, microscale
patterns are created on the PDMS molds, which instrinsically have a low surface energy

of 20 mJ/m?2.% These structures within the PDMS stamp are back-filled with an ink using
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discountinuous dewetting, which is dependent on the difference in surface tension of the
ink with respect to the surface energy of the mold material. Generally, the ink solution
must have a surface tension of 30-70 mJ/m? to dewet cleanly without leaving a residual
layer on the surface of the stamp. To print, a few drops of the ink solution are pipetted
onto the patterned stamp and drawn over the surface using a needle, allowing the ink to
fill the structures, but dewet completely from the surface of the stamp. This printing also
results in the transferred pattern suffering no surface diffusion during the printing
process, preventing the formation of a residual layer between the structures.?’?® As
shown in Figure 6a, a layer of a polar solvent serves as the capillary bridge between the
dried ink confined in line array mold and the substrate, resulting in uniform and cleanly

printed structures with small feature sizes.
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Figure 6. Liquid-bridge Mediated Nanotransfer Moulding.?® (a) Schematic of liquid-
bridge-mediated nanotransfer molding using silver ink. (b) Patterned zinc-tin oxide
particles. (c) Patterned silver nanoparticles. (d) Patterned 6,13-bis(triisopro-
pylsilylethynyl) pentacene (TIPS-PEN).
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1.4 Solution-Processable Graphene Ink

Graphene has attracted tremendous scientific interest over the past decade in the
field of printed electronics due to its high conductivity, superior electronic properties,
chemical stability, and intrinsic flexibility.?>% The primary method of graphene
production centers on carbon vapor deposition (CVVD) where graphene is growth directly
on metal foils.3! Additional techniques include reduced graphene oxide,3 mechanical
exfoliation,® and laser-annealed graphene.®* Despite these advances, these methods
suffer from high temperature processing and complex procedures to create graphene
films. Liquid-phase exfoliation of graphite capped with a stabilizing polymer offers an
alternative strategy for the rapid production of low-cost and high quality graphene ink.*®
An advantage of a stable dispersion of graphene is the tunability of the solvent, viscosity,
and surface tension of the ink.

The graphene ink developed in the Hersam group at Northwestern University
shows great potential as a non-metallic conductive material for electrodes and
interconnects for flexible electronics. The ink is produced by a liquid exfoliation method
from graphite in a solution of ethanol and ethyl cellulose by probe ultrasonication, and is
available for purchase through Sigma-Aldrich. The ethyl cellulose acts as a polymer
stabilizer to prevent aggregation of graphene flakes composed of a few layers of pristine
graphene, allowing for a stable dispersion of graphene ink in ethanol. As shown in Figure
7b, the graphene ink has been demonstrated to be inkjet-printed on flexible substrates
with no issues of delamination or poor adhesion. Previous literature demonstrates that the
flake thickness within the solution is measured to be between 1.6-1.8 nm with a variation

of flake lateral dimension of 50-400 nm. The conductivity of thin films of graphene on
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SiO, were measured to 2.5 x 10* S/m following thermal annealing at 250°C for 30 min.
This short annealing time is required to decompose the ethyl cellulose and allow for
densification of the graphene flakes. Raman spectroscopy on annealed graphene films
showed insignificant oxidation.*

This graphene ink has been successfully used to fabricate OFETSs,*® SCs,%
diodes,® and bioscaffolds,*® by inkjet-printing,*® gravure printing,** and screen-printing
on flexible substrates*?, showing the potential for scability of this ink for industrial
purposes for a range of applications (see Figure 7). However, traditional printing
techniques for graphene ink offer limited capability to reach smaller features and higher
resolutions while maintaining scalability.® This concern was recently addressed by Song
et al., who demonstrated transfer printing of graphene ink, reaching a line width of 3.2
um.*® However, this method is constrained by its reliance on a UV-curable adhesive as a
substrate to transfer the graphene ink. Therefore, an efficient and versatile strategy for
printing graphene ink directly onto arbitrary substrates using scalable methods remains a

critical challenge.
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Figure 7. Graphene Ink.*° (a) Graphene flakes are capped with ethyl cellulose and
dispersed in an ethanol solution. (b) Inkjet-printing droplet formation of graphene ink. (c)
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Scanning-electron microscopy (SEM) image of printed graphene lines on polyimide
substrate. (d) Low-temperature annealing time to produce conductive graphene. (e)
Transmission electron microscopy (TEM) image of graphene flakes.

1.5 Research Objectives

Here, we present the direct printing of graphene ink by LB-mNT to produce
residue-free patterns on a variety of substrates for organic electronic applications. Several
NIL techniques have been implemented to pattern graphene structures, such as
electrodes*, nanorings®, and ribbons*#’. However, these approaches rely on CVD-
grown or mechanically exfoliated graphene with multiple etching procedures before
reaching the desired graphene patterns. Solvent-assisted NIL using reduced graphene was
also implemented, but required high-temperature annealing following printing.*® In
comparison, a solution-based approach using low-temperature processing to pattern
graphene features in ambient environments would harness the capability of this stable and
conductive material.

To print, liquid-bridge-mediated nanotransfer molding (LB-nTM) will be used,
for which a layer of solvent serves as a liquid-bridge between the graphene confined in a
mold and the target substrate.?® Using graphene source and drain electrodes, we will
fabricate organic transistors and complementary inverters based on single-crystals of
rubrene and fluorocarbon-substituted dicyanoperylene-3,4:9,10-bis(dicarboximide)
(PDIF-CNy), characterizing device mobilities, inverter performance, and gain values.
This solution-based, cost-effective, and low-temperature procedure would be promising
for scalable manufacturing of graphene micropatterns on a variety of substrates for

printed and flexible electronics.
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The organic electronic work on transistors and inverters discussed in this chapter
are the result of a close collaboration with Professor Alejandro Brisefio and his research
group, particularly Dr. Jae Joon Kim, Dr. Ozlem Usluer, and Dr. D. Leonardo Gonzalez.
The graphene ink was produced by Dr. Ethan Secor in Professor Mark Hersam’s group
and the PDIF-CN2 single-crystals by Professor Antonio Facchetti at Northwestern
University. This work was funded by the Center for Hierarchical Manufacturing led by
Professor James Watkins. The discussion that follows has also been peer-reviewed and
published in ACS Applied Materials and Interfaces (DOI: 10.1021/acsami.8b01302) in

early 2018.

1.6 Experimental Section

The graphene ink formulation was produced by ultrasonication of graphite and
stabilized by ethyl cellulose, as reported in previous literature,® and dispersed in ethanol
to form a 10 mg mL"! graphene dispersion. The ethanol was evaporated under a constant
flow of air. The graphene and ethyl cellulose solid was redispersed into isopropanol
(IPA) and sonicated for 20 minutes. N-methylpyrrolidone (NMP) was then added into the
solution and sonicated for another 20 minutes. The final graphene ink used for transfer
printing contained 53 mg mL™ graphene in a solvent system containing 4:1 IPA to NMP
by volume. The IPA and NMP were provided by Fisher Scientific.

The polydimethylsiloxane (PDMS) molds were fabricated from polymeric
masters for transfer printing micropatterns of graphene ink. Patterns were produced on
SU8 photoresist (MicroChem) using a Mylar photomask (FineLine Imaging) by UV

photolithography in a cleanroom environment. The SU8 master mold was exposed to
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oxygen plasma for 2 minutes and fluorinated by vapor deposition of the silanizing agent
(tridecafluoro-1,1,2,2- tetrahydrooctyl) trichlorosilane (Gelest, Inc.) for several hours at
60°C. PDMS molds were created using Sylgard 184 (Dow Corning) mixed in a ratio of
1:10 curing agent to elastomeric base. This mixture was poured over the SU8 master and
allowed to cure overnight at 60°C. The PDMS molds were peeled from the SU8 masters
and used for printing. The depth of the PDMS molds was ~2.2 um for the electrode

design as determined from the SU8 master height profile (Figure 8).
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Figure 8. Height of SU8 master for printed electrodes measured by optical profilometry
to be 2.25um (measurement taken at white dotted line). The height of the fabricated
PDMS daughter molds will demonstrate similar dimensions to the original master mold.

To fill the molds by LN-nTM, a drop of graphene ink was pipetted onto the
corner of the PDMS molds and drawn over the surface using a needle. The ink filled the
structures within the mold, but dewetted from the surface of PDMS, leaving no residue
between the patterns. The filled molds were heated at 65°C for 30 minutes to remove
residual solvent, leaving dried graphene flakes with ethyl cellulose within the mold. For
printing, a drop of ethanol (Pharmco-Aaper) was cast over the substrate and the mold
placed over the solvent layer to produce a liquid-bridge between the dried graphene ink
and substrate. The mold remained over the substrate for 1 hour at 65°C until the ethanol
permeated through the PDMS. The mold was then removed, having transferred the

graphene and ethyl cellulose to the substrate. The printed patterns were annealed at
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250°C for 30 minutes to decompose the ethyl cellulose, producing conductive graphene
patterns.

To fabricate the devices, silicon wafers with a 300 nm SiO. layer (Addison
Engineering) were cleaned by sonication using soap and water, water, acetone, and
isopropanol, each for 15 minutes, and dried under a stream of N». Prior to device
fabrication, the wafers were exposed to UV/Ozone treatment for 10 minutes. For both
OFETs and inverters, graphene electrodes were printed and annealed on the surface of the
SiO2/Si wafer. High quality, single-crystals of rubrene and PDIF-CN2 were grown by
physical vapor transfer (PVT), as described previously.*® The crystal dimensions were
several millimeters in length and width and ~200 to 800 nm in thickness. Single-crystals
were placed on top of the graphene electrodes to complete the organic field-effect
(OFET) and inverter fabrication, and all devices were measured under ambient
conditions.

Several characterization techniques were used to analyze the graphene ink and
printed graphene patterns. For the graphene ink used for LB-nTM, the ink viscosity (m-
VROC Viscometer, RheoSense) and surface tension (Sigma 701 Force Tensiometer,
Dyne Testing) were measured. Optical microscopy (OM, Zeiss Axio Scope Al), scanning
electron microscopy (SEM, FEI Magellan 400 XHR) and energy dispersive Xx-ray
spectroscopy (EDS, FEI Magellan 400 XHR) were used to image the surface of the
graphene patterns. A 3D optical surface profiler (OP, Nexview, Zygo Corporation) was
used to measure height profiles of printed graphene, and atomic force microscopy (AFM,
Veeco Dimension 310) was used for surface roughness measurements. The conductivity

of planar films of graphene ink was measured by a four-point resistivity system from
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Signatone. The OFET and inverter devices were characterized using a Keithley 4200
system. The surface energy of the various substrates was determined by the geometric
mean method with diiodomethane (Sigma Aldrich) and water using a video contact angle

system (VCA Optima, AST Products, Inc.).

1.7 Printed Graphene Structures

The fabrication of printed graphene electrodes by LB-nTM is shown below. Here,
microelectrode structures composed of opposite facing “Alphabet L” designs with 10 um
and 50 um gaps were selected for printing to allow for straightforward OFET
measurements. For LB-nTM, polydimethylsiloxane (PDMS) molds were filled with
graphene ink as a result of discontinuous dewetting.'®® Optical microscopy (OM) and

scanning electron microscopy (SEM) images of the mold are shown in Figure 9e and f.

5 mm 150pm 100pm
Figure 9. Direct printing of graphene electrodes. (a) Image of a vial of graphene ink. (b)
Illustration of liquid-bridge created by solvent between dried graphene ink and substrate.
(c) Large-area image of graphene electrodes printed on SiO; substrate. (d) Schematic of
printing graphene ink by LB-nTM. (e-j) OM and SEM images, respectively, of (e, f)
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PDMS mold, (g, h) graphene ink within mold, and (i, j) graphene electrodes printed onto
Si0z. Scale bar for OM images is 150 um and for SEM images is 100 pum.

The solvent system for the graphene ink was specifically designed for LB-nTM
printing. This graphene ink is a stable dispersion of graphene flakes produced by liquid-
phase exfoliation from graphite in a solution of ethanol and ethyl cellulose by probe
ultrasonication, as discussed in previous literature.®® The ethyl cellulose acts as a polymer
stabilizer to prevent aggregation of the graphene flakes, which range from 1 to 5 nm in
flake thickness and 50 to 400 nm in lateral dimension.®® The graphene ink produced for
LB-nTM was composed of 53 mg mL™! graphene stabilized by ethyl cellulose in 4:1
isopropanol (IPA) and N-methylpyrrolidone (NMP) by volume, as shown in Figure 1a.

To fill the PDMS molds, a drop of ink was drawn across the surface of the mold
with a needle. The low boiling point of IPA (82 °C) allowed for effective discontinuous
dewetting from the PDMS surface, and the high boiling point of NMP (204 °C) prevented
evaporation prior to complete filling of the mold. The IPA evaporated quickly to allow
for dewetting, while the NMP evaporated slowly enough to fill the individual structures
within the molds. Without such a solvent system, the graphene dispersion would not fully
dewet from the mold surface, or only partially fill the patterned areas. The graphene ink
has a surface tension of ~28 mJ m and viscosity of ~11 mPa s (see Figure 10), which
uniformly filled the mold patterns and dewet from the PDMS surface (surface energy, y =
20 mN m™).2 Prior to printing, the molds filled with graphene ink were dried on a hot

plate to remove the solvent.
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Figure 10. Graphene ink properties for LB-nTM printing. (a) Surface tension of graphene
ink. (b) Viscosity of graphene ink by rate sweep measurement.

For printing, a thin film of a polar solvent served as the capillary bridge between
the dried ink within the PDMS mold and the desired substrate. A drop of ethanol was
dropcast onto the substrate, and the mold was placed on top immediately. Previous
literature indicates that water is also a suitable liquid-bridge solvent for LB-nTM
printing.>1°2 Since solvent polarity can be approximated by dielectric constant, we expect
the LB-nTM method will function for solvents with dielectric constant between 24.3
(ethanol) and 80.4 (water) at room temperature.>® However, ethanol offers several
advantages over using water or other organic solvents when printing electrodes for
electronics devices. The lower surface tension of ethanol (y = 22.07 mN m™)** compared
with water (y = 71.99 mN m™)® allows for increased wetting of the desired substrate.
Ethanol will evaporate quicker than water, which leads to faster printing.>® Additionally,
printing with a water liquid-bridge may introduce impurities and contaminants on the
surface, which would serve as charge traps or affect the dielectric or semiconductor
layers used in the device.®” Finally, ethanol is considered an environmentally-friendly
solvent with a low EHS indicator score and is commonly used in household products and

industrial processes.> Methanol is the only other polar solvent with a low indicator score,
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but it is toxic in large quantities and known to cause blindness. Therefore, compared with
other solvents, printing with ethanol will allow for a safer and faster route to large-scale
fabrication of this type of printing technique.

The mold remained over the substrate until the ethanol evaporated, transferring
the graphene flakes with ethyl cellulose onto the substrate. The mold was then peeled off
the substrate to reveal uniformly printed graphene patterns. The transferred graphene
patterns suffered no surface migration or fracture during the direct printing process,
preventing residue formation between the patterns. The large-area print, OM image, and
SEM image of the graphene electrodes on SiO, are shown in Figure 9c, i, and j,
respectively.

Following printing, the graphene patterns were annealed at 250°C to decompose
the ethyl cellulose capping the graphene flakes, which allowed for efficient flake-to-flake
charge transport and thus highly conductive patterns.*® The planar conductivity of spin-
coated films at the thickness of the 10 pm and 50 um electrodes was ~7.8x103 S m™! and
~8.1x10° S m™!, respectively. The sheet resistance of the graphene ink was measured to
be ~5.9x10% Q sq!. The graphene electrodes were further characterized by SEM as
shown in Figure 11, demonstrating well-packed graphene flakes confined to the desired

printed regions.

Figure 11. SEM images of graphene surface. (a) Graphene electrodes, (b) Tilted edge of
electrode, (c) High-resolution image of graphene flakes on electrode surface.
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Along with the electrode patterns, micropatterns and nanopatterns of graphene
squares, dots, and line arrays were printed on SiO», as shown in Figure 12. The larger
graphene micropatterns, such as the electrode design (Figure 12j), squares (Figure 12b),
and dots (Figure 12e), demonstrate the printing uniformity by LB-nTM over large areas,
while the line array pattern demonstrates the high-resolution patterning achievable with
this graphene ink, shown in Figure 12h, i. The width of the graphene lines is 310 nm + 60
nm (average of 30 line width profiles), similar to the lateral dimension of individual
graphene flakes, and thus approaching the maximum resolution for this ink. To reach
higher resolutions, the flake size could be decreased further by mechanical or chemical

routes prior to ink formulation.
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Figure 12. SEM images of printed graphene patterns on SiO>. OM images of printed
graphene (a) squares, 140 um by 140 pum, (d) dots, 35 um diameter, (g) lines, 310 nm +
60 nm width. SEM images of graphene (b, ¢) squares, (e, f) dots, and (h, i) lines.
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Graphene patterns can be directly printed onto a variety of substrates using LB-
nTM. In comparison, conventional direct printing methods, such as inkjet, screen, and
aerosol jet printing, require time-consuming optimization to tailor the printing conditions
of an ink to the surface energy of the substrate.>® LB-nTM printing uses a liquid-bridge to
facilitate printing, which is less affected by the surface energy of the substrate. Ethanol as
the liquid-bridge solvent allows for increased wetting on surfaces due to its low surface
tension (y = 22.10 mN m™).>* As shown below, graphene electrodes can be reliably
printed on several substrates commonly used for printed electronics, including SiOa,
glass, gold, polyethylene terephthalate (PET), and polyimide (PI). These substrates
demonstrated a range of surface energies between ~43 and 73 mN m™!, which are within
the expected values for these materials.®%-%2 The results highlight the adaptability and
versatility of this printing method to a broad range of surfaces. As a note, while the
printed graphene in Figure 13d is unannealed due to the limited thermal stability of PET,
photonic annealing could be accomplished for this sample without damaging the low-

temperature substrate.®3

a SiO, Glass ¢ Gold

- - .A

Figure 13. Graphene electrodes printed on a variety of substrates. OM image, scale bar
100 um (top) and large-area sample, scale bar 5 mm (bottom) of printed graphene
electrodes on (a) SiO2 (surface energy, y~73 mN m™), (b) glass (y~68 mN m™), (c) gold
(y~47 mN m™?), (d) PET (unannealed) (y~45 mN m™), and (e) PI (y~43 mN m%).
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The LB-nTM printing method is also applicable for uniform, controlled, and
large-area fabrication of graphene patterns as shown by the height profiles in Figure 4.
The graphene ink was tailored to produce uniform height profiles for the graphene
electrode pattern. Twenty sets of electrodes with spacings of 10 um and 50 pm were
printed on SiO2 (Figure 14a, d). The height profiles and surface characteristics were
measured by optical profilometry (OP), atomic force microscopy (AFM), and SEM. A
3D image of a single set of electrodes of both 10 pm and 50 pm spacings are shown in
Figure 4b and 4e to visualize the high-resolution, uniform printing. The average height
for electrodes with 10 um spacing was 250 + 11 nm, and for electrodes with 50 pm
spacing was 238 = 6 nm. While this depth is much greater than the height profile of the
printed graphene electrodes, it can be varied accordingly by controlling the spin-coated
thickness of the SU8 photoresist mixture prior to photolithography. Similarly, the height
of the graphene electrodes can be increased by drawing additional layers of ink across the
mold as demonstrated by Song et al. (2017).* Individual line profiles for a single pair of
electrodes with 10 um and 50 um spacings are shown in Figure 14c,f, and the average
heights for nine electrode sets are shown in Figure 4i. The surface roughness (Ra) of the
printed electrodes with 10 pum and 50 pm spacings were measured to be 39 = 2 nm and 41
+ 5 nm, respectively (average of 3 AFM scans for 10 um x 10 um surfaces). The AFM
image (Figure 14g) shows the individual flakes of graphene, which contribute to the
surface roughness of the electrodes. High-resolution SEM images of the graphene
electrode surface are shown in Figure S4. The uniform edge of the electrode is evident in
a tilted SEM image in Figure 14h, demonstrating the continuous packing of graphene

flakes to form the printed pattern.
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Figure 14. Height profile of graphene electrodes. OP image of twenty sets of printed
electrodes with (a) 10 um and (d) 50 um spacing over a 2 mm x 2.5 mm area on SiO».
The 3D image of single set of electrodes with (b) 10 um and (e) 50 um spacing. Line
profile for electrode set with (¢) 10 um spacing, 250 = 11 nm height, and (f) 50 um
spacing, 238 = 6 nm height, corresponding to the 3D images. (g) AFM image of printed
graphene electrode with surface roughness of 39 + 2 nm and 41 = 5 nm for 10 um and 50
um spacings, respectively. (h) Tilted SEM image of graphene electrode edge. (i)
Electrode height for nine individual sets of graphene electrodes with 10 and 50 pm
spacings.

To confirm residue-free printing, energy dispersive X-ray spectroscopy (EDS)
was used to examine the 10 um gap between a set of electrodes printed on SiO>. In Figure
15, an SEM image and corresponding EDS spectrum are shown with the elements of
carbon, oxygen, and silicon. The elemental mapping confirms the lack of carbon in the 10

um gap between the electrodes, verifying graphene was only printed where desired.
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Figure 15. EDS spectrum of printed graphene. (a) SEM image of graphene electrodes on
a SiO; substrate. (b) EDS spectrum showing elemental peaks from carbon, oxygen, and
silicon. (c) Residue-free printing demonstrated by elemental mapping of C, O, and Si.
1.8 Organic Transistors and Inverters

The printed graphene electrodes were used to fabricate OFETs with rubrene (p-
type) and PDIF-CN2 (n-type) single-crystals, as shown in Figure 17b. Graphene
electrodes were printed on highly doped Si with SiO> (300 nm), which served as the gate
electrode and dielectric layer, respectively, of the transistor. The OFET devices were
measured under ambient conditions, since rubrene and PDIF-CN2 are both air-stable

organic semiconductors.®* The single-crystals were grown by PVT and placed over the

graphene electrodes, as shown in Figure 16 below.
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Figure 16. Rubrene single-crystal on graphene electrodes. (a) OM image of thin rubrene
crystal over graphene electrodes after OFET measurement, (b) SEM image of rubrene
crystal in contact with SiO2 and graphene electrode.

The p-channel and n-channel electrical characteristics of these devices are shown
in Figure 17c,d. The output curves shown in Figure 17d indicate well-resolved current
modulation at large source-drain voltages (Vas) as applied gate voltage (V) is increased.
The transfer characteristics are shown in Figure 17c¢ with a plot of both the log and the
square root of the source-drain current (lgs) as a function of V. As expected, a linear
increase in the square root of lgs as a function of Ve is demonstrated. The rubrene
transistors exhibited a maximum mobility of 2.1 cm? V! s™!, a current on/off ratio of 108,
and a threshold voltage of 0.02 V at a constant Vgs of -60 V. The PDIF-CN2 devices
showed a maximum mobility of 0.6 cm? V's™!, a current on/off ratio of 10°, and a
threshold voltage of 5.1 V at a constant Vgs of 60 V. Mobilities from six individual
single-crystal devices ranged from 0.2 to 2.1 cm? V™! s7! for rubrene and 0.1 to 0.6 cm?
Vst for PDIF-CN,. These values were calculated from the saturation region using
Equation 1, where p is mobility, C is the dielectric capacitance, W is the channel width, L

is the channel length, and Vi is threshold voltage.

Ips = 1 C (57) (Vg — Ven)? [3]
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Device performance was further investigated by measuring the mobility as a
function of different Vs (Figure 17e). The mobility was saturated above [Vgs| = 30 V for
both rubrene and PDIF-CN3, suggesting that the mobility values extracted at reasonably
large Vgs values are no longer affected by contact resistance. In Figure 17f, the

dependence of mobility on Vg is plotted using Equation 2.

1
_ﬁ 81452 2
h=ye Gy [4]

It is observed that at higher |Vg|, the mobility becomes V¢ independent. In comparison,
the mobility is dependent on Vg at low Vgs values, which is explained by the fact that
contact resistance increases at lower V.2 We note that for rubrene, the mobility is
contact-limited at Vgs below -25 V. For PDIF-CNy, the device is contact-limited at about
+30 V and below. Podzorov et al. demonstrated the contact resistance effect by
conducting two-probe and four-probe measurements and concluded that two-probe
mobility measurements, as presented here, can be considered “contact-corrected” at
sufficiently high source-drain voltages.®® As demonstrated, our two-probe results are
consistent with their findings.

Finally, we have compared single-crystal rubrene devices fabricated on gold
electrodes with the results of our work. Gold electrodes (4.4-5.1) offers a similar work
function as printed graphene electrodes (4.4-4.5), and the device in the cited study also
uses a SiO: dielectric layer on a Si gate electrode and was measured under ambient
conditions.®® For these devices, the gold/rubrene device demonstrated a mobility of 2.6
cm?/V s. While the mobility values cannot be directly compared due to differences in
work function and electrode material, we demonstrate that our results fall within the

expected range for such device.
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Figure 17. Device characteristics of rubrene and PDIF-CN2 OFETs using printed
graphene electrodes. (a) Rubrene and PDIF-CN2 chemical structures. (b) Schematic of a
single-crystal transistor using graphene as source/drain electrodes with a 50 um channel
length in bottom-gate, bottom-contact geometry on SiO2/Si substrate. (c) Transfer
characteristics at Vgs = -60 V for rubrene and Vg4s = 60 V for PDIF-CN. showing
excellent characteristics and good linearity over a broad Ve range. (d) Output
characteristics for gate biases between -60 V < Vg < -10 V varied in 10 V steps for
rubrene and 10 V < Vg < 60 V for PDIF-CNo>. () Mobility versus Vgs for rubrene and
PDIF-CNoa. (f) Plot of mobility versus Vg at constant Vgs of -60 V for rubrene and 60 V
for PDIF-CN.. Vg: gate voltage, Vas: source-drain voltage, lgs: source-drain current.
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For single-crystal PDIF-CN2 OFETSs, there are no comparable studies for devices
fabricated with a SiO dielectric layer. It has been shown that using different dielectric
layers will significantly affect the mobility of single-crystal devices.®” While we cannot
draw a direct comparison due to this difference, the mobility of our PDIF-CN2/printed
graphene system ranged from 0.1 to 0.6 cm? V' s, which is comparable to the 0.8 to 3
cm? V1 st mobility reported for single-crystal PDIF-CN, OFETs on gold electrodes
measured under ambient conditions.®* The higher mobility reported in this study may be a
result of their PMMA/SIO> dielectric where the polymer layer prevented the effects of
surface bound hydroxyl groups on SiO2, which can act as charge traps.%® Additionally,
Chinanese et al. recently showed that PDIF-CN2/gold interfaces actually hinder charge
injection and allow for parasitic contact effects.®® In comparison, exfoliated graphene
flakes within PDIF-CN: films resulted in a three orders of magnitude increase in the
mobility of PDIF-CN, OFETs.”® We assume a similar effect may be seen with our
graphene electrodes which are also composed of graphene flakes.

Lastly, printed graphene electrodes offer several attractive advantages over
commonly used gold or silver electrodes for OFETSs. In particular, gold electrodes are
expensive to fabricate using solution-processable methods. While silver electrodes are
low-cost and compatible with printed techniques, they require high-temperature
annealing and show poor stability due to oxidation. Several studies using both inorganic
and organic semiconductors have demonstrated superior device performance of graphene
ink electrodes compared with printed silver electrodes.*>* This is because these graphene
ink electrodes allow for good stability and low contact resistance.*®*? Finally, graphene

electrodes also provide better charge injection than metal electrodes due to the tunability
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of the work function to be similar to the organic semiconductor, and also offer the ability
for selective growth of organic semiconductors.”

Finally, as a demonstration of an integrated circuit, we fabricated complementary
inverters using p-type rubrene and n-type PDIF-CN.. The inverter configuration
consisted of single-crystals placed on printed graphene electrodes, as shown in Figure
18a. Well-resolved voltage transfer characteristics are demonstrated in Figure 18b over a
supply voltage (Vdd) range of -80 to 80 V. Depending on the polarity of Vg4, One can
observe defined transfer characteristics in the first and third quadrants of the output (Vout)
versus input (Vin) voltage diagram. These results show symmetric Vou-Vin Switching at
the midpoint voltage (Vada/2), as shown graphically at the intersection of the transfer
curves and the line of Vout = Vin. This symmetry is a result of balanced mobilities,
threshold voltages, and identical geometric factors, including the dielectric layer, channel
width, and channel length of the inverter. Lastly, Figure 18c shows the derivative of the

static transfer characteristics from Figure 7b with gains as large as 50 for V¢q=-80 V.
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Figure 18. Structure and static transfer characteristics of the rubrene/PDIF-CN:
complementary inverter. (a) Illustration of the complementary inverter with graphene
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source and drain electrodes. (b) Voltage transfer characteristics indicating symmetric
switching at the midpoint voltage. (c) The plot of gain versus Vin, indicating gains as
large as 50 for Vga=-80 V.

1.9 Conclusion

In conclusion, we have demonstrated the direct printing of high-resolution
graphene patterns and shown their use for source and drain electrodes in single-crystal
OFETs and inverters. LB-nTM was used to fabricate uniform and precise graphene
electrodes over large-areas, as well as graphene squares, dots, and lines. The resolution of
printed graphene patterns ranged between 300 um to ~310 nm, demonstrating the high-
resolution printing capability of LB-nTM. Graphene electrodes were printed on a variety
of substrates with surface energies from ~43 to 73 mN m™!, confirming the versatility of
this technique. Additionally, LB-nTM of graphene provides an alternative route for the
fabrication of highly conductive electrodes and circuitry, which is not reliant on chemical
etching or hazardous solvents. Using printed graphene electrodes, we demonstrated
organic single-crystal OFETs with rubrene and PFID-CN2 with maximum mobilities of
2.1cm?V'sand 0.6 cm? V' s7!, respectively, as well as inverters with gains of ~50.
In this way, direct printing of graphene by LB-nTM allows for an inexpensive, solution-

based method for high-resolution, scalable manufacturing for printed electronics.
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CHAPTER 2
WEARABLE MICROFLUIDIC ELECTROWETTING VALVES

Skin-compatible, low-cost, and scalable microfluidic valving systems must be
integrated with sweat sensing devices for continuous assessment of temporal and
chemical biomarker variation. We demonstrate the fabrication of inkjet-printed
electrowetting valves produced directly onto a skin adhesive and driven by fast capillary
action. The valve consists of two conductive silver electrodes printed on a flexible
hydrophilic substrate. The first electrode remains hydrophilic, while the second is
modified with a dielectric hydrophobic monolayer to prevent fluid flow. This
hydrophilicity is decreased using an applied potential, irreversibly opening the valve.
Wearable electrowetting valves demonstrated fast and reliable actuation at 200 um to 2
mm electrode spacings using applied voltages as low as 1 V, avoiding electrolysis of
water. Inkjet-printing conditions of the valve were optimized to prevent the flow of
artificial sweat for over six hours. While these valves require no external moving parts,
multiple valves would necessitate larger space dimensions on a sweat sensing device. To
reduce the overall size footprint, a single connected electrode was used for charge
injection of multiple valves. Finally, valves were successfully integrated into a flexible
wearable patch with individual absorbent pads for sweat collection. These solution-
processable, disposable, and low voltage valves offer exciting opportunities for

inexpensive and noninvasive personal sweat monitoring.
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Figure 19. Schematic of wearable electrowetting valve patch in closed position (Left),

with one valve opened (Middle), and an optical image of the fabricated device in a bent
position.

2.1 Introduction

The field of microfluidics centers on fluid flow at the microscale for a large
variety of applications, such as biosensors,! chemical synthesis,? protein crystallization,?
and cell cultures.* Capillary force within the microchannel is commonly used to
manipulate the behavior, flow, and direction of fluid transport. This technique provides
for an inexpensive and simple microfluidics platform, which is applicable to many
substrates from glass to plastic to paper.®> Pregnancy tests and glucose test strips are two
examples of highly successful commercial products that rely on capillary force-driven
paper microfluidics. The success of these two point-of-care devices is largely due to their
low-cost, flexible substrates, and user-friendly design. In comparison, expensive inkjet-
printing cartridges are the only plastic-based microfluidic device with large-scale
commercial success to date. To develop inexpensive diagnostic devices to detect more
complex proteins and biomolecules, a simple and easy-to-use microfluidic valve to
control fluid flow is necessary within capillary force-driven systems.®

Microfluidic valves are responsible for regulating fluid flow within a

microchannel. The design of the valve dictates the interaction of liquids in a controllable
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manner within nanoscale or microscale architecture. Two types of microfluidic valving
systems are active valves, which require an external stimulus to function, and passive
valves, which use surface chemistry to direct flow.” Some examples of valves include
pneumatic valves,® electrostatic valves,® bubble-based valves,? capillary burst valves,!
and time-delayed valves, which are discussed in greater detail below.'> Many of these
systems are not ideal for a point-of-care device, since they require multiple processing
steps, use external moving parts, and are costly to scale-up on flexible substrates.:

In comparison, electrowetting valves have the potential to be a low-cost, user-
friendly, portable, and reliable microfluidic valving system with applications in point-of-
care devices. The valve uses the principle of electrowetting-on-a-dielectric, where the
hydrophobicity of a thin dielectric insulator can be tuned to be hydrophilic by applying a
low voltage. A pair of parallel, hydrophilic silver electrodes are inkjet-printed orthogonal
to a microfluidic channel. One electrode is modified with a hydrophobic monolayer,
while the other remains hydrophilic. The hydrophobic electrode will prevent liquid flow
within the microchannel until voltage is applied across the electrodes, irreversibly
opening the valve.'* Current literature shows that electrowetting valves can be printed on
a variety of paper and plastic substrates, demonstrating the versatility of this microfluidic

valve and application for biological sensing and diagnostics.

2.2 Microfluidic Valves
In the field of microfluidic devices, one of the key aspects is the research and
development of controllable microfluidic valves to direct flow of fluids within channels.

A valve can be defined as a mechanism that is responsible for the regulation of fluid,
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such as liquids and gases, or the direction of pressure and are commonly used to control
flow in engineering systems. Similarly, for microfluidic devices, the design of the
microfluidic valve dictates the ability of the microfluidic device to function in situations
that require the interaction of two or more fluids in a timed manner.’

The history of microfluidic devices starts with a gas sensor system developed at
Imperial College by Andreas Mann in the 1970s; however, research into the design of the
microfluidic valve did not commence until the late 1990s. This was largely due to the
introduction of soft lithographical techniques developed in Professor George
Whitesides’s group using polydimethylsiloxane (PDMS). From this material, soft
elastomeric molds can be easily fabricated, allowing a large variety of microfluidic
devices to be designed and produced quickly.” The research into soft lithography led to
the immediate growth in the potential applications of microfluidic devices as well. Due to
the increased complexity of these systems, microfluidic valves were then needed to direct
and control the flow of fluid.

Several of the commonly used valving methods to control flow for microfluidic
systems are shown in Figure 20. These can be divided into divided into active and passive
valves. Brief introductions for electrostatic valves, capillary bubble valves, PDMS-based
valves, time-delayed valves, and piston-based valves are given below. Even today, the
development of reliable microfluidic devices that can be used in everyday life, such as
point-of-care devices, are hindered due to the lack of inexpensive and portable
microfluidic valves.!>1®

One method to direct flow is to change the surface energy of the microchannel to

prevent fluid from entering a particular region, as shown in Figure 20a. This
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straightforward procedure called fluid routing via surface chemistry will selectively direct
fluid through a microchannel, but will not regulate flow as a valve. Using self-assembled
monolayers or UV photolithography, researchers are able to pattern specific regions of
the microchannel to be hydrophilic or hydrophobic. This surface modification results in
polar solvents being confined to the hydrophilic regions and non-polar solvents to the
hydrophobic regions. Therefore, fluid routing allows for fluid entering the microfluidic

device to follow a specific pathway based on its surface tension.’
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Figure 20. Microfluidic Valve Examples. (a) Fluid-routing via surface chemistry.*” (b)
Piston-based flow control valve.!® (c) PDMS-based soft pneumatic valve.'® (d) Bubble-
based valve.'? (e) Electrostatic valve.?° (f) Capillary burst valves.*! (g) Tunable-delay
shunt.

Microfluidic valves using piston-based methods are able to restrict flow in a

single direction as shown in Figure 20b. These valves are effective systems that function
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as passive check within the microfluidic device to prevent flow from flowing in the
undesired direction. To fabricate, a UV-crosslinkable polymer is filled inside the valve
channel and cured by laser polymerization to form a moveable piston inside the valve.
The unreacted monomer solution is removed from the microchannel, while the piston is
trapped due to a geometric restriction. While the fabrication process is not trivial, it does
not require sacrificial layers or etching to produce the piston and can be completed in
ambient conditions. The valve functions by allowing fluid to pass when flowing in the
forward direction, but restricts flow due to the piston in the backwards direction without
leakage.8

Microfluidic PDMS-based pneumatic valves rely on the elasticity of a siloxane-
based membrane and an external air or vacuum pump to actuate the valve. As shown in
Figure 20c, air pressure is increased or decreased to push out the PDMS layer into the
channel to prevent flow or pull the PDMS layer up to allow for flow through the channel.
The pneumatic valve is soft, flexible, and reliable, making it simple to integrate into a
range of microfluidic applications. Fabrication of this valve requires a master mold with
the inverted design of the microchannel that is produced by photolithography. PDMS is
poured into the master mold, thermally cross-linked, and peeled off the mold to be
assembled into the channel. A thin membrane of PDMS is placed over the channel piece,
which can be controlled by air pressure to open and close the valve. In general, the
pneumatic valve is one of the most common valves used for microfluidic devices, but
requires complex assembly using multiple channels.®

By manipulating the pressure of air within a side channel connected to the main

microchannel, the fluid flow in the channel can be tuned depending on the pressure of air
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used. This air bubble method can also be regulated to induce mixing within a
microchannel. For microvalves, the bubble of air is introduced into the flow of fluid,
cutting off the flow within the channel. By controlling the expansion of air within the
channel, the valve can induce a fully-closed, partially-closed, and fully-closed flow in the
device as shown in Figure 20d. An advantage of this method is that it can be applied to a
variety of fluids without using dissolvable barriers, which could affect the fluid further
downstream. For air-sensitive solutions, inert argon or nitrogen gas can be used in place
of air to act as the bubble within the microvalve.®

An electrostatic valve in a microfluidic device works by combining a moving
conductive top electrode with an electric circuit to open and close the valve as shown in
Figure 20e. In terms of scalability and integration, it is important that a microvalve be
simple to fabrication and have a low actuate threshold. Unlike a pneumatic valve, an
electrostatic valve has fewer moving parts and can be switched to open and close by
applying a potential to the two electrodes. These types of microvalve systems have been
produced for both hard microfluidics and soft microfluidics. While this advantage will
allow for easy valve integration, a major drawback of this valve is the high voltages
above ~100 V needed to actuate the valve to open or close.?

A capillary burst valve relies on an increase in channel dimension and shape to
control the flow of fluid. The valve will actuate due to increased fluid pressure in the
device and requires no moving parts. Fluid flows through a channel until it forms a
meniscus due to geometrical restrictions and surface energy, which prevents its
advancement. Following an increase in pressure, the fluid in the valve bursts forward,

opening the valve irreversibly, as shown in Figure 20f. For some capillary burst valves,
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the holding time is increased by changing the hydrophobicity at the entrance of the wider
channel, further preventing the flow of fluid.!*

There are several passive methods of microfluidic valves, which result in time-
delayed fluid flow, such as the tunable-delay shunt. Several types of microfluidic valves
require moving parts in order to control the flow, which are difficult to incorporate into
paper-based microfluidic systems, and not well-suited for point-of-care microfluidic
devices. For time-delayed valves, flow is reduced for a period of time through the
channel, resulting in the delayed delivery of fluid within the microfluidic device, as
shown in Figure 20f. For this, an absorbent pad is placed along the microchannel that
significantly slows the fluid velocity compared to the control sample.!? A key advantage
is that these valves require no moving parts or external systems, making time-delayed
valves very user-friendly.

In summary, the development of microvalves is an area of great interest and an
important aspect hindering the integration of microfluidic components requiring complex
fluid flow. The overall goal is the fabrication of reliable, user-friendly, portable, simple,
and easily-fabricated valve that can be used in a variety of microfluidic applications, from

drug testing to point-of-care biosensors, to complex biochemical analysis.

2.3 Electrowetting-on-a-Dielectric

Electrowetting valves function based on the phenomenon of electrowetting, which
is described by a change in the surface energy of a material through applied voltage. The
power to control surface energy by a potential difference is used a wide variety of

applications from electrowetting pumps,? microconveyors,?> dynamic lens,?® to
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electronic paper.?* Electrowetting is examined by considering contact angle, which is
used to quantify the wettability of a surface with respect to the liquid and vapor interfaces
of a droplet above the surface. The contact angle can be measured using the static sessile
drop method or advancing drop method on a goniometer. A surface with a contact angle
greater than 90° is described as hydrophobic and with an angle less than 90° as
hydrophilic. For an ideal surface, this relationship is described by Young’s Equation,
where the surface energy (y) of solid (S), liquid (L), and gas (G) are related by the contact
angle (0). 2

Yscos(0) = ysg — Ysi [1]

The Young-Lippmann relationship, given in Equation 2, accounts for the electric
polarization by an applied voltage to an electrolyte solution on the surface energy of a
metal. This relationship includes the applied voltage (V) and electric capacitance (C) of
the material per unit area in contact with the droplet. The voltage is applied to both the
electrolyte solution and the metal surface, creating an excess of negative charges in the
metal. This excess results in charge polarization within the electrolyte and attracts
positive charges to the interface between the liquid and solid, increasing the wetting

behavior of the electrolyte solution on the surface.?®

YsG €0s(8) = ysg — VYsL +% cv? [2]

A larger applied voltage will lead to a greater increase in wetting behavior.
However, the interaction between the salts from the electrolyte solutions with the metal
surface can cause irreversible electrochemical reactions that will corrode the metal. To
avoid this, a thin dielectric material deposited between the metal and the solution to

protect the metal, which is known as electrowetting-on-a-dielectric. The capacitance of a
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material will increase as the thickness of the material decreases, therefore a thinner
dielectric will require a lower applied voltage compared with a thicker material. A thin
hydrophobic layer can be deposited over the dielectric to further increase the hydrophobic
solid-liquid interaction prior to applied voltage. Depending on the final application, a
single hydrophobic dielectric material can be used in place of two separate materials to

simplify the system. This technique is shown in Figure 21.%

Low Wetting High Wetting

water |

Hydrophobic Coating
Dielectric Insulator

Electrode

Figure 21. Schematic of Electrowetting-on-a-Dielectric.® (a) Visual depiction of the
contact angle of a droplet on a hydrophobic surface with low wetting or a low surface
energy (Left) and hydrophilic surface with high wetting or high surface energy (Right),
(b) Hydrophobic contact angle of an electrolyte droplet on a metal electrode coated with
thin hydrophobic and dielectric materials, (c) An applied voltage results in increased
wetting of the metal surface.

In particular, applying electrowetting-on-a-dielectric to the field of microfluidics
allows for a controllable, time-delivery valving system to deliver fluid within a channel.
Electrowetting valves are a low-cost, single-use, printed flexible valve with for capillary
flow microfluidic devices. By exploiting electrowetting, this valve will actuate-to-open

within seconds following the application of a low voltage across two silver electrodes.*
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The microchannel for this system is created by either pressure-sensitive adhesive (PSA)
or by soft nanoimprint lithography, which is scalable by roll-to-roll manufacturing.?” This
inexpensive valve requires no external moving parts and extends the ability for capillary-
flow microfluidics to include timed delivery of fluids for more complex reactions.

The general procedure to fabricate the valve, as shown in Figure 22, remains
similar throughout the publications on electrowetting valves even for a variety of
substrates. First, one electrode of silver nanoparticles is inkjet-printed on the substrate
and thermally or photonically sintered until conductive. The inkjet-printed silver is a
hydrophilic material, so it is modified with a thiolated self-assembled monolayer to
become hydrophobic. The monolayer is solution-deposited by immersing the electrodes
into a low concentration of the self-assembled monolayer in ethanol,* drop-casting the
solution over the electrodes multiple times,?’ or inkjet-printing silver nanoparticles mixed
with the monolayer.?® Next, a second silver electrode is printed and annealed parallel to

the first electrode. This electrode is referred to as the hydrophilic electrode.

Hydrophobic
Valve closed monolayer
(no potential) Unmodified
Ag electrode
PSA film

.:r"{% *\0‘* N /
Modified [

Ag electrode [ |

Sample solution
transporting under
capillary flow

—
Valve open

.
] (potentiol opplied) PET

Figure 22. Electrowetting Valves.* (a) Schematic of electrowetting valve highlighting
the chance in surface energy of the hydrophobic-modified silver electrode, (b)
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Fabrication scheme to assemble electrowetting valve with electrodes on opposite sides of
PET substrate, (c) Closed electrowetting valve (Left) and open electrowetting valve after
applying voltage (Right).

Next, the two electrodes are assembled into a microfluidic channel. For this
system, a channel is laser cut into a piece of PSA and placed perpendicular to the two
electrodes. Inlet and outlet ports are laser cut from second piece of PET and placed over
the microchannel. For proof-of-concept demonstrations, phosphate buffer solution (PBS)
dyed with food coloring is used as the electrolyte solution for the electrowetting valve
system. The fluid flows toward the electrodes by capillary force and passes the first
hydrophilic electrode; however, it will be unable to pass the hydrophobic-modified
electrode due to a mismatch of surface tension of the solution to surface energy of the
substrate. The fluid can only flow past the second electrode by applying a negative
voltage to hydrophobic electrode and an equal positive voltage to the hydrophilic
electrode. This will provide additional charge to the electrolyte solution and cause
electrowetting-on-a-dielectric between the solution and the surface.?® This valve can be
fabricated with two electrodes printed on the same side of a substrate,?” or one electrode
on the bottom substrate and the second electrode on the top substrate.* This flexibility in

valve assembly allows the electrowetting valve to be tailored to the specific application

needed for an integrated microfluidic system.

b

2012 2013 2014 2014 2015

Figure 23. Images of electrowetting valves integrated with lateral flow assays for
biological sensing applications over the years.
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2.4. Wearable Microfluidic Valves

Wearable sweat sensing devices are emerging as a topic of interest for low-cost,
point-of-care diagnostics.?® Sweat is secreted from the eccrine glands and is composed of
primarily water and a mixture of electrolytes, proteins, and biomolecules that contain
valuable information regarding overall health status. Compared with blood, urine, and
tears, sweat is a biofluid that offers the potential for noninvasive continuous monitoring
of significant biomarkers over extended periods of time.*® Recently, several innovative
wearable sweat sensors using electrochemical and colorimetric analysis approaches have
demonstrated the feasibility and importance of these types of devices.332 A critical
disadvantage of these systems is the lack of a microfluidic valving system designed for
sweat collection at distinct time points. This capability would allow for quantitative
assessment of electrolytes for dehydration monitoring or temporal variation of health
biomarkers, such as glucose or cortisol levels.>® Rogers, et al. (2017, 2018) recently
addressed this concern by fabricating capillary burst valves for chrono-sampling of
sweat®* and water-actuated valves based on super absorbent polymers for discrete
sampling of sweat.®® These two valving methods are well-integrated and elegant;
however, the designs require complex photolithography-based fabrication and the
finished microfluidic devices fill to capacity in under an hour. Therefore, it is of interest
to develop an inexpensive, adaptable, and user-friendly microfluidic valve for sweat
collection over longer periods of time.

A low-cost, portable, and reliable microfluidic valve with demonstrated potential
for point-of-care diagnostics is the electrowetting valve.** For sweat-based devices, the

design of the valve would require some optimization, including (1) fabrication using
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hydrophilic substrate and skin adhesive, (2) prevention of flow for several hours, and (3)
the use a lower voltage for actuation. Currently, electrowetting valves have prevented
fluid flow for less than an hour before premature failure?” and required a voltage of at

least 2 V for actuation,?® indicating areas for further development.

2.5 Research Objectives

Here, we demonstrate the fabrication of wearable electrowetting valves with fast
and reliable actuation at low voltages for sweat-based microfluidic devices. These
flexible electrowetting valves are designed for rapid sweat collection by capillary-force
driven flow using a hydrophilic substrate and a skin adhesive. By building on previous
electrowetting valve research and optimizing several processing conditions, we have
achieved exceptional valve hold times of more than six hours, electrode distances as
small as 200 um, and valve actuation at voltages as low as 1 V, preventing the
electrolysis of water. Furthermore, multiple electrowetting valves are demonstrated to
open individually from a single connected hydrophilic electrode, decreasing the
dimensions of the overall valving system. As a proof-of-concept device, a wearable patch
using electrowetting valves to collect artificial sweat into absorbent pads over specific
time points is demonstrated. These results will allow for the integration of electrowetting
valves into low-cost, scalable, point-of-care microfluidics that require precise control of
sweat for continuous biomarker measurements.

This research was a result of Nano-Bio Manufacturing Consortium collaboration,
led by General Electric to produce a sweat sensing device to characterize dehydration.

This collaboration is a work of direct collaboration with Brenda Warren, Yiliang Zhou,
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and Dr. Jeffrey Morse at UMass Amherst. Additionally, this research was possible due to
guidance of Dr. Andrew Burns, Dr. Ralf Lenigk, and Dr. Azar Alizadeh at General
Electric. Finally, this work on electrowetting valves began as a research project in Dr.
Sarah Perry’s course on Microfluidics under the guidance of Dr. Samuel Nugen and Dr.

Charmaine Koo.
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Figure 24. General Electric design for Nano-Bio Manufacturing Consortium-funded
wearable impedance sensor and RF sweat sensor for personal health monitoring.

2.6 Material Selection

A commercial nanoparticle ink that would be viable for large-scale manufacturing
and a hydrophilic PET substrate were selected to produce the wearable electrowetting
valves. Four silver nanoparticle inks were considered for this study: Novacentrix JSA
102, Novacentrix JSB 25HV, Mitsubshi NBSI1J-FD02, and Clariant TPS 30. Test patterns
for each silver ink were evaluated by comparing the formation of satellite drops, proper
droplet jetting, ink pooling, surface tension, sintering temperature, and PFDT
modification. Three types of PET substrates were assessed: ArFlow Film, McMaster-Carr
PET, 3M Hydrophilic Film, and Novacentrix Novele PET. These substrates were tested
for surface energy, wettability, silver ink adhesion, and PFDT modification. The
difference is that the silver electrode must show an increase in hydrophobicity after

PFDT modification, while the hydrophilic PET will remain unchanged. Based on this
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study, the Novacentrix JSB-35HV silver ink was selected to be printed on the
Novacentrix Novele PET substrate to produce the electrowetting valves. The inkjet-

printing and final test patterns of this ink and substrate are shown in Figure 25.

=

Figure 25. Inkjet-printed patterns using Novacentrix JSB2HV silver nanoparticle-based
ink on PET and paper substrates.

For sweat-based sensing, it is important that the electrowetting valves and
microfluidic system be effective when placed directly on human skin. Depending on the
activity and hydration level of the individual or the ambient temperature or humidity, the
sweat collected by the microfluidic device may have a high or low volumetric flow rate.
Therefore, the hydrophilic substrate is an important consideration to allow the device to
function at low flow rates. This substrate would allow for sweat to wick quickly through
the microchannel in combination with capillary force towards the valve or sensor. The
top layer of this microchannel will be a medical-grade adhesive for the microfluidic
system to be conformal to the skin. To accommodate this design, both electrodes for the

electrowetting valve are printed directly onto the hydrophilic PET substrate.
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2.7 Experimental Section

Printed silver electrodes were fabricated from nanosilver ink (Metalon JSB-
25HV, Novacentrix). This well-dispersed ink contained 25 wt% silver in an aqueous
dispersion and was filtered through a 1 pm PTFE filter prior to printing. For printing, a
Dimatix DMP-2850 (Fujifilm) inkjet printer was used with a 10 pL cartridge, a 28 V
jetting voltage, and a customized waveform (see Figure S1). A single layer of silver ink
was printed using 4 nozzles onto polyethylene terephthalate (PET, Novacentrix). The
printed silver electrodes were annealed at 130°C in an oven for 5 min until conductive.

For the hydrophobic electrode fabrication, the annealed silver electrodes on PET
were exposed to UV Ozone for 15 min to remove contaminants from the electrode
surface. Next, the electrodes were immersed in a 12 mM solution of 1H, 1H, 2H, 2H-
perfluorodecanethiol (PFDT, Sigma-Aldrich) in ethanol (Pharmco-Aaper) for 35 min
under gentle agitation. Following the PFDT modification, the electrodes were rinsed with
ethanol for 2 min and then dried with N2. A second silver electrode, termed hydrophilic,
was printed alongside the hydrophobic electrode and annealed.

A microfluidic setup was fabricated to test the electrowetting valves as shown in
Figure 26. The 3 mm wide microchannel was laser cut from pressure-sensitive adhesive
(PSA, ArCare 92712, 48 um thickness) with a liner on either side. A transparent,
medical-grade, skin adhesive (3M Tegaderm) was used at the top layer to complete the
valve, and hollow punches were used to create the inlet and outlet holes of 3 mm. The
PSA microchannel was adhered to the back of the skin adhesive, and this assembly was

then pressed over the electrowetting valve electrodes to minimize damage to the printed
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electrodes. Artificial perspiration (Pickering, pH 4.5) mixed with blue food dye
(McCormick) was pipetted over the inlet of the microfluidic device. To actuate-to-open,
wires connected to a power supply box (80W Switching DC Power Supply, Extech) were
clipped to the silver electrodes. The positive potential was applied to the hydrophilic

electrode, and the negative potential to the hydrophobic electrode.
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Figure 26. Schematic of electrowetting-on-a-dielectric and fabrication of wearable
electrowetting valves. Electrowetting-on-a-dielectric is portrayed with a droplet of sweat
over an insulator-covered conductive electrode (a) before and (b) after the application of
voltage, allowing for a large change in wetting behavior. (c) Assembly of a wearable
patch with integrated electrowetting valves.

Several characterization techniques were used to examine the printed
electrowetting valves. Optical microscopy was used to observe the drop size spacing of
the printed silver and distance between the electrowetting valve electrodes. Scanning
electron microscopy (SEM, FEI Magellan 400 XHR) and energy dispersive x-ray
spectroscopy (EDS, FEI Magellan 400 XHR) were used to characterize the surface of the
printed silver electrodes. Mechanical profilometry was used to measure the height profile
of the 20 um drop size spacing printed silver electrode. The four-point resistivity system

(Signatone) was used to measure the sheet resistivity of the printed electrode patterns at
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different drop size spacing. The Video contact angle system (VCA Optima, AST
Products, Inc) was used to measure the static contact angles of water on the printed and

modified silver surfaces.

2.8 Inkjet-Printed Electrode Optimization

A robust hydrophaobic electrode is the key to fabricate a reliable electrowetting
valve that will remain closed for several hours. The printed silver electrode must
demonstrate (1) high electrical conductivity, (2) strong adhesion to the PET substrate, (3)
no cracks or delamination during the hydrophobic modification, and (4) high
hydrophobicity following modification. The Novacentrix JSB25HV silver nanoparticle-
based ink satisfied these criteria when printed on the Novacentrix Novele PET. To
produce uniform droplets with clean tails during inkjet-printing, a voltage of 28 V was
applied to the nozzles in a 10 pL cartridge with an optimized jetting waveform (see
Figure 27). For high quality printed features with good adhesion, a single layer of ink was

printed from four nozzles with cleaning cycles every 25 s.
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Figure 27. Customized jetting waveform for silver ink. Times shown: 3.52 us, 6.528 ps,
7.424 ps, and 10.240 ps.

Five different drop size spacings (15 pm, 20 um, 25 pm, 30 pm, 35 um) were

examined to understand the optimal inkjet-printing resolution required for the
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electrowetting electrodes. Figure 28 shows optical microscopy images after thermal
annealing and the sheet resistivity of silver ink printed at these drop size spacings on
hydrophilic PET. Low resistivity is necessary for fast actuation of the electrowetting
valves. Defects and gaps between print lines are visible for the 30 pm and 35 pm
spacings in Figure 2d and 2e, which contribute to the high sheet resistivity measured for
these samples in Figure 2f. Both 15 pym and 20 um drop size spacing show low
resistivity; however the 15 pm spacing resulted in ink pooling as shown in Figure 2a,
leading to a large standard deviation of the measured sheet resistivity. Therefore, the
electrowetting valve electrodes were printed at 20 um drop size spacing, corresponding to
1270 dpi resolution. The conductivity for the 20 um drop size spacing electrode was 8.80

x 102 + 0.12 x 10? S/m, based on the electrode thickness (see Figure 29).
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Figure 28. Drop Size Spacings. (a-e) Optical microscopy images of silver ink printed at
15 pm, 20 pm, 25 pm, 30 um, 35 pm drop size spacings, respectively. (f) Sheet resistivity
vs drop size spacing. As a note, silver printed at 35 pm drop size spacing demonstrated a
high resistivity of 1.7 + 0.4 Q/sq.
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Figure 29. Height profile of silver electrode printed at 20 pm drop size spacing with
thickness of 1.6 + 0.1 um measured by mechanical profilometry.

2.9 Hydrophobic Electrode Modification

A self-assembled monolayer of PFDT was deposited on top of the printed
electrode to modify the silver surface to become hydrophobic. Prior to PFDT
modification, the electrode was cleaned by UV Ozone treatment to reduce contaminants
on the surface, resulting in increased wetting on the silver surface as shown by comparing
Figure 2a and 3b.?® Several modification techniques were explored, including dropcasting
directly onto the surface, vapor deposition, and an immersion method. The immersion
method involved placing the printed electrodes into a solution PFDT in ethanol under
gentle agitation and was followed by an ethanol rinse to remove excess PFDT. This
method resulted in the highest hydrophobicity for the silver surface without damage to
the electrodes. In comparison, electrodes printed at 25 pm, 30 um, and 35 pm would
crack or delaminate from the PET surface during the ethanol rinse step. A concentration
of 12 mM PFDT was used for the immersion modification, compared to 2 mM PFDT
used in previous electrowetting studies,**3® which significantly reduced the modification
time from 3 hours to 35 min. This optimal immersion time was determined by measuring

the static contact angle of water on the silver surface from 0 min to 40 min, as shown in
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Figure 2g. Based on these results, the hydrophobicity of the silver electrodes did not
increase further after 35 min (see Figure 30). The contact angle of the silver electrodes
was measured both parallel and perpendicular to the direction of printing and found to be
similar. As a note, a self-sintering silver ink (Mitsubishi NBSIJ-FDO02), was also
considered for faster electrode fabrication. However, the self-sintering silver ink was
unable to obtain high hydrophobicity after PFDT modification. This is likely due to the
increased number of additives in the ink required for self-sintering, decreasing the
available reaction sites for PFDT on the electrode surface.
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Figure 30. PFDT Modification. (a-c) Contact angle of silver surface, after UV Ozone
treatment, and after PDFT immersion modification, respectively. (d-f) Contact angle of
PET surface, after UV Ozone, and after PFDT immersion modification, respectively. (g)
Contact angle of electrodes in 12 mM PFDT/ethanol solution over time.
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For electrowetting valves to function well for wearable sweat devices, the
hydrophilic PET layer needs to allow sweat to wick quickly by capillary action through
the microchannel at high or low flow rates. This is an important consideration for sweat-
based devices, since human sweating rates range from 0.1 pL/min to 5 pL/min.*’
Additionally, capillary-force driven flow provides for an inexpensive and simple
microfluidic platform without external pumps. Therefore, it is important to demonstrate

that the PET substrate remains hydrophilic following the PFDT immersion modification

step. As shown in Figure 30e, d, and f, the contact angle of the original PET is slightly
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higher than the PET after the UV Ozone and PFDT immersion steps, indicating the PET
is still hydrophilic. This minor increase in surface energy is a temporary result of the UV
Ozone treatment.

The surface of the printed silver electrodes was also characterized by scanning
electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS). As shown
in Figure 31a and b, the printed silver nanoparticles coalesce into larger grains forming a
conductive silver film. The silver surface shows increased roughness at the microscale
following the UV Ozone treatment to reduce contaminants, but remains unchanged after
PFDT modification as seen in Figure 31c and d. EDS was also performed to ensure the
PFDT monolayer was coated over the entire silver surface using the immersion method.
Elemental analysis of the unmodified silver surface demonstrated predominantly silver
(see Figure 32), while the PFDT-modified silver showed fluorine uniformly over the

entire surface.
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Figure 31. Electrode surface characterization. (a-d) High-resolution SEM images of
printed silver nanoparticle-based ink, annealed silver, silver after UV ozone treatment,
and silver after PFDT modification on PET substrate, respectively. Samples were coated
with 2 nm Pt for imaging. (e) EDS spectrum showing elemental peaks of silver, fluorine,
sulfur, carbon, and oxygen. (f) SEM image of silver after PFDT modification on Si
substrate. (g) Elemental mapping of silver and (h) fluorine following PFDT modification
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Figure 32. EDS spectrum of silver after thermal annealing on Si substrate. (a) EDS
spectrum showing elemental peaks from silver and carbon. (b) SEM image of silver. (b)
Elemental mapping of Ag.

2.10 Electrowetting Valve Assembly

The hydrophobic electrode was thus optimized for improved printing conditions,
print quality, and PFDT modification time. These improvements were necessary to
achieve superior valve hold time, referring to the time that the hydrophobic electrode will
prevent fluid flow with no applied voltage. The valve hold times from previous literature
range from 15 min to roughly 1 hour.?8?” Our goal was for the valve to exceed a six hour
window where the electrowetting valve would remain closed without untimely failure.
For these experiments, the hydrophobic electrode was printed with a width of 500 um. A
laser cut PSA microchannel was attached to a skin adhesive with inlet and outlet holes
and pressed onto the PET substrate with printed hydrophobic electrodes. Interestingly,
the print direction of the hydrophobic electrode affected the valve hold time (see Figure
33). If the electrode is printed normal to the fluid flow direction, then it remains closed
for more than nine hours; however, when the electrode is printed parallel to the flow, then
it failed in less than three hours. This is a result of small microchannels formed during the
inkjet-printing process where individual printed lines merge together. These printing

artifacts are noticeable in the electrode height profile in Figure 29.
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Figure 33. Valve hold time vs printing direction. (aj Electrodes printed perpenaicular to
the direction of fluid in the microchannel. (b) Assembled valves without hydrophilic
electrode. (c-f) Hydrophobic electrode printed perpendicular to sweat flow prevents flow
after O hr, 3 hr, 6 hr, and 9 hr, respectively. (g) Electrodes printed parallel to the direction
of fluid in the microchannel. (h) Assembled valves without hydrophilic electrode. (i)
Hydrophobic electrode printed parallel to sweat flow prevents flow at 0 hr, but (j-I)
results in valve failure after 3 hr, 6 hr, and 9 hr, respectively. Scale bars for (b-f) & (h-I)
are 10 mm.

To finish the electrowetting valve, the hydrophilic electrode was printed alongside
the hydrophobic electrode, perpendicular to the direction of fluid flow and annealed until
conductive at 130°C for five minutes. The PFDT monolayer is undamaged during the
annealing step, and is thermally stable until 145°C.%® This second hydrophilic electrode
was aligned with the hydrophobic electrode using a fiducial mark and printed with a
width of 1 mm at four increasing distances between the two electrodes: 200 um, 500 um,
1mm, and 2 mm (see Figure 34). Previous literature had not explored distances smaller
than 1.36 mm between the electrodes.?® Due to the similar surface energy of the PET
before and after PFDT modification, the same inkjet-printing conditions were used to
print the hydrophilic electrode, allowing for fast fabrication. Once the hydrophilic

electrode was printed and annealed, a PSA microchannel and skin adhesive layer were

assembled over the two electrodes on PET, completing the electrowetting valve.
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Completed valves were also demonstrated to prevent the flow of artificial sweat for six

hours and open successfully at low voltages as shown in Figure 35.

Hydrophilic

Microchannel

Figure 34. Electrode Distances. (a-d) (Left) Optical microscopy image of electrodes
inside assembled valve and (Right) photos of printed individual electrowetting valves

with electrode distances of 200 pm, 500 um, 1 mm, and 2 mm, respectively.

Figure 35. Valve actuation after six hours. (a, c) Electrowetting valve prevented flow for
six hours prior to actuation using (b) 3V and (d) 1 V.

2.11 Actuation and Wearable Valve System

To understand the actuation-to-open ability of the valves at the four electrode
distances, four applied voltages were tested: 1 V, 2 V, 3V, and 4 V, using an external
power supply and artificial sweat dyed blue. It is important to apply the negative potential
to the hydrophobic electrode and the positive voltage to the hydrophilic electrode. This

will allow for reductive desorption to occur between the silver and the PFDT monolayer,

64



resulting in a faster opening time. Consequently, if these potentials are reversed, the
positive voltage causes the monolayer to bind strongly to the silver, delaying the valve
opening.® While it is known that larger voltages will result in faster actuation, it is
important to demonstrate electrowetting valve feasibility at lower voltages to avoid the
complications of electrolysis, as well as decrease overall power supply required. For
example, the electrolysis of water occurs at 1.23 VV and may damage biomarkers of
interest within sweat.*® Previous electrowetting valve literature relied on voltages as high
as 16 V,% and has not examined voltages lower than 2 V. The actuation-to-open time is
also compared with the distance between the printed electrodes as shown in Figure 36. As
expected, larger voltages result in faster valve actuation, while lower voltages require
additional time to open. Similarly, the shorter the distance between the electrodes, the
less time required for actuation. The effect of electrolysis, noticeably on the right side of
the hydrophobic electrode in Figure 36b and ¢ was most prominent at the 200 pm
distance for high voltages. Valve actuation was also examined at 0.5 V; however, the

opening times showed large variation and were not reproducible for all samples.
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Figure 36. Electrode distance, actuation voltage, and electroly5|s. (a) Electrowetting
valves at four increasing distances tested for actuation time at five increasing voltages.
Sample size of five valves. (b,c) Electrolysis more noticeable at smaller electrode
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distances and higher voltages, where the hydrophobic electrode is on the right side. All
scale bars are 2 mm.

For wearable microfluidics for continuous monitoring, it is important that the
valving system use a minimal amount of space to allow for a smaller overall device
footprint. Presently, each electrowetting valve involves a separate and individual
hydrophilic and hydrophobic electrode. In comparison, by combining multiple
hydrophilic electrodes together, it would be possible to achieve several electrowetting
valves by using less space. It would not be possible to combine the hydrophobic
electrodes in place of the hydrophilic electrodes, because reductive desorption of the
PFDT from the silver surface may cause premature failure of valves. As shown in Figure
37, multiple electrowetting valves were successfully combined on a single hydrophilic
electrode. Here, a voltage of 4 V was applied for electrodes separated by a distance of
500 pum. Furthermore, the actuation time could be also be modified by changing the
distance between the electrodes of multiple valves on a single hydrophilic and
hydrophobic electrodes, if a slight time delay was required prior to opening particular
valves. Additionally, the consolidation of valves in this way would decrease fabrication

time, increase space for electrical and sensing elements, and reduce the final device size.

Figure 37. Single Hydrophilic Electrode for Multiple Valves. (a) oijr electrowetting
valves assembled on a single hydrophilic electrode with 500 um distance between
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electrodes. (b) Simulated sweat added to the inlet centered between the valves. (c-f)
Valves are opened using 4 V with a ten min wait time in a counterclockwise order.

Finally, a proof-of-concept wearable device with integrated electrowetting valves
was constructed, as shown in Figure 38. Here, four electrowetting valves are designed
around a central inlet, which lead to adsorbent pads at the perimeter of the device. A
single hydrophilic electrode wraps around the center inlet and is used for all four valves.
The silver connectors to the electrodes are arranged for easy incorporation of a watch
battery (1.5 V) with the hydrophilic electrode and small pushbutton or electrical switches
between the hydrophobic electrodes to actuate the individual valves as shown in Figure
39. In Figure 38h-k, a voltage of 3V was applied to each valve resulting in fast actuation
of artificial sweat into the microchannels leading to the absorbent pads. This wearable
device is deployed on a human arm in Figure 38b, demonstrating the capability of

integrated electrowetting valves for long-term sweat monitoring.
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Figure 38. Integrated electrowetting valve wearable device with absorbent pads. ()
Schematic of electrowetting valve device before and after actuation of the first valve. (b)
Optical image of wearable electrowetting valve device placed on human arm. (c) Printed
hydrophobic electrodes after PFDT modification and (d) after printed hydrophilic
electrodes. (e) Mechanical bendability of device. (f) Assembled integrated electrowetting
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valve device. (g) Artificial sweat is pipetted into the inlet and absorbed by the initial pad.
(h-K) Valves are actuated sequentially using 3V with a ten minute wait time, as shown by
the darker yellow color of the absorbent pads after contact with sweat. Scale bars for (c-
k) are 5 mm.

pH

Hydrophilic
—
1.5V Battery

Figure 39. Integrated electrowetting valves shown with a watch battery and mini
pushbutton switches for valve actuation.

2.12 Conclusions

We have demonstrated the feasibility of wearable electrowetting valves for
integration with sweat sensing devices for collection of sweat at well-defined time points.
Electrowetting valves were fabricated on hydrophilic PET for fast capillary-driven flow
and a medical-grade adhesive for conformal contact with skin. Inkjet printing and
hydrophobic modification conditions were further optimized for improved electrowetting
valve performance. The valve hold time was extended to over 6 hours, the electrode
distances decreased to 200 pm, and voltages as low as 1 V were used to reliably actuate-
to-open the microfluidic valve. Furthermore, multiple electrowetting valves were
integrated together on a single hydrophilic electrode to reduce the size dimensions of
these valves on a wearable platform. A wearable integrated electrowetting valve device
with absorbent pads was fabricated with four valves in a circular design, which were
actuated individually. In this way, these user-friendly electrowetting valves allow for the
collection of sweat at precise time intervals over several hours, leading to improved

monitoring for health status through sweat devices.
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CHAPTER 3

MICROFLUIDIC GLUCOSE SWEAT SENSORS

Non-invasive wearable sweat biosensors offer compelling opportunities for
portable, disposable, and inexpensive point-of-care diagnostics. We demonstrate a skin-
compatible “smart Band-Aid” microfluidic design for continuous glucose monitoring.
The low-cost laser cut microfluidic device is composed of an adhesive-based
microchannel to enable capillary-driven sweat flow and prevent sensor contamination
from residual sweat. Solution-based electrochemical sensors are fabricated by inkjet-
printed graphene and silver inks, electrodeposited mediator layers, and drop-casted
biorecognition elements. To examine the effect of perspiration rate on sensor
performance for continuous monitoring applications, a synthetic skin is developed with
50 pum pores at a distribution of 250 pores/cm?, mimicking human skin. An enzymatic
amperometric glucose sensor with a two-electrode system was integrated with the
synthetic skin to explore low flow rate (1-5 uL/min) sensing. The glucose sensor attained
a range of 0.2 mM to 1 mM and exhibited reproducible response curves at 2 ulL/min and
higher. The glucose concentration and sweating rates used for this study are within
physiological relevant ranges. In summary, the proposed microfluidic sensor platform
indicates the potential for a low-cost flexible multi-sensing device, enabling real-time

assessment of key biomarkers for improved human health.
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3.1 Introduction

Sweat contains valuable information regarding biomarkers important for human
health and well-being. Recently, several wearable sweat sensors demonstrate the delivery
of sweat to colorimetric or electrochemical biosensors to detect glucose, pH, temperature,
urea, lactate, and others. This previous research illustrates the feasibility of these devices
to allow for direct, noninvasive, and continuous performance monitoring, which can also
enable early disease diagnosis. The goal is for these devices to be disposable, low cost,
and of use for point-of-care diagnostics. In particular, inexpensive wearable devices
integrated with functional nanomaterials for sensing applications would allow for sweat
collection and diagnostics.!

Although there has been significant progress for sweat sensing devices, there are
still considerable challenges that have yet to be addressed for sweat-based wearable
devices, including (1) sweating flow rates that vary, (2) contamination between the skin
and sensor electrodes, (3) unknown sample volume over sensor surface, and (4) time-
stamping of old versus newly produced sweat.? Presently, many of these innovative
sweat-based devices rely on direct contact between the sensor electrodes and human skin,
which may introduce contamination between biomarkers found on the skin versus those
generated within sweat. The integration of wearable sweat-devices that use microfluidic
channels would increase the potential of these devices and improve upon the above
challenges. Despite tremendous advances in sweat sensing devices, the combination of
solution-processable sensing materials, microfluidics, and wearable sweat devices to

develop a single low-cost system remains a great challenge.
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In particular, a key biomarkers of interest is glucose, which is found within sweat
and correlated with the levels of these biomarkers with blood. Glucose is molecule that
provide energy to cells within the body. However, many patients suffer from diabetes,
where the blood has an inability to control the amount of glucose within the blood and
suppresses the formation of insulin. Therefore, if a noninvasive method can be developed
for glucose measurement, then it would be a great interest to patients, hospitals, and low-

resources areas.

3.2 Sweat Biosensor Devices

Wearable sweat-based devices for personal health monitoring have received
tremendous attention due to potential healthcare, athletic, and military applications. *°
Sweat offers the potential for accurate, continuous, and real-time assessment of key
biomarkers without invasive measurements or the possibility of introducing infection, as
compared with blood sampling. Wearable sweat sensors can be placed externally and
painlessly on the skin without additional action from the user, unlike devices used to
probe other noninvasive biofluids, including tears, saliva, interstitial fluid, or urine.
Wireless wearable sweat devices can be paired with smartphone apps for ease of
monitoring, allowing the user to modify lifestyle or behavior to achieve an improved
health state.® This real-time assessment is particularly important for diabetes
management, pathogen detection, athletic training, drug measurement, and stress
monitoring. Sweat production can also be induced by iontophoresis when necessary, such

as during irregular sampling or a sedentary state when no sweat is produced.
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While sweat is principally composed of water (99%), it also contains electrolytes,
metabolites, amino acids, small molecules, and proteins, secreted from eccrine sweat
glands. The concentrations of biomarkers in sweat are diluted, requiring high
performance sensors that operate under low sample volume and dynamic flow rates.
Electrochemical sensors are predominately used for wearable sweat devices due to
precise measurements, ease of miniaturization, and inexpensive fabrication. Recent
studies have demonstrated incredible scientific advancements through the development
and assessment of electrochemical sweat sensors, including a multi-sensing wearable
arrays,® temperature monitoring,” stretchable and textile pH detection,®® electrolyte
monitoring,’* and low-volume sweat collection.’> Two key biomarkers accessible
through sweat are cortisol**® and glucose, -8 for which sweat-sensing devices are
being developed as well. Elevated levels of cortisol within the body are linked with
increased physiological stress and fatigue, and high glucose levels due to diabetes
mellitus must be constantly monitored by patients. An additional challenge for wearable
sweat biosensors is the mixing of old sweat with new sweat at the skin interface and
contamination from cellular and microbial byproducts on the skin as well.X® Sensor
systems integrated with microfluidic wearables would allow for constant renewal of
sweat at the sensor electrodes without contamination from previous sweat. This concept
is evaluated by only a handful of studies, indicating the critical need for further research
implementing inexpensive assembly.?®42%2 Recent progress in wearable sweat devices
require complex and expensive fabrication, such as the traditional photolithography
within a clean room environment to produce polydimethylsiloxane-based microfluidics,

and vacuum-evaporation of precious metals for electrode fabrication. For truly low-cost
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microfluidic designs, alternative approaches, such as adhesive-based microfluidics or
paperfluidics and direct printing and patterning of electrodes to enable cheap point-of-

care devices for health monitoring.?:221

3.3 Glucose Monitoring Systems

Increased and prolonged levels of glucose within the blood can result in diabetes
mellitus, commonly known as diabetes. This disease can develop in three forms: Type 1,
previously known as juvenile diabetes where the body is unable to produce enough
insulin; Type Il, where the body developed insulin resistance and is unable to properly
process insulin; or gestational diabetes, which can affect women during pregnancy, but
usually resolves after childbirth. Of these types, Type Il accounts for 90% of all diabetes
cases and largely results from improper diet and lack of exercise. The goal of diabetes
treatment is to reduce long-term complications of the disease by increasing or decreasing
glucose levels to achieve normal concentrations.’

For those patients who require insulin injections to control diabetes, proper care
must be taken to regulate and measure blood glucose levels. Patients with Type | diabetes
are recommended to measure blood glucose levels at least four times per day, which is
particularly difficult for younger patients. Similarly, patients who suffer from
hypoglycemia, or constant low blood glucose, must also have accurate readings of blood
glucose for proper medication and treatment. This measurement requires daily testing of
blood glucose levels through a finger prick to draw blood, which is placed on a paper

glucose strip and analyzed by a handheld glucometer device.'’
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These glucometers utilized electrochemical sensors to determine the levels of
glucose within blood. The user will place a small drop of blood onto a paper strip, which
draws the blood into the glucometer and reacts with glucose oxidase or dehydrogenase
and undergoes a series of redox reactions, generating an electric current. This current is
quantified and analyzed against a calibration curve to determine the level of glucose
required to cause such as reaction. The glucose concentration within blood is 2 x 10° M
to 40 x 10 M, while in sweat is much lower at 0.01 x 10° M to 1.11 x 10 M. Current
well-established, invasive methods for measuring blood glucose levels are shown in
Figure 40 on the left, while noninvasive methods demonstrated in literature for tears,

sweat, interstitial fluid, and saliva are shown on the right.!’
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Figure 40. Current state of glucose monitoring.!” Invasive methods include daily
fingerpicks to draw blood, implanted glucometers under the skin. Noninvasive methods,
requiring additional research, include soft contact lens to measure glucose levels from
tears, retainers for saliva, microneedles for interstitial fluid, and wearables for sweat.

3.4 Research Objective

Here, we demonstrate the fabrication of an inexpensive microfluidic architecture

with solution-processable electrodes for continuous glucose monitoring. The flexible
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microfluidic system consisted of a pressure-sensitive adhesive microchannel between a
polyimide (PI) and hydrophilic polyethylene terephthalate (PET) substrate for fast
capillary-drive flow and integrated with an absorbent pad for controlled sweat
evaporation. Electrochemical three-electrode systems were inkjet-printed from graphene
and silver inks. 2% A low voltage, portable, and printed electrowetting valve was
included on this design to illustrate the simplicity of customization for additional
reagents.?>28 This microfluidic device was then assessed for time-stamped sweat delivery
of glucose through a polymer-based synthetic skin. This skin was designed with 50 um
pores at a distribution of 250 um cm, resembling the eccrine sweat glands that cover the
human body and assessed for glucose diffusion and residence time of fluid within the
skin. The amperometric glucose sensor was produced by electrodeposition of Prussian
Blue (PB) on printed graphene and immobilized with glucose oxidase in a chitosan layer.
The effect of perspiration rate on sensor performance was evaluated by adhering the
microfluidic device onto the synthetic skin and testing at five flow rates between
1-5 pL/min. The glucose sensor demonstrated reproducibility within a range of 0.2 mM
to 1 mM. Finally, this low-cost, easily fabricated microfluidic device offers a
customizable design to accommodate single-use and continuous analyte measurements at
various sweating flow rates for personalized health monitoring.

This research was funded through the Center for Hierarchical Manufacturing, the
Center for Personalized Health Monitoring, and the Nano-Bio Manufacturing
Consortium. This collaborative work was in thanks to Yiliang Zhou, Dr. Uzodinma
Okoroanyanwu, Dr. Kenneth Carter, and Dr. James Watkins for their expertise in

electrochemical sensors, and Anita Dey and Dr. Johnathan Rothstein for their knowledge
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of microfluidic and synthetic skin systems. Furthermore, Dr. Karen Kalmakis, Dr. Lisa
Chiodo, Dr. Jerry Meyer from the UMass College of Nursing offered valuable insight and

information into the development of a sweat and saliva sensor for medical applications.

3.5 Experimental Section

Polydimethylsiloxane (PDMS) was used to fabricate the synthetic skin created
from a bottom base layer adhered to a thin membrane with pores. An SU8 master was
produced by standard UV photolithography on a silicon wafer to a depth of 30 um. Using
a 10:1 ratio of elastomer to curing agent, PDMS (Sylgard 184, Dow Corning) was poured
over the SU8 master and cured at 65°C overnight. The PDMS was peeled from the SU8
master and used for the synthetic skin base, which includes the two inlets, mixing
channel, and microfluidic channels leading to the skin pores. Next, a sacrificial
micromolding technique was used to produce the porous top layer.?® By
photolithography, a SU8 master of posts (50 pum high and 50 pm tall) was fabricated to
mimic the size and distribution of human skin pores. A 10:1 ratio of DI water to
poly(vinyl alcohol) (PVA, Sigma-Aldrich) was spin coated over a silicon wafer and
heated at 95°C for 5 min to achieve a 750 pm thickness. PDMS was spincoated over the
PVA layer at a thickness of 50 um and cured. The silicon wafer with PVA and PDMS
was dipped into water, dissolving the sacrificial PVA layer and exposing the porous
PDMS membrane. To bond the base and membrane layers, both were exposed to corona
plasma and aligned under an optical microscope, pressed together. After an hour of wait

time, the synthetic skin was complete.
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Well-dispersed graphene ink was composed of graphene flakes exfoliated from
graphite by probe ultrasonication and capped by nitrocellulose, as discussed earlier.303t
The graphene dispersion used for printing was 16.7 mg mL™* graphene/nitrocellulose in a
solution of 4:1 ethyl lactate (Sigma-Aldrich) to alpha-terpineol (Alfa-Aesar) by volume.
Metalon JSB-25HV nanosilver ink with ~25 wt% silver in an aqueous dispersion was
used for printing. A Dimatix DMP-2850 (Fujifilm) inkjet printer with a 10 pL cartridge
was used to print the graphene and silver patterns on polyimide (PI, Kapton, American
Durafilm) polyimide (PI) and polyethylene terephthalate (PET, Novele, Novacentrix)
films. For graphene patterns, 25 layers of ink were printed using 16 nozzles and annealed
at 350°C for 30 min until conductive. For silver patterns, 2 layers of ink were printed
using 4 nozzles for the sweat sensors and 1 layer for the electrowetting valve. The printed
silver was annealed at 125°C on Novacentrix Novele PET for 5 min and 285°C on PI
until conductive. Both graphene and silver inks were printed using 20 um drop spacing
and 28 V jetting voltage.

The working electrode was composed of inkjet-printed graphene on polyimide
with electrodeposited Prussian blue. For the electrodeposition, a constant potential of 0.4
V (vs. Ag/AgCl) was applied to the graphene for 120 s. The deposition bath was
composed of 2.5 mM FeCls, 100 mM KCI, 2.5 mM KsFe(CN)s, and 100 mM HCI. The
glucose sensor working electrode was obtained by drop-casting 5 uL of the glucose
oxidase/chitosan/glutaraldehyde solution onto the graphene/PB electrode. The
preparation of this solution is listed as follows: 1% chitosan solution was first prepared
by dissolving chitosan in 2% acetic acid with magnetic stirring; Then, this chitosan

solution was mixed thoroughly with glucose oxidase solution (100 mgml™! in artificial
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perspiration, pH 4.5) and 0.25 wt% glutaraldehyde solution in the volume ratio of 1:2:1.
These modified electrodes were refrigerated at 4 °C, prior to testing.

An Ag/AgCI electrode was used as a combined counter and reference electrode
system, as demonstrated in previous literature.33® A solution of ferric chloride (Copper
Etchant Type CE -100, CHEMTREC) was diluted with DI water until 50 mM in
concentration. The FeCls solution was dropcast over the printed silver electrode to
convert the top layer of Ag to AgCl. The reaction was quenched with water after 1 min
and the Ag/AgCI allowed to air dry. All measurements used artificial perspiration
(Pickering, pH 4.5) spiked with increasing concentrations of glucose. A glucose stock
solution (0.1 M) was prepared in artificial perspiration (pH 4.5) then left at room
temperature for about 24 h prior to use to ensure the formation of f-D-glucose. The
glucose solution was then diluted with artificial sweat to achieve the necessary specific
concentrations for testing.

The microfluidic devices were fabricated from PI (25 um thickness), pressure-
sensitive adhesive (PSA, ARCare 92712, 48 um thickness), and PET (140 um thickness)
layers, which were individually laser cut according to CAD designs. The microfluidic
strip was cut to 78 um by 18 um. A single layer of PSA was used to produce the 1 mm
microchannel between the Pl and PET films. To offer additional mechanical stability, a
layer of PET sandwiched between two layers of PSA was adhered to the base of the
microfluidic device. During testing, a thin piece of PDMS was adhered by corona
treatment around the synthetic skin pores to prevent the formation of leaks or bubbles
into the microfluidic device. The microfluidic strip was pressed onto the PDMS for the

PSA to adhere with the surface.
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For electrochemical measurements, the microfluidic device was connected to an
electrochemical analyzer (CHI 660E, CH Instruments) for sensing measurements. For
glucose testing, amperometric measurements were conducted on a two-electrode system
using a current of —0.05 V versus Ag/AgCl electrode. For the cortisol sensor, a three-
electrode. The spectra of cyclic voltammetry (CV) curves in characterization of electrode
modification were recorded in PBS solution (10 mM, pH 7.4) containing a 5 mM
Fe(CN)s** redox probe.

Lastly, scanning electron microscopy and electron (SEM) and energy dispersive
x-ray spectroscopy (EDS, FEI Magellan 400 XHR) were used to characterize the surface

of the printed and modified electrodes.

3.6 Synthetic Skin Development

A flexible synthetic skin was designed to better understand time-stamped sweat
acquisition for temporal biomarker measurements. Many research studies focus on
human research to realize the ability of fabricated sweat sensor devices; however, these
are subject to the perspiration of a particular individual with no control of the sweating
rate. Systematic testing of a sweat-based sensor requires accurate measurements of the
sensor at a variety of sweating rates and biomarker concentrations.

Here, we developed a PDMS-based synthetic skin composed of a base layer and a
thin membrane using UV photolithography and soft lithography fabrication as shown in
Figure 41. The base layer included two inlets, which led to a mixing channel to allow for
the introduction of artificial sweat into one inlet and sweat spiked with a biomarker of

interest into the other inlet. This mixing channel was designed for uniform mixing at both
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low and high flow rates. After the mixing channel, the fluid is divided into several
separate channels prior to reaching the sweat pores. These circuitous pathways are used
to allow for the same pressure drop across each channel to ensure fluid will reach each
sweat pores at similar times. Next, a 50 um thick porous membrane serves as synthetic
skin pores with 72 pores placed over a circular area with a diameter of 3 mm. The size of
these pores is 50 um and the distribution is 250 pores/cm?, which mimic human skin.
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Figure 41. Synthetic skin illustration. (Top) Cross-sectional schematic of sweat flow
from inlet of skin to outlet at the skin pores. (Bottom) Top-view illustration of the two
layers used to produce the PDMS-based synthetic skin, including a lower layer for sweat
mixing and delivery though equidistance channels and an upper layer with 50 pm outlet
pores.

To further understand the ability of the synthetic skin, the effects of diffusion
during flow in the microchannels was considered mathematically and experimentally.
The diffusion of a plug of fluid with known concentration of glucose molecules is
illustrated in Figure 42. The glucose will diffuse laterally as it reaches contact with the
sides of microchannels within the synthetic skin, and the final microfluidic device.
However, the velocity of the sweat within the channel will vary according to the location

within the channel: the velocity will increase in the center of the channel and decrease at

the edges. Similarly, glucose molecules introduced into the flow will be affected by this
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non-uniformity depending on their location within the sweat. Therefore, convectional
diffusion will occur at along the length of the microchannel due to the shear flow within
the length of microchannel as well. Both these types of diffusion must be considered to
gain an accurate understanding of diffusion of the glucose concentration with regard to

flow rate at the surface of the skin pores.
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Figure 42. Representative illustration of the glucose concentration within sweat at the
inlet and outlet of the synthetic skin. Due to diffusion of glucose within the
microchannels, the concentration of glucose within a representative plug of sweat will
decrease and require a longer exit time compared to the inlet concentration and time.

In particular, the Taylor-Aris dispersion theory can be used to understand the
relationship between these types of diffusion and calculate important parameters of

interest. Building on Fick’s law of diffusion, an apparent effective diffusivity can be

calculated from the mass flux across the channel, given by Equation 1.

Q=UCy + Dry 22 [1]

Here, Q (mol/ m?s) is the mass flux, U (m/s) is the velocity, Da (s) is the Taylor-
Aris dispersion coefficient, Cm (mol/m?®) is the mean concentration across the distance,
and x (m) is the length of the channel. In particular, the Taylor-Aris dispersion coefficient

(DA () accounts for both lateral and conventional diffusion within a channel,®
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d2u,?

DTA = D + 102D [2]

where D (m?/s) is the diffusion coefficient of glucose, d (m) is the hydraulic diameter,
and Uc (m/s) is the channel velocity. Using the calculated dispersion coefficient, the
dispersion time, given by taispersion (S), for a representative plug of fluid can be calculated

from Equation 3 below,

— Zm [3]

tdispersion - U,

where tc is the time interval of the plug of fluid of known concentration Co. The
assumption is that fluid at the exit pores will have a mean concentration, Cout equal to
90% the original concentration, Cin, as a result of diffusion within the channel. Therefore,
the time interval for the plug can be estimated. For 1 uL/min, this time interval would be
50 s and will continue to decrease as the flow rate increases.

Next, the residence times of fluid within the synthetic skin were explored as this
IS necessary to realize the time-stamping of sweat in the channels. These are again
calculated using the assumption that the final concentration being 90% of the initial
concentration with x equal to the entire distance from inlet to outlet of the microchannel.
As shown in Figure 43, flow rates between 0.05 pL/min to 5 uL/min were evaluated for
their residence time and plug spread. An absorbent pad was placed at the skin pores exit
to determine when the fluid reached the outlet of the synthetic skin. The residence time
within the channel was plotted with respect to flow rate, which was found to be
approximately related to the inverse relationship with the flow rate. Additionally, the

concentration of the plug spread was determined by the outlet time minus the inlet time
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divided by the inlet time and multiplied by 100. For high flow rates, the plug spread

approached zero.
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Figure 43. Experimental residence times of fluid within the synthetic skin at flow rates
between 1-5 pL/min. (Left) The time for fluid to exit the pores of the synthetic skin,
which can be approximated by the inverse of the flow rate. (Right) The percentage of

plug spread have been plotted against a range of flow rates using colored dye with the
synthetic skin.

3.7 Adhesive-based Microfluidic Fabrication

Next, the microfluidic channel was designed, which would support the printed
sensor electrodes and adhere to the synthetic skin. A schematic of the final expected
design is shown in Figure 44. The microfluidic design was optimized for (1) material

selection, (2) microchannel dimensions, (3) wicking/absorbing pads, (4) mechanical

stability, and (5) bubble prevention.

Base channel-network layer

Figure 44. Schematic of microfluidic device integrated with synthetic skin. The porous
synthetic skin is developed using UV photolithography and adhered to the thin top layer
membrane by oxygen plasma. The printed microfluidic device with printed sensors is
placed on top of synthetic skin components using a skin adhesive.
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First, the material selection and microchannel dimensions were considered. The
top substrate was chosen to be Novele PET provided by Novacentrix. This PET has a
uniform microporous coating, which allows for very high hydrophilicity even after
immersion in water and ethanol. This hydrophilic PET accommodates fast capillary-
driven flow, which is necessary for this device to operate at both low and high sweating
flow rates. The bottom layer was selected to be polyimide, also known as Kapton, which
can withstand high-temperature annealing required for the sensor electrode fabrication.
For a microfluidic channel, the most straightforward, simple, and fast design is a
rectangular design. This was produced by laser cutting a design drawn in CAD onto PSA.
The PSA was then sandwiched between the top and bottom substrates to produce a
microchannel.

The channel widths considered were 500 um, 1 mm, 2 mm, and 3 mm. Sweat
dyed pink with Rhodamine B was introduced into the channel from the synthetic skin and
observed as shown in Figure 45. For large channel widths of 2 mm and 3mm, the fluid
flow travelled along the edges of the channels and resulted in early channel collapse. The
smallest width of 500 um demonstrated rough edges as a result of interference from the
laser cutter at such a small distance. Therefore, the channel width of 1 mm was selected
for the device; however, there was still some concerns of bubble formation within the
channel, resulting for leakage or twisting of the device. From here, stagnation pressure
would build in front of the bubble and result in a slower flow rate or complete blockage
of the channel. Finally, the channel height was examined by considering the use of one
PSA layer or two. Two layers would allow for fast flow of sweat without the concern of

the sensor electrodes squeezing or preventing the fluid, while one layer would be best for
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low flow rates of sweat. Therefore, one layer of PSA was used and the height of the

sensor electrodes was controlled to be lower than 40 um.

Figure 45. Microfluidic channel width optimization. (a) Laser cut PSA channel width of
3 mm, demonstrating channel collapse and slow flow to reach the absorbent pad. (b) 1
mm channel width revealing a bubble in the center of the channel. (c) Optimized 1 mm
channel width showing fluid flow through the device without bubble formation.

The requirement of a wicking pad and absorbent pad were then explored on the
microfluidic system attached to the synthetic skin. A wicking pad at the start of the
device may offer an advantage to help the collection of sweat over a period of time. The
following four conditions were tested: no wicking pad, Whatman 1 filter paper, Whatman
17 glass fiber, and nitrocellulose paper. Circular wicking pads were cut from these
materials and placed over the sweat pores and under the microfluidic device. Artificial
sweat was introduced into the synthetic skin and the time to reach the microfluidic
channel was observed. All three wicking pads demonstrated leakage near the skin pores
as shown in Figure 46 and resulted in very slow flow of sweat into the microfluidic
device. The sweat leaking from the wicking pad also impaired the adhesion of the
microfluidic device on the PDMS surface over time and resulted in the forming of small

bubbles, on occasion. Therefore, no wicking pad was used for the final microfluidic

device strip.
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Figure 46. Sweat leakage. (a) Whatman 17 wicking pad resulted in increased leakage of
the simulated sweat around the inlet, preventing flow through the microchannel. (b)
Nitrocellulose wicking pad showed flow through the microchannel with leakage
prominent near the inlet.

Another concern with the microfluidic device was the collapse of the microfluidic
channel and flow near the edges of the channel, even using the 1 mm channel width. This
result was due to the very thin polyimide layer used as the bottom layer, which had low
mechanical stability. To strengthen this layer, an additional PET layer with a top and
bottom layer of PSA was placed under the polyimide layer. While this increased the
thickness of the overall device, it was not shown to hinder the bendability of the device.

Finally, to prevent the formation of bubbles within the channel, a thin layer of
PDMS was placed between the synthetic skin and the microfluidic device as shown in
Figure 47. The bubbles would greatly affect the sensor measurements by preventing the
flow of fluid at low flow rates or becoming entrapped on the hydrophobic sensor
electrode surface. Bubble formation within microfluidics channels and devices is a
common challenge in this field of research. Gas bubbles are caused by diffusion of gas
from the pumping solution or tubing, vibrations or perturbations of the microfluidics, and
changes in temperature or pressure of the system, 3%

While it is difficult to remove bubbles following their formation, it is easier to
prevent the creation of bubbles in the channel. These can occur by introduction from the

syringe pumps leading to the synthetic skin, or from the connection of the microfluidic

90



device to the synthetic skin. Prior to use, the filled syringes were carefully tapped to
remove any trapped bubbles from the solution. Next, a thin PDMS layer was placed over
the porous skin membrane and offered a second layer of protection from leaking and
entrapping air bubbles into the channels. A drawback of the porous skin membrane was
that adhesive pressure from the microfluidic device would pull apart the two layers used
to create the skin. This issue would cause small leaks within the skin and at the interface
between the skin and the device. The added PDMS strip offered protection to the thin
synthetic skin and prevented leaks. Additionally, the devices were prewet with sweat
prior to testing to remove air from within the channel before testing. Lastly, a sequence of
images demonstrating dyed fluid entering from the skin pores and through the

microfluidic channel of the device is shown in Figure 48 below.

PDMS Strip

LY
InI:t's Synthetic Skin

Figure 47. Synthetic skin with PDMS layer. A thin PDMS layer was adhered to the
synthetic skin using oxygen plasma to prevent the formation of bubbles or leakage
around the transition of fluid from the skin to the microfluidic device.

Figure 48. Fluid flowing through the microfluidic device with a 1 mm channel width at
specific time points.
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3.8 Printed Sensor Electrodes

Following design optimization, the final microfluidic device consisted of a layer
of PSA to create the microchannel between a top hydrophilic layer of PET and a bottom
polyimide layer. The polyimide layer can withstand high-temperature annealing, which is
necessary for the fabrication of printed sensor electrodes. A side-view schematic of the
microfluidic device with the printed electrodes is shown in Figure 49. The size of the

microfluidic strip was 2.5 in width (comparable to a standard Band-Aid).
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. Counter & Reference
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Figure 49. Schematic of microfluidic device fabrication. (a) Fabrication assembly of
microfluidic device, including skin adhesive, polyimide substrate, PSA microchannel,
hydrophilic PET substrate, and replaceable absorbent pad, (b) Common paperfluidic
glucose test strip with similar design features.

For an electrochemical sensor, three conductive electrodes are needed: working,
counter, and reference. The working electrode contains the sensing material with the
ability to target and measure the biomarker or analyte of interest. The base of this
electrode is usually produced from gold, silver, or platinum to allow for fast electron
transfer. The counter electrode is used to complete the electrochemical circuit, is
commonly made of an inert material, and does not participate in the reaction. Lastly, the

reference electrode has a steady electrode properties, which are well-known, allowing it

to serve as a reference to which very low voltage is applied.
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For the printed glucose sensors, solution-processable graphene ink developed in
Dr. Mark Hersam’s research group was used for the base of the working electrode. This
graphene ink is similar to the ink discussed in Chapter 1; however uses nitrocellulose as
an ink stabilizer, compared with ethylcellulose. By using nitrocellulose as the capping
agent, the ink is more water-resistant and shows better adhesion with polyimide films.
The novel graphene ink stabilized by nitrocellulose was shown to be inkjet-printed and
gravure-printed in previous studies. The graphene ink was printed at 20 um drop size
spacing at a jetting voltage of 28 V from a 10 pL cartridge. The printed design was drawn
using a CAD program to print within the laser cut substrate. To achieve a highly
conductive electrode, twenty-five layers of graphene ink were printed onto the Kapton
substrate using all 16 inkjet printing nozzles to increase the thickness of the graphene ink.
Following inkjet printing, the graphene ink is annealed at 350°C for 30-60min to degrade
the nitrocellulose binder, allowing for better flake-to-flake contact and higher
conductance (50-80 Ohm).

For the sensor counter and reference electrodes, silver ink from Novacentrix
(JSB25HV) was printed. This ink requires a ten min thermal annealing step at 300°C for
the silver nanoparticles to coalesce and become conductive on polyimide film. For the
electrodes, two layers of silver were printed to obtain the desired conductivity level. This
silver ink was also used as the conductive connectors from the electrodes to the edge of
the microfluidic strip. A common reference electrode for printed sensors is Ag/AgCl.
Here, the top layer of printed silver is converted to AgCIl. This was completed by
dropcasting diluted ferric chloride over the sensor pad and quenching the reaction with

water after 1 min. As shown in Figure 50 below, the final Ag/AgCI electrode is a dark
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gray color compared to the white silver connectors. For the glucose sensor, the reference
and counter electrodes were combined together as a pseudo-reference electrode. This was

accomplished to decrease fabrication time and require less space on the device.

Figure 50. Ag/AgCl electrode fabrication. a) Inkjet-printed graphene and silver patterns.
(b) Thermally treated graphene and silver patterns on polyimide substrate. c) Silver
electrode modified with ferric chloride to become Ag/AgCl reference and counter
electrode.

The electrode surfaces were characterized by scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS). As shown in Figure 51 (top), high-
resolution SEM images show the original graphene, silver, and Ag/AgCl surfaces used
for the sensor electrode. For the SEM images, electrodes printed on polyimide were
coated with 2 nm of Pt for imaging without beam damage to the materials. For the EDS
spectrums, these samples were printed on to SiO> surfaces to allow for imaging at high
voltages and accelerating voltages necessary for this measurement. The EDS spectrum
demonstrate predominantly carbon for the graphene sample, mainly silver for the

annealed printed silver sample, and silver and chlorine for the Ag/AgCl modified sample.
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Figure 51. Electrode SEM Images and EDS Spectra. (Top) High-resolution SEM images
of inkjet-printed graphene, silver, and Ag/AgCl electrode surfaces on polyimide
substrates following thermal treatment. Samples were sputtered with 2 nm Pt coating for
imaging. (b) EDS Spectra of graphene, silver, and silver chloride on silicon substrates.
The graphene electrode demonstrated predominately carbon, the silver chloride
predominately silver, and the Ag/AgCl electrode predominately silver and chlorine.

3.9 Integrated Microfluidic Design

Once the sensor electrodes were printed on the microfluidic device and
assembled, it was connected with the electrochemical analyzer and synthetic skin. A
camera was placed above the setup for video measurements, as shown in Figure 52.
Artificial sweat and sweat spiked with glucose was pushed through separate syringe
pumps connected to the synthetic skin. The microfluidic device with printed
electrochemical sensors was adhered to the synthetic skin, thus fully integrating the test

strip to examine continuous glucose monitoring.
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Figure 52. Integration of Microfluidics, Sweat Sensor, Simulated Skin. (Left) Photo of
experimental setup, (Right) Image of connections required for the measurements,
including wire to the electrochemical analyzer and microfluidic tubing to the syringe
pumps.

To visualize the fluid flow within the microfluidic device, artificial sweat was
pumped in through two inlets to synthetic skin and imaged. A sequence of photos were
taken as sweat flowed through the device at specific time points as shown in Figure 53.
The increasing fluid flow is demonstrated by the filling of the absorbent pad on the right
side of the microchannel. To account for increased sweating rates, the absorbent pads can
be easily switched out and replaced for new pads. One challenge with this design is the
noticeable crimping of the polymeric substrate under the force of the alligator clips
connecting the electrodes to the analyzer. This issue was reduced by adding a thicker

piece of PET directly under the printed electrodes to increase stability.
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Figure 53. Fluid flow through microfluidic sensor device from the synthetic skin. (a-d)
Increased fluid passing through the device without leakage as demonstrated by the filling
of the absorbent pad.

3.10 Hydrogen Peroxide Microfluidic Data

Glucose biosensors rely on an enzymatic redox reaction where glucose oxidase
will bind to glucose, oxidizing the molecule into glucose oxidase (GOx) by producing the
byproduct of hydrogen peroxide (H202), as shown below.

GO
D-Glucose + H,O + O, =, D-Gluconic Acid + H,0,

The concentration of hydrogen peroxide can be directly detected by the conductive
electrodes of the electrochemical sensor, by measuring the current produced during the
redox reaction. Using this information, the glucose concentration can be indirectly
calculated through measuring the generation of peroxide in the solution.

Based on this concept, the printed glucose sensor consisted of graphene as the
working electrode and a combined Ag/AgCl electrode as the counter and reference. This
straightforward sensor served as an ideal setup to design the individual aspects of the

microfluidic device without introducing actual glucose or simulated sweat into the
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device. Instead, a PBS buffer solution with varying concentration of hydrogen peroxide
was used to optimize the microfluidic substrate materials, channel dimensions, electrode
pad sizes, adhesive layers, and CAD design.

First, the graphene working electrode was measured in a beaker setup to
characterize its performance for a simple peroxide sensor. A standard Ag/AgCl reference
electrode and Pt counter electrode were used to demonstrate the printed graphene
electrode would function as a stable working electrode. As shown in Figure 54, the
printed graphene detected injection of hydrogen peroxide into the solution at increasing
concentrations, which can be reduced at a -0.5 V potential.
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Figure 54. Hydrogen peroxide sensing within beaker. (a) CV curve of graphene working
electrode for 1 mM, 2 mM, and 3 mM hydrogen peroxide. (b) Hydrogen peroxide sensing
using standard three electrode system at -0.5 V.

The reference and counter electrodes were then printed using silver ink and tested
for adhesion, stability, and performance. For commercial glucose test strips, these two
electrodes are commonly combined together to decrease cost and fabrication time.
However, the printed Ag/AgCl electrode demonstrated degradation under voltage
conditions required to detect peroxide. As shown in Figure 55b, there is a noticeable
color change on the Ag/AgCI electrode from grey to black after the application of

voltage, due to the oxidation of silver. This instability can also be verified by a sudden

decrease in current over time on Figure 55b. However, this damage was not apparent at
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the lower voltage of -0.05, demonstrated by the constant measured current over time in
Figure 55a. Therefore, a working electrode was modified with a mediator layer to detect

peroxide at a lower voltage and prevent damage to the inkjet-printed sensor.
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Figure 55. Damage to reference/counter electrode at high voltage. (a) Image of
microfluidic device with response curve with an applied potential of -0.05 V. (b) Image
of device with degradation evident on Ag/AgCl electrode due to high applied voltage of
05V.

A common mediator layer used for electrochemical sensors over the past decade
is Prussian Blue. A thin film of this material is coated onto the working electrode to act as
a catalyst for hydrogen peroxide reduction. This occurs by causing a redox reaction
converting Prussian Blue to Prussian White that is dependent on the oxidation of glucose
by GOx, as shown in Figure 56. Prussian Blue can be electrodeposited onto the surface of
the electrode, allowing for solution-processable coating of this mediator layer. In
particular, the deposition thickness of the mediator layer affects the sensor response time,
where a thicker layer will require additional time to pass electrons to the electrode. The
lower reduction potential for Prussian blue also serves to limit possible side reactions

during sensing with undesired biomolecules, such as uric acid or ascorbic acid, and
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improves the sensor selectivity. Finally, this electrocatalyst is known to be highly stable

for long periods of time.?’
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Figure 56. lllustration of Prussian Blue mediator layer for enzymatic sensor.®’

To improve the microfluidic device system for low voltage testing, a thin layer of
Prussian Blue was electrodeposited onto the surface of the printed graphene electrode. To
deposit exclusively onto the printed graphene pad, the silver connectors were printed to
the side of the device to prevent contact with the electrodeposition solution. The
electrolyte used for deposition was composed of 2.5 mM FeCls, 2.5 mM KsFe(CN)s, 0.1
M KCI, and 0.1 M HCI with an applied voltage of 0.4 V for 60 s. Following the
deposition, a blue coating was visible on the surface of the graphene. Cyclic voltammetry
demonstrated oxidation and reduction peaks of hydrogen peroxide close to 0 V for the
modified working electrode. The Prussian Blue-modified graphene electrode was tested
within a beaker using standard electrodes at a voltage of -0.05 V as shown in Figure 57b.
This modified Prussian Blue/graphene working electrode demonstrated the capability to

detect injections of increasing levels of hydrogen peroxide into the buffer solution.
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Figure 57. Hydrogen peroxide sensing. (a) Cyclic voltammetry of PB-modified electrode
in buffer solution after 50 cycles. (b) Amperometric response curve of the PB-modified
graphene electrode with successive H2O> injection in a beaker system. The potential is
applied at -0.05 V.

The Prussian Blue-modified graphene electrode was also examined by high-
resolution SEM and EDS to understand the surface structure and composition of the
material. As shown in Figure 58, the Prussian Blue forms a continuous coating over the
surface of the graphene flakes, which are no longer visible from the surface. The EDS

spectrum of the composite working electrode shows elemental peaks of nitrogen and iron,

which are within the chemical structure of Prussian Blue.
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Figure 58. SEM and EDS of Prussian Blue. (Left) High-resolution SEM image of
electrodeposited Prussian Blue on the inkjet-printed graphene electrode on a polyimide
substrate. (Right) EDS spectrum revealing carbon from the graphene electrode and
nitrogen, oxygen, and iron from the Prussian Blue, and silicon from the silicon wafer
used for imaging.

101



3.11 Continuous Glucose Measurements

As the final step, glucose oxidase was immobilized on the surface of the Prussian
Blue/graphene working electrode to measure the concentration of glucose in simulated
sweat. The glucose oxidase enzyme was immobilized within a later of chitosan and
glutaraldehyde drop-casted onto the Prussian Blue-modified graphene electrode. Once
drop-casted, the solution was allowed to air dry overnight and then stored in a freezer at
4°C prior to testing to prevent enzyme degradation. The GOx/Prussian Blue/graphene
working electrode was characterized using standard electrodes within a beaker to
understand the cyclic voltammetry at various scan rates and calibration curve as shown in
Figure 59. The cyclic voltammetric curve was measured at five scan rates to demonstrate
stability of the working electrode. A glucose calibration curve was measured, indicating a
linear response curve between 0.2 mM to 1 mM with a limit of detection of 10 uM. This
range is of particular importance as it falls within the expected concentration of glucose

in sweat for diabetic patients.
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Figure 59. Cyclic voltammetric and calibration curves of glucose sensor. (Left)
Measured cyclic voltammetric curves at increasing scan rates, (Right) Calibration curve
of glucose sensor demonstrating linear detection relationship between 0.2 to 1.0 pA/cm?,

The glucose sensor was integrated with the synthetic skin and tested in a constant

flow system for repeatability and flow rate dependence. As shown in Figure 60, the
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sensor demonstrates good performance and reproducible results over multiple injections
of a low concentration of glucose within simulated sweat. For continuous monitoring of
human sweat, one important concern is the flow rate of sweat which will vary depending
on the physiological or emotional state of the individual. Therefore, five different flow
rates of sweat were considered for the same microfluidic device, including 1 to 5 uL/min.
For high flow rates between 2 pL/min to 5 pL/min, the current response reached the same
saturation level, demonstrating good sensing capability and contact of the sweat solution
with the electrodes. In comparison, for a flow rate of 1 uL/min, the fluid within the
channel was unable to maintain complete contact with the electrodes, resulting in a lower
than expected current response. Secondly, the faster flow rates demonstrate a faster
response compared with lower flow rates. This result is due to the diffusion of glucose at
various flow rates within the synthetic skin, the PDMS strip, and the microfluidic device

to arrive at the sensor.
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Figure 60. Microfluidic glucose sensor. (a) Repeatability of response curve for multiple
injections of glucose in artificial sweat. (b,c) Response curves indicating detection of
glucose using different flow rates of sweat.

The microfluidic glucose sensor also demonstrated the ability to detect different
concentrations of glucose in a continuous manner, as shown in Figure 62. Here, the same
microfluidic device was used to measure three different glucose concentrations: 0.2 mM,

0.35 mM, and 0.5 mM, indicated by the increasing current saturation of the sensor.
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Figure 61. Continuous glucose monitoring. Current versus time plot of 0.2 mM, 0.35
mM, and 0.5 mM glucose within simulated sweat measured through the same
microfluidic device.

3.12 Conclusions

In summary, we have demonstrated a low-cost, solution-processable microfluidic
platform for the direct sensing of biomarkers from sweat. A synthetic skin was fabricated
to mimic the size and distribution of skin pores on the human body, which allowed for
the testing of different sweat flow rates between 1 puL/min to 5 pL/min. Solution-based
graphene ink and silver ink served as conductive base layers for the electrochemical
electrodes. The graphene working electrode was successfully modified with Prussian
Blue to reduce the necessary voltage to reduce hydrogen peroxide, and the silver
electrode was converted to a combined Ag/AgCl counter and reference electrode. In
particular, these electrodes can be customized for different electrode size, shape, and
thickness depending on the final application. The completed microfluidic device was
adhered to the synthetic skin and tested for repeatability and response time. This sweat-
based microfluidic biosensor device allows for a straightforward setup to test
microfluidic sweat sensors and offers guidelines on bubble prevention, sensor fabrication,
and flow rate adaptability. Furthermore, this microfluidic strip is compatible with

scalable manufacturing for point-of-case diagnostics.
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