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Abstract

Janus dropletsefer to dropletcomprisel of two hemispheres with different propertidsnong

the Janus droplets, electrically anisotropic Janus droplets with ti@e sarrying opposite signs

of surface charges are uniquue to theirspecificproperties, electrokinetic phenomena of the
electrically anisotropiddanus droplets are quite different from homogeneous ones and are not
covered by the classical electrokinetic theory. &leetricallyheterogeneoudanus droplets have
great potential in many fieldsuch as biotechnology, materials science, pharmacestieaice,

food analysis as well as chemistry. Although various techniques have been developedhe form
Janus droplets with different anisotropic propertibstechniques for generatirige electrically
anisotropic Janus droplesse seldom reporte®Restrictedby the fabrication methosl the studies

of electrokinetic phenomena efectrically anisotropicJanus dropletand the applicationare

limited.

This thesissystematicallystudies the electrokinetiphenomenaof electrically induced Janus
droples (EIJDs), as well as their corresponding applications in microfluidic sysfémasgnitial
stage of the thesis is focused on developing simple and controllable methgeisdatind=1JDs

and droplets with multiple heterogeneous surface stiitls nanogrticles. Both sessile and
suspended EIJDs are formed by partially congethe oil droplets with A\Os nanoparticlesinder

an electric field. Becausethe AbO3z nanoparticles and the eitater interface carrying surface
charges with opposite signs, the BsJare electrically anisotropic. The nanoparticle coverage of
the EIJDs is controllablasingthe concentration of the nanoparticle suspension and the electric
field strength. The droplets with multiple heterogeneous surface strips are prepared in a
microfluidic chip underan electric field. By controlling the delivery of nanoparticles in the
microfluidic chip, different nanoparticles, &A);, MgO and ZnO, accumulate dhe surface®f

the oil droplets to form desired strips.

In fundamentalpart, the studies othe electrokinetic phenomena of the EIJ&rs conducted
including electroosmosis, electrokinetic motion and waluced dielectrophoresis
Electroosmotic flow fields around sess&IDs arevisualized withthe particle tracing methad
Becausawo sides of the Janus droplets carry opposite surface charges, vortices can be generated

around the dipoles under electric fieltb understand thevolution of these vorticeshe effects



of the electric fieldstrengthand nanoparticle coverage thie EIJDson thevorticesare studied

The comparisons between the experimental results and the numerical results indicate good
agreementThe Electrokinetic motions of the suspended EIJDs in a straight microchannel under
botharelativdy weak electric #ld andarelativdy high electric field are investigateespectively

In this study of the electrokinetic motiohgteffects of the electric fiektrength the nanoparticle
coverage of the EIJDs, the droplet size and the electrolyte concentratibie etettrokinetic
velocity of the EIJDs are studied systematicdllye resultsndicatethat under weak electric field,
nonlinear electrokinetic motion of the EIJDs is obserged to the variation of the nanoparticle
coverage with electric fieldrinally, the wallinduced dielectrophoretic lateral migration of the
ElJDs in a microchannel is studied theoretically and experimentally. The lateral migration of the
EIJDs is compared with that of the oil droplets, and it is shown that separation of targetEIlJD
accomplishablevith wall-induced dielectrophoresis

Two applications of thdanus dropletare introduced in this thesis: microvalve and micromotor.
The EIJDbased microvalve is controllablisingelectric field By testing the performance of the
microvalvesystematically, the capability of such BlIJD-based microvalve in sealing, switching
time and flow rate control is confirme@he micromotor moves spontaneouslyan alkaline
solution through the propulsion of gas bubbles generated on thdegransated side of the Janus
droplet. The factors affeatg the motion of the microvalve include: time, pH value of the buffer
solution, particle coverage and surfactant. The experimental results verify that the directional
motion of the micromotor can laecomplishedising anexternally applied electric field.

This thesis develops simplenethods for fabricating EIJDs and droplets with multiple
heterogeneous surface strips. The fundamental research in thiggiess the understanding in
the electroknetic phenomenaThe microvalve andhe micromotor fabricated from the Janus
dropletsoffer greatpotentialin various microfluidic devices and applications.
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CHAPTER 1 Introduction

1.1 Problem Statement

Janus isRoman god with two faces towards opposite directions. Janus dnopieed aftethis

god, refer to droplstwith two sides carrying different propertidgecently, Janus droptehave
attracted great interedue to their uniquanisotropicproperties, which make them suitable in
many fields such as biotechnology, materials science, pharmaceutical science, food analysis as
well as chemistryior exampleJanus droplets can be solidified to Janus particlesamitir [1],

electrical [2], magnetic[3, 4] or amphiphilic[5] anisotropy, which are useful in stabilizing
emulsion[6], fabricating twistingpall electronic pape€f7], detecting cellular componens, 9]

and so on.

A series of fabrication techniques have been developed for synthesizing Janus.drbpletajor
fabrication techniques includénigh energy mixing method, microfluidic method and
electrohydrodynamienethod Each of hese fabrication techniques has its known strengths and
weaknesss and various Janus droplets with different anisotropic properties haveiuekiced

with these methoddHowever, the generation of electrically anisotropic Janus droplets with the
existingmethods is seldom reporteginceJanus droplets with electrical anisotropy are electrically
responsivetheycan find application in sensor and actudiasednicrofluidic devices Therefore,

a simple, reliable, productive and caxffective technique fothe generation of electrically

anisotropic Janus droplets is highly required.

Manipulation of droplets/particleplays a very important role in microsystems, and the
electrokinetic techniquénas been proved to be effective in operating the dropletslparti
precisely The electrokinetic phenomena lmdbmogenousigid particles and droplets haween
investigated extensivelyHowever, br heterogeneou$anusmaterials most ofthe studieshave

focused on the electrokinetic phenomena of sididusparticles, and researam Janusdroplets

has beetimited. Understanding of the electrokinetic phenomena of Janus dripiatdemand.

First, due to the heterogeneous structure, the electrokinetic phenomena of the Janus droplets are
complicatedandquite different from that of the homogeneous droplespecially for electrically
anisotropic Janus droplet3he systematicstudies of the electrokinetic phenomena of Janus

droplets can extend the classic electrokinetic theory. Seeoork detailed knowledgof the
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electrokinetic properties of the Janus droplets is critical to the operation of them, which is helpful
in fabricating Janus dropksiased microfluidic devices for micrixing, separation and sorting,

as well as programmable cargo delivery.

Due torestrictions offabrication techniqgueandunderstanding of the electrokinetic phenomena,

the development and demonstration of the potential of the Janus droplet were seldom reported.
The studies of the applications of Janus materials focus on solidpktiokes. For example, the
electrokinetic motion of the metallielectric Janus particles in a microchannel were studied, and
the applications of the Janus particles in fabricating microvalve and micromotor were proved,
respectively.In comparison withsolid Janus particles, the Janus droplets have their own
advantages. Foinstance Janus droplets are more suitable in programmable cargo delivery
offering the advantages of large capacity and high flexibikyr these reasondevelopment of
applicatons ofJanus drplets is highly desirable, awdll be useful in many areas of science and

technology.
1.2 ResearclObjectives

Electrically anisotropic Janus dropledge investigatedh this thesisthe dropletsare fabricated
with nanoparticles undemexternally applied electric field. Therefore, we would like to name the
Janus droplets fabricated with this method as electrically induced Janus droplets (EWDS).
thesis is aimed at presenting a comprehensive study of the electrically anisotropidraghets

in the field of fabrication, electrokinetic properties and applicatidine detailed objectives

include:
1) Develop simple and cosfffective techniques in fabricatirsgssile and suspended EIJDs
2) Analyze the influence factors of the topoyagf the EIJDs.

3) Characterize the electrokinetic properties of the EIJDs, including electroosmosis, electrokinetic

motion and walinduced dielectrophoresis.
4) Develop a microvalve based on the electrokinetic motion of EIJD.

5) Fabricate selpropelledmicromotors with partickeoated Janus droplets in alkaline solution.



1.3Thesis Outline

The layout of the thesis is shown in Figuré.1

Ch1) Introduction

Ch2) Literature Review

Ch3) Fabrication of ElJDs

Ch4) Fundamental Research I : EOF around ElJDs

Ch5) Fundamental Research II : Nonlinear EK Motion of EIJDs under Weak Electric Field

Ch7) Fundamental Research IV: Wall-induced DEP of ElIDs

Ch8) Application I : Fabrication of Microvalve Using EK Motion of EIJD

1
1
1
1
1
1
1
1
1
1
1
1
1
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Ch6) Fundamental Research III : EK Motion of ElJDs under High Electric Field i
1
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1
1
1
1
1
1
1
1
1
1
i
Ch9) Application II : Fabrication of Self-propelled Micromotors with Janus Droplets !

1

J

Ch10) Conclusion and Future Work

Figure X1 Thesis layout.

The thesis includes ten chapters. Chapter 1 presents an overview of this research, including the

motivations and the objectives.

In Chapter 2, the literature review is provided. The Janus droplets fabrication techniques, the
classic electrokinetic phenomena, as well as the electrokinetic properties of solid Janus particles
are reviewed. A briefummaryand comparisof the Janus dropig fabrication techniques



made Chapter 2 aims provide a fundamental background of taeuk droplet research and point

out the areas for additional investigation.

Chapter 3presentghe novel methods for preparing the EIJ@&h nanoparticles undezlectric

field. The methods for generatirmpth sessileand suspendedanus dropletgare demonstrated
experimentallyThe effects of different factors, ilucling electric field strengthnd concentration

of nanoparticle suspension on the topology of tmugdaroplets are investigated. The fabrication

of droplets with multiple heterogeneous surface strips under electric field in a microchannel is also
presented in this chapter.

Chaptes 4, 5, 6 and /&ystematicallyinvestigate the electrokinetic phenomerfatle EIJDs
Chapter 4 studies the electroosmotic flow fields around sessile EAJDslti-physics model is

set up to simulate the EOF fields around the EIJDs under DC electric field. The influence factors
of the strength of the electric field and the oarticle coverage of the EIJDs on the flow fields
areexplored Theexperimersl visualization ofhe flow fields around the ElJ@se also conducted

with the tracing particlemethod The comparison between the experimental results and the

numerical resw$ confirms the numerical predictions.

Chapter Sstudieshe nonlinear electrokinetic motion of the EIJDs in microchannels under relative
weak electric field experimentally h€ lag of the variation of nanoparticle coverage of the EIJDs
behind the changef electric field is characterized by measuring the evolution time of the
nanoparticle film under different electric field strengths &ydcomparing the variations of
nanoparticle coverage under different tiwaying electric fields.The electrokinetic motions of

the EIJDs under different electric field strengths and different-tianging electric fields are
measured, respectivelResults show that under weak electric field the nanoparticle coverage of
the EIIDs is electricesponsie, hence the electrokinetic velocity of the EIJDs increases
nonlinearly with the electric field strength. Furthermore, due to the lag effect of the nanoparticle
coverage, theelectrokineticvelocities of the EIJDs are different under different twaaying

electric field.

In Chapter 6, the electrokinetic motion of the EIJDs under relative high electric field (constant
nanoparticle coverage) was studied both numerically and experimentally. Numerically, a

theoretical modeis constructed to calculate the eiekinetic velocity of the Janus droplet by
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considering the force balance on the surface of the Janus droplet at steadly tstataodel, the
effects of the electric double layer and surface charges on the motion atila¢eniinterface are
consideed. The effects of five parameters on the electrokinetic motion of the Janus daoplets
studied: the strength of the electric field, the ratio of the zeta potential of the positively charged
side of the Janus droplet to that of the negatively chargedtbiel ratio of the viscosity of the oil
phase to that of the water phase, nh@oparticlecoverage of the Janus droplet, and the ratio of
the diameter of the Janus droplet to that of the cylindrical microcharmetnfirm the numerical
findings, the etctrokinetic motion of the EIJDs in a microchannel under electric field larger than

50 V/cm is studied, and the numerical results and the experimental results are compared.

Chapter 7 presents the study of the wallduced dielectrophoresi$DEP) of EIJDs n
microchannels. Théateral migrations ofhomogeneous oil droplets and ElJibsa straight
microchannel under differecbnditionsareexperimentally measured first, and the experimental
resultsarecompared with the theoretical predicatioBased on thevall-induced dielectrophoresis,
the oil droplets with different sizetheJanus droplets with different sizesd theoil droplets and
Janus droplets with the same sareseparated respectively in a microchaniiéle study in this
chapter demonstrateke feasibility of the wallnduced DEP methqdor the first time to our

knowledgejn separating oil droplets ari€lJDs

The applications of the Janus droplets in fabricating microvalve and micromotor are shown in
Chaptes 8 and 9, respectivelyn Chaper 8, the applicatiorof EIJDsin fabricatinganelectricaly
responsivemicrovalve is demonstrated.he electrokinetic motionof the EIJD in a circular
microchamber undewitchingelectric fieldis examinedirst. Then, the microvalves fabricated

by injectingan EIJD into a three dimensi@h (3D) microchannel, and the performance of the
microvalve, including switching time, flow rate and leakag@nalyzedIn addition the EIJDis
compared withan isotropic oil droplet, and the sewi performance of theil dropletbased
microvalve is testedThe ElJBbased microvalve shown in this chapter offers great potential in

fabricating integrated microfluidic devices.

In Chapter 9, the seffropelled micromotor fabricated with partigteatedJanus droplets is
developed. The seffropulsion of themicromotor in an alkaline solutionis demonstrated

experimentally. The factors influencing the motion of the micromotor, incluthmg pH value



of the surrounding solution, particle coveragehaflanus droplet and surfactant, are investigated
systematically. The directionally controlled transportation of the micromotor is accomplished by

usinganelectric field.

The last chapter of the thesis concludes rtiegor findings on the fabricatiorelectokinetic
propertiesand applicatios of the EIJDs. Based on the findings shown in this thesiggestions

for future research are also briefly introduced.



CHAPTER 2 Literature Background

The main objectives of this thesigeto develop novel methado fabricate electrically anisotropic
Janus droplets and performsgstematically study of the electrokinetic propertieshef Janus
droplets In this chapter,ie fabrication techniques of Janus droplets and the classic electrokinetic
phenomenaare revewed In the fabrication techniques part, the high energy mixing method,
microfluidic method and electrohydrodynamic mettare introducedThe theories of electric
double layer (EDL), electroosmotic flow (EOF), electrophoresis (EP) as waiklastrophoesis

(DEP) are presented in the part of classic electrokinetic phenorfiee&lectrokinetic phenomena

of solid Janus particles are also includéde chapter provides a fundament background of this
thesis.

2.1 JanusDroplet Fabrication Techniques
2.1.1 Hgh Energy Mixing M ethod

The high energy mixing methddlso called onatep bulk vortex mixing methodpn be used to
prepare Janus emulsions simply and quickfyich includes the following two steps: (a) add two
immiscible dispersed phases, usually,ditéo a continuous phase, usually aqueous solution; (b)
vibrate the mixture using a shear mixer or a vortexer until the emulsion appears homofJieous
20]. With this method, the Janus droglebmprised otwo immiscible disperseghases can be
formedin the continuous phastr example, silicone eivegetable oil Janus droplets in Tween 80
agueous solutiofl1,13] [16], tripropyleneglycol diacrylate (TFilicon oil Janus droplets in
Tween 80 aqueous soluti¢h7], as well as hexangerfluorohexane Janus droplets in Zonyl and
sodium dodecyl sulfatéSDS) aqueous solutiofl8]. The equilibrium topology of the Janus
dropletis dependent ohoththe interfacial tensionis the contact lindetween the two dispersed

phases and ¢&hcontinuous phasandthe volume ratio of the dispersed phases



b) A 78/708
complete ko Janus

engulfing ; ()’5;3’8 22
YAB

- engulfing

complete
engulfing

. .
“Qéé@@@

Figure 21 (a) Schematic diagram of a Janus droplet comprised of two immiscible fluids, A and
B, with indicated interfacial tensions and contact angteproduced witlpermissior14].
Copyright 2012 The Royal Society of Chemistry (RS6).Transition of the topolyy of the
Janus droplet in terms of the interfacial tension ratiof, andi # .Reproduced with
permissior{14]. Copyright 2012 The Royal Society of Chemistry (R€E)) Optical images of
the hexangerfluorohexane droplets in solutions with different concentration of surfactant, SDS.

FromN to 0 , the concentration of SDS increasgradually from 0 t6.1% Reproduced with
permissior{18]. Copyright 2015 Nature Publishing Group.

The interfacial tensions affect the topology of the Janus droplet by characterizing the curvature of
the inner interface between the two immiscible phases. Consider a Janus droplet compvised of
immiscible fluids, A and B, witlthe same volumammersed in the continuous phase. As shown

in Figure 21(a), the thregohase contact line forms between the three phases. At equilibrium state,
the relationship between the contact angles andhtegacial tension on the thrgghase contact

line can be expressed as (known as Neumann trigiidle)
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r wéE+ 1 1 ATS — T (2-1)
[ wéE+ [ ATS — T (2-2)

wherel s the interfacial tension between A and the continuous phasethe interfacial tension
between B and the continuous phase,fands the interfacial tension between A and-B.and

— are the contact angles.

As shown in Eq. () and (22), the contact angles change with the variation of interfacial tension;
hence, the topology of the Janus droplet. The transition of the tgpofathe Janus droplet in

terms of the interfacial tension ratio is shown in FigwHI®. It can be clearly seen from this
diagram that the partial engulfing Janus droplet can be generated only under the condition of
' i | r and the topology fothe Janus droplet changes with the interfacial tension ratios,

[ A andf I . Generally, the three interfacial tensions can be adjusted by changing the
concentration of surfactant in the continuous phase. Janus droplets with differemgdretéres

can be generated by changing the surfactant concentration in the continuous phase. Zarzar et al.
[18] experimentally proved this by generating hexpedluorohexane droplets with different
topologies. As shown in Figure-Hc), the topology of the hexamperfluorohexane droplet
changewith the concentration of surfactant, SDS.

The effect of volume ratio between two dispersed phases on the topology can be understood easily.
With the variation of the volume ratio, the sizes of the two sides of the Janus droplets ahdnge

the topologyof the Janus droplets is differehtasinovic et al[20] studied the effect of volume

ratio on the topology of the Janus droplet. As shown in Figid@)R the volume of @ changes,

while O2 remains constant. The numbers at the bottom of each droplet represent the volume ratio.
It can be seen that tlentact line moves downwards in relative to the whole droplet with the
increase of the volume ratio, and Janus droplets aiffarent topologies formGe et al.[17]
experimentally studied the effect of volume ratio. By injecting silicone oil and tripropyleneglycol
diacrylate with different volume fractions into aqueous solutd@mus droplets with different

topologies were generatsdccessfully, as shown in Figur&g).



Figure 22 (a) Numerical result of theaviation of the Janus droplet topology with volume ratio.
The volume of O1 change, while O2 remains constant. The number repthsardlume ratio
of 01/02 Reproduced with permissi¢a0]. Copyright2013 Taylor & Francis(b) Microscopy
images of the Janus droplets generated by dispersing different volume fracgoiceé oil
and tripropyleneglycol diacrylate infoveen 80 aqueous solutiofomN to 1, the fraction
of tripropyleneglycol diacrylate increases gradudReproduced with permissi¢h7].
Copyright 2014 Elsevier

In comparisomwith other methods, #high energy mixing method has the advantage of being able
to prepare a large number of Janus droplets within limited time. However, th@gittee topology
of the Janus dropiefabricated with this methodrehard to contral The sizevaries from several
microns to several hundred micro@asd the topology of the Janus droplets is different from each

other due to different volume rath@tween them

2.1.2 Microfluidic M ethod

Recently, the droplet microfluidic system has been developed and widely used for generating and
manipulating dropletf21i 23], which provides a potential way to form Janus dropBésedon
the formation mechanism, the microfluidic method can be divided into three giep&up

formation[7,8,24 28], evolution from coreshell emulsiorf29i 36] and phase separati{8i/i 39].
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2.1.2.1 Breakug-ormation

The first mechanism, breakup formation, is the most popular one. With this mechanism, Janus
droplets can be produced one by dmeughforcing parallel streams of two immiscible phases

break upinto droplets in amicrofluidic chip [24,25,40] Generally, two immisciblalispersed
phasedlow in the central channels of a microfluidic chip, and ¢cbetinuousphaseflows in the

side channels. When the thin stream of thedispersed phasésforced to flow through a narrow
orifice, the shear force generated by toatinuousphasebreaks up thehin stream and Janus
dropletsform. The schematic diagrams of the general Janus droplets generators are shown in
Figure 23 (a) and (b)Maeda et al[26] extended this method tevelopng a centrifuge Janus
droplet generator tgynthesisnagnetic anisotropic Janus droplets. The synthesis system canprise
two parts: a droplegenerator device with builbh capillaries for holding the twammiscible
monomersand forming sessile Janus droplen the capillary orifices, a tabletop centrifuge which

is used to provide centrifugal force to drag the sessile Janus droplets awaynasmdbile Janus
droplets(Figure 23 (c)). Furthermore, to increase the volume throughputhef microfluidic
method, a lot of attempts have been taken, for example, parallelization deeieestilizedto
generatenultiple Janus droplets at the sathae[41i 46].

a.) Aqueous phase B" Non-polymeri-
zable phase
Off-chip b) w Core phase (SO) Continuous

polymeri- «=== ) s =) QL phase (W) Q.

zation k5 *
Janus droplets
\3
200 um Aqueous phase 3

Polymeri- ~ i » g
C)
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Qn* y "
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Figure 23 Schematic diagrams of the Janus droplets generators.Y(@haAped microfluidic

droplet generatafMFDG). Reproduced with permissi¢d4]. Copyright 2007 John Wiley and

Sons (b) A T-shaped MFDGReproduced with permissi¢#0]. Copyright 2016 Elsevie(c)

Centrifugebased Janus droplets generaReproduced with permissi¢a6]. Copyright 2012
John Wiley and Sons.
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With this mechanism, the topology and size of the Janus droplets can be controlled easily. The
proportion of different monomers in the droplets can be changed by adjusting the volume flow
rates of the two immiscibldispersed phaseand the size of the alplets can be controlled by
regulating the volume flow rates of tlatspersed phasemnd thecontinuous phas@7]. The
properties of differensides of the Janus droplets are dependent on the properties of the two
immiscible monomers. With the break up mechanism, a variety of Janus droplets has been
fabricated, for example, acrylate monorséicon oil Janus dropletR4] (Figure 24 (a)) 1,6

hexanediol diacrylate (HDDAg3ilicone oil Janus drople{25] (Figure 24 (b)) and soybean ail
deionic water Janus dropld&3].
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Figure 24 Optical images of the Janus droplets. (a) Acrylate mongitieon oil Janus droplets
developed from breakup mechanidReproduced witlpermissior{24]. Copyright 2007 John
Wiley and Sons(b) 1,6-hexanediol diacrylate (HDDASilicone oil Janus dropletieveloped

from breakup mechanisrReproduced witlpermissior{25]. Copyright 2009 Springer Nature.

(c) Tetradecang&ipropylene glycol diacrylate (TPGDA) Janus droplet transferred {é@/W

dropet. Reproduced witlppermissior33]. Copyright 208 American Physical Societyd) Janus
liposomeprepared from W/O/W droplet through solvent evaporation and dewdRepyoduced
with permission[34]. Copyright 2011 JamWiley and Sons.
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2.1.2.2 Evolution fromCore-shell Emulsion

The Janus droplets catsobe produced through the evolution of cstesll emulsion droplets.

The coreshell emulsion is consisted with three immiscible phases, i.e., two dispersed immiscible
phases and one continuous ghal he corshell droplets arormed byencapsulatinghe droplets

of one dispersed phagath the othedispersed phase MFDGs For oil-in-oil-in-water (O/O/W)
droplets,the topology of the corshell dropletsis changealel With the minimization of the
interfacial energy of the dropletiie coreshell droplets transform into Janus dropl@&sannacci

et al.[33] introduced three fluids into a microfluidic system to prodimebledroplets.The core

shell droples are generated in the upstream of the microchafie¢he translation dhe droplets

the complete engulfing droplets transform into Janus droplets in the downspeataneously

with the minimization of the interfacial energgs shown in Figure-2 (c). The coreshell droplets

and the Janus droplets are intenvertible by using stimuliesponsive surfactants to tune the
interfacial tensions. & example, the effectiveness of the stimreponsive surfactants changes

in response to pH, temperatumelight, which further affects the interfacial tensions, and then the
topology of the dropletsThe Janus droplets cafsobe fabricated from the wat@r-oil-in-water
(W/O/W) droplets with the dewetting and evaporation of solv@&he droplets with Janus
geometry comprising an aqueous lobe and a solvent lobe show up transiently during the solvent
evaporation of W/O/W droplef86]. RecentlyShum et al[34] reported a novel methad prepare

stable Janus droplet through dewetting. Tlpegpared W/O/W emulsion droplets with two
aqueous coretn MFDG. As the evaporation of the middle phase, the amphiphilic diblock
copolymerdissolved out and got assembled at the interfaces to form membranes. As a result, the
agueous cores covered with copolymers adhered to each other and a Janus vesicle formed (Figure
2-4 (d)).

2.1.2.3 Phase Separation

The phase separation is another medmanfor generating Janus dropldtem singlephase
emulsion dropletsin this mechanism, the dispersed phase contaimidfiple solvents is
emulsified into a continuous phase in a MFDG. With the dissolving and evaporationoaf the
solventinto the contuous phase, the solveimshe dropleseparate out anthnus dropleiorms.

For exampleZhang et al[39] injected the ternary mixturéethanol, water and octanaind
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fluorinated oil (FG40) into a Fshape microchannel with the terpamixture as the dispersed
phase and the F@0 as the continuous phase. The homogeneous ternary mixture droplets were
generated in the microchannel. As the#Thas high permeability for vapor, the volatile solvent

in the ternary mixture dropletsthang enteedinto the continuous phase and evapataieo the

air. Finally, the remaining two solventa/ater and octanoin the droplets separatedit to form

Janus droplets.
2.1.3 ElectrohydrodynamicM ethod

For a dielectric droplet immersed in dielectsidk liquid, under externally applied electrical field,
charges can be induced at the ligliggiid surface. With the interaction between the electric field

and the induced charges, fluids flow can be generated both inside and outside of the droplet. The
electrically induced fluids flow is called electrohydrodynamic (EHD) flpi@i 51]. For the
droplets covered with particles, after applying electric field, the particles at the interfaces are
brought to the droplets fel elcthee etQuathdouw vte Ly
droplets[52i 54]. At the meantime, under the both effects of EHD flow and electrostatic forces,
the droplets are attracted and get coales@éth the electrecoalesce of two droplets carrying
different particles, a larger droplet coated with Janus shell can be fabrichedabrication
process of the Janus capsule with EHD method is shown in Figi{e9.ZRozynek et aJ55] first
presented and demonstrated this method in 2014. Based on this method, thatetiMariety of

Janus capsules, for example, amphiphilic Janus capsule (Figifbg)2color anisotropic Janus

capsule (Figure-B(c)), asymmetric Janus capsule (Figurg(®)) and patchy capsule (Figure 2

5(e))
2.1.4 Other Methods

Apart from the methds shown above, some other methods were also developed to fabricate Janus
droplets. Bormashenko et §66] inserted two droplets coated with different powdershaa
black, and polytetrafluoroethylene, into a dish. The color anisotropic Janus droplet was formed by
vibrating the dish to make the two droplets merge with each other. Xu[87pfound that the
hydroxide ions (OH) and the polydopamine (PDA) particles occupy separate aré¢ias droplets.
Under this mechanism, they generated Janus droplets which were partially covered with PDA

particles in water. The coverage of PDA patrticles of the Janus droplet can be adjusted with the
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variation of the pH value of the solution. Subramanetnal.[58] fabricated Janus capsules by
accumulating different colloidalparticles to the two hemispheres of oil droplets with
hydrodynamic force in a microfluidic system. To introduce the colloidal particles to theuai

interface, high kinetic energy is essential for overcoming the energy barrier between colloidal
partides and oil droplet.

Figure 25 (a) Schematic diagram of the fabrication process of the Janus capsule with EHD
method. (b) Amphiphilic Janus capsule fabricated with hydrophobic polyethylene (PE) particles
(red) andchydrophilic clay particles (white)c) Color anisotropic Janus capsule fabricated with

polystyrene (PS) particles and glass patrticles. (d) Asymmetric Janus capsule fabricated with

glass and polyethylene (PE) patrticles. (e) Patchy capsule fabricategavihd green PE
particles.Reproduced witlpermissior{55]. Copyright2014 Springer Nature.

15



2.1.5 Summary

As reviewed in the above sectionsyaiety of Janus droplet fabrication methods tiegeloped
and demonstratenh the last decade&ach method has its own advantages and disadvantages
With the comparison dhese methods, the following conclusions can be obtained:

(a) The high energy mixing method can generate Janus droplets fast and enormously. The
topology of the Janus droplets generated with this method is adjustable by changing the
concentration of surfactaiaind the volume ratio of the dispersed phaséswever, it is
difficult to control the size and topology of the Janus droplets preciaslg result, the

high energy mixing method is a largeale, less precise Janus droplet fabrication technique.

(b) The mcrofluidic method generated Janus droplets in MFDGs. It includes three
mechanisms: breakup formation, evolution from esirell emulsion and phase separation.
Based on these mechanisms, various Janus droplets have been prodecddnuh
droplets fabricaad by this method have more precise size and topology. However, the
generation efficiency of this method is very low compared with the high energy mixing
method, even with parallelized microfluidic devices. Therefore, the microfluidic method is

a smaliscde, precise fabrication technique.

(c) The electrohydrodynamic method fabricates Janus capsules batbedEdtD flow in
vicinity of droplets and the electapalesce between droplets. The fabricatiaroigtrolled

with electric field. However, as both thelispersed phase and continuous phase are
dielectric materials, extremely high electric field is essential in generating EHD flow.
Compared with the other methodkepreliminary preparation of this method is complex
that droplets should be coated by eliffint particles and placed in appropriate places before
applying electric field. Furthermore, due to the uncelyaglectrecoalesce between
droplets, the fabrication of large amount of Janus droplets at the same time is difficult.

(d) Some unique Janusaplets have also been fabricated with the other methods shown
above. However, the shortcomsgf these method arealso obvious, for exampléow
efficiency, complex fabrication process and poor control of droplet size and topology.
These shortcoming®strict their applications.

16



Overall,each of the fabrication methods hasitsownareajand i s i mpossiitl e t o
all o fabrication met hod fébocationg efooleramasotiopicglandsa n u s
dropletsandamphiphilic Jans droplets with these methods have been reported. However, for the
generating of electrically anisotropic Janus droplets, limited fabrication methods are applicable.
Considering the potentials of electrically anisotropic Janus drojiessdesirable tadevelop a

simple and controllable method for generating electrically anisotropic Janus droplets.
2.2 Electrokinetic phenomena

Electrokinetics includes electroosmqskectrophoresiand dielectrophoresighich can be used

to drive fluid movement and manipulate the particles/droplets. Most of surfaces carry surface
charges when contacting with aqueous electrolyte solution. The charged surfaces attraet counter
ions from the surrounding liquid and electrmutble layer (EDL) forms. Under externally applied
electric field, the counteons inside EDL are driveto move, which further induces the liquid
motion due to the viscosity of the liquid. The liquid motion near a charged surface/interface is
called eleatbosmosis. Reversely, electrophoresis is the motion of charged surfaces, for example,
charged particle/droplet immersed in bulk liquid moves under electric field. Recently, with the
development of microfluidics, electrokinetics has been applied to thés at@ch provides
efficient technigues for manipulation in miescale. Numerous applications of electrokinetics in
microfluidics have been developed, for example, drug delifgy60], cell separatiof61i 63],

and particle/droplet manipulati¢64i 66].

2.2.1 ElectricDouble Layer

The electric double layer (EDL) theory is the fundamental of electrokin€ticsa solid surface
immersed in electrolyteotution, it carries surface charges by adsorbing specific ions, hydrolyzing
surface groups or breaking crystals. The surface charges on the surface attraciausfriam

the electrolyte solution and expel theioas, and then thEDL forms in vicinity of the surface,

as shown in Figurg-6. The EDL comprisethe compact layer and the diffuse layer. The compact
layer stays next to the chatgurface that the countens in this layer are immobile. The diffuse
layer is located between the compact lay@al the electrically neutral bulk liquid. With the effect
of the charged surface, the couritars and caons in the diffuse layer distribute nomiformly;

therefore, the net charge density in this layer is not zero. Different from the compact Eigrsth
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in the diffuse layer are mobile. The boundary between the compact layer and the diffuse layer is
called the shear plane. The electrical potential on this plane is measurable, which is called zeta
potential(-) [67].

The electrical potential distribution in the diffuse layefor symmetric electrolyte solution can

be obtainedy calculating the welknown PoissotBoltzmann equation:

N [ (2-3)

where¢ is the ionic concentration of the aqueous solutias,the absolute value of the ionic
valenceQis the elementary charg®) is the Boltzmann constarityis the absolute temperature,

- and- are the permittivity of vacuum and the solution, respectively.

Inside ofthe EDL region, due to the difference between the concentration of the emunstand
that of the cdons, the et charge density’ () is not zero, which is related to the local electrical

potential:
” ¢ aQifts (2-4)

The diffuse layer is very thirgenerallythe Debye length_( ) is regarded as the length scale of
the diffuse layerwhich can be obtained:

I — (2-5)

wherell is the DebyeHickel parameter. It is clearly shown ind&gion(2-5) that the thickness of

the EDL decreases when the ionic concentration of the bulk ligui)l ihcreases. Thisan be
understood like thisVheng increases, more countiems in the bulk liquid are attracted to get

close to the charged surface to neutralize the surface charges; therefore, the EDL get compressed

at equilibrium state.

The surface charge density thre charged surface can be calculated by considering the balance
between the surface charges and the clamgthe EDL. For a flat surface, the surface charge

density, interms of the zeta potentiais:
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, [ (2-6)

Using the DebyéHickle linear approximation, the above equation can be redug¢éé]to

w - (2-7)

For a sphere that its size is much larger than the thickness oftB®Icurved surface can be
approximated as a flat surface. Therefore, theaign (2-7) is also suitable for evaluating the

surface charge density on a curved surface.

Compact Layer
—| |&——— Diffuse Laye
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Figure2-6. Schematiaiagramof the charge distribution in electric double layer (EDear a
flat charged surface.

2.2.2 Electroosmosis

Electroosmosis is the motion of the liquid near a charged surface in response to the externally
applied electrical field. As illustrated above, when a surface is immersed into a bulk electrolyte
solution EDL forms in vicinity of it. Due to the effect of the surface charges on the surface, the

counterions and cdons distribute nowuniformly in the diffuse layer and the local ionic
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concentration of the countans is larger than that of the-tans. Lebs assume t he sur

negative charges. The number of positive ions should be larger than that of negative ions in EDL
region. Under externally applied electric field, the excess positive ions in the diffuse layer moves
from the anode to the cathod®ue to the viscosity of the liquid, the fluid flow can be generated

with the motion of the ions.

Electroosmosis is a very important technique to drive the motion of liquid in microchannels. When
the agueous solution is injected into a microchannel, EDL forms on the channel walls. Therefore,
under electrical field, the electroosmotic flow can be geedras the thickness of EDL is very

thin, theelectroosmotic flow inside of a microchannel exhibits a ke velocity profile (as
shown in Figure Z). For incompressible electrolyte solution, the electroosmotic flow field can be

described with the Naer-Stokes equation and the continuity equation:

” D

2 506 0 - & ® (2-8)
o0 T (2-9)

where” and— are the density and viscosity of the liquid, respectivelyis the pressure

gradient, and®is the bodyforce which is cause by the interaction between the electric field and

the net charges in the liquid:
O 07 (2-10)

‘@ is the local electrical field is the local net charge density in the aqueous electrolyte sglution

which is equal taero in the outside EDL region .

As the thickness of the EDL very thin comparing with the width of the microchannel, the fluid
flow inside EDL is always neglected when calculating the electroosmotic flow inside of a
microchannel. Therefore, the body foteem®in Equation(2-8) is deleted, and a slip boundary
condition is given to the channel wall. The slip velocity on the channel wall can be calculated with

the HelmholtzSmoluchowski Equation:

~.

R’ —0 (2-11)
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Figure 27. Schemtc of theelectroosmotic flow

2.2.3 Electrophoresis

The motion of the charged particle in buskationaryliquid under electric field is called
electrophoresis. The moving direction of the particle is determined by the sign of the surface
charges on itGenerally, for a negatively charged particle, it moves towards the anode of the
electric field. The electrophoretic velocity of a solid particle can be calculated by balancing the
electrostatic forc€®) acting on the particle and the flow friction ¢er("®). As shown in Figure
2-8(a), for a charged particleith theradiusof ¢y underthe condition othin EDL (I &® Hb), the

electrophoretic velocity is obtained:

~.

Y —0 (2-12)

— Is the zeta potential of the particle, is the viscosity of the surround liquids shown in
Equation(2-12), the electrophoretic velocity of the charged patrticle is linear proportional to the

strength of the externally applied electrical field
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For the particle in the limit of thick EDUI(® ), the electrophoretic retardation effect is non

negligible.TheHic k el 6 s equation is applicable for <calc
Yy -——0 (2-13

Compared with Egation(2-12), the constant factor @fj o was added into theli¢ k e | 6 s equat

to reflect the retardation effect.

A more general equation for calculating the electrophoretic velocity of panidesarbitrary

EDL thickness s known as Henryds equation:

v ——@l & (2-14)

whereQll @i s t hes Harcrt o . The specific expression
and hard to implementherefore, for simplicity, Ohshin{&9] derived an approximate expression

for this factor:

G - - (2-15)

Reviewing Egation (2-15), for Il ¢® Tt (thick EDL),Qll ® ¢j o, and the Henryos
becomesidlc k el 6 s e d wPalb(hm&DL), Rlod p, t hen Henryods equa

the HelmholtzSmoluchowski Equation.

Under externally applied electric fieldve motion of a charged particleanmicrochannebccurs
(seeFigure 28(b)). The electrokinetic motion of the particles results from both the EOF of the
liquid in the microchannel and the EP of the particle. For small partittea size negligible
compared with the microchanmabving in the center line of the microchanniéle electrokinetic

velocity of it is expressed as:

v — 0 (2-16)

where— and- are the zeta potentials of the microchannel wall and the particle, respe@wely.

shown in this equatn, the electrokinetic velocity of the particle depends on the zeta potentials of
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the microchannel wall and the particldhe expression is derived under thin EDL assumption and

by neglecting the retardation effect and particle polarization.

© D D B @
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Figure2-8. Schematisof the electrophoresis of a charged particle in a bulk li¢glidind the

electrokinetic motion of a charged particle in a microchannel (b)

For a particle with size comparable to the channelgarticle moving close to the microchannel

wall, the electric field gets distorted with the presence of the particle, which in turn affects the
electrokinetic motion of it. In this case, the electrokinetic motion of the particle is very complicated
due to he combined hydrodynamic and electrokinetic effg@®§. The electrokinetic velocity is
affected by the size of the microchannel and the particle, the zeta potentials of the microchannel
wall and the particle, and the separation distance between the partithee anitrochannel wall.
Generally, with the reduction of the separation distance between particle and channel wall, the
viscous retardation becomes significant; hence, the electrokinetic mobility (the ratio between the
electrokinetic velocity and the eleictfield strength) decrease. However, with the further decrease

of the separation distance, the electric field in the small gap between microchannel and particle
becomes stronger, and the electric force is dominated compared with the viscous ret&slation.
result, the electrokinetic velocity increases with the decrease of the separation {ir§iarnge
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2.2.4 Dielectrophoresis

Dielectrophoresi¢$DEP)is the motion ofdielectric particle under neaniform electric field. For

a polarizable particle under elactfield, surface charges with opposite signs are induced and
accumulate to two ends of the particle, respectively. The orientation of the electric field induced
dipole is dependent on the relative polarizability of the medium and the particle, whible can
characterized with th€lausiusMossotti (CM) factor Generally, the charges trend to accumulate

to the side with high polarizability. Since the electric field applied to the dipole isimiéorm,

the electric forces acting on its two poles are differ@hich drive the particle to move. TB&EP

force acting on a spher®( ) can be derived with the potdipole method79] and the Maxwell

stress tensor (MST) formulati¢&0], the expression of which is obtained as:

- -0 HN0 (2-17)

where- amd- are the dielectric permittivity of vacuum and tectrolyte solutionrespectively.

wis theradiusof the sphere an@is the electrical fieldQ is the Clausiudossotti (CM) factor:
QN — (2-18)

where- gand- g are the complex permittivity of the sphere and the surrounding liquid, which are

defined as:
5 - - 0L (2-19)
5 - - 0L (2-20)

where- is the dielectric permittivity of the sphefr® W p,, j and, ; are tre electrical
conductivities of the sphere and the medium, respectivelg. the angular frequencef the
electric fieldwith ¢ "QQqs the frequency of the electrical field). If the CM factor is positive,
the polarizability of the particle is langghan that of the medium, the particle moves towards the
direction of the electric gradient, the DEP is posHDeP. Reversely, if the CM factor is negative,
the polarization of the medium is dominated and neg&i&P is induced that the particle moves

in the opposite direction of the electric field gradigse Figure D).
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Under DC electric field, the expression of CM factor is reduo¢8l,82}

n St (2-21)

For the case of L ,  (dielectric particle in electrolyte), the CM fact@ approachindo

pl ¢ ; therefore, the expression of DEP force can be simplia®4]

® “ooOna (2-22)

a) b)

Figure 29. Schematiadiagramsof thepositive DEP (a) and thenegativeDEP (b).

2.2.5 ElectrokineticPhenomenaof JanusParticles

As the development of the fabrication techniques, Janus particle with two sides possessing
different properties has shown up. The electrokinetic phenomena of these heterogeneous particles
are quite different from the homogeneous ones, which extend tis&calasectrokinetic theory.

The electrokinetic motiorof Janus particin bulk liquid and microchannel has bestudied

theoreticallyand experimentallyrespectively

Due to the limitation of the fabrication method, most studies of the electrokphetimomenaf
non-conducting Janus particles with raniform surface charge distribution limit theoretical
analysig85i 90]. For exampleAnderson85] theoretically studied the electrophoresisaa Janus
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particle with noruniform surface charge distribution undée assumption of thin EDL. By
considering the force and torque balance, the analytical expressidhs translational and
rotational velocities of the Janus particle was derivBdsed on Anders@ theory, the

el ectrophoretic mobil ity -avesagedaa petentidiumherchorehy y t he
as thesurface charge of the Janus partisl@onuniformly distributed, a dipole moment exert on

the Janus patrticle under externally applied electric field which leads to the rotation of the particle
toward alignment with the electric field. The electrophoresis ofgpierical ellipsoidal Janus
particles was studied by Fair and Ander$d8]. General formulas were derived to calculate the
translational and rotational velocities of the ellipsoidal Janus particieh and Kel87,88]
studied the boundary effect on the electrophoretic motions of spherical and cylindrical Janus
particles. An anaytical solution was obtained by them for the calculation of the transverse
electrophoretioselocity of a circular cylinder next to a plane wdlhe results indicate that the
lengtrs of thecylindrical Janus particles have no effect on their electroploxetiocities. The

study of electrophoresiof a Janus spherical partighea spherical cavity indicates thatith the
presence of the cavity wall, the electrophoretic velocity is influenced by the following three factors:
(a) thevariation of theocal electric field around the Janus particle; (b) the viscous retardation of
the patrticle; (c) theomplexEOF in vicinity of the particleWith numerical method, Hsu et §89]

studied the lectrophoresis of Janus particles with arbitrary double layer thicknesthd=tanus
particles with thick EDL, the doubleyer polarization (DLP) effect becomes significant, which
leads to the reduction of electrophoresisthe Janus particlefian etal. [90] studied the
electrokinetic motion of a Janus nanoparticle in a nanotubeerically A multi-ion mass
transport model was built up take account of the EDL distortion and the EDL polarization effects.
The results indicated thalectokinetic motion of the Janus particle is highly dependent on its

surface charge distribution.

In addition to norconducting solid Janus particles, the electrophoresis of 4tliefactric Janus
particles were also analyz¢@ili 97]. Squires et al[94] theoretially studied the electrophoresis

of a metaldielectric Janus particle in bulk liquid under alternating current (AC). They found that
under the effect of the inducetharge electroosmotic flow on the metal side, the Janus particle
always moves towards itsedectric end. Later, Gangwal et §83] fabricated the metalielectric

Janus particle with convective assembly method by depositing gold nanoparticles on one side of

the dielectric particles. Through observing the electrophoretic motion of the Janus particle under
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el ectric f edkcliod[94], tBegmeialdietestric Janus particle always moves towards
its dielectric end under AC electric field, was provdaaghighi et al.[97] studied the
electrophoresis of the metdielectric Janus ptcles under DC electric field. They found thag th
Janus particles move towardlignment with the electric field, and the interface between two
distinct hemispheres is perpendicular to the direction of the electric field. The directions of
electrophoresis of the Janus particles farevard or backwardat the electric field, which are
dependent on the orientation of the particlas shown in Figure -A0(a), after applying a
rightward electric fieldinducedcharge electroosmosis (ICEO) can be generated on the metallic
side and vortices show up around #a@us particldJnder the propulsion of the ICEO, the Janus
particles with their conducting side facing the electric field moves toward the downstream, while
the Janus particle aligned in the opposite direction moves toward the upstreamicrochannel

the induced vortices around the Janus particl
velocity of Janus particle is larger than the other homogeneous pd(feigese 210(b))[95i 97].

Daghighi et al[97] measured the electrokinetic velocity of nickellystyrene Janus particles
under different electric field strengthsanmicrochanneand compared the velocity of the Janus
particles with homogeneous dielectric particlBsie to the polarization limit of the conducting
hemisphere of the Janus particle, the measured electrophoretic velocity of the particle changes

nonlinealy with the electric field Figure 210(c)).
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Figure 210. (a) Electrophoretic motion adhe metallicdielectric Janus particles under DC

electric field. The strength of the electric field is 10 V/cm. The diameter of the Janus pasticles i

10 um. Reproduced witlpermissior[97]. Copyright 2012 Elsevie(b) EOF field around the
Janus particleReproduced witpermissio95]. Copyright 2011 Elseviefc) The variation of

the electrokinetic velocities of nadlic-dielectric Janus particles and polymer particles with
electric field. The diameter of the Janus particles and polymer particlegim.Ithe dimension
of the microchannel is 1.5 mm200um x 20 um (Lengthx Width x Depth) Reproduced with

permissiom [97]. Copyright 2012 Elsevier.
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CHAPTER 3 Methods: Fabrication of Electrically Anisotropic Janus
Droplets’

3.1 Introduction

Janus droplets and droplets with heterogeneous surface propertigotent&ls in many fields

For example,n material science, Janus droplets and heterogeneous capsules can be used to
synthesize Janus apatchy particle$3,4,98,99] which have potentials in building up complex
architectures through setfssembling[100i 102], modifying liquidliquid interface properties
[6,103,104] detecting cells and moleculg€5,106] and fabricating electronic papge;107] In

life sciences, Janus droplets and heterogeneous capsules can be used to germaelself
micro-motors to pick up, transport and droff cargoes (for example, drud408 111]. However,

as reviewed in section 2.1, the existing Janus droplets and droplets with heterogemnkewes
fabrication techniques, such as high energy mixing method and microfluidic method, do have their

limitations in fabricating electrically anisotropic Janus droplets.

In this chapter, we perform novel methods for preparing electrically inducek desgis droplets,
suspended Janus droplets and droplets with multiple heterogeneous surface strips. The sessile
Janus droplets were formég partially covering the droplets withositively charged aluminum

oxide nanoparticles under electric field. Thieefs of the concentration of nanoparticle suspension
andthe strength of the electric field on the nanoparticle coverage of the sessile Janus droplets were
studied. The fabrication method of suspended Janus droplets includes two main steps. To begin,
oil droplets were coated uniformly with positively charged nanoparticles by immersing emulsion

droplets into aluminum oxide nanoparticle suspension. The suspended Janus droplets can be

" A similar version of this chapter was submitted or mit#d as:

(a)Li, M.; Li, D. Redistribution ofChargedAluminum Nanoparticles o®il Droplets inWater inResponse tépplied
Electric Field. J. Nanopart. Re016 18, 120 https://link.springer.com/article/10.1007/s116%16-:33905

(b) Li, M.; Li, D. Fabrication and Electrokinetic Motion of Electrically Anisotropic Janus Droplets in Microchannels.
Electrophoresi®017, 28, 287295. https://onlinelibrary.wiley.com/doi/abs/10.1002/elps.201600310

(c) Li, M.; Li, D. Janus Droplets and Droplets with Multiple Heterogeneous Surface Strips Generated with
Nanoparticles  under  Applied Electric Field.J. Phys. Chem. 2018 122, 84618472.
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b01920
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formed when the nanoparticles accumulated to one side of the Janus dropégponse to
externally applied DC electric field. The variation of the nanoparticle coverage of the Janus
droplets in terms of the nanoparticle suspension and the electric field strength were studied,
respectively. In the fabrication of droplets withultiple heterogeneous surface strips, different
nanoparticlesveredelivered to the oil dropleia turn. To control the delivery of nanoparticles to

the oil droplets, a microfluidic chip was introduced in the fabrication process. By controlling the
delivery of nanoparticles in the microfluidic chip under electric field, different nanoparticles
accumulated on the droplet surface and the desired Janus droplets and droplets with heterogeneous

strips were formed.
3.2Materials and Methods
3.2.1Fabrication of Sessile Electrically Induced Janus Droplets

Aluminum oxide nanoparticles (US Research Nanomaterials, Hiotiston, TX, USA with an
average diameter of 5 nm were used. The zeta potential of these particles is frositpl 2.5

to pH 8[112], which meanghat these particles carry positive charges when contacting with
deionized water. Ithis study, two different concentrations of alumina nanoparticle suspensions,
20mg/mL and 50mg/mL, were used in the experimentshr@estep procedure was used to
disperse the aluminum oxide nanoparticles into deionized water: a) First, @rGmg
nanoparticles were added into 1mL deionized water in a beaker. b) Then the nanopatrticles were
dispersed by placing the beaker into an ultrasonic cleaner for 8 minutes. c) Finallyetaanol

was added into theanoparticle suspensiohhe ethanol acts @ inducer, which can make sure

enough nanopatrticles are trapped at thevailer interfacg¢113,114]

Mineral oil was used to generate oil droplelts.order to observe the redistribution of the
nanoparticles on the droplet in response to the applied electrical fieldesirable to avoid the
unwanted effects of the droplet motion; therefore, the oil droplets were anchored onto a solid
surface as sessile drops. To faarsessile oil droplet immers@ddeionized water, a plastic petri

dish and a piece of cover glass shiekreused, and the proceduia@® as followsa) Pour deionized

water into the petri dish and make the water level is around 5 mm from the bottom; b) Put the
cover glass slide on the surface of water, tdibe surface tension, the cover glass slide$loa

watersurfacewithout sinking; c) Deposit a drop of the mineral oil on the floating cover glass slide;
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d) Push the glass slide into water. As the oil droplet has already attached on the surface of the glass,
it will not detach and floag sessile dip of oil in water is formed in this wags shown in Figure

3-1(a), the contact angle of water of the sessile oil droplet system i€A3he water side) and
remains unchanged before and after applying electric field, which was measured with a side view
microscope (Nikon, SMZ800).

The experimental systeased in this study is shown in Figug€l(b). It consists of a microscope

and image system, a DC power supply and a petri dish. In the experiment, the petri dish which
holds deionized water and oil diepwas fixed on the stage of the microscopeH;TNikon, Japan).

The DC power supplier (CS112001X, Circuit Specialist Inc., USA) was used to apply the electrical
field via the electrodes. The Nikon-Ei microscope was used to monitor the redistributibn o
nanoparticles on oil droplets. The images were captured by a digital came@i (B8 ,Nikon)

and sent to a computer to be displayed and saved

Once the oil droples formed in water, as described above, the aluminum oxide nanopaateles
deposited ot the droplet surface by releasiagcertain amount ahe nanoparticle suspension
over itwith a digital micrepipette. As the aluminum oxide nanoparticles carry positive charges,
they will adhere at the negatively chargedvadlter interface, forming aniform coverage on the
droplet surface. However, due to the ifparticle cohesion forces, the nanoparticles aggregate
and form small clusters uniformly distributed ovee bil droplet surface. WherlxC electric field

is applied to the droplet, the ptgely charged particles on the droplet surface will be forced to
move and accumulate to one side of the oil droplet. A Janus droplet partially covered with
aluminum oxide nanoparticles is formed in this way. The total amount of nanoparticles adhering
on the oil droplet surface can be adjusted uayying the concentration of the nanoparticle

suspensionAll of the experiments in this study were conducted at room temperatusg23
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Figure3-1. (a) Side view image of a sessile oil droplet with a diameter of 1.9 mm on a glass
surface immersed in deionized waig). Schematic diagram of the experimental system in

fabricating sessile Janus droplets.

3.22 Fabrication of SuspendedElectrically Ind uced Janus Droplets
3.2.2.1 Materials

Aluminum oxide passivated aluminum nanoparticlggh the mean diameter of 18nm were
provided by US Research Nanomaterials, Inc., UB#e thickness of the aluminum oxide shell
wrapping thealuminumcorewas2~5nm.Tween 20 (nonionic surfactantnpurities¢ 3.0%) was
purchased from Sigmaldrich which was used without further treatment. The oil was vegetable
oil (pure canola oil from Mazola Corporatjowith the density of 918.7kg/fnSolid potassium
chloride (KCI) 0f99% purity was purchased from SigiAldrich. Deionized water wasbtained
from a Milli-Q reagent water system. The resistance ofithenized water was 18.2¥icm at

253 .

3.2.2.2 Preparation of Pickering Emulsion

Method A
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Aluminum oxide nanoparticles and nonionic surfactant (Tween 20) were used as stabilizers to
prepare oHin-water Pickering emulsion. Firgluminum oxide nanoparticles were dispersdd in
deionized water using an ultrasonic cleaf@€opdy Technology Limitd Co., China)in the
following way. a) Put certain amount of aluminum oxide nanoparticles into a glass bottla with
volume of 15mL (21mmd); 70mm §)); b) Add deionized water (5mL) into the bottle followed

by ultrasonic treatment for 8min. After the geation of nanoparticle suspension, put 00
Tween 20 and 1mL oil into the bottle. Emulsificatmyuldbe made by vibrating the mixtuwath
avortexer(VWR Scientifig atthespeed o8200rpmfor 2min. The nonionic surfactaservedas
emulsifier to speed up emulsification and stabilize emulsion without changing the electrical
property of the oHwater interface. As the zeta potential of aluminum oxide nanopanices
positive from pH 2.5 to pH 8, they adhdrmen the negatively chged oil droplets automatically

and Pickering emulsion forea finally (Figure 3-2(a)). Let the emulsion starfdr 48 hours, the
extra nanoparticles in the water phasmild sink to the bottom of the bottle and sepafaim the

droplets by gravity.
Method B

Apart from the method showabove the Pickering emulsion droplets can also be prepared by
adding suspended oil droplets into the nanoparticles suspensionoilfinevater emulsion
droplets were prepared by vibrating the mixture of 5 mL deionized water, 1 mL canola oil (Mazola
Corporation) and 10QL Tween 20 with a vortexer (VWR International, Canada) at its highest
speed of 3200 rpm for 2 miAfter this,500uL emulsion droplets were suckad the top layer

of the oilwater emulsion carefully with a digital pipette, and added into the nanoparticle
suspension. Then, the mixture was vibrated with the lab dancer for atmmmedium speed
(approximately 160@om). The vibration process is essential for making the oil droplets uniformly
coated with nanopatrticles. After thigavethe emulsion stardg for one day to separate the
Pickering emulsion droplets and extra nanoparticles in water through gridhetyrglets floated

to the top to form a black layer while the nanoparticles sank to the bottom.
3.2.2.3 Formation of Janus Droplets

The EIJDs can be formed easily by applying direct current electric field to 10e wdnoparticle

stabilized Pickering emulsion droplets. As shawfigure 32(a), after applying an electric field,
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the nanoparticles attaching on the droplet surface move and accumulate to one side of the droplet.
Because of the accumulation of the nanbplass, the nanoparticle film forms on the oil droplet

while leaving the other side without the presence of nanopatrticle. In this study, as the positively
charged alumina nanoparticles were employed, the EIJD therefore has one side with a positively
chargel nanopatrticle film and another side with a negatively chargedatédr interface in
deionized water. The microscopic image of an EIJD is shown in Fig2fie)3Thedark region is

coated with the nanopatrticle film.
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Figure3-2. (a) Schematic diagram die formation of AlOs-nanoparticlestabilized Pickering

emulsion.(b) Schematic diagram tifie fabrication process of EIJDs under electrical field.

3.2.24 Calculation of Nanoparticle Coverage

The nanoparticle coverage of suspended EIJDs can be cattutader a brigkfiield microscope

(Nikon Ti-E) with the assistance whaginganalysis software. The nanoparticle coverage variation

of EIJDs was monitored by the microscope, and the images were recorded and sent to the compute
by a chargeoupled devic§CCD) cameralUnder a brighffield microscope, the nanoparticle
coated side othe EIJDs is black, while the other side without the presence of nanoparticle
indicates as white. The two segments of EIJDs can be distinguished easily from the recorded

imagesBy using imaging analysis software, the angle between two edge lines of the nanoparticle
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film (5 can be measured; hence, the nanoparticle coverage of EPJBan(be calculated with

following equation:
o — (3-1)

3.23 Fabrication of Janus Droplets and Droplets with Multiple Heterogeneou®anoparticle
Strips in Microchannels

3.23.1 Fabrication Mechanism

A simple approach for fabricating Janus droplets and droplets with homogeneous and
heterogeneous coatings of nanodes in a crossing microchanneas developedAs shown in
Figure3-3(a), two different nanoparticle suspensions, nanoparticle A and B, are driven through
the two inlet channels, and the DC electric field is applied along the central channel and the main
channel. An oil droplet is anchored in the main channel which serves as the substrate for adhering
nanoparticles. When nanopatrticles flow through the main channel, they adsorb on the droplet
surface ad are assembled under elecfredd. By controlling thedelivery of the two nanopatrticle
suspensions, droplets with one hemisphere coated with a nanoparticle film @&{bjeand3-

3(c)), with a homogeneous nanoparticle film (Fig8+&d)), with two different nanopatrticle films

on the two hemispheres (FigB-3(e)), and with multiple strips of different nanopatrticles (Figure
3-3(f)), can be fabricated easily. These Janus droplets and droplets with heterogeneous surface

strips possess specific electrokinetic properties.
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Figure3-3. Schematic diagramsga) the fabrication of Janus droplets with nanopatrticles in a
microchannel; (b) Janus droplet fabricated with nanoparticle A; (c) Janus droplet fabricated with

nanoparticle B; (dhomogeneously coated droplet with nanopatrticle A; (e) Janus droplet with
two hemispheres consisting of different nanoparticles; (f) droplet with multiple strips of different

nanoparticles

3.2.3.2 Fabrication of Microfluidic Chip

The microfluidic chip was prepared by combining a top PDMS (polydimethylsiloxane) layer to a
VWRIMR glass substrate. The PDMS lagentains the microchannel structure, which was prepared
by traditional soft lithography methodriefly, after the processes of spinating, soft bake,
ultraviolet (UV) light exposure, post exposure bake anéldgwnent, a master with raised features
was fabricated. Then, pour degasB&aMS-curing agent mixture (10:1, w/w, Sylgard 184, Dow
Corning) onto the master, and the PDM§er formed in a curingrocess. A permanent bond
between the PDMS layer and tkebstrate was created after plasma treatment (HARRICK
PLASMA, Ithaca, NY, USA).
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In order tofabricate Janus droplets and droplets with multiple heterogeneous strips, a cross
microchannel was designed, as showFigure 3-4(a). The cross microchannel cosis of three

inlet branches and a main channel. The main channel is 1 cm in length gmaeh §®@idth, and

the size of the three inlet branchedlism x 250 um (lengthx width). A circular confinement
chamber with a diameter ofrBm is connected to theentral inlet branch, which is used to hold

the oil droplet. At the rear end of the confinement chamber, a 1-fnrdimmeter electrode insert

port is punched for placing the electrode. To anchor the droplet, a pair of circular pillars is designed
in the mddle of the main channel (labelled with red rectamglEigure3-4(a)). The diameter of

the pillars is 25um and the distance between them (from center to center) jgn60The

microchannel has uniform heigbit 80 um.

) Confinement

chamber
Inlet B
| <
Electrode A Main channel
insert port __ /
Inlet A o)

Outlet

Reservoirs

Figure3-4. (a) Schematic of the microfluidic chip for Janus droplet fabrication. (b) Photograph
of the nanoparticle suspensions>@d, MgO and ZnO (from left to right). (c) Photograph of the

fabrication system.
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3.2.3.3 Preparation of Nanoparticle Suspensions

The Al203, MgO and ZnO nanoparticle suspensions were prepared through ultrasonic treatment
by following the subsequent stepyweight certain amount of nanopatrticles into a glass vial with

a volume of 15 mLji) add 5 mLdeionized water (18 M kEm, Milli-Q) and 100uL nonionic
surfactant, Tween 20 (impurities 3.0%, SigmaAldrich), into the vial with digital pipettes
(Eppendorf, Germany)ii ) use ultrasonic wave to treat the mixture for 8 minute to digpitre
nanoparticles (Cody Technology Limited Co., China). As shown in F@(b), by this method,

the AbO3, MgO and ZnO nanopatrticle suspensions with the concentrations of 6 mg/mL, 10 mg/mL
and 10 mg/mL were produced, respectively. TheO4l MgO andZnO nanoparticles were
provided by US Research Nanomaterials Inc. with the mean diameters of 18 nmCfgrahid

10 nm (for MgO and ZnOYgspectively.
3.2.3.4 Preparation of Sessile and Suspended Oil Droplets

The sessile droplet in a microchannel carplepared with the following steps: attach a tiny
piece of DUckR tapeonto the glass substraig; after plasma treatment, peel off the tap and drop
canola oil (Mazola Corporation) onto tgkasssubstrateiii ) align the microchannel on the PDMS
layer to the oil droplet under the Nikon-Eimicroscope (Nikon, Japan) and push the PDMS layer
and the glass substrate togetheyafter filling the microchannel withalonized water, the sessile

oil-in-water droplets formed inside of a microchannel.

The suspended eih-water emulsion droplets were prepared by vibrating the mixture of 5 mL
deionized water, 1 mL canola oil (Mazola Corporation) and il00ween 20 witha vortexer
(VWR International, Canada) at its highest speed of 3200 rpm for 2 min.

3.2.3.5 Fabrication of Sessile Janus Droplets and Droplets with Heterogeneous Strips

A simple experimental setup consisting of two liquid reservoirs, a microfluidic clipddC

voltage source was built up to fabricate sessile Janus droplets and droplets with heterogeneous
strips, as shown ifrigure 3-4(c). The two reservoirs are used to hold different nanoparticle
suspensions, and are connected to the two inlets of tmeflmidic chip (inlet A and B, Figur8-

4(a)) through soft tubes. Binder clips are applied in the middle of the tubes, and the liquid motion
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inside of the tubes can be controlled by opening or closing the clips. The DC voltage source
composing of four seal DC power supplies (CSI12001X, Circuit Specialist Inc., USA) provides
voltages to the microchanréroughtwo platinum electrodes, and the strength of the electric field

in the microchannast adjusted by changing the DC voltage sowuatput voltage.

To fabricate the sessile Janus dropdetd droplets with heterogeneous strips, a sessile droplet was
generated first in the main channel of the microfluidic chip by following the procedure described
in the last sectionThen the soft tubes and electrodesre placed into the inlet wells, outlet wells

and electrode insert port on the microfluidic chip, respectively; and an electric field of 150 V/cm
was applied to the main channel. After opening the clip, the nanopatrticle suspension was forced to
move throgh the microchannel in response to the pressure difference of 110 Pa (controlled by the
liquid levels) between the reservoirs and the outlet. As these positively charged metal oxide
nanoparticles flew through the sessile oil droplet with negative suf@cges, the nanoparticles
attached on the surface on the droplet. These positively charged nanoparticlesrfovibeand
accumulatedo the rear enaf the droplet to form compact nanoparticle layer under the effect of
electrical field. By adjusting thepening time of the two clips, the amount and the types of the
nanoparticles packed on the surface of the droplech@dhgeand the droplets covered with one

type of nanopatrticle film, the Janus droplets partially covered with nanoparticles, andsdroplet
covered with two or more strips of different nanoparticle filoa be fabricated. During

fabrication, the process wasonitored under &likon Ti-E microscope.
3.2.3.6 Fabrication of Suspended Janus Droplets and Droplets with Heterogeneous Strips

Similar experimental setups described above was employed to fabricate the suspended Janus
droplets and suspended droplets with heterogeneous surface strips. The fabrication procedure
includesi) inject oikin-water emulsion droplets into thaain channel through the microchamber,

and one of the oil dropletsanbe anchored by the two circular pillars in main chaninggpply

electric field of 150 V/cm in main channel through electrodes inserted in the electrode insert port
and outlet;jii) manipulate the clips to control the nanoparticles delivery and assembly on the oill
droplet surface. By followindhis procedure, the suspended droplets with designed surttampa

can be fabricated.
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3.3 Results and Discussion
3.3.1 Sessile Janus Droplets: Micresize and Macrasized Janus Droplets

By using the methodescribed above, mictgized Janus droplets andanesized Janus droplets

can be made. An example of a misiaed Janus droplet and an example of a msized Janus
droplet are shown in Figu®5, respectively. For the mictsized droplet shown in Figu5, it

has a diameter of §¥m andwas coverd with the nanoparticles by depositing glsnanoparticle
suspension witlaconcentration of 2@hg/mL over it. As shown in Figui@5(a), before applying
electric field, the nanoparticles on the surface of the droplet were uniformly distributed. Then an
electric field E = 15 V/cm) was applied from left to right. Under the applied electric field, the
positivdy charged nanoparticles moved along the direction of the electric field and accumulated
to the right side of the oil droplethe area with accumuksd nanoparticles becomes constant after

30 seconds. A Janus droplet which was partially covered with nanoparticles was formed (Figure
3-5(b)). The position of the accumulation region of the nanopartitdpendn the direction of

the electric field. Astsown in Figure3-5(c), when the electric field was reversed, i.e., from right

to left, the nanoparticles moved and accumulated to the left hemisphere of the oil droplet, reaching

the final state as shown in Figuges(c).

The same phenomenon can also k&eoled for the macrsized Janus droplets. Figuge(d)-(f)

show a droplet with a diameter of 1.1 mm. In this case, {25 mg/mL nanoparticle suspension

was deposited over 5 times near the top of the droplet to make sure enough nanoparticles adhered
on the droplet. As seen from Figu&(d), initially the particles distribute uniformly over the drop
surface. Then an electriield of 25V/cm was appliedrom left to right, the nanoparticles moved
towards right and eventually reached a final state afteinutes (Figure-5(e)). Similarly, under

the reversed electric field, the nanoparticles moved in the opposite directiac@mdulated to

the left hemisphere of the oil droplet (Fig&(f)).

40



Figure3-5. The formation of a micrsized Janus oil droplet ((8)) and a macksized Janus
droplet with a diameter of 1.1 mm ({€f)) under externally applied electric fielgh) Before the
electric field was applied, the nanoparticles were distributed uniformly on the surface of the oil

dropletwith a diameter of 6am. (b) The nanoparticles wesecumulated to the right
hemisphere of the oil droplet after the electric field from left to right was applied for
approximately 30 second&) The nanoparticlesere accumulated to the left hemisphere of the
dropletunder leftward electric fieldThe exérnally applied electric field was Mdcm, and 2.5
pL nanoparticle suspension with a concentration ahgmL was released ov#re oil droplet.
(d) Beforethe electric field was applied, the nanoparticles distributed uniformly on the surface of
the oildroplet.(e) The nanoparticles accumulated to the right hemisphere of the oil droplet after
the electric field from left to right was appliéal approximately 2 minute¢ft) After reversing
the direction of the electric field, the nanoparticles accumaikai¢he left hemispher&he
externally applied electric field was 28cm, and 12.%1L nanoparticle suspension wigh

concentration of 5éhg/mL was released ovdre oil droplet.

The comparison ofhe fabrication of micresized Janus droplet and maaped Janus droplet
clearly shows thathe motion and accumulation of the nanoparticles in response to the applied
electric field is the same for both miested droplets and maeceoi zed dr opl et s.

relatively difficult to generate micrsizeddroplets with accurately controlled size. Furthermore,
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it is difficult to introduce the same amount of nanoparticles onto the surface of smallesinétto
droplets. Therefore, macized droplets were used to carry out the studies of the effetite
concentration of the nanoparticle suspension, the electric field and the size of the droplets on the

topology of Janus droplets.
3.3.2 Sessile Janus Droplets: Effect of the Concentration of the Nanoparticle Suspension

To study the effect of the concentration of the nanoparticle suspension on the topology of Janus
droplets, aluminum oxide nanoparticle suspensions avftarent concentrations, 20mg/mL and
50mg/mL, were used to cover the oil droplets, respectively. betagperiments, the diameter of

the oil dropletsqd =1.1 mm) and the applied electric fiel& £25 V/cm, from left to right) were

kept constant.

Whenthe concentration of the suspension isrZmL, the redistribution of the positively charged
aluminum nanoparticles under applied electric field is shown in FRjGres an example. Before
the electric field was applietl= 0, the nanopatrticles on the surface of the oil droplet are distributed
uniformly and motionless with the nanoparticle surface coveragef ratid00%, as shown in
Figure3-6(a). After the electric field was applied from left to right, the positively charged particles
moved in the same direction as that of the electric firttithe coverage ratio decreases from 100%
to 20.75% as time went by (Figu®6(b)~(e)). At the final state, all of the nanopatrticles
accumul ated in a smal.l area on the r-wageht si d
interface behind, and &nus droplet with = 20.75% was formed finally, as shown in FigGre

6(f). The sequence of images in Fig3r& shows an example of the redistribution of nanopatrticles

on the oil droplet when the concentration of the nanoparticle suspensiomg@raQ. The similar
phenomenon can be observed from the images in FRjudreThat is, the original uniformly
distributed nanoparticles moved and accumulated to the right side of the oil droplet in response to
the externally applied electric field. The comparisbirigure3-6(f) with Figure3-7(f) indicates

that when the concentration increases fromn2mL to 50mg/mL, at the finial state, the
nanoparticle coverage ratio increases significantly from 20.75% to 50%. As the increase of the
concentration of the naparticle suspension, the total amount of the nanoparticles adhering on the
surface of the oil droplet increases. This can be seen by comparing the original states of the oil

droplets as shown in FiguBe6(a) and Figur&-7(a). Obviously, the more nanopiates at the o#

42



water interface, the larger the final accumulation area. Therefore, the following conclusion can be
drawn: the surface area of the Janus droplet that is covered with nanoparticles enlarges with the
increase of the concentration of the oparticle suspension. Under this set of specific conditions,
when the concentration of the nanoparticle suspensionmsyafiL, a Janus droplet whose whole

right hemisphere is covered with aluminum nanoparti¢les§0%) can be obtained.

)
L

Figure3-6. The redistribution of aluminum oxide nanopatrticles on the surface of an oil drop of
1.1 mm in diameter und& = 25V/cm at different time. 12.5L 20 mg/mL nanopatrticle
suspension was released over the oil droplet. Two minutes after applying eledlyic fiel
nanoparticles reached the final state when the coverage ratenfained unchanged,=
20.75%. (af = 0 min,/ = 100%; (b} = 1 min,[ = 31.96%; (cX =2min,[ = 20.75%; (d} =3
min,l = 20.75%; (e} =4 min,;] = 20.75%; (it=5 min,, = 20.75%.
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Figure3-7. The redistribution of aluminum oxide nanopatrticles on the surface of an oil drop of
1.1 mm in diameter und& = 25V/cm at different time. 12.5L 50 mg/mL nanopatrticle
suspension was released over the oil droplet. Two miattersapplying electric field,
nanoparticles reached the final state when the coveragef ratenfained unchanged,= 50%.
(@t=0min,[ =100%; (b)t=1min,[ >50%; (c)t=2min,] =50%; (d)t=3min,] =50%;
(e)t=4 min,;] =50%; (f)t=5 min,/ =50%.

3.3.3 Sessile Janus Droplets: Effect of the Applied Electric Field

The strength of the externally applied electric field is another factor that will affect the topology
of Janus droplets. The effect of the applied electrid foel the redistribution of nanoparticles on

the surface of the oil droplet can be understood as follows. Under externally applied electrical field,
thepositively charged nanoparticles will be pushedHh®sexternal electrical field force and move

to the sde of the oil droplet facing the negative electrode. Once the nanoparticles get closer, they
start to repel each other due to the electrostatic repulsive force between the particles. At final state,
the two forces acting on the particles will be balaneed, the nanoparticles are confined in an
area. When the external electric field changes, therieléeld force will change, hence affect the

balance with the electrostatic repulsive force betwteennanparticles, and consequently, the
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distance betweethenangarticles. Therefore, thignal accumulation area of the nanoparticles

changes with thapplied electridield.

Figure3-8. The redistribution of aluminum oxide nanopatrticles on the surface of an oil drop of
1.1 mm in diameter und& = 15V/cm at different time. 12.p5L 20 mg/mL nanoparticle
suspension was released over the oil drof#ent = 6min, nanoparticles reached the final state
with] =28.81%. (a)t=0 min,/] = 100%; (b}t =2 min,] =43.126; (c)t =4 min,[ =30.0%%;
(d)t=6min,/] =28.800; (e)t=8min,[ =28.8%%; (f)t=10min,] =28.8%.

Figure3-8 and Figure3-9 shows the redistribution processes of the alumina nanopatrticles on the
surface of the oil droplet of 1i/hm in diameter under different electric fieltth V/cm and 35
V/cm, respectivelylt is clearly shown in these figures that,tla¢ final state, the nanoparticle
coverage ratio r decreases from 43.17% to 17.16% when the electric field increases\ffom 15

to 35V/cm, which means thignal accumulaton area of the nanoparticles becomes smaller as the
externally applied electric field increasBgcall that Figur8-6 shows the redistribution processes

of the alumina nanoparticles on the surface of the same sized oil droplet undamn23By
comparingFigures3-6, 3-8 and3-9, the following can be concluded:
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(1) The final surface coverage of Janus droplets by the nanoparticles decreases with the applied
electric field, e.g., 43.17% for Mfcm, 20.75% for 25//cm and 17.16% for 35V/cm.

(2) For an oil doplet with a fixed sizandthe same amount of nanoparticles covered on its surface,
the particles move faster and the time required to reach the final state is shorter if the applied
electrical field is stronger. For example, wHer 15 V/cm, it takes rore than @minute for the
nanoparticles to reach the final state (Figd8. While it takesaround2 minuteunderE = 35V/cm
(Figure3-9).

Figure3-9. The redistribution of aluminum oxide nanopatrticles on the surface of an oil drop of

1.1 mm in diameter und& = 35V/cm at different time. 12.aL 20mg/mL nanoparticle
suspension was released over the oil dropient = 3 min nanoparticles reached theal
statewith =17.16%.(a)t=0 min,[ = 100%; (b}t = 1min,/ =31.1®%; (c)t=2min,[ =
17.16%; (d)t=3min,; =17.18%; (e)t=4 min,[ =17.16%; () t=5 min =17.16%.
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3.3.4 Suspended Janus Droplets: Effect of Nanoparticl8uspension

Figure 310 shows the variation of surface coverage of Janus dropleA.Dg nanoparticles, ,
with the concentrationf thenanoparticle suspensio@, The Janus droplets shown in this section
were developed from the Pickering emulsion detpprepared from method A (section 3.2.2.2).
The microscope image over each bar is the picture of Janus droplet generatetiewith
corresponding nanoparticle suspension under electrical field of 50Wesnseen in this figure
that! increases witlC. This phenomenoran be understood as follows. With other parameters
unchanged, when high concentration of nanoparsakgpensions used to generate Pickering
emulsion, the total number of nanopartidesorbean the surface of oil droplets increasebkich
results in Janus droplets wiltarge surface coverage by nanoparticles uadgvenelectric field.

It should be noted that, as thanoparticlecoverageegionof small Janus droplets cannot be seen
clearly, only the Janus droplets with a diaméaeger than 4Qum were chosen to measure the

surface coveragélnder each condition, 10 independent measurements were conducted.
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Figure3-10. The variation of the surface coverage of Janus droplets by nanopaltjolah(the
concentratiorof the nanoparticle suspensiol€). The microscope imag®ver each baarethe
pictures of Janus droplstgenerateavith the correspondingnanoparticle suspensisander 50

V/cm electric field
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3.3.5 Suspended Janus Droplets: Effect dElectric Field Strength

Theelectric field affects the nanoparticle coverage of EIJDs by changing the distances between
nanoparticlesattached on the droplet surface. The separation distagtweesen two spherical
nanoparticles can be predicted with the walbwn DLVO (DerjaguirLandauVerwey-Overbeek)
theory[115i 119]. Based on the DLVO theory, without the presencextdraally applied electric

field, the interaction between two nanoparticles is composed of the Van der Waals (vdW)

interaction and the electric double layer (EDL) interaction, as shown in Figit@B The Van

der Waals force'® ) is attractive foce which trends to drag the nanoparticles together, while
the EDL interaction forcée® ) is repulsive force towards the opposite direction. The variations

of ® ,® and the total force® ,® §2) ® ) with the distance between two
nanoparticles are shown in FigurdBc). As shown in this figurahe steady state is reachdd a
point A, wherethe total force is equal to zerafter applying electric field from left to right, the
electrostatic forcéO, exerts on the positively charged nanoparticles, which is toward the cathode
of the electric field. As shown in Figureli(b), the direction o®is identical to that of the
attractive Van der Waals force. With the presenc®pthe balance betwe¢he ® and®

is broken, the two nanoparticles move closer to each other until a new force balance is reached.
The final distance between the two nanoparticles is determined by the strength of the externally
applied electric field. Generally,sathe strength of the electric field increases, the distance

decreases to generate equivalent repul®ve to balance the electric force, as shown in Figure

3-11(c). However, as®  decreases sharply withe distance, the further inceesof electric

force only leads to limited decrease of separatiordistance

48



\
@@t T) @Y @ +H @ N /FVdW Attraction
)i \

\e Sapoeio Guvee/ 1 ‘. Frotal

\\\\-.-»“--—’/_x ‘\\\..“..--___,/’( m -4
L4l |
w

e o | =—=r2 = |

b) EDL interaction Force o /'/ Distance
@ +-+ o ; - +.+ + = ] :
o %t ) @\@.+" 8 i :
o 4 i 3 i  Fgpr Repulsion
- t-l-\t+ U P O !
®@° © ®° © = :

Figure 311. (a)}(b) Schematic diagrams of the forces acting on the left nanoparticle with (b) and
without (a) he presence of electric field. The right nanoparticle getkaed, while the left one
is free to move(c) Schematidiagram of the variation of Van der Waals Force, EDL interaction

force and total force with the distance between two nanoparticles.

In the study of the effect of electric field strength on nanapartoverage of the EIJDs, Thex8k
nanoparticlestabilized Pickering emulsion was prepakeith the methodB shown in section
3.22.2. After the preparation of the Pickering emulsion dropléis,EIJDs can be formed easily

by applying direct current ettric field to the AlOs nanoparticlestabilized Pickering emulsion
droplets.To study the variation of nanoparticle coverage of the EIJDs with the strength of electric
field, nanoparticle suspensions with different concentrations of nanoparticle, 0.5 mg/mL, 1 mg/mL
and 1.5 mg/mL, were formed for generating Pickering emulsion eipind then fabricating

ElJDs, respectively.

The variatiorof the nanoparticle coverage of the EIJDs with the electric field strength is shown in
Figure 3-12. As an example, the microscope images of the EIJD formed from 1 mg/mL
nanoparticle suspension werdlifferent electric fields are presented in Figi2(a). As indicated

in the serial images, with the increase of the electric field strength, the area of the nanoparticle film
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decreases. The variation of thanoparticle coverags significant underelative weak electric

field, ranging from 10 V/cm to 50 V/cm. Once the electric field becomes larger than 50 V/cm,
further increasing of the electric field origads tovery limited area reduction of the nanoparticle

film. To characterize the relationghbetween electric field strength and taoparticle coverage

of EIJDs quantitatively, the nanoparticle coverages of EIJDs fabricated from different
concentrated nanoparticle suspensions were measured under different electric fields. Three typical
exampes of the variation of nanopatrticle coverage of EIJD$n(terms of the strength of electric

field (O) are plotted in Figur&-12(b). It is clearly shown in this figure that for all of the three
ElJDs carrying different amount of nanoparticles, ljotnd the variation rate pfdecreases as
Oincreases. Under the electric field of 10 V/cm, the nanopatrticle coverage of the EIJD generated
from 1 mg/mL (indicated by red rectangular points in Figguk2(b)) is around 5%. WhenO
increasedo 50 V/cm/ reduces to 3®. However, withthe further increasef the electric field

from 50 V/cm,] almost remains consta which only decreases from 38% to%85 This
phenomenon can be understdmked on the DLVO theory shown abounder an externally
applied ¢ectric field, the extra electrostatic force applies to the nanoparticles and the nanoparticles
get redistributed by moving closer to each ottieerefore the nanoparticle coverage of the EIJDs
decreases. However, @ repulsion force increases shanpith thesmaller separation distance
betweennanopatrticles, theeductionof the separatiordistance between nanoparticles decreases
under high electric field; hence, the variation rate of the nanoparticle coverage decreases with the

further increas of the electric field.

In describing the relationship between nanoparticle coverage and electric field quantitatively, two

normalized parameters, relative coverdg@ &nd relative electric fieldd ), were introduced:

(3-2)

(3-3)

wheref ; 5 is the nanoparticle coverage of the EIJDs under electric field of 10 V/cm. Based

on Equation & and 33, both the nanoparticle coverage and the electric éilddormalized. The
variation off as a function oD was plotted inFigure 3-12(c), and an empirical equation was

derived to give the relationshiyjgtween nanoparticle coverage and electric field strength
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Figure 312. (a) Microscopeémages of the EIJD fabricated from gfmL nanoparticle
suspension under different electric fisklengths(b) three typical examples of the variations of
nanoparticle coverage as a function of the electric field strength for the EIJDs carrying different

amount of nanopatrticles. The circupint, rectangular point and triangular point refer to the

ElJDs generated from 1.5 mg/mL, 1 mg/mL and 0.5 mg/mL nanopatrticle suspensions,

respectively(c) the variation ofelative coveragé¢ , with therelative electric fieldO . The

diameters othe EIJDs range frorB0 pm to 75um.

At least ten independent measurements were conducted to check the reliability of the results. The
consistency of the measurements of the nanoparticle coverage variation confirms the
reproducibility ofthe findings.The adjusted coefficient of determination between the experimental
results and the empirical equation is 0.998, which allows for accurate and precise prediction of

with the empirical equation. As shown kigure 312(c), based on the reduction ratél , the
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variation off can be divided into two stagessharplescent stagé () anda gentle descestage

(<). In the first stage® rangedrom 0 to 5,andthe decline of is significant with the increase

of O. ForO larger than 5, th second stage is reached. In this stage, the variatiorifimited
and’ approaches a constanith the increase dD . The EIJDs with the diameter ranging from

50 pum to 75um were chosen.

3.3.6 Microfluidic Method: Sessile Janus Droplets androplets with Heterogeneous Strips

The fabrication of sessile Janus droplets with different nanoparticlg3; &hd MgO, are shown

in Figure 3-13. As the metallic oxide nanoparticles and thkedroplet carry surface charges of
opposit e shiagnnosp a(riibi tbesoi A dropl et), when nano
of oil droplet, they are attracted and attach on the droplet. Under DC electric field, the nanoparticles
adhering on the oil droplet are driven to move on thavater interface lang the electric field
directionand accumulate to the rear end of the oil drbgUnder the applied electrield, the
nanoparticles accumulate to form compact nanec
clearly shown in the tim&apse sequeares of Figure8-13 that, as time goes by, more and more
nanoparticles assemble on the oil droplets and the accumulation areas of nanoparticles increases.
Within 1 min, the Janus droplets partially coated with nanoparticles form. Generally, the time
neededo form a certain size of the nanoparticle film on the oil droplet will be shorter when the
nanoparticle mass flow rate is high&s.both AbOs and MgO nanopatrticles are positively charged,

the resulting Janus droplets are electrically anisotropét,he part covered by the nanoparticles

carries positive charges and the oil surface without the nanopatrticle coverage has negative surface
chargesThe nanopatrticles on the right hemisphere of the Janus dimpied packedanoparticle

film under the elecic field of 150 V/cm Furthermore, if the nanoparticles are continuously
transported through the microchannel, more nanoparticles will deposit on the oil droplet surface,

and finally, the droplet will be covered completely by a homogeneous nanopalricle fi
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Figure 313. Time-lapse sequences of the sessile Janus droplets formation with@a) Al
nanoparticles and (b) MgO nanoparticles under externally applied electric field of 150 V/cm. The

diameters of the droplets are approximatelyb0

Figure 3-14(a) displays timelapse images for the formation of multiple strips of different
nanoparticle®n the surface of sessile oil droplet under the electric field of 150 V/cm. Be Al
nanoparticles and MgO nanoparticles are employed in this fabricétidhis figure, the AIOs
nanoparticle strip showdark color and MgO nanoparticitrip shows white color. One can see
that, by transporting different nanoparticles in sequence to the sessile oil droplet, nanoparticles
accumulate orderly and strip patterns cagémerated on the surface of the oil droplet. The width

of each nanopartiel stripe can be easily modulated by changing the amount of nanopatrticle
suspensiomjected into the microchannel while fabricating. By controlling nanoparticles delivery,
the Janus droplets and droplets with different strips can be fabriEagade 314(b) shows a Janus
droplet with one hemisphere coated withh@d nanoparticles and the other hemisphere coated
with MgO nanopatrticles. Figui@14(c) displays a droplet coated with three strips by assembling
Al203, MgO and A$Os nanoparticles on the oil doet in turns.As the ZnO nanoparticles also
carry positive surface charges in pH = 7 buffer solution, it is possible to produce ZnO nanopatrticle
films on oil droplets. Figur&-14(d) and (e) show a Zn@l>0s Janus droplet and a droplet with
Al203-ZnO-Al203 three strips, respectively. The 28k, MgO and ZnO nanoparticles have
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applications.

different physical and chemical properties, which give these droplets specific functions in potential
1+

P
2000

MgO AI203 AI203 MgO AI203 Zn0 ALO,  ALO; ZnO Al,O,

Figure3-14. (a) Accumulation of different nanoparticles on dessl droplet to form multiple

strips; (b) MgQAI.03 Janus droplet; (c) droplet with Zbs-MgO-Al 203 three strips; (d) Zn©

Al20s Janus droplet; (e) droplet with A)s-ZnO-Al 203 three strips. The electrical field applied

to the droplets while fabricating is 150 V/cm. The diameter of these droplets wtgeen 45
pm and 75am.

3.3.7 Microfluidic Method: Suspended Janus Droplets and Droplets with Heterogeneous

Strips

Similar to the fabrication of sessile Janus droplets, nanoparticle delivery and electrical field
assembly are essentialproducing suspended droplets. To hold a suspended oil droplet stationary
while the nanoparticles are moving in the microchannel, the suspeididplet is transported

with the flow into the microchannel and blockedapair of circular pillars. Ifrigure3-15, the
time-lapse mages are captured from a videothe formation of suspended droplet covered by
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a homogeneous film @&&l.03 nangarticles.Initially, the oil droplet is anchored between the two
pillars. When the nanopatrticles are delivered with flow and the electrical field is applied, the oll
droplet is covered by the positively charged nanoparticles from the right side graditialty42

S, a suspended Janus droplet with the right hemisphere covered with the positively charged
nanoparticles forms; and at 128 s, the oil droplet is fully coated by the nanoparticles and a
droplet covered with a homogeneous film of positivel\arged nanoparticles is formed. The

formation process of MgO or ZnO nanoparticle film on an oil droplet is similar.

Figure 315. Time-lapse sequences of the formatiorAbiOz nanopatrticle film on a suspended
oil droplet in a microchanneinder externldy applied electric field of 150 V/cm. The diameter of

the dropleis gpproximately 5Qum.

The microscope images of suspendedplets covered with two or three different nanoparticle
films are shown irFigure 3-16. Under the electric field of 150 V/cnthe different nanoparticle

films on a single suspended droet formed by controllinthe sequence ofanoparticle delivery

in a process similar to that described for Fig8u¥s. Figure3-16(a) and (c) indicate two Janus
droplets with the right hemisphes coated by ADs nanoparticles and the left hemispheres
covered with MgO nanoparticles and ZnO nanoparticles, respectively. The droplets covered with
three strips: AlOs-MgO-Al.03 or Al203-ZnO-Al 203, are also fabricated successfully, as shown in
Figure 3-16(b) and (d).As the nanoparticle strips possess different physical and chemical
properties, the droplets covered with multiple nanopatrticle strips are anisotropic. Based on the
color anisotropy and electrical anisotropy properties, the droplets camployed as pixel

elements in fabricating electronic paper and indicators to show the direction of electrical field. The
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droplets can also be used as-petipelled micromotor to deliver cargos relying on the selective
reaction between one of the stripglahe surrounding buffer solution. Furthermore, the droplets
have great potentials in material science, which can be regarded as build blocks to fabricate
superstructures through sal$sembly.

+* 1 Tt + 1 +* 1 T+t + 1

Figure 316. Microscope images of suspended droplets av@rith more than one nanoparticle
films. (a) MgOAI203 Janus droplet; (b) droplet with ZD-MgO-Al 203 three strips; (¢) ZnO
Al203 Janus droplet; (d) droplet with AD:-ZnO-Al 203 three strips. These droplets are
fabricated under the electric field of 150 V/cm and the diameter ranges frgm #&)60um.

3.4 Conclusions

This chapter presents novel techniques for fabricating EIJDs and droplets with heterogeneous
strips withnanoparticles under electric field. In the fabrication of sessile Janus dropletidoth t
micro-sized and macrsizedEIJDscan be produced. The final surface area that is covered by the
nanoparticles varies with the concentration of the nanoparticlpsrssierandthe applied electric

field. Generally, a higher concentration of nanoparticle suspensiorsresaldanus droplet with

a larger particle accumulation area. Increase in the applied electric field concentrates the charged
particles in a smallearea on the Janus drople®he suspended ElJDare developed from
nanopatrticlestabilized Pickering emulsion droplets by accumulating the nanopatrticles to one side

of the droplets under electric fiel&imilar to sessile EIJDshé nanoparticle coverag# the

56



suspended onésalsodependent othe concentration of nanoparticle suspension andléwotric

field strengththat the nanoparticle coverage increases with the increase of the concentration of the
nanoparticle suspension and the decrease ote¢htrie field strengthBased on the experimental
results, anempirical equationhas beerderived for calculating the nanoparticle coveraje
suspended EIJDas a function of the electric fiel@Vith the microfluidic method he sessile and
suspendedlanis droplets anddroplets with designed heterogeneous stigse formed by
controlling the deliveryf nanoparticlsto the surfaces of oil dropletShe fabrication techniques
shown in this chapter are simple, effective and economical, which cantdactedn manylabs.

The electrokinetipropertiesof the EIJDs will benumerically andexperimentally studied in the

following chapters.
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CHAPTER 4. Fundamental Research : Electroosmotic Flow Field around
ElJDs’

4.1 Introduction

In the previous chder, the fabrication of the electrically induced sessile Janus droplet is studied
and a guideline is provided to generate electrically inducedlanus droplets with controllable
coverage area by nanoparticlEsr an EIJD composed of a negatively chargadface on one side

and a positively charged surface on the other side, vortices around the Janus droplet may be
expected.The vortices around Janus droplets have many potential applicdiangxample,

mixing inside microchannels is a challenge dusnall Reynolds number, and the vortices around

Janus droplets can enhance the mixing and the Janus droplets may be regardeenaigenscro

In this chapter, the electroosmotic flow fields around sessile EIJDs under externally applied DC
electrical fieldare studiedA numerical model is set up to simulate the flow field around the Janus
droplet in electric fieldThe effects of the strength of the electrical field and the surface coverage

by the positively charged nanoparticles on the flow field are esudihe numerically predicted

results are further validated experimentally by visualizing the flow fields with tracing particles.
Furthermore, as the Janus droplets are generated in electrical field, the surface coverage by the
nanoparticles depends on #teength of the electric field; therefore, the effect of the electric field

on the nanopatrticle coverage of the Janus droplet and the flow field is analyzed.
4.2 Material and Methods
4.2.1 Theoretical Model and Numerical Simulation

Consider arEIlJD, oneside with positive surface charges, the other side with negative surface
chargegFigure 41(a)) immersed in an infinitely large aqueous solutelactroosmotic flow will

be generated around the droplatier electric fieldDue to the opposite signsz¥ta potentials on

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Vortices around Jaus Droplets under Externally Applied Electrical Fidlticrofluid. Nanofluid 2016
20, 79. https://link.springer.com/article/10.1007/s1040%6-1741-2
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differentsides of the Janus droplet, vortices will be produced in vicinity of the droplet because of
the opposite directions of electroosmotic flow on twe sidesof the Janus droplet. A multi
physics model iemployedto simulate th&eDL field, electric field and flow field of the system,

as described in the lfowing sections.

Aqueous
; Solution

1rr|

Janus droplet ZOW (nano

. LN
Oil droplet Nanoparticle
film

Figure4-1. (a) Schematic diagram of a sessile Janus droplet which is anchored on a solid surface

in an aqueous solution. (b) Schematic diagramefggometry of the simulation model.

4.2.1.1EDL Field

The PoissofBoltzmann equation is employed to describe the potential of EDLI fi¢&Y]:.
ny  —i WE— (4-1)

In this equationg is the valence of iong, is the concentration of ions in the bulk aqueous
solution, Qis the elementary charge, is the electric constant, is the permittivity of the

aqueous solutiorQ is the Boltzmann constant aids the temperature.
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The boundary conditions in different positions are set:

r - oil-water interface (4-2)
[ - nanoparticldilm (4-3)
here,— and- are the zeta potentials of the -wibiter interface and nanoparticle film,

respectively.
4.2.1.2 Electric Field

After applying the electric field to theystem the electric potentigioin the liquid can be

determiedbys ol vi ng t he Laplaceds equation:
N % TI (4-4)

The corresponding boundary conditions are:

5N %o T atthe oildroplet surface (4-5)
%0 %o at the electric field inlet (4-6)
%0 T at the electric field outlet 4-7)

where&is the unit vector normab the boundary%. is the voltage applied to the inlet of the

microchannel.
4.2.1.3 Flow Fields

At steady state, the flow field of the water pha®e)(is described with reduced Nawi8tokes

equationand the continuity equatida20]:

0 - &® 0 (4-8)

2B T (4-9)
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here— is the viscosity of the water phaseis the pressuré® is the local electric field ant

is the local net charge density in thater phase, which can be calculated:
(€] N %o (4-10)
" ¢E a Qides (4-11)

As the oil phase is electrically neutral, 18 equation of the flow field of the oil dropled() is

further simplified by neglecting the electridady force term:
0 — ® (4-12)
X6 (4-13)

The boundary conditions of the flow fields are:

® ™ nanoparticle film in water phase (4-14)
SN d 1 far field boundaries (4-15)
® T nanoparticle film in oil phase (4-16)

Due to themobility of the oilwater interface, the motion tife interfaces described by the electric
double layer + surface charges (EDL+SC) model with considering both velocity continuity and

shear force conservati¢h21i 124].

® o oil-water interface (4-17)
— —— — T oil-water interface (4-18)

In Equation(4-18), ,, is the local surface chaglensity:

, i (4-19)

I G aQj-- QY (4-20)
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4.2.1.4 Numerical Simulation

Based on the theoretical analysis shown above, the-physics simulation was conducted with
commercial finite element softwar€OMSOL 4.3b. The geometry of the model is shown in
Figure 41(b). For meshing the computation domain, extremely fine mesh elements were employed
at the oitwater interface and the microchannel wall to simulate the liquid motion inside EDL. The
total numbe of meshes used in this simulatiorl&l,034 The parameters used in this simulation

are listed in Table4.

Table 4-1. Parametersused in the simulation

Parameters Values

Permittivity of vacuum £ (C/V m) 8.854¢10 12
Dielectric constant of waterk.. 80
Viscosity of watert., (Pa:s) 0.001
Density of waterz ., (kg/m3) 1000
Viscosity ofoil £, (Pa:s) 0.05
Density of oilz, (kg/mq) 900
Diameter of thedroplet ™ (um) 200
Length of the computation domain= (pum) 4000
Width of the computation domainsr (um) 4000
Temperature 4| (K) 298
Zeta potentialon positively charged surface of the Janus droplet 60

t. 4. (MV)

Zeta potential on negatively charged surface of the Janus droplet 20
t. . (mV)

4.2.2 Experimental Setup

The sessile EIJDs were generated with the method shown in sectiorrBaeder to visualize the
fluid flow around the sessile Janus dropitherical polystyrene particles (Bangs Laboratories
Inc., IN, USA)with the diameter of 1 unwereusedas the tacing particles. The experimental
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systemis shown in Figure €: a petri dish to hold a sessile oil droplet covered with aluminum

oxide nanoparticles in water, a DC power supply (CSI112001X, Circuit Specialist Inc., USA), a
microscope imaging syste(i-E, Nikon, Japan). During the experiment, the petri dish pds

on the stage of the microscope. The electric field was applied by the DC power supply through
two electrodes immersed in the aqueous solution. The strength of the electric field can be adjusted

by controlling the output voltage of the DC power supply. The microscope with a digital camera
(DS-QilMc, Nikon) wastakent o vi sual i ze the trace particles

The images can be captured by the digital camera addsarcompter to be saved and analyzed.

E CCD Camera

Microscope

Petri Dish

Computer

DC Power Supply

+

79

Figure4-2. Schematic diagram of the experimental system for studying electroosmaotic flow field
around a Janus droplet.

4.3 Results and Discussion

For asessile EIJDwith one side carrying positive surface charges andther side carrying
negative surface charges, vortices cardomed in theneighborhoodf the Janus droplet under
externally applied electrical field. Figure34a) shows the typical flow stream patterns around a
Janus droplet of 200m in diameteunder applied electric field A40/cm. In this case, the positive

surface charges are on the rifpiaind side of the droplet; and the negative surface charges are on
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the lefthand side of the droplet. As one can see in this figure, two vortices were g&iaeoaied

the droplet because of the zeta potential difference between the two sides of the droplet. Because
the absolute value of zeta potential on the right hemispheren{¥$s larger than that on the left
hemisphere-(40 mV), the electroosmotic flowrothe right hemisphere dominates the flow and
hence the two vortices stay on the left side. Verification experiment was conducted at the same
electric field of 40v/cm. A Janus droplet with the diameter of 1i#l was generated by following

the procedureseascribed above. As shown in Figur&@), two vortices formed on the left side

of the Janus droplet. The comparison of FiguréXad and (b) indicates that the numerical

prediction agrees well with the experimental observation.

— | e -~
]

S e i

U

Figure4-3. Flow field around a Janus droplet under the electrical field df/¢én. (a)Numerical
result with the red section carries negative charges and the blue section carries positive charges;
(b) experimental observation of a sessile Janus droplet partially covereduitikigly charged

aluminum oxide nanoparticles under the same electric field.

4.3.1 Effect of the Applied Electric Field

It is well known that electroosmotic velocity is directly proportional to the applied electric field.
To study how he vortices vary wh electricfield, the numerical simulations for three different
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strengths of electric fields were conducted. Figudga), (b) and (c3hows the flow fields around

the same Janus droplet under three different electric fields, 40V/cm, 50V/cm and 60V/cm
respectively It can be seen frothese figureshat two vortices were formed on the {8find side
(negatively charged surface) of the Janus droplet under different applied electrical fields.
Comparison of the three cases in Figdié(a), (b) and (cklearly shows that when the surface
coverage of the Janus droplet by the nanopatrticles is fixed, 50% in this case, the externally applied
electrical field has no appreciable effect on the location and size of the vortices. As the electric
field increases, theelocity of the two opposite electroosmotic flows from the two hemisphere
surfaces all increases. Therefore, the locations of the vortices remain the same. However, the

rotation speed of the vortices becomes larger.

In order to experimentally verify th@rediction of the above numerical simulatioas,oil droplet
covered with aluminum oxide nanoparticles was generated in a plastic petri dish. To make the
accumulation area of the nanoparticles unchanged under different externally agdteidal

fields, the electric field of 6&/cm was appliedrom left to rightfor a period of 2~3 minutes. This
electrical field was strong enoughgash the nanoparticles to accumulate to the right hemisphere
of the oil droplet andnake them tightly packed with each other; so that, when the external
electrical field was reduced to 50 V/cm or 40 V/cm, the aggregated nanopatrticles were kept in the
original area (the right hemisphere). In this way, a Janus droplet with a fixed surface coyerage b
the nanoparticles under different applied electric fields can be studied. Bigig to (f) show

the vortices around the Janus droplet of @i70in diameter under different applied electrical fields.

In order to see the vortices clearly, only the ieed near the ufeft quarter of the droplet were
shown.All of the three pictures presented in Figdrd(d), (e) and (fwere taken with the same
exposure time of 200 ms. Therefore, the strength of the vortices under different applied electric
field canbe obtained by comparing the length of the streak lines of the tracing pafgles.
comparing the three pictures in this figure, the same conclusion can besdbtaithe electric

field increases, the strength of the vortices increases while the foeatiosizeof the vortices

remains unchanged.
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Figure4-4. (a)-(c) Vortices around a Janus droplet under different applied electrical fields as
predicted by numerical simulation. The red hemisphere carries negative surface charges and the
blue hemispherearries positive surface charges.Ka) 40V/cm; (b)E =50V/cm; (c)E =60
V/cm. The direction of red arrows represents that of the fluid flow, and the length of red arrows
is proportional to logarithmic flow velocity of the flui¢d)-(f) Experimentally observed vortices

around the Janus droplet with the diameter of 170um under electricdied@®@d//cm (d), 50

V/cm (e) ande0 V/cm (f).

4.3.2 Effect of the Surface Coverage of the EIJDs

The surface coverage of the Janus droplet by thepaaides is another factor that will affect the
vortices. As mentioned above, when tiamoparticle surface coverage of #amus droplet iIS0%

because the absolute value of the zeta potential on the surface of aluminum oxide nanopatrticles is
larger tha the zeta potential of the ailater interface, the electroosmotic flow on this hemisphere
covered with nanoparticlesill dominate the flow around the droplet, and two vortices will be
generated on the other hemisphere of the droplet. When the accamatat of the nanopatrticles

is larger, the electroosmotic flow on the positively charged surface becomes dominant over the

opposite electroosmotic flow generated on the negatively charged surface. This results in vortices
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on the negatively charged side thie droplet. However, when the accumulation area of the
positively charged nanoparticles is small enough, the electroosmotic flow on the negatively
charged surface will dominate the flow field around the droplet and the two vortices will be
positioned orthe positively charged side of the droplet. Figt#eshows the vortices around Janus
droplets with different surface coverage by the positively charged nanoparticles. As shown in
Figure4-5(a), when the positively charged section (bine) is larger tlan the negatively charged
section black ling, the electroosmotic flow from the blue area is stronger which forced two
vortices to be formed on the other side of the oil droplet. However, the vortices will occur on the
positively charged side when the e coverage by the positively charged nanoparticles
becomes sufficiently small and the electroosmotic flow from the negatively charged section

becomes dominant, as shown in Figdus(b).

Figure4-5(c) and (dshows the experimentally observed changiefvortices position with the
surface coverage of the droplet by positively charged nanoparticles. The Janus droplets with
different surface coverage were generated by depositing different volumes of nanoparticle
suspension over the oil droplet. Applyiadarger volume of the nanoparticle suspension results in

a larger number of nanoparticles on the droplet suriéfth. the externally applied electric field
unchangedat the final statehe larger number of nanopatrticles leads to a larger accumulegasn a

on the droplet surface. As can be seen in Figts€), when— p p 11.8., the positively charged
nanoparticles cover the majority of the droplet surface, vortices form on the side of the pure oll
water interface. However, whea @ 1 J.e., the posively charged nanoparticles cover only a
small fraction of the droplet surface on the riphnd side, vortices occur on the side of the droplet
facing the negative electrode, as shown in Figeéd). In order to show the vortices clearly, only

one vorex and one quarter of the droplet were showth@se two figuresClearly, the predicted

results by numerical simulation and the experimental observation are in good agreement.
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Figure4-5. (a)-(b) Vortices around Janus droplets with different surface areas covered by
positive surface charges under electrical field 60V/Ehe blueline carries positive surface
charges. The surface coverageds p p 1€ta) and—¢ ¢ 1(b). (c)-(d) Experimentally

observed vortices around Janus droplets with different surface coverages by the positively

charged nanoparticles under electrical fieldMd€m. The surface coverage4d¢ p p T(C)
and—¢ @ m(d).

4.3.3 Effect of the Electric Field on the Surface Covege of the EIJDs and Vortices

In section 4.3.1, to analyze the influence of applied electric field on the vortices, we kept the
surface coverage of the Janus droplet unchanged by making the nanopagtittiepackedwith

each other under high electrielil. However, under relative low electric field for limited time, the
nanoparticles and cluster wondt aggregate wit
of the Janus droplet is dependent on the applied electric\fidldn the external eleatal field is

applied, the positively charged nanoparticles matvéhe interfacainder the external electrical

field force and accumulate to one polar of the oil droplet. As the accumulation of these
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nanoparticles, the electrostatic repulsive force batwiee particles gets largekt final state the

two forces acting on the nanoparticles, external electric force and repulsive force, are palanced
andthe surface coverage by nanoparticles of the Janus droplet remains unchamgaakr, once

the strengttof the electric field changes, the electric force acting on the nanoparticles changes,
which will result in the variation of the nanoparticle surface coverBge example, when the
electric field increases, the electric force will increase and the destagtween the nanoparticles

will decrease; therefore, the nanoparticle surface coverage decreases finally.

Figure 46 shows the variation of the surface coverage by nanoparticles and vortices around the
same Janus droplet under different electric fiel@¥//cm and 60V/cm. As shown in Figuresfa),

under the electric field 40V/cm, the nanoparticles are pushed to accumulate to the right side of the
oil droplet and leave the pure-eviater interface on the left side. Small vortex foonghe side of

the pue oilwater interface When the electric field increases to 60V/cm (Figwé(l®), the
accumulation area of the nanoparticles decreases and leave a larger blank area on the other side;

therefore, the vortex get larger and stronger.

Figure4-6. The variation of the surface coverage of the Janus droplet and vortices around it with
different strengths of externally applied electrical fields (droplet diamdet&?15um). (a)E =
40V/cm; (b)E = 60V/cm.
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4.4 Conclusions

Vortices around Janus dro@edre studied in this paper. The results of the numerical simulations
show that two vortices can be generated in the surrounding area of the Janus draplet und
externally applied electriteld. By comparing the numerical results under different circuncsts,

the following two conclusions can be drawn:

(a) If the surface coverage of the Janus droplet by the positively charged nanoparticles is
the same, the strength of the vortices increases with the applied electric field,;

(b) The variation of the surée coverage of the droplet by the positively charged

nanoparticles will result in the change of the size and the location of the vortices.

(c) As the Janus droplstare generated under elecfiedd, the strength of the externally
applied electric fieldaffects the accumulation area of the particles on the dr@plet
surface coverage) within a certaimge of the electrifield. Generally, the accumulation

area of positively charged particles decreases as the increase of the strength of the electric

field; therefore, the size, position and strength of vortices vary with the electric field.

These findings are validated experimentally by visualizing the vortices around Janus droplets that
are partially covered with positively charged aluminum oxide natiofes. The studiesin this

paper are important which can be used to develop novel technology for sorting and separation.
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CHAPTER 5. Fundamental Research :Nonlinear Electrokinetic Motion of

EIJDs in Microchannels undera Relatively Weak Electric Field

5.1 Introduction

As one of the electrokinetic phenomeekectrophoresis has been used as an efficient analytical
technique in many fields, such as biomedical scigt2®,126] biochemistry[127i 129] and
colloidal sciencg130]. For example, Huang et §1.28] separated different size DNA molecules
successfully in a micrpost array based on the electrophoresis of the DNA molecules. By applying
asymmetric pulsed electric fields, the DNA molecules with different sizes undergo different
electrophoretic velaties in the array and are sorted in different directions. Generally, for a
uniformly charged particle with a thin electric double layer (EDL), the electrophoretic vedbcity

the particlén a bulkstationaryliquid ('Y ) is proportional to the strergof the externally applied

electric field ®), which is given by the weknown HelmholtzSmoluchowski equatiof131]:
y —0O ° 0O (5-1)

where- and- are the permittivity of vacuunand the bulk liquid, respectively is the
viscosity of the liquid;- is the zeta potential of the particle, dnd is called the electrophoretic
mobility. When the particle is injected into a microchannel, the motion of the particle results from

both the electrophoresis of the particle andelleetroosmotic flow (EOR)f thebulk liquid in the

microchannel. The velocity of the electrokinetic mofit? , is characterized by:

Y — - -0 (5-2)

where— is the zeta potential of the microchannel wall. According tadtgn (5-2), the

electrokineticvelocity of the charged particle also has linear relationship with the elekiic

" A similar version othis chapter was submitted or published as:
Li, M.; Li, D. Nonlinear Electrokinetic Motion of Electrically Induced Janus Droplets in MicrocharSbenitted to

Journal of Colloid and Interface Science
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For the electrophoresis of dropletsth uniformly surface charges, both experimentally and
theoretically studies have been reported extensively. Theoretically, Ri®#hfirst derived a
formula for the electrophoretic velocity of charged droplets in terms of the applied electric field
by retaining spherical shape of the droplets and neglecting the retarefiicth However, the
formula disagrees with the experimental findifi33]. Later, Baygents and Savill#34] studied

the electrophoresis of naonducting droplet They found that the liquid droplet performs as solid
particle with the adsorption of ionic solutes and polarization. The expresstenelectrophoretic
mobility of a droplet in a safree medium was derived by Ohshifd®5], which is a function of

the size,viscosity and zeta potential of the liquid droplet. Experimentally, the effects of the
concentration of surfactant, pH value and ion strength on the electrophoresis of charged oil droplets
were studied in some published papers, respectiud@ 139]. Overall, the concentration of
surfactant, pH value and ion strength efféhe electrophoretic motion by changing the zeta
potential of the oil droplets. While keeping tlabovementioned parameters fixed, the
electrophoretic mobility remains a constant value regardless of the electric field strengths;

therefore, the electrophetic velocity increases proportionally with the electric field strength.

As illustrated in Chapter 3, the EIJDs were fabricated by partially covering oil droplets with
nanoparticles. As the nanopatrticle coverage of the EIJDs is elexdponsive, thelectrophoretic
mobility of the Janus droplet varies with electric field, which leads to nonlinear relationship
between the electric field and te&ctrokinetic velocityln this chapter nonlinear electrokinetic
motion of the EIJDs in a microchannel wasdéed under both constant and thverying electric

fields. The lag of the variation of nanoparticle coverage of the EIJDs behind the change of electric
field was characterized by measuring the evolution time of the nanopatrticle film under different
electic field strengths antly comparing the variations of nanoparticle coverage under different
time-varying electric fields. In the study of the electrokinetic motion of the EIJDs in a
microchannel, thelectrokineticvelocities of the EIJDs under differeglectric field strengths and

different timevaryingelectric fields were measured, respectively.
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5.2 Experimental Section
5.2.1 Preparation of EIJDs

The EIJDs can be formed easily by applying direct current electric field to 10e Wdnoparticle
stabilized Pickering emulsion dropleBriefly, prepareAl 2Oz nanoparticlesuspensions by adding
Al203 nanoparticlegUS Research Nanomaterials Iri8 nmin average diametemnto water and
dispersing the nanoparticles with ultrasonic walken, emulsify oil (canola oil, 100% pure,
Mazola Corporation) into continuous water phase through vibration. T#@; Abnoparticle
stabilized Pickering emulsiooan be formed by adding00 pL emulsion dropletsnto Al>O3
nanoparticlesuspension. Final] the suspended EIJDs can be formed by applying electric field to

the Pickering emulsion droplets.
5.2.2 Fabrication of Microfluidic Chip

The microfluidic chip was preparedlith soft lithography methodin brief, a master with the
designed patterns wasrsttured first by following the processes of spoating, baking,
exposuring and developing. After the master was fabricated, the pattern was duplicated by pouring
PDMS-curing agent mixture (10:1, w/w, Sylgard 184, Dow Corning) onto it and heatingsat 80

for 1 h. After peeling off the cured PDMS layer from the master, and the microfluidic chip was
formed by bonding the PDMS layentoa glass substrate (VWR, VWR International) following

plasma treatment (Harrick Plasma).

In the studyof the effect of theelectric field strength on the nanoparticle coverage of EIJDs and
the electrokinetic velocity of EIJDs, straight microchannel was designed and fabricated. The
schematic diagram of the microchannel is showRigure 51(a). The size of the channel is finc

x 500um (lengthx width) with its two ends connecting to the confinement chamber and the outlet,
respectively. The confinement chamber is circular with the diameter of 8 mm for holding the
emulsion droplets. An inlet well is punched on the confinement chamber. Whilergfutig
nanoparticle coverage, the target EIJD should remain stationary for measurEmeeetore, to
block the movement of EIJD under electric field, a pair of circular pillargu(@53n diameter) is

set in the downstream of the channel, as labellddgare 51(a). The centeto-center distance

between the two pillars is @In. The height othe microchannak 80pum.
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Figure 51. (a)Schematic diagram of the structure of the microfluidic chip; (b) schematic

diagram of the experimental setup.

5.2.3 Aralysis of Nanoparticle Coverage Evolution with Electric Fields

The nanoparticle coverage of the EIJDs can be detected under a microscope with the method and
eguation shown in section 3.2.2The experimental setup consists of a microfluidic chip, a direct
current (DC) power supply, a brigfield microscope (Nikon FE) and a computer. The electric

field was provided by the DC power supply through two platinum electrodes, the strength of which
is adjustable by changing the output voltages of the powerlyspmure 51(b)). In the
experiments, the microchannel was wetted first by adding deionized watenloiritd the outlet.

Then, 5pL Al 203 nanopatrticlestabilized emulsion droplets were added through the confinement
chamber. Following this, deionizedater of 5QuL was added into the inlet well. Due to the liquid

level difference between the inlet well and the outlet well, the droplets was driven to move into
the main channel, and one of the droplets can be trapped by the pillars in the downstream of th

channel. Afterwards, the liquid level of the wells was balanced carefully by dropping deionized
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water into the outlet well gradually. The electric field was applied by a power supply through the
electrodes inserted in the wells. In the studies of thecetif the electric field strength on the
nanoparticle coverage at steady state and the evolution time of the nanoffartioteler different
electric field strengths, four seryalconnected DC power supplies (CSI112001X, Circuit Specialist
Inc.) were emloyed to provide the voltage. In the study of the variation of nanoparticle coverage
under timevarying electricfields, the pulseé electric fields were generated with a programmable
power supply (BK Precision 1698, Yorba Linda, USA). In the experim#rgsmages of EIJDs

were taken continuously by the microscope for later measurement and calculation.
5.2.4 Measurement of Electrokinetic Velocity

The electrokinetic velocities of EIJDs under different electric fields in a microchannel were
determinedy measuring the moving distance of EIJDs within a certain time inteBradfly, the
electric field, directed from inlet well to outlet well, was applied to the trapped droplet to fabricate
EIJD. After this, the direction of the electric field was switchaggated from outlet well tanlet

well, to drive the EIJD moving away from the pillafss the EIJD is electrically anisotrigpwith

the switching of the electric field, the EIJD rotates to make its nanoparticle coatéackaerd
theelectric field costantly.Followingthis, the electrokinetic motions of the EIJD in the upstream
of the microchannel under different electric fields were recorded at a rate of 25 franhes/s.
accuracy of this systenm determining the position of dropletgas approximately® 2 pixels
corresponding t6 1.1um. By analyzing the recordings, the electrokinetic velocities of the EIJDs
were obtained finally. The electrokinetic velocities of EIJDs in both directions (towards both inlet
well and outlet well) were meared, respectively, to eliminate the hydrostatic pressure effect. In
the studies of the electrokinetic motion of EIJDs under different electric field strengths, four
seriallyconnected DC power suppliegere employed to provide the voltage. While in thelgt

of the electrokinetic motion of EIJDs under tivarying electric fields, the programmable power
supply was used to generate tiraying electric fields. To indicate the effect of thwarying
electric field on the electrokinetic motion, pulse eledfields with differentvariation speeevere
applied to the microchannel.
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5.3 Results and Discussion
5.3.1Evolution Time of the Nanoparticle Film

After applying electric field to th&l>0s nanoparticlestabilized Pickering emulsioelectrostatic

forces are exerted on the nanopatrticles, and the nanoparticles undergo electrokinetiomibé&on

oil droplets The moving direction of the nanoparticlegdisnticalto that of the electric field. The
movingvelocity of the nanoparticlesepend on the electric field140]. Generally, as the electric

field strength increases, the velocity of the nanoparticles increases. Furthermore, as shown above,
the variation rate of the nanoparticeverageand hence the moving distance of the nanoparticles
decreasewith the further increasof the electric fieldwhen the applied electric field becomes
relatively higherDue to the combined effects of the increased velocity and the decreased moving
distance, the evolution time of the nanopatrticle film decreases withctieasef the electric field.

To study the effect of the electric field on the evolution time of the nanoparticle film of the EIJDs,
the electric field applying to the EIJDs was increased gradually from 10 V/cm to 50 V/cm with the
interval of 10 V/cm. Undea givenelectric field stregth, the variation of the nanoparticle film

was recorded, and the evolution time was measured with the recorded videos. The variation of the
evolution time with the electric field is plotted Figure5-2. As shown in this figurethe time
decreases sigmifantly with the increase of the strength of the electric field. Initiallyh O= 10

V/cm, it takes approximately 35 s for the nanoparticles to accumulate to the steady state. However,
whenOincreases to 50 V/cnonly 5 s isneededor the EIJDs toeachthe steadystate. It should

be noted that, the evolution time of nanopatrticle film of the EIJDs were measured and analyzed
only in the electric field increasing peridfhen the electric field starts to decrease gradually from

50 V/cm, the nanopartiel coveragechanges very slowlyand the nanoparticles get dispersed
quickly only under weak electric field (smaller than 10 V/cm). Therefoi®hérd to measure the
evolution time of the nanopatrticle film in the decreasing pesfdtieelectric field.Each test was

repeated 10 times to calculate the average time and standard deviation.
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Figure 52. Effect of the strengtbf the electric fielcbn the evolution time of the nanopatrticle
film of the EIJDs.The diameters of the EIJDs range fréfhum to 75um. The EIJDs are

formedfrom 1 mg/mL nanoparticle suspension.

5.3.2 Variation of Nanoparticle Coverage of EIJDs under Timerarying Electric Field

The variation of nanoparticle coverage of the EIJDs is different under differenvdiryiag
electric fields. As the evolution of the nanoparticle film of the EIJDs takes tivae/ariation of
nanoparticle coverage lags behind the variation of the electric field. The lag of the variation of
nanoparticle coverage is dependent on the speed alebtic field. Generally, the faster the
variation speed of the electric field, the more significant the lag of the nanopacideage
variation. The variations of the nanopatrticle coverage of an EIJD under differeniaigieg
electric fields are shwn inFigure5-3(a), (b) and (c)respectively. The electric fields are pulsed,
which increase from 0 to 50 V/cm then decrease to 0 withime periodo. As shown in these
figures, the variation gf (nanoparticle coverage) is different betwedbe ircreasing and the
decreasing periadof the electric fieldUnder the same strength of electric fi¢ldn the increasing

period is larger than that in the decreasing period. This is because that, in comparison to the
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accumulationof the nanoparticles ithe electric field increasing period, the dispersion of the
nanoparticles with the decrease of the electric field is very slow. Hence, the lagafigtienof

[ is more significant in the decreasing process. To make convenient comparison, theufitasy

of [ under the timevaryingelectricfields witho=20 s, 40 s and 60 s are plotted in the same figure
(Figure 5-3(d)). As shown in this figure, with the decreaseopthe lag of becomes more
significant. As a result, in the increasing prex¢the upper side of each curye)ncreases with

the decrease d@funder the same electric field strength. For the decreasing process, the variation
trend is adverse thatdecreases with It should be noted that, to make accurate comparison, the
same EIJD was employed and analyzed under the three different electric fields. 5 measures were

conducted at each point to get the average nanoparticle coverage and the standard deviation.
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Figure 53. (a)-(c) The variation of nanoparticle coverage undéerkent timevaryingelectric
fields witho= 20 s(a), 0= 40 s (b) and= 60 s (c). (d)rhe fitting curves of—under different
time-varyingelectricfields. The EIJD is developed frolmmg/mL nanoparticle suspensiaith

the diameter of approximately pon.

78



5.3.3Electrokinetic Motion of EIJDs in aMicrochannel

The electrokinetic motion of EIJDs in a microchannel is determined by the effects of the
electrophoresis (EP) of the EIJDs atiee electroosmotic flow (EOFn the microchannel.
Generally, for the droplets with fixed topology, both the EOF antdds# linear relationship with

the electric fieldstrength therefore, the combined electrokinetic veloaitgreaseproportionally

with the electric field. Howevefor the EIJDs, the nanoparticle coverage changes with the electric
field, as shown in Figure-B2. This leads to nonlinear variation of the electrokinetic velocity of
the EIJDs with the electric field. The experimentally measured electrokireticitiesof EIJDs
generated by using mg/mL nanopatrticle suspension under different electric fields are shown in
Figure5-4. As shown in this figure, the measusmddctrokinetic velocity increasesth the electric

field strength When the electric field increasé®m 30 V/cm to 50 V/cm, the EOF in the
microchannel increases with the electric field while the nanoparticle coverage of the EIJDs
decreases significantly. When the electrophoresis of the EIJD is weaker the@fhia the
microchannel, the EIJD will caed by the EOF to move with the surrounding liquid. The
increasing EOF leads to the increases of the electrokinetic velocity of EIJDs. The electrophoretic
mobility is the ratio between the eleqitwreticvelocity and the electric fielstrengh, as indiated

in Equation (5-1). For an EIJD with surface aré¥and nanoparticle coverage f, the
electrophoretic mobility of the EIJD is related to its average zeta potedtidihe average zeta
potential of the EIJD is obtained [85]:

- -QY- o0p 71 - 92 (5-3)

where,— is the local zeta potentiat, and-— are the zeta potentials of the-wiater interface
and the nanoparticle film of the Janus droplet, respectively. In agueous selutisnegait/e,
while — IS positive[141i 144). Based on Eaption (53), the reduction of nanoparticle coverage
of the EIJDs[() with the electric field increase lés to both-fand hence the electrophoretic
mobility of the EIJDs decreaséss a result, thencrease of thelectrokinetic velocity of the EIJDs
slows downslightly asthe electric field strengtincreasesWhenQOis larger han50 V/cm, the
effect of dectric field on the variation of the nanoparticle coverage is limiteerefore, the
electrghoreticvelocity increasealmostlinearly with the electric fieldAt least 20 measurements

were applied under each condition.

79



240

220 -
200 -
180
160
140
120
100 -
80 -
60 -
40 -

Velocity (um/s)

20

40 50 60 70 80

E (V/cm)

90

Figure 54. Experimental measureaslectrokineticvelocities of the EIJDs generated from 1

mg/mL nanoparticle suspension as a function of the electric field. The diameter of the EIJDs

ranges fronb0 um to 75um.

5.3.4 Electrokinetic Motion of EIJDs under Timevarying Electric Fields

The variation ofthe electrokinetic velocity othe EIJD fabricated from 1 mg/mL nanoparticle

suspension under timaarying electric field is shown inFigure 55. The schematic diagram of

the motion of an EIJD in a microchannel under pailsiectric field is shown ifigure5-5(a). As

the lag of the variation of nanoparticle coverage takes place undevdnyiagelectric fields, the

variations of theslectrokineticvelocities of the ElJDare different under different electric fields

Thevariatiors of theelectrokinetiovelocity of the EIJD under differetime-varyingelectric fields

areshown inFigure5-5(b) to (d),respectively.
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Figure 55. (a) Schematic diagram of tledectrokinetianotion of the EIJD under tirrearying
electric field. (bj(c) The variation of electrokinetieelocities of EIJDs under tirrearying
electric fieldwith 6=20 s (b),0=40 s (c) an@= 60 s (d) The diameter of the EIJD is
approximately 7Qum. The black rectangular points represent teeities at increasing period
of electric field. The red circular points represent the velocities at decreasing period of electric
field.

The electrokinetiwelocitiesof the EIJDin the increasing period of electric field are shown by the
black rectangiar points, and those the decreasing period are shown with the red circular points.

As shown in this figures, at the increasing period, with the increase of the EOF in the microchannel,
the electrokinetic velocity increases. However, due the reductithre manoparticle coverage of

the EIJD as the electric field increases, the electrophoretic mobility decreases gradually. Therefore,
the combined electrokinetic velocity increases with gradually decreasing slope. The situation is

reversed in the decreagiperiod, that is, the electrokinetielocity decreases with increasing rate.
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This variation of the electrokinetic velocity results from the decrease of the EOF and the increase
of the electrophoretic mobility of the EIJD with the decrease of the el&eldcstrengthDue to

the lag effect, the nanoparticle coverage of the Eldftee increasing period is larger than timat

the decreasing periaghder the same strength of electric fighence, theelectrokineticvelocity

at increasing period is largeThe comparison betwedfigure 5-5(b), (c) and (d)ndicates that

with the increase ob, the lag effect becomessignificant and the difference between the
velocities in different periods gets smaller. In the experiments, at least 20 measurements were

appliedunder each condition.
5.4 Conclusions

The nonlinearelectrokineticmotion of EIJDs in a microchannel was studied is thapter The
ElJDs were fabricated byperating aluminum oxide nanoparticles to partially cover one side of
the oil droplet under electric fieldhe nanoparticle coverage of the EIJDs was dependent on the
electric field strengthGenerally asthe eledtic field strengthincreasesthe nanoparticle coverage

of the EIJDs decreaseBhe lag of the variation of the nanopatrticle coverage of the BEMibs
respect to the applied electric fieldas studied under different pulsed electric fields. The
experimendl results indicate that, due to the lag effect, the variation of the nanoparticle coverage
is different betweetheincreasing anthe decreasing periods of the electric field. The faster the
variation of the electric field, the more significant the |fga. Because otfhe variationof the
nanoparticle coverage of EIJDs, takectrokineticvelocitiesof EIJDsin a microchannel were
affected. As the electric field increases, ¢hextrokinetiovelocity of the EIJDs increases while the
electrophoretic mabty decreases. Therefore, tledectrokineticvelocity of the EIJDs increases
nonlinearly with the electric field strength. Under tiwaayingelectric fields, due to the lag effect,

the variations of thelectrokineticvelocity are different in thencreasing and decreasing periods

of the electric fieldUnder the same electric field strengtie electrokineticvelocity of the EIJDs

in the increasing period is larger than that in the decreasing period.
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CHAPTER 6. Fundamental Research : Electrokinetic M otion of EIJDs in

Microchannels undera Relatively High Electric Field”

6.1 Introduction

In chapter 5, the electraketic motion of the EIJDs underelativdy weak electric field is studied.
Underthe electric field smaller than 50 V/ciihe nanoparticle coverage of the EIJDs changes
significantly with the electric field strength; therefore, the electrokinetic velocity of the EIJDs is
nonlinearly proportional to the electric field strength. However, this situation is diffenelatr
electic field higher than 50 V/cm. As shown in section 3.3.6, the nanoparticle coverage of the
ElJDs almost remains constant when the electric field becarges lthan 50 V/cm. As a result

the electrokinetic motion of the EIJDs undeelativdy high electrc field is different.

In this chapter, the electrokinetic motion of the Eldfth fixed nanoparticle coverageas studied

both numerically and experimentally. Numericallghaoretical modek constructed to calculate

the electrokinetic velocity of théanus droplet by considering the force balance on the surface of
the Janus droplet at steady state. In the model, the effects of the electric double layer and surface
charges on the motion at the-wiliter interface are considered. The effects of fiverpatars on

the electrokinetic motion of the Janus dropketsstudied: the strength of the electric field, the

ratio of the zeta potential of the positively charged side of the Janus droplet to that of the negatively
charged side, the ratio of the viscg2f the oil phase to that of the water phase ntmgopatrticle
coverage of the Janus droplet, and the ratio of the diameter of the Janus droplet to that of the
cylindrical microchannelTo confirm the numerical findingshe electrokinetic motion of the

EIJDs in a microchannel under electric field larger than 50 V/cm is studied, and the numerical

results and the experimental results are compared.

* A similar version of this chapter was submittegbablished as:

(a) Li, M.; Li, D. Electrokinetic Motion of an Electrically Induced Janus Droplet in Microchanhitsrofluid.
Nanofluid 2017, 21, 16. https://link.springer.com/écle/10.1007/s1040016-18387

(b) Li, M.; Li, D. Fabrication and Electrokinetic Motion of Electrically Anisotropic Janus Droplets in Microchannels
Electrophoresis2017, 38, 287-295. https://onlinelibrary.wiley.com/doi/abs/10.1002/elps.201600310
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6.2 Theoretical Model

We consider aelectrically induced Janus oil droplet with one side covered with a carayac

of positively charged nanoparticles in a circular microchannel filled with an aqueous solution, as
shown in Figures-1(a). The oilwaterinterfaceof the droplet without the nanopatrticles carries
negative surface charges. To simplify the model,gtaity effect is neglected and the Janus
droplet is suspended at the center of the microchaAseiwo sides of the Janus droplet carries
opposite surface charges, a dipahactric double layer (EDL) forms in the vicinity of the Janus
droplet. Under eternally applied electrical field, electroosmostic flows are generated in opposite
directions on different sides of the Janus droplet, which results in vortices around the droplet and
affects the electrophoresisthe Janus droplet (Figuéel(b)). The nteraction between the electric

field and the net charges in the EDL of the channel wall generates electroosmotic flow (EOF) in
the microchannel. Both the electroosmotic flow in the microchannel and the electrophoresis of the
Janus droplet contributes tioet motion of the Janus droplet. Furthermore, thevater interface

on the side of the Janus droplet without the presence of the nanoparticles is tinetgfere, the
external bulk EOF in the microchannel and the EOF along theatér interface will mnduce
axisymmetric vortexes inside the droplet, which also affect the droplet motion. It should be noted
that under electrical field, tHelJD is aligned with the positively charged side facing the cathode
and the negatively charged side facingdhede At steady state, the Janus droplet moves along

the microchannel translationally without rotation.

As shown in Figuré-1, thecylindrical coordinateystem is set up with the origin poi@, located
at the center ofhe moving droplet; therefore, relagivo the coordinate, the Janus droplet keeps
stationary and the channel wall moves with the velocity & where'¥ is the velocity of the
droplet motionThe angle between the center line of the microchannel and thevadiat from
the center of the Janus droplet to the boundary of the nanoparticle covered area is defiged as

This angle—#¢ is used to indicate the nanoparticle coverage on the daopiet.

To simplify the model, the following assumptions have been made: (1) Compared with the
diameter of the oil droplet, the thickness of the nanoparticle film is negligibleh€2jil droplet

and the mcirochannel wall are considered as elecirioaltrconducting; (3Xhe electric double
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layer around the Janus droplet is thin, so that the retardation effect is neglectbd; /gvity

effect is neglected5) under weak electric field, the Janus droplet is considerediatormable.

Anode Cathode

Figure6-1. The schematic diagram of a spherical Janus droplet in a cylindrical microchannel
with a circular cross section. (a) The geometry and the coordinate of the system. (b) The flow

fields inside and outside of the Janus droplet in electric field.

6.2.1 EDL Field

When contacting with amagueous solutionthe channel wallthe oil-water interface and the

nanoparticle film carry surface chargdfie charged surfaces attract counvers from the liquid
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and EDLs form in the water phase. The potentidDL field[ is described by the wekinown

PoissorBoltzmann equatiof67]:

nor i (6-1)

where¢ is the ionic concentration of the aqueous solutiaos,the absolute value of the ionic
valenceQis the elementary charg® is the Boltzmann constarityis the absolute temperature,

- and- are the permittivity of vacuum and the solution, respectively.

The boundary conditions are:

- at the channel wall (6-2)
r - at the negatively charged side of the droplet (6-3)
r - at the positively charged side of the draple (6-4)

where— is the zeta potential of the channel wall, is the zeta potential on the negatively
charged side of the Janus droplet and is the zeta potential on the positivallgarged side of

the Janus droplet.

According to the theorgf electrokinetics, the local net charge density in the aqueous electrolyte

solution” is given by
” e aQidQe (6-5)
6.2.2 Electric Field

As shown in Figure 4.(b), the electric field is applied from left to right througlotends of the
mi crochannel . T hisuselta geteennetideslistibgtianaotthe appiedtrical

potential%.in the solution:

N % T (6-6)
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With the consideration that both the Janus droplet and the channel wall arenalutting, the

following boundary conditions are set in the model:

%0 %o at theinlet of the channel (6-7)
%o TI at the outleof the channel (6-8)
ON %o T at the droplet surface and the channel wall (6-9)

here&is the unitnormal vector at thehannel wall and #surface of the Janus droplet.
6.2.3 Flow Field

The fluids inside and outside of the Janus droplet are incompressible, and the flow fields can be
described by the Navi€3tokes equation and the continuity equation:

L Yo ) 0 " & '® (6-10)
nO® T (6-11)

where” and- are the density and viscosity of the liquid, respectivelyis the pressure gradient,

and®is the body force which is cause by ih&raction between the applietectric field and

the net charges in the ligl
v 0" (6-12)

where® N %dis the local applie@lectrical field; and is the local net charge density in the

agueous electrolyte solution, as given by&n(6-5).

At steady state, the flow field do-€sanbd chan

neglected. As the flow speed in microchannels is very low, the inertia@t@mndis negligible.

For the water phase, the Navi&tokes equation (Equati@B-10)) is reduced to:

nd —n @ O (6-13)
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The oil iselectrically neutral (no net chang#)grefore, the Naviebtokes equation can be further

simplified by removing the electrical body force itéi@, Hence for the oil phasg

ng —-n @ (6-14)
where— and- are the viscosities of water and oil, andand® are the velocities of water and
oil, respectively. As illustrated above, the cylindrical coordinate system is set in the oil droplet.
Relative to the coordinate system,etmobile Janus droplet remains stationary, and the
microchannel wall movewith the opposite velocity of the droplet motjon'¥ , which leads to
the boundary condition of Equation-{&). The neslip boundary condition, Equation-(&), is
applied to thepositively charged side of the Jardreplet (i.e., the rigid nanopatrticle filmyhe
inlet and outlet of the microchannel are set as open boundaries without the effect of pressure

gradient and viscous stress (Equatio (9).

® Y at the channeball (6-15)
® ™ at the positively charged side of the Janus droplet (6-16)
®O0bd T at the inlet and outlet (6-17)

Forthe negatively charged side of the Janus droplet, the peneatsl interface is mobile. Under
the applied electric field, the boundary condition of theaaiter interface is given by thetectric
double layer and surface charges (EDL+SC) model by cersglthe shear stress continuity at
the oilwater interfacg121i 124]:

® @ (6-18)
— —— — T (6-19)
» IS the local surface charge density at the interface, which is given by:

, i (6-20)

here,ll is the DebyeHiickel parametedl( ¢& & Qj- - QY.
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6.2.4 Droplet Velocity

Under externally agied electrical field, the charged Janus droplet experiences the electrostatic
force™®;,. Meanwhile, the fluid flow around the droplet exerts hydrodynamic force on the Janus
droplet'®. The hydrodynamic force can be divided into two parts: the hydeodic force
generated by the fluid flow outside of ED®)() and the hydrodynamic force generated by the
fluid flow inside of EDL ® ). The net forc® acting on the Janus droplet is:

D B D D (6-21)

To calculate thedrce acting on the Janus droplet, the water phase is divided into two regions, the
inner region and the outer region. The inner region is defined as the electrical double layer on the
Janus droplet, and the outer region is the remainder of the water pbagdly developed EOF

in the EDL around the Janus droplet, it can be showri@at "® [78]. Therefore, at stable

state,® is equal td® . Without considering the gravity effed® is given by[145]:
L T ) B 00- & ®  3IQY (6-22)

where'Os identity tensor. It should be noted that irugtjon (6-22),® is the velocity of water
outside of theEDL around the Janus dropléthe net force acting on the Janus droplet can be

obtained by substituting the calculated floeidi of the outer region into Equati¢®+22).
At steady state, theet force acting on the Janus droplet should be equal t¢7&3ro
§2) B 00 - & ® FQY (6-23)

While solving the aboveescribed model numerically, different values 6% (Equation(6-15))

are used in an iterative method. The one that satistjastion(6-23) is theelectrokinetiovelocity

of the Janus droplé¥ .
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Table 6-1. Values of parameters used in the simulation

Parameters Values
Dielectric constant of watert., 80
Permittivity of vacuum £ (C/V m) 8.854¢10 12
Viscosity of watert., (Pa:s) 0.001
Density of waterz., (kg/m?3) 1000
Density of oilz. (kg/m3) 900
Length of the channek (um) 500
Diameter of the channelf (um) 150

Zeta potential of the channel walk , (mV) - 60

Zeta potential of the negative side of the oil droplédt, ., (mV) -25

6.2.5 Numerical Simulation

As described above, in order to evaluate the electrokinetic velocity of the Janus droplet; a multi
physics model is developed sonulate the EDL field, thelectric field and the flow fieklinside

and outside of the Janus droplkss.the geometry of the model is symmetric around tagig(see
Figure6-1(a)). Therefore, a 2D axisymmetric mufthysics model is built with the commercial
software COMSOL. Ithe model, the length of the microchannel is p@0and the diameter of it

is 150um. The zeta potential on the channel wall is set to@@emV. Electric fieldOis applied

to the microchannel through the inlet and outlet of the microchannel. The Jadigptet with

the diameterof ‘Qis placed at the center of the circular microchannel. The zeta potential of the
positively charged side of the Janus droplet is and that of the negatively charge side is.

As the EDLs in vicinity of theltarged microchannel and the Janus droplet are very thin, extremely
fine mesh elements were used in these regidhs total number of mesh elements used for
calculation is 104,477. The values of the parameters used in the simulation are shown in Table 6
1.
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6.3 Experimental Section
6.3.1 Formation of EIJDs in a microchannel

In this study, lhe microfluidic chipwas madeby the soft lithograph method by bonding
polydimethylsiloxane (PDMS) layavith a microchannebn a glass substrate. Briefly, the master

of the PDMS microstructure wadabricatedfirst by coatingphotoresis{SU-8 2075, MicroChem,
USA) orto a silicon waferThen, &ilm carrying thepatternwas placean top of the wafecoated

with a SUS8 film after soft baking And expose them to ultravioleUY) light. With the post
exposure bakg andthe developingprocesses, master with microhannelpattern orthesilicon

wafer was obtainedlhe mixture of PDMS and the curing ag€b®:1 (w/w) was pourean the
master and heated at 80for 1h. The PDMS layer with the microchannel strudwmsthen
peekdoff carefully from the master and put into a plasma cleaner (HARRICK PLASMA, Ithaca,
NY) with a glasslidefor 1min.Finally, the microfluidic chip waassembletyy placing the PDMS
layer onthetop of the glass slidéAs shown in Figuré-2(a), the microfluidic chipcomprisesa
straight micrehannel withasize of 1cm 15Qum | 80um (length; width| height)for the
formation and motion of Janus dropletsd a confinement chamber with a size of 0.5crmicm

I 80um (lengh | width | heigh) for holding dropletsAn electrode insert port with the
diameter of 1.5mm is set next to the joint between the confinement chamber and the microchannel
for placing eleabde. The effect of the droplets in the confinement chamber on the electric field
can be eliminated by inserting the electrode into this port rather than into the inléanather

electrode is inserted in the outlet well.

After the microfluidic chip wadabricated,10uL buffer solution was added into the outlet well

first to wet the microchannel. Thepl5Pickering emulsion droplets (prepared with the procedures
shown in Section 3.2.2yas addedhto the inlet well and the droplets would flow into the droplet
confinement chamber. Due to the limitation of the height of the confinement chamber, only those
droplets with the diameter smaller th@@um could enter it. Afterwards, 1Q€L buffer solution

was loadednto the inlet well and outlet well, respectiveljhe electrical field was applied to the
microchannel with aDC power supply €S112001X, Circuit Specialist Inc., USAvia two
platinum electrodesnsertedin the electrode insert port and outletell, respectively.Under
electrial field, the oil dropletsentered the microchannel from the confinement chamber and
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moved throughit. At the same time, the positively charg®ldOs nanoparticlesadsorbedn the
oil dropletwereaccumulatd to onesideof the oil dropleback tothe electric field. Janus droplets
partially coveredwith Al2Os nanoparticlesouldbeformed in this way, as shown in Figu€(b).
The images of a droplet with uniformly coverAtbOz nanoparticles before applying electrical
field and a Janus droplet witi 2Oz nanoparticles covered on one safter applying the electric
field are shown in Figuré-2(c). As shown inthis figure after applying DC electrical field of
50V/cm from left toright, the positively charged nanopartictesve to the righhandside of the

droplet and a color and electrically anisotropic Janus droplet forms.

a ) Inlet well C )

Electrode insert port

Outlet well

e
—

Confinement chamber

Microchannel

25pum

b)

Figure6-2. (a) Schematic diagram of the structure of the microfluidic.qbipSchematic
diagram of he generation of an EIJD under applied DC electric field. (c) The formation of the

EI1JD under electric field of 50 V/cm.
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6.3.2 Visualization of Vortices

Spherical polystyrene particlesf 1um in diameter(Bangs Laboratories IncIN, USA) were
employedastracergo indicatetheflow fields around Janus droplefBhe experimental systeras
shown in Figure6-3, is composed of the microfluidic chip, a DC power supply, an optical
microscope (TE, Nikon) and imaging system. In the experiment, rtherofluidic chip which
held nanopatrticle covered oil droplets was fixed on the microsstgge and the liquid levels in
theinlet and outletvells were carefully balanced by injecting certain amountrating particle
suspension with digital pipette.Thenapplyelectric field to the microchannel via two platinum
electrodes inserted the electrode insert port and the outlet wehder this electrical field, Janus
droplets formed quicklin the microchanneind the surface coveraje remained cortant under

the given electric fieldTheflow fields around Janus dropletgere observedh the electrial field

of 30V/cm. The images of the flofields around Janus droplets were taken loharge coupled
device CCD) camera(DS-QilMc ,Nikon) assemblechithe microscopeand were stored in a
computerGenerally, the flow field changes with the variatadnthe topology of the Janus droplets.
The flow fields around Janus droplets with different surface coverage generated with 1mg/mL and

2mg/mL nanoparticlsuspension were observed, respectively.

I
_ _:CCD Camera [:]
— ’_&

Computer

Microscope
DC Power Supply

Microfluidic chip

Figure6-3. Schematic diagram of the experimental setup.
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6.3.3 Measurement of the Electrokinetic Velocity of the EIJDs

The electrokinetic motiasof oil droplets andJanus droplets @e measured with the same
experimental system as shown in Fig6r8. The motiors of oil dropletsfanus droplets &re
recorded byhe CCD camerat the frame rate of 2fps under externally applied electrical field
Theaccuracy of this system determininghe position of droplet&as approximately 2 pixels
corresponding t¢ 1.1 um. By measuring the travelling distance under certain time for an
individual droplet withimaging analysis software, theelocity of the Janus dropletould be
obtained. Under eaatondition 30independenieasurements were conductétle experiments

werecarried outat room temperature (2363 ).

Furthermore, to minimize the effect of hydrostatic pressure on the electrokinetic motion of Janus
droplets, two masures were adopted: Largeinlet and outletvells were used to minimize the
water leveldifference caused by electroosmotic flow in microchannelAf¢r applying the

electrial field for 30~40s, the electridield was revers#to balanceghe water lgel of the wells.

6.4 Numerical Results and Discussion

As mentioned above, the translatiomadvement of aElJDin a microchannel under electric field

is studied in this paper. By setting up a 2D axisymmetric model, the EDL field, electric field, the
flow fields and finally, the electrokinetic velocity of the Janus droplet at steady state are calculated
with the finite element method (FEM). In this study, the effects of the strength of the electric field
(O), the zeta potential of the positively chargade of the Janus droplet (), the viscosity of

the droplet<{ ), the surface coverage of the positively charged side, (the relationship between
—andy is given in Equation ()), as well as the size of the Janus droplet oreteetrokinetic
velocity of the Janus droplet are analyzed. To make the results more general, the following

parameters are natimensionalized:
- & T- s zetapotential ratio (6-24)

- —j- viscosity ratio (6-25)
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i Qro size ratio (6-26)
8% ¥ ¥Y  dimensionless velocity (6-27)

where™Y s the reference velocity which is set to be*1f¥/s. In simulations, to completely study

the effects of these influence factors on EK motion, the values of these fact@tstarehsinge in

awide range. For example, in the study of the effect of the nanoparticle coverage on the EK motion,
the nanoparticle coverage changes from 1t (homogeneous oil droplet) to p Y 1tRickering

emulsion droplet
6.4.1 Model Validation

For a negativelycharged solidoarticle immersed in &ulk aqueous solution, under externally
applied DC electric field, the particle moves towards the anode. This phenomenon is called
electrophoresis. The electrophoretic veloc® of such a particle wh thin EDL can be

calculated by the weknown HelmholtzSmuluchowski guation:

Y —0 (6-28)

where— is the zeta potential of the negatively charged solid particle. The dimensionless

electrophoretic velocity can be derived from thigiation as:
% — — 0 (6-29)

A homogeneous negativethargedsolid particle carbe regarded as a special Jadugplet with

— O HWband—= 0. Thereforethe modelpresented in thishaptercan be used to calculate the
electrophoretic velocitgf a homogeneous solid particle in an infinitely large aqueous solution by
considering thiathe zeta potential of the microchat wall is zero and the diameter of the
microchannel is greatly larger than the size of the particle. The comparison between the numerical
simulation and the Helmhok3muluchowski equation is shown in Figusel. The solid line

represents the analytical solution obtained fitti HelmholtzSmuluchowski equation, and the

circular points are the numericalo | uti ons of the model devel oped
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in this figure that for the solid particle with =- 25 mVand the particle diamet€r= 60um, the

numerical solution and the analytical solution of the Helmh®itmiluchowski equation match

very wellwith each other.

-2.0 v T Y T v T v T T T

-1~3_- O Numerical Solution ]
Helmholtz-Smoluchowski Equation

-1.6 -
A4
-1.2

*

0
0.8
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0.2

O-o o I % T ] 1 . T H I
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Figure 64. The comparison of the dimensionless particle electrophoretic velotityersus
the strength of the applied electrical fieli),between the numerical solution and the Helmholtz
Smoluchowski equation, with =-25 mV andQ= 60um. In this model, the computation

domain is set to be square. The length of side is 10 times larger than the droplet diameter. The
boundary condition of the square is set to be open boundary.

The electrokinetic motion of éharged patrticle in arcularmicrochannel is considered as another

case to test this model. For a charged particle moving along the center line of a sireuigdnt
microchannel, the electrokinetic velocity of the part{C® ) can be evaluated by the approximate
formula derived byeh et al[75]:
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Yop pRYLYX pBWEIOC GG XIYTTET —— p —Q (6-30)

wherei is the ratio between thtdiameterof the particléQand that of the microchann@D). The

dimensionless electrophoretic velocity can be obtained by dividing by ™Y

Figure 65 shows thecomparison of the nedimentional electrokinetic velocity of a charged
paricle in acircularmi cr ochannel bet ween Kehoés formula an
the model presented in this papé- =-60 mV,— =-25mV and = 0.4. As can be seen, the

numerical solution and the approximation solution are in good agreement.

27 T T 4 T 5 T ' T ' 1

2.4 O Numerical solution .

Keh's solution

- . - . - :
0 20 40 60 80 100

E (V/cm)

Figure 65. The comparison of the natimentional electrokinetic velocity of a charged particle

in a cylindrical microchannelY , versus the strggth of the applied electrical fiel& between

the numerical sol uti o =80mV,+ H-&5 neahdd=s0.439n0o!| ut i on
the numerical simulation, the viscosity of the oil droplet is set to be infinitely large without
considering te motion of the otwater interface; therefore, the oil droplet performs as solid

particle.
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6.4.2 Effect of the Strength of the Electric Field

Figure 66 shows the nodimensional electrokinetic velocity versus the strength of the electrical
field for Jarus droplets with different surface coverage under the condition of the zeta potential
ratio— = 1, the viscosity ratie = 1000, and the size ratio= 0.4. The electrokinetic velocities

for Janus droplets with#¢ = 60, 90 and 120 are indicatedby rectangular pointgjrcular points

and triangular points, r e $%5ithathe eleerbkinetic vielocitys c | e
of Janus droplet increases linearly with the strength of the electric field. It is not difficult to
understand @i the electrokinetic motion of the Janus droplet in a microchaeselts fromthe
combined effect of the electrophoresis of the droplet and the electroosmosis of the surrounding

liquid in the channel. The expression of the electrokinetic velocity afahes droplet? can be

written as:

~. ~. ~

Y oYY 0 (6-31)

where¥  and* are the velocity and mobility of the electroosmotic flow in the microchannel

¥ and' are the velocity and mobiltgyf t he el ectrophoresis of th

shown in Equation (31) the electrokinetic velocity of the Janus droplet is linearly proportional
to the strength of the applied electrical field.

Figure6-6 also shows that under the same eleatriield, the electrokinetic velocity of the Janus
droplet increases with#¢. This can be understood as the following. When the coverage of the
positively charged surface area is small, +#¢ < 9C°, the net surface charge of the Janus droplet

is negative. For a negatively charged droplet in a microchannel with negatively charged walls, the
electroosmotic flow of the liquid in the microchannel and the electrophoretic motion of the Janus
droplet are in opposite directions. Therefore, the net veladithe Janus droplet is smaller.
However, when the coverage of the positively charged surface area is largefgiz 9, the

net surface charge of the Janus droplet is positive. For a positively charged droplet in a
microchannel with negatively clged walls, the electroosmotic flow of the liquid in the
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microchannel and the electrophoretic motion of the Janus droplet are in the same directions.

Therefore, the net velocity of the Janus droplet is larger.

It should be noted that, the simulation wasdiected under the assumption of fixed nanoparticle
coverage. Generally, this assumption is valid when the externally applied electric field is larger
than 50 V/cm. ldwever to reveal the effect of the electric field, the nanoparticle coverage of the

EIJD was assumed to be fixeegardless of the electric field strength

6 L I Y I A 1 ) I L 1 2
| =8/2=60° T
°1 *0/2=90° a |
| *0/z=120° & "
==
* Q
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2 A
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Figure6-6. The noadimensional Janus droplet electrokinetic velociy,, versus the strength
of the electrical fieldO, with— =1,— = 1000 and = 0.4.

6.4.3 Effect of he Zeta Potential Ratio

The zeta potential ratio between two sides of the Janus droplet is another factor that affects the
electrokinetic velocity of the Janus droplet. Figuré 6hows the calculated nalimensional
electrokinetic velocity versus the zgiatential ratio£ s~ j— 9 for Janus droplets with
different surface coverage by nanoparticles under the externally applied electric field of 50V/cm.
The other parameters are fixed with= 1000 and = 0.4. The rectangular points, ciraulpoints

and triangle points represent the electrokinetic velocities of the Janus droplets with the surface
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coverage of 6Q 90 and 120, respectively. It can be seen from the figure that the dimensionless
electrokinetic velocity increases with the zptatential ratio € ). For Janus droplet with larger

surface coverage by nanoparticles, the effeet oh"Y is more significant.
Under electrical field, the electrickdrce ®;, actingon the Janus droplet can be calculated:
Y, 0 0 O (6-32)

hered and0 are the total number of surface charges on the positive and negative sides of the
Janus droplet, respectively. Under thin EDL assumption, for the Janus droplet with the positively

charged nanopatrticle coverage-@&, 0 and0 can be obtained:

(o]

, O —— Y —— s §Y (6-33)

CR

, oY ——— Y (6-34)

where, and"Y are the local surface charge density and the surface area of the posiavggdch
side of the Janus droplet. and™Y are the local surface charge density and the surface area of
the negatively charged side. Substituting Equatie®3)6and (634) into Equation (62):

? 0 p —-—0 (6-35)

As indicated in ths equation, when other parameters are fix®dlecreases with the increase of
— ; hence the electrophoretic velocity of the Janus droplet decreases. ReeslbEHG-31), with
the reduction of the electrophoresis of the Janus droplet, its eleetiiokielocity increases. For
a Janus droplet wittarge nanoparticle coverag® 1'Y is large; therefore, with the increase of
—, '®y, decreases more substantially, #mel electrokinetiwelocity of the Janus droplet increases

more significantljthan those with smalle&¢.
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Figure6-7. The nordimensional Janus droplet electrokinetic veloci¥y,, versus the zeta
potential ratio~ , with'O=50 V/cm,— = 1000 and = 0.4.

6.4.4 Effect of theViscosity Ratio

The variation of the dimensionless electrokinetic velocity of the Janus droplets with the viscosity
ratio— (— j — )is shown in Figure-8. Three different Janus droplets with different nanoparticle
coverage{#¢ = 60, 90 and 120) are analyzed uter the condition 0©O=50 V/cm,— =1 and

1 =0.4.As shown in Figuré&-8, for Janus droplets with the nanoparticle coverage large®than

the electrokinetic velocity of the Janus droplets is essentially independent of the viscosity ratio
(= j = ). For Janus droplets with a smaller nanoparticle coverage, for exa#figle,60, the
electrokinetic velocity of the Janus droplets increases with the viscosity-rdto] — ) when the
viscosity ratio is low, and becomes a constant whewidtosity ratio is highlThe electrophoresis

of oil droplet has been studied in sopaperd134,146] Under externally applied electrical field,

the oil doplet moves with axisymmetric vortex formed inside of it. The presentdeeofortex
reduces the hydrodynamic force acting on the droplet and hence the electrophoretic velocity of the
oil droplet is larger than that of the solid particle under the sandtwms. For the Janus droplet

studied in this paper, vortex also famside of the droplet when it moves in a microchannel
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under electrical field, as shown in Fig®. Because of symmetry, onéyhalfof the droplet is
shown.The comparison between Figur®@) and (b) indicates thete vortex inside of the Janus
droplet becom&weaker as the increase of the viscosity ratio between the oil phase and the water
phase. Therefore, for a Janus droplet with larger viscosity th@electrophoretic velocity of it

is slower. Based on HEqtion(6-31), the electrokinetic velocity of the high viscosity ratio Janus
droplet is higher than that of the Janus droplet with low viscosity ratio under the same condition.
However, for a Janudroplet with large nanoparticle coverage area, for examles 120
(triangular points in Figure-8), the viscosity effect is too weak to be seen. As the most part of the
Janus droplet is covered with a compact nanoparticle film, only a small regitre aroplet

surface is mobile and the Janus droplet behaviors as a solid particle regardless of the viscosity of

the oil plase.
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Figure6-8. The noadimensional Janus droplet electrokinetic velociy,, versus the viscosity
ratio,— , with O=50 V/cm,— =1 andi =0.4.
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Figure6-9. Flow fields inside Janus droplets with the viscosity ratio of(a 500 and (b} =
1000.0=50 V/cm,— = 1,—¥¢ =90 andi = 0.4. Because of symmetry, only one side of the
droplet is shown. fie length of the arrow is proportional to the local flow velocity and the

direction of it represents the local flow direction.

6.4.5 Effect of the Nanoparticle Coverage

The nondimensional electrokinetic velocity of Janus droplets versus the nanopedweeage

—x¢ are shown in Figuré-10. As can be seen, the dimensionless electrokinetic velocity of the
Janus droplet increases with the nanoparticle covedgehich reaches the maximum-atq

p Y miThe velocity increases first and then approacipstaau. Furthermore, for the Janus droplet

with a larger zeta potential ratie §, the influence ofFc on™Y is more significantWith the
increase of¥¢ and— , the net charges on the Janus droplet get reduced; therefore, under the same
electrical fidd, the electrostatic force acting on the Janus droplet decreases. With the reduction of
the electrostatic force, the electrophoretic velocity decreases and the electrokinetic velocity of the

Janus droplet increases.
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The flow fields inside agh outside of the Janus droplet féf¢ = 90 and60 are shown in Figure

6-11, respectively. For symmetry, only half of the droplet and the flow field are shogure 6

11(a) shows two axisymmetric vortices form around the Janus droplet and one axisigmme
vortex inside of it. The vortices in the water phase are generated due to the opposite EOF on
different segments of the Janus droplet surface. Wiendecreases fron®0 to 60, the
rightward EOF on theil-water surfacef the Janus droplet becondesminant, and only the vortex

on the positively charged side remains (FigitL(b)).
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Figure6-10. The nordimensional Janus droplet electrokinetic veloci¥y,, versus the

nanoparticle coverage#¢, with’'O= 50 V/cm,— = 1000 and = 0.4.
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Figure6-11. Flow fields inside and outside Janus droplets with the nanoparticle coverage of (a)
—*¢ =90 and (b)}+#¢ =60.0=50V/cm,— =1,— =1000 and = 0.4.

6.4.6Effect of the Size Ratio

Figure 612 shows the nedimensional electrokinetic velocity of Janus droplet versus the size
ratio (i = d/D) with©O=50V/cm— = 1000. 't 6s c | e ahatforthesJarmsvn i n
droplet with— = 1 and-—#¢ = 90, the calculated nedimensional electrokinetic velocity first
decreases mildly until reachingna@inimum value around = 0.7, then increases sharply with

The variation of ¥ withi can beexplainedoy considering the competing effects of the electric

field and the \8cous retardation when the Janus droplet approaches the chanfied ¥jaDn the

one hand, the squeezed electric field in the small gap between the channel wall and the droplet is
stronger and hence generates stronger electroasfiooti, which trends to promote the motion of

the Janus droplet. On the other hand, the viscous retardation effect in the small gap tends to reduce
the droplet motion. Fdr < 0.7, the viscous retardation effect is dominant, leading to the decrease

of thedroplet velocity. Further increasing the size of the Janus droglet @7, the effect of the
increased local electriteld overcomes the viscous retardation effect and drive the Janus droplet

to move fasterThis phenomenors called wall enhance effefctl,72].
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Figure6-12. The nondimensional Janus droplet electrokinetic veloci¥y,, versus the size
ratio, i, with— =1,0=50 V/cm,— = 1000, and-#¢ = 90.

6.5 Experimental Verification
6.5.1 Vortices in Vicinity of EIJDs

In this studythe flow fields around twdanus droplstwith the same sizell{e diameted = 78

pum) anddifferent surface coverage € 40.6%and 21.1%jyvereexamined. The flow fieldaround
these Janus droplets under electric field oVBfm are shown irrigure6-13. It clearly indicates

in Figure 613(a) that four vorticesre generated aroutite mobile Janus dropleith| = 40.6%
underthe rightwarcelectric field The two vorti@s are on the left side, while the other stayon
theright side.Figure 613(b) shows the flow fieldaroundthe Janus dropletith smaller surface
coverage by nanoparticlgs= 21.1%. As shown in this figure, undée samepplied electrical
field, only the two vortices on theght sideof the Janus droplet exist, and the size of the vortices

are smallefWith the decrease tiiesurface coveragaf the Janus droplghe electroosmotic flow
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on this side gets weaker and the electroosmotic flowenttrer side becomes dominant; therefore,
only the two vortices on the right side exiShis experimental finding confirms the numerical

results shown in Figure-61.

Figure6-13. Vortices are generated around Janus droplets moving in a microchannel under
externally applied DC electrical field of 30V/cm. (¥ 78um,[ =40.6% generated with 2
mg/mL nanoparticle suspensidiv) d = 78um,| =21.1%, generated with 1mg/mL nandjce

suspension. The exposure tiofehe microscopés 400ms.
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6.5.2 Electrokinetic Motion of the EIJDs
6.5.2.1 Effects of the Applied Electric Field and the Nanoparticle Coverage

In order to study the effects of the electric field strength and thepadite coverage on the
electrokinetic velocities of the EIJD3anus oil dropletandpureoil dropletsof 75um ° 3 um in
diameter were chosen in the experimental investigation. The electroknetdmties of Janus
droplets withdifferent surface coverage by aluminoexidenanoparticleand oil droplet$n terms

of theelectrical field are shown in Figuéel4. The experiments were conducted under the electric
field larger than 50 V/cnClearly, the velocity of Janus dropletsasder than the velocity of oll
droplets undeidenticalDC electrical fieldAnd the larger thesurface coveragef the Janus droplet

by nanoparticleg’ ), the faster the electrokinetic motion in a microchannel. Furthermore, the
results alsandicatethe effect of the electric field strengthon the electrokinetic motion of oil
droplets andanus droplets. As shown in this figure, the veiesif oil dropletsand Janus droplets

increase with the applied DC electrical field linearly.

4004 w=Janus droplet, C=2mg/mL

1 *Janus droplet, C=1mg/mL %
3504 4OQil droplet [
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Figure6-14. The eletrokinetic velocitesof the Janus droplets generated with different
concentrations of nanoparticle suspensions androjletsas a functiorof electrical field. The

diameter of different types of dropletss 75um ° 3 um.
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6.5.2.2 Effect of DropleSize

The electrokinetic motion of Janus droplets in a microchannel can also be affected by the size of
them. The electrokinetic velodis of Janus droplets wittwo different sizesd = 75um ° 3 um

andd = 45 uym ° 2 um were measured and compared. Thesmpldts weregenerated witha
nanoparticle suspension & = 2 mg/mL As shown in Figure6-15, under the same applied
electrical field thelargerJanus droplets move faster than the smaller df@sa larger droplet,

the gaps between the droplet and the channel walls are smaller. Consetjuzethgtrical lines

are squeezed further in the smaller gap, and the electrical field is stronger in this region. The
stronger electrical field in the snhed gaps will generate stronger electroosmotic flow, which
promotesthe motion of the Janus dropléts illustrated in Section 6.4.6his phenomenots

caused by h e i wa.lThe camparisore df the velocities between EIJDs with different sizes

provesthe simulation findings shown in Figurel@.

0 sd=75pum +3 pm
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Figure6-15. The electrokinetic velocity of Jandsopletswith a diameter of Fum °© 3 um and
45um ° 2 um generated with nanopatrticle suspensiof ef2 mg/mL as a functiorof applied

DC electricalffield.
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6.5.2.3 Effect of the Electrolyte Concentration

The effect of the electrolyte concentration on the electrokimetaxity of Janus droplets was also
investigated. The buffer solution used imM KCI solution which was prepared by dissolving
solid potassium chloridénto deionizedwater. The electrokinetic velocities of Janus droplets in
deionized water and 1mM KCI soluti@me shown in Tablé-1. By comparing the data shown in
Table6-1, it can be seen that the electrokinetic velocity decreaseificagtly when the buffer
solutionis changed from deionized water tonll KCI solution. For exampleunder applied
electrical field of 50v/cm, the average electrokinetic velocity of the Janus droplets in deionized

water is 183.2um/s However, in 1mM KCkolution, the average velocity decreases to g

Table 6-2. The averagevalues of the measureelectrokinetic velocity of Janus droples
generated with nanoparticle suspension o = 2 mg/mL under different electric field. (A)
in deionized watet (B) in 1 mM KCI solution. The diameter of the Janus dropletssd =75

pm ° 3 pm.

(A) Deionized Water

Electric field (V/cm) 50 60 70 80 90 100
Electrokinetic velocityi¢im/s) 1832 227.8 270.8 297.2 338.8 375.0

Standard deviation 11.8 13.1 12.5 13.8 13.8 16.3

(B) 1 mM KCI Solution

Electric field (V/cm) 50 60 70 80 90 100
Electrokinetic velocity|im/s) 46.2 55.2 66.0 75.0 79.3 88.8

Standard deviation 4.6 6.1 7.9 9.2 8.8 9.3

It is well-known that the absolute value of z@t@iential decreases when contacting with high
concentration buffer solution. For example, in deionized water, the zeta potential for PDMS

microchannel is 60mV [148]. The zeta potential reduces-t20mV in 1mM KCI solutior{149].

110



Therefore, under applied electrical field of 50V/cm, the electroosmotic flow velocities in a
microchannel fodeionized water and 1mM KCI solution can be calculated to be |236¢sknd
78.7um/s, respectively. The comparison between the calculated electroosmotic flow velocities and
the measured electrokinetic velocities of Janus droplets clearly shows that ttioredtithe
electrokinetic velocity of Janus droplets is mainly caused by the decrease of electroosmotic flow

velocity in the microchannel.
6.5.3 Comparison Between Numerical and Experimental Results

The comparsions between the simulation results anekimerimental results for the electrokinetic
velocities of Janus droplets under different conditions are shown in FiduireThe electrokinetic
velocities of the Janus droplet with= 76 um and—#¢ = 83.5 in deionized water and 1mM KCI
solution are sbwn as case A and D, respectivley. For case B, the diameter of the Janus droplet is
45 um with the nanoparticle coverage of 83.€ase C is for the Janus droplet with the diameter

of 76 um and the nanoparticle coverage5® . As shown in Figure-86, thesimulation results

and the experimental results are in good agreement for case B. However, for cases A, C and D, the
simulation results are larger than the experimental results under given electric field. The
explanation for the difference between theldation results and the experimental results of large
Janusdroplets Q= 76 um) is that the wall enhance effect is overly signified in the model
simulation. As explained above, in the experiment, the Janus droplet with a diameter of 76 um
moves in a reangular microchannel with 150 um in width and 80 um in height, and only the top
and bottom walls contributes to the wall enhance effect. However, the circular microchannel with
80 um in diameter is used in the numerical simulation. In the model simulgteaohannel wall
surrounding the Janus droplet in all directions influences the motion of the Janus droplets.
Therefore, under the same applied electrical field, the Janus droplet moves faster in a smaller
circular microchannel than in a larger rectanguaiecrochannel. However, for a Janus droplet with

a smaller size moving along the center line of the microchannel, the gap between the droplet and
the microchannel wall is relatively large, and thus the wall effect is limited in both the rectangular
microdhannel and the circular microchannel. Hence, the simulation results match well with the

experimental result®r case B
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Figure6-16. Comparisons between the numerical simulation results and the experimental results
for the electrokinetic velocities of Janus droplets. Case A is for the Janus dropl@=withpum
and—¥¢ = 83.5 immersed in deionized wateCase B is for the Janus giet with' Q= 45um
and—¥¢ = 83.5 immersed in deionized wateCase C is for the Janus droplet ik 76 um
and—¥¢ =55 immersed in deionized wateCase D is for the Janus droplet widlx 76 um and
—F¢ = 83.5 immersed in 1 mM KCI solution.

6.6 Conclusions

In this paper, the electrokinetic motion of an electrically induced Janus droplet along the center
line of a circular microchannel was studiedmerically and experimentallfNumerically, we
considered the oil droplet partially covered lmgipively-charged nanoparticleshe nanoparticle
coverage of the EIJD remains fixeéthe positivelycharged surface area on the Janus droplet is
immobile and the negativelgharged oiwater interface is mobile. The effect of the mobile oll
water interfae is considered by the EDL+SC model. A 2D axisymmetric model was constructed
to numerically simulate the electrokinetic velocity of the Janus droplet at steady state. The

simulated results reveal that:
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(a) The electrokinetic velocity of the Janus dropteteases linearly with the strength of

the externally applied electrical field

(b) The larger the zeta potential ratio between the positive side ameghséve sidethe
larger the electrokinetic velocity

(c) For a Janus droplet with a smalleanoparticle coverage, its electrokinetic velocity
increases with the viscosity ratio between the oil phase and water phase. Howelker, for

Janus droplet with a larger coverage by nanopatrticles, thesiig effect can be neglected
(d) The electrokinet velocity increasewith the nanoparticle coverage

(e) Due to the wall effect, the electrokinetic velocity of Janus droplet first decreases

gradually then increases sharply with the increase of its size.

To confirm these findings, experiments were conducted. First, the flow fields around EIJDs with
different nanoparticle coverages were visualiZéwexistenceof thevorticesin vicinity of EIJDs

in a microchannel undéneelectric field due to the oppibselectroosmotic flovon different sides

of the dropletvas demonstrate@he number of vortices is dependent on the nanopatrticle coverage.
Then, the electrokinetic velocities of the EIJDs were measBydomparing the electrokinetic
velocities of Jansi droplets under different conditiortbe findings in the numerical part were

proved.
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CHAPTER 7. Fundamental Research : Wall-induced Dielectrophoresis and

Separation of EIJDs in Microchannels

7.1 Introduction

Emulsion with one phase dispersed intodttger immiscible phase has extensive applications in
many fields, such as chemistry, biology, medicine as well as material science. For example, the
emulsion droplets can be used for synthesizing solid parfitts151] carrying ait chemical
reactions[152i 154], encapsulating cells and DNA455/ 157], building up artificial cells
[158,159] Traditionally, the emulsion droplets are prepared by shaking or stirring the mixture,
which results in droplets with wide range of size distributidgs.a new division of emulsion
droples, the Januglroplets are the dropletgith two hemispheres carrying different properties.

Due to their novel properties, the Janus droplets have attracted increasing attention in recent years
[160i 162]. Generally, the Janus droplets with uniform size and morphology are essential in these
applications. Howesr, the Janus droplet fabrication methods mentioned in Chapter 2 are difficult
to have precise control over the size and mor g

Therefore, research in the separations of oil droplets and Janus daopleighly desirable.

Recently, the development of microfluidic technology provides a new approach for the separation
of emulsion droplets. The methods for sorting homogeneous droplets in microchannel include
dielectrophoresis (DEP)163,164, Marangoni effect[165i 167], mechanical microvalve
[168,169] surface acoustic wajdr0i 172], etc.Due to the dielectric pperty difference between

the droplets and the suspension liquid, underuraform electrical field (induced by the varying
shape of microchannels or by neymmetric electrodes), DEP forces are generated and drive the
droplets to move. As the DEP forcedependent on the droplets size, the emulsion droplets can
be separated by size with this metH88]. For example, Ahn et aJ173] developed a high
throughput droplet sorting microfluidic device by DEP, the sorting rate could reaches 1.6 kHz.

Marangoni effect isalsoused for sorting emulsion dragis. For a droplet witsurface tension

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Separation of Janus Droplets ai Droplets in Microchannels by Wailthduced Dielectrophoresid.
Chromatogr. A2017, 1501, 151-160. https://www.sciencedirect.com/science/article/pii/S0021967317305800
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gradient along its surface, Marangoni flow is generated on the surface of the droplet and
consequentlyhe droplet moves towardle side ofthe low interfacial tension. By generatiag
temperature gradient orsairfactant gradient around the droplet, the interfaelasion gradient is
createdto drive the droplet towards specific directiand the sorting of the droplets can be
achieved[166]. The emulsion droplets can also be separated with mechanical microvalves
assembled in microfluidic chipd-or example, Abate et al[168] fabricateda singlelayer
membrae valve to control the fluid flow at the bifurcating channel junction. By switching the
valve with a stenoid, the droplets flow into different outletexd areseparated. The surface
acoustic wave method uses a piezoelectric substrate to generate the surface acoustic wave which
propagateslongthe microchannel wall and drives the droplets towards the dirgbtbthe wave

spreads. Therefor¢he droplets can bmanipulated to move to different branches by controlling

the piezoelectric substrate positioneédhee junction of microchannels. Hewer, compared with

the numerous researches on separating homogeneous emulsion droplets, the study of the separation

of Janus droplets/particles is limitgr4].

In addition to the separation methods discusdene, the walinduced DEP has been provien

be anefficient method to separate particles/droplets continuously by size and surface charge in
microfluidics. For a particle/droplet nearby a planar dieleatrédl, under externally applied
electrical field, a DEP force is generated due to the-uroform electrical field around the
particle/droplet The negative DEP force pushes the particle/droplet afn@y the wall.
Theoretically, Young and LiL75] first derived the accurate expression of the waluced DEP

force by integrating the Maxwell stress along the surface of the particle. It was found that the DEP
force increases with the reduction of the distaretevben the particle and the planar wall. Later,
Yariv [176,177]derived the leadingrder expression of the watidducedDEP force. Similar
studies were also presented by Zhao andB&8j in their theoretical paper. Recently, KJag9]
numerically studied the walhduced DEP motion of a particle from a nearby plamalt under

the electrical field parall¢o the wall. He found that the waliduced lateral migration velocity of

the particle is dependent on the distance between the particle and the adjacent planar wall.
Experimentally, Liang et a[180,181]first demonstrated the existence of the viadluced DEP

force by visualizing the lateral migration of the polystyrene particles in a rectangulacimaicne|

under DC electric field. It has been found that the lateral migration of the dielectric particle

increases with the electric field and the size of the particle. Then, by detecting the gap between the
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dielectric particles and the dielectric wall Withe evanescent wadbmased particléracking
velocimetry, Kazoe et a[182] proved that the waihduced DEP force is proportional to the

square of the electric field and the size of the particle but is independent of the zeta potential of

the particle. Later, Liang et glL83] controlled the separation distance between the particle and

the wall by using the eledatrfield to adjusting the DEP force acting on the partiRlecently, the

wall-i nduced DEP separations of parti c|l&485and cel
Through experimental analysis, they found that the particles with different sizes and different
surface charges can be sepatatee to their different migration distances while moving through

a straight microchanneBased on the features of walduced DEP, this separation methed

applicablein separating EIJDs with size and nanoparticle coverage.

In this chapter, we studiethe wallinduced DEP of the oil droplets and EIJDs. Thteral
migrations of the oil droplets and Janus droplets in a straiginbchannel under different electric

fields were experimentally measured first, and the experimental results were comparibe with
theoretical predications. Then, the oil droplets with different sizes, Janus droplets with different
sizes, oil droplets and Janus droplets with the same size were separated respectively in a
microchannel by using the watiduced DEP method. The pwge of this study is to demonstrate

the feasibility of this method, for the first time to our knowledge, for separating both oil droplets

and Janus droplets which has potential in industrial and research applications.
7.2 Theoretical Analysis
7.2.1 Mechansm of the Waltinduced DEP

The wallinduced DEP is caused Bpasymmetric electric field around a spherical droplet nearby

a dielectric planar wall. As shown in Figurel 7a spherical droplet with thrediusof a is located

near a dielectric channel wall, and the separation distance between the center of the droplet and
the channel wall iso . Under the electric field parallel to the wall, the electric field lines are
distorted around thephere, and squeezedtire gapspacebetween the droplet and the channel

wall. Therefore, the electric field is namiformly distributed around the droplet in the normal
direction to the wall (y direction), and the magnitude of the electrical field in the gap region is
largerthan that on the opposite side of the droplet. The asymmetric electric field alitteetyon
generates the DEP ford®@ on the droplet, whichepelsthe droplefrom the wall.
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Figure7-1. The schematic diagram of the electric field lines adoainiroplet close to a dielectric
planar wall. The color of the background represents the magnitude of the electrical field. The

darker the color, the larger the magnitude of the electrical field.

7.2.2 Calculation of Droplet Trajectory

For a droplet in atraight microchannel, it experiences electrokinetic motion in tiegection
(channel length directionand the walinduced dielectrophoretic lateral migration time y
direction under electrifield. In the xdirection, the position of the center betdroplety in term

of timet can be written as:
w ‘ 0o (7-1)

whereOis the strength of the electric field. is the electrokinetic mobility of the droplet in a

microchannel.

According to Equation (1), within finite timeAo, the variation ofd (Ao ) is obtained:

A ¢ Qo (7-2)
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In the ydirection, the analytical expression of the watluced DEP force acting on the droplet
O has been derived by Yarifd77] with the Maxwell stress tensor methodhich is

independent of the surface charge of the droplet:
O —- - 00 ¥ (7-3)

where- and- are the permittivity of vacuum and the surrounding liquid, respectitesythe
radiusof the dropletOis the strength of the elewal field, T is the ratio between the radius of the
droplet ¢) and the distance from the center of the droplet to the channebwpllTfus, the wall
induced dielectrophoretic lateral migration velocity of the drophét ( ) can be obtainedy

considering the balance between the electric force and the flow friction1&de

A% —0 1 (7-4)

here,— is the dynamic viscosity of the surrounding liquid. The lateral migration of the droplet

within finite time @ ) can be obtained:

Ay Y K —cO t Ao (7-5)
Substitutng Equation (2) into Eq. (75), the expression @& in terms ofAdw can be obtained:
Ap —— 1 Aw (7-6)

Integrating Equation (B), the expression @b can be obtained:

w —— T Ad (7-7)

As shown in Equation ¢7), the lateral migration of the droplet is related to the dielectric constant

(- ) and the viscosity{ ) of the surrounding medium, thadius(®w) and the electrokinetic
mobility (* ) of the droplet, and the strengthtbé externally applied electrical fiel®)(. While

holding the other parameters fixed, the increase of the electric field and the size of the droplet leads
to the increase of the lateral migrati@ppositely, with the increase of the electrokinetic mtybil

of the droplet, the lateral migration decreases. As the electrokinetic mobility of the partially
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negatively charged Janus droplet is larger than tha ledmogeneous negatively charged oil
droplet, the lateral migration of the oil droplet is largeartithat of the Janus droplet when they
travel through the same distance in theirection.In this study, the deionized water was used as
the buffer solution. Thus, is set to be 80 and is taken as 0.001 Pa In chapter 6, the
electrokinetic molity of oil droplets and Janus droplets in a microchannat measured

experimentally, which were 1.75 x-£0n?%(V s) and 3.75 x 18 m%(V s), respectively.
7.3 Experimental Studies

7.3.1 Preparation of Microfluidic Chip

The microfluidic chip was commed of a top polydimethylsiloxane (PDMS) layer with
microchannels and a flat substrate. The PDMS layer with microchannel structures was fabricated
by soft lithography methodAnd the microfluidic chip can be formed by putting the PDMS layer

on top of the gbstrateafter plasma treatment

In the study of the walinduced dielectrophoretic lateral migrations of oil droplets and Janus
droplets, a Yshaped microchannel was used, as shown in Fig«2é). The ¥shaped
microchannel is composed of a main chantwvab inlet branches and a confinemenamberThe
microchannehas the uniform height of §0m. The main channel is 8.5 mm in length and 480

in width,and s used for measuring the waillduced lateral migrations of the oil droplets and Janus
droplets The sheath fluid inlet branch has the size of 1.5x480um (lengthx width), while

the sample inlet branch is 1 cm long and s® wide. The confinement chambeetween the
sample inlet well and the sample inlet branch is used for holding oil drepldtdanus droplets,

and has the size of 6mx6 mm (length x width).

For separating oil droplets and Janus droplets, the structure of the microfluidic chip is shown in
Figure 7-2(b) and €). It has a confinement chamber, a main channel, two inlet anduthet
branches. The main chanpahere the dropleteparation takes pladeas the length of 1. mm and

the width of 25Qum. The sizes of the sheath fluid inlet branch and the sample inlet branch are 1
mm x 250um (lengthx width) and 5 mmx 150um (lengthx width), respectively. The two outlet
branches are each 9 mm in length, with the upper outlet branch (outlet branchd) ii2@idth

and the down outlet branch (outlet branch B) @80in width. Similarly, the confinement chamber
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is set before the sanepinlet branch with the size of 6mm6 mm (length x width). The entire
channel has a fixed height 80 um. Due to the limit of the height of the confinement chamber,

only the droplets with the diameter smaller than 80 um can enter into the confindraeritec

and pass through the microchannel.

Sample inlet

a)

Sheath fluid inlet

~ Confinement chamber

b) Sample inlet

Cynement chamber
> OuIletA
-

Sheath fluid inlet / -
Separation channel\r

Outlet B

=7 ——M

4
g
7

Figure7-2. (a) Schematic diagram of the microfluidic channel for measuring thendaited

dielectrophoretic lateral migration of droplets. (b) Schematic diagram of the microfluidic channel

for droplets sepati@n. (c) Microscopic image of the microchannel for separation.

7.3.2 Preparation of Oitin-water Emulsion and EIJDs

The oitin-water emulsion used in this study was prepared by mixing the pure canola oil (Mazola

Corporation) and deionized water with t@nionic surfactant Tween 20 (Sigma Aldrich) used as
the stabilizer. The oiin-water emulsion was fabricated by adding 5 mL deionized water, 1 mL oll
and 100uL surfactant into a glass bottle (15 mL in capacity) and stirring the mixture with a

vortexer (WVWR Scientific) at the speed of 3200 rpm famihutes.
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The EIJDs were fabricated from 28k-stabilitized Pickering emulsion droplets. The fabrication
process of the Pickering emulsion droplets is available in Section (B122od A). After the
generatiorof the Pickering emulsion, inject the emulsion droplets into a microchannel and apply
a direct current (DC) electric field. Under electrical field, the positively chargedsAl
nanoparticles adsorbing on the oil droplet move and accumulate to the sidedodplet back to

the electrical field to form EIJDs.
7.3.3 Experimental Operation

For measuring the lateral migration of the oil droplets and Janus droplets,-shap&d
microchannel was used, as mentioned above. In the experimgit deonized watewas added

into the microchannel from the outlet well first to wet the microchannel. Thanehulsion (oit

in-water emulsion or Pickering emulsion) was injected into the sample inlet well. The droplets
would enter into the adjoining confinement chaméatomatically. Due to the restriction of the
height of the microchannel, only the droplets smaller thapr8dn diameter can flow into the
confinement chambefFhe lateral migrations of the droplets can be affected if two or more droplets
get close to each other in the main channel; therefore, dilute emulsion samples should be used here
to make the droplets pass through the main channel one by one. Followi2§@pk deionized

water was added into the sample inlet well, sheath fluid inlet well and outlet well, respectively.
After platinum electrodes were inserted into the three wells, the electrical field was applied to the
microchannel with DC power suppli@SSI12001X, Circuit Specialist Inc., USA). Four DC power
supplies were connected in series here and the strength of the electric field can be controlled by
adjusting the output voltages of the power suppliesiertheelectric field, the oil droplets wodl

flow into the sample inlet branch from the confinement chanwbenthe droplets covered with
aluminum oxide nanoparticles moved through the sample inlet branch, the positively charged
nanoparticlesvere accumulated to one side of the droplets andaimesJdroplets formed in this
processWhile the droplets maxfrom the sample inlet branch into the main channel, the liquid
from the sheath flow inlet branch pushed the droplets close to the wall at the entrance of the main
channel. Then, the droplets maged away gradually from the wall when moving along the main
channel due to theffectof the wallinduced DEP force. The migrations of the oil droplets and the

Janus droplets in the main channel were visualized with an optical microscdpeNikon), and
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the images were recorded by a charge coupled device (CCD) came@alM8§, Nikon) at a rate

of 25 frames per second, which can be used to do measurement later.

In the investigation of the separations of the oil droplets and Janus droplets, the ssnmeeexal

setup and procedures were used. The microfluidic chip used in this experiment comprises four
wells, sample inlet, sheath fluid inlet, outlet A and B, as shown in Fig@(b)7 Therefore, after
wetting the microchannel, injecting the emulsioroittte confinement chamber and addihg
deionized water into the wells, four platinum electrodes were inserted into the four wells
respectively and electrical field was applied to the microchannel via the DC popglies
connecting to the electrodes.this part, the separation of oil droplets of different sizes and the
separation of Janus droplets with different sizes were conduetgctivelylt should be noted

that, in order to compare the separation difference between oil droplets and eleatdiceled
Janus droplets, the droplets with three different s&e25 pum, 50 um and 75 um, were chosen
and separated in the experimentken, based on the experimental results, the separation of oil
droplets and Janus droplets with the same sizedemasnstrated by injecting the mixed-mit

water emulsion and Pickering emulsion into the microchaiméhis paper, all experiments were

conducted at room temperature{233 ).

Furthermore, to minimize the effect of pressure driven flow, two measters taken in the
experiments: (a) Very largeservoirs (wells) were used to minimize the liquid level difference
generated by electroosmotic flow in microchannel. (b) The liquid levels in the wells were carefully

balanced before each test. (c) Eachwest completed within 2 minutes.
7.4 Results and Discussion

7.4.1 Lateral Migration of Oil Droplets and Janus Droplets

The waltlinduced dielectrophoretic lateral migrations of oil droplets and Janus droplets in the
straight main channel were measured expenitally and calculated theoreticallyhe examples

of the trajectories adinoil droplet andaJanus droplet witd = 75 um® 3 um under the electrical

field of 375 V/cm are shown in Figuré-3(a) and (b), respectivelyrigure #4 shows the
trajectories of the oil droplets and the Janus droplets with differees under different electric

fields in the main channel. The lateral migrations of the droplets under different conditions were

122



obtained by measuring the distances fromdeter of the droplets to the microchannel wall in

the recorded imageBata at each point was measured at least three times in three different chips.

The calculation of the trajectories of oil droplets and Janus droplets was carried out with MATLAB

by usng Equation (77) derived in Section 7.2. For this calculation, the iteration method was
conducted by developing a computer prdthggr am i n

the calculated results match well with the experimental results.

e — — - _— _—

/ 200 um

¢ _—
/ 200 pm

Figure7-3. Trajectories of oil droplet and Janus droplet under the electrical field of 375 V/cm in
the main channel. (a) Oil droplet= 75 pm°® 3 um; (b) Janus dropleti= 75 um° 3 um. As

visual aid, the dots are addedhe Janus droplet to indicate thamoparticle accumulated area.

7.4.1.1 Varying Lateral Migration with the Axial Moving Distance

As shown in Figure -8 and 74, due to the walinduced lateral migration, both the oil droplets

and Janus droplets move away from the microchannel wall ghaerale they travel through the
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mai n microchannel . ltds obviously shown in t
is more significant than that in the downstream seckon.example, as shown in Figurel@),

the trajectory of the oil dplet with the diameter of 7%m under electrical field of 125 V/cm was
indicated by the triangle points and the-dash line. The lateral migration of the droplet is
approximately 3Qum in the ydirection when it travels through the first 208 length n the main
channel, and then the lateral migration velocity decreases and the migration distance is less than
30um while traveling through the next 8Qén length in the main channdlhis deceleratethteral
migration is due to the dependence of the ntignavelocity (Y ) on the ratio of the droplet

radius to tle distance from the center of the droplet to the channel Wall (§ & ), as shown in
Equation (#4). This is because, as the droplet moves away from the microchannel wall gradually,

the wallinduced DEP force decreases; hence, the latégahtion velocity decreases.
7.4.1.2 Effect of Droplet Size

The effect of droplet size on the lateral migration carfdund by comparing the trajectories of

the droplets with different sizes, as shown in Figulga) and (c). In each experiment set, the
droplets with certain sized € 25 um® 3 um, 55 pm° 3 pm and75 pm® 3 um) were chosen and

their lateral migratios in the main channel were measured respectiltaly obvious from these

figures that the lateral migration of large droplets is always more apparent than that of small
droplets for both oil droplets and Janus droplets. As the size of the dropletésctbagdistortion

of the electric field around the droplet becomes more serious, which generates stronger DEP force
on the droplet"® ) and larger lateral migration velocit}¥( ). The same conclusion can

also be obtained by examining Eqoat(7-7). Therefore, while moving through the same section

of the microchannel, the larger the droplet, the more apparent the lateral migration.
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Figure7-4. Comparisorbetweerthe calculatedesultsand experimentaksults for the
trajectories the oil droplets and thkectrically inducedlanus droplets the main channelnder
externally applied electrical field. (&il droplets, E = 125 V/cm; (b)Oil droplets, d = 55 pn (c)
Janudroples, E = 125V/cm; (d) Janus droplstd = 55 um; (e) Oil droplets andlanus droplet

d =75 um andE = 250 V/cm.
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7.4.1.3 Effect of Electric Field

The strength of the electrical field is another factor that affects the lateral migrations of oil droplets
and Janus droplets. When the strength efelectric field increases, the DEP force acting on the
droplet (O ) increases, as shown in Equation3|7 therefore, the lateral migration of the
droplet increases. Figure4/(b) and (d) show the trajectories of the oil droplets and Janustdrople
with the same size under the electrical fields of 125 V/cm, 250 V/cm and 375 Viem.
comparison of the trajectories of oil droplets or Janus dropletsdwtth5 um under different
electrical fields indicates that the lateral migrations of both opleét and Janus droplet increases
with the strength of the externally applied electrical fiélslindicated in Figure-4(d), the lateral
migration of Janus droplet is approximately| i atwo = 1000pum under the electrical field of

125 V/cm. If the edctric fieldE is increased to 375 V/cm, the lateral migration can reaqginy0

at the same section.
7.4.1.4 Effect of Electrokinetic Mobility

The lateral migration of a droplet also changes with the droplet electrokinetic mobility, which can
be understood as follows. When the electrokinetic mobility of the droplet changes, the time needed
for the droplet to move through a certain section ofntiochannel changes, which affects the
lateral migration of itGenerally, when other parameters are fixed, if the electrokinetic mobility of
the droplet increases, the time for the droplet moving through the main channel becomes shorter,
and the lateramigration of the droplet decreasebhis conclusion can be demonstrated by
reviewing Equation (77) which shows the inverse relationship betweeand' . As illustrated

above, the electrokinetic mobility of the Janus droplets is approximate tws kmger than that

of the oil droplets‘( = 3.75 x 108 m%(V s) for Janus droplets, = 1.75 x 108 m?/(V s) for

oil dropletg; therefore, the lateral migration of the Janus droplets is shorter than that of the oil
droplets when moving throughe same section of the main channel. It should be noted that the
electrokinetic mobility difference between the oil droplets and the Janus droplets is caused by the
surface charg§l20,186] In this study, the electrically induced Janus droplet is fabricated by
partially coveing a negatively charged oil droplet with positively chargegDAlnanoparticles.

With the presence of the &bz nanoparticles, the total number of negative charges on the droplet
decreases. Therefore, under the same condition, the electrophoresidasfuelroplet is slower
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than that of the homogeneous negatively charged oil droplet. In a microchannel, the electrokinetic
motion of a droplet originates from the combined effects of the electrophoresis of the droplet and
the electroosmosi®f the bulk liquid which are opposite in direction; thus, the electrokinetic
motion of the Janus droplet is larger than that of the oil droplet.

The analysis shown above can be proven by comparing the trajectories of the Janus droplet and oll
droplet with the same sizender the same electrical fields shown in Figure -A(e), under
electrical field of 250 V/cm, the experimental measured lateral migration of the oil droplets with

d=75um° 3 um atw = 1000um is approximately 11Qm. However, for the Janus droplets

with the same size, the lateral migrationoat= 1000um is only 85um.

7.4.2 Separation of Oil Droplets by Size

As discussed above, the lateral migration of oil droplet is dependent on the droplet size. Therefore,
thedroplets of different sizes can be diverted into different streams and separated when they move
through the straight main channel (as shown in Fige2éd)). The example of separation of oil
droplets by size is shown in Figures7which is obtained byuperimposing the recorded images

of the moving droplets. Initially, the oil droplets move into the sample inlet branch from the
confinement chamber assingle stream. While reaching the entrance of the main channel, due to
the push of the sheath fluid frothe other inlet branch, the droplets are forced to move close to
the channel wall. While the droplets pass the main channel, thendadled lateral migration

takes place and the droplets are diverted into different streams with the large droplets movin
closer to the center of the main channel. By adjusting the voltages applied to the outlet A and B,
the large oil droplets move into the outlet branch B and the small droplets move into the outlet A.
As shown in Figure-Bb(a), undefo =% =0V (%o and%o. represent the voltages applied to the
outlet A and outlet B, respectively), the electric fields in outlet branch A and B are the same with
‘O =0 =277 V/cm. Under this electric field, the largél droplet withd = 50 pum moves into the

outlet branch B, while the smalidroplet @ = 25 um) enters into the outlet branchTA. separate

the oil droplet withd = 50 um and the oil droplet witth= 75 um, the voltage applied to the outlet

B (%0 ) should be increased. With the increasé&awof, the proportion of the liquid moving from

the main channel into the outlet branch B decreases. Under é&rtaithe oil droplet withkd = 50

pm will move into the outlet branch A meanwhile the larger oil dromlet 5 pm) will move
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into the outlet banch B. The experimental result indicates that the oil droplets with different
diameter sizes, 50 um and 75 pum, can be successfully separateéurddd V (O =283 V/cm,
'O =236 V/cm), as shown in Figure5{b).

a)

b)

375V

Figure7-5. Separation of the oil droplets by size. (a) Separation ah2%0 um diameter oll

droplets %o = %o =375V, % =% =0V, (b) Separation of 50 and 75 um diameter
oil droplets,%o = %o =375V,%0 =0V, % =50 V.%o , %o , %0 and%o
represent the voltages applying to the sample inlet reservoir, the sheath fluid inlet reservoir,

outlet A and outlet B, respectively. The time scale between two droplet po$itiimg.08s.

Clealy, the separation of oil droplets by size can be accomplished with thendaded DEP

method, and the separation of the droplets depends on the voltages applied to the two outlet wells.
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Changing the relative values of applied voltages at the two auelet will lead to the variation

of the proportion of the liquid moving from the main channel into each of the outlet channels, and
hence enable the further separation of the droplets with different lateral migrations. The optimal
values of the applied Wages at the two outlet wells can be obtained by experimental calibration
for a target droplet sizdt should be noted that without the presence of droplet, the electric field
is always uniformly distributed inside the main channel when the valueslafchppltages change;
therefore, the walinduced DEP theory shown in the theory part can still be used here to estimate
the lateral migrations of droplets in the main channel.

7.4.3 Separation of Janus Droplets by Size

The waltinduced lateral migrationfdzIJDsis alsosensitive to the droplets size; hence, the Janus
droplets can also be separated by séetwo examples, Figuré-6 shows the separation of the
electrically induced Janus droplets by size. It should be noted that, in these agurissal aid,

the dots are added to each Janus droplet to indicate the nanoparticle accumulaftagliaecst

(a) shows the separation of apth diameter Janus droplet from the smaller ahe%0 pm under

%o = %o =375V andko =% =0 V. It can be seen that the separation process of Janus
droplets is similar to that of oil droplets. When Janus droplets with different sizes move through
the main channel, the droplets are diverted into different trajectories by size and theoseparat
takes place at the joint between the main channel and the two outlet branches.-B{gusth@ws

the separation of the 50 um diameter Janus droplet from the smalled en25(um).In this
separation, to make the 50 um diameter Janus droplet fkovthie outlet branch B, the voltage
applied to the outlet %o, increases gradually until reaching 200 V. Under this electrical field,
the strength of the electrical field in outlet branch A becomes weaker than that in outlet branch B
with'O =104 VEm andO = 294 V/cm, and more liquid flows into the outlet branch B from the
main channel; thus, the Janus droplet with50 pm moves into outlet branch B rather than outlet
branch A.In this way, the Janus droplet with 50 um diameter is separatectii® smaller one.

By comparing Figure-b(a) and Figure-B(a), we can easily find that the oil droplet and the Janus
droplet with 50um in diameter enter into different outlet branches under the same electrical field,
which is caused by the electrokirethobility difference between them. Therefore, it is possible
to separate the oil droplet and the Janus droplet with the same size in this microfluidic chip.
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Figure7-6. Separation of the Janus droplets by size. (a) Separationapfdb®5 pum diameter
Janus droplet9po = %o =375V, %0 = %o =0 V; (b) Separation of 25 and 50 um
diameter oil dropletso = %o =375V, %0 =200 V,%0 =0 V. %o , %0 , %0
and%o. represent the voltag applying to the sample inlet reservoir, the sheath fluid inlet
reservoir, outlet A and outlet B, respectively. As visual aid, the dots are added to each Janus
droplet to indicate the nanoparticle accumulated area. The time scale between two droplet
postionsYois 0.08s.

7.4.4 Separation of Oil Droplets and Janus Droplets with the Same Size

The separatiorof oil droplets and electrically induced Janus droplets of the same size were
conductedFigure #7 shows the trajectories afJanus droplet of 50m in diameter and an oil
droplet of 50um in diameter under the condition & = %o =375V, % =% =0V

(O =0 =277 Vicm).As the electrokinetic mobility of the Janus droplet is larger than that of the
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oil droplet, thewall-induced lateral migration of the oil droplet is further than that of the Janus
droplet while moving through the main channel. At the exit of the main channel, the oil droplet
moves closer to the central region of the microchannel; eventually, ttiepiet moves into the

outlet branch B while the Janus droplet enters the outlet branch A. It should be noted that this is
just one example of the separation of Janus droplets and oil droplets with the same diameter. By
adjusting the voltages applied toettwo outlets of the microchannel, the oil droplet and Janus
droplet with other sizes can be separated. The relationship between the voltages and the separation
size of the oil droplets and the Janus droplets can be easily obtained through experiment.

/ 1Y
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Figure7-7. Separation of Janus droplet and oil droplet withuB0in diameter unde¥o =

%0 =375 V,%0 = %0 =0 V. %o , %o , %0 and%o represent the voltages applying

to the sample inlet reservoir, theesith fluid inlet reservoir, outlet A and outlet B, respectively.

As visual aid, the dots are added to each Janus droplet to indicate the nanoparticle accumulated

area. The time scale between two droplet positiiris 0.08 s.

Although the walinduced EP method has advantages in separating oil droplets and Janus droplet,
it possesses limitation. The limitation results from the property ofindliced DEP. As discussed
above, the wallnduced DEP is dependent on the droplet size, electric field stremgth
electrokinetic mobility of the droplet. If keeping the other two factors fixed and changing one

factor, the lateral migration of the droplet can be controlled. Therefore, the droplets can be
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separated based on this factor. For example, the sepavétdrdroplets and Janus droplets by
size. However, if two factors change simultaneously, the lateral migration becomes uncertain, and
under some specific conditions, the lateral migration will remain fixed regardless of the variations
of these influencéactors. Generally, with the increase of the droplet size, the lateral migration
increases, while the lateral migration decreases with the increase of the droplet electrokinetic
mobility. Therefore for smalleroil droplets andargerJanws droplets, theateral migrations of

them could be the same under certain conditithrad|imits the separation between them.
7.5 Conclusions

In this chapter, the walhduced DEP lateral migrations of both EIJDs and oil droplets were studied,
andthe separation of oil droplets and Janus droplets in a microchannel by theduat#d DEP
methodwas demonstratedr the first time. The walinduced dielectrophoretic lateral migrations

of both oil droplets and electrically induced Janus dropletsiraaght microchannel were studied

first. The experimental results indicate that the migration of the droplets from the channel wall is
dependent on the strength of the electric field, the size and electrokinetic mobility of the. droplet
The increases dhe strength of the electric field and the size of the droplet lead to further lateral
migration. On the contrary, the lateral migration decreases with the increase of the electrokinetic
mobility of the droplet; therefore, under the same condition, tleealamigration of the Janus
droplet is smaller than that of the oil droplEhe experimental measured lateral migrations of oil
droplets and Janus droplets watsocompared with the theoretical predicted results, and good
agreement was foundThen, thewall-induced DEP separation method was successfully
demonstrated through separation of oil droplets by segaration o€lectrically inducedlanus
droplets by size, and separation of oil droplets and Janus droplets with the same size in a
microchannel wth two inlet branches and two outlet brachBse experimentatesults indicate

that the separation of target droplets be easily accomplished by varying the applied voltages

at the end of the two outlet branches.

The wallinduced DEP droplet separation method presented ichhisterhas the advantages of
simple structure and easy operation, which can be used to sort the target droplets with fixed size
and morphology for specific applications after they are fabett This method holds promise in

the applications of industrial and research fields.
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CHAPTER 8. Application : Fabrication of Microvalve Using Electrokinetic
Motion of EIJD”

8.1 Introduction

Microfluidics haswide applications in variouareas, suchsabiotechnology, chemistry and life
science, due to less reagent consumption, short reaction time, low cost and comga8tisize
191]. As one of the most important microfluidic components, microvalves are designed to carry
out flow regulation and flow switchind 64,192,193] Generally, microvalves can be categorized

into five major classes based on their actuabdginalities: pinch, pneumatic, phase change,
capillary and electrokinetic. Pinch microvalves are operated by compressing a flexible membrane
with an external mechanical force. Magn4fi®4i 196], electric[197,198,106,1994nd thermal

[200i 205] actuations are universally used to realize the compression. For example, in 1979, Terry
et al. [194] first developed a magnetic pinch valve to control the motion of gas by placing a
solenoid plunger on top of a nickel diaphragroriNally, the plunger presses the diaphragm onto

the micromachined silicon valve seat and the valve closes. Once the solenoid is powered on, the
plunger moves upward to release the diaphragm to open the valve. By turning on and off the
solenoid, the magnetimicrovalve can be operatddespite the simple actuation principles of the
pinch microvalves, it is difficult to fabricate them because of their complicated structures.
Generally, a pinch microvalve consists of diaphragm, valve seat, sealing ring aatbraddy
assembling these components together, a pinch microvalve always contains multiple layers and
films, that causes unavoidable leakddé4]. Pneumatic microvalves, introduced firstly by

Qu a k e 6 $206¢ ar@thepmost widely used valvesmicrofluidics nowaday§207i 209]. The
microvalve consists of a fluidic channel and a contr@nctel with an elastomeric membrane
separating the two channelthe membrane is actuated by external air pressure via the control
channel. With the deformation of the membrane, the fluid in the fluidic channel is displaced and

the channel gets sealddowever, apart from the liquid driven system, the external actuation

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Microvalve Using Electrokinetic Motion of Electrically Induced Janus Drogleal. Chim. Acta2018,
1021, 85-94. https://www.sciencedirect.com/science/article/pii/S0003267018303660

134


https://www.sciencedirect.com/science/article/pii/S0003267018303660

system, such as air pump, is essential in fabricating pneumatic microvalve, which makes the
microsystem complex and limits its further miniaturizatidthase change microvalves are
developedbased on the phase transition of the actuator materials. When phase transition takes
place in response to changes in temperature or pH value, the volume of the actuator material
changes, which forces the material flowing into the microchannel or actbatdsformation of

the adjacent microchannel to control the fluid flow inside the channdl1€3, hydrogel[211

213], paraffif214i 216] and polyethylenaglycol [217] have been proven as viable actuator
materials for fabricating phase change microval¥ssphase transition needs time, the response
time of he phase change microvalve is longer, from several seconds to several minutes, which
restricts its applications in slevesponse condition€apillary microvalves manipulate the fluid

flow inside microchannels by changing the capillary forces. For a passpillary valve, a sudden
geometry expansion is set in the microchannel, which causes a pressure barrier and traps the fluid
to form a meniscus until extra driving force is applied to open the {2082220]. Apart from the

abrupt geometry change strategy, the electrocapillary and therntagagffects are also able to
control the capillary force by generating electrical potential difference and temperature gradient
on the microchannel wall, which have been proven to be efficient methods to fabricate capillary
microvalveg[221i 223]. The advantages of ¢hcapillary microvalve are that it does not have any
moving parts and can be fabricated easily; however, this valve is hard to recover once opened,
which restricts its further application. Electrokinetic valves use electroosmaotic flow to drive liquid
moving to target microchannels by changing the electrical field applied to each microchannel
[2241 232]. The major issue of this type of valves is that the ion/molecular diffusion cannot be

neglected since the microchannels are opened and connected at all times.

In general, there are shortcomings and challenges in the traditional anes\for example: (a)
leakage, (b) large size, (c) lorgsponsiveime, (d)bulky and complex external actuation system,

(e) complicated structure and fabrication process. These shortcomings restrict the miniaturization
and efficiency of the microfluidi devices. Therefore, research in developing new microvalves

with novel strategies is highly desirable.

Recently, the development of Janus materials provides a new direction for fabricating microvalves
A Janus material hago sides carrying distinct properties. Due to their anisotropic property, the

Janus materials have found potential applications in mechan®33,234] chemistry[235,236]
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biology [2371 239] and pharmaceutic40i 242]. In the fabrication of microvalve with Janus
materials, Daghighi et aJ]96] first introduced a microvalve using the electrokinetic motion of
metallodielectric Janus particle (with a metallic hemisphere and a dielectric hemisphere) and
analyzedthe feasibility of using such a Janus particle to form a microvalve numerically. This
microvalve consists of a microchamber, three microchannels, four electrodes and a Janus particle.
When applying electrical field, vortices are introduced in the vicinity of the Janus particle and
drive the particle to move in the microchamber and blocletitience of the target microchannel.

By switching the electrical field, the Janus particle moves and blocks different microchannels.
However ,n practice, the surface of the microparticles, the surface of the wall of the valve chamber
and the entrance dfié microchannels cannot be perfect spherical and smooth. Therefore, the solid
microparticle cannot fully block the entrance of the microchannels, resulting in ledlcdge.

Wang et al.[243] fabricated a nemoving part microvalve with Nsopropylacrylamide
(NIPAM)/16-mercaptohexadecanoic acid (MHA) Janus elliptical nanopillar arrays. This Janus
nanopillar array is wet anisotropity which only allows water to move along the hydrophilic
direction. Based on this mechanism, they developed awme microvalve by combining a-T
shaped microchannel with the Janus pillar arrays fotigasl separation.

In this chapter, we reported a microvalve fabricated with EIBBsause such a Janus droplet can
movein response to the change of the applied electric field and can deform in shape slightly under
the applied electric field force (and hence can block the entrance of a microchannel well), it is
possible to achieve the function of the microvalve by utilizivegelectrokinetic motion of such a
Janus dropletin this study, the applicatioof such a Janus droplet in fabricatietgctricaly
responsivenicrovalve is demonstrate@iheelectrokinetic motiomf the Janus droplét a circular
microchamber undeswitching electric field was examinedirst. Then, the microvalve was
fabricated by injectingn EIJD into a three dimensi@h (3D) microchannel, and the performance

of the microvalve, including switching time, flow rate and leakage, was analyzadditian, the

EIJD was compared withAn isotropic oil droplet, and the sealing performance obihdroplet

based microvalve was tested.
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8.2 Materials and Methods
8.2.1 Preparation of EIJDs

The EIJDs were prepared from thex®4-nanoparticlestabilizedPickering emulsion under the
induction of externally applied direct current (DC) electric fi€ldst, emulsion oil droplets were
prepared through vibration by following the steps shown in section 3.2Z:Bet.Pickering
emulsion droplets are formed by augl the emulsion oil droplets into ADs nanoparticle
suspension. In the experiment, the Pickering emulsion dropletse first injected into a
microchannel. Under the electric field, the positively charged nanoparticles adhering at the oil
water interfacewere induced to move and accumulate on one side of the drdpileadly, a
compact nanopatrticle film was formed on the side of each droplet facing the cathode of the electric
field. The EIJDs with hathalf geometry can be generated with 1.5 mg/mL naricpa

suspension.
8.2.2 Fabrication of Voltage Control Unit

A voltage control unit, including four serial voltagéejustable DC power supplies (CSI12001X,
Circuit Specialist Inc., USA), signal relays (G&2y Omron, Canada) amthtaacquisition (DAQ)

device (NI USB6259, National Instruments, USA), were used to control the voltages applied to
the microfluidic chips (Figure-8). This unit can be easily controlled with LabVIEW software
(National Instruments, USA). In this unit, the serial power supplies ctechéo the signal relays

were set to provide voltages ranging from 0 V to 500 V. The DAQ device received the order from
the computer and sent out signals to operate the relays. By turning on/off the relays, the output

voltage at each outlet end of theturan be switched.
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Figure8-1. (a) Schematic diagram of the microchannel for detecting the electrokinetic motion of
the EIJD (b) Schematic diagram of the system setup for analyzing electrokinetic property of the
EIJDs.
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8.2.3 Analysis ofElectrokinetic Property of the EIJDs

The electrokinetic property of the EIJDs was analyzed in a PDMS microfluidic chip under
switching electric field. The whole analysis system consists of three major units: microfluidic chip,
optical visualization, and Wiage control unit (Figre8-1(a)). The microfluidic chip was fabricated

by a standard soft lithography technique, which contains a patterned top PDMS layer and a flat
PDMS substrate. A crosshaped microchannel with uniform height of gth was designed,
composed of a circular micnalve chamber, four branch channels, and a confinement chamber.
The micrevalve chamber (20Qm in diameter), connecting four branch channels, was located at
the center of the microchannel. The channel conrgethia confinement chamber and the micro
valve chambewas500 um longand 100um wide for transporting the Janus droplet, whiie
dimensions of the other three channels were 588 um (lengthx width). The confinement
chamber was used to hold the Rickg emulsion droplets after they were injected from the
reservoir. The electric field was applied to the microchannel through four platinum electrodes

inserted in the reservoirs.

While analyzing the electrokinetic property of EIJDs,l0deionized watewas added into the
microchannel first. After injecting BL Pickering emulsion droplets into the confinement chamber,
50 uL deionized water was added into each reservoir, respectiMatyelectrodes were inserted

into the reservoirsandthe electric feld was applied to the microchannel by the voltage control
unit. Initially, the electric field was applied to the confinement chamber and the droplet inlet
channelthis is to induce the nanopatrticles to accumulate to one hemisphere of the droplet to form
ElJDs and to drive the droplets to flow towards the mialye chamber. When one Janus droplet
entered into the circular microchamber, the electric field applied to the microchannel was switched
continuously by using LabVIEW software to operate the veltagntrol unit. Under the switching
electric field, the electrokinetic motion of the Janus droplet in the circular wwétve chamber

was observed with the Nikon -E optical microscope and recorded through a charge coupled
device (CCD) camera (DQilMc, Nikon) at 25 fpgFigure 81(b)).

8.2.4 Fabrication of Multilayer Microfluidic Chip

The microfluidic chip used in fabricating microvalve includes two layers, top PDMS layer and

bottom PDMS layelThe chips were made by the soft lithography technique. fideegs included
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the following steps: top layer master fabrication, bottom layer master fabrication and assembly of
PDMS layers (Figre 8-2(a)). The top layer master has a thdmension (3D) photoresist
structure. To fabricate it, a layer of photoresgth8 2015, MicroChem, USA) with the thickness

of 20um was first spircoated onto a silicon wafer, followed by soft baking at 6tor 2 min and

953 for 3.5 min. Then, the S18 coated wafer was exposed to ultraviolet (UV) light with mask

#1 placed on tofi. After post exposure baking (85 for 3 min and 93 for 4.5 min), the second

layer of photoresist (S8 2025, MicroChem, USA) with the thickness of| 4@ was spircoated

onto the wafer, followed by soft baking (65for 3 min, 953 for 6 min). Before WV exposure,

the mask #2 was put on the wafer and aligned to the first layer photoresist pattern through an
optical microscope (Nikon SMZ800, Nikon, Japan). With post exposure bakirgy (651 min

and 953 for 6 min) and development, the top layer mast#h 3D photoresisstructures was
formed. The bottom layer master was fabricated via the slagée soft lithography method. In

brief, the wafer was spinoated by the photoresist layer (8L2025, MicroChem, USA) with the
thickness of 4Qum and bakedte&653 for 3 min and at 95 for 6 min. After the processes of UV
exposure, post exposure bake and development, the pattern was transferred from the mask to the
wafer. After fabricating the masters, the degags®ydimethylsiloxane PDMS (10:1 (w/w) ratio

of precursor and curing agent) was poured onto the masters and heated fatr80hour Then

the PDMS slabs with the designed microstructures were peeled off and four reservoirs were
punched on the top PDMS kyAfter plasma treatment (HARRICK PLASMA, Ithaca, NY, USA),

the top PDMS layer was aligned to the bottom PDMS layer under the Nikeml¢roscope and

the 3D microchannelasformed.

The 3D microchannel was composed om&ro-valve chamber, four brahcchannels and a
confinement chamber (Rige 8-2(b) and(c)). The micrevalve chamber located at the center of
the microchannel was 3Qfm in diameterwhich was used for connecting the branch channels
and holding the Janus droplet. The droplet infenrel with 100 um width and 50Qum length

was set betweethe confinement chamber and the migadve chambeto transfer the EIJDThe
confinement chambewasdesigned for holding the Pickering emulsion droplets and also served
as a filter to block the entiyf large emulsion droplets due to its limited heidiite confinement

chamber, droplet inlethanneland micrevalve chanber had uniform height of 100m. The
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dimensionsf the other three branches, inlet channel, outlet A and/@ge 5 mmx 20 um x 20

um (lengthx width x height),andthe angle between the two outlet channels was 45

Figure8-2. (a) Schematic diagram of the fabrication of multilayer microfluidic .cf{op Picture
of the microfluidicchip (filled with methyl orange solution folarity). (c) Optical mitroscopic

image of the microchannel.

8.2.5Function Testof the Microvalve

To test the function ofhe electrically responsiviélJD microvalve, experiments were conducted
by using the experimental setup as described previouslydinglathe microfluidic chip, voltage
control unit and optical visualization. However, as seen inrei§3, the microfluidic chip used
in this part has a configuration different from the chip shown inréi@1. After adding 1QuL
deionized water into th@icrochannefor wetting injecting 5uL Pickering emulsion droplets into

the confinement chamber and addingg0deionized water into each reservoir, four platinum
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