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Summary

Microfluidics may be defined as the study of the behavior, and manipulation of very small volume
of fluid in microchannels of dimensions 10s to 100s of micrometers. Microfluidics offers very
fascinating features with some interesting challenges to overcome in the device development. In
addition to the improved analytical performance related to the high surface area-to-volume ratio
resulting from miniaturization, the ability to perform analysis on a very small volume of samples
with economy of reagents and time makes microfluidics cost effective solution to the realization
of current needs for ASSURED (a term introduced by A. Guiseppi-Elie: Affordable, Sensitive,
Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable) devices for distributed

diagnostics and home-health care (D,H>) applications.

A good example of diagnostic devices that can be considered as a starting point for the
development of ASSURED microfluidic devices are Lateral flow Devices (LFDs). Because LFDs
have been successfully commercialized and used in point-of-care (POC) diagnostics. They owe
their success to their simplicity that significantly depends on the capillary-driven flow and
versatile technological platform that lends itself to fast and low cost product development.
However, these devices are often limited to screening applications. They are not sensitive enough
for certain applications that require highly sensitive and quantitative analysis such as that of
allergies. Microfluidic devices, particularly capillary driven microfluidic devices, are expected to
outperform LFDs and overcome their limitation if flow rate is precisely controlled in

microchannels given current state of the art in microfabrication techniques.

In this thesis the design, fabrication and implementation of three different electrochemically
actuated capillary flow control schemes have been developed through low voltage electrowetting/
electrochemical actuation of the flow using 1) electrical stimuli responsive superhydrophobic
surfaces based on intelligent polymers ii) superhydrophobic nanoporous carbonaceous surfaces,
and iii) superhydrophobic electrodes coupled to other electrodes that facilitate the generation of
gradients to propel the liquid. The developed schemes are expected to facilitate the realization of
ASSURED devices for bioanalytical applications where an analytical response depends on the
dissolution of previously deposited reagents, the kinetics of biological affinity and enzymatic
reactions, and mass transport of products to a transducer in the microchannels. The thesis unravels
the mechanism of response of such systems and demonstrates ways for reduction to practice of

such devices for the “democratization” of theranostics.
8
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The valving configuration in all the three schemes involves a pair of screen printed electrodes
(SPEs) transversal to the flow. One of the electrodes in each pair is superhydrophobic to provide
passive stopping and facilitate low-voltage actuation of the flow by virtue of: electrically tunable
wettability based on intelligent polymers, low voltage electrowetting transition from the less

wetted Cassie to more wetted Wenzel or on-chip generated concentration gradient.

In the first scheme the fabrication of polymer based superhydrophobic surface by
electropolymerization required pretreatment of screen printed carbon electrodes (SPCEs) to
amplify the roughness and enhance electrochemical performance. The activation as well as
roughness amplification strategy was controlled to avoid nucleophilic functionalities on the
surface of the electrodes. Such functionalities as hydroxyl groups can render nucleophilic attack to
the growing polymeric chain or reactive intermediates during the electropolymerization and
destroy the conjugation- the key requirement for the expected electrically tunable property of the
polymer. In this work we achieved this by a new procedure that involves controlled and selective
subtraction of nonelectroactive components from the electrode’s surface based on solubility
principles. The selective subtraction enhances surface roughness and also activates the electrodes
for electropolymerization by increasing graphitic loading and exposure (electrochemical
accessibility) of the graphitic edges with electrocatalytic property. Electrodeposition of the
polymer was then performed on the previously roughened and activated SPCE surface through
controlled cycling of potential to produce poly(3-methylthiophene) based superhydrophobic
surface that displays passive stopping of capillary flow and facilitate low voltage actuation of the

flow.

The second approach boasts simplicity and is based on the favorable wettability transition from
the less stable Cassie-Baxter wettability regime of superhydrophobic nanoporous electrode with
no further modification to a more stable and more wettable Wenzel regime by electrowetting. By
virtue of superhydrophobicity the electrode stops the flow and by virtue of the high conductivity,
large potential window and intrinsic charge accumulation capacity of carbonaceous material it
facilitates the low voltage actuation through electrowetting transitions at extremely low voltage. In
this case both electrodes involved in the valving operation are based on screen printed carbon-one

wettable and the other superhydrophobic nanoporous in each stop/go valving electrode pair.

The third scheme also exploits the superhydrophobic nanoporous carbon electrode but couples

it to screen printed silver. The superhydrophobic electrode as usual provides passive stopping of

9
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the flow and facilitates low voltage actuation of the flow via on-chip generated gradients of

concentration.

All the three schemes have been successfully implemented to demonstrate multiple and
sequential stop/go fluidic operations in microchannels using different aqueous solutions including
biological buffers containing proteins of interest such as lactoglobulins. Such operations, unlike
the previously reported methods, allow precise control of the flow at specific locations in the

microchannels and are simple, low cost and miniaturizable.
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Resumen

La microfluidica se define como el estudio del comportamiento y la manipulacién de pequefios volimenes
de fluidos en microcanales de dimensiones entre las decenas y centenas de micrémetros. Esta tecnologia
ofrece grandes ventajas para el desarrollo de nuevos dispositivos en diversas dreas de investigaciéon. Un
importante avance de la aplicacién de la microfluidica es el incremento del rendimiento analitico del
dispositivo resultante de la miniaturizacién del sistema, debido al aumento de la relaciéon area
superficial/volumen. En este sentido, las pequenas dimensiones de los microcanales hacen posible el
empleo de poca cantidad de muestra, asi como la disminucién del tiempo de andlisis, respecto a otras
técnicas. Lo que representa una ventaja desde el punto de vista econémico y una opcién muy interesante
para lograr mejorar las actuales necesidades de los dispositivos ASSURED (término introducido por A.
Guiseppi-Elie: Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and

Deliverable) para tratamientos a domicilio.

Los dispositivos de flujo lateral (LFDs) pueden ser considerados como el punto de partida en el desarrollo
de dispositivos de microfluidica ASSURED. Estos se han comercializado y utilizado exitosamente con fines
diagnésticos. Los LFDs deben su éxito a su sencillez, que depende fundamentalmente del manejo del flujo
capilar y versatilidad de su plataforma tecnoldgica, lo que los hace productos econdmicos. Sin embargo,
presentan limitaciones en investigaciones que requieran elevada sensibilidad y andlisis cuantitativos, como
los dedicados a estudios de alergia. Los dispositivos de microfluidica, especificamente los conducidos
mediante capilaridad es una de las opciones para superar las limitaciones del los LFDs mediante el control

preciso de la velocidad de flujo en los microcanales utilizando técnicas de microfabricacion.

En esta Tesis se ha desarrollado el disefio, fabricacién e implementacién de tres alternativas diferentes de
dispositivos con control de flujo mediante técnicas electroquimicas. El flujo se maneja mediante
electroquimica y electrowetting de bajo voltaje. Las tres alternativas presentadas son i) superficies
superhidrofébicas basadas en polimeros que responden inteligentemente a los estimulos eléctricos, ii)
superficies de carbono nanoporosas superhidrofébicas, y iii) electrodos con superficies superhidrofébicas
acoplados a otros electrodos que facilitan la generacién de gradientes que pueden impulsar el liquido. Con
estos sistemas propuestos se espera lograr la fabricacion de futuros dispositivos ASSURED para
aplicaciones bioanaliticas; donde la respuesta analitica depende de la disolucién de los reactivos
previamente depositados, la cinética de afinidad bioldgica, las reacciones enzimaéticas, y el transporte de
masa del productos al transductor en los microcanales. La tesis estudia el mecanismo de la respuesta en
cada caso en estos sistemas y demuestra opciones para la reduccion a la prictica de herramientas que

pueden “democratizar” la “teranostica” (theranostics).
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Uno de los electrodos de cada par es superhidrofébico para permitir la detencion pasiva del flujo y facilitar
el control del mismo por bajo voltage mediante la humidificacidon controlable eléctricamente basada en
polimeros inteligentes, la transicion electro-humidificante de bajo voltage desde el menos himedo Cassie

al mas himedo Wenzel, y el gradiente de concentraciones generado en el chip.

En el primer esquema, la fabricacién del polimero basado en una superficie superhidrofébica requirié el
pretratamiento de los electrodos de carbono impresos (SPCEs) para aumentar la rugosidad mejorar sus
caracteristicas electroquimicas. La activacion, asi como la estrategia de amplificacién de la rugosidad, fue
controlada para evitar la aparicién de grupos funcionales nucleofilicos en la superficie del electrodo.
Debido a que grupos funcionales como hidroxilos pueden realizar ataques nucleofilicos en la cadena
polimérica en formacién o reaccionar con intermediarios durante la electropolimerizacién, destruyendo la
conjugacion que es el elemento clave de las propiedades eléctricamente controlables del polimero. En este
trabajo nosotros conseguimos este propdsito empleando un nuevo procedimiento que comprende el control
y la sustraccién selectiva de componentes no electroactivos de la superficie del electrodo basados en
principios de solubilidad. La selectiva sustraccién incrementa la rugosidad superficial y activa los
electrodos mediante electropolimerizacion por incremento de la carga del grafito y exposicién
(accesibilidad electroquimica) de los vértices de la superficie del grafito con propiedades electrocataliticas.
La electrodeposicidn del polimero fue entonces realizada, en las superficies de los SPCE previamente
activados, mediante voltametria ciclica produciendo poli(3-metiltiofeno), debido a la superficie
superhidrofébica que muestra detencién pasiva del flujo capilar y facilita la actuacién del bajo voltaje sobre

el flyjo.

El segundo enfoque muestra una mayor simplicidad y se basa en la transiciéon favorable desde el menos
estable régimen de humidificaciéon Cassie-Baxter de electrodos nanoporosos superhidrofébicos sin
modificacién al régimen mds estable y humidificable Wenzel mediante electrowetting. Gracias a la
superhidrofobicidad, el electrodo detiene el flujo y debido a la alta conductividad, al amplio rango de
potenciales y a la capacidad intrinseca de acumulacién de carga de estos materiales, se facilita la accidn de
bajo voltaje mediante transiciones de electrowetting a voltajes extremadamente bajos. En este caso, cada
par de electrodos implicados en la operacién de valvulas se basan en electrodos impresos de carbono,

siendo uno humidificable y el otro nanoporoso con caricter superhidrofébico.

El tercer esquema utiliza nuevamente electrodos de carbono nanoporosos con caracter superhidrofébico
pero emparejado con un electrodo impreso de plata. El electrodo superhidrofébico aporta la detencién
pasiva del flujo y facilita la actuacion del bajo voltaje sobre el flujo a través de gradientes de concentracion

generados en el chip.
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Los tres esquemas han sido implementados exitosamente, demostrando asi posibilidad de realizar
secuencialmente operaciones fluidicas de parada y continuacién del flujo en los microcanales, utilizando
diferentes soluciones acuosas como tampones biolégicos que contienen proteinas de interés como
lactoglobulinas. Dichas operaciones, contrario a lo reportado previamente en la literatura, ofrecen un
control preciso del flujo en posiciones especificas en los microcanales y constituyen una alternativa simple,

de bajo coste y facilmente miniaturizable.



UNIVERSITAT ROVIRA I VIRGILI

ELECTROCHEMICALLY ACTUATED CAPILLARY FLOW CONTROL FOR THE DEVELOPMENT OF INTEGRATED MICROFLUIDIC DEVICES
Alemayehu Paulos Washe

Diposit Legal: T. 475-2013

List of abbreviations

EW: Electrowetting R solution resistance

EWOD: Electrowetting on dielectric W: Warburg diffusion

n: viscosity C: Capacitance

yinterfacial tension Q: constant phase element

U chemical potential SPCE: Screen printed carbon electrode
p:density of liquid DMF: N, N-Dimethylformamide

CH3CN: acetonitrile
DMSO: Dimethylsulfoxide

¢: zeta potential

Y: surface potential

. i.r. Faradic current (charge transfer current
0: contact angle in degree “ ( & )

iq;: Capacitive current (double layer charging current
& permittivity of a dielectric ar: ~4p ( Y ging )

ipq: anodic peak current
A: Debye length

o _ ipe: cathodic peak Current
A: angstrom unit

" density AFM: Atomic force Microscopy

o: charge densi

ESEM: Environmental scanning electron microscopy
3-MeT: 3-methylthiphene

P3MeT: Poly(3-methylthiophene)

V: Voltage

R: resistance

R, charge transfer resistance
d: depth of a microchannel

w: width of a microchannel
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CHAPTER 1
INTRODUCTION

1.1 Microfluidics: Background and Applications

Microfluidics refers to manipulation and analysis of tiny volume of fluids (usually nanolitres or
less) at a size scale of microchannel dimensions in the order of tens to hundreds of micrometers.'
The distant origins of microfluidics for analytical applications can be traced back to
microanalytical methods for chromatographic techniques [gas chromatography (GC) and high
pressure liquid chromatography (HPLC)] and capillary electrophoresis (CE). In the mid 1950s
Golay” and van Deemter’ showed the importance of scaling parameters on the performance of GC
and HPLC, respectively. Scaling down of packed column particle sizes and open column
diameters was shown to improve the separation performance of the columns. Around the same
time the microelectronics industry started miniaturization and integration of circuit elements of
multiple functionalities to enhance the performance of electronic devices through its silicon-based
micromachining processes using photolithography, etching, and bonding techniques.* > Thus the
merging of advances in analytical methods and microelectronics industry can be considered to
have given birth to microfluidics. The first miniaturized silicon-based GC air analyzer on a silicon
wafer was published in 1979 by Terry et al. from Stanford University.® But the concept of
miniaturization and integration of several analytical operations involved in a typical bioassay
including sampling, transport, pretreatment, and detection on a chip in what is generally known as
“lab-on-a-chip (LOC)” or miniaturized total analysis systems (WTAS) was introduced by Manz et
al in 1990s.””

In 1992 Manz et al. heralded a new microfluidic era in separation sciences through the first on-
chip CE system. In that same year, Mathies et al. proposed high-throughput electrophoretic
sequencing on arrays of microfluidic devices.'” In 1993, Harrison et al. demonstrated a micro-CE
system in glass.11 The next year, Woolley and Mathies successfully miniaturized a microfluidic
capillary gel electrophoresis system for DNA analysis, which allowed to accomplish separation in
as little as 2 minutes.'> It was in the mid 1990s that microfluidics started to show a boom with new
concepts and devices to investigate microfluidic solutions not only for separations, but also other

applications notably due to the analytical and economic advantages of miniaturizations.

Miniaturization brings improved analytical performance associated with the high surface area

to volume ratio resulting from scaling down of the size. These include separation efficiency,
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higher specificity, high throughput, and in-situ monitoring. The high surface area-to-volume ratio
of microfluidic channels increases effective thermal dissipation which in turn aids in reducing
power consumption of devices. On the other hand, the ability to make analysis on a very small
volume of samples with economy of reagents and time, less waste, parallelization and portability
makes microfluidics a cost effective solution for the realization of current needs for ASSURED

devices for distributed diagnostics and home-health care or in general POC applications.

Considering that most biological processes involve small-scale fluidic transport, microfluidics
seems especially relevant to bioanalytical applications. The rise of water in trees from the ground
through roots to the leaves via capillaries (xylem), material exchange through capillary walls in
human body, molecular transfer across cellular membranes, oxygen diffusivity through the lungs
and blood flow through microscale arterial networks are among relevant examples. Fig 1.1

provides the comparative relevant size scales of device dimensions or volume of liquids to that of

molecules/particles.
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Fig. 1.1 Comparative size scales for several biological and microfluidic systems as compared to conventional world of

analysis.

The advent of microfluidics from separation to other applications was facilitated by advances in
microfabrication technologies of microelectronics and microelectromechanical systems (MEMS)
giving rise to microarray technology which found its way to microfluidics.” '* In 1990s use of
standard lithography to immobilize probe molecules on microarrays as individual spots that may
hybridize with the target to make extremely large numbers of parameters to be screened at short
time was reported.'® In 1995 the well known 96 microwell array was used to detect an organism’s
gene expressions.l(” 7 Aside from relatively simple reactions on microarrays, on-chip polymerase
chain reaction (PCR) that uses enzymatic transcription to systematically amplify parts or all of a

DNA strand, triggered via thermal fluctuations was reported by Northrup et al. in 1995 and
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1996."® In addition to the inspiring progress in basic research in academia, microfluidics started to
develop as practical technology by life science companies such as Caliper Life Sciences in 1995.
Founded in 1996, Cepheid commercialized rapid biothreat detection systems. Other diagnostic
companies such as the Biosite Triage appeared in the 2000s." Inspired by such practical

demonstration of microfluidics, researchers continued extensive investigation of microfluidics in

20-22

chemical and system biology,**, genetic (DNA/RNA) analysis, ™

. 3
proteomlcs,27 2

33-44 49-50

.. . . 45 . 46 .
and clinical diagnostics,~ sample preconcentration, drug delivery,
51-55

cell/molecule analysis

point-of-care (POC) diagnostics, environmental monitoring and other applications.56

1.2 Microfluidics: Challenges and Opportunities

The unique feature of microfluidics that is also the hope of microfluidic community is the
integration and automation of various analytical operations on a chip so that users who are not
experts in the field such as the patient, clinicians, and police officers can operate it easily. This
hope can only be achieved if the key operations, i.e various fluid manipulation components such
as pumps and valves and analytical separation and detection techniques are integrated on a device.
In addition to the simplicity of operation, integration provides distinct advantages to puTAS
devices including avoiding sample contamination, reducing error caused from human contact,
reduced sample-processing time and allow for a fully-automated analysis. Indeed virtually all
LOC systems rely upon some microfluidic components to control, transport, and manipulate small
volume of liquid in the microchannels. However, the fabrication of the structural (the
microchannels) and functional components (pumps, valves, detectors etc) and their integration and
automation on a chip have not been so easy. The first microfluidic devices were made from silicon
(of silicon industry) and glass by adapting the lithographic techniques used in the microelectronics
industry such as Micro-Electro-Mechanical Systems (MEMS) or Micro-Opto-Electro-Mechanical
Systems (MOEMS) for creating features needed in the device.”” Conventional machining methods
(i.e. milling, drilling, cutting, and turning) that remove material from metals and hard plastics have
been used to create simple microstructures, primarily for molding applications.”® > Traditional
method of producing microfluidic systems on silicon and glass require long and costly processing
procedures such as wet and dry etching, metal evaporation and anodic bonding.59 Current
microfluidic fabrications are, however, usually made on plastic than silicon or glass partly because
it is much easier to fabricate the components required for microanalytical systems-especially
pumps and valves-in elastomeric plastics than rigid materials and partly due to the prohibitive
prices of silicon and its opaque nature to visible and ultraviolet light (i.e it cannot be used with

conventional optical methods of detection). Polymeric microfluidic platforms can easily be
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produced using soft lithography, hot embossing, injection molding, laser ablation, in-situ
construction® and plasma etching.’’ The most popular method used in the production of
polymeric microfluidic devices is injection molding.(’z'63 A polymer melt is injected under high
pressure into an evacuated mold to completely fill a cavity or cavities, and subsequently chilled
(cooled and solidified) such that it can be separated from the mold. Likewise polymers can be
embossed to a master to produce desirable features.®* In the embossing machine, the master and
the polymer substrate are heated separately under vacuum to a temperature just above the glass
transition temperature T, of the polymer material. The master is then brought into contact with the
substrate and embossed with a controlled force for several seconds. The master-substrate
sandwich is then cooled to just below T, while still applying the embossing force. After reaching a
specific temperature, the master is mechanically separated from the substrate which now contains
the desired features which may require further processing, e.g. by drilling holes or bonding it to a
cover lid to close the channels. Bonding of a planar matting material to cover microfluidic
channels are accomplished by anodic bonding (glass-silicon), fusion bonding (silicon-silicon), or
by depositing a thin film of polymer or through interlayer of adhesive and the substrates.”” The
primary advantage of polymeric materials for microfluidic applications is their sharply reduced

. . . 66-68
costs, both in terms of raw material costs and manufacturing costs.

This is particularly
important for diagnostic applications where the risk of cross contamination is best managed by
simply disposing of the device.” However, polymers are generally considered to lack the
functionality and are often used only as structural materials defining the microchannel

70, 71
geometry.

To overcome this problem, efforts have been made to increase the functionality of
polymer-based devices while maintaining their cost advantages.’””’* Some surface treatment
strategies including plasma oxidation have been tried to give hydrophilicity and functionality to
some elastomeric polymers such as PDMS.” But such treatments often lead to reduction of
stability due to sensitivity to environment such as changes in pH due to ionizable functionalities

such as silanol groups. Moreover the oxidized surface of PDMS, for instance, is unstable in air-

quickly reverting to hydrophobic.

Thick-film (screen printing) technology is an ideal and simple technique to reproducibly and
inexpensively modify any substrates through ink deposites that can be functionalized
seamlessly.”*”” Tt offers distinct advantages over conventional fabrication in that almost any
substrate (plastic, glass, silicon, paper) can be used. It offers easy miniaturization, is low cost and
has fast prototyping cycle and proved appropriate for mass production as has already been

demonstrated in some biosensor applications.”**® The flexibility, versatility, and possibility of
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printing different layers with various inks allows an unlimited variety of designs and the
incorporation of different active elements into microchannels. Given current state of the art in
microfabrication, however, the most important challenge that requires innovative approaches is

challenges related to the flow behavior resulting from miniaturization.

1.3 Miniaturization and the Flow Behavior

The behavior of fluids at the microscale differs from that of macro-scale. Microscale flow is
characterized by low Reynolds number (Re) and consequently is laminar (Re < 2000). Re, which
compares the effect of momentum (or body force) of a fluid to that of viscosity:

pDpv

R, = ” e e e EQqML L

where p is the fluid density, v is the average fluid velocity, n is the dynamic viscosity, and Dj, is

the hydraulic diameter of the capillary is even lower than 1 for microfluidic channels. The very
low values of R, signifies viscous forces domination over inertial forces and factors such as
surface tension, fluidic resistance, and energy dissipation that are not of prime importance at larger
scales start to dominate the flow behavior. A key consequence of this is that fluids do not mix in
the traditional convective sense of large scale flow. Two laminar liquid streams in adjacent
channels, for instance, can flow in parallel without eddies or turbulence.®’ Moreover, since flow
rate (volume V transported per unit time t, laminar), which according to the law of Hagen-
Poiseuille for laminar incompressible and viscous flow is given by:
V.  r*.AP

= e e EQqML 2
t 8nL m

where 1. is the radius and L the length of the capillary tube, depends strongly on the radius of the
microchannel, an enormous amount of pressure needs to be applied to keep a significant flow at
the microscale. The laminar nature of flows in microfluidic channels can have positive or negative
impacts on analytical operation. Since molecular transport occurs mainly by diffusion in absence
of turbulence between two liquid streams, diffusion based separation and detection can be realized
in microchannels as the liquids flow next to each other across adjacent microchannels without a
separating wall.® Laminar flow is advantageous in electrophoretic separations for reducing band
broadening due to dispersion. But it is a nuisance in processes where mixing is necessary. Mixing
is an important precondition for most bio/chemical reactions. When dissolution, mixing, and
reaction are expected to occur simultaneously as a horizontal laminar flow passes over the
chemical previously deposited in the microchannels, lack of turbulent mode of mixing affect the

extent of such operations and hence the sensitivity of detection. In such application, therefore, the

22



UNIVERSITAT ROVIRA I VIRGILI

ELECTROCHEMICALLY ACTUATED CAPILLARY FLOW CONTROL FOR THE DEVELOPMENT OF INTEGRATED MICROFLUIDIC DEVICES
Alemayehu Paulos Washe

Diposit Legal: T. 475-2013

expected improvements in analytical performances such as high-throughput resulting from high
surface area-to-volume ratio and decreased diffusion length of the reacting species in
microsystems are compromised by the bad mixing nature of the flow. In most LOC devices, thus,
control of flow rate or residence time of the liquid in the microchannels is critical expected
operation. Flow control is provided by using pumps and valves. Pumps are used to introduce
fluids into the microchannel at decided flow rate whereas valves provide flow control by delaying
or stopping the flow at a specific location in the microchannels for expected duration of time to
enhance other microfluidic operations such as dissolution, mixing, reaction, analysis and
detection. A wide variety of active and passive pumping and valving flow control mechanisms

have been developed.**™!

1.4 Active Pumps

Active pumps may be classified as mechanical and nonmechanical. Mechanical pumping driven
by pressure differential is an obvious method to induce flow of liquid in microchannels. The most
straightforward mechanical method of pumping involves pressure differentials generated via
externally employed devices such as syringe pumps or vacuum pumps.92 Most active pumps
couple mechanically moveable parts such as serially deflectable PDMS membranes or
piezoelectric material placed above liquid chamber in the microchannel to pneumatic’'® or
voltage sources.'’’'® As the membranes deflect by air supplied externally through a dedicated
channel it pushes portion of the liquid forward. Two or more such membranes coupled with
pneumatic sources through separate or same channels can work together to generate a peristaltic
type movement of the membrane in a manner that drives liquid or open or close the channel to
gate the flow movement of liquid along the channel (Fig. 1. 2). Various microchannel design
architectures in either normally open or normally closed modes of operation have been used with
pneumatic pumping. Instead of pneumatic source, mechanical movements can also be achieved by
employing piezoelectric operations. Piezoelectric materials, such as lead zirconate titanate
(PZT),'"* can undergo significant shape changes when subjected to stress, e.g. electrical current.
The piezoelectric material, as it bends, transfers the stress to the material coupled to it such as a

101-105 .
Most membrane material for

thin diaphragm or membrane and causes the liquid pump.
microfluidic pumps and valves are based on an elastomers, particularly PDMS. The use of
pressure-driven flow with either elastomeric microfluidic devices or external pumps has its
drawbacks. Because the elastomers respond capacitively to applied pressure, it results in high dead
time (time delay between the application of differential pressure and the corresponding change in

flow rate). Moreover, the use of external pump (e.g. a syringe pump) is not compatible with the
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very aim of microfluidics- the integration and miniaturization of all necessary components onto a
single chip. Such mechanical pumps require moving parts that need to be tethered to

pressure/vacuum sources or in the case of piezoelectric micropumps to a high voltage source.

. j'r “ha"."ber membrane
B channel A
. o B
| X y Y T C

. y )\ A D

I, )\ am C

e AR
Fig. 1. 2 Representative pneumatic pumping schemes as reported in Wang et al, 2006.

Alternatively on chip micropumps with no moving parts utilizing electrochemical,'*""’

108-126 127-134

electrokinetic, acoustic, or magnetohydrodynamic,' 136 forces have been developed.
In electrochemical pumps gas generated by electrolysis reaction using electrodes embedded in the
pumping chamber is used to create pressure differentials to pump the liquids in microchannels.
Among these methods electrokinetic method is advantageous as a nonmechanical and
miniaturizable on-chip pumping mechanism. It can pump the liquid continuously and can
precisely and rapidly control the flow rate. Electrophoresis, electroosmosis and electrowetting are

collectively known as electrokinetic flows.'*®

The principle of electrokinetics involves direct
conversion of electrostatic or electromechanical energy into motion of charged particles or
conductive media by application of electric fields. Because electrokinetic pumps depend on the
electric double layer at the solid-liquid interface, a prior introduction about electric double layer

(EDL) may be helpful for understanding electrokinetic phenomena.
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1.5 The Electric Double Layer

Most solids acquire surface charges through specific ion adsorption, dopants, impurities,
isomorphous substitution, or through ionization of surface groups when brought into contact with
aqueous electrolytes. The charged surface electrostatically attracts counter ions from the liquid
towards the electrode’s surface giving rise to Electric Double Layer (EDL). Fig. 1.3 illustrates the

common mechanism of charging-the formation of surface charges by ionization of surface groups.

(a) S (b) v
COOH | [l OH OH
CO0H COO0™ Ht OH oH
ooot - ———> | MM coe” HY oH oH

A= 3 : LB £
COOH coo” Bt oH —— OH
COOH coo™ H OH OH
COOH too-wt OH oH™

Fig. 1.3 surface charges by ionization of surface groups such as carboxyl (a) and hydroxyl (b).

The interpretation of EDL began with the von Helmholtz'?’ model of a plate capacitor. A more
comprehensive picture of EDL was developed by Gouy-Chapman in the years 1910-1917.1%1%
According to this model the double layer capacitance is dependent on the applied potential and
electrolyte concentration. Thus, the double layer would not be compact as in Helmholtz's
description but of variable thickness. The ions are subject to thermal motions, and their

distribution in the double layer follows Boltzmann law:
p(x) = _NAez ZiCie_Zielp(x)/kT e e e e QML 3

Where Nye if the Faraday constant, Z; and c; are the charge and concentration of it ion, ¥ surface
potential, k Boltzmann’s constant and T temperature. Close to the electrode’s surface there is
immobile layer of counter ions called Stern layer. Next to the stern layer in the bulk side of the
EDL is called the mobile (diffuse) portion of the EDL known as the Gouy-Chapman layer. The
potential is not the same at and away from the electrode’s surface and is given by the Poisson—
Boltzmann law. The linearized Poisson—Boltzmann equation under proper boundary conditions (y
(x =0) = Yo and P (x— o) = 0 is:"*
Y=g e i Eqn.4

The potential decays exponentially as one move from the electrode’s surface into the bulk. The

decay length also called Debye length is given by 1, = k= where'*!

2cpe?
k= °~ .
ceokpT

e EqL S
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Where cy is bulk concentration of the monovalent salt and the others have usual significance.

Quantifying all factors at 25 °C, the Debye length for monovalent ions is:'*°

3.044

L
€07mol

/1D:

1.6 Electrokinetic flows

The purpose of this section is to provide brief introduction on different electrokinetic modes of
flow so that the reader will know the context of current work in relation to existing knowledge.
Electrokinetic methods including electroosmosis, electrophoresis, and dielectrophoresis involves
electrostatic (columbic) interaction of externally applied electric field with the charged species.
The migration of charged species forms a basis for separation of such species or movement of
bulk liquid induced thereoff. Electrowetting, on the other hand, involves effect of the electric filed
applied by means of electrodes in contact with the liquid either directly or through a thin interlayer

of dielectric as in electrowetting on dielectric (EWOD).

1.6.1. Electrophoresis and Dielectrophoresis

Electrophoresis (EP) refers to migration of charged species under the influence of electric field.
This technique is mainly used for separation of species based on their different mobility in electric
field. The technique was introduced by Reus (1807) and has been used for electrophoretic
separation of proteins and DNA analysis. The sample containing one or more such constituents
with different mobility is dispensed on a support medium (usually a gel, a porous medium or flat
sheets) placed between two opposite electric poles. When an electric field (~800 V/cm) is applied
the charged species move according to their charge and size towards the corresponding electrode.
The columbic force acting on the species is:

F=qE . ... ... .Eqm7

th
where F is the electric force on the 1 ion with charge q in the electrostatic field E. The velocity of

the species towards the corresponding oppistely charged pole is given by:

Vi = pE o EqN. 8

th
v is the velocity of the i 1ion, p its mobility and E the applied field strength. Electrophoresis

generally involves the action of electric field on charged species. However, the phenomenon was
extended to the separation of uncharged species making use of nonuniform electric field.
Uncharged species that can be polarized under nonuniform electric field can show directional
motion facilitating separation. The method involved is known as dielectrophoresis. Due to the non

uniformity of the electric field the particle experience different electric (columbic) force from
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different sides giving rise to induce dipole moment. The side of the particle in the stronger
direction of the electric field experiences stronger electric force than the side in the direction of
weaker electric field giving rise to a net force that moves the particle. Dielectrophoresis (DEP)
may thus be defined as motion of particles toward or away from regions of high electric-field
intensity by the action of a non uniform electric field on so induced dipole moments in the particle
and the suspending fluid. The technique is intensively studied to trap, manipulate, and separate
particles ranging from large DNA strands to blood cells and larger particles in microfabricated
devices. For a spherical dielectric particle, the time-averaged force on the particle in AC electric
field is given by:
Fpgp = 2ner3Re(fo)VE? ..o v v ... .Eqn.9

where ¢, 1s the permittivity of the surrounding medium, r is the particle radius, E is the root-mean
square (RMS) value of the electric field, and f,,, is the Clausius-Mossotti factor. The Clausius-
Mossotti factor

— 7 4m
=2 Eqn.10
fem ey an

refers to the relative polarizability of the particle relative to the medium and predicts the direction
of movement of the particle-in the direction of high electric field (positive DEP) or in the opposite
(negative DEP) as shown in Fig. 1.4.

Ep <En Ep Em

(b)

v W
Fig. 1.4. Positive dielectrophoresis (a) and negative DEP (b)

1.6.2 Electroosmotic Pumps

142 . . .
are based on electroosmosis. Electroosmosis refers to the motion

Electroosmotic pumps (EOPs)
of bulk liquid with respect to a stationary charged solid surface in response to externally applied
electric field parallel to the surface. Quite often, porous media are used instead of capillaries
(microchannels), as the flow rate in a single microchannel is not sufficient in many applications.
The surface charges are intrinsically generated by the aforementioned mechanisms. When an

electric field is applied tangential to the EDL, electric body force are exerted on the counter ions at

the diffuse zone of the EDL setting them into motion towards the corresponding electrode, usually
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in the direction of applied electric field. The electric force (body force) exerted on the counter ion
at the EDL is transferred to the bulk through viscous stress, i.e. the counterions drag the bulk
liquid with them through viscous force and the liquid starts to flow. Electroosmotic technique was
first developed for flow control with capillary electrophoresis (CE). Electrophoresis is the most
widely used electrokinetic method in analysis wherein separation and analysis of charged species
including DNA, proteins, and amino acids is achieved as they electrophoretically move towards
oppositely charged electrode. It was around mid-1990s that EOP developed as a technique for
fluid pumping and controlling applications in microfluidic systems as distinct from capillary
electrophoresis (CE)."**'*® Details on EOP can be found in Ref. 147. Reuss (1809) was the first to
discover the phenomenon of electroosmosis, wherein bulk flow was induced by the application of
an electric field across a porous dielectric material. Conventionally electric field is directed from
positive to negative terminal. If the counter ions in the diffuse layer of the EDL are cations
electroosmosis takes place in the direction of the electric field. Otherwise it can take place in the
direction opposite to the direction of the electric field. The liquid molecules close to the
electrode’s surface may bind tightly with the surface possibly like the ions and may remain intact.
Bulk molecules only at a distance ‘d” away from the electrode’s surface are free to move. An
imaginary plane parallel to the EDL at this distance is called a shear plane. The potential at this
distance is called the zeta potential {. The magnitude of { determines the EO flow rate. The
electroosmotic velocity may be estimated in terms of the zeta-potential using the Helmholtz-

Smoluchowski Equation:'*’

Voo = ——— s, Eqn.11

where v is fluid velocity, € is the permittivity, E is the x-component of applied electric field, 1 is
viscosity of the liquid. Clearly the flow velocity is proportional to the zeta potential and to the
applied field. From the relation of zeta potential with the Debye length which decreases with
increasing concentration, it follows that electroosmotic velocity decreases with increasing
concentration. Since surface ionization and hence surface charge depends on the pH of the
solution, the EO velocity can vary with pH of solution. EOPs offer a number of advantages
including: a) creation of constant pulse-free flows and elimination of moving parts. b) a plug-like,
non-parabolic fluid velocity profile that eliminates dispersion caused by parabolic pressure-driven
flow. ¢) ability to control the flow simply by adjusting the potential of electrodes at different
locations in a microchannel. d) can pump continuously from an open reservoir €) EOPs can be
fabricated using standard microfabrication technologies and thus is readily integrateable with LOC
devices. Despite these advantages, electroosmotic pumps have certain drawbacks. Often very high
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electric fields (100s of V/cm) are required to achieve appreciable flow rates. Reproducibility in
flow rates is challenged by the sensitivity of the method to changes in both type and

composition147 of the solvent and the electrolyte148

. High voltage operations may unavoidably lead
to gas formation at the electrodes because of electrolysis. Joule heating due to the high voltage can
also form gases. The gas bubbles, if become sufficiently large, can break the electrical continuity
and then the pump no longer functions. Continuous efforts have been made to alleviate the
problems of EOP methods including isolating the electrode and solvent reservoir with a membrane
that permits the flow of ions but limits the flow of gas and bulk liquid.146’ 14 However, such
solutions often complicates the design and fabrication of the devices obliging the microfluidic
community to seek for power free (passive pumping) methods.

Pumping in microchannels require high-pressure differentials to induce flow. Such Poiseuille
flow depends strongly on the applied pressure differential (AP), size of the tube [radius and
length], and the viscosity of the solution. Generally Poiseuille flow rate decreases as microchannel
dimension decrease-a situation opposite to EOP and other pumping modes such as capillary.

Another limitation of differential pressure pumping (Poiseuille flow) is related to the

inhomogeneous velocity profile.

Pressure source

Fig. 1.5 Parabolic flow profile of Poiseuille flow (left) and plug like (flat) electroosmotic flow induced by counter
ions migration in the direction of externally applied electric field (right). Co-ions in the liquid are not indicated for
clarity reasons.

The velocity of the flow varies with position across the channel, as fluid near the center of the
channel moves at a faster rate than fluid near the channel walls, resulting in a parabolic flow
profile unlike plug like flow in EOP (Fig. 1.5). The disadvantage of a parabolic flow is that it
spreads out a given volume of analyte causing sample dispersion, which is undesirable in separa-
tions. Fig.1.5 provides comparative schematics of Poiseuille flow and electroosmotic flow
resulting from migration of counter ions in the direction of externally applied electric field.

1.7 Active Valves

. . . 150-1
Mechanical movement of membranes or other moving parts coupled to mechanical,'>*'>

154-162 .. 16341 . . .
34162 3nd electrokinetic,'® ' have been used for valving operations. Non mechanical

29
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167, 168 169-175

active valves operated by electroosmotic, thermocapillary, and electrowetting effects,
have also been reported. Most of these solutions however, require mechanical moving parts that
require bulky peripherals or high energy sources. Alternatively active valving methods requiring

176, 17 1 178
9 9

relatively lower energy have been built based on electrochemical 7 therma phase

179-191

change, and rheological®*™** actuations. Electrochemically generated gas by electrolysis

can provide force to deflect the membrane with relatively low voltages. Actuation by using

179-189 190, 191 and iC6191

stimuli-responsive or smart materials such as hydrogel or polymers, paraffin
is achieved by taking advantage of reversible change in the volume as the material undergoes
solid-liquid or vice versa or simple swelling or collapsing with respect to applied stimulus such as
temperature, pH, electric fields or light, and is very useful in disposable biochip applications due

to its relatively low cost.'*

Nonmechanical pumping by centrifugal force as a disc containing
liquids in microchannels spinsl%197 have been used coupled to capillary burst valves,'** ' which
can passively stop the flow as the spin ceases and allows the liquid to flow when a rotation

frequency exceeds threshold value.

1.8 Passive Pumps and Valves

Passive pumping takes advantage of the dominance of the interfacial energy over body forces at
the microscale and couples it to geometrical considerations to generate autonomous filling of the
microchannels by the liquid. The most common passive pumping mechanism is based on
capillarity. Capillary driven devices are simple to construct and operate, low cost and
miniaturizable. But for a practical capillary force operated microfluidic devices a precise on-chip
capillary flow control, particularly that provides stop/go operations are critical expected
capacities. Flow control strategies that fulfill the basic requirements of ASSURED devices is

greatly needed if microfluidic devices are to have success in D,H,.

1.9 Capillarity and Applications

Capillarity may be defined as autonomous flow of liquid in narrow channels/tube or porous media.
The significance of capillary phenomena in nature and in technological applications was realized
during the mid 1920s by Fisher'”® and Haines'”. Capillarity is very common in our daily life and
facilitates life process. Exchange of materials (oxygen, carbon dioxide, heat etc) in our body
between blood and tissue occurs through capillaries connecting arteries and veins. The uptake of
water by trees from the ground by roots to leaves of formidably tall trees happens by capillary
action coupled to transpiration.200 The use of paper towel to wipe wet table involves capillary

wicking of the liquid into the pores in the paper. The famous technique of separation in chemistry-
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chromatography be it paper, thin layer or column chromatography partially or entirely depends on
capillary migration of bulk (mobile phase) through porous media (capillaries) that serves as
stationary phase. Other areas of technological applications of capillarity include the printing

industry.199'201

The most successful analytical applications of capillarity are in diagnostic applications. Among
the capillary driven analytical devices, the most prominent are lateral flow devices. The Lateral

202
flow tests,

also known as lateral flow immunochromatographic strip test introduced in 1988 by
Unipath has been the commonest commercially available diagnostic devices most of which used
in POC diagnostics. LFAs are an extension of latex agglutination tests which were developed in
1956 by Singer and Plotz*” Lateral flow assays are widely used for the
qualitative/semiquantitative detection of several analytes in pregnancy tests (B-chorionic
gonadotropin), fertility and ovulation tests (luteinizing hormone and follicle stimulating hormone),
infectious diseases, cancer diagnostics, cardiac or drugs-of-abuse markers (amphetamines, cocaine
and benzodiazepines) sold by companies such as Unipath, Abbott, or Quidel. The most common
lateral flow assays are immunoassays. The device has a serially classified zones dedicated for
specific and integrated operations. Basically appropriate detection antibodies are immobilized in
detection and control testing zone on a porous membrane such as nitrocellulose near the middle of
the device. Labeled detection antibodies labeled with reporter particles including colloidal gold,
carbon black, dyed latex particles or fluorescent markers (or redox markers as in recently reported
devices) are used as either separately mixed with the sample or directly bound to the membrane on
the conjugate pad.’®*?” A sample-pad at the entry part of the device (usually placed above
conjugate pad) pre-filters the sample. When a sample such as blood or urine is added, pre-
filtration occurs on sample pad, and the sample liquid then migrates by capillary force toward the
absorbent pad through conjugate pad then detection zone followed by control test zone towards
the absorbent-pad at the opposite side of the membrane which wicks the liquid facilitating the
capillary flow through the membrane as shown in Fig. 1.6. The affinity reaction between the
detection antibodies labeled with the reporter molecules and analyte in the sample forms an
immunocomplex that moves to detection zone followed by control test zone where other affinity
reaction of the complex with surface confined capture antibodies provides a read-out analytical
signal. Incorporated in most of the devices is also a control line where a suitable ligand previously
deposited on the surface captures excess reporter molecules ensuring that the fluid migrated

through the test device.
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Fig. 1.6 Standard layout of a lateral flow immunoassay device

The attractive features of these devices include their simplicity and that they fulfill most of the
requirement of the ASSURED devices. They can be operated wherever the user is, are simple and
fast to operate, low cost and portable. They can provide reliable analytical information, mainly
qualitative. They owe their success to their simplicity that significantly depends on the capillary-
driven flow and versatile technological platform that lends itself to fast and low cost product
development. However, these devices are often limited to screening applications. They provide
only qualitative or semiquantitative results. They are not sensitive enough for certain applications
that require highly sensitive quantitative analysis because most of the analytical information is lost
in the porous matrix as only lateral information is detected. Some of the factors that affect the
sensitivity are: 1) the type of detection technique employed that only lateral information is
acquired 2) the efficiency of mixing and reaction as the components wick through the porous
membrane. The latter is affected critically by, among others, the flow rate “wicking rate” through
the membrane which is set during design and not precisely controlled. Generally, the higher the
wicking rate, the lower the sensitivity, i.e sensitivity is related to residence time which determines
extent of dissolution, mixing and reaction of the previously surface confined labeled

immunochemical with the analyte, if any, suspended in the flow.

Microfluidic devices, particularly capillary force operated microfluidic devices are expected to
outperform and overcome the limitations of LFDs if flow rate is precisely controlled in
microchannels given current state of the art in microfabrication to incorporate highly sensitive
detection schemes such as electrochemical techniques. The first convincing implementation of
capillary based microfluidic systems as an alternative to LFIAs was developed by the Biosite

Triage in 2000s. The chip has a sample metering area, hydrophobic patches to control flow rates
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(i.e by delaying the sample in the vicinity of surface dried detection antibody), patterned receptor
areas and a microfluidic channel. The microchannel forms a loop around the main channel to
facilitate wicking of the sample through the device and keeping the device small. Inspired by such
successful realization of capillary based POC devices, researchers and companies have shown
great interest in capillary driven microfluidic devices that mimic lateral flow devices.”’® 2
Progress in the development of microfluidic systems that retain the simplicity and user friendly

advantages of lateral flow devices and tries to overcome their intrinsic limitations include the

208-211 212-223

pioneering work of Whitesides and other authors including the BBG group led by
Katakis****** at the University of Rovira i Virgili on papers and plastics. Similar to porous
membranes in LFAs, papers provide a 3D passive/capillary movement of reagents and facilitate
separation, mixing and reaction. The 3D nature of the capillaries in paper is suitable for
immobilization of chemicals by simple adsorption. The adsorbed and dried chemical can dissolve
readily and become activated as liquid passes over it. The important step in these devices is to
produce microfluidic channels to direct liquid movement in the desired direction on the paper
which is accomplished by hydrophobic patterns obtained by either wax printing or impregnating
the paper with photoresist and exposing it to UV light. However, paper based microfluidic devices
still has the drawbacks of the LFDs and do not provide reliable fluid operations. Using screen
printing for fabrication of components and constructing microchannels on plastics have been
demonstrated as simple and low cost approach to develop analytical microsystems. The progress

in such work should included effective exploitation of capillary phenomena and innovations to

precisely control capillary flow in microchannels.

1.10 Capillary Flow/Control Principles

Capillary flow arises from the interplay of the wettability and dimensions of the microchannel.
Fig.1.7 illustrates the different level of capillary rise in capillaries of different dimension. Such
differences may also result from variations in wettability of inner walls of the tubes or from the
surface energy of liquids, i.e different liquids may rise different heights. Clearly the capillary
phenomena depend on the surface energies (of both the liquid and the microchannels) and the

dimensions of the microchannels (or capillaries).
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Fig. 1.7 Rise of water up column capillaries of different diameter

Capillary phenomena involve two immiscible phase, often the liquid and its vapor (or air) above
the liquid. When the vapor phase of a liquid is confined between two surfaces (particles) so close
to each other, capillary condensation occurs which gives rise to liquid menisci. The force caused

13

by such a liquid meniscus is called “capillary force” also termed meniscus force. The
corresponding pressure difference AP also called capillary pressure for rectangular capillaries of
height h and width w is related to the surface tension and dimension of the microchannel by the

Young—Laplace Equation.

CosBy, + CosO, 4 CosH; + CosO,.

AP=—y.( n )+pgh

Where 7 is the surface tension of liquid (= 72 mN/m for water) and the indices b, t, 1, r referring to

w

bottom, top, left and right walls, respectively. The right term can be neglected in the absence of
gravitation or body force (e.g. with very small objects or dimension). Cos6 refers to the cosine of
the water contact angle which is a measure of wettability. According to the Young-Laplace
equation capillary flow can be controlled via control of wettability or geometry of the
microchannel. Most of the capillary flow controls reported to date are based on delay valves by
means of hydrophobic patches or geometrical grooves or foldings. On the other hand, both
theoretical and experimental works have indicated stringent dependence of microfluidic
immunoassays on flow rate pointing to the importance of tight control of flow rate in
microchannels if such systems are to have success.”>* **” Sudden changes in geometry can provide
passive stopping of the flow that can be actuated by means of liquid triggering or centrifugal
actuation.'”*"®” The dependence of capillary flow on wettability provides attractive opportunity
for on-chip manipulation of the flow. Based on wettability control it is possible to fabricate

. . . . . 207
surfaces in microchannels that can provide passive stopping.

If the passive stop valve is coupled
to a fast actuation mechanism such as that based on electrical signal an effective stop/go

operations of capillary flow can be achieved.
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1.10.1 Control of surface wettability

Wettability of a surface is a function of the surface energy of the liquid and the surface itself.
When a droplet of a liquid is dispensed on a solid surface, the droplet may spread on the surface to
form a thin wetting film or it may remain as a drop exhibiting specific contact angle with the
surface. A contact angle is an angle at which a liquid-vapor interface meets the sold-liquid
interface. The degree of wetting depends on the balance of forces acting at the three phase contact
line: the liquid-vapor, the solid-liquid, and the solid-vapor, Fig. 1.8. The first one-the liquid-vapor
interfacial energy, commonly called surface tension, has a horizontal component given by ¥;,cos0
(Fig. 1.8). The second one is the force corresponding to the interaction of the liquid with the solid
is called solid-liquid interfacial energy. The third is the solid-vapor interfacial energy.

Three phase
contactline

-

Fig. 1.8 three forces acting at the three phase contact line

In 1805, Thomas Young developed a thermodynamic description of wetting phenomena
considering the balance of the three forces acting on the TCL by the equation called in honor of
his name-Young’s equa‘tion:ng'229

Y,C0SO= Yo = Yop wnvenven ven e e EqML 12
If the solid-vapor interfacial tension is higher than that of the solid-liquid interface (y; > y, ), the
right hand side of Young’s equation is positive. This implies that the contact angle has to be
smaller than 90, in which case the surface is classified as hydrophilic. On low surface energy
materials (7, < 7;,), the contact angle will exceed 90°, such solid surfaces are classified as
hydrophobic. Different surfaces display different contact angles ranging from 0 to 180°, Fig. 1.9,
depending on the properties of the solid and the liquid, particularly their surface energies. Surfaces
that display water contact angles above 150° are called superhydrophobic. Those that display

water contact angles close to 0" are called superhydrophilic.

Superhydrophilic € 3 Superhydrophobic

Fig. 1.9 Possible profiles of a liquid droplet when dispensed on a solid surface
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Young’s description of wetting holds only for liquid droplets on smooth surfaces and at

equilibrium. The water contact-angles of smooth surfaces are governed mainly by surface

230 231
1

chemistry. For rough surfaces Wenzel™" and Cassie™ developed theories that take into account
the roughness factor. When the surface is highly rough and porous it leaves an open air space
beneath a droplet dispensed on it. In contrast to smooth surfaces which often have a maximum
contact angle not exceeding 120° and thus a narrow range for the dynamic control of surface
wettability, superhydrophobic nanostructured surfaces have recently drawn considerable interest
because of large range of contact angle changes that can be achieved as the wettability changes
from superhydrophobic to superhydrophilic. A model surface for superhydrophobicity is provided
by the leaves of the Lotus plant (Nelumbo nucifera), which have an intrinsic hierarchical structure,

232
Water on

built by convex cell papillae and randomly oriented hydrophobic wax tubules on it.
such surface forms a spherical droplet, and both the contact area and the adhesion to the surface
are dramatically reduced giving the surface self-cleaning property. The droplet is described as
being in a “fakir” state lying solely on the top of the pillars resulting in rather very large values of
water contact angle. Superhydrophobicity, therefore, could be achieved by mimicking the leaves
of Lotus plalnt.233 Inspired by their applications in self cleaning windows, windshields, exterior
paints for buildings, navigation-ships and utensils, roof tiles, textiles, corrosion protection, solar
panels and flow control in microfluidic systems, researchers have shown great effort to produce
artificial superhydrophobic surfaces.”* Superhydrophobic surfaces are fabricated by controlling
the surface energy and microscale roughness as engineered by nature, e.g. in Lotus leaves.
Although the notion of superhydrophobicity was coined by Wenzel and Cassie decades ago, the
first report of artificial superhydrophobic surface was made by the group at Kao in 1996.>° Since

then a great number of researchers produced artificial superhydrophobic surfaces through different

methods including electrochemical reaction and deposition,Z%'239 layer-by-layer and colloidal

240-244 245-249

assembly sol—gel process, phase separation,250 lithography (photolithography, electron

21254 and different etching methods including plasma etching,”>* laser

9

beam lithography etc)

237, 238 and physical and chemical vapor deposition.”*"%* These

etching, and chemical etching,25
methods fall under either one or both of the two key strategies: constructing micro/nanoscale
roughness on a low surface energy material (hydrophobic) or modifying a highly rough surface
with hydrophobic material.>*® In phase separation, for instance, a hardening process is adapted to
produce porous structures by removing a second phase from materials that consist of a solid phase
and a second phase that could be liquid or solid. Conductive superhydrophobic surfaces, on the
other hand, have been obtained through combination of conducting polymers and low-surface-

energy materials such as fluorinated molecules during electropolymerization.2(’3'265 Li et al have
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recently reported conductive superhydrophobic inorganic ZnO films prepared via electrochemical

deposition method.”®

1.10.2 Dynamic wettability

Wettability of a surface can be modulated by external signals such as temperature,”’ % light,*’""

271 p 273-274 275-279

H,?’* solvent, counterion exchange , and electrical potential”****® by modifying the
surface with appropriate stimuli responsive material. Despite such wide range of possibilities to
switch wettability only few reports demonstrated the application of switchable wettability for flow
control in microfluidic systems based on temperature®’ and light™® responding polymers.
Electrical control of wettability (electrowetting) is attractive for flow actuation in microfluidic
systems. It is fast, miniaturizable and low cost. Electrowetting is a phenomenon of enhancing
wettability of a nonwetting or partially wetting liquid on a surface and hence change in
macroscopic contact angle by means of locally generated electric field. Electrowetting involves
bulk motion induced by changes in interfacial energy corresponding to changes in charge density
at the interface due to applied potential in accordance with Gibbs adsorption isotherm. The
alteration in charge density at the interface causes rearrangement of ions at the EDL. As the
counterions moves towards the electrode surface at applied potential the process induces motion
of the bulk (electrocapillarity). The basis for electrowetting is the electrocapillarity experiment
first described in 1875 by Gabriel Lippmann.*®® The set up for electrowetting consists of at least
two electrodes (working and counter) and a liquid/liquid droplet contacting the electrodes either:
directly (Fig. 1.10, (a)) or via a dielectric (Fig. 1.10, (b)). The limitation of direct electrowetting is
electrolytic decomposition of water at higher potentials. Under this condition the potential drops
not only at the EDL but also in the solution associated with the faradaic process. In early 1990s

Berge290 introduced the idea of using a thin insulating layer to separate the conductive liquid from

the metallic electrode which is known as electrowetting on dielectric (EWOD), Fig. 1.10 (b).

P
&

slestrode (uubstrate)

Electrowetting EWOD

Fig. 1.10 Direct electrowetting (a) and electrowetting on dielectric (b).
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In absence electrolysis, the effect of the applied potential on the interfacial energy, at constant
electrochemical potential (L), pressure (P) and temperature (T) is related to the charge density at

the EDL by Lippmann equation:
(é’ysl/d/) = =0t i ver e Eqn 13

wPT
Where ¢ is the surface charge density of the counter-ions at applied potential V. Eqn. 13 can be
rewritten as:

dy, = —05dV i 14

The voltage dependence of ; is calculated by integrating Eqn. 14. Applying Helmholtz Model for
voltage dependent distribution of counter-ions near the interface, i.e. C= Q/V=ggyA/d = cA where

“c” is the specific capacitance and that the charge density q=Q/A= cV we obtain:

4 4
7 V) = 7}5)1 — j ogdV = ]}S)l — cvdv ... Eqn.15

Vpze Vpzc

Evaluation of the integral of Eqn. 15 gives the voltage dependence of .

YaW) = 2 = 25V = V)" e Eqn 16
Eqn. 16 represents a parabola with maxima at V = V,. The position of maxima may vary
depending on the surface charge and the nature of adsorption (specific cation adsorption or anion
adsorption). Substituting the expression of Ys(V) = Ys-Y.cos6(V) and YO = Ys-YLcosOp from Young’s

equation in Eqn. 16 affords the well known Young-Lippmann Equation.

1 2
CosAV) = CosGy + Z;Z(V ~Vpze) v EqM. 17

Where V. is the potential of zero charge as any surface acquire a spontaneous charge when
immersed into electrolyte solutions in absence of any applied voltage. The voltage required to
compensate for this spontaneous charging is V,... Contemporary works explained force for the
lateral displacement of liquid to be of electromechanical®’ origin and not due to contact angle
changes. As a pumping mechanism electrowetting has been used mainly for droplet manipulation.
But it is even more appropriate to valving operations with continuous flows in microchannels such

as capillary driven flows.

Thus through control of surface energy such as by electrowetting capillary flow can be controlled.
Control of the wettability of either one or more walls of the microchannel could provide passive
stopping of the flow. Superhydrophobic surface is often required to provide passive stopping of
capillary flow if only one of the microchannel walls is considered. Superhydrophobic surfaces

provide additional advantages: a large range of contact angle changes can be achieved as the
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surface wettability changes from superhydrophobic to superhydrophilic. The corresponding
change in capillary pressure, according to the Young-Laplace equation, is expected to facilitate

flow actuation in capillary operated microfluidic systems.

It was thus proposed that a stop-go control of capillary flow might be achieved by coupling the
dependence of capillary flow on surface properties to a conveniently integrated low-voltage
electrowetting/electrochemical actuation. Through hydrophilic/superhydrophobic patterning of
microchannel surfaces a patterned flow behavior including stopping and restarting can be
achieved. By incorporating electrical stimuli responsive superhydrophobic electrodes into
microfluidic systems a stop/go fluidic operation can be performed. Such electrodes can be
constructed through proper engineering of electrode surfaces with conducting polymers that
display reversible redox property with the different oxidation states displaying different
wettability. Alternatively superhydrophobic nanoporous graphitic electrodes can be used directly
to provide passive stopping and facilitate low voltage actuation of the flow via facile
electrowetting transition from the relatively less stable Cassie wettability state to more stable

Wenzel state at low voltage electrowetting.292

A different approach may include the use of gradients that might be created along fluidics by
means of planar microelectrode arrays placed transversal to the flow direction. Asymmetry due to
geometry or electrochemical processes is possible way of generating gradients (e.g. potential,
concentration) across electrodes placed in contact with the liquid. The electric force associated
with such gradients can propel the liquid and facilitate flow actuation. This can be achieved by

using superhydrophobic electrode and other electrode that couples it asymmetrically.

1.11 Objective of the Study

& Develop electrochemically actuated stop/go capillary flow controls
@ Characterize the performance of the electrochemically actuated capillary flow control
= Demonstrate the utility of the flow control in a capillary force operated integrated microfluidic

systems that simulate lateral flow devices.

Sub objectives:

& Develop microfluidic systems that display capillarity
= Investigate different approaches to low voltage electrowetting/electrochemical actuation of

capillary flows.
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& Integrate the electrochemically actuated capillary flow controls into a microfluidic system

operated by capillarity and characterize the performance in stop/go modes.

1.12 Electrochemically Actuated Capillary Flow Control

The dependence of capillary flow on surface property provides attractive opportunity for on-chip
control of the flow. If such dependence of capillary flow is coupled a fast actuation mechanism
such as electrical methods, a precise control of capillary flow including stopping and restarting
might be achieved. Passive stopping and restarting have been demonstrated using

293294 Thermal

superhydrophobic surfaces using thermal,”®’ light288 or electrical actuations.
actuations are costly and naturally slow due to a slow thermal response of materials/systems. Light
driven actuations require bulky peripherals that are costly and limit miniaturization, integration,
and automations. Among these methods electrical control of wettability is very attractive due to its
simplicity to fabricate and operate and expediency to perform stop-go fluidic operations in
microchannel. It can conveniently be applied in a programmable and automated fashion via
individually addressable electrodes. Superhydrophobic surfaces provide distinct advantage to
develop electrically actuated capillary flow controls. On one hand they provide reliable passive
stopping. On the other hand they allow large range of contact angle changes to modulate
wettability and control the flow. However, a low voltage actuation of the flow that stops at the
superhydrophobic surface is not trivial. The surface has to be such that it provides not only passive
stopping but also facilitate actuation of the flow at extremely low voltage. Only few reports have
demonstrated electrically actuated flow using electrowetting on dielectric (EWOD). >+
Electrowetting techniques employed so far use mainly the famous hydrophobic dielectric material-
the poly (tetrafluoroethylene) (PTFE). However EWOD often requires high voltages (100s) and
has associated problems including dielectric breakdown and contamination to the system, joule
heating, and contact angle saturation. These limitations deter the application of EWOD actuation
mechanism to the realization of the ASSURED. In this thesis it was proposed that surface-
engineered electrodes incorporated into microfluidic channels at specific locations can provide
simple, low cost and yet effective on-chip capillary flow control. Since screen printing is proposed
as a simple, low cost, flexible method to incorporate electrodes with proper post printing surface
modifications, a hydrophilic/superhydrophobic patterning of the microchannel can be achieved.
While the hydrophilic part of the microchannel provides autonomous capillary flow, the

superhydrophobic surface provides a passive stopping. The stopped flow can be resumed by just

pressing a button to activate the battery and create gradient that can propel the liquid. To this end
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the superhydrophobic surface itself has to be prone to low voltage modulation of its wettability.
Superhydrophobic surfaces based on electrical stimuli responsive conducting polymers, when
incorporated into a capillary force operated microsystems, were envisaged to provide both passive
stopping and low voltage actuation of the flow by virtue of their electrically tunable wettability.
As a simple strategy and taking advantage of the naturally hydrophobic nature of screen printed
carbon electrodes the fabrication of electrical stimuli responsive superhydrophobic surface was
envisaged to be carried out by nanostructuring of the previously roughness amplified SPCE
surface with electropolymerized polythiophenes which are hydrophobic in neutral state and turn
hydrophilic upon applied potential. Two challenges to face: on one hand, electropolymerization
requires clean and electrochemically active electrode surface. Activation of electrode surface for
electrochemical applications including electropolymerization has been accomplished usually by
oxidative procedures that introduce exotic functionalities such as hydroxyl or carboxyl groups.
Such procedure is a nuisance to our intention because the surface groups can render nucleophilic
attacks to the growing polymeric oligomers or charged intermediates during polymerization and
destroy the required conjugation of the polymeric chain. On the other hand, fabrication of
superhydrophobic surface requires a previously roughness amplified surface. SPCE is a composite
material generally composed of the electroactive graphitic particles and other agents such as
polymeric resins and solvents for binding and dispersion of the particles. Due to the constraints of
screen printing such agents including thinning agents are often used in excess and block the
charge transfer process at the electrode’s surface. Thus the expected level of activation and
roughness without modifying the intrinsic characteristic of graphitic particles which are naturally
hydrophobic but has high electrocatalytic activity were envisaged to be achieved via a surface
activation strategy that simultaneously amplifies the roughness of the electrode’s surface.
Controlled and selective superficial subtraction of nonelectroactive surface deactivating
components can afford electrode’s surface with desired enhanced electrochemical performance
and roughness. The expected level of activation to the electrode’s surface, in this case, takes
advantage of the native electrocatalytic characteristic of the graphitic particles whose loading and
exposure (electrochemical accessibility) increases as surface blocking agents are selectively
removed. Solubility principles can be adapted to partially remove only the contaminants and not
the graphitic particles. Control over the duration of exposure will be very important to achieve
what is required. Depending on the duration of exposure to the solvent and as the solvent action
extends to the interstices between particles than just etching surfaces a highly porous structure that
will grow to superhydrophobicity could be achieved; which also can be exploited as advantage

given the ability to control the exposure time. Alternatively thus superhydrophobic porous carbon
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based surface was proposed to provide the expected solutions of passive stopping and a low
voltage actuation of the capillary flow through low voltage electrowetting transition to a more
wettable regime by virtue of their high conductivity, high surface area and intrinsic charge
accumulation behavior. In addition to flow actuation based on tunable wettability of stimuli
responsive materials and low voltage wettability transitions of superhydrophobic porous surfaces,
gradients in pH, surfactants, potential, and concentration along the fluidics can be used for flow
actuation.”’>"* Such approaches, however, should always be coupled to a superhydrophobic
surface to provide a prior reliable stopping of the flow. Thus superhydrophobic electrode was
envisaged to be coupled to a judiciously selected counter electrode to simulate asymmetric
electrochemical processes that can generate on-chip gradients that can stimulate the stopped flow

to resume.

1.13 Organization of the Thesis

This thesis is organized into seven chapters including an introductory chapter followed by four
article based chapters (chapter 2 to chapter 5) and the last two chapters (chapter 6 and chapter 7)

providing general conclusions and future outlook.

Chapter 1 is an introduction where the state-of-art in different areas of scientific development in
the field of microfluidics and related researches including surface wettability control strategies is
discussed. The state of art in microfluidics or integrated microfluidics systems including a brief
touch of historical perspective and potential application areas are provided. Following this the
state of art in microfabrication is briefly discussed. Also presented is the key challenges in
microfluidic development-the science of miniaturization is briefly discussed. As microfluidic
development always requires functional components to control flows in microchannels, different
pumping and valving strategies including electrokinetic and pneumatic were briefly reviewed.
Special emphasis is given to capillary phenomena, capillary pumps and valves. Some interesting
capillary force operated devices-Lateral flow devices that have been successfully implemented for
practical applications is discussed. As capillary flow control requires control of surface properties,
particularly wettability, various approaches including electrowetting developed to modify or

control wettability of solid surfaces were reviewed briefly.
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Following the brief introduction on the state of the art of relevant subjects, the overall and
subobjectives of the study followed by hypothesis formulated as guiding tentative solutions to the

stated scientific problems were presented.

CHAPTER 2 (Article 1, submitted):
TITLE: SMART electrodes for stop-go fluidic manipulation in analytical microsystems

Journal: Electrochemistry communications

In this chapter a simple strategy is developed to demonstrate a stop/go operation of capillary flows
through the application of the electrically tunable wettability property of conducting polymers.
Two closely spaced electrodes (one of which has electrical stimuli responsive superhydrophobic
surface) were fabricated by screen printing followed by surface structuring in a microchannel. The
fabrication of the stimuli responsive superhydrophobic surface was performed by controlled
potential cycling electropolymerization to coat the previously roughness amplified screen printed
carbon electrode surface with P3MeT. Presented also is a simple strategy to fabricate stimuli
responsive superhydrophobic surface. The existing procedure for the development of stimuli
responsive surface involves very lengthy steps of layer-by-layer deposition and intensive
instrumentation including lithographic techniques and clean room facility that are costly and
difficult to miniaturize and integrate into microfluidic systems. The performance of the valve was
characterized in terms of response time. Response time is defined in this thesis as the time
elapsing between the application of the potential and the moment the meniscus front reaches and

crosses the end of the 1 mm hydrophobic barrier of the valve.

Chapter 3 (Article 2, in press):
Title: Electrochemically actuated stop-go valves for capillary force-operated diagnostic
microsystems

Journal: ChemPhysChem

This chapter presents the fabrication and implementation of superhydrophobic carbonaceous
material for stop/go fluidic operations in microfluidic systems. Unlike the polymer modified
surface presented in chapter 3, this approach is more simple and robust and takes advantage of
unique electrowetting phenomena on superhydrophobic nanoporous surfaces. The fabrication
strategy is simple and is a continuation of roughness amplification strategy developed in chapter 2.
Depending on the duration of exposure to the solvent the roughness and hence hydrophobicity of

the SPCEs surface can be tuned proportionally. Therefore by just increasing durations of exposure
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from the 5 minutes used in chapter 2 to 40 minutes and beyond a superhydrophobic nanoporous
surface was obtained. The process increased the roughness and porosity of the surface that caused
the superhydrophobic effect. The superhydrophobic surface of the carbon electrode, in addition to
functioning as passive stop valve (PSV), facilitates the flow actuation using low applied voltage
avoiding observable electrochemical reactions in aqueous solutions. When a low voltage (~ - 1 V)
was applied at the carbon electrode against a second wettable carbon electrode, the flow of such
solutions (e.g. 0.01 M phosphate buffer saline solution) that was stopped at the PSV, resumed,
crossing the 1 mm pitch of hydrophobic barrier of the PSV in 1 sec and reestablishing capillary
flow downstream. The low cost and flexibility of fabrication, facile integration and
miniaturization, and reproducible performance of such on/off valves make this configuration
promising for the development of low cost microfluidic devices for point-of-care diagnostics, food
analysis, and environmental monitoring. The selective etching action of organic solvent on a
composite material surface is developed as a versatile and simple technique to produce
superhydrophobicity on naturally hydrophobic composite surfaces. Interesting mechanistic

investigations on the low voltage actuation of the valves based on such surfaces is presented.

Chapter 4 (Article 3, Accepted)
Title: Electrochemically actuated passive stop-go microvalves for flow control in microfluidic
systems

Journal: Microelectronic Engineering

In this chapter new electrode configuration was employed with the objective of improving the
response time. Similar to scheme 2 discussed under chapter 4 the superhydrophobic nanoporous
carbon electrode was used but in this case coupled to screen printed silver electrode. The
superhydrophobic electrode as usual provides passive stopping of the flow and facilitates low
voltage actuation of the flow but in this case in different manner. The asymmetric electrode
configuration is expected to cause asymmetric electrochemical process giving rise to gradients
across the two electrodes that can propel the liquid. Consistent with the proposed mechanism this
valving configuration displays positive concentration dependence, particularly of chloride salts.

The operation revealed a chloride adsorption on silver electrode as a driving mechanism.

CHAPTER 5 (Article 4, published):

TITLE: Facile and versatile approaches to enhancing electrochemical performance of screen

printed electrodes
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Journal: Electrochimica Acta 91 (2013) 166— 172

This chapter is a prerequisite to chapter 2. It presents a new electrode surface activation strategy
specifically relevant to overcome some of the challenges related to electropolymerization. Since
an electrically responsive polymer based superhydrophobic surface was envisaged to be developed
for a stop/go fluidic operations and that this requires electropolymerization as a simple approach
to be performed on a low cost electrode material-screen printed carbon a prior steps of activation
of screen printed carbon surface in a way that simultaneously enhances roughness of the electrode
was performed. Because the fabrication of superhydrophobic surface is accomplished by
modification of a previously roughness amplified surface with low surface energy or hydrophobic
(in this case the polymer) material. Screen printed carbon is a typical composite material
composed of the important electroactive graphitic particles and other agents including polymeric
resins and solvents or thinners for binding and dispersion of the particles. Due to the constraints of
screen printing such agents are often included in excess in the ink formulation. These agents block
the electrode’s performance. Thus the electrode always requires activation procedure. Existing
activation procedures electrochemical, photochemical, and plasma activation of the surface
introduces exotic functionalities that are nuisance when the expected property of the polymer is
expected to be achieved by electropolymerization. Moreover the preamble of the work-
development of user friendly devices obliges us to opt for all low cost and simple approaches in
all the fabrication steps. Presented in chapter two is thus an extremely simple and low cost
strategy to activate screen printed carbon electrode’s in a way that also enhances the roughness
appropriate for chapter 3. In this procedure a controlled and subtractive etching of the electrode’s
surface were performed based on solubility principles to remove the contaminants, activate the

electrode and simultaneously increase the roughness.

All the three schemes have been successfully implemented to demonstrate multiple and
sequential stop/go fluidic operations in microchannels. Such operations, unlike the previously
reported methods, allows precise control of the flow at specific locations in the microchannels to
realize the successful accomplishment of each elementary operations expected to be performed
along the fluidics in the foreseen capillary force operated integrated microfluidic systems for
diagnostic applications. Such fluidic operations are simple, low cost and miniaturizable and are
expected to advance microfluidics a step forward to fully utilize its potential to outperform lateral
flow devices. The low cost and flexibility of fabrication, facile integration and miniaturization
make this configuration promising for the development of low cost microfluidic devices for point-

of-care diagnostics, food analysis, and environmental monitoring.
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CHAPTER 6 and CHAPTER 7
Chapter 6 provides summaries main findings and general conclusions of overall work. Chapter 7
presents the future outlook based on current findings. Possible areas where the findings of this

thesis could be applied are presented.
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CHAPTER 2

SMART ELECTRODES FOR STOP-GO FLUIDIC MANIPULATION IN ANALYTICAL
MICROSYSTEMS

Alemayehu P. Washe," P. Lozano,"” D. Bejarano," and Ioanis Katakis*!"
[ Bjoengineering and Bioelectrochemistry Group, Department of Chemical Engineering, Universitat Rovira i Virgili,
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Abstract

Taking advantage of electrochemically tunable wettability linked to reversible redox property of
conducting polymers (e.g. poly(3-methylthiophene)), we demonstrated sequential stop-go fluidic
operations in microfluidic systems. Electrical stimuli responsive superhydrophobic surface on
screen printed carbon electrodes was produced via a prior construction of microscale roughness
on electrode’s surface using selective solvent etching which simultaneously activates the
electrodes. While the roughness is a precondition for producing superhydrophobicity, the
activation facilitated electrodeposition of the polymer with the desired property. The performance
of the SMART electrode was characterized in stop-go mode with response time between 2 and 10
sec depending on the actuation potential.

1 INTRODUCTION

Microfluidics offers very fascinating features for lab-on-a-chip (LOC) applications in sectors such
as Point of Care (POC) diagnostics, food and environmental analysis.'”’ Recent developments for
LOC devices have shown a push towards user friendly devices (simple to operate, low cost and
portable).” ¥ Such devices require simple fluid manipulation and sensing principles lowering
manufacturing costs and simplifying operation. The simplest such process consists of the
movement of a fluid in a microchannel by capillary action. The ability to precisely control flow in
such a simplistic microchannel could prove crucial for many LOC applications, particularly in
bioanalytical applications where an analytical response depends on the extent of dissolution,
mixing, and reaction of previously deposited molecules (antibodies, conjugates, oligonucleotides
etc) with the analyte in the flow.® Flow control in such systems needs to be achieved with easily
operated, effortlessly integrated valves. A large variety of valves with specific actuation methods
including magnetic, pneumatic, piezoelectric, thermal, and electrochemical have been reported for
flow control in microfluidic systems.'*'> However, these solutions require mechanical operations
with moving parts and applied mainly for gas flow control. Most reported valves for liquid flow

16-20
Due to slow

control in microfluidic systems are based on stimuli responsive hydrogels.
response of hydrogels to external stimuli; however, they are not suitable for fast actuations. The

most appropriate flow control strategy for capillary force operated microfluidic devices is passive
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mechanisms with no moving parts. Capillary flow is driven by capillary pressure which for

rectangular microchannel of width (w) and depth (d) is given by the Young-Laplace equation:’

CosB, + Cosf, Cos8 + Cosé,
P=—crw( + )

c d w
where P is the capillary pressure that drives capillary flow, ¥ is liquid-vapor interfacial energy,
Ob..1r are the contact angles of the liquid on the bottom, top, left, and right channel wall surfaces,
respectively. As per the Young-Laplace equation passive capillary flow control mechanisms can
take advantage of the dependence of capillary flow on surface properties and dimensions of the
microchannel. Variations in either wettability or geometry of the microchannel have been used as

5, 8,21
delay valves;

Delay valves, although can be effective with high affinity reaction that requires
no longer than a minute of incubation, are not versatile and may not be reliable due to
heterogeneous nature of most surfaces and anisotropy in dimensions of microchannels. On the
other hand both experimental and theoretical works have indicated stringent dependence of
sensitivity of microfluidic assays on flow rate in microchannels pointing to the importance of tight

control of flow including stopping and restarting.22’ 5

Thus stopping the flow at the vicinity of the
probe zone in the microchannel and restarting whenever required can provide reliable and precise
control of the flow. Such operations can be performed using passive stop valves coupled to a fast
actuation mechanism. Geometry based capillary stop valves actuated by centrifugal force as in lab
on CD**?*" and liquid triggering28 mechanisms have been reported. In centrifugally operated
valves, the rotation frequency is controlled but the liquid may fail to stop when rotation ceases
because of heterogeneities resulting from anisotropy in dimension or wettability of the
microchannel. In addition CD devices require external sources to operate the movement that limit
miniaturization, integration and automation. Liquid triggered valves require a dedicated channel to
introduce the liquid which may add operation complexity. On the other hand stimuli responding
polymer based valves have been reported for on chip manipulation of capillary flow. The
operation principle of such valves is based on change in Wettability29 of the polymer in response to

3031 and light.32 In line with this approach electrical control of

external stimuli such as temperature,
wettability is very attractive due to its simplicity to fabricate and operate and expediency to
perform stop-go fluidic operations in microchannel. It can conveniently be applied in a
programmable and automated fashion via individually addressable electrodes. To stop capillary
flow a superhydrophobic surface is often required. Superhydrophobic surfaces provide distinct
advantages. On one hand they provide reliable passive stopping. On the other hand they allow
large range of contact angle changes via external signal. However, a low voltage actuation of the

flow that stops at the superhydrophobic surface is not trivial. The surface has to be such that it
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provides not only passive stopping but also prone to low voltage modulation of surface energy.
Some reports have demonstrated electrically actuated flow using electrowetting on dielectric
(EWOD). > Electrowetting techniques employed so far use mainly the prominent hydrophobic
dielectric material-the poly (tetrafluoroethylene) (PTFE). However EWOD often requires high
voltages (100s) and has associated problems including dielectric breakdown and contamination to

the system, joule heating, and contact angle saturation.

Conducting polymers provide attractive opportunity to realize a low voltage actuated passive
stop/go valves. In addition to their electronic conductivity and optical properties related to
conjugated T-system, conducting polymers (also called synthetic metals) such as polythiophenes
are able to retain the memory of their oxidation level. They can exist with a positively charged
conjugated backbone and negatively charged counterions (dopants) or as neutral conjugated
polymer- the two states displaying different wettability.35 These properties make conducting
polymers attractive for applications in corrosion protection,36 conductive textiles,”” and antistatic
coatings,” and in the immobilization of biopolymers> and growth control of living cells.* Their
ability to switch between two oxidation states corresponding to doped (oxidized) and undoped
(neutral) states makes them particularly interesting for flow control in microfluidic systems. One
possibility is therefore to construct superhydrophobic surfaces based on electrical stimuli
responsive conducting polymers. Such superhydrophobic surfaces can provide passive stopping of
capillary flow and also facilitate fast and low voltage actuation of the flow by virtue of their
electrically tunable wettability. Among the electrical stimuli responsive conducting polymers,
poly-3-methyl thiophene (P3MeT) has been the subject of extensive investigation due to their
good environmental stability, relatively good electrical conductivity, and reliable mechanical

adhesion to different surfaces.

The important step in the fabrication of stop-go valves envisaged in this study was the
construction of the low-voltage responsive superhydrophobic surface. A model surface for
superhydrophobicity is provided by the leaves of the Lotus plant (Nelumbo nucifera), which have
an intrinsic hierarchical structure, built by convex cell papillae and randomly oriented
hydrophobic wax tubules on it ** Such surfaces display a rather very large values of water
contact angle, usually above 150 giving the surface self cleaning property. Artificial
superhydrophobicity have, therefore, been constructed by mimicking the characteristic surface

features of Lotus leaves: i) constructing a nanoscale roughness on a low surface energy
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(hydrophobic) material or ii) modifying previously roughness amplified surface with a material of
low surface energy.”™® The most commonly employed method is the combination of fabrication
of pillar arrays and the self-assembly technique which often involved complex and expensive
fabrication techniques including 1ith0graphy.47’ * One simple possibility to construct a SMART
(specific and measureable action in real time) valve is construction of nanoscale roughness on a
naturally hydrophobic screen printed carbon and modify the surface with stimuli responding

conducting polymers (e.g. by electropolymerization).

Herein we demonstrate the design, fabrication, and integration of SMART superhydrophobic
surface into capillary force operated microsystems for stop-go fluidic operations. A pair of
electrodes, E1 and E2, with specific surface property deposited in microchannel constitutes the
SMART valve. The liquid can flow across E1 surface by capillary action and stops at the SMART
superhydrophobic E2 surface. A facile and low cost fabrication of roughness-enhanced
hydrophobic surface is discussed. The decoration of the roughness amplified hydrophobic surface
with electrical stimuli responsive conducting polymer (P3MeT) was described. Surface
characterization was performed using scanning probe microscopy and FTIR. Stop-go fluidic
operations were demonstrated in a microfluidic system incorporating the SMART valve. The key
physicochemical change during the stop/go fluidic operation is superhydrophobic to
superhydrophilic conversion corresponding to the neutral and oxidized forms of P3MeT film
respectively as shown in Scheme 1. This simple and inexpensive method of fabricating surfaces
with tunable wettability is effectively applied for stop-go fluidic operations in microfluidic
systems. The simplicity of operation, low voltage and the versatility of the screen-printed carbon

including the simplicity for mass production ensure wider applicability of our result.

Scheme 1. Reversibly switching wettability of poly (3-methylthiophene)
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2. Experimental

Materials and equipments

All the chemicals including 3-methylthiophene, LiClOy4, acetonitrile (CH3CN), and N, N-
dimethylformamide (DMF) were obtained from Sigma Aldrich. Distilled and de-ionized water
(PURELAB UHQ II, ELGA) was used throughout the study. The substrate for printing was a
polyester (PET) film with a thickness of 175 um provided by ThyssenKrupp Plastic Iberica S.A.
(Spain). The screen-printing apparatus used was DEK-248 (DEK International) equipped with a
DEK Align 4 vision module (a two-point optical alignment system). The screen of a polyester
mesh 305 (120/34), with an emulsion thickness of 13 um was designed in-house and
manufactured by DEK International (France). The squeegee used was made of polyurethane and
provided by DEK International (model SQA152 with a contact angle of 45° and a hardness factor
of 70). The inks (7102 conductor paste based on carbon and 5064 conductor paste based on silver)
were provided by DuPont Ltd. (UK). The oven used for curing/ drying purposes was a Digiheat
150L oven provided by JP Selecta S.A, Spain.

Fabrication and characterization of SMART superhydrophobic surface

The printing was performed according to the procedure reported previously by our group.49 The
thickness (7.5 pm) of the SPCE film was measured using a Mitutoyo SJ-301 profilometer and the
data received were analyzed with the software SURFPAK-SJ Version 1.401 (Mitutoyo Messgerate
GmbH, Japan). Electropolymerization involved a prior activation and enhancement of the
roughness of screen printed carbon. The plastics containing several screen printed carbon/silver
electrode pairs were soaked in DMF placed in a rectangular chromatographic chamber for 20
minutes to expose all the electrodes entirely to the solvent to activate and enhance the roughness
of the electrodes. The solvent treated electrodes were then cured at 100 °C for 20 minutes in the
oven. Then electropolymerization was performed by recording cyclic voltammetry (CV) of 4
scans in the solution of CH3CN containing the monomer (0.1 M 3MeT) and 0.2 M LiClO4 along
with 10* M FeCls. The chemical oxidant was incorporated to enhance porosity of the polymeric
film as chemical polymerization co-occurs with electropolymerization as reported in Ref. 33. A
one-compartment, three-electrode electrochemical cell consisting of SPCE (previously solvent
treated) as working, screen printed Ag electrode as reference and common platinum electrode as

counter were employed. After the electrochemical polymerization followed by in-situ
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neutralization, the film was rinsed with acetonitrile to remove excess reactants and remaining
LiClOy, and then dried in N, atmosphere. Electrochemical measurements were performed using

an Autolab PGSTAT10 with GPES (General Purpose Electrochemical System) software.

Characterization

Wettability of the electrodes was measured by recording the contact angles using video-based
optical contact angle measuring goniometer (Model: OCA 15EC, supplier: NEURTEK
instruments, Spain) with a Hamilton syringe attachment. Surface morphologies of roughness
amplified SPCE and P3MeT film were investigated using environmental scanning electron
microscopy (FEI model QUANTA 600 manufactured by FEI (USA). Further characterization of
the polymer modified surfaces was carried out through FTIR-ATR.

Construction of Microchannel and characterization of flow rate

After the electropolymerization and subjecting the polymeric film to neutralizing potential, rinsing
it in CH3CN followed by drying in N, flow to produce superhydrophobicity, the microchannel was

constructed.
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Fig. 1 Schematics of construction of microchannels incorporating SMART valves.

The microfluidic channels were fabricated by aligning and bonding two substrates, one previously

patterned with the valving electrodes and the other acting as a cover via an interlayer of previously
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patterned and machined double sided adhesive to form a microchannel containing the bottom wall
patterned with arrays of electrodes. The double sided adhesive was patterned and machined with a
Fenix Flyer CO; laser marker (Synrad) using 5 passes at 50% of power to produce depth x width x
length = 100 um x 500 pm x 6 cm open rectangular patterns with circular area of 12.56 mm? at
one end to act as service port. Schematics of the steps for the fabrication of the microfluidic
channel are shown in Figure 1. Flow rate in the microchannel was characterized by recording
videos of flow of fluorescein dyed solution in the microchannel using a set up of LED light

source, and inverted EO GigE camera interfaced with computer using a (LEye) software.

3. Results and Discussion

The fabrication of SMART superhydrophobic surface was carried out by electrodepositing
electrical stimuli responsive P3MeT on previously microstructured screen printed carbon electrode
surface. Fig. 2 (a) and (b) show environmental scanning electron microscopy (ESEM) image of
screen printed carbon electrode (SPCE) surface and (b) that of microstructured surface obtained
by subtractive etching of the former using DMF. The roughness enhancement apparent by the
ESEM pictures is known to promote hydrophobicity. The water contact angles recorded on the
untreated and 20 minutes DMF treated (and dried at 100°C for 20 minutes) surfaces were 104° and
135° respectively as evident from the insets of 3 uL droplet of MQ water. The mechanism for the
roughness enhancement using solvents can be explained by considering the fact that SPCE is a
naturally hydrophobic (low surface energy) composite of graphite particles and organic resins as
binding agents and other components for dispersion of the particles. Since not all the components
dissolve in DMF, the most likely mechanism is that the solvent selectively and partially etches
only the exposed soluble components (the organic resins or dispersion agents) during the
controlled period of exposure. Interestingly the selective removal of nonelectroactive resins from
the electrode’s surface also enhances the electrochemical performance of the electrodes by
increasing graphitic loading and exposure (electrochemical accessibility) of the graphitic edges
with electrocatalytic property™ and facilitates the electropolymerization. Such strategies are
amenable to the goal of producing polymers on electrode’s surface with desired tunable
wettability property. The activation as well as roughness amplification strategy should not
introduce nucleophilic functionalities on electrode’s surface. Functionalities as hydroxyl groups
can render nucleophilic attack to the growing polymeric chain or charged intermediates of the
polymerization and destroy the conjugation- the key requirement for the expected electrically

tunable property of the polymer. Electrodeposition of the polymer on the microstructured
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electrode’s surface was performed by cycling potential between -0.25 and 2 V at a scan rate of 50
mV/sec in a solution of 0.1 M 3-methylthiophene containing 0.2 M LiClO, and 10™* M FeCl; in
acetonitrile using a one-compartment three-electrode electrochemical cell consisting of SPCE
(previously solvent treated) as working, screen printed Ag electrode as reference and common
platinum electrode as counter to produce poly(3-methylthiophene). The CV displays broad anodic
and cathodic peaks which could be due to a range of redox active species such as cation, radical,
and dication of polymer.51 As can be seen from Fig. 2 (c), the polymer exhibits a reduction peak
around 0.2 V which was used as reference for neutralization. Investigation of the surface
morphology of the polymer modified surface revealed a large enhancement of roughness as
compared to the unmodified surfaces as can be seen in ESEM image, Figure 2 (d). The polymer
modified surface display water contact angle of 154°, Interestingly the static water contact angles
were also found to decrease with increasing concentration of LiClO4 solution which could be due
to accumulation of the salt at the solid-liquid interface via the favorable interaction of the poorly
solvated ClO, with the hydrophobic porous structures.’> > When using other salts (LiCl, NaCl,
KCl, and MgCl,), however, the water contact angle on the superhydrophobic porous surface
showed slight increment as concentration increased from 0.001 to 0.1 but started to decrease
gradually with further increment in concentration. The increasing order of static contact angles of
3 uL droplet of water on the superhydrophobic surface is KCIl, NaCl, LiCl and MgCl, consistent

with their order of free energies of interaction with hydrophobic pores.”
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Fig. 2 (a) ESEM image of untreated screen printed carbon (CA = 104% and (b) ESEM image of 20 minutes DMF etched, dried at
100 °C for 20 minutes SPCE (CA = 135°). The insets are photos of a 3 pL. MQ water droplet on the corresponding surfaces. (c)
Cyclic voltammetry of electropolymerization of 3-methylthiophene in 0.1 M of the monomer, 0.1 M LiClO,4 in CH3CN. (d) ESEM
image of electrodeposited P3MeT film (CA = 154°%) on a previously roughness amplified SPCE surface.
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The presence of the polymer on electrode surface was confirmed by recording FTIR. As can be
seen from Fig. 3, the FTIR of polymer modified surface exhibited characteristics peaks
corresponding to P3MeT within the ranges 800-1800 and 2800-3100 cm-' for the so produced
neutral 3-methylthiophene polymer. The FTIR spectrum was smoothed and baseline-corrected.
Interestingly the FTIR of 3-methylthiophene (on SPCE surface previously DMF treated, dried, and
coated with the monomer) and the P3MeT showed several peaks common to both the monomer
and the polymer consistent with the literature. However, the presence of polymer on the
electrode’s surface was confirmed by comparison with the FTIR recorded using SPCE without

any monomer or polymer as can be seen in Fig. 3.
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Fig. 3. FTIR spectrum of poly (3methylthiophene), unmodified SPCE surface, and a film of 3MeT dispensed on the
surface of a previously solvent treated SPCE surface; the spectrum of the substrate (SPCE) was subtracted. The
polymer was electrodeposited on electrode’s surface from a solution of 0.1 M 3MeT, 0.2 M LiCIO, containing the

chemical oxidant FeCl;, reduced to its neutral form, rinsed with CH;CN, and dried in N, atmosphere.

Polythiophenes like other conducting polymers can be oxidized and reduced reversibly by
controlling the potential. In general the oxidized polymeric films are more wettable than the
neutral form. The wettability depends on the magnitude of potential applied and the nature of the
dopant. On the other hand, the reversibility of potential induced wettability depends also on the
mobility of the dopant (ions). The most frequently selected dopant is the perchlorate anion. This
dopant can easily permeate into and out of the porous polymeric film thus facilitating the
reversible wettability. When the polymer modified superhydrophobic surface was subjected to 1 V
in 0.1 M LICIOy, rinsed with acetonitrile and dried with N, flux, it converts into superhydrophilic.
During this transformation, a contact angle change from 154° to 55° was recorded as shown in the
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Fig. 4 (a). Fig. 4 (b) shows the reversible cycling of the wettability P3MeT film at neutralizing
(0.2 V) and oxidizing (1V) potentials. The contact angle change, however, depends on the
magnitude of potential applied and the duration of exposure. Fig. (c) shows the progressive

decrease in contact angles on P3MeT as applied potential increases.

@
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Fig. 4 (a) reversibly tunable wettability of P3MeT based superhydrophobic surface on screen printed carbon surface
(b) Reversible superhydrophobic-to-superhydrophilic conversion of the porous film of P3MeT at oxidizing (1 V) and
neutralizing (0.2 V) potentials (vs. Ag) in CH3CN containing 0.1 M LiClO,. The contact angles correspond to a 3 L
droplet of MQ water recorded after the redox process in CH;CN, rinsing with CH;CN followed by drying in N, flow.

Effect of type and concentration of electrolyte

The superhydrophobic-superhydrophilic reversible conversions of the P3MeT film depend
critically on the type and concentration of electrolytes. Only with lower concentrations (<0.1M) of
lithium perchlorate in CH3CN maximum number of superhydrophobic-superhydrophilic cycling
can be performed. When the concentration of LiClO4 increases the reversibility of wettability
conversion decreases. In 0.5 M LiClO4 in CH3CN solution, for instance, only two cycles of
reversibility was achieved between superhydrophobic and hydrophilic. The number of reversible
cycling also depends on the solvent employed. The superhydrophobic P3MeT film subjected to an
oxidizing potential (1V) in aqueous solution of 0.1 M LiClOy, for instance, becomes automatically
superhydrophilic and didnt become superhydrophobic again after neutralizing operation. A
similar behavior was observed in aqueous solution of 0.1 M KCI. The one way superhydrophobic
to superhydrophilic conversion is, however, adequate desirable operation for stop/go fluidic
operations in microfluidic systems. Because such operation requires first superhydrophobic
surface to stop the flow that when subjected to potential turns into superhydrophilic allowing the

flow to resume.
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The microfluidic device incorporating SMART stop-go valves

Having characterized the electrically tunable wettability via electrowetting on the SMART
superhydrophobic electrode’s surface, two valves consisting of E1 (SMART superhydrophobic
electrode) and E2 (wettable silver electrode) each were then incorporated into a capillary force
operated microfluidic channel. Two main parts can be identified in this device (Fig. 5). The first is
the entry part just after the service port where the relatively hydrophilic surfaces allow the liquid
to penetrate the microchannel by capillary action, the second is the flow control zone where the
two electrodes E2 followed by E1 were deposited in the microchannel. The flow crosses E2 by
capillary action and stops at the SMART superhydrophobic E1 where the capillary pressure takes
a positive value according to the Young-Laplace equation and acts as a barrier to flow. When the
SMART superhydrophobic electrode is subjected to electrical signal (~1 V) the flow crosses the 1
mm hydrophobic barrier of E1 surface and reestablishes capillarity in the next zone until it
encounters the second superhydrophobic surface where it stops passively and restarts only when
stimulated by applied potential. The polymer based superhydrophobic surface provides a reliable
stopping of the flow and allows the liquid to resume when subjected to an oxidizing potential
(1V). In Fig. 5 (a-f) snapshots are shown as the fluorescein solution in 0.01 M PBS flows by
capillary action in the entry zone (a), crosses the first (counter) electrode of the valving pair by
capillary action (b), stopping at the SMART superhydrophobic electrode (c), flows by capillary
action after crossing the valve under applied potential (d), crossing the second counter electrode
by capillary action (e) and stopping at second SMART valve until stimulated to flow by electrical

signal.

Flow direction

Fig. 5. Sequential stop/go fluidic operations in capillary force operated microfluidic systems. fluorescein solution in
0.01 M PBS flows by capillary action in the entry zone (a), crosses the first (counter) electrode of the valving pair by
capillary action (b), stopping at the SMART superhydrophobic electrode (c), flow by capillary action after crossing
the valve under applied potential (d), crossing the second counter electrode by capillary action (e) and stopping at

second SMART valve until stimulated to flow by electrical signal.
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Each electrode (E2 or E1) has a width corresponding to the microchannel width (500 pm) and a
length of 1 mm. The separation between the two electrodes is 200 um. Both the autonomous and
potential induced flow rates depend on the channel dimension which is expected from the
Washburn equation.54 The valve performance was characterized by recording response time. It
showed a positive dependence on the potential when tested in solution of 0.01 and 0.1 M KCl and
0.1 M LiClO4. The response of the flow actuation was found to depend on the geometry of the
microchannel. The potential-induced flow rate in the valves increases with decreasing dimensions
of the microchannel. The flexibility of fabrication allowed us to incorporate multiple on-off fluidic
manipulations along the microchannel by printing several pairs of the electrodes with proper

treatment of the surface.

4. Conclusion

A facile approach to the fabrication of stimuli responsive superhydrophobic surface and
implementation in microfluidic systems for stop/go fluidic operations was reported.
Electrodeposition of conducting polymer (P3MeT) on a previously microstructured SPCE surface
gave superhydrophobic surface that displays superhydrophobic-superhydrophilic reversible
wettability. The extremely simple approach of enhancing the microscale roughness by just soaking
in DMF followed by drying drastically reduces the cost of fabrication of superhydrophobic
surfaces. While the superhydrophobicity provides passive stopping of capillary flow, the ability to
convert the superhydrophobic surface wettability into superhydrophilic facilitated the low voltage
actuation of the flow. Taking advantage of possibility of printing multiple electrode pairs on a
plastic substrate that can be modified at the same time by the solvent treatment followed by
electropolymerization allowed constructing multiple stop/go valves in microchannels. Our
approach greatly simplifies system construction and assembly as the functional components are

fabricated prior to channel sealing and same technique as flow actuation can be used for sensing.
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ABSTRACT

Lateral flow immunosensing devices continue to be the most successful commercial realization of
analytical microdevices. They owe their success to their simplicity that significantly depends on
the capillary-driven flow and versatile technological platform that lends itself to fast and low cost
product development. In order to compete with such a convenient product microsystems can
benefit from simple to operate fluid manipulation. We show that capillary-driven flow in
microchannels can be manipulated with electrochemically activated valves with no moving parts.
These valves consist of screen printed electrode pairs that are transversal to the flow. One of the
electrodes is solvent-etched to produce a superhydrophobic surface that provides passive stopping
and facilitate low voltage (~1V) actuation of the flow via electrowetting. The operation of such
valves in the stop/go mode with response time between 2 and 45 sec depending on the type and
concentration of salt is demonstrated. Mechanistic invetsigation indicated that the response
depends on at least three phenomena that contribute to electrocapillarity: the electrochemical
double layer capacitance, specific counterion adsorption, and possibly electrohydrodynamic
effects.

1. Introduction

There is a growing demand for simple, easy to use and operate, low-cost, fast-responding, and
portable devices for semiquantitative analysis with applications in Point of Care (POC)
diagnostics, food safety, and environmental monitoring. As a result, great interest has been shown
for the development of analytical microsystems.[1'3] Microsystems have advantages resulting from
miniaturization, including use of very small volume of samples and reagents, less waste, short
analysis time, portability and improved analytical separation and sensitivity. However, operation
of microsystems require fluidic manipulations and integration of all the analytical procedures
including sampling, transport, mixing, incubation, reaction and analysis on the microfluidic
device. Despite great advances in microfabrication and instrumentation, the most successful
commercially portable food analysis and POC diagnostic devices are still lateral flow devices, and

more specifically, lateral flow immunoassays (LFIA)."®! This success is probably due to the
71



UNIVERSITAT ROVIRA I VIRGILI

ELECTROCHEMICALLY ACTUATED CAPILLARY FLOW CONTROL FOR THE DEVELOPMENT OF INTEGRATED MICROFLUIDIC DEVICES
Alemayehu Paulos Washe

Diposit Legal: T. 475-2013

foolproof operation, low cost, and short development time required for development of products
based on this platform. Although microsystems are expected to overcome some intrinsic
limitations'”! of LFIAs such as low sensitivity and difficulty of quantitative testing, the 3-
dimensional nature of their porous membrane bestows special advantage to LFIAs; it not only
allows slow passive/capillary movement of the liquid, but also facilitates separation, mixing,
interaction and detection. When trying to transform such assays into a microfluidic channel,
challenges resulting from the laminar behavior of microscale flows have to be overcome and fluid
movement has to be induced, usually by means of external gradients that require coupling with
instruments that eventually counter many of the portability, low cost, easy operation advantages of

analytical microsystems.

We are therefore interested in platforms that allow effortless fluid movement and control in
simple microfluidic devices. Such microfluidic immunoassays most probably should mimic LFIAs
exploiting capillary phenomena for sample movement. In such an integrated device
immunochemical reagents are previously deposited in the microchannel and, as the solution
containing the analyte is introduced, undergo dissolution, mixing, and reaction with the analyte
yielding an immunocomplex that is detected at the detector located downstream.®™'? Both
theoretical and experimental works have indicated the stringent dependence of sensitivity of such
immunoassays on the flow rate in the microchannel.'® *"'"! Variations in either wettability or

geometry of the microchannel have been used as delay[4’8]

valves for flow control. Delay valves,
although can be effective with high affinity reaction that require no longer than a minute of
incubation, are not versatile and may not be reliable due to the heterogeneous nature of most
surfaces. In addition, slow dissolution and mixing in the laminar regime most likely obliges to
complete stopping of the flow. Thus a precise control over flow rates including stopping and

restarting in microfluidic devices should provide a flexible tool that allows versatility in the

development of products based on such a platform.

Passive stop valves coupled to a fast actuation mechanism provide attractive avenue for flow
control in capillary force-operated diagnostic microsystems. A large variety of valve specific
actuation methods including magnetic, pneumatic, piezoelectric, electrostatic, and bimorph have
been reported for miniaturized microvalves.'® However, these solutions require mechanical
operations with moving parts and bulky peripherals that limit miniaturization. On the other hand,

the dependence of microscale flow on interfacial energy has been used for on-chip actuation of
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[20] (21 op

flow because interfacial energy can be modulated by electrical!'® photochemical,*” thermal,

electrochemical methods.**

We are particularly interested in electrically-driven solutions because we develop
electrochemical sensors for the downstream detection and quantification of analytes; since a hand
held potentiostat will invariably be used for reading, the same instrument could be programmed to
operate such passive valves. Unlike other methods, electrical control of interfacial energy
(electrowetting) has advantages including miniaturizability, simplicity and absence of moving
parts. In addition to electrowetting on electrode in direct contact with electrolyte electrowetting on
dielectric (EWOD) has been investigated as a method to avoid problems of electrolysis-possible
scenario in direct electrowetting. Notwithstanding remarkable improvements and applications,
however, EWOD often requires high voltage and suffers joule heating, contact angle saturation
and dielectric break down.” ** Unlike smooth surfaces which can provide only small range of
contact angle changes, special attention has been given to electrowetting on superhydrophobic
nanoporous surfaces.””>* When a droplet of electrolytic liquid is placed over superhydrophobic
electrode surface, the droplet levitates on the top of the asperities due to air trapped in the

pores.[33] Application of a critical low voltage (Vo)

across this electrode-electrolyte interface
could enhance the surface charge and lead to modulation of interfacial energy resulting in the
wettability transition™>*! from a relatively less stable Cassie-Baxter regime™ " to Wenzel

regime;Bg]

then a complete wetting can be achieved when the potential is increased above V..
When the superhydrophobic porous graphitic surface is incorporated into a microchannel it was
envisaged that the surface could provide not only passive stopping of the flow (in absence of

potential) but also a low voltage actuation of the flow.

In this work we demonstrate that taking advantage of the superhydrophobic porous graphitic
carbon, we can induce multiple stop/go operations of the flow in a microfluidic system. The large
potential window of the electrode material and its intrinsic charge accumulation capacity"”
facilitate the wettability transition and hence the flow actuation at extremely low voltage. We also
report on our efforts to characterize and rationalize the behavior of these superhydrophobic,
potential-activated valves, especially by varying the type and ionic strength of the fluid supporting
electrolytes. The reported scheme is directly applicable to capillary force operated diagnostic
microsystems, particularly to those that mimic LFIAs. The deposition of electrode arrays (valves)

on a plastic substrate was performed using a low cost and versatile thick film technology (screen

printing)."*”' The superhydrophobic surface on electrode material was fabricated by selective and
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controlled solvent etching of the screen printed carbon (SPC) electrodes. Surface characterization
was performed using scanning probe microscopy. The electrochemical characteristics of the
electrode and the wettability transitions were studied using electrochemical impedance
spectroscopy. Porosity was further characterized using BET (Brunauer, Emmett and Teller)
method. Mechanistic insights regarding effect of concentration and type of electrolytes on the flow
actuation were gathered through in situ electrowetting experiments. Flow rates in the
microchannel were characterized by recording videos of the meniscus position in the presence and

absence of potential.

kH)CDVEr

Figure 1. Schematic view of the capillary force operated microsystem incorporating stop/go valves developed in
current work. The device has a service port where sample liquid is pipetted; three valves-two stop/go and the third just

stop valve incorporated along fluidics to perform sequential flow control operations.

Figure 1 shows a schematic view of the capillary force operated microsystem incorporating
stop/go valves developed in this work. The device has a service port where sample liquid is
pipetted, three valves (two stop/go and the third just stop valve) to perform sequential stop/go
operations. The zone before the first valve can be used for immunochemical deposition and the
zone between the first stop/go and second stop/go valves can be dedicated for the detection. The
zone between the second stop/go valve and just stop valve can be dedicated for control test. The
valving operation is compatible to any assay that involves aqueous electrolytes including
colorimetric or optical but is particularly attractive for electrochemical detections where the same

technique of valve operation is used for detection.
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2. Theoretical Background
Laminar flow in a horizontal microchannel depends on the geometry and wettability of the
microchannel surfaces. As the liquid wets the dry part of the microchannel it overcomes the Gibbs
free energy cost corresponding to change in interfacial area:

dG = (75, — 1)dAs, + ,dAp ... ... (1)
For equilibrium condition, dG = 0, equation 1 can be rearranged to Young’s equation:

Yo =Yg T 7,C056y e .. (2)

Where s, Ys., and Y, are the interfacial energies at the solid-vapor, solid-liquid, and liquid-vapor
interfaces respectively. Cos0 is the cosine of the contact angle that the liquid-vapor interface
forms with the solid-liquid interface. The contact angle provides a measure of the wettability of a
surface. Capillary flow is driven by capillary pressure which is related to the geometry and
wettability of the microchannel as given by Young-Laplace equation; which for a rectangular'*"

microchannel of width (w) and depth (d) is:

_ CosOy+Cosb;y , CosG+Cosb
PC—yL( rCoshk y COSUTCOt) ... (3)

where P, is the capillary pressure that drives capillary flow, 1y is liquid-air interfacial energy, O
are the contact angles of the liquid on the bottom, top, left, and right channel wall surfaces,
respectively. Modulation of the interfacial energy of a system consisting of an electrolyte and the
other immiscible phases (solid and vapor) in contact to each other is related to interfacial excess

by the Gibbs adsorption isotherm; which at constant temperature is given by:

dy = —Zri dity o (4)

where 7 is the interfacial energy of two immiscible phases, |; is the chemical potential (partial
molar free energy at constant temperature and pressure) of a component Xx;, ['j is the excess of that
component at the interface, in moles per unit area of interface. I'; may take positive or negative
values corresponding to positive or negative adsorption respectively and dictates the effect of type
and concentration of added salt on the interfacial energy. On the other hand, it is well known that
charges on electrode surface form an electrical double layer (EDL) with counter ions from the

[42]

solution. Considering the EDL as a parallel plate capacitor, Lippmann developed an

electrocapillarity (electrowetting) equation:
(éﬁ/éﬁ/)#J{T = ‘—CT."..."...(S)
where 6 is the surface charge density of the counter-ions at applied potential V. Equation (5) can

be extended to the well-known Lippmann—Young>* equation:
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Cos@ (V) = Cosby + o (6)

Where A is the Debye length, €, and € are the dielectric permittivity of vacuum and water
respectively. Equation (6) has been used to describe electrowetting phenomena in microchannels.
The above theories are mainly based on the Young’s equation that is a thermodynamic description

11 and Cassie-Baxter"®!

of the wettability of smooth surfaces. For rough surfaces, the Wenze
models should be considered. The Wenzel model introduces a roughness factor ‘R to account for
the effect of roughness on contact angle. Accordingly the effective contact angle is given by:
CosO = RCos b, ... ... (7)
For smooth surface R = 1, and cos@ = cos@y. When the surface is highly rough and porous, due to
the air trapped in the pores a composite interface of solid-liquid and liquid-vapor can be imagined
beneath a liquid droplet resting on such surface. On such surface the droplet levitates on the top of
the asperities and the liquid partially contacts the area beneath it leaving open air spaces. The
contact angles on such surfaces are usually above 150°, in which case the surface is classified as
superhydrophobic. Taking into account both the roughness and open air space at the composite
interface of the superhydrophobic surface, thus, the contact angle is given by:
Cos@ = Rf,Cos6y — f; ... ... (8)

Where f; is the total area of solid—liquid interface and f; is the total area of liquid—air interface
beneath the droplet. The wettability transition from the Cassie-Baxter to Wenzel state can lead to
increased area of solid-liquid by the expense of liquid-vapor interfaces beneath the liquid. Due to
the metastable nature of the Cassie state of the droplet, a low voltage transition to Wenzel regime

is expected to yield large changes in contact angles. The corresponding change in capillary

pressure is expected to facilitate flow actuation in microchannels at low voltage.

3. Results and Discussion

Superhydrophobic nanoporous electrode: characterization

The superhydrophobic surface is produced by increasing the roughness/porosity of a low surface
energy composite material. Screen printed carbon is a naturally hydrophobic (low surface energy)
composite of graphite particles and organic resins as binding agents and other components for
dispersion of the particles. Since not all the components can dissolve in a selective solvent,
etching of the surface with the solvent can promote hydrophobicity through amplification of the
roughness.[44'46j Figure 2 (a) shows an environmental scanning electron microscopy (ESEM)

image of a naturally hydrophobic screen printed carbon (SPC) surface and (b) shows that of the
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superhydrophobic porous surface obtained by the solvent etching of the former using DMF. The
water contact angles (CA) recorded on the untreated and treated surfaces were 104° and 151°
respectively. The level of roughness and nature of the porosity varies with duration of exposure to
the solvent. It was found that the contact angle increases with increasing duration of exposure in

the solvent reaching a plateau after 40 minutes.
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Figure 2. (a) ESEM image of naturally hydrophobic screen printed carbon (CA = 104° left) and (b) ESEM image of
superhydrophobic (CA = 151° right). The insets are photos of a 3 uL. MQ water droplet on the corresponding surfaces.
(c) Nitrogen adsorption-desorption isotherm of mesoporous solvent etched SPCE surface. (d) Nyquist impedance plot
of the superhydrophobic nanoporous carbon electrode recorded in same solution of 0.5 M LiClO, by varying E4. (=

0.5 (i), 0.8 (ii), 1 (iii), and 1.5 V (iv) with all other conditions remained the same; frequency range 100 kHz to 0.1 Hz,
AE, =10 mV.

BET surface area analysis using nitrogen adsorption-desorption experiments on the
superhydrophobic surface (CA=151") obtained after 40 minutes of exposure to DMF followed by
20 minutes drying at 100 °C, yielded a type-IV curve (Figure 2c), with a slight hysteresis loop at
relative pressures (P/PO) about 0.8 which is indicative of the predominant contribution of
mesoporous structures (2 to 50 nm) to the adsorption isotherm.!*”#! Figure 2 (d) shows a Nyquist
plot of the impedance recorded in 0.5 M LiClO4 under varying Eq4. (0.5 up to 1.0 V) keeping all
other experimental conditions the same (amplitude of excitation 10 mV in the frequency range 100

kHz-0.1 Hz) using the superhydrophobic nanoporous electrode as working, the untreated screen
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printed electrode as reference and a platinum rod as counter. The impedance revealed a nearly
vertical line reflecting a predominant capacitive behavior of the porous electrode at V<I. The
progressive decrease in phase angle as Eq. was increased from 0.5 V up to 1 V clearly suggests
enhanced finite diffusion of ions in the porous structures as they become more accessible to the
liquid via electrowetting. The EIS results reinforce the expected electrowetting transition of the
interface from the less wetted Cassie-Baxter regime to more wetted Wenzel regime that occurs, in

this case, at a critical low voltage V.= 1V.

Electrowetting on superhydrophobic nanoporous electrode

In order to verify the facile wettability changes on the superhydrophobic nanoporous carbon
electrode at applied potential, in situ electrowetting experiments were performed. Some
judiciously selected salts with varying concentrations were investigated for ion specific effects to
decipher the mechanism. Figure 3 (a) shows the set up of the in-situ electrowetting experiment
where a droplet of a liquid is in direct contact with the two electrodes, E1 and E2: E1 is the DMF
modified superhydrophobic porous electrode and E2 is the unmodified SPCE. The contact angles
before and after application of a potential at E1 was recorded. Figure 3 (b) shows the recorded
contact angles against applied potentials in KCI solutions. The curves correspond to
concentrations: 0.01, 0.1 0.5 and 1 M of KCI from bottom to top respectively. Each point in the
curve corresponds to the mean of at least three repetitions. It can be seen from the Figure that as
the concentration of KCI increases the potential-induced change in contact angle decreases. The
observed trends are the same for other tested salts: LiCl, NaCl, MgCl,, and phosphate buffer saline
(PBS) solution-a common electrolyte used to simulate physiological sample matrices in
miniaturized microfluidic systems. The decreasing order of recorded change in contact angle at 1
Vin 0.01 N is: KCI > NaCl > LiCl > MgCl,. Among the tested salts MgCl, showed significantly
reduced CA changes at a given potential and ionic strength as compared to the monovalent salts.
These results are consistent with the fact that the screening (of the electric field) length around an
ion depends on the local concentration of ions which is given by the Debye length.”” The other
interesting observation is the relatively larger change in CA at negative applied potential as
compared to that when positive potential is applied. This leads us to believe that in addition to the
screening effect, the potential-induced electrowetting effect also depends on specific
adsorption.”"! The higher potential requirement to induce a given change in CA at a positive
potential as compared to when negative potential is applied, reflects specific adsorption of cations

on the surface. This hypothesis is reinforced by the results obtained with MgCl,: during adsorption
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on a surface, the ion may have to shed some of its hydration shell a process whose free energy
varies with ion solvation.” The relatively high free energy of solvation of the highly charged,
small sized Mg+2 makes it less prone to desolvation when potential is applied, leading to less
pronounced CA changes when compared to the CA change of the less solvated ions. The larger
effect of negative potential than positive on CA may also be attributed the nature of surface
charges, most likely negative charges, on the so printed screen printed carbon. Such charges are
related to zeta potential and could arise, among others, due to dissociation of surface moities such
as amines or carboxyls. Anticipating the effect of zeta potential on the wettability-swtiching
potential and vice versa, we performed elemental analysis using ESEM to examine significant
presence of such functionalities as amines or carboxyl groups on electrode’s surface. Our results
indicated the % of nitrogen and oxygen go way down to be ignored effectively and % of carbon
way up consistent with the recorded superhydrophobicity of the solvent etched surface suggesting
that the role of zeta potential of moieties on the surface not very significant. However, a
determination of the zeta potential of the surface might be necessary to rule out purely surface

effects on the observed switching.

The large changes in contact angles at such low potentials are probably due to the electrowetting
transition from the less stable Cassie Baxter to Wenzel regime on the superhydrophobic porous
surface. If this is so, solutions of LiClOs whose poorly solvated ClOs has hydrophobic

character®”

should give larger contact angle changes relative to the other tested salts at a given
ionic strength and potential. As can be seen in Figure 3c, indeed this result was obtained with
LiClO4: not only larger contact angle changes are observed, but also they seem to be symmetric
with respect to the sign of potential. Interestingly, the potential-induced changes in contact angle
increases with both concentration and potential in LiClO4 solution. These results seem to
contradict the expectation; since the Debye length is expected to decrease with increasing
concentration of ions, reduced changes in contact angle can be expected as concentration
increases. Both trends in the results can be explained considering the mobility and permeation
capability of Li* and ClOy4 ions into the hydrophobic porous film instead as the principal effect of
the Debye-length effect of the more hydrophilic ions. In other words, the adsorption effect

overcomes in importance the EDL effect in the case of LiClO4.

Such facile movement of ions into and out of the porous film has been the key factor in the
electrically tunable wettability of some porous films of conducting polymers.l53J The permeation

ability of ions into a porous matrix is a function of interrelated parameters: size, charge, forces of
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interaction with the solid surface, and free energy of solvation”

and therefore difficult to
quantify. Still, some general trends are clearly observed and give support to our hypothesis: the
ClO4" which is poorly solvated and interacts effectively with the hydrophobic surface can easily
permeate into the hydrophobic pores and thus an increased adsorption with increasing
concentration is expected in accordance with Gibbs adsorption isotherms. The other interesting
phenomena observed when using LiClO4 was a complete spreading of the droplet as the potential
is increased above a certain potential at which a large change in contact angle was observed. This

large change in contact angle is expected to correspond to the expected facile transition from

superhydrophobic Cassie-Baxter to complete wetting through the Wenzel regime as ions permeate
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Figure 3 (a) A 3 uL droplet of aqueous solution of 0.1 M KCI in contact with E1 (superhydrophobic nanoporous
electrode) and E2 just SPC representing the experimental set up and typical changes in contact angles as potential is
applied at El. Figure (b) and (c) shows contact angle as a function of applied potential obtained by applying a
potential at E1 in KCl and LiClO, of different concentrations respectively. The curves in Figure (b) correspond to 0.1,
0.5 and 1 M of KCI from bottom to top respectively. Those in Figure 2 (c) correspond to 1, 0.5 and 0.1 M of LiClO,

from bottom to top respectively.

Figure 4 (a) shows image of a 3 uL droplet of 0.01 M PBS placed between coplanar electrodes: E1
and E2 of pitch of separation 200 um. The electrodes were previously deposited on a poly
(ethylene terephthalate) substrate by screen printing and then modified with the solvent to produce
the required hydrophobicity and porosity. When a potential < -1 V was applied at E1 against E2
for 10 seconds, the liquid began to expand and wetted the dry zones of the electrodes. Interestingly
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the droplet deforms and advances towards the negatively polarized electrode. This phenomenon is

consistent with the above results and reported works."”*!

(b) liquid climbs up negatively
polarized electiode

— gE2
El

E2 (i)

™

Figure 4 (a) shows image of a 3 uL droplet of 0.01 M PBS placed between E1 and E2 of pitch 200 pm advancing

toward a negatively polarized (E1) electrode. (b) Shows set up of 3 uL droplet of 0.1 M KSCN solution on the
superhydrophobic (E1) electrode and contacting counter electrode (E2) (i); the directional effect of potential induced
flow of 0.1 M KSCN solution when El is positively biased against E2; the droplet starts to climb up the negatively
polarized electrode-E2 (ii). When E1 is negatively biased against E2 the droplet spreads on E1 surface (iii). The liquid

climbing up E2 can be made to spread on E1 by changing the direction of polarity (iv).

From these results it is difficult to ascribe the contact angle changes as the only cause of bulk

flow; other possible forces such as electrohydrodynamict®>>"

and Marangoni effects could also
contribute to flow actuation when the valving electrodes are placed in such close proximity.
Marangoni effects are expected to arise when there is a non uniform distribution of counter ions of
opposite effect on interfacial tension as determined by their position in the Hofmeister series at
electrodes in close proximity. In order to confirm this we further considered KSCN, a salt whose
cation and anion belong to the extremes of the Hofmeister series-structure forming and structure
breaking respectively. This liquid “climbs up” the negatively polarized electrode as shown in
Figure 4b, i.e when a positive potential is applied at E1 or alternatively a negative potential at E2.
This dramatic movement is more observable with KSCN than KCl as expected. However, with
LiClO4 there was not any observable directionality as the driving force, in this case, is the affinity
adsorption of ClO4" to hydrophobic porous matrix. The asymmetric chemical process across the
two electrodes corresponding to preferential adsorption of ClO4™ on the positively polarized
superhydrophobic porous electrode and lack of counter process at the other electrode can cause
concentration gradients across the closely placed electrodes giving rise to electrohydrodynamic
flow.

These experiments indicate that there are at least three phenomena driving the induced

electrowetting behavior observed on such superhydrophobic surfaces. The use of different

electrolytes helps separate them; however an attempt to quantifiably predict the importance of
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each one would require a more controlled superhydrophobic surface. Instead, we are more
interested in achieving flow manipulation in a microsystem and for this reason we turned our

attention to incorporating the “valves” in simple microfluidic channels as described below.

The microfluidic device incorporating stop-go valves

Having optimized the electrowetting on the electrode’s surface, two valves consisting of El
(superhydrophobic nanoporous) and E2 (wettable) each and the third just a stop valve (E1) were
then incorporated into a capillary force operated microfluidic channel. Two main parts can be
identified in this device (Figure 1). The first is the entry part just after the service port where the
relatively hydrophilic surfaces allows the liquid to penetrate the microchannel by capillary action,
the second is the flow control zone where the two electrodes E2 followed by E1 are deposited in
the microchannel. The flow crosses E2 by capillary action and stops at the superhydrophobic El
until stimulated by applied voltage as shown in Figure 5. In this figure snapshots are shown as the
fluorescein solution in 0.01 M PBS flows through the microchannel and reaches the first two
zones followed by the valve activation: Figure 5(a) shows the solution at the capillary-driven flow
entry part, Figure 5(b) as it stops at E1 and (c) shows the fluid crossing E1 (passive stop valve)
under applied negative potential at E1 or alternatively positive potential at E2. Each electrode (E2
or E1) has a width corresponding to the microchannel width (500 um) and a length of 1 mm. The
separation between the two electrodes is 200 um. The liquid crosses E2 driven by capillarity and
stops when it reaches the superhydrophobic carbon surface where the capillary pressure takes a
positive value according to the Young-Laplace equation and acts as a barrier to flow. When an
electrical potential (< -1V) is applied at E1 against E2, the liquid rapidly crosses the 1 mm
hydrophobic barrier of the superhydrophobic surface of El. Once the liquid crosses the
hydrophobic barrier, it reestablishes capillarity in the next zone until it encounters E1 of second
valve at same flow rate as the entry part. The flow rate also depends on the channel dimension

which is expected from the Washburn equation:"”!

2
x? = CLO}/;;Ct R ()

where X is the displacement of meniscus at time t, r is channel radius, P, is capillary pressure, ag is
a constant associated with the channel cross section shape, | viscosity of the liquid, Y is surface
tension of water. The potential-induced flow rate in the valves increases with decreasing
dimensions of the microchannel. The flexibility of fabrication allowed us to incorporate multiple
on-off fluidic manipulations along the microchannel by printing several pairs of the electrodes

with proper treatment of the surface.
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Figure 5 Snapshots taken while recording the video as a 10 pL fluorescein dyed solution of 0.1 M phosphate buffer
saline (PBS) solution - (a) enters and flows through the microchannel by capillary action in the first part of the
microchannel, (b) stopping at the superhydrophobic carbon (E1) surface. (c) Crossing the hydrophobic barrier of El

under applied voltage.

Ion-specific effects on the valve operation

A limited number of electrolytes were used to characterize their effects on the efficiency of the
valve operation. This was done to verify the qualitative predictions that could be drawn by the
contact angle measurements. In order to define a quantitative comparison metric between different
channels we chose to measure the “response time” of the valve. We define as “response time” the
time elapsing between the application of the potential and the moment the meniscus front reaches
and crosses the end of the 1 mm hydrophobic barrier of the valve (E1). Videos of the flow of
fluorescein dyed solution were recorded to track the position of the meniscus as a function of time.
Figure 6(a) and (b) shows the response time against the concentration and applied potential
respectively in the tested electrolytes. Not surprisingly, KCI and PBS solutions cross E1 only
when a negative potential was applied at E1 or alternatively a positive potential at E2. The
“response time” in KCI or PBS showed positive concentration dependence, i.e. the flow was
slower as the concentration increased as shown in Figure 6(a). When a positive potential is applied
at E1, regardless of the magnitude of potential and concentration, however, practically no response
was observed not only in KCI and PBS but also NaCl, MgCl, or LiSO4. As positive potential > 1.5
V was applied at E1 the liquid front momentarily readjusted but did not show any movement.
These results are expected and consistent with the results presented in Figure 3b. The sudden
readjustment that ceases quickly at positive potential at E1 is expected as there is contact angle
change at this potential for concentrations < 0.1 N (see Figure 3b) but not sufficient to induce
flow. Even at potentials where there is sufficient change in contact angle, however, the potential

induced flow occurs only when E1 is biased negatively with respect to E2. The results reinforce
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our hypothesis that the flow actuation using such coplanar electrodes with very close proximity
may not only involve contact angle changes but also is subjected to other forces proposed above
that might contribute to the electrocapillarity phenomena and hydrodynamic forces. Further to the
point, when LiClO4 was the electrolyte, the flow rate increased with increasing concentration and
potential, regardless of the sign, again consistent with the result in Figure 3c. The observed results
are characteristic of the superhydrophobic nanoporous electrode and may change completely with
change in electrode type. Interestingly, when both E1 and E2 were the non etched SCPE, neither

electrowetting nor the potential induced flow over the electrodes were observed.
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Figure 6 (a) Response time against concentration as -1.5 V is applied at E1 in KCI, PBS, and LiClO,. (b) response
time vs potential applied at E1 in 0.2 M solution of KCI, PBS, and LiCIO,.

Manipulation of real liquid

In order to demonstrate the direct applicability of the stop-go operations for the said application
we considered, in addition to the above representative test liquids, PBS buffers containing proteins
at pH 5 to 8. The PBS solutions containing proteins of interest such as B-lactoglobulin or bovine
serum albumin (BSA) can be stopped and restarted at potential activation of the valves. The stop-
go operations of the valves in the protein containing solution coincides with the conditions

discussed above for PBS.

4 Conclusion

We show that superhydrophobic nanoporous carbon based surfaces display unique electrowetting
behaviour with respect to the type and concentartion of electrolytes. The droplet placed between
two such closely spaced electrodes shows directionality of flow when a potential is applied. The
directional flow behaviour of the droplet is suggested other forces such as Marangoni or
electrohydrodynamic effects playing a role. Such superhydrophobic nanoporous electrodes
fabricated via a facile selective and controlled solvent etching of SPCE surface can be easily

incorporated in microchannels for a stop/go fluidic operations. We show all low cost approach in
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the fabrication of either the microfluidic channels or the flow control mechanisms through reel-to-
reel or other manufacturing methods. The stop/go valves that are electrochemically activated and
therefore can be operated by potentitostats that can also be used for signal generation and reading
when such microchannels are used as simple analytical microsystems. When such devices can
operate by capillarity, the ability to control the flow can provide important versatility for product
design allowing complete reagent dissolution, mixing and reaction time manipulation. We have
seen that the activation of the valves does not follow simple electrowetting principles dependent
on the electrical double layer capacitance, and it appears that specific adsorption phenomena and
possibly electrohydrodynamic or Marangoni-type effects play a role. The flowing electrolyte (and
therefore the sample matrix in real applications) can thus signficantly influence the behaviour of
these valves. An important challenge is to better understand all the driving forces so that
eventually we could be able to influence their importance and achieve a valve behavior
independent of the nature of the sample matrix. We have started work using urine and food
samples and we have been able to maintain a predictable behavior for the valves, and are
incoprorating immunosensors downstream from the valves that will eventually result in an
integrated analytical device. However, signficant work is needed for such devices to reach the

robustness and versatility of lateral flow immunosensing devices.

Experimental Section

Materials and methods

All the chemicals including N, N-dimethylformamide (DMF), phosphate buffer saline solution
(PBS) and fluorescein isothiocyanate 1 98 % (HPLC) were obtained from Sigma Aldrich. Distilled
and de-ionized water (PURELAB UHQ II, ELGA) was used throughout the study. The substrate
for printing was a poly (ethylene terephthalate) (PET) film (thickness: 175 um) provided by
ThyssenKrupp Plastic Iberica S.A. (Spain). The screen-printing apparatus used was DEK-248
(DEK International) equipped with a DEK Align 4 vision module (a two-point optical alignment
system). The screen of a polyester mesh 305 (120/34), with an emulsion thickness of 13 pm was
designed in-house and manufactured by DEK International (France). The squeegee used was made
of polyurethane and provided by DEK International (model SQA152 with a contact angle of 45°
and a hardness factor of 70). The inks (7102 conductor paste based on carbon and 5064 conductor
paste based on silver) were provided by DuPont Ltd. (UK). The curing/ drying of the ink was
carried out in a Digiheat 150L oven (JP Selecta S.A, Spain). The adhesive used to bond the
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components was commercial Nactac-T9020 provided by MACtac, Spain. It is a 100 um thick PET

film coated on both sides with pure acrylic adhesive.

Fabrication of the microsystem

The printing of the carbon ink deposit to pattern the PET plastic with screen printed electrodes
(SPCE) was performed according to the procedure reported previously.m] The superhydrophobic
surface on electrode material was fabricated by dipping the SPCE surface in N, N-
dimethylformamide (DMF) for 40 minutes and drying at 100 °C for 20 minutes. Solvent etching

followed by drying is a straight forward method similar to thermal®”

methods for producing
porous materials. The microfluidic channels were fabricated by aligning and bonding two
substrates, one previously patterned with the valving electrodes and the other acting as a cover, via
an interlayer of previously patterned and machined double sided adhesive to form a microchannel
containing the bottom wall patterned with arrays of electrodes. The double sided adhesive was
patterned and machined with a Fenix Flyer CO, laser marker (Synrad) using 5 passes at 50% of
power to produce depth x width x length = 100 um x 500 um x 6 cm open rectangular patterns

with circular area of 12.56 mm” at both ends. Schematics of the steps for the fabrication of the

microfluidic channel are shown in Figure 7.

PET plastic
i
i. 5creen printing I I I . Double sided
adhesive

ii. 40 min in DMF + i l ivl

curing,/ drying at 100 °C for 20 E

minutes = superhydrophobic 1

e - i

S L L iv. Laser ablation of double sided adhesive tape
E|
EE E v. Aligning and bonding + cover plastic
Y e —

microfluidic system

Figure 7.Fabrication of the microsystems incorporating electrochemically actuated valves
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Characterization

Wettability of both as printed and DMF-modified carbon electrode surfaces was measured by
recording the contact angles using video-based optical contact angle measuring goniometer
(Model: OCA 15EC, supplier: NEURTEK instruments, Spain) with a Hamilton syringe
attachment. Surface morphology of roughness amplified carbon surface was investigated using
environmental scanning microscopy (FEI model QUANTA 600 manufactured by FEI (USA). The
thickness (7.5 um) of the SPCE film was measured using a Mitutoyo SJ-301 profilometer and the
data received were analyzed with the software SURFPAK-SJ Version 1.401 (Mitutoyo Messgerate
GmbH, Japan). Snapshots of the flow of fluorescein dyed solution in the microchannel were taken
using a set up of LED light source, and inverted EO GigE camera interfaced with computer using

a (LEye) software.
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ELECTROCHEMICALLY ACTUATED PASSIVE STOP-GO MICROVALVES FOR FLOW
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Abstract

Flow manipulation is a critical expected capacity for integrated microsystems. One way to realize
low cost devices is to take advantage of capillary forces for fluid movement. In such systems, flow
manipulation should be achieved with easily operated, effortlessly integrated valves. One
advantageous method to operate sensors and actuators in microsystems is electrochemistry. Here,
the design, fabrication and implementation of low voltage electrochemically actuated passive stop-
go microvalves for on-off fluidic manipulations in microfluidic systems are reported. Two closely
spaced electrodes (one of which has superhydrophobic surface) were fabricated by screen printing
followed by surface structuring in a microchannel. The fabrication of the superhydrophobic
surface (water contact angle (CA) 152 O) was performed by selective and controlled solvent-
etching of a naturally hydrophobic (CA = 105 %) screen printed carbon surface. The process
increased the roughness and porosity of the surface that caused the superhydrophobic effect. The
superhydrophobic surface of the carbon electrode, in addition to functioning as passive stop valve
(PSV), facilitates the flow actuation using low applied voltage avoiding observable
electrochemical reactions in aqueous solutions. When a low voltage (~ - 1 V) was applied at the
carbon electrode against a silver electrode, the flow of such solutions (e.g. 0.01 M phosphate
buffer saline solution) that was stopped at the PSV, resumed, crossing the 1 mm pitch of
hydrophobic barrier of the PSV in 1 sec and reestablishing capillary flow downstream. The low
cost and flexibility of fabrication, facile integration and miniaturization, and reproducible
performance of such on/off valves make this configuration promising for the development of low
cost microfluidic devices for point-of-care diagnostics, food analysis, and environmental

monitoring.

Keywords: Microfluidics, fluid control, passive microvalve, electrochemically actuated, superhydrophobic
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1. Introduction

For more than ten years the microfluidics community is anticipating an impressive market
domination of lab-on-a-chip (LOC) devices in sectors such as Point of Care (POC) diagnostics,
food and environmental analysis. Expectations of market volumes in excess of several billion
dollars have not materialized in part due to the high manufacturing costs of the disposables with
many current production processes. One possible enabling development for LOC devices is to
break down their overall performance in simpler “unit operations” and use simple fluid
manipulation and sensing principles lowering manufacturing costs and simplifying operation. The
simplest such process consists of the movement of a fluid in a microchannel where simple
operations take place (for example, dilution, dissolution of solids, metering, and detection). The
ability to precisely control flow in such a simplistic microchannel could prove crucial for many
LOC applications, particularly in bioanalytical applications where an analytical response depends
on the dissolution of previously deposited reagents, the kinetics of biological affinity and
enzymatic reactions, and mass transport of products to a transducer [1]. A miniaturized
microfluidic immunoassay, for instance as reported in Ref. [2], involves an immunochemical
previously deposited in the microchannel which, as the solution containing the analyte is
introduced, undergoes—dissolution, mixing, and reaction with the analyte yielding an
immunocomplex that is detected at the detector located downstream. Therefore the success of
detection depends critically on the extent of dissolution, mixing, and immunoaffinity binding, all
of which require enough residence time due to the laminar nature of microscale flow. To this end,
two key on-chip fluidic operations are required: stopping the flow at the vicinity of the probe zone
in the microchannel and a fast and reliable flow actuation mechanism. Such operations can be

performed in the microchannels using microvalves.

A number of miniaturized microvalves (active and passive) with a variety of actuation methods
including magnetic, pneumatic, piezoelectric, electrostatic, and bimorph have been reported [3].
Most of these solutions require mechanical operation with moving parts and bulky peripherals that
limit miniaturization. On the other hand, the dependence of microscale flow on surface property,
particularly wettability, has been used to either generate passive flow as in capillary driven
microfluidic systems or to passive stop-go control of the flow in the microchannel [4-6]. The
capillary pressure (Pc) that governs capillary flow is given for a rectangular microchannel [7] of

width (w) and depth (d) by the Young-Laplace equation:

Cos@, + Cos6, Cos8 + Cosé,
k= _J‘”( d + )
w
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Where o), is liquid-air interfacial energy and Oy, are the contact angles of the liquid on the
bottom, top, left, and right channel wall surfaces, respectively, are the radii of curvature in the
directions vertical and parallel to the liquid stream. It can be clearly seen that through precise
control of the surface wettability (keeping the microchannel dimension constant) the desirable
flow behavior including flow stopping can be achieved. Superhydrophobic surfaces of conductive
material provide an attractive opportunity for passive stopping as well as flow actuation using
extremely low voltage, permitting in situ control of wettability using nothing more than a
potentiostat, which is already connected to the microsystem if electrochemistry is used for

transduction of sensor output.

In this work we report on a highly sensitive, low-voltage electrochemically actuated, passive
stop-go microvalve produced through a novel design and fabrication of superhydrophobic
carbonaceous surface of electrodes that provide both passive stopping of the capillary driven flow
and facilitate low voltage electrochemical actuation of the flow. The horizontally placed
superhydrophobic electrode, Scheme 1-E2, and the wettable screen printed silver electrode
(Scheme 1-E1) with a pitch of 200 pm separation incorporated into a microchannel constitute the
electrochemically actuated passive stop-go microvalve. We describe the fabrication,
characterization, and operation of this geometry as a microfluidic component that can be key in
facilitating the development of low cost LOC devices for point-of-care diagnostics, food, and

environmental monitoring.

L
electrotytic

flow stopping. at the superhydrophobic

flow resuming capillarity after
nanoporous electrode surface

crossing the valve at applied V

Scheme 1. Side view of the rectangular microchannel consisting of two closely spaced electrodes, E1 (screen printed
silver) and E2 (superhydrophobicly modified screen printed carbon), on the bottom wall constituting the low voltage
actuated passive stop-go microvalve.

2. Materials and methods

All the chemicals including N, N-dimethylformamide (DMF), phosphate buffer saline solution
(PBS) and fluorescein isothiocyanate 1 98 % (HPLC) were obtained from Sigma Aldrich. Distilled
and de-ionized water (PURELAB UHQ II, ELGA) was used throughout the study. The substrate
for printing was a poly (ethylene terephthalate) (PET) film with a thickness of 175 um provided by

ThyssenKrupp Plastic Iberica S.A. (Spain). The screen-printing apparatus used was DEK-248
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(DEK International) equipped with a DEK Align 4 vision module (a two-point optical alignment
system). The screen of a polyester mesh 305 (120/34), with an emulsion thickness of 13 um was
designed in-house and manufactured by DEK International (France). The squeegee used was made
of polyurethane and provided by DEK International (model SQA152 with a contact angle of 45°
and a hardness factor of 70). The inks (7102 conductor paste based on carbon and 5064 conductor
paste based on silver) were provided by DuPont Ltd. (UK). The curing/ drying of the ink was
carried out in a Digiheat 150L oven (JP Selecta S.A, Spain). The adhesive used to bond the
components was commercial Nactac-T9020 provided by MACtac, Spain. It is a 100 gm thick PET

film coated on both sides with pure acrylic adhesive.

2.1. Fabrication

The printing of the carbon ink deposit to pattern the PET plastic with screen printed electrodes
(SPCE) was performed according to the procedure reported previously [8]. The superhydrophobic
surface on electrode material was fabricated by dipping the SPCE surface in N, N-
dimethylformamide (DMF) for 40 minutes and drying at 75 °C for 30 minutes. The microfluidic
channels were fabricated by aligning and bonding two substrates, one previously patterned with
the valving electrodes and the other acting as a cover, via an interlayer of previously patterned and
machined double sided adhesive to form a microchannel containing the bottom wall patterned
with arrays of electrodes. The double sided adhesive was patterned and machined with a Fenix
Flyer CO; laser marker (Synrad) using 5 passes at 50% of power to produce depth x width x length
= 100 um x 500 um x 6 cm open rectangular patterns with circular area of 12.56 mm? at both
ends. Schematics of the steps for the fabrication of the microfluidic channel are shown in Figure 1.

(a)

= M

R — B <— N <
H |
e

v
microchannel

Fig. 1. (a) PET plastic. i. Screen printing ii. 40 minutes exposure to DMF followed by curing/ drying at 75 °® C for 30 minutes to produce
superhydrophobic surface. iii. Screen printing of silver electrode. (b) the double sided adhesive tape iv. Laser ablation of double sided adhesive tape
v. aligning and bonding the substrate patterned with the valving electrodes with the plastic lid via an interplay of the previously patterned and
machined double sided adhesive to produce the microchannel with patterned flow behavior including stopping and restarting. The circular heads at

the beginning and end of the microchannel serve as inlet and outlet reservoirs.
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2.2. Characterization

The thickness (7.5 wm) of the SPCE film was measured using a Mitutoyo SJ-301 profilometer and
the data received were analyzed with the software SURFPAK-SJ Version 1.401 (Mitutoyo
Messgerate GmbH, Japan). Wettability of both as printed and DMF modified carbon and silver
electrode surfaces was measured by recording the contact angles using video-based optical contact
angle measuring goniometer (Model: OCA 15EC, supplier: NEURTEK instruments, Spain) with a
Hamilton syringe attachment. Surface morphology of roughness amplified carbon surface was
investigated using environmental scanning microscopy (FEI model QUANTA 600 manufactured
by FEI (USA). Snapshots of the flow of fluorescein dyed solution in the microchannel were taken
using a set up of LED light source, and inverted EO GigE camera interfaced with computer using

a (UEye) software.

3. Results and Discussion
3.1 Superhydrophobic surface-The passive stop valve

The key step in the fabrication of a passive stop-go microvalve reported in this work was the
fabrication of the superhydrophobic surface on conductive material surface. Figure 2 (a) shows
environmental scanning electron microscopy (ESEM) image of a naturally hydrophobic screen
printed carbon (SPC) surface and (b) that of the superhydrophobic surface obtained by subtractive
etching of the former using DMF. The roughness enhancement apparent by the ESEM pictures
was confirmed by BET surface area analysis (results not shown) is known to promote
hydrophobicity [9, 10]. The water contact angles recorded on the untreated and treated surfaces
were 105" and 152° respectively. The enhanced hydrophobicity of the solvent-treated surface is
consistent with the increase of roughness as evidenced by the ESEM image. The mechanism for
the roughness enhancement using solvents can be explained by considering the initial screen
printed carbon surface; SPC is a naturally hydrophobic (low surface energy) composite of graphite
particles and organic resins as binding agents and other components for dispersion of the particles.
Since not all the components dissolve in DMF, the most likely mechanism it that the solvent
selectively and partially etches only the exposed soluble components (the organic resins or
dispersion agents) during the controlled period of exposure. We tried to reproduce the effect with
other solvents including dimethylsulfoxide (DMSO), acetonitrile (CH3CN), and acetone. Figure 2
(c) shows the recorded contact angles using a 3 pL sessile droplet of MQ water on the 40 minutes
solvent treated and dried surfaces. Although DMSO showed a similar effect of enhancing surface
hydrophobicity as DMF, it was less efficient in doing so than DMF and also it acts by
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precipitating some of the components on the surface which required further steps of rinsing.
Acetonitrile and acetone do not produce any significant hydrophobicity enhancement; rather were
observed to have adverse effect on the adhesivity of the carbon or silver to the plastic surface.
Thus DMF was selected for further experiments. It did not have any peeling or disconnecting
effect either on the ink deposit or on the plastic when the strips were exposed to it for as long as
24 hours, and the surface slackened by DMF treatment cures immediately by thermal treatment.
Interestingly, the contact angle increases progressively with duration of exposure of the surface to
DMF to reach a maximum and start to decrease when the exposure time was prolonged as shown
in Figure 2 (d) pointing to the effect of the nature of nanoscale roughness (porosity) on the contact
angle. Our approach, although follows a novel strategy, is consistent with the general method of
amplification of nanoscale roughness as has been reported using lithography [11] and phase

separation [12].

(© (d

—

—

i
.-

SPC CHEHN DMSO DMF ° 20 ) 50
Solvent time, min

Figure 2. (a) ESEM image of naturally hydrophobic screen printed carbon (CA = 105° left) and (b) ESEM image of
superhydrophobic (CA = 152° right). The insets are photos of a 3 uL. MQ water droplet on the corresponding surfaces.
(c) Comparison of contact angles recorded on untreated SPC and the 40 minute solvent -exposed SPC surfaces for

different solvents. (d) Contact angle as a function of duration of exposure of the SPC surface to DMF.
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3.2. The microfluidic device and operation of the microvalve

The fluid flow in the microfluidic device fabricated in this work can be considered to take place in
three different zones; the first is the entry part with relatively hydrophilic surfaces that allows the
liquid to penetrate the microchannel autonomously by capillary action, the second is the flow
control zone where the flow stops until stimulated by applied voltage, and the third the capillary
driven flow zone that displays similar flow behavior as the entry part. Incorporated in the flow
control zone is the microvalve consisting of two closely placed electrodes- the silver (Ag) and the
superhydrophobic carbon electrode as shown in Figure 3. In this figure snapshots are shown as the
liquid reaches the two first zones and the valve activation- (a) at the capillary driven flow entry
part, (b) crossing the silver surface and (c) stopping at the superhydrophobic carbon of fluorescein
dyed solution of 0.01 M phosphate buffer saline (PBS) solution as it flows through the
microchannel. As can be seen from Figure 3 (c), the stopping state of the liquid is marked by the
formation of a shiny ring at the meniscus which could be due to accumulation of the fluorescing
molecules just behind the meniscus [13]. The silver electrode pad has a width corresponding to the
microchannel width (500 pm) and a length of 1.5 mm. Similarly the carbon electrode pad has a
width corresponding to the microchannel width (500 pum) and a length of 1 mm. The pitch of
separation (labeled "d" in Figure 3 (c)) between the two electrodes is 200 um. The liquid crosses
the silver electrode driven by capillarity and stops when it reaches the superhydrophobic carbon
surface where the capillary pressure takes a positive value according to the Young-Laplace
equation and acts as a barrier to flow. When an electrical potential (~-1V) is applied at the carbon
electrode against the silver electrode, the liquid rapidly crosses the 1 mm hydrophobic barrier of
the superhydrophobic surface. Once the liquid crosses the hydrophobic barrier, it reestablishes
capillarity in the third zone at the same flow rate as the entry part as set during the design. The
flexibility of fabrication allowed us to incorporate multiple on-off fluidic manipulations along the

microchannel by printing several pairs of the electrodes (results no shown).

3.3. Electrolyte effects on microvalve activation

A limited number of electrolytes were used to observe their effects on the efficiency of the valve
operation. The response time of the valve was used as a criterion. Videos of the flow of
fluorescein solution were recorded to track the position of the meniscus as a function of time to
characterize the flow rate at different zones in the microchannel. Accordingly, the flow rate of 1
mm/sec at the capillary driven zone was measured during the play back of the videos. Such flow

rate, however, can vary depending on the dimensions of the microchannel provided that the
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wettability remains the same. Although the nature and concentration of electrolytes may be
expected to affect the flow rate, we didn’t observe significant changes in the flow rate of the tested
solutions (NaCl, KCl, and PBS) in the concentration ranges 0.01 to 0.5 molar. While the flow
stops completely at the PSV until stimulated by applied potential, it was found that the potential-
induced flow through the superhydrophobic barrier of the PSV depends on the magnitude of
potential applied, concentration and nature of electrolytes. Figure 4 (a) and (b) shows variation of
flow rate through the valve surface as a function of concentration of different electrolytes and
applied potential respectively. Error bars at each point in Figure 4 (a) correspond to the standard
deviation of 12 measurements [12 microvalves from four batches (each 3 microvalves, N = 12]
constructed and tested at different periods of the work reflecting a very good reproducibility and
repeatability. Figure 4 (b) shows an increase in flow rate of potential-induced flow with increasing
potential as can be expected. The flow rate measurement involves recording response time of the
valve that can be defined as the time elapsing between the turning on of the potential and the time
the meniscus front reaches and crosses the end of the 1 mm hydrophobic barrier of the valve
surface. Different electrolytes including KCI, NaCl and PBS were considered in order to
demonstrate the applicability of the valves to the development of miniaturized microfluidic
systems for biodetection that commonly employs PBS solutions. Except a slightly faster speed of
the PBS solution no significant difference was observed in response times between the solutions

of NaCl and KCI.

(a)

(b)

(c)

[Ag|d]C |

Fig. 3. Snapshots taken while recording the video as the fluorescein solution of 0.01 M phosphate buffer saline (PBS)
solution - (a) enters and flows through the microchannel by capillary action in the first part of the microchannel, (b)

crossing the silver electrode surface by capillary action, (c) stopping at the superhydrophobic carbon (C) surface.
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Fig. 4. (a) Response time of the microvalve as a function of the concentration of different electrolytes [KCl, NaCl,
PBS] when -1.5 V applied at C against Ag. (b) The velocity of a 0.5 M KCI solution over the hydrophobic barrier of

passive stop valve as a function of applied voltage on the C against Ag.

Mechanism

For all chloride based salts tested-KCI, NaCl, LiCl, MgCl, and PBS the higher the concentration
the faster the response of the valves at negative potential at El(carbon) or alternatively positive
potential at E2(Ag).The operation showed preferential response to positive potential applied at Ag,
regardless of its relative position (in place of Elor in place of E2) or alternatively a negative
potential at C. Surprisingly, when Ag is placed at E1 position, the liquid crosses Ag at a positive
potential against E2 (carbon) but never stops again at other valves located down fluidics. But
when Ag replaces E2, the flow that has crossed El(carbon) at a positive potential at Ag or
alternatively a negative potential at E1 stops as usual at E1 of the second valve located down
fluidics (videos in supporting information). The former could be attributed to charging of the
meniscus as chloride adsorbs on Ag surface. Thus the mechanism for the Ag-C valve is linked to
the presence of chloride in the solution. Chloride ions can specifically adsorb on Ag surface. This
adsorption can be enhanced at positive potential at which Ag is oxidized into Ag'[14]. The very
fast adsorption of chloride at the oxidized Ag surface can create large columbic force
corresponding to local gradients in concentration that can propel the liquid in similar fashion as

electrohydrodynamic effect [15-18].

Table 1 shows summary of ESEM elemental analysis results for percent chloride
adsorbed/desorbed, see supporting information, in presence and absence of potential. The Ag
surface previously subjected to +1V for 30 seconds in 0.5 M KCl against carbon electrode, rinsed
with MQ water and dried at 80 °C for 20 minutes showed a relatively large amount of chloride
adsorbed. Interestingly the adsorbed chloride can be desorbed from the surface by subjecting the
electrode in situ at -1 V, a potential decided based on cyclic voltammetry. A control experiment by

Just soaking the electrode in the test solution (0.5 M KCl) for 30 seconds followed by rinsing with
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MQ water and drying at 80 OC for 20 minutes confirmed very low level of chlorides on the surface

as compared to the potential induced adsorption.

Table 1. Summary of ESEM elemental analysis of Ag surface for adsorbed chlorides

after exposure to KCI solution in presence and absence of potential.

[KC1], M Potential, V % CI % Ag % C
0.5 11 1323 8253 424
0.5 S 1.36 9591  2.73
0.5 o' 1.18 96.38  2.44

[a] Ag previously subjected to +1V in against carbon electrode, rinsed with MQ water and
dried at 80 °C for 20 minutes. [b] step [a] followed by -1 V for 30 seconds in situ [c] Ag
soaked in 0.5 M KClI for 30 seconds + rinse with MQ water + 80 OC for 20 minutes.

4. Conclusion

This work demonstrates the on-off fluidic manipulations in basic microfluidic systems through the
design of microchannel that displays capillarity and integration of a low voltage electrochemically
actuated passive stop-go microvalve fabricated on microchannel walls through screen printing
followed by surface structuring. The use of solvents to produce superhydrophobic surfaces on
composite material surfaces introduces a novel low cost approach for surface structuring.
Superhydrophobic conductive surfaces allow to reliably stop the flow for as long as required and
facilitate very fast actuation. Multiple on-off fluidic manipulations can be performed by
replicating the same architecture at multiple specific locations along the fluidics which reinforces
the applicability of the stop-go microvalve developed in this work to miniaturized microfluidic
systems for biodetection. A deeper understanding of the mechanism of actuation should allow the

tuning of the valves so that their operation be independent of the composition of the matrix.
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ABSTRACT

Screen printed carbon electrodes provide attractive opportunity for the development of
miniaturized low cost electrochemical sensors. However, the electrodes display very low level of
electrochemical performance due to the nonelectroactive components in the ink formulation and
relatively low graphitic carbon content imposed by the constraints of screen-printing. In this work,
selective etching action of a judiciously selected solvent was envisaged to improve the
electrochemical characteristics of the electrodes. The procedure involves soaking the electrode
strips in N, N-dimethylformamide (DMF) for just minutes of etching followed by drying. Five
minutes DMF treated electrode, for instance, showed a 100-fold increase in the heterogeneous
charge transfer kinetics compared to the untreated electrodes. The effective area of the solvent
treated electrode was 57- fold of its apparent geometric area. The solvent treated electrodes also
showed a dramatically decreased charge transfer resistance from ca. 18 000 Ohm to 180 Ohm. The
results of surface examination using scanning probe microscopy and electrochemical impedance
spectroscopy revealed enhancement in the porosity of the solvent treated electrodes. The
procedure is versatile and applicable to other screen printed electrodes such as gold, silver or
silver/silver chloride to improve the performance characteristics including stability. The ability to
activate several electrodes simultaneously and multiple re-usability of the solvent makes this
approach cost effective and very promising to facilitate mass production of miniaturized and
disposable electrochemical sensors.

Key words: Screen-printed electrodes, solvent etching, electrode kinetics, electrochemical
performance

1. Introduction

Disposable screen-printed carbon electrodes (SPCEs) fabricated via thick-film (screen-printing)
technology offers the most promising route for the development of miniaturized sensors for the
detection of different analytes including microorganisms [1,2], proteins [3-7], glucose [8—10], or
nucleic acids [11,12], among others, in point-of-care testing and on-site monitoring. The low cost

of the material (SPC) and its compatibility for mass production make SPCEs the primary choice
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for researchers and diagnostic companies, particularly for electrochemistry driven applications.
The great interest in the SPCEs is also due to attractive features of the carbon: chemically inert,
low background currents and wide potential window [13, 14]. The performance of SPCEs,
however, depends critically on the surface properties and the nature of the carbon ink. Due to the
nonelectroactive additives in the inks and hence the relatively low graphitic carbon content
imposed by the constraints of screen-printing, the redox activity and the overall analytical
performance of the electrodes are compromised [15, 16]. The nonelectroactive components (or
simply contaminants) including the polymeric binders in the ink block the electrochemically
active graphitic particles leading to slower rates of heterogeneous charge transfer kinetics and
seriously affect reversibility of electrochemical reactions at the electrodes. In addition to the
impeding nature of the ink, commercial SPCEs exhibit wide range of electrochemical reactivities
for benchmark redox systems. SPCEs from different commercial supplier display different
background currents and have varying performance depending on the type of specific
electrochemical techniques employed [15,17]. Such differences in the performance of the
electrodes have been ascribed to variations in: (i) the graphitic loading, (ii) degree of
electrochemical accessibility of the graphitic edges and (iii) the nature of the graphite particles and
its functionalization [15]. These characteristics the electrodes, however, can be tuned using proper
surface pretreatment methods. The surface pretreatment methods for SPCE employed to-date
including electrochemical, chemical treatments prior to electrochemical, and exposure to UV and
oxygen plasma are usually based on either increasing the density of oxygenated groups on the
electrode surface or increasing the exposure of the electroactive graphitic particles. Wang et al.
[17] proposed a short electrochemical pre-anodization of the electrodes for improved
electrochemical performance. Cui et al. [18] described pretreatment procedure in saturated
Na,COs3 solution at 1.2 V as a mild and effective condition for improving the electrochemical
performance of SPCE. Wei et al. [19] showed further improvement in the heterogeneous charge
transfer rate constant and electrochemical reversibility by soaking fresh SPCEs into concentrated
NaOH for tens to hundreds of minutes prior to pre-anodization in low concentration NaOH.
Notwithstanding the enhancement in the electrode performance, NaOH treatment may have
problem of detaching the SPCEs from the substrate [18]. Kostaki et al. reported the possibility to
improve electrochemical characteristics of SPCEs based on galvanostatic treatment (5 HA for 6
min in 0.1 M H,SO,) [20]. Osbome et al. [21] described activation of SPCEs based on the use of
UV light from an excimer laser source to selectively etch the organic binding polymer from the
composite surface thereby exposing sub-layers of carbon particulates. Wang et al. [22] reported
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the use of plasma treatment to increase the graphitic edge planes as effective mechanism to
enhance the electrochemical performance of screen-printed electrodes. These activation
procedures may enhance the performance of the electrodes, but may either require cost intensive
instrumentation, or not suitable for mass production or introduce surface functionalities that may

lead to loss of stability of the performance of the electrodes.

Therefore, a simple, low cost and yet effective strategy for the activation of screen printed
electrodes without compromising the stability is continuously being sought. Here, we report a new
approach to enhance the electrochemical performance of SPCEs via the mechanism of increasing
graphitic loading and exposure of more pristine graphitic edges. SPCE is a typical composite
material composed of graphite particles and organic resins as binding agents and other
components for dispersion of the particles. Thus it was envisaged that, since not all the
components can dissolve in a judiciously selected organic solvent, a controlled and selective
etching of the SPCEs’ surface can increase the graphitic loading and exposure of more pristine
graphitic edges. Scanning probe microscopes and electrochemical methods were used to
characterize surface morphology and enhancements in the area of the solvent treated electrodes as
compared to the untreated electrodes. The electrochemical characteristics including charge transfer
kinetics and reversibility at the solvent treated electrodes were studied using electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry. The experimental results strongly
reinforced the proposed mechanism. This simple, low cost and yet effective surface pretreatment
procedure is more generic and can be applied as a versatile approach to enhance the
electrochemical characteristics of other screen printed electrodes such as screen printed gold,
silver or silver/silver chloride given the composite nature of all the electrodes and the presence of
such contaminants as binders or dispersion agents in all of the inks. The proposed mechanism,

although follows novel approach, is consistent with the previous reports [21-27].

2. Experimental
2.1. Materials and equipments

All the chemicals including Ku[Fe(CN)¢]-3H,O, Kj;[Fe(CN)g], Sr(NOs3), and N,N-
dimethylformamide (DMF) were obtained from Sigma Aldrich. Distilled and de-ionized water
(PURELAB UHQ II, ELGA) was used throughout the study. The substrate for printing was a
polyester (PET) film with a thickness of 175 wm provided by ThyssenKrupp Plastic Iberica S.A.

(Spain). The screen-printing apparatus used was DEK-248 (DEK International) equipped with a
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DEK Align 4 vision module (a two-point optical alignment system). The screen of a polyester
mesh 305 (120/34), with an emulsion thickness of 13 um was designed in-house and
manufactured by DEK International (France). The squeegee used was made of polyurethane and
provided by DEK International (model SQA152 with a contact angle of 45" and a hardness factor
of 70). The inks (7102 conductor paste based on carbon and 5874 conductor paste based on
Ag/AgCl) were provided by DuPont Ltd. (UK). Although SPCEs based on other types of
commercially available inks including conductor inks-C2030519P4 carbon/graphite and 26-9203
conductive carbon from Gwent and SunChemical respectively were also tried, the proof-of-
concept results were obtained mainly with 7102 conductor paste based on carbon provided by
DuPont Ltd. (UK). The oven used for curing/drying purposes was a Digiheat 150 L oven provided
by JP Selecta S.A., Spain.

2.2. Fabrication, surface pretreatment and characterization

The printing was performed according to the procedure reported previously by our group [28].
The thickness (7.5 wm) of the SPCE film was measured using a Mitutoyo SJ-301 profilometer and
the data received were analyzed with the software SURFPAK-SJ Version 1.401 (Mitutoyo
Messgerate GmbH, Japan). The plastics containing several screen-printed electrodes were placed
vertically in a rectangular chromatographic chamber containing N, N-dimethylformamide for 5
min to expose all the electrodes entirely to the solvent. The solvent treated electrodes were then
cured at 100 "C for 20 min in the oven. The surface area enhancement resulting from the solvent
treatment was characterized using electrochemical methods (electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV)), environmental scanning electron microscopy
(FEI model QUANTA 600 manufactured by FEI (USA)) and atomic force microscopy. The
adhesive single-side coated with acrylic (Adhesive research; ARCARE8565) was patterned and
machined with a Fenix Flyer CO, laser marker (Synrad) using 4 passes at 50% of power to
produce a circular opening of radius = 1.5 mm which when pasted on the electrode surface

delimits a constant geometric area of the electrode to be 7.07 mm®.

2.3. Electrochemical studies

Electrochemical studies involved a prior preparation of the solvent treated and untreated
electrodes to delimit a constant area of the electrode surface as described in the previous section.
The electrochemical performance of the solvent activated electrode surface of fixed area was
investigated by recording cyclic voltammetry (CV) and EIS of Fe(CN)e ™+
106
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3= solution

electrochemical measurements including EIS were recorded in a 2 mM Fe(CN)g
containing, unless otherwise stated specifically, 0.1 M Sr(NOs),. A one-compartment, three-
electrode electrochemical cell consisting of SPCE (either solvent treated or untreated) of
geometric area 7.07 mm” as working, screen printed Ag/AgCl electrode (of geometric area 7.07
mm?) as reference and platinum electrode as counter were employed. All dc potentials (E4.) were
referred to this reference electrode. A general purpose electrochemical system, the Autolab
PGSTATI2 (Ecochemie) with frequency response analyzer (FRA2), was used. The impedance
spectra were recorded in the 100 kHz—0.1 Hz frequency range. The amplitude for the sinusoidal

excitation signal was 10 mV and the temperature was 2023 "‘C. The spectra were then fitted to an

equivalent electrical circuit model using the Autolab impedance analysis software.

3. Results and discussion
3.1. Microscopic characterization

Surface characteristics of composite electrode materials can be tuned effectively using
solvents. Fig. 1(a) and (b) show the environmental scanning electron microscopy (ESEM) images
of the untreated and solvent treated SPCE surfaces respectively. The untreated surface, Fig. 1(a),
is relatively smoother and has denser matrix that could be due to excess presence of the polymeric
binders. The 5 min solvent treated electrode surface, Fig. 1(b), exhibited discernible topographic
features with increased porosity and morphological alterations corresponding, most likely, to the
subtracted components. The ESEM images also revealed a progressive increase in surface porosity
with increasing duration of exposure to the solvent (data not shown). Topographic analysis of the
5 min DMF treated electrode using atomic force microscopy (AFM), Fig. 1(c), provided peak-to-
peak roughness and the rms to be 1430 nm and 210 nm, respectively, pointing to increased fractal
dimensions resulting from DMF treatment and is consistent with the ESEM results.
3.2. Electrochemical impedance spectroscopy
In order to investigate the charge transfer kinetics of the sol-vent treated porous electrodes as
compared to that of untreated electrodes, impedance was recorded under specific operating
conditions. Fig. 2(a) shows Nyquist impedance plot of 2 mM Fe(CN)s* " using 5 min DMF
treated and untreated SPCEs (b) shows that of SPCE exposed to DMF for different durations of
time; 1-30 min. In all cases the geometric area of the working electrode (the DMF treated or
untreated) and the reference electrode (Ag/AgCl) were 7.07 mm®. Impedance was recorded at Eq
= 0.12 V, E,. = 10 mV, frequency range 100 kHz-0.1 Hz. Two distinct regions typical of
rough/porous electrodes can be seen in the Nyquist plots: (1) a depressed semicircle in the high
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frequency region corresponding to charge transfer process and (ii) a 45" line in the low frequency
region defining a Warburg region of semi-infinite diffusion of species at electrode/electrolyte

interfaces.

Fig. 1. (a) ESEM image of untreated screen printed carbon electrode surface and (b) ESEM image of 5 min DMF
treated SPCE surface. (c) Atomic force microscopy topography image of 5 min DMF treated SPCE surface. The AFM
image was taken in a tapping mode using a silicon tip-BCB350.

A dramatic decrease in the charge transfer resistance (R, diameter of the semi-circles) can be
achieved by just 5 min exposure of the SPCE surface to DMF, Fig. 2(a). A ~100 fold increased
rate (k') of the heterogeneous charge transfer kinetics at the 5 min DMF activated SPCE as
compared to untreated SPCE was calculated using the values of R from the EIS measurements

based on Eq. (1) [29].

RT

KO = —
FZR_.AC

(1

where R is the gas constant, T the temperature (296 K), F the Faraday constant, C is the

7+ and A is the geometric area (sz) of the electrode. k

concentration (mol cm_3) of Fe(CN)63
was obtained as 1.3 x 10 cm s and 1.04 x 10~ cm s~ for 5 min solvent treated and untreated
electrodes, respectively. Fig. 2(b) shows the different high frequency intersection with Z" axis of
the electrodes exposed to DMF for different durations of time. The gradual increase in the Z’
values (real component of the impedance) with duration of expo-sure suggests alterations in the
porosity of the electrodes and hence the corresponding ohmic resistance of the porous matrix [30].
The inset in Fig. 2(b) shows the R1(Q[R.W]) modified Randles circuit model where R1 represents
the ohmic resistance of the electrolyte in solution and in the pores; Rct represent charge transfer
resistance; and W is the Warburg element corresponding to a nearly 45 line in the low frequency
region of the impedance. Q is the constant phase element, CPE, which accounts for electrode
roughness. The experimental data fits well with the modified Randles circuit model. The average
error (?) of fits for 10 different impedance spectra of the DMF treated/untreated electrodes was

2.1 x 107", These results from EIS are consistent with the results from cyclic voltammetry as can

be seen in subsequent sections.
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Fig. 2. (a) Nyquist impedance plot of 2 mM Fe(CN)63_/4_ using (a) raw (4 ) and 5 min (A) DMF treated SPCEs, (b)
SPCE:s treated in DMF for different duration of time: 1 min (#), 5 min (A), 20 min (m), and 30 min (7). In all cases the
geometric area of working electrode and reference electrode (Ag/AgCl) were 7.07 mm’ each and platinum rod was
employed as counter. Impedance was recorded at E4. = 0.12 V, E,. = 10 mV, frequency range 100 kHz—-0.1 Hz. The
temperature was 23 C.

3.3. CV characterization of electrode performance
It is apparent that reducing the nonelectroactive components from the electrode surface could
proportionally increase the graphitic loading and expose more electrochemically useful graphitic

edges. This expectation was also realized through the CVs of Fe(CN)s” ™

redox couple recorded
using the solvent treated and untreated SPCEs. As can be seen in Fig. 3(a), dashed line, the CV
recorded using the general-purpose carbon inks (DuPont) based untreated electrodes did not show
any sharp redox peaks. The i,, and i, of 13.3 LA and 11.789 pA, respectively, and the peak-to-
peak separation of 400 mV at a scan rate of 20 mV s~ were roughly estimated for these
electrodes. As scan rates increases, however, the CVs of the untreated electrodes exhibit
indiscernible peaks. The 5 min DMF treated electrode, on the other hand, showed a very sharp
anodic (ip,) and cathodic (ipc) peaks and a highly improved electrochemical reversibility. Although
the values of peak-to-peak separation (AEp) appears to depend slightly on scan rates, AEp can be
decreased from 400 mV of the untreated electrode to 100 mV of 5 min DMF treated SPCE
electrodes (DuPont) at scan rate of 20 mV s Fig. 3(b) shows CVs of 2 mM Fe(CN)(,3 ~*~ at 5 min
DMF modified SPCE at scan rates of 25, 50, 75, and 100 mV s~! from inner to outer. The slight
variations in the positions of peak currents with scan rates suggest the quasireversible nature of the
electrode processes.

CV measurements were also adapted to determine the enhancement in the electrochemically
active area and compare the results with the data obtained from EIS measurement to validate the
importance of charge transfer kinetics and effective area of the electrode in accounting for the
recorded enhancement in the performance of the solvent treated electrodes. Since capacitive
current, i. = CV(t)_1 where C is the
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Fig. 3. (a) CVs of 2 mM Fe(CN)63_/4_ redox couple at scan rate 20 mV 5! using raw SPCE (dashed line), 5 min DMF
modified (solid line). (b) CVs of 2 mM Fe(CN)63_/4_ at 5 min DMF modified SPCE at scan rates of 25, 50, 75, and 100
mV s™' from inner to outer (i-iv).

capacitance, V is the potential, t is time is also expected to increase with increasing area of the
electrode, it was important to record the cyclic voltammograms in the background solution to
determine the corresponding capacitive currents. Fig. 4(a) shows comparison of the cyclic
voltammograms recorded in presence and absence of the redox couples in the solution. Fig. 4(a)
curve ‘a2’ corresponds to the CV of 2 mM Fe(CN)63_/4_ in 0.1 M Sr(NO3), solution recorded at the
20 min DMF treated electrode at scan rate of 20 mVs™ whereas curve ‘al’ correspond to several
CVs recorded in 0.1 M Sr(NOs), at 0, 1, 5, 10, 20, 30, and 60 min DMF treated electrode surfaces
at same scan rate. As can be seen from the figure the capacitive currents are negligible com-pared
to faradaic currents, particularly in the important region of Fe(CN)s” ™ redox process (0.1-0.2 V)
and are effectively ignored. Compared to the untreated electrodes, however, the DMF treated
electrodes displayed higher level of capacitive current at higher potentials (>0.3 V) as shown in
Fig. 4(b) curves ‘bl ‘for DMF treated and curves ‘b2‘for the untreated. Interestingly, however, the
capacitive currents recorded using DMF treated electrodes did not vary significantly among the
electrodes with varying duration of exposure to DMF. For instance, the capacitive currents of 1
min DMF treated and untreated electrodes of same geometric area were 20 nA and 1.3 nA
respectively but other DMF treated electrodes displayed very closer values of 25, 27, 29, 27 and
30 nA corresponding to 5, 10, 20, 30, and 60 min durations of exposure to the solvent respectively
at 0.15 V. These results indicate that although further increment of the exposure time than
required is expected to increase the total area, the resulting porous structures may not all be
accessed by the test liquid/ions. This is clearly reflected in the effective areas of the DMF treated

electrodes estimated using the modified Randles-SevCik equation for quasireversible reaction by

110



UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY ACTUATED CAPILLARY FLOW CONTROL FOR THE DEVELOPMENT OF INTEGRATED MICROFLUIDIC DEVICES
Alemayehu Paulos Washe

Diposit Legal:

T. 475-2013

adapting the methods described in Refs. [31-33]. The modified Randles-Sevcik equation for

quasireversible reaction is given by [29]:
i, = K (4,a) X (2.69 x10°)n®?4,.-.CVD\v (2)

where i, is the peak current in amperes obtained from CV, D is diffusion coefficient of the 2 mM
Fe(CN)63_/4_ =7.6 x 107° cm? s_l) which is assumed to be equal to Doy = Dgeg [15], C is the
concentration of the probe species in the bulk solution (mol cm-3) and K(A, o) is a modified

12
, transfer

parameter for quasireversible reaction with function of A, defined as k'/[Dox(nF/RT)v]
coefficient (o = 0.5), v is the scan rate in V s_], A 1s effective electrode area (cm?2). The
parameter K(A, a) was determined from the AEp and (E,» — E,) of same cyclic voltammograms
recorded to obtain Fig. 4(c) [29]. First, the dimensionless parameter A(A, o) was determined from
the (Ep» — Ejc) of same cyclic voltammograms where E;» and E, are the half-wave and cathodic

potentials, respectively, and A (:\|th1/2

) was extracted from the working curve of AEp vs y based
on method developed by Nicholson [31]. From the A(A, o) and A, therefore the values of a was
determined for DMF modified and unmodified screen printed carbon electrodes to be from 0.33 to
0.63. The parameter K(A, o), ranging from 0.70 to 0.81, was then obtained from the corresponding
values of A and a [32]. Fig. 4(c) shows a nearly linear plot of 1,.K(A, )" of the redox process
against the square root of the scan rate- the slope of which was used to estimate the effective areas
of the electrodes. Error bars at each point correspond to the standard deviation of the measured

peak currents obtained, after effectively ignoring capacitive currents, using 9 DMF activated

SPCE from 3 batches (each 3 electrodes, N = 9).

Fig. 4(d) shows the effective area of the electrodes as a function of duration of exposure to the
solvents. Clearly, the solvent treated electrodes display very large electrochemically active area
than the untreated electrodes. The effective area of a 5 min DMF treated electrode, for instance,
was 57-fold of its apparent geometric area. This result is consistent with the EIS data that the
charge transfer resistances of the solvent treated electrodes were very low as compared to that of
the untreated ones. Thus the observed improvement in the electrochemical performance of the
solvent treated electrodes can be ascribed to the fastest charge transfer process at the increased
electrochemically active electrode surface resulting from the selective etching action of the
solvent. In an attempt to reproduce the findings with other solvents, we tried DMSO, acetonitrile

and acetone.
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Fig. 4. (a) curve ‘a2’ corresponds to the CV of 2 mM Fe(CN)63’/4’ in 0.1 M Sr(NO3), solution recorded at 20 min
DMEF treated electrode at scan rate of 20 mVs™' whereas curve ‘al’ correspond to several closely spaced CVs recorded
in 0.1 M Sr(NOs), at 0, 1, 5, 10, 20, 30, and 60 min DMF treated electrode surfaces at same scan rate. (b) Shows the
expanded version of the capacitive currents where the difference between the DMF treated (curves ‘b1°) and untreated
(curve ‘b2°) electrodes become clear at higher potentials (>0.3 V). (c) Plot of i,K(A, OL)’l obtained from the CVs of 2
mM Fe(CN)GS_M_ in 0.1 M Sr(NO;), against the square root of the scan rate at the, bottom to top, 1, 3, 60, 5, 10, and
20 min DMF treated electrodes, respectively. (d) Comparison of electrochemically active area resulting from
activation by DMF (m) and DMSO (m—dashed border) for different duration of exposure.

As can be seen from Fig. 4(d) both DMF and DMSO treated electrodes display dramatic
enhancement in effective areas as compared to the untreated electrodes. Although DMSO has a
similar effect of enhancing the electrochemical performance of the electrode, the improvement
was not as high as that obtained with DMF. Moreover, during the prolonged duration of exposure
than 20 min DMSO precipitates the etched contaminants on the electrode surface instead of
dissolving entailing a rinsing step. Acetonitrile and acetone showed adverse effect on the adhesion
of the screen printed film to the substrate. The electrodes soaked in DMSO looks like a wet paste.
After the drying step, however, the electrode cures immediately and displays a highly reproducible
improved level of performance. In both DMSO as well as DMF, the adverse flaking effect of
acetone/acetonitrile is totally not observed. Based on the relatively better electrochemical
characteristics of DMF treated electrodes, however, DMF can be selected as effective solvent for
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further experiments. It did not have any peeling or disconnecting effect on either the plastic or
electrodes when the strips were subjected to it for as long as 24 h. Since thermal effects on
composite material surface has been reported to enhance porosity and enable sensing application
[34], it was important to test if the lower working temperature (<100 °C) in the current study
might have contributed to the recorded improvement in the performance of the electrodes.
However, the electrodes treated at temperatures up to 120 °C for several minutes to hours did not
exhibit any significant change in the electrochemical characteristics. Use of elevated temperature
was not possible due to the temperature effects on the integrity of the substrates. Table 1 provides
summary of kinetic and electrochemical reversibility data obtained for Fe(CN)s’ " at SPCE:s after
pretreatment methods presented in current work and previous reports. In addition to the improved
electrochemical performances demonstrated, current approach has advantages of simplicity, low
cost, versatility, and direct industrial application for mass production of disposable
electrochemical sensors and increases the potential of screen printed electrodes in facilitating

further electrochemical novel-ties/applications.

Table 1

Comparison of the electrochemical performance of SPCEs activated via different procedures for Fe(CN)g~"*
Pretreatment procedure Reference AE, (mV) K (cms™)
0.05 M PBS, 1.5V, 2 min [17] 100* 3x 107
Saturated Na,COs, 1.2 V, 5 min [18] 61°,72,105  6.5x10°
1 hr soaking in 3 M NaOH plus 1.2 V for 20 s in 0.5 M NaOH [19] 67°,75% 80°  1.2x 107
UV excimer laser exposure [21] 140* 25x 107
0.5 M H,SO,, -2 to +2 V, 20 cycles [35] 121 -
Saturated Na,CO3;, 1.2 V, 5 min [35] 113 -

5 min DMF exposure, drying at 100 °C, 20 min Current work 87 1.3x102
Scan rlates: 3100 mVs™, "SPCEs of three different carbon inks at 60 mVs™, 10 mVs™, 950 mVs~! and others at 20
mVs™ .

) Current’ us

025 Q0g Q.2 asa <02 a0 0.2 0.4
Potential/ V' against Ag/AgCl Potential / V' against Ag/AgCl

Fig. 5. Comparison of CVs of 2 mM Fe(CN)63_/4_ redox couple at scan rate of 20 mVs™ using (a) untreated, (b) 5 min
DMEF treated SPCEs from (¢) Sunchemical, (d) DuPont and (e) Gwent.
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In addition to the 7102 conductor paste based on carbon pro-vided by DuPont Ltd. (UK) used for
the proof-of-concept results discussed above, other types of commercially available SPCEs were
also tried to assess the versatility of the activation procedure. They include the C2030519P4
carbon/graphite provided by Gwent and 26-9203 conductive carbon obtained from SunChemical.

Fig. 5 shows representative cyclic voltammograms of the 2 mM Fe(CN)s” ™

redox couple
recorded using each type of carbon electrodes. As can be seen from the figure, the CVs recorded
at untreated electrodes exhibit large differences in the peak currents and their position. Only
Gwent electrode gave discernible redox peaks before pretreatment. Among, the DMF treated
electrodes too, Gwent electrodes exhibited high peak currents. A peak-to-peak separation of 87
mV can be recorded at lower scan rates at the DMF treated Gwent electrodes. Notwithstanding the
better performances of Gwent electrodes, all of the tested electrodes always exhibit improved level
of electrochemical performance after pretreatment with DMF. These results strongly support the
fact that the differences in the electrochemical performances of SPCEs are ascribed to the

proportional graphitic loading and level of exposure of the electroactive sites. The solvent

treatment appears to increase such sites through cleaning and etching of the surface contaminants.

4. Conclusion

We report that solvents can be used to modify surface characteristics of composite electrode
materials through their selective etching action. Specifically, we demonstrated that selective
etching action of a judiciously selected solvent (DMF) on the surfaces of screen-printed carbon
electrodes greatly improves the electrochemical characteristics of the electrodes. The recorded
improvement in the performance characteristics of the electrodes after pretreatment with DMF is
proposed to be due to increased loading and exposure of the electroactive graphitic particles as the
solvent selectively removes the surface blocking binders/resins. This superficial subtraction of
certain but not all components from the surface of the electrodes affords a morphologically
modified surface with improved pristine characteristics of the electroactive components. The
proposed mechanism can be extended to other screen-printed electrodes including gold, silver,
silver/silver chloride etc. The ability to activate several screen-printed electrodes simultaneously
via the extremely simple, fast and yet effective activation procedure makes this approach cost
effective and very promising to facilitate the development of disposable and miniaturized
electrochemical biosensors for point-of-care diagnostics, food analysis, and environmental

monitoring.
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CHAPTER 6
GENERAL CONCLUSION

Flow control is critical expected operation in the development of microfluidic devices. The
manner of flow control can be different depending on whether the final microfluidic device is
intended for analysis of gas or liquid samples. Flow control strategies intended to accompany the
development goal of simple and low cost devices should consider simple and all low cost
approaches in fluid pumping and valving mechanisms. As a power free pumping mechanism
capillary force is frequently selected for the development of microfluidic devices for applications
that require user friendly devices. As a microscale flow, however, capillary flow is also laminar
and consequently is bad mixer. To promote dissolution, mixing, and reaction in microchannels,
especially when these operations have to be performed in the vicinity of chemicals previously
deposited in microchannels, precise manipulation of capillary flow including stopping and

restarting is very important.

While capillary flow can be controlled either by controlling the surface property or geometry of
microchannel when using a liquid of constant surface property, wettability based approaches are
more flexible and can be accomplished in simpler and cheaper steps. In stop/go fluidic operations
in capillary force driven microfluidic systems, the first step is to design and produce microsystems
and test capillarity. In this thesis through careful selection of materials based on wettability
characteristics and some well established theories such as the Young-Laplace equation
microsystems that display capillarity has been constructed from low cost materials such as plastics
bonded via adhesives. To stop capillary flow at a specific location in microchannels of such
devices, a superhydrophobic surface is often required. Superhydrophobic surface is desired for
some more reasons: it allows large range of contact angle changes and change in capillary
pressure and it displays a favorable low voltage wettability transition to more wettable states
which is expected to facilitate the flow actuation. Although numerous methods have been reported
demonstrating the fabrication of superhydrophobic surfaces, most of the reported methods are just
proof of concepts and are not suitable for specific application such as flow stopping and restarting
by a low voltage approach. Needles to mention, low voltage is selected in this thesis for flow
actuation because of its simplicity to operate, miniaturize (both size and cost) and integrate into
microfluidic devices. All what was required is to produce a superhydrophobic surface that
provides passive stopping of capillary flow and that also facilitates the low voltage actuation of

the flow.
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Superhydrophobic surfaces are usually produced by either of the two methods: constructing a
nanoscale roughness on a hydrophobic material of modifying low surface energy rough materials
with hydrophobic materials. In this thesis both approaches were implemented through simple and
low cost approach to produce superhydrophobic surface that is suitable for the intended passive
stopping and low voltage actuation of the flow. In the first approach SMART superhydrophobic
surface was constructed by modifying a previously roughness amplified and activated screen
printed carbon electrode with electrically responsive polymer. Because it is superhydrophobic it
provides passive stopping. Because the polymer undergoes wettability switching from
superhydrophobic to superhydrophilic under applied potential the flow restarts at extremely low
voltage (<1V). As the fabrication of the polymer based superhydrophobic surface had to be
accomplished by electropolymerization on a previously roughness amplified surface, the screen
printed carbon electrode’s surface needed to be modified first. In addition to this, untreated screen
printed carbon does not allow direct electropolymerization because of its reduced electrochemical
characteristics imposed by contaminants. The electrode needs to be activated. Thus prior to
electropolymerization the screen printed carbon electrode surface was activated in a manner that
simultaneously enhances roughness. However, this task had to be done in a specific manner. The
activation as well as roughness amplification strategy should not introduce nucleophilic
functionalities on electrode’s surface. Such functionalities as hydroxyl groups can render
nucleophilic attack to the growing polymeric chain during the electropolymerization and destroy
the conjugation- the key requirement for the expected electrically tunable property of the polymer.
This is achieved in this work by a new procedure that involves controlled and selective subtraction
of nonelectroactive components from the electrode’s surface based on solubility principles. The
selective subtraction enhances surface roughness and also activates the electrodes for
electropolymerization by increasing graphitic loading and exposure (electrochemical accessibility)
of the graphitic edges with electrocatalytic property. Electrodeposition of the polymer was then
performed on the previously roughened and activated screen printed carbon electrode’s surface
through controlled cycling of potential to produce poly(3-methylthiophene) based
superhydrophobic surface that displays passive stopping of capillary flow and facilitate low
voltage actuation of the flow. While the polymer based valve is attractive, it suffers from the lack
of stability of the polymer as it grows by electropolymerization. The polymer can simply get
oxidized preferentially to monomers. This problem was overcome during this thesis by subjecting
the polymeric film to a neutralizing potential just after the polymerization. This approach is very

attractive to provide proof of concept but may be difficult if mass production is required.
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Alternatively, therefore, and with the objective of simplifying procedures to facilitate mass
production and producing a more robust superhydrophobic surface, superhydrophobic nanoporous
electrode was produced via controlled etching of a composite electrode surface (screen printed
electrode). This approach boasts simplicity and is based on the favorable wettability transition
from the less stable Cassie-Baxter wettability regime of superhydrophobic nanoporous electrode
with no further modification to a more stable and more wettable Wenzel regime of wettability by
electrowetting. By virtue of superhydrophobicity the electrode stops the flow and by virtue of the
high conductivity, large potential window and intrinsic charge accumulation capacity of
carbonaceous material it facilitates the low voltage actuation through electrowetting transitions at
extremely low voltage. In this case both electrodes involved in the valving operation are based on
screen printed carbon-one wettable and the other superhydrophobic nanoporous in each stop/go
valving electrode pair. This valve showed a strong dependence of the type and concentration of
ions. For common salts including NaCl, KCIl, MgCl,, the lower (< 0.1) the concentration the better
the flow actuation. The valve response to applied potential is also sensitive to the porosity nature
of the electrode which is difficult to control with solvent etching approach. At least three
phenomena that can contribute to electrocapillarity have been revealed: the electrical double layer
capacitance, specific counterion adsorption, and possibly electrohydrodynamic effects

corresponding to on-chip generated gradients.

In the third scheme the same superhydrophobic surface developed on carbon electrode was
used but couple to screen printed silver. This is the simplest approach and provides faster
responses that show positive dependence on concentration, especially of chloride salts. The
superhydrophobic electrode as usual provides passive stopping of the flow and facilitates low
voltage actuation of the flow but in this case in different manner. The asymmetric electrode
configuration is expected to cause asymmetric electrochemical process giving rise to gradients
across the two electrodes that can propel the liquid. In this way stop/go fluidic operations were

successfully demonstrated in capillary force operated microfluidic devices.

In conclusion three different strategies were investigated to produce electrochemically actuated
capillary flow control in a way that facilitates the development of capillary force operated
integrated microfluidic devices. The operation of the valves is successfully demonstrated in the
expected manner. The performance characteristics of the valves were investigated in a stop/go

mode through response time measurements. Mechanistic investigations on the operation principles
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were carried out through electrowetting and other methods including but not limited to
electrochemical impedance spectroscopy and BET methods. The investigation has revealed new
insights into electrical actuation of flow based on electrowetting mechanisms. Factors that were
not given due attention appeared to play significant role in electrochemical actuation of microscale
flow. At least three phenomena that contribute to electrocapillarity: the electrical double layer
capacitance, specific counterion adsorption, and possibly electrohydrodynamic effects
corresponding to on-chip generated gradients have been found to play significant role in the flow

actuation.
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CHAPTER 7
FUTURE OUTLOOK

Flow control is critical expected operation in the development of microfluidic devices. Thus the
electrochemically actuated capillary flow control developed in this study is directly applicable to
capillary force operated microfluidic devices not only originally intended electrochemical
microfluidic immunosensor but also other microfluidic systems for bioanalytical analysis where
stopping of flow at a specific location in microchannel and restarting is required. The device may
find application in all areas of research that tries to develop microfluidic systems based on the
principle of lateral flow devices-be it calorimetric, optical, and electrochemical or just
agglutination assays. The electrochemically actuated valves may also be applicable in reactant-in
product-out microfluidic synthesis; which involves a sequence of elementary reactions to be
performed downstream. In this case catalysts, instead of immunochemical can be previously
deposited in microchannels to realize miniaturization, integration and automation the synthetic
routes.

The ability to move protein containing solution over a porous carbon-based surface under
applied potential, demonstrated in this study, may find application in protein separation or in
separation and analysis of other biomolecules such as DNA/RNA. Probably such simply produced
porous network of carbon, if occurred in column, could also compete with current technology for
electrophoresis because charged species will move with different degree over such surface under
applied potential. The superhydrophobic porous carbonaceous surface may also find application in
other electrokinetic applications such as electroosmotic or electrohydrodynamic. It can replace
porous membranes or glass frits used in such applications. The superhydrophobic nanoporous
carbon developed in this study may also be applied as perchlorate (C1O,") sensor. The
superhydrophobic carbon coupled to silver may be applied for chloride removal applications. The
porous carbon developed in this study may also find application in heterogeneous catalysis
especially solid supported catalysis as the porous structures can provide supports to such catalyst.

All electrochemistry based sensors and biosensors require activation of the electrode’s surface.
In view of the highly attractive avenue that screens printed electrodes provides for the
development of low cost electrochemical biosensor, the developed electrode surface modification
strategy may find application in the development of sensors/biosensors. Electrowetting is currently
investigated for various applications. The mechanistic investigations carried out in this study may

add new insights into the understanding and improvement of such applications.
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