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ABSTRACT

AC electrokinetics (ACEK) is a promising technigtee manipulate micro/bio-fluids
and particles. It has many advantages over DCrelgoetics for its low applied voltage,
portability and compatibility for integration intéab-on-a-chip devices. This thesis
focuses on the design of a multi-functional orthmgomicroelectrode system that
induces ACEK effect for manipulation of microfluided particles. Orthogonal electrode
configuration used in this research can achieveimmax non-uniform electric field
distribution, resulting in strong fluid and par&amotion. In the experiments, three types
of microflow fields were observed by changing tippleed electric signals. Three ACEK
processes, capacitive electrode polarization, Racgmblarization, and AC electrothermal
effect are proposed to explain the different flomiterns, respectively. Equivalent circuit
model extracted from the impedance measurements hielpdetermine the optimal
condition for ACEK implementation. Both numericahsilation and experimental results
are presented and discussed in this thesis. Waltralted ACEK flow help transport
target cells to the trapping site, which greatlyhamced the trapping efficiency by
dielectrophoresis (DEP), thus long range particlanipulation can be achieved.
Together with ACEK effect and pressure driven meadm, a flow-through system
based on orthogonal electrodes is created, which bEa used to pump fluids and
concentrate bio-particles so as to be able to keasdlutions in large volume with low
concentration. This simple and easily fabricatedugecan be integrated as one

component to form potential lab-on-a-chip devices.
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CHAPTER ONE: INTRODUCTION

The research on microfluidics has emerged in thginbeng of the 1980s. This
research field lies at the interfaces between biwtelogy, medical industry, chemistry,
and MEMS, which is micro-electro-mechanical-syst&hen microfluidics is applied to
biotechnology, it is also known ag'AS or lab-on-a-chip technologyTAS stands for
Micro Total Analysis System, and refers to a miknofic device which can perform
highly efficient, simultaneous processes or analysiea large number of biologically
important molecules for genomic, proteomic, andambelic studies. The concept of lab-
on-a-chip is to shrink a whole laboratory to chipes through the integration of several
functional units such as pumping, separation, catnagon, and detection systems onto
one device in micro scale. Because of its sma#, szuch a system can be portable and
placed close to the sampling site for fast analysis

Microfluidics study focuses on handling and margpioin of minute amounts of fluids,
volumes usually in micro and nano-liters, or eveitofiters. Compared with
conventional diagnostic methods, the advantagesiabfluidics include: (1) decrease in
reagent consumption and waste (2) reduction of gestinalysis (3) faster analyses and
results (4) safer chemical experiments and reagt{bpimproved data quality and better
controllable process parameters in chemical reasti(6) increased resolution of
separations.

Many actuation mechanisms have been considereds®rin lab-on-a-chip devices,
among which electrokinetic methods are highly pref# because of their compatibility
for integration into miniaturized, portable systeni$ectrokinetics (EK) uses electric
fields instead of mechanical moving parts, whiclsoalmean high reliability and
maintainability.

There are two main categories of electrokinetic noineena, DC electrokinetics
(DCEK) and AC electrokinetics (ACEK). ACEK [1-3] ssgeneral term which refers to a
range of techniques that ac electric fields ared usestudy and manipulate particles,
particularly bio-particles, and fluids. It has bgaoved successful in the manipulation of

fluids, characterization of cells and bacteria adl as the separation of diverse particle

1



types.
ACEK has many advantages over DCEK, such as loweappoltage, portability and

potential integration into lab-on-a-chip devicesCEEK need only several volts to
implement, compared with thousands of volts forshme effect by DCEK. The reason
is that the spacing of ACEK actuated electrodessisally in micrometers, while for
DCEK devices, voltages are applied over centimet8osto achieve the same electric
field strength, the voltage applied to DCEK devisbsuld be two or three orders higher
than that of ACEK device® primary advantage of ACEK is that the alternatfiegds
significantly reduce electrolysis, suppress elattemical reactions, and prevent bubble
generation and pH gradient change at the intedae¢ectrode/electrolyte surface.

Recent years have witnessed significant advancetheanresearch of ACEK and
development of lab-on-a-chip technology. It is coommo categorize ACEK into three
types, AC electroosmosis (ACEO), AC electrothermaffect (ACET), and
dielectrophoresis (DEP). Each of them has diffe@mgin and mechanism to interact
with fluid and particles. These mechanisms haviedint optimal operation conditions,
which will be discussed in detail in the followimtpapters. The study of fluid flow by
ACEO [4-7] and ACET effect [8-12] has been carryorgby many research groups, and
various electrode configurations are investigagdh as concentric rings [5], parallel
interdigitated electrodes [4, 6, 9], orthogonakttiedes [7], etc.

Micropumping functions induced by ACEK effect haween investigated and realized.
Pumping of microfluids were observed by either gy traveling wave [13] or DC
biased signals [14] onto symmetric coplanar elelgrarrays (with same widths and
gaps), or by using asymmetric parallel electrdd&$ with different widths and gaps that
break the spatial symmetry of electric field distition. Instead of planar electrode pairs,
recently reported 3D step ACEO micropump [16] perf® better and faster pumping
effect by creating a “fluid conveyor belt” with eleodes having steps of two different
heights. Novel micropump designs with controllaplecesses are needed that can be
integrated into lab-on-a-chip microsystems.

DEP study is also an attractive research area becaluits capability for rapid bio-

particle capture and characterization [17-25]. A db novel device configurations are



created to perform DEP particle manipulation. Ofhthese devices shows that particles
can be trapped in electrode cages by negative ORBP Particles in a flow-through
system can first be concentrated into strands lgatnee DEP and then be trapped to
electrode surface by positive DEP [20]. Biologicalls such as bacteria and red blood
cells are used as test cells. Microfluidic flow da@ combined with DEP to enhance
trapping, and it can transport cells to the locatmhich favors DEP effect [21-24]. Even
light can be controlled to form optical electrodesimplement DEP effect [25]. These
miniaturized systems are in high demand in vari@pplications for bio-particle
transportation, concentration, filtration, sepamatisampling, mixing, and detection.

DEP effect is commonly used for particle manipwalati such as concentration,
separation, and detection. However, DEP force @stslanged and it is only effective
when the particles are placed in the vicinity oé thlectrode surface. This drawback
would greatly prevent its extensive applicatiomsotder to solve this problem, the idea
to achieve long range particle manipulation by cmimg microfluidic convection with
DEP trapping comes to light.

This thesis studies two microfluidic functions tlcan be incorporated into a lab-on-a-
chip device, micropumping and concentration of féoticles, by novel designing of
multi-functional orthogonal microelectrode system induce ACEK effect. Using
orthogonal electrode configuration can achieve maxn non-uniform electric field
distribution, resulting in strong fluid and pargcmotion. Well controlled ACEK flow
help transport target cells to the trapping siteicw would greatly enhance the trapping
efficiency by DEP, thus the aim of long range bichm particle manipulation can be
achieved.

Impedance analysis [4] is studied to determineoitenal conditions for ACEK effect.
Equivalent circuit modeling of the microsystem fsetp identify the relative importance
of various impedance components at different fragies and potentials. Both numerical
simulation and experimental results are presentedddescussed in this thesis. Together
with ACEK effect and pressure driven mechanismJoavthrough system based on
orthogonal electrodes is created, which can be ts@dimp fluids and concentrate bio-

particles. It has potential to deal with solutiam$arge volume with low concentration.



The second chapter gives brief mechanism and thelo&CEK. The third chapter
gives device setup, study on equivalent circuit ei@hd impedance analysis, fluid flow
patterns, DEP trapping results, and flow-througsteasy. The last chapter concludes the
thesis and provides some possible future work.



CHAPTER TWO: MECHANISM AND THEORY OF AC
ELECTROKINETICS

Applying electric fields over fluids may lead torées on the particles and the fluid.
The study of such phenomena is referred to as A&Ctrekinetics (ACEK). ACEK is
commonly categorized into three sub-divisions, ACRAQET effect, and DEP. ACEO
and ACET effect are two mechanisms that the apgiedtric field interacts directly with
the fluid, while DEP is the force exerts on thetigles suspended in the fluid. ACEO
and ACET effect can be used to manipulate fluidwniatoscale and transport particles in
the fluids, and together with DEP effect, partioba® be separated and concentrated for

detection and other diagnostic applications.

2.1 AC Electroosmosis (ACEO)

AC electroosmosis is a flow phenomenon that octglew the charge relaxation
frequency of a fluid [1]. Charge relaxation freqagrf the liquid is defined as=0/ ¢,
where g and £ are conductivity and permittivity of the fluid, sgectively. The
formation of electric double layer (EDL) is the tah concept to understand ACEO
mechanism.

A charged double layer forms on the surface oflaot®de, as shown in figure 1. In
general, a surface carries a net charge which caip@st either through the dissociation
of chemical groups on the surface or by the adswrpif ions or molecules from the

solution onto the surface. This charge createdemtrestatic surface potentigi, local to

the interface. This is the naturally formed chardgyger, usually used for the DCEK
applications. The region of liquid at the interfd@es a higher density of counter-ions and
a lower density of co-ions than in the bulk fluithis region is referred to as the diffuse
layer of the electrical double layer. The resultoigainge in the distribution of ions near
the surface is governed by the spatial distributbrthe surface electrostatic potential.
When a particle or an electrode is immersed in lact®lyte, the surface charge is

balanced by an equal (and opposite) amount of exaesrge in the double layer. The net
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Figure 1. Electric double layer forms at the eled&/electrolyte interface. The
interface has a higher density of counter-ions anower density of co-ions than in the
bulk. Counter-ions in the Stern layer are tightbubded. The potential falls linearly in
the Stern layer, while it decays exponentially vatlcharacteristic distance given by the

Debye length. The potential drop across the diffiaser is termed as zeta potential.
[http://mvww.bic.com/WhatisZetaPotential.html]



result is that the countercharge from the soluéffectively screens the surface charge so
that on the global scale, the overall charge is.zler a thin region between the surface
and the diffuse layer, there is a layer of boundtightly associated counter-ions,
generally referred to as the Stern layer (StermdL98 this region, it is assumed that the
potential falls linearly from the surface valyg to ¢/, the value of the potential at the
interface between the diffuse layer and the Stayerl The potential decays across the

diffuse layer exponentially with a characterististdnce given by the Debye length

i} ek, T
K= \/ 2z2§2n @
0

where ¢ is the permittivity of the mediumkg is Boltzmann’s constant] is the

temperaturez is the charge number of the iomsis the charge of an electron, andis
the number of ions per unit volume. Debye lengthssally in the order of 10 nm. For a
typical 1 mM KCI solution, the calculated Debyedémnis 9.61 nm.

For ACEO, the relevant charges dominate in the Bouldyers are no longer the
naturally occurring surface charge (for DCEK) of tthannel but are the induced charges
from the bulk electrolyte to the electrode surfa&s.shown in figure 2(a), AC signal
with magnitudetV are applied to two side by side electrodes, whislegrise to the
electric field E with tangential componenE; outside the double layer and induced
charges on the surface of each electrode. Whenleatrie potential is applied to the
electrodes in a solution, counter-ions are eletdtiwslly attracted to the electrodes, and
are of opposite polarity to the excitation voltagéiis polarization process is termed
“induced charging” or “capacitive charging” [3]. @hinduced charge in the double layer
experiences a fordg, due to the interaction with the tangential electield, resulting in
fluid flow. The interaction of the tangential fielt the surface with the charge in the
double layer gives rise to a surface fluid velocityand resulting in bulk flow due to fluid
viscosity, as shown in figure 2(b). On the othelf legcle of the signal, the induced
charges in the double layer and electric fieldsngeadirections simultaneously, giving
rise to a nonzero time averaged force and a stetadg-flow pattern.

ACEO induced fluid velocity close to the electrodarface is expected to be

proportional to the tangential field and the inddickarge in the double. The velocity is
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then
u:——Aqod—:;AqodE (2)

where E is the tangential field outside the diffuse layeris the permittivity of the

medium, /7 is the viscosity of the fluid, and\g, =@—-¢ represents the difference

between the potentigh on the outer side of the diffuse layer and theepial ¢ on the
inner side of this layer, at the no-slip plane,alistterms as zeta potential.

Since the double layer charges in ACEO are “capatyt’ induced, the velocity of AC
electroosmosis flow is frequency dependent. At \ery frequencies all of the potential
is dropped across the double layer and the tarajesiectric field outside the double
layer is thus too small to generate flow. Whilehagh frequencies, approaching the
charge relaxation frequeneye, the double layer has insufficient time to forndahus

there is no charged fluid to interact with the #iedield, resulting in zero flow.

++++++++ ————————

Electrodes

flow
<€ < <

—> > >,

Electrodes

Figure 2. Mechanisms of AC electroosmosis (a) Aghail is applied to the electrodes,
resulting in the induced charge formation in thelwe layer and tangential electric field
to drive the ions, (b) The interaction of the tamigg field at the surface with the induced
charge in the double layer gives rise to a surfagd velocity uy and a resulting bulk
flow due to with fluid viscosity [1].



Experimental results [6] also showed that the vgloes. frequency exhibits bell—
shaped profile, with peak velocity at several heddhertz to several kilo hertz, with
respect to different solution conductivities.

ACEO capacitive charging process usually dominatekw applied frequency and
voltage. Another electrode polarization process algo take place at low frequencies.
When the electric field strength exceeds a certhneshold value, electrochemical
reactions take place, and the surface charge petadre inverted. Instead of the counter-
ions that are induced by capacitive changing, cs-iare produced at the electrode and
electrolyte interface, which is termed as Faradhirging. As a result, the electric fields
tangential to the electrode drive the fluid towatttis opposite direction because the signs
of the charges change. Compared with capacitivegolg Faradaic charging can
produce charge densities of several orders of nadmibeyond equilibrium values,
resulting in stronger fluid flow. However, too high voltage would degrade the
electrodes and cause bubble generation, espefmalhygh conductivity fluids.

Since ACEO capacitive charging and Faradaic chgrgimduce ions of opposite signs
in the electric field, flow directions are predidtt®o reverse when there is a transition of
the two processes. This phenomenon is observeleirexperiments using orthogonal

electrode configuration, which will be discussediétail in the next chapter.

2.2 AC Electrothermal effect (ACET)

ACEDO is typically limited to fluids with low ionistrength. High conductivity solution
compresses the thickness of the electric doubker Jayaking electroosmosis ineffective.

Non-uniform electric fields produce spatially vargipower densities in the fluid and
therefore non-uniform temperature fields in thedluremperature variations will lead to
local gradients in electric conductivity and petity, which in turn induces free,
mobile charges in the bulk of the fluid. The apgpledectric field interacts with the mobile
charges, giving rise to electrothermal forces mltquid, hence induce micro flows. This
mechanism is termed AC electrothermal effect (AGHEct). Higher conductivity leads

to higher fluid velocity due to increased heat gatien and temperature gradients.



When the electric fieldE is applied to the fluid with conductivity, Joule heating of
the fluid will occur. In the fluid, energy balaneéll be reached according to energy

balance equation
KOPT +%(JE2) -0 3)

where k is the thermal conductivity] is the temperature, and is the electric
conductivity of the fluid.o E? represents the power density generated in the Byid
Joule heating from the applied electric fields.

Non-uniform electric field results in non-uniformedt generation, which leads to
temperature gradientsT in the fluid. In turn, the temperature gradiefif produces

spatial gradient in fluid conductivity and permiity by

_(0¢
Oe= (GT J aT (4)
and
Do = (a_a—j oT (5)
oT

Oe andUOo induce mobile space charggs in the bulk fluid according to

00, _
Y +00oE)=0 (6)
and
p. =0[{eE) (7)

As a result of fluid non-uniformity, electric fieddcan exert body force on induced

space charges
F, :,er—%|E|2D£ (8)
The time averaged force is then

Do Oe, €€ 1,
F)=-05—-—)—"" g0
< €t> 05( o £ 1+(C()T)2 4| | 3 (9)

whereog and € are the electrical conductivity and permittivitytbe medium,r = ¢/o
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is its charge relaxation time, armd=277f is radian frequency. Equation (9) can be
rewritten as

Uo Ue& cE 2
F,=-05 (—-—),——2-+0.8E, Qe 10
a & R ) 8E (10)
Eo is the magnitude of the applied electric fieldeThst term in equation is the Coulomb
force and the second term is the dielectric force.

For aqueous media at 293K, we have

192 _ .00 (11)
0T
and
199 _6.02 (12)
o oJT

From the above it can be deducted that the fludl/ldorceF¢ follows the direction of
electric field and is proportional to the temperatgradientT . The fluid behavior is
governed by Navier-Stokes equation

p%ﬂo(ﬂ W)u-70%u+0OP=F, (13)

where p is the fluid densitys7 is the dynamic viscosityy is the external pressure and

is the velocity of the fluid. Together with (1 =0 for incompressible fluid, fluid velocity

can be determined for ACET flow.

2.3 Dielectrophoresis (DEP)

While ACEO and ACET effect are the mechanisms oidflflow, dielectrophoresis
(DEP) is a phenomenon in which a force is exertecadielectric particle when it is
subjected to a non-uniform electric field. The sgth of the force depends strongly on
the medium and patrticle’s electrical propertiesttumparticle’s shape and size, as well as
on the frequency of the electric field. Consequerftelds of a particular frequency can
manipulate particles with great selectivity. Thaslallowed the separation of cells or the
orientation and manipulation of bio/nano-patrticles.

All particles exhibit dielectrophoretic activity the presence of electric fields. DEP
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force does not require the particle to be charéigen a small particle is suspended in an
agueous electrolyte (such as potassium chloridd), K& the presence of an applied
electric field, charges are induced at the interflaetween the particle and the electrolyte,
as shown schematically in figure 3. The amounthairge at the interface depends on the
field strength and the electrical properties (cartiity and permittivity) of both the
particle and the electrolyte.

Figure 4(a) shows numerical simulations of electigtd distribution by symmetric
electrodes with particle polarisability greaterrtiibhe suspending medium. 3 volt signal is
applied to the two electrodes located at both si@esiductivities of the particle and the
medium are defined as shown in the plot. The etedield lines bend towards the
particle, meeting the surface at right angles. ddreverse is shown in figure 4(b), where
the particle polarisability is less than the elelstie. The field lines now bend around the
particle as if it were repelled by the particle. hthe polarisability of the particle and
electrolyte are the same, it is as if the partildes not exist and the field lines are parallel
and continuous everywhere.

Consider the same particle subjected to a non-umifelectric field generated by
asymmetric electrode pair, as shown in figure % @fstribution of induced charges at
the particle surface is non-uniform, thus the eiedteld will have a net force onto the
particle. In figure 5(a), when the particle is ma@arisable than the solution, it will
move towards higher field region, which is defiresdpositive DEP (p-DEP). Figure 5(b)
shows particle tends to move to the low field regb@cause it is less polarisable than the
medium, which is termed as negative DEP (n-DEP).

Under AC electric field, complex permittivity is e to describe the frequency
dependent response of the dielectric to the figldonsists of both real and imaginary

parts, which is given in the expression below
g=ce -id (14)
w

The electrical dipole is formed from a simple dimition of charges and is
fundamental to many aspects of electromagnetictjdmg ACEK. In practical, a dipole

moment forms due to the interaction of a polarisadarticle and electric field.
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Figure 3. Schematic diagram of how a dielectrictipar suspended in an aqueous

electrolyte polarizes in a uniform applied electrgdd E [1].

o,=10"S/m o,=10"S/m

o, =1S/m 0,=10°S/m
0. < Up Um > a'p
Particle more polarisable Particle less polarisable

Figure 4. Numerical simulations of electric fieltsttibution by symmetric electrodes
with (a) particle more polarisable (b) particle depolarisable than the suspending
medium. The colors indicate the electric potentald the lines are electric field

distribution. (Simulation done with Comsol Multiptigs, Sweden)
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o, =10"S/m 0,=10"S/m
o,=1S/m 0, =10°S/m
0,<0, 0,>0,

Particle more polarisable Particle less polarisable

Figure 5. Numerical simulations of electric fielsgtibution by asymmetric electrodes
with (a) particle more polarisable (b) particle depolarisable than the suspending
medium. Non-uniform distribution of the induced djes on the particle surface
experience net force by the electric field. Posifj\eft plot) and negative (right plot) DEP
are defined according to whether the particle isenpwlarisable than the medium or not.
Arrows in the plot indicate the movement of padsg;leither to high field region or low

field region.
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In a non-uniform electric field the force imbalanae the dipole moves the particle.

The effective dipole moment of a spherical partislgiven below

E,=&n | s
p=4rE, | — — |a&’E (15)
£, t2&,
Clausius-Mossotti factor (CM factor)
F _g
K(w)=——T 16
( ) E,+2& (16)

is used to describe the effective dipole momenhefparticle, where m denotes medium
and p denotes particle, which is frequency dependen
The real part of the CM factor reaches a low freqydimiting value

g,—0,
f -0=>K(w) - —2—— (17)
o,+20,

which depends solely on the conductivity of thetipkr and suspending medium.
Conversely, the high frequency limiting value ismdoated by the permittivity of the
particle and suspending medium

£, En
£, t2¢,

CM factor has strong influence on the particle beraresponding to electric field.
For a spherical particle, the variation in the magte of the force with frequency is
given by the real part of the CM factor. The tinverage of the DEP force on a spherical
particle is given by

(Fow (1)) = 27,8° R K (@) JO|E, | (19)

From the equation, we can see the magnitude ofdiee depends on the particle

volume, the permittivity of the suspending mediwangd gradient of the field square. So

the sign of the real part of CM factor decides wbetthe particle acts as positive or

negative DEP.
2
Foer O O|E, O \r/—g (20)
As equation (20) indicates, DEP force scales withdquare of the voltage and
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inversely with the cube of the distance, so thatesing the characteristic dimensions of
the electrode by one order of magnitude can leddrae orders of magnitude increase in
the DEP force. This means that DEP effect is sherge sensitive, and this is a clear
advantage for using microelectrodes with small sgpapart.

For a sphere particle, the real part of the CM diads bounded by the limit

-0.5< ReK(a)) ]J< 1and varies with the frequency of applied field ahe complex

permittivity of the medium. Figure 6 shows an ex&ngielectrophoretic response of a
particle as a function of frequency.

Cross-over frequency for micro-particles, espegibiblogical cells, is an important
characteristic parameter in the study of their DdeRavior, also shown in figure 6. At
cross-over frequency, the effective dielectric mmies of the cell exactly balance those
of the suspending medium, so that the DEP foreeris. Also, this is the frequency when
DEP force changes sign, either from negative toitipgesDEP or from positive to
negative DEP. If we know and can control the digleqroperties of the suspending
medium, we can deduce and also control the DEPvimhaf the suspended cells or
particles. This has important implications for appy DEP to characterize and
selectively manipulate cells. The formula for céting the cross-over frequency can be

derived by settine[ K (@) | = 0, we have

— 1 \/(Um—ap)(0p+20m) (21)

“ o (e, -5, (5, + 22,)

The value offy, depends principally on the cell radius and membreaygacitance.

Since it is hard to measure conductivity and pdivity of the particles, the cross-over
frequency is usually determined in the experimepntobserving the particle motion
change as the direction change of the DEP force.
2rE,a° Rd K (w)|O|E,.[° ¢€,a° RéK(w)]|O|E, [
i =P 25 RIK (@] OB _ 0" REK (0] OE,
f 6/ma K7,

Assume that the instantaneous velocity is propaoatioto the instantaneous

(22)

dielectrophoretic force, DEP velocity can be obtdibg DEP force divided by a friction
factorf = Gma. For spherical particle, DEP velocity is given quation (22).
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Figure 6. The theoretical dielectrophoretic (DEPpanse is shown as a function of
frequency, for a 10 mm diameter cell suspendednirelactrolyte of conductivity 40
mS/m. The DEP response is normalized against thgdreenced by a conducting sphere
of diameter 10 mm. With increasing frequency the eRavior of a viable cell (with a
poorly conducting membrane) approaches that of rdwcting sphere, making the
transition from negative to positive DEP at the Ssr@ver" frequencyydi. The curves

are shown for two values (0.44 and 1.25 mS/m) otéllecytoplasm conductivity [18].
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2.4 Equivalent circuit modeling of the microfluidic system

In order to better understand the mechanisms Ienbdeeach ACEK phenomena and
determine optimum condition for implementation, #gpiivalent circuit can be extracted
to represent the microfluidic system. Use parallahar electrode for example, which is
given in figure 7 [4],Reaa represents lead resistance, which arises from himefitm
metal lines, bonding pads, etc, and therefore, #reyin series with the electrolytic cell.
Ceal accounts for direct capacitive coupling betweentteelectrodes. The value Gfg,
depends on the dielectric properties of the elgd@nd electrode geometries. The bulk
of the electrolyte obeys Ohm’s law, so the bulk & #olution is modeled as a resistor
Ry In series with components at the interfaces okthetrodes and the electrolyfy,
is affected by the conductivity of the fluid.

Two current-conducting mechanisms at the electrtéeigrelyte interface are
represented by different components. Hydrolyzed iainthe surface of metal electrodes
cause a double layer capacitarcg, which represents a capacitive charging process.

FH - e :
Foa " salution N e
# T JJC E...._. e -vu'..l‘ &

s~ E-figld lines

Il U

Iayg_r_.'_ . / Fa . .-‘5.’ ' 5 S8 \ Elactrode

== ——Bubstrats ———— -
¥ h Faradaizcharging

Capacitive charging ;

Gl:ElFI

Capacitive
charging

i ., Electrode
felectrolyte

Faradaw Jinterface

charging

Figure 7. Equivalent circuit models for electrode¢&rolyte system (a) capacitive

charging for induced charges and Faradaic charfpngelectrochemical reaction, (b)

equivalent circuit consisting of all the componettiat form the electrode/electrolyte
interface [4].
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There are also electrode reactions at the interfabieh is represented by a battery and a
resistor in the equivalent circuit for Faradaicrgiag, as shown in figure 3(b). If there is
electrochemical reaction, electric charges aresfeared across the interface in parallel to
the charging of the double layer, so the Faradanecponents are in parallel wi@y.

At low applied frequency, most of the potential witbd at the interface of electrode
and electrolyte, where capacitive and Faradaic amgrgrocesses dominate, favoring
ACEO. If an ac signal of high frequency is applieckothe electrodes, the interfacial
impedance can become much lower than the resis@inte fluid bulk. The voltage
drop cross the interface can be sufficiently sntallis electrode charging processes are
suppressed. No electrochemical reaction will takeeplat the electrodes while the
electric field can penetrate the fluid. This casd f@vor ACET effect, which will be

discussed in the next chapter.
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CHAPTER THREE: MICROFLUIDS AND BIO/MICRO PARTICLE
MANIPULATION USING ORTHOGONAL ELECTRODES

AC electrokinetics has been intensively studiechi ecent years. ACEO and ACET
effect are two major mechanisms used to manipulateoftuidics, which have different
origins, (ACEO originates from the electric stresshat electrode surface, while ACET
effect exerts volume forces on fluids.) DEP hasssasfully been used to capture a range
of bio-particles such as viruses, DNA, and proteinswéier, since the DEP force is
short-ranged, the target cells need to be locateitheé vicinity of the trapping site for
local DEP trap and concentration. If the sampleighlly diluted, or if one has a large
volume of fluid to process, this current techniqwél usually lead to infeasible
processing times [21]. Microfluidic flow help trar®p the bio/micro particles to the
electrode surface, where they are trapped and ctratesh by DEP. Based on this idea, a
long range bio/micro particle manipulation deviseieated using orthogonal electrodes.

Orthogonal electrodes have been used [7, 24] foptiraping of microfluidics and
characterization of bio-particles. Electrodes withsfiape can generate non-uniform
electric field gradients thus maximize fluid andrtpe motion by applying voltages
lower than other configurations. Three unique flovitggzas were observed with fluid
conductivity 6=20 mS/m, which attribute to three suggested meshani ACEO
capacitive charging, AC Faradaic polarization, andEACeffect, respectively. Upon
concentration of them, detection and other diagonos¢thods can be employed.

3.1 Design of orthogonal electrode setup

The device consists of a pair of electrodes thafitted perpendicular to each other on
a glass slide, forming orthogonal configurationsfiape). The T-electrodes are separated
apart varying from 100 to 200 um. A slip siliconevepo (SA8R-0.5, Grace Bio-Labs,
USA) is sealed with epoxy glue on the glass slideotmfthe chamber. Glass slides are
used as substrate for its transparency to see ghraucroscope. The chamber has a

diameter of 8 mm and 0.5 mm in height, with a tetalme of 45 uL. In order to avoid
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irregularity of the electrode tip that would causeansistence of the electric field
distribution and irregular flow pattern, a micromauator probe (Micromanipulator,
USA) with very sharp tip is used as the vertical etal#, as shown in figure 8.

Since the electrodes are orthogonally positioned;umiform electric filed distribution
is achieved. Highly non-uniform electric field issponsible for generating tangential
field component, leading to ACEO flow and forming thai gradient, leading to ACET
flow. Both flows can transport particles to the vityrnof the electrodes for better DEP
trapping. Thus, orthogonal electrode setup can $immple and ideal device for designing
micropump or manipulating particles using DEP effect

Figure 9 shows a plot of electric potential and tledield distribution for orthogonal
electrodes, simulated by Comsol Multiphysics, #dielement analysis (FEA) simulation
software. The figure shows the geometry of the “Ttupeused in the experiment. The
domain is 6mmx4mm, with electrode width 200 um and spacing 400 pivetween. 15
volt signal is applied to the vertical electrode MHiorizontal electrode is grounded. The
color map indicates the electric potential disttitw. Asymmetric electric field is highest
at the electrode tip, where ACEK phenomena are prorhine

D1: 140.1447 um

(a) " (b)
Figure 8. Orthogonal electrodes configuration usedhe research. (a) A sharp tip
micromanipulator needle is used as the verticattelde. The separation between
electrodes is measured to be 140 um, (b) orthogeeetrode pair fitted in the slip cover

chamber on a glass slide.
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Figure 9. Simulation of non-uniform electric fiediistribution of orthogonal electrode
pair. Color map shows the distribution of electrmtgmtial (light color indicates high
magnitude) and arrows show the direction and relaixength of the electric field. The
domain is 6mm4mm, with electrode width 200 um and spacing 400 prbetween.
Vertical electrode is applied 15 volt while horizdrébectrode is grounded. Highest field
is located at the electrode tip, where ACEK phenonagagrominent. (Simulation done
by Comsol Multiphysics)
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3.2 Impedance analysis and equivalent circuit modielg

Impedance measurement and analysis of orthogoeetreties are performed to help
better understanding of ACEK mechanisms and to daétertihe optimum frequency
range to implement ACEO, ACET effect, and DEP. The mhapee of a fluid with
conductivity 20 mS/m is obtained by Agilent 4294ged¥sion Impedance Analyzer.
Magnitude and phase information are plotted seplyraas shown in figure 10.

The impedance plot in figure 10 can be divided ithicee parts. At low frequencies,
especially below 1 kHz, impedance shows a strong dama@roperty, which favors
double layer formation and interface charging psses, thus ACEO flow dominates. At
frequency from 10 kHz to 1 MHz, the impedance apgreaaesistive nature, and most
of the electric potential drops in the bulk fluigenerating the thermal gradient and
contributing to the ACET effect. Hence it can be dmduthat strong ACEO flow occurs
at low frequency and ACET effect dominates above Ri8@. Furthermore, DEP also
favors resistive frequency range because eledtid $trength is maximized in the bulk
fluid because more voltage drops in the fluid iadt®f in the double layer. Bulk fluid
capacitance dominates at frequency above 1 MH#hesonagnitude goes down and the

phase shows more capacitive characteristics.
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Figure 10. Impedance measurement of orthogonatretke pair withc=20 mS/m.
Magnitude and phase information is plotted sepbrat€he spacing between the

electrodes is 200 pum and measurement is excit@Joyolt signal.
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An appropriate equivalent circuit model helps tontifg the relative importance of
various impedance components at different freq@snand potentials. Equivalent circuit
model is derived from the characteristics of theroglectrode system. The model takes
into account the resistance and capacitance irbtiile as well as at the electrode and
electrolysis interface. As shown in figure 1By« and Cyyk are resistor and capacitor
coupling the bulk fluid between orthogonal electsmdespectivelyR is the resistor of
the interconnected wire and the electrodes. At thexface of the electrode/electrolyte,
there are double layer impedance components, dias#, .

Zp, Is also known as constant phase element [26].dhisquivalent electrical circuit
component that models the behavior of a doublerJaybkich is an imperfect capacitor.

The double layer polarization impedance can bedits

_ A _ A Tol_ ad
ZD"(iw)ﬂ‘F{co{Eﬂ J 'S'r(zﬂ ﬂ @9

where A ang? are constants.

Each component value in the equivalent circuit barextracted from the impedance
measurement. Two series double layer impedance aoenpocan be combined into one.
And double layer impedance only dominates at vewy feequency range. At high
frequency, its value can be neglected, and thish&iNerified in the following.

Values of each component can be calculated by #teps described below:

1. At mid-frequency range, when the circuit is almesistive, the circuit is equivalent
to two series resistor&: andRyyk. Pick up the impedance value where the phase angle
is the largest (less negativg)= 84.915 kHz|Z|, = 10100.22, 6 = -1.78,
R, t R, =1Z}co¥ = 10095Q (24)
2. At high frequency, the circuit is equivalent t€ Rircuit. Find the corner frequency
where the impedance drops to thia/2 of the resistive value at mid-frequen€ys 6.55
MHz, |Z|.= 7222.6Q,

Rt Rk |Z|. = 7222.& (25)

V2

Solve equations (24) and (25) to &gt = 287.1Q andRyyx = 9808.2Q.
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Figure 11. Equivalent circuit model derived fronthmgonal electrodes systemyuik
andCyyk are resistor and capacitor coupling the bulk fluedween orthogonal electrodes,
respectivelyRy is the interconnect resistance of the wire andtreldes. Electric double

layer impedance components are representég as
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Note that at measured corner frequency, the phagle approaches -45, indicating
that interconnect resistan&®, is much lower than the bulk resistarRRgy. Given such
small gap, for very high conductivity solutions,etlinterconnect resistance may be
comparable to the bulk resistance, affecting tresplangle at high frequency range.

Couk Can be calculated from the corner frequency

1

=———=2.4%F 26
bulk ZﬂfcR)u”( 53 ( )
3. Subtract the mid-frequency resistive impedaneganfthe impedance at low

frequency, so the impedance now solely dependedduble layer impedance

Z., :ﬁ:ﬂzlﬂ :ﬁ:mz,ﬂ =1g A- Slg 271 27)
Plot the impedance in log-log scale from 40 Hz @@ Hz, in which double layer

capacitance dominates. As can be seen in figurealferfect straight line fits the

measurement and the slope is the coeffigierffrom the fit curvef = 0.665, andA is

identified to be 910000.
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Figure 12. Double layer impedance measurement iraifive ¢ = 20 mS/m). The
measured data fits perfectly with linear relatidpsinevealing the constant phase angle

characteristics and validity of the double layep@dance model.

26



Now calculate the double layer impedance at 100 kHz
A 910000

= =126.8 (28)
mt )’ (271100 16)0'665

|ZDL| = 2

This value can be neglected compared with the(l@tkmid-frequency. And it is even
smaller at higher frequency. This calculation fiessi that the double layer impedance

components are only effective at low frequency wh&CEO dominates.

The impedance measurement for solution with comdtici-=20 mS/m is plotted with
equivalent circuit simulation data with both magdi and phase information, as shown
in figure 13 and figure 14. The simulation curvetchas well with the measured data.
This proves that the proposed equivalent circuitdehacan represent the orthogonal
electrode microsystem with high accuracy.

From figure 15, comparison can be made betweenclwductivity (20 mS/m) and
high conductivity (1.42 S/m) solutions, which showssights into the different
applications of each solution. Low conductivity wan has high interfacial impedance,
which dominates in low frequency applications. Higlconductivity suppresses the
double layer capacitive charging and lowered thi besistance for more pronounced
ACET effect. Lower resistance (in high conductivigse) will let more current to go
through, therefore generating more heat and strotingemal gradient for better ACET
effect. The spacing between the electrodes alsertaff Larger spacing means weaker
electric field strength, reducing ACEO and ACETeetk. It is tested that at spacing
higher than 1500 pm, with the applied 20 volt peageak (\4p), no flow pattern can be
observed. It also can be observed that as the ctwaiiyiincreases, resistive region shifts
to higher frequency, so does the optimal frequefary ACET effect. Thus lower
conductivity solution would favor the ACEO flow wihigher conductivity solution
works better for ACET effect.

The equivalent circuit derived for orthogonal etedes matches well with the
experimental data. More components can be addéuganodel to give more accurate

circuit models.
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Figure 13. Comparison of impedance magnitude wiasared and simulation data for

low conductivity solution (20 mS/m). The spacingvibeen the electrodes is 200 pum.
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Figure 14. Comparison of impedance phase anglméasured and simulation data for

low conductivity solution (20 mS/m). The spacingvibeen the electrodes is 200 pum.
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Figure 15. Comparison of measured impedance ptdbdth low (20 mS/m) and high
conductivity (1.42 S/m) solutions. The spacing lestwthe electrodes is 200 pum.

3.3 Microflow reversal generated by orthogonal eldéoodes

One challenge in ACEK fluid manipulation is the vilareversal, which has been
observed by several groups [16, 27, and 28]. I, [@iuder et al. reported the reversal of
the pumping direction at high frequencies (50-16{z)kand relative high voltage (1-6
Vs at 4.2um in-pair electrode spacing) compared with typid®EO conditions (1
kHz, below 1 Ving in their microfluidic loop comprised of arrays asymmetric planar
electrodes. Wu et al. reported ACEO flow reversgl Faradaic charging (i.e. by
electrochemical reactions) that induces co-iongeats of counter-ions at the electrodes
surface [28]. Flow reversal has also been obsefwe®D step ACEO micropump by
Urbanski et al. [16] and they reported that flowewrsal threshold voltage increases as the
increase of the operating frequency. Various hygsgs and explanations have been
offered for flow reversal.

In the experiments with a pair of orthogonal eledés, three types of microflow
reversal were experimentally observed by changegyapplied electric signals. Three

ACEK processes, capacitive electrode polarizatiear,adaic polarization, and ACET
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effect are proposed to explain the different floatterns respectively. Electric field
strength can reach the order of 30m, with 15 Vpp signal applied to electrode pair with
150 pm spacing.

Fluorescent latex carboxylate-modified particlesvifrogen, USA) are added to the
tap water with conductivity=20 mS/m. These fluorescent particles serve asdhers to
indicate the flow pattern. Too large particles mog suitable for the indicator since they
will not fully obey the fluid motion because of tBdEP force exerted on it, especially at
the electrode tips. It is commonly considered thaaticles with diameter less than 1 pm
have weak DEP effect, so fluorescent particles aitbrage diameters 500 pm and 1 pm
are chosen.

A UV light source (EXFO X-Cite 120 Fluorescencauftiination System, Canada) is
used to excite the yellow-green (505/515) fluoresgrarticles. A charge-coupled device
(CCD) camera (Photometrics CoolSnap ES, USA) isl ieecapture images and videos
through a microscope (Eclipse LV100, Nikon, Japdmage-Pro 3DS software suite
(Media Cybernetics, Inc. USA) is used for monitgriand processing data captured by
CCD camera. With build-in PIV (particle image veloetry) technique, it can track the
particles and extract the velocities.

AC signals are applied to the electrodes by Agig3220A signal generator (Agilent
Technologies, Inc., USA). A high voltage amplifienodel 2350, TEGAM Inc., USA) is
used to exceed the 1Qyimit by signal generator.

3.3.1 ACEO flow

Upon applying a small AC signal, electric doublgelaforms at the interface of
electrodes. Charges induced in the electric doudéer by the AC signal would
experience a driving force by tangential comporanthe electric field and maintain a
steady state fluid flow.

Under 1 kHz and 10 )4 signals, fluid is observed to flow along the veatielectrode,
going from the gap towards the sharp electrodeatid, then it extends into the fluid bulk

and form vortices. By superimposing successive oviflmmes (100 frames at 0.1s
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interval), a single plot of the particle traces ¢@nobtained by Image-Pro 3DS software
suite, as shown in figure 18s the study of impedance analysis shows, this fiaitern

is consistent with AC electroosmosis flows indudsd capacitive charging, i.e. fluid
moving away from the electrode gap.

Numerical simulation is an important research mettsmch that by comparing
simulations with experiments, experimental resu&én be predicted, analyzed and
explained better. Commercial Finite Element AnayqFEA) software Comsol
Multiphysics is used to solve multiphysics models.

In the simulation of ACEO fluid flow, two modelseamvolved, Conductive Media DC
model for solving electric field and Incompressiblavier-Stokes model for fluid flow.
The governing equations are listed as follows:

Poisson’s equation

-Odeg,0V-P)=p (29)

Figure 16. Fluid flow paths at 1 kHz and 1Q,\tap waters=20 mS/m) formed by
superimposing 100 successive video frames at Gitesval. Fluorescent particles all
move from the electrode gap towards the electrguend form vortices in the bulk

(shown with arrows).
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Incompressible Navier-Stokes equation

ou
ot

According to equation (2), the velocity of the flualong the electrode surface is

p—-n22u+p(ul@)u+Op=F (30)
proportional to tangential fiel&E, and zeta potentiaf , which is proportional to normal
field E, by linear approximation. The fluid flow patternseown qualitatively in figure

17. 10 Vyp is applied to the electrodes as the experimergadition. ACEO induced
flows move towards the vertical electrode tip amdtices are formed in the bulk fluid,
which is consistent with experimental observatiank®w frequencies.

Figure 17. Numerical simulation of ACEO fluid flomlO V,, is applied to the
electrodes as the experimental conditions. The citgldfield (arrows) around the
electrode tip agrees with the experimental reduls fluid flows towards the electrode
tip and forms vortices. The color gradient showes ¢kectric potential distribution where
light color indicates higher magnitude. (Simulataone by Comsol Multiphysics)
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3.3.2 Faradaic polarization at low frequency and tgh voltage region

If we keep the signal frequency below 1 kHz, analdgally increase the voltage, the
change of flow pattern is observed when the volageeds 15 M. Figure 18 shows the
flow traces obtained at 200 Hz, 2Q,VThe flow diverges at the tip of vertical electeod
Within 20 um from the tip, some flows reverse their directiosisooting from the tip
towards the gap between the electrodes, while #s¢ maintain normal directions,
moving along the electrode away from the tip.

Obviously, this abnormal flow pattern is causednigchanisms other than capacitive
charging ACEO. As it is well known that a higheedtic field at low frequency could
lead to electrochemical reactions, Faradaic chgrggnproposed to be the responsible
mechanism. At even higher voltages, corrosion ettebde tips and bubble generation
were observed, confirming this hypothesis.

When the electric field strength exceeds a cetfaieshold value, Faradaic charging
takes place, and the surface charge polaritiesaegted. Instead of the counter-ions that

are induced by capacitive changing, co-ions ardymred at the tip of the vertical

Figure 18. Flow pattern at 200 Hz and 20 Vpp. Afcebde tip, some tracer particles
go to the gap between the electrodes as compatbdhei capacitive charging that causes
the ACEO flow in figure 12. Arrows show the direxis of flows.
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electrode. As a result, the electric fields tanigemd the electrode drive the fluid towards
the opposite direction, as observed in the expearime

Faradaic polarization is strong at the sharp edeetrtip where the electric field has
high magnitude, breaking the Ohmic and Faradaiceatibalancing. At some distance
away from the electrode tip (20m in the experiment), field strength reduces, and
counter-ions dominate, thus ACEO flow is obsengalthe divergence of the microflows
at the electrode tip is due to the competition leetwthe two polarization processes.
Experimental results agree well with the explameiprovided by Olesen et al. [29] that

Faradaic current dominates at low frequency, higltage region.

3.3.3 ACET flow

While ACEO is the force acting on the electric deulayer at the electrode/electrolyte
interface, ACET effect is prominent in the bulk wan. The applied non-uniform
electric field interacts with gradients of conduit§i and permittivity caused by thermal
gradient, giving rise to electrothermal forces lve fiquid, hence induce electrothermal
flow.

As figure 10 shows, for tap water with conductiv&y mS/m, the impedance is almost
resistive from frequency 50 kHz up to 1 MHz. Mosttloe voltage drops in the bulk
solution, resulting in thermal gradient by heatgemeration and dissipation. As a result,
ACET effect starts to dominate. At 1§\%signal, sufficient heat is generated to induce
fluid flows. The frequency of the signal is seb80 kHz, the middle point in the resistive
region of the impedance spectrum.

For ACET flows, the flow goes along the verticaalode towards the gap as shown
in figure 19. Flow pattern is indicated by the &aof fluorescent particles suspended in
the fluid. Unlike the ACEO that flows towards thertical electrode tip from the gap of
the electrodes, ACET flow direction is oppositethat induced by capacitive charging
ACEO at low frequency and low voltage.

This flow pattern can be well explained with numegimulation by COMSOL

(FemLab) software. Three models are used for theERRGumerical simulation,

34



Conductive Media DC model, Convection and Conductiwodel, and Incompressible
Navier-Stokes model.

The electric filed distribution is obtained by soly Poisson’s equation (equation
(29)). According to energy balance equation (equa{i3)), thermal gradient can be
solved from the electric field. Both the electrieldl and temperature gradient affect the
external force (equation (10)) in incompressibleyidaStokes equations.

Figure 20 shows temperature and thermal gradiesitilalition solved in numerical
simulation. Thermal continuity was assumed for éfectrode sections within the fluid

chamber. The calculated thermal gradient can reachigh as$6.3x10 K/m near the
electrode tip, as the arrows indicate. So the tagtiermal gradient (as color map shows)
happens at the space between the two electrodessevthe electric field is also the
strongest, and this produces a different flow patteom ACEO.

ACET fluid velocity field is plotted in figure 2I'he fluid boundaries are set as normal
flow, zero pressure in Incompressible Navier-Stokexlels, and electrodes boundaries
are set as no-slip. The bulk fluid in the chambemeve towards the electrode gap,

which is consistent with the experimental results.

Figure 19. Flow field generated at 500 kHz and 15 ¥low reversed as compared
with ACEO flow pattern. This flow pattern (shownamnrows) is induced by ACET effect.
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Figure 20. Numerical simulation of ACET temperatuaed thermal gradient
distribution. Temperature reaches maximum valuketween the electrodes (light color
map indicate high temperature). Arrows show therntla¢ gradient direction. Fluid

boundaries are set as convective flux while eleletsoare assumed thermal continuity.

(Simulation done by Comsol Multiphysics)

Figure 21. Numerical simulation of ACET velocitelil. The subdomain color (light
color indicates higher magnitude of thermal gragiprshows the calculated thermal
gradient and the arrows indicate the velocity fie(@imulation done by Comsol
Multiphysics)
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Several biological solutions are tested experimigntaith ACET effect. These
solutions, such as LB (Lysogeny Broth), MSM/TE/Gise (Minimal Salts Medium), and
PBS (Phosphate Buffer Solution) are highly condgtivith conductivities more than 1
S/m. These are real environment in which biologicalls live. With such high
conductive solutions, ACEO is ineffective because thickness of the electric double
layer is suppressed by the high conductivities. th@se biological solutions, strong
electrothermal flows were observed in the experisien the experiments, there are
competitions between convective heating and ACBW.flToo much heating would lead
to fast evaporation and convective vortices foromgtiike boiling water. It is better to

maximize thermal gradient while control temperatise.

3.3.4 Flow velocity dependence on applied signals

Comparing microflows induced by ACEO and ACET effeéhe two flow patterns are
just in opposite directions, with ACEO flows awawrh the gap at 1 kHz and ACET
flows towards the electrode gap at 500 kHz. Withthematical intuition, at least one
frequency point exits between 1 kHz and 500 kHz tifa two opposite flow streams will
cancel each other and the fluid looks as if noaiggmapplied. From the experiment, the
transition frequency between the two reversed fleavglentified at around 30 kHz by
sweeping the frequency. Thus if we know the tramsifrequency point for the flow
pattern change for specific fluid conditions (coaiikities), we have a way to control the
flow direction by tuning the signal frequency. Thiansition may act as a valve in the
microfluidic channels. With no moving parts butyttie change of frequency, fluid flow
direction can be manipulated with ease.

Also, ACEO and ACET velocities have different deg@mcy on the applied electric
fields. By extracting the dependence of fluid vépon voltage, the dominant ACEK
mechanism can be identified.

In the experiment, traces of the fluorescent pghgste particles (500 nm or 1 pm in
diameter) are recorded by a CCD video camera. ®iecity of the particles can be

calculated by the build-in PIV technique of Image-BDS software suite. The area used
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to calculate the velocity is located in the eled&ogap, and 15 um away from the
electrode tip. Two groups of velocity data are astied that are representative at low
frequencies (500 Hz) and high frequencies (500 kH=zpectively.

One group of velocity data is obtained at 500 Hthwapplied voltages ranging from 2
Vo 10 14V, with 2 V intervals. At 500 Hz below 15p), capacitive charging ACEO is
expected to be the dominant mechanism acting ofiulte and the theory predicts that
ACEDO flow velocity is a quadratic function of thpmied voltage. The experimental data
are fitted to two curves, which are also showngarke 22.

As the curve-fit shows, the quadratic relationship up to the 6 V, then the
measured velocity becomes lower than the quadcatiee. From 8 \, and higher, the
data seems to follow a V*log (V) relationship ag€¥n et al. described [29]. So with two
curve-fit the experimental data can be well ex@din

Theoretically, the velocity scaling with the quatraoltage relationship is only valid
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Figure 22. Velocity measurement and curve-fit fdr @m fluorescent particles at 500
Hz. The velocity follows the quadratic relation kivoltage up to 6 ), and follows

V*log (V) relationship above 8 ).
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for low driving voltage comparable to thermal vgka (~25 mV) as a linear
approximation of zeta potential drops in the doulalger. When a higher voltage is
applied, nonlinearity of the electric double lagapacitance would lead measured data to
deviate from the theory prediction. Instead of qa#d relationship, fluid velocity scales
more linearly [27] or even saturates at high vagagWhen the voltage is high enough
(15 Vpp or above for my experiments) to induce electroabahreaction, i.e. Faradaic
charging, corrosion of the electrode and bubbleeg®ion prevent the accurate
measurement of the fluid velocity.

Another set of data is obtained at 500 kHz, whéee ftow velocity is reversed as
compared with the condition at 500 Hz. The tracatiples are 1 um in diameter. The
applied voltage ranges from 12.5 Vpp to 25 Vpp. ACielocity scales with the
conductivity of the fluid. For a conductivity of 2thS/m (tap water) used in the
experiments, which is considered as low for ACEfeatf ACET flows are not prominent
until a large voltage is used. The measured veldoit 12.5 \f, is 3 um/s and the flows
are merely observed when the voltage is below J0A5S can be seen from figure 23, the
measured data fits to the third power of voltageV{). Theoretically, ACEO velocity
scales with quadratic relation of the applied wgdtawhile ACET velocity scales with the
voltage as ¥ ~ V* [30] depending on the heat transfer boundary dmmdi. So this
indicates that microflows at 500 kHz should beilattted to ACET effect, not ACEO, as
the main driving force. Different boundary conditsoand some other side effects would
prevent from reaching theoretical limit in the espents.

Also, DEP effect contributes to the particle vetpdhat may not fully represent the
fluid velocity. Larger particles have large DEPdey thus larger DEP velocity. This can
be added to the fluid velocity. So particles witlardeter less than 1 um are preferred

because they contribute less error in measurinfuftevelocity when used as tracers.

3.4 Particle trapping by dielectrophoresis (DEP) usg orthogonal electrodes

DEP force acts directly on the particles, insteadllods. So its function in particle

trapping is to capture particles as holding medrarafter they have been transported to
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Figure 23. Velocity measurement and curve-fit foprh fluorescent particles at 500

kHz. The velocity fits to the ¥and is compatible with ACET theory prediction.

the detection sites by ACEO or ACET flows.

As discussed above, the DEP force on the sphegyaréicle is given in equation (19),
and DEP velocity is given in equation (22). The miagle of the velocity depends on the
square of particle size, the permittivity of thesgending medium, and the gradient of the
field strength squared. And it is inverse propardiboto the viscosity of the fluid. The sign
of the real part of CM factor decides whether tlagtiple acts as positive or negative
DEP, particles approaching or repelling from thectbdes.

Numerical simulation for DEP velocity field is dome the post-processing step by
Comsol Multiphysics software after solving the #élecfield distribution. Assume that
the particle is 5 pm in radius, real part of CMtéads 0.5, the applied voltage is 15,V
and fluid viscosity is 0.001. The calculated vetpdrom equation (22) is given as

follows

(Voep) = 2.95x 10*°0|E (32)

2
rrrs|

Once the electric field distribution is solved Iretsimulation, gradient of the field
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square can be calculated directly using the exjmess

diff (E, _dc”"2+E, _dc"2x) (32)
and

diff (E, _dc"2+E, _dc"2y) (33)
in x and y directions, respectively.

The simulated velocity field is plotted in figurd.2ZThe velocity at the electrode tip is
high where the field gradient is maximized. So ipba$ will accelerate towards the
electrode tip when they are approaching the comvgrgoint. Electrode tip is also the
trapping site for the particles experiencing pwsitiDEP force. This prediction is
confirmed by the experimental observations. As gqug31) shows, DEP force decays
rapidly as the electric field strength. The arroimsfigure 24 indicate the relative
magnitude of the DEP force, and we can see that IDEfe is short-ranged, and is only

effective near the electrode.

Figure 24. Numerical simulation of positive DEP oaty field calculated from the
electric field gradient. The color map shows thecwlc field strength and the arrows
indicate the relative magnitude of DEP velocity atickctions. Particles under positive
DEP effect will converge to the vertical electrotiig, which is the trapping site for

micro/bio particles and cells.
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In the experiments, various particles and bioldgasdls are tested to see their DEP
effects using orthogonal electrode pair. Sizeshef particles ranges from fluorescent
particles (200 nm, 500 nm), to latex particles (1 Bpm) and cells like yeast cells (~5
pm) and algae cells (5-15 pm).

Particles and cells can be trapped at the electipdey positive DEP or in the spaces
between the electrodes by negative DEP. Figures 2meé of the experimental results by
positive DEP. Live yeast cells with average diamé&eum were trapped around the
electrode tip with high concentration. The trappaagpacity is affected by the electrode
diameter and field strength, as well as the partighe. The picture was taken 5 minutes
after turning on the signal with 1 kHz and 16,VThis kind of particle concentration is
certainly more advantageous over labor intensiMeugng that usually takes hours to
days to finish.

Negative DEP effect tends to repel the particlesnfrthe electrode surface. For the

orthogonal electrode setup, particles under neg&#&P will gather at the gap between

Figure 25. Positive DEP trapping for live yeasicealith average 5 um in diameter. A
bunch of cells get trapped with high concentratoound the electrode tip. The picture

was taken 5 minutes after turning on the signahwikHz and 10 .
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the electrodes. Figure 26 is the snapshot of tiperaxent with algae cells piled in lines
under negative DEP (100 kHz and 1@,V The sizes of the algae cells ranges from 5 to
15 pm.

An interesting phenomenon is the DEP pearl cham#&tion. Pearl formation is
caused by the electrical dipole moment induced Hgy ibnic polarization of electric
double layer. Positive and negative induced chadjgsibute at two ends of the cells,
causing attraction between them. Figure 27 shoasl#tex particles form long chains
near T electrode. The number of particles in arcltain be more than 20. The chains
follow up the direction of the electric field, wihids also the direction of the dipole
moment. This is a kind of live indication of howetlelectric field distributes by
orthogonal electrodes.

From several experiments, it can be concluded peat! chains normally form by
negative DEP, when patrticles align along the aledild between the electrodes. Under
positive DEP, particles tend to form groups of téus instead of pearl chains (Figure 28).

There is a pattern transition from negative DEPRdsitive DEP. The reverse transition

Figure 26. Negative DEP for live algae cells at k6ix and 10 . Algae cells piled
up in lines around the orthogonal electrode. Theation of the lines follows the electric
field.
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Figure 27. DEP pearl chains formed around the mdettips by latex particles. The
picture on the left is taken at 20X objective lemsile the picture on the right is the

detailed look at the pearl chain using 100X lens.

Figure 28. Alga cells experience a transition fnroegative DEP (pearl chains in figure
26, 100 kHz) to positive DEP (clusters at 20 MHz).
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was never observed, which means that once theecduate formed, they cannot go back
to form pearl chains again.

As discussed above, both positive and negative BEPuseful in manipulation of
particle and cells. In order to better control jgées, such as concentration and separation
of them, it is desirable to know DEP cross-oveqtrency for different kinds of cells and
particles. DEP cross-over frequency is the frequeatcwhich the cells change moving
directions under non-uniform electric field, whighan important characteristic of bio-
particles.

The transitions from positive to negative DEP anirnegative to positive DEP are not
very obvious when observed using orthogonal eldesolnstead, parallel electrode pairs
are used to get the characteristic frequency peimre DEP changes sign. Parallel
electrode pairs, with sharp edges, can easily ttectransition cross-over frequencies.
When the cells experience positive DEP, they draaéd to the edges of the electrodes,
especially the inner edges, where field gradiensti®ng. When at negative DEP
frequency range, they are repelled from the edgdsauld gather in the middle of the
parallel electrodes or float above the electrodes figure 29 shows, 40/80 electrode
pairs are used to find cross-over frequency of kgae cells. 40/80 means that the
spacing between electrodes is 40 um and the etiectmidths are 80 um. The frequency
is swept from 100 Hz to 20 MHz by Agilent 33220452l generator, and cells respond
differently to different frequencies.

The transition frequency is identified at 5 MHz tbis type of algae cell. Below this
frequency, the algae cells experience negative Bios taken at sample frequency
100 Hz, 1 kHz, 100 kHz, and 1 MHz are present gure 29. At 100 Hz, bubbles are
easily generated by chemical reactions, which watddode the gold layer on the
electrode. At 1 kHz, cells are swept to the flowl points and piled at two lines on the
electrode surface by strong ACEO flow. At 100 kihe cells float above the electrodes
by negative DEP, confined in the middle regionhef two electrodes. Cells forming pearl
chains are limited in between the electrodes igdamount at 1 MHz, which indicates
strong negative DEP. Cells stick to the edges efdlectrodes by positive DEP at 20

MHz. At this frequency, fewer cells stay betweesctiodes.
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100 Hz_3 \}_negative DEP

100 kHz_5 \,_negative DEP 1 MHz_10,Y negative DEP

20 MHz_10 \j,_positive DEP

Figure 29. Frequency response of live algae cetigud0/80 parallel gold electrodes
pair. The frequency is swept from 100 Hz to 20 Mblidentify the cross-over frequency
of algae cell. The transition is observed at 5 MBelow this point cells experience
negative DEP, all located in the spacing betweegteldes forming pearl chains. The
last picture shows positive DEP where cells appped to the electrode edges.
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3.5 A flow-through system designed for long rangegsticle manipulation

In order to test the particle trapping efficienayflow-through system is designed and
fabricated. Figure 30 shows the schematic of tbev-through system. Two platinum
wire electrodes at 500m spacing are fitted orthogonally into a sealed FDfslbricated
channel on a glass slide. PDMS (Polydimethylsil@ans the most widely used silicon-
based organic polymer to build micro-channels dmahtbers. It is optically clear, and is
generally considered to be inert, non-toxic, and-flammable. As shown in figure 31,
the channel dimension is 1 cm, 0.4 cm, and 0.1 gmlebgth, width, and height,
respectively. Fluid is pumped in by a programmadyenge pump (NE1000, New Era
Pump System, USA) and flows out to a reservoir. g\ghal is applied to electrodes to
generate non-uniform electric field for ACEO, ACEffect, and DEP.

This flow-through system combines both pressureedriflow using syringe pump and
electrokinetic flow generated by orthogonal eledé® excited by AC signal. Particles are
pumped into the chamber with pressure. The eleictetik flow helps transport particles
to the vicinity of the perpendicular electrode Wh&EP effect will be stronger to trap
particles. Thus a long range particle manipulasgatem is created to concentrate and

detect micro/bio particles and cells.

AC
m—o—m

« electrode-

I
! e f
pump channel reservoir

Figure 30. Schematic of flow-through system. Twatipum wire electrodes are fitted
into PDMS fabricated channel. Fluid with particlespumped into the channel by a
programmable syringe pump. AC signal is applieélextrodes to generate non-uniform
electric field for ACEK effect.
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Figure 31. Device setup of flow-through system.l@ct&odes in PDMS channel built
on glass slide with inlet and outlet. The channelehsion is 1cm, 0.4cm, and 0.1cm by
length, width, and height, respectively. The spadiatween orthogonal electrodes is 500

pum.

The two images in figure 32 show one flow-througbult. The experiment condition
iS 8 Vpp, 500 kHz with fluid conductivity 0.83 S/m. At flowate 5 pl/min with initial
concentration 7.5xfOparticle/ml, 66% of the algae cells were trappedtie channel
around the electrode tip. The concentration of algalls in the chamber increased by
30% after 5 minutes. This device works well for tjgdes with low concentration.
According to the above study on fluid flow and DEfraracterization, 500 kHz is in the
ACET flow range and negative DEP occurs as celimm$opearl chains. ACET effect
range is chosen instead of ACEO because ACET efiemtks better for high
conductivity solutions. Particle concentration ialcalated by using a counting grid
engraved on glass slides. If the particles arelhigbncentrated, dilution of the solution
is required to estimate the concentration.

If several flow-through systems cascade togethargd fcan be purified with great
efficiency, particularly for low concentration stbns. There are several possible ways
to improve trapping efficiency. First is to find tothe optimum frequency to perform
strong DEP effect for different particles/cells.eTeecond is to reduce the flow rate so
particles have more time to settle down. The thiethod is to modify device parameters

such as spacing, which will change the ACET and B&éhgth.
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Figure 32. One experimental flow-through resulteTdondition is 8 Vpp, 500 kHz
with fluid conductivity 0.83 S/m. This frequencyirsthe ACET flow range and negative
DEP occurs for algae cells as they form pearl chamound the electrode tip before (a)
and after (b) applying signal. At flow rate min with initial concentration 7.5x£0
particle/ml, 66% of the particles were trappedhe thannel, and the concentration of

cells in the chamber increased by 30% after 5 regut
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CHAPTER FOUR: CONCLUSIONS AND FUTURE WORK

The orthogonal electrodes configuration based on eléttrokinetics (ACEK) has
multi-functions for manipulating particles and fluas well. In the experiments, three
types of microflow fields were observed by changihg applied electric signals. Three
ACEK processes, capacitive electrode polarizat®@EO) for low frequency and low
voltage, Faradaic polarization for low frequencyl dmgh voltage, and ACET effect for
high frequency regions are proposed to explaindifferent flow patterns, respectively.
Well controlled micro-flow (ACEO and ACET flow) heltransport target cells to the
trapping site, which greatly enhanced the DEP irapgefficiency. Experiments show
that a large amount of biological cells can be gep at the electrodes or within the
vicinity of the electrodes by either positive ogaéve DEP.

Biological cells exhibit different DEP frequencysponses according to their own
characteristics. Separating and concentrating dicpes can be achieved by studying
single cell property and applying proper conditioRdow—through system based on
orthogonal electrodes showed promising potentiadéal with large volume of low
concentration solutions. Particles can be conceiréo a detectable level for further
processing. DEP combined with ACEK flow show grpatticle trapping efficiency in
the flow-through system, thus long range particnipulation is achieved.

Impedance analysis can help choose optimal frequehen implementing ACEO and
ACET effect for fluid manipulation. Equivalent cint model identifies the relative
impacts of various impedance components at diftdireiguencies and potentials. Finite
element analysis (numerical simulation) helps mteaind explain experimental results.

The flow-through system designed using orthogonetteordes currently combines
pressure driven mechanical pump together with ACtekhnique. The orthogonal
electrodes can be micro-fabricated to have weltrofiad spacing and the chamber can
be sealed by conventional microfabrication techesqused to build chips and MEMS
devices. Mechanical pump can be replaced by ACEKedrmicropump to transport
fluid since orthogonal electrodes also showed tbeergial for pumping effects. The

electro-driven components are more reliable andpatile for integration into lab-on-a-
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chip devices. This goal requires a lot of future rkvoand research effort.
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