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Abstract

Janus droplets refer to droplets comprised of two hemispheres with different properties. Among
the Janus droplets, electrically anisotropic Janus droplets with two sides carrying opposite signs
of surface charges are unique. Due to their specific properties, electrokinetic phenomena of the
electrically anisotropic Janus droplets are quite different from homogeneous ones and are not
covered by the classical electrokinetic theory. The electrically heterogeneous Janus droplets have
great potential in many fields, such as biotechnology, materials science, pharmaceutical science,
food analysis as well as chemistry. Although various techniques have been developed to form the
Janus droplets with different anisotropic properties, the techniques for generating the electrically
anisotropic Janus droplets are seldom reported. Restricted by the fabrication methods, the studies
of electrokinetic phenomena of electrically anisotropic Janus droplets and the applications are

limited.

This thesis systematically studies the electrokinetic phenomena of electrically induced Janus
droplets (EIJDs), as well as their corresponding applications in microfluidic systems. The initial
stage of the thesis is focused on developing simple and controllable methods for generating EIJDs
and droplets with multiple heterogeneous surface strips with nanoparticles. Both sessile and
suspended EIJDs are formed by partially covering the oil droplets with Al>O3 nanoparticles under
an electric field. Because the Al>Os nanoparticles and the oil-water interface carrying surface
charges with opposite signs, the EIJDs are electrically anisotropic. The nanoparticle coverage of
the E1JDs is controllable using the concentration of the nanoparticle suspension and the electric
field strength. The droplets with multiple heterogeneous surface strips are prepared in a
microfluidic chip under an electric field. By controlling the delivery of nanoparticles in the
microfluidic chip, different nanoparticles, Al2O3, MgO and ZnO, accumulate on the surfaces of

the oil droplets to form desired strips.

In fundamental part, the studies of the electrokinetic phenomena of the EIJDs are conducted,
including electroosmosis, electrokinetic motion and wall-induced dielectrophoresis.
Electroosmotic flow fields around sessile EIJDs are visualized with the particle tracing method.
Because two sides of the Janus droplets carry opposite surface charges, vortices can be generated

around the dipoles under electric field. To understand the evolution of these vortices, the effects



of the electric field strength and nanoparticle coverage of the EIJDs on the vortices are studied.
The comparisons between the experimental results and the numerical results indicate good
agreement. The Electrokinetic motions of the suspended EIJDs in a straight microchannel under
both a relatively weak electric field and a relatively high electric field are investigated, respectively.
In this study of the electrokinetic motion, the effects of the electric field strength, the nanoparticle
coverage of the EIJDs, the droplet size and the electrolyte concentration on the electrokinetic
velocity of the E1JDs are studied systematically. The results indicate that, under weak electric field,
nonlinear electrokinetic motion of the EIJDs is observed due to the variation of the nanoparticle
coverage with electric field. Finally, the wall-induced dielectrophoretic lateral migration of the
EIJDs 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 target EIJDs is
accomplishable with wall-induced dielectrophoresis.

Two applications of the Janus droplets are introduced in this thesis: microvalve and micromotor.
The EIJD-based microvalve is controllable using electric field. By testing the performance of the
microvalve systematically, the capability of such an EIJD-based microvalve in sealing, switching
time and flow rate control is confirmed. The micromotor moves spontaneously in an alkaline
solution through the propulsion of gas bubbles generated on the particle-coated side of the Janus
droplet. The factors affecting 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 be accomplished using an externally applied electric field.

This thesis develops simple methods for fabricating EIJDs and droplets with multiple
heterogeneous surface strips. The fundamental research in this thesis extends the understanding in
the electrokinetic phenomena. The microvalve and the micromotor fabricated from the Janus
droplets offer great potential in various microfluidic devices and applications.
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CHAPTER 1 Introduction

1.1 Problem Statement

Janus is a Roman god with two faces towards opposite directions. Janus droplets named after this
god, refer to droplets with two sides carrying different properties. Recently, Janus droplets have
attracted great interest due to their unique anisotropic properties, which make them suitable in
many fields such as biotechnology, materials science, pharmaceutical science, food analysis as
well as chemistry. For example, Janus droplets can be solidified to Janus particles with color [1],
electrical [2], magnetic [3, 4] or amphiphilic [5] anisotropy, which are useful in stabilizing
emulsion [6], fabricating twisting-ball electronic paper [7], detecting cellular components [8, 9]

and so on.

A series of fabrication techniques have been developed for synthesizing Janus droplets. The major
fabrication techniques include high energy mixing method, microfluidic method and
electrohydrodynamic method. Each of these fabrication techniques has its known strengths and
weaknesses, and various Janus droplets with different anisotropic properties have been produced
with these methods. However, the generation of electrically anisotropic Janus droplets with the
existing methods is seldom reported. Since Janus droplets with electrical anisotropy are electrically
responsive, they can find application in sensor and actuator-based microfluidic devices. Therefore,
a simple, reliable, productive and cost-effective technique for the generation of electrically

anisotropic Janus droplets is highly required.

Manipulation of droplets/particles plays a very important role in microsystems, and the
electrokinetic technique has been proved to be effective in operating the droplets/particles
precisely. The electrokinetic phenomena of homogenous rigid particles and droplets have been
investigated extensively. However, for heterogeneous Janus materials, most of the studies have
focused on the electrokinetic phenomena of solid Janus particles, and research on Janus droplets
has been limited. Understanding of the electrokinetic phenomena of Janus droplets is in demand.
First, due to the heterogeneous structure, the electrokinetic phenomena of the Janus droplets are
complicated and quite different from that of the homogeneous droplets, especially for electrically
anisotropic Janus droplets. The systematic studies of the electrokinetic phenomena of Janus

droplets can extend the classic electrokinetic theory. Second, more detailed knowledge of the
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electrokinetic properties of the Janus droplets is critical to the operation of them, which is helpful
in fabricating Janus droplet-based microfluidic devices for micro-mixing, separation and sorting,

as well as programmable cargo delivery.

Due to restrictions of fabrication techniques and understanding 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 solid Janus particles. For example, the
electrokinetic motion of the metallic-dielectric Janus particles in a microchannel were studied, and
the applications of the Janus particles in fabricating microvalve and micromotor were proved,
respectively. In comparison with solid Janus particles, the Janus droplets have their own
advantages. For instance, Janus droplets are more suitable in programmable cargo delivery,
offering the advantages of large capacity and high flexibility. For these reasons, development of
applications of Janus droplets is highly desirable, and will be useful in many areas of science and
technology.

1.2 Research Objectives

Electrically anisotropic Janus droplets are investigated in this thesis; the droplets are fabricated
with nanoparticles under an externally applied electric field. Therefore, we would like to name the
Janus droplets fabricated with this method as electrically induced Janus droplets (EIJDs). This
thesis is aimed at presenting a comprehensive study of the electrically anisotropic Janus droplets
in the field of fabrication, electrokinetic properties and applications. The detailed objectives

include:
1) Develop simple and cost-effective techniques in fabricating sessile and suspended EIJDs.
2) Analyze the influence factors of the topology of the EI1JDs.

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

motion and wall-induced dielectrophoresis.
4) Develop a microvalve based on the electrokinetic motion of EIJD.

5) Fabricate self-propelled micromotors with particle-coated Janus droplets in alkaline solution.



1.3 Thesis Outline

The layout of the thesis is shown in Figure 1-1.

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
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Ch9) Application II : Fabrication of Self-propelled Micromotors with Janus Droplets !

1

J

Ch10) Conclusion and Future Work

Figure 1-1 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 brief summary and comparison of the Janus droplets fabrication techniques is



made. Chapter 2 aims to provide a fundamental background of the Janus droplet research and point

out the areas for additional investigation.

Chapter 3 presents the novel methods for preparing the EIJDs with nanoparticles under electric
field. The methods for generating both sessile and suspended Janus droplets are demonstrated
experimentally. The effects of different factors, including electric field strength and concentration
of nanoparticle suspension on the topology of the Janus droplets are investigated. The fabrication
of droplets with multiple heterogeneous surface strips under electric field in a microchannel is also
presented in this chapter.

Chapters 4, 5, 6 and 7 systematically investigate the electrokinetic phenomena of the EIJDs.
Chapter 4 studies the electroosmotic flow fields around sessile EIJDs. A multi-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 nanoparticle coverage of the EIJDs on the flow fields
are explored. The experimental visualization of the flow fields around the EIJDs are also conducted
with the tracing particle method. The comparison between the experimental results and the

numerical results confirms the numerical predictions.

Chapter 5 studies the nonlinear electrokinetic motion of the EIJDs in microchannels under relative
weak electric field experimentally. The lag of the variation of nanoparticle coverage of the EIJDs
behind the change of electric field is characterized by measuring the evolution time of the
nanoparticle film under different electric field strengths and by comparing the variations of
nanoparticle coverage under different time-varying electric fields. The electrokinetic motions of
the EIJDs under different electric field strengths and different time-varying electric fields are
measured, respectively. Results show that under weak electric field the nanoparticle coverage of
the ENDs is electric-responsive, hence the electrokinetic velocity of the EIJDs increases
nonlinearly with the electric field strength. Furthermore, due to the lag effect of the nanoparticle
coverage, the electrokinetic velocities of the EIJDs are different under different time-varying

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 model is constructed to calculate the electrokinetic velocity of the Janus droplet by
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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 oil-water interface are
considered. The effects of five parameters on the electrokinetic motion of the Janus droplets are
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 charged side, the ratio of the viscosity of the oil
phase to that of the water phase, the nanoparticle coverage of the Janus droplet, and the ratio of
the diameter of the Janus droplet to that of the cylindrical microchannel. To confirm the numerical
findings, the 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.

Chapter 7 presents the study of the wall-induced dielectrophoresis (DEP) of EIJDs in
microchannels. The lateral migrations of homogeneous oil droplets and EIJDs in a straight
microchannel under different conditions are experimentally measured first, and the experimental
results are compared with the theoretical predications. Based on the wall-induced dielectrophoresis,
the oil droplets with different sizes, the Janus droplets with different sizes, and the oil droplets and
Janus droplets with the same size are separated respectively in a microchannel. The study in this
chapter demonstrates the feasibility of the wall-induced DEP method, for the first time to our

knowledge, in separating oil droplets and EIJDs.

The applications of the Janus droplets in fabricating microvalve and micromotor are shown in
Chapters 8 and 9, respectively. In Chapter 8, the application of EIJDs in fabricating an electrically
responsive microvalve is demonstrated. The electrokinetic motion of the EIJD in a circular
microchamber under switching electric field is examined first. Then, the microvalve is fabricated
by injecting an EIJD into a three dimensional (3D) microchannel, and the performance of the
microvalve, including switching time, flow rate and leakage, is analyzed. In addition, the EIJD is
compared with an isotropic oil droplet, and the sealing performance of the oil droplet-based
microvalve is tested. The EIJD-based microvalve shown in this chapter offers great potential in

fabricating integrated microfluidic devices.

In Chapter 9, the self-propelled micromotor fabricated with particle-coated Janus droplets is
developed. The self-propulsion of the micromotor in an alkaline solution is demonstrated

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



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

using an electric field.

The last chapter of the thesis concludes the major findings on the fabrication, electrokinetic
properties and applications of the EIJDs. Based on the findings shown in this thesis, suggestions

for future research are also briefly introduced.



CHAPTER 2 Literature Background

The main objectives of this thesis are to develop novel methods to fabricate electrically anisotropic
Janus droplets and perform a systematically study of the electrokinetic properties of the Janus
droplets. In this chapter, the fabrication techniques of Janus droplets and the classic electrokinetic
phenomena are reviewed. In the fabrication techniques part, the high energy mixing method,
microfluidic method and electrohydrodynamic method are introduced. The theories of electric
double layer (EDL), electroosmotic flow (EOF), electrophoresis (EP) as well as dielectrophoresis
(DEP) are presented in the part of classic electrokinetic phenomena. The electrokinetic phenomena
of solid Janus particles are also included. The chapter provides a fundament background of this
thesis.

2.1 Janus Droplet Fabrication Techniques

2.1.1 High Energy Mixing Method

The high energy mixing method (also called one-step bulk vortex mixing method) can be used to
prepare Janus emulsions simply and quickly, which includes the following two steps: (a) add two
immiscible dispersed phases, usually oils, into a continuous phase, usually agueous solution; (b)
vibrate the mixture using a shear mixer or a vortexer until the emulsion appears homogeneous [10—
20]. With this method, the Janus droplets comprised of two immiscible dispersed phases can be
formed in the continuous phase, for example, silicone oil-vegetable oil Janus droplets in Tween 80
aqueous solution [11,13] [16], tripropyleneglycol diacrylate (TP)-silicon oil Janus droplets in
Tween 80 aqueous solution [17], as well as hexane-perfluorohexane Janus droplets in Zonyl and
sodium dodecyl sulfate (SDS) aqueous solution [18]. The equilibrium topology of the Janus
droplet is dependent on both the interfacial tensions in the contact line between the two dispersed

phases and the continuous phase and the volume ratio of the dispersed phases.
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Figure 2-1 (a) Schematic diagram of a Janus droplet comprised of two immiscible fluids, A and
B, with indicated interfacial tensions and contact angles. Reproduced with permission [14].
Copyright 2012 The Royal Society of Chemistry (RSC). (b) Transition of the topology of the
Janus droplet in terms of the interfacial tension ratios, y,/y4g and vz /v4s- Reproduced with
permission [14]. Copyright 2012 The Royal Society of Chemistry (RSC). (c) Optical images of
the hexane-perfluorohexane droplets in solutions with different concentration of surfactant, SDS.

From [ to VI, the concentration of SDS increases gradually from 0 to 0.1%. Reproduced with

permission [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 comprised of two
immiscible fluids, A and B, with the same volume, immersed in the continuous phase. As shown
in Figure 2-1(a), the three-phase contact line forms between the three phases. At equilibrium state,
the relationship between the contact angles and the interfacial tension on the three-phase contact

line can be expressed as (known as Neumann triangle) [14]:



YapC0sOg + v +yacos(64+65) =0 (2-1)
YapC0S6, +v4 +ygcos(04+65) =0 (2-2)

where y, is the interfacial tension between A and the continuous phase, y3 is the interfacial tension
between B and the continuous phase, and y,5 is the interfacial tension between A and B. 6, and

0 are the contact angles.

As shown in Eqg. (2-1) and (2-2), the contact angles change with the variation of interfacial tension;
hence, the topology of the Janus droplet. The transition of the topology of the Janus droplet in
terms of the interfacial tension ratio is shown in Figure 2-1(b). It can be clearly seen from this
diagram that the partial engulfing Janus droplet can be generated only under the condition of
Ya, Vs > Yag and the topology of the Janus droplet changes with the interfacial tension ratios,
Ya/vap and yg/vag. Generally, the three interfacial tensions can be adjusted by changing the
concentration of surfactant in the continuous phase. Janus droplets with different heterogeneities
can be generated by changing the surfactant concentration in the continuous phase. Zarzar et al.
[18] experimentally proved this by generating hexane-perfluorohexane droplets with different
topologies. As shown in Figure 2-1(c), the topology of the hexane-perfluorohexane droplet

changes with 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 change, and
the topology of the Janus droplets is different. Hasinovic et al. [20] studied the effect of volume
ratio on the topology of the Janus droplet. As shown in Figure 2-2(a), the volume of O1 changes,
while O2 remains constant. The numbers at the bottom of each droplet represent the volume ratio.
It can be seen that the contact line moves downwards in relative to the whole droplet with the
increase of the volume ratio, and Janus droplets with different topologies form. Ge et al. [17]
experimentally studied the effect of volume ratio. By injecting silicone oil and tripropyleneglycol
diacrylate with different volume fractions into aqueous solution, Janus droplets with different

topologies were generated successfully, as shown in Figure 2-2(b).



Figure 2-2 (a) Numerical result of the variation of the Janus droplet topology with volume ratio.
The volume of O1 change, while O2 remains constant. The number represents the volume ratio
of 01/02. Reproduced with permission [20]. Copyright 2013 Taylor & Francis. (b) Microscopy
images of the Janus droplets generated by dispersing different volume fractions of silicone oil
and tripropyleneglycol diacrylate into Tween 80 aqueous solutions. From 1 to IV, the fraction
of tripropyleneglycol diacrylate increases gradually. Reproduced with permission [17].
Copyright 2014 Elsevier.

In comparison with other methods, the high energy mixing method has the advantage of being able
to prepare a large number of Janus droplets within limited time. However, the size and the topology
of the Janus droplets fabricated with this method are hard to control. The size varies from several
microns to several hundred microns, and the topology of the Janus droplets is different from each

other due to different volume ratio between them.

2.1.2 Microfluidic Method

Recently, the droplet microfluidic system has been developed and widely used for generating and
manipulating droplets [21-23], which provides a potential way to form Janus droplets. Based on
the formation mechanism, the microfluidic method can be divided into three groups: breakup

formation [7,8,24-28], evolution from core-shell emulsion [29-36] and phase separation [37-39].
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2.1.2.1 Breakup Formation

The first mechanism, breakup formation, is the most popular one. With this mechanism, Janus
droplets can be produced one by one through forcing parallel streams of two immiscible phases to
break up into droplets in a microfluidic chip [24,25,40]. Generally, two immiscible dispersed
phases flow in the central channels of a microfluidic chip, and the continuous phase flows in the
side channels. When the thin stream of the two dispersed phases is forced to flow through a narrow
orifice, the shear force generated by the continuous phase breaks up the thin stream and Janus
droplets form. The schematic diagrams of the general Janus droplets generators are shown in
Figure 2-3 (a) and (b). Maeda et al. [26] extended this method by developing a centrifuge Janus
droplet generator to synthesis magnetic anisotropic Janus droplets. The synthesis system comprises
two parts: a droplet generator device with built-in capillaries for holding the two immiscible
monomers and forming sessile Janus droplets on the capillary orifices, a tabletop centrifuge which
is used to provide centrifugal force to drag the sessile Janus droplets away and forms mobile Janus
droplets (Figure 2-3 (c)). Furthermore, to increase the volume throughput of the microfluidic
method, a lot of attempts have been taken, for example, parallelization devices were utilized to
generate multiple Janus droplets at the same time [41-46].

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

polymeri- «=== ) s =) @@ phase (W)  Q

zation ; — v
Janus droplets Polymeri- =
\ ble ph
200 um Aqueous phase 3 zable phase
Qe y Shell phase (M)

4
l\ Centrifugal Gravity Force .
\ Janus

o /transition

“.. Core-shell

c)

\ Capillary
ion  /

Rotation

y

CaClz solution / 7 /)
Acrilyc hoider ~ / /
Microtube Rotar
X

Figure 2-3 Schematic diagrams of the Janus droplets generators. (a) A Y-shaped microfluidic

droplet generator (MFDG). Reproduced with permission [24]. Copyright 2007 John Wiley and

Sons. (b) A T-shaped MFDG. Reproduced with permission [40]. Copyright 2016 Elsevier. (c)

Centrifuge-based Janus droplets generator. Reproduced with permission [26]. 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 immiscible dispersed phases, and the size of the droplets can be controlled by
regulating the volume flow rates of the dispersed phases and the continuous phase [47]. The
properties of different sides 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 monomer-silicon oil Janus droplets [24] (Figure 2-4 (a)), 1,6-

hexanediol diacrylate (HDDA)-silicone oil Janus droplets [25] (Figure 2-4 (b)) and soybean oil-
deionic water Janus droplets [28].
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Figure 2-4 Optical images of the Janus droplets. (a) Acrylate monomer-silicon oil Janus droplets
developed from breakup mechanism. Reproduced with permission [24]. Copyright 2007 John
Wiley and Sons. (b) 1,6-hexanediol diacrylate (HDDA)-silicone oil Janus droplets developed

from breakup mechanism. Reproduced with permission [25]. Copyright 2009 Springer Nature.

(c) Tetradecane-tripropylene glycol diacrylate (TPGDA) Janus droplet transferred from O/O/W

droplet. Reproduced with permission [33]. Copyright 2008 American Physical Society. (d) Janus
liposome prepared from W/O/W droplet through solvent evaporation and dewetting. Reproduced
with permission [34]. Copyright 2011 John Wiley and Sons.
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2.1.2.2 Evolution from Core-shell Emulsion

The Janus droplets can also be produced through the evolution of core-shell emulsion droplets.
The core-shell emulsion is consisted with three immiscible phases, i.e., two dispersed immiscible
phases and one continuous phase. The core-shell droplets are formed by encapsulating the droplets
of one dispersed phase with the other dispersed phase in MFDGs. For oil-in-oil-in-water (O/O/W)
droplets, the topology of the core-shell droplets is changeable. With the minimization of the
interfacial energy of the droplets, the core-shell droplets transform into Janus droplets. Pannacci
et al. [33] introduced three fluids into a microfluidic system to produce double droplets. The core-
shell droplets are generated in the upstream of the microchannel. As the translation of the droplets,
the complete engulfing droplets transform into Janus droplets in the downstream spontaneously
with the minimization of the interfacial energy, as shown in Figure 2-4 (c). The core-shell droplets
and the Janus droplets are inter-convertible by using stimuli-responsive surfactants to tune the
interfacial tensions. For example, the effectiveness of the stimuli-responsive surfactants changes
in response to pH, temperature or light, which further affects the interfacial tensions, and then the
topology of the droplets. The Janus droplets can also be fabricated from the water-in-oil-in-water
(W/O/W) droplets with the dewetting and evaporation of solvent. The droplets with Janus
geometry comprising an aqueous lobe and a solvent lobe show up transiently during the solvent
evaporation of W/O/W droplets [36]. Recently, Shum et al. [34] reported a novel method to prepare
stable Janus droplet through dewetting. They prepared W/O/W emulsion droplets with two
aqueous cores in MFDG. As the evaporation of the middle phase, the amphiphilic diblock
copolymers dissolved out and got assembled at the interfaces to form membranes. As a result, the
aqueous 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 mechanism for generating Janus droplets from single-phase
emulsion droplets. In this mechanism, the dispersed phase containing multiple solvents is
emulsified into a continuous phase in a MFDG. With the dissolving and evaporation of the co-
solvent into the continuous phase, the solvents in the droplet separate out and Janus droplet forms.

For example, Zhang et al. [39] injected the ternary mixture (ethanol, water and octanol) and

13



fluorinated oil (FC-40) into a T-shape microchannel with the ternary mixture as the dispersed
phase and the FC-40 as the continuous phase. The homogeneous ternary mixture droplets were
generated in the microchannel. As the FC-40 has high permeability for vapor, the volatile solvent
in the ternary mixture droplets, ethanol, entered into the continuous phase and evaporated into the
air. Finally, the remaining two solvents, water and octanol, in the droplets separated out to form

Janus droplets.
2.1.3 Electrohydrodynamic Method

For a dielectric droplet immersed in dielectric bulk liquid, under externally applied electrical field,
charges can be induced at the liquid-liquid 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) flow [48-51]. For the
droplets covered with particles, after applying electric field, the particles at the interfaces are
brought to the droplets “electric equator” by EHD flow, and “ribbon-like” structures form on the
droplets [52-54]. At the meantime, under the both effects of EHD flow and electrostatic forces,
the droplets are attracted and get coalesced. With the electro-coalesce of two droplets carrying
different particles, a larger droplet coated with Janus shell can be fabricated. The fabrication
process of the Janus capsule with EHD method is shown in Figure 2-5(a). Rozynek et al. [55] first
presented and demonstrated this method in 2014. Based on this method, they fabricated variety of
Janus capsules, for example, amphiphilic Janus capsule (Figure 2-5(b)), color anisotropic Janus
capsule (Figure 2-5(c)), asymmetric Janus capsule (Figure 2-5(d)) and patchy capsule (Figure 2-

5(e)).
2.1.4 Other Methods

Apart from the methods shown above, some other methods were also developed to fabricate Janus
droplets. Bormashenko et al. [56] inserted two droplets coated with different powders, carbon
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 et al. [57] found that the
hydroxide ions (OH") and the polydopamine (PDA) particles occupy separate areas on the droplets.
Under this mechanism, they generated Janus droplets which were partially covered with PDA

particles in water. The coverage of PDA particles of the Janus droplet can be adjusted with the
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variation of the pH value of the solution. Subramaniam et al. [58] fabricated Janus capsules by
accumulating different colloidal particles to the two hemispheres of oil droplets with
hydrodynamic force in a microfluidic system. To introduce the colloidal particles to the oil-water
interface, high kinetic energy is essential for overcoming the energy barrier between colloidal
particles and oil droplet.

Figure 2-5 (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) and hydrophilic clay particles (white). (c) Color anisotropic Janus capsule fabricated with

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

glass and polyethylene (PE) particles. (e) Patchy capsule fabricated with red and green PE
particles. Reproduced with permission [55]. Copyright 2014 Springer Nature.
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2.1.5 Summary

As reviewed in the above sections, a variety of Janus droplet fabrication methods has developed
and demonstrated in the last decades. Each method has its own advantages and disadvantages.
With the comparison of these methods, the following conclusions can be obtained:

() 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 surfactant and the volume ratio of the dispersed phases. However, it is
difficult to control the size and topology of the Janus droplets precisely. As a result, the

high energy mixing method is a large-scale, less precise Janus droplet fabrication technique.

(b) The microfluidic method generated Janus droplets in MFDGs. It includes three
mechanisms: breakup formation, evolution from core-shell emulsion and phase separation.
Based on these mechanisms, various Janus droplets have been produced. The Janus
droplets fabricated 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 small-scale, precise fabrication technique.

(c) The electrohydrodynamic method fabricates Janus capsules based on the EHD flow in
vicinity of droplets and the electro-coalesce between droplets. The fabrication is controlled
with electric field. However, as both the dispersed phase and continuous phase are
dielectric materials, extremely high electric field is essential in generating EHD flow.
Compared with the other methods, the preliminary preparation of this method is complex
that droplets should be coated by different particles and placed in appropriate places before
applying electric field. Furthermore, due to the uncertainly electro-coalesce between
droplets, the fabrication of large amount of Janus droplets at the same time is difficult.

(d) Some unique Janus droplets have also been fabricated with the other methods shown
above. However, the shortcomings of these methods are also obvious, for example, low
efficiency, complex fabrication process and poor control of droplet size and topology.
These shortcomings restrict their applications.
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Overall, each of the fabrication methods has its own area, and it is impossible to find a “one-fit-
all” fabrication method for generating Janus droplets. The fabrications of color anisotropic Janus
droplets and amphiphilic Janus 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 droplets, it is desirable to develop a

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

Electrokinetics includes electroosmosis, electrophoresis and dielectrophoresis, which 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 attract counter-
ions from the surrounding liquid and electric double layer (EDL) forms. Under externally applied
electric field, the counter-ions inside EDL are driven to move, which further induces the liquid
motion due to the viscosity of the liquid. The liquid motion near a charged surface/interface is
called electroosmosis. 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 this area, which provides
efficient techniques for manipulation in micro-scale. Numerous applications of electrokinetics in
microfluidics have been developed, for example, drug delivery [59,60], cell separation [61-63],
and particle/droplet manipulation [64—66].

2.2.1 Electric Double Layer

The electric double layer (EDL) theory is the fundamental of electrokinetics. For a solid surface
immersed in electrolyte solution, it carries surface charges by adsorbing specific ions, hydrolyzing
surface groups or breaking crystals. The surface charges on the surface attract counter-ions from
the electrolyte solution and expel the co-ions, and then the EDL forms in vicinity of the surface,
as shown in Figure 2-6. The EDL comprises the compact layer and the diffuse layer. The compact
layer stays next to the charged surface that the counter-ions in this layer are immobile. The diffuse
layer is located between the compact layer and the electrically neutral bulk liquid. With the effect
of the charged surface, the counter-ions and co-ions in the diffuse layer distribute non-uniformly;

therefore, the net charge density in this layer is not zero. Different from the compact layer, the ions
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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 layer v for symmetric electrolyte solution can

be obtained by calculating the well-known Poisson-Boltzmann equation:

2NZe

2 inh (2% _
Vay = e, smh(ka (2-3)

where n., is the ionic concentration of the aqueous solution, z is the absolute value of the ionic
valence, e is the elementary charge, k,, is the Boltzmann constant, T is the absolute temperature,

& and g, are the permittivity of vacuum and the solution, respectively.

Inside of the EDL region, due to the difference between the concentration of the counter-ions and
that of the co-ions, the net charge density (p,) is not zero, which is related to the local electrical

potential:
Pe = —anzesinh(%) (2-4)

The diffuse layer is very thin, generally, the Debye length (4p) is regarded as the length scale of

the diffuse layer, which can be obtained:

_ -1 _ SWSOKbT _
Ap =k = \’Znoo(ze)z (2-5)

where k is the Debye-Hickel parameter. It is clearly shown in Equation (2-5) that the thickness of
the EDL decreases when the ionic concentration of the bulk liquid (n,) increases. This can be
understood like this. When n,, increases, more counter-ions 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 on the charged surface can be calculated by considering the balance
between the surface charges and the charges in the EDL. For a flat surface, the surface charge

density o, in terms of the zeta potential ¢ is:
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o = 4n‘;°ze sinh( ze¢ ) (2-6)

2KpT

Using the Debye-Hiickle linear approximation, the above equation can be reduced to [68]:

_ 2neo(ze)?
ST kKpT

¢ (2-7)

For a sphere that its size is much larger than the thickness of EDL, the curved surface can be
approximated as a flat surface. Therefore, the Equation (2-7) is also suitable for evaluating the
surface charge density on a curved surface.
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Figure 2-6. Schematic diagram of the charge distribution in electric double layer (EDL) near 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

counter-ions and co-ions distribute non-uniformly in the diffuse layer and the local ionic
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concentration of the counter-ions is larger than that of the co-ions. Let’s assume the surface carry
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 cathode. Due 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 aqueous solution is injected into a microchannel, EDL forms on the channel walls. Therefore,
under electrical field, the electroosmotic flow can be generated. As the thickness of EDL is very
thin, the electroosmotic flow inside of a microchannel exhibits a plug-like velocity profile (as
shown in Figure 2-7). For incompressible electrolyte solution, the electroosmotic flow field can be

described with the Navier-Stokes equation and the continuity equation:
aﬁw — — 2 = =
Pw [?+uw-|7uw] =-VP+n,V°u, +F, (2-8)
V-id,=0 (2-9)

where p,, and n,, are the density and viscosity of the liquid, respectively. VP is the pressure

gradient, and E, is the body force which is cause by the interaction between the electric field and

the net charges in the liquid:

-

B =FEp, (2-10)

EO is the local electrical field. p, is the local net charge density in the aqueous electrolyte solution,

which is equal to zero 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 force term ﬁe 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 Helmholtz-Smoluchowski Equation:

Upoy = — 2w (2-11)
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Figure 2-7. Schematic of the electroosmotic flow.

2.2.3 Electrophoresis

The motion of the charged particle in bulk stationary liquid under electric field is called
electrophoresis. The moving direction of the particle is determined by the sign of the surface
charges on it. Generally, 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 force (E,) acting on the particle and the flow friction force (F}). As shown in Figure

2-8(a), for a charged particle with the radius of a, under the condition of thin EDL (ka — ), the

electrophoretic velocity is obtained:

-

ep — ME (2-12)

Nw

)

¢, is the zeta potential of the particle, n,, is the viscosity of the surround liquid. As shown in
Equation (2-12), the electrophoretic velocity of the charged particle is linear proportional to the

strength of the externally applied electrical field.
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For the particle in the limit of thick EDL (ka — 0), the electrophoretic retardation effect is non-

negligible. The Hiickel’s equation is applicable for calculating the electrophoretic velocity:

—

2 EwEelp =
v =35 F (2-13)

Compared with Equation (2-12), the constant factor of 2/3 was added into the Hiickel’s equation

to reflect the retardation effect.

A more general equation for calculating the electrophoretic velocity of particles with arbitrary

EDL thickness is known as Henry’s equation:

Uep = 222 Ef () (2-14)
where f(ka) is the Henry’s factor. The specific expression of the Henry’s factor is complicated
and hard to implement. Therefore, for simplicity, Ohshima [69] derived an approximate expression

for this factor:
1

2.55 P
ka(1+exp(—ka))

f(ka) = § + (2-15)

3[1+
Reviewing Equation (2-15), for ka — 0 (thick EDL), f(ka) = 2/3, and the Henry’s equation
becomes Hiickel’s equation. For ka — oo (thin EDL), f(kxa) = 1, then Henry’s equation trends to

the Helmholtz-Smoluchowski Equation.

Under externally applied electric field, the motion of a charged particle in a microchannel occurs.
(see Figure 2-8(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 particle with a size negligible
compared with the microchannel moving in the center line of the microchannel, the electrokinetic
velocity of it is expressed as:

oy = — 2250l (2-16)

-

where {,,, and ¢, are the zeta potentials of the microchannel wall and the particle, respectively. As

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

by neglecting the retardation effect and particle polarization.
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Figure 2-8. Schematics of the electrophoresis of a charged particle in a bulk liquid (a) and the

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

For a particle with size comparable to the channel or a particle 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 the combined hydrodynamic and electrokinetic effects [66]. 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 particle and the microchannel 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 electric field 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 retardation. As a
result, the electrokinetic velocity increases with the decrease of the separation distance [70-78].
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2.2.4 Dielectrophoresis

Dielectrophoresis (DEP) is the motion of a dielectric particle under non-uniform electric field. For
a polarizable particle under electric field, 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, which can be
characterized with the Clausius-Mossotti (CM) factor. Generally, the charges trend to accumulate
to the side with high polarizability. Since the electric field applied to the dipole is non-uniform,
the electric forces acting on its two poles are different, which drive the particle to move. The DEP
force acting on a sphere (Fpp) can be derived with the point-dipole method [79] and the Maxwell-

stress tensor (MST) formulation [80], the expression of which is obtained as:

N -2
FDEP = 27T€W€0fCMa3V|E| (2'17)

where g, and ¢, are the dielectric permittivity of vacuum and the electrolyte solution, respectively.

a is the radius of the sphere and E is the electrical field. f;, is the Clausius-Mossotti (CM) factor:

Ep—Ew

fem = (2-18)

Ep+2Ey

where &, and &, are the complex permittivity of the sphere and the surrounding liquid, which are

defined as:
&, = gpg0 — i(*D) (2-19)
&y = ey — i) (2-20)

where ¢, is the dielectric permittivity of the sphere, i = V-1, ocp and o, are the electrical
conductivities of the sphere and the medium, respectively. w is the angular frequency of the
electric field with w = 2xf (f is the frequency of the electrical field). If the CM factor is positive,
the polarizability of the particle is larger than that of the medium, the particle moves towards the
direction of the electric gradient, the DEP is positive-DEP. Reversely, if the CM factor is negative,
the polarization of the medium is dominated and negative-DEP is induced that the particle moves

in the opposite direction of the electric field gradient (see Figure 2-9).
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Under DC electric field, the expression of CM factor is reduced to [81,82]:

fou = 2o (2-21)

Ocpt20cw

For the case of o, < o, (dielectric particle in electrolyte), the CM factor is approaching to

(—1/2); therefore, the expression of DEP force can be simplified [83,84]:

> -2
FDEP = —7T8W€0a3V|E| (2'22)

a) b)

Figure 2-9. Schematic diagrams of the positive-DEP (a) and the negative-DEP (b).
2.2.5 Electrokinetic Phenomena of Janus Particles

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 the classical electrokinetic theory.
The electrokinetic motion of Janus particles in bulk liquid and microchannel has been studied

theoretically and experimentally, respectively.

Due to the limitation of the fabrication method, most studies of the electrokinetic phenomena of
non-conducting Janus particles with non-uniform surface charge distribution limit in theoretical

analysis [85-90]. For example, Anderson [85] theoretically studied the electrophoresis of a Janus
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particle with non-uniform surface charge distribution under the assumption of thin EDL. By
considering the force and torque balance, the analytical expressions of the translational and
rotational velocities of the Janus particle was derived. Based on Anderson’s theory, the
electrophoretic mobility is determined by the particle’s area-average zeta potential. Furthermore,
as the surface charge of the Janus particle is nonuniformly distributed, a dipole moment exert on
the Janus particle under externally applied electric field which leads to the rotation of the particle
toward alignment with the electric field. The electrophoresis of non-spherical ellipsoidal Janus
particles was studied by Fair and Anderson [86]. General formulas were derived to calculate the
translational and rotational velocities of the ellipsoidal Janus particle. Hsieh and Keh [87,88]
studied the boundary effect on the electrophoretic motions of spherical and cylindrical Janus
particles. An analytical solution was obtained by them for the calculation of the transverse
electrophoretic velocity of a circular cylinder next to a plane wall. The results indicate that the
lengths of the cylindrical Janus particles have no effect on their electrophoretic velocities. The
study of electrophoresis of a Janus spherical particle in a spherical cavity indicates that, with the
presence of the cavity wall, the electrophoretic velocity is influenced by the following three factors:
(a) the variation of the local electric field around the Janus particle; (b) the viscous retardation of
the particle; (c) the complex EOF in vicinity of the particle. With numerical method, Hsu et al. [89]
studied the electrophoresis of Janus particles with arbitrary double layer thickness. For the Janus
particles with thick EDL, the double-layer polarization (DLP) effect becomes significant, which
leads to the reduction of electrophoresis of the Janus particles. Qian et al. [90] studied the
electrokinetic motion of a Janus nanoparticle in a nanotube numerically. A multi-ion mass
transport model was built up to take account of the EDL distortion and the EDL polarization effects.
The results indicated that electrokinetic motion of the Janus particle is highly dependent on its
surface charge distribution.

In addition to non-conducting solid Janus particles, the electrophoresis of metal-dielectric Janus
particles were also analyzed [91-97]. Squires et al. [94] theoretically studied the electrophoresis
of a metal-dielectric Janus particle in bulk liquid under alternating current (AC). They found that
under the effect of the induced-charge electroosmotic flow on the metal side, the Janus particle
always moves towards its dielectric end. Later, Gangwal et al. [93] fabricated the metal-dielectric
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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electric field, Squires’ prediction [94], the metal-dielectric Janus particle always moves towards
its dielectric end under AC electric field, was proved. Daghighi et al. [97] studied the
electrophoresis of the metal-dielectric Janus particles under DC electric field. They found that the
Janus particles move towards alignment 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 are forward or backward to the electric field, which are
dependent on the orientation of the particles. As shown in Figure 2-10(a), after applying a
rightward electric field, induced-charge electroosmosis (ICEQO) can be generated on the metallic
side and vortices show up around the Janus particle. Under 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 upstream. In a microchannel,
the induced vortices around the Janus particle perform as “engines”; therefore, the electrophoretic
velocity of Janus particle is larger than the other homogeneous particles (Figure 2-10(b)) [95-97].
Daghighi et al. [97] measured the electrokinetic velocity of nickel-polystyrene Janus particles
under different electric field strengths in a microchannel and compared the velocity of the Janus
particles with homogeneous dielectric particles. Due to the polarization limit of the conducting
hemisphere of the Janus particle, the measured electrophoretic velocity of the particle changes

nonlinearly with the electric field (Figure 2-10(c)).
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Figure 2-10. (a) Electrophoretic motion of the metallic-dielectric Janus particles under DC
electric field. The strength of the electric field is 10 VV/cm. The diameter of the Janus particles is
10 um. Reproduced with permission [97]. Copyright 2012 Elsevier. (b) EOF field around the
Janus particle. Reproduced with permission [95]. Copyright 2011 Elsevier. (c) The variation of
the electrokinetic velocities of metallic-dielectric Janus particles and polymer particles with
electric field. The diameter of the Janus particles and polymer particles is 10 pum. The dimension
of the microchannel is 1.5 mm x 200 um x 20 um (Length x Width x Depth). Reproduced with
permission [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 properties have potentials in many fields.
For example, in material science, Janus droplets and heterogeneous capsules can be used to
synthesize Janus and patchy particles [3,4,98,99], which have potentials in building up complex
architectures through self-assembling [100-102], modifying liquid-liquid interface properties
[6,103,104], detecting cells and molecules [105,106], and fabricating electronic paper [2,107]. In
life sciences, Janus droplets and heterogeneous capsules can be used to generate self-propelled
micro-motors to pick up, transport and drop-off cargoes (for example, drugs) [108-111]. However,
as reviewed in section 2.1, the existing Janus droplets and droplets with heterogeneous surface
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 induced sessile Janus droplets,
suspended Janus droplets and droplets with multiple heterogeneous surface strips. The sessile
Janus droplets were formed by partially covering the droplets with positively charged aluminum
oxide nanoparticles under electric field. The effects of the concentration of nanoparticle suspension
and the 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 published as:

(@) Li, M.; Li, D. Redistribution of Charged Aluminum Nanoparticles on Qil Droplets in Water in Response to Applied
Electric Field. J. Nanopart. Res. 2016, 18, 120. https://link.springer.com/article/10.1007/s11051-016-3390-5

(b) Li, M.; Li, D. Fabrication and Electrokinetic Motion of Electrically Anisotropic Janus Droplets in Microchannels.
Electrophoresis 2017, 28, 287-295. 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, 8461-8472.
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 droplets in response 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 with multiple heterogeneous surface strips, different
nanoparticles were delivered to the oil droplets in 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.
3.2 Materials and Methods
3.2.1 Fabrication of Sessile Electrically Induced Janus Droplets

Aluminum oxide nanoparticles (US Research Nanomaterials, Inc., Houston, TX, USA) with an
average diameter of 5 nm were used. The zeta potential of these particles is positive from pH 2.5
to pH 8 [112], which means that these particles carry positive charges when contacting with
deionized water. In this study, two different concentrations of alumina nanoparticle suspensions,
20mg/mL and 50mg/mL, were used in the experiments. A three-step procedure was used to
disperse the aluminum oxide nanoparticles into deionized water: a) First, 20mg or 50mg
nanoparticles were added into ImL deionized water in a beaker. b) Then the nanoparticles were
dispersed by placing the beaker into an ultrasonic cleaner for 8 minutes. ¢) Finally, 20pL ethanol
was added into the nanoparticle suspension. The ethanol acts as an inducer, which can make sure

enough nanoparticles are trapped at the oil-water interface [113,114].

Mineral oil was used to generate oil droplets. In order to observe the redistribution of the
nanoparticles on the droplet in response to the applied electrical field, it is desirable to avoid the
unwanted effects of the droplet motion; therefore, the oil droplets were anchored onto a solid
surface as sessile drops. To form a sessile oil droplet immersed in deionized water, a plastic petri
dish and a piece of cover glass slide were used, and the procedures are as follows: a) 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, due to the surface tension, the cover glass slide floats on

water surface without sinking; ¢) 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 float; a sessile drop of oil in water is formed in this way. As shown in Figure
3-1(a), the contact angle of water of the sessile oil droplet system is 45° (on the water side) and
remains unchanged before and after applying electric field, which was measured with a side view
microscope (Nikon, SMZ800).

The experimental system used in this study is shown in Figure 3-1(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 droplet was fixed on the stage of the microscope (Ti-E, Nikon, Japan).
The DC power supplier (CSI112001X, Circuit Specialist Inc., USA) was used to apply the electrical
field via the electrodes. The Nikon Ti-E microscope was used to monitor the redistribution of
nanoparticles on oil droplets. The images were captured by a digital camera (DS-QilMc ,Nikon)

and sent to a computer to be displayed and saved.

Once the oil droplet is formed in water, as described above, the aluminum oxide nanoparticles are
deposited onto the droplet surface by releasing a certain amount of the nanoparticle suspension
over it with a digital micro-pipette. As the aluminum oxide nanoparticles carry positive charges,
they will adhere at the negatively charged oil-water interface, forming a uniform coverage on the
droplet surface. However, due to the inter-particle cohesion forces, the nanoparticles aggregate
and form small clusters uniformly distributed over the oil droplet surface. When a DC electric field
is applied to the droplet, the positively 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 by varying the concentration of the nanoparticle

suspension. All of the experiments in this study were conducted at room temperature (23-25°C).
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Figure 3-1. (a) Side view image of a sessile oil droplet with a diameter of 1.9 mm on a glass
surface immersed in deionized water. (b) Schematic diagram of the experimental system in

fabricating sessile Janus droplets.

3.2.2 Fabrication of Suspended Electrically Induced Janus Droplets
3.2.2.1 Materials

Aluminum oxide passivated aluminum nanoparticles with the mean diameter of 18nm were
provided by US Research Nanomaterials, Inc., USA. The thickness of the aluminum oxide shell
wrapping the aluminum core was 2~5nm. Tween 20 (nonionic surfactant, impurities < 3.0%) was
purchased from Sigma-Aldrich which was used without further treatment. The oil was vegetable
oil (pure canola oil from Mazola Corporation) with the density of 918.7kg/m?. Solid potassium
chloride (KCI) of 99% purity was purchased from Sigma-Aldrich. Deionized water was obtained
from a Milli-Q reagent water system. The resistance of the deionized water was 18.2MQ-cm at
25°C.

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 oil-in-water Pickering emulsion. First, aluminum oxide nanoparticles were dispersed into
deionized water using an ultrasonic cleaner (Cody Technology Limited Co., China) in the
following way: a) Put certain amount of aluminum oxide nanoparticles into a glass bottle with a
volume of 15mL (21mm (d) X 70mm (h)); b) Add deionized water (5mL) into the bottle followed
by ultrasonic treatment for 8min. After the generation of nanoparticle suspension, put 100uL
Tween 20 and 1mL oil into the bottle. Emulsification could be made by vibrating the mixture with
a vortexer (VWR Scientific) at the speed of 3200rpm for 2min. The nonionic surfactant served as
emulsifier to speed up emulsification and stabilize emulsion without changing the electrical
property of the oil-water interface. As the zeta potential of aluminum oxide nanoparticles was
positive from pH 2.5 to pH 8, they adhered on the negatively charged oil droplets automatically
and Pickering emulsion formed finally (Figure 3-2(a)). Let the emulsion stand for 48 hours, the
extra nanoparticles in the water phase would sink to the bottom of the bottle and separate from the

droplets by gravity.
Method B

Apart from the method shown above, the Pickering emulsion droplets can also be prepared by
adding suspended oil droplets into the nanoparticles suspension. The oil-in-water emulsion
droplets were prepared by vibrating the mixture of 5 mL deionized water, 1 mL canola oil (Mazola
Corporation) and 100 puL Tween 20 with a vortexer (VWR International, Canada) at its highest
speed of 3200 rpm for 2 min. After this, 500 pL emulsion droplets were sucked from the top layer
of the oil-water emulsion carefully with a digital pipette, and added into the nanoparticle
suspension. Then, the mixture was vibrated with the lab dancer for 2 min at medium speed
(approximately 1600 rpm). The vibration process is essential for making the oil droplets uniformly
coated with nanoparticles. After this, leave the emulsion standing for one day to separate the
Pickering emulsion droplets and extra nanoparticles in water through gravity. The droplets 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 the Al,O3 nanoparticle-

stabilized Pickering emulsion droplets. As shown in Figure 3-2(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 nanoparticles, the nanoparticle film forms on the oil droplet
while leaving the other side without the presence of nanoparticle. In this study, as the positively
charged alumina nanoparticles were employed, the EIJD therefore has one side with a positively
charged nanoparticle film and another side with a negatively charged oil-water interface in
deionized water. The microscopic image of an EIJD is shown in Figure 3-2(b). The dark region is

coated with the nanoparticle film.
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Figure 3-2. (a) Schematic diagram of the formation of Al>Os-nanoparticle-stabilized Pickering

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

3.2.2.4 Calculation of Nanoparticle Coverage

The nanoparticle coverage of suspended EIJDs can be calculated under a bright-field microscope
(Nikon Ti-E) with the assistance of imaging analysis software. The nanoparticle coverage variation
of EIJDs was monitored by the microscope, and the images were recorded and sent to the compute
by a charge-coupled device (CCD) camera. Under a bright-field microscope, the nanoparticle
coated side of the 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

images. By using imaging analysis software, the angle between two edge lines of the nanoparticle
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film (6) can be measured; hence, the nanoparticle coverage of EIJDs (y) can be calculated with
following equation:

__1-—cos(6/2)
- 2

(3-1)

3.2.3 Fabrication of Janus Droplets and Droplets with Multiple Heterogeneous Nanoparticle
Strips in Microchannels

3.2.3.1 Fabrication Mechanism

A simple approach for fabricating Janus droplets and droplets with homogeneous and
heterogeneous coatings of nanoparticles in a crossing microchannel was developed. As shown in
Figure 3-3(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 nanoparticles flow through the main channel, they adsorb on the droplet
surface and are assembled under electric field. By controlling the delivery of the two nanoparticle
suspensions, droplets with one hemisphere coated with a nanoparticle film (Figure 3-3(b) and 3-
3(c)), with a homogeneous nanoparticle film (Figure 3-3(d)), with two different nanoparticle films
on the two hemispheres (Figure 3-3(e)), and with multiple strips of different nanoparticles (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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Figure 3-3. Schematic diagrams: (a) the fabrication of Janus droplets with nanoparticles in a
microchannel; (b) Janus droplet fabricated with nanoparticle A; (c) Janus droplet fabricated with
nanoparticle B; (d) homogeneously coated droplet with nanoparticle 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
VWR® glass substrate. The PDMS layer contains the microchannel structure, which was prepared
by traditional soft lithography method. Briefly, after the processes of spin-coating, soft bake,
ultraviolet (UV) light exposure, post exposure bake and development, a master with raised features
was fabricated. Then, pour degassed PDMS-curing agent mixture (10:1, w/w, Sylgard 184, Dow
Corning) onto the master, and the PDMS layer formed in a curing process. A permanent bond
between the PDMS layer and the substrate was created after plasma treatment (HARRICK
PLASMA, Ithaca, NY, USA).
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In order to fabricate Janus droplets and droplets with multiple heterogeneous strips, a cross
microchannel was designed, as shown in Figure 3-4(a). The cross microchannel consists of three
inlet branches and a main channel. The main channel is 1 cm in length and 500 pum in width, and
the size of the three inlet branches is 1 cm x 250 pm (length x width). A circular confinement
chamber with a diameter of 8 mm is connected to the central inlet branch, which is used to hold
the oil droplet. At the rear end of the confinement chamber, a 1.5 mm-in-diameter electrode insert
port is punched for placing the electrode. To anchor the droplet, a pair of circular pillars is designed
in the middle of the main channel (labelled with red rectangle in Figure 3-4(a)). The diameter of
the pillars is 25 um and the distance between them (from center to center) is 60 um. The

microchannel has uniform height of 80 um.
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Figure 3-4. (a) Schematic of the microfluidic chip for Janus droplet fabrication. (b) Photograph
of the nanoparticle suspensions: Al20s, 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 Al,O3, MgO and ZnO nanoparticle suspensions were prepared through ultrasonic treatment
by following the subsequent steps: 1) weight certain amount of nanoparticles into a glass vial with
a volume of 15 mL; ii) add 5 mL deionized water (18 MQ-cm, Milli-Q) and 100 pL nonionic
surfactant, Tween 20 (impurities < 3.0%, Sigma-Aldrich), into the vial with digital pipettes
(Eppendorf, Germany); iii) use ultrasonic wave to treat the mixture for 8 minute to disperse the
nanoparticles (Cody Technology Limited Co., China). As shown in Figure 3-4(b), by this method,
the Al,O3, MgO and ZnO nanoparticle suspensions with the concentrations of 6 mg/mL, 10 mg/mL
and 10 mg/mL were produced, respectively. The Al,O3, MgO and ZnO nanoparticles were
provided by US Research Nanomaterials Inc. with the mean diameters of 18 nm (for Al>O3) and

10 nm (for MgO and ZnO), respectively.
3.2.3.4 Preparation of Sessile and Suspended Oil Droplets

The sessile droplet in a microchannel can be prepared with the following steps: i) attach a tiny
piece of Duck® tape onto the glass substrate; ii) after plasma treatment, peel off the tap and drop
canola oil (Mazola Corporation) onto the glass substrate; iii) align the microchannel on the PDMS
layer to the oil droplet under the Nikon Ti-E microscope (Nikon, Japan) and push the PDMS layer
and the glass substrate together; iv) after filling the microchannel with deionized water, the sessile

oil-in-water droplet is formed inside of a microchannel.

The suspended oil-in-water emulsion droplets were prepared by vibrating the mixture of 5 mL
deionized water, 1 mL canola oil (Mazola Corporation) and 100 pL Tween 20 with a 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 chip and a DC
voltage source was built up to fabricate sessile Janus droplets and droplets with heterogeneous
strips, as shown in Figure 3-4(c). The two reservoirs are used to hold different nanoparticle
suspensions, and are connected to the two inlets of the microfluidic chip (inlet A and B, Figure 3-
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 serial DC power supplies (CSI112001X, Circuit Specialist Inc., USA) provides
voltages to the microchannel through two platinum electrodes, and the strength of the electric field
in the microchannel is adjusted by changing the DC voltage source output voltage.

To fabricate the sessile Janus droplets and 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 section. Then, the soft tubes and electrodes were 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 nanoparticle suspension was forced to
move through 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 surface charges, the nanoparticles
attached on the surface on the droplet. These positively charged nanoparticles further moved and
accumulated to the rear end of the droplet to form compact nanoparticle layer under the effect of
electrical field. By adjusting the opening time of the two clips, the amount and the types of the
nanoparticles packed on the surface of the droplet will change, and the droplets covered with one
type of nanoparticle film, the Janus droplets partially covered with nanoparticles, and droplets
covered with two or more strips of different nanoparticle films can be fabricated. During

fabrication, the process was monitored under a Nikon Ti-E microscope.
3.2.3.6 Fabrication of Suspended Janus Droplets and Droplets with Heterogeneous Strips

Similar experimental setup as described above was employed to fabricate the suspended Janus
droplets and suspended droplets with heterogeneous surface strips. The fabrication procedure
includes: i) inject oil-in-water emulsion droplets into the main channel through the microchamber,
and one of the oil droplets can be anchored by the two circular pillars in main channel; ii) apply
electric field of 150 V/cm in main channel through electrodes inserted in the electrode insert port
and outlet; iii) manipulate the clips to control the nanoparticles delivery and assembly on the oil
droplet surface. By following this procedure, the suspended droplets with designed surface patterns
can be fabricated.
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3.3 Results and Discussion
3.3.1 Sessile Janus Droplets: Micro-size and Macro-sized Janus Droplets

By using the method described above, micro-sized Janus droplets and macro-sized Janus droplets
can be made. An example of a micro-sized Janus droplet and an example of a macro-sized Janus
droplet are shown in Figure 3-5, respectively. For the micro-sized droplet shown in Figure 3-5, it
has a diameter of 67 um and was covered with the nanoparticles by depositing 2.5 pL nanoparticle
suspension with a concentration of 20 mg/mL over it. As shown in Figure 3-5(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
positively charged nanoparticles moved along the direction of the electric field and accumulated
to the right side of the oil droplet. The area with accumulated 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 nanoparticles depends on the direction of
the electric field. As shown in Figure 3-5(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 Figure 3-5(c).

The same phenomenon can also be observed for the macro-sized Janus droplets. Figure 3-5(d)-(f)
show a droplet with a diameter of 1.1 mm. In this case, 12.5 pL 50 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 Figure 3-5(d), initially the particles distribute uniformly over the drop
surface. Then an electric field of 25 VV/cm was applied from left to right, the nanoparticles moved
towards right and eventually reached a final state after 2 minutes (Figure 3-5(e)). Similarly, under
the reversed electric field, the nanoparticles moved in the opposite direction and accumulated to
the left hemisphere of the oil droplet (Figure 3-5(f)).
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Figure 3-5. The formation of a micro-sized Janus oil droplet ((a)-(c)) and a macro-sized Janus
droplet with a diameter of 1.1 mm ((d)-(f)) under externally applied electric field. (a) Before the
electric field was applied, the nanoparticles were distributed uniformly on the surface of the oil

droplet with a diameter of 67 um. (b) The nanoparticles were accumulated to the right
hemisphere of the oil droplet after the electric field from left to right was applied for
approximately 30 seconds. (c) The nanoparticles were accumulated to the left hemisphere of the
droplet under leftward electric field. The externally applied electric field was 15 V/cm, and 2.5
ML nanoparticle suspension with a concentration of 20 mg/mL was released over the oil droplet.
(d) Before the electric field was applied, the nanoparticles distributed uniformly on the surface of
the oil droplet. (e) The nanoparticles accumulated to the right hemisphere of the oil droplet after
the electric field from left to right was applied for approximately 2 minutes. (f) After reversing
the direction of the electric field, the nanoparticles accumulated to the left hemisphere. The
externally applied electric field was 25 V/cm, and 12.5 pL nanoparticle suspension with a

concentration of 50 mg/mL was released over the oil droplet.

The comparison of the fabrication of micro-sized Janus droplet and macro-sized Janus droplet
clearly shows that the motion and accumulation of the nanoparticles in response to the applied
electric field is the same for both micro-sized droplets and macro-sized droplets. However, it’s

relatively difficult to generate micro-sized droplets with accurately controlled size. Furthermore,
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it is difficult to introduce the same amount of nanoparticles onto the surface of smaller micro-sized
droplets. Therefore, macro-sized droplets were used to carry out the studies of the effects of the
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 with different concentrations, 20mg/mL and
50mg/mL, were used to cover the oil droplets, respectively. In these experiments, the diameter of
the oil droplets (d =1.1 mm) and the applied electric field (E =25 V/cm, from left to right) were

kept constant.

When the concentration of the suspension is 20 mg/mL, the redistribution of the positively charged
aluminum nanoparticles under applied electric field is shown in Figure 3-6, as an example. Before
the electric field was applied, t = 0, the nanoparticles on the surface of the oil droplet are distributed
uniformly and motionless with the nanoparticle surface coverage ratio y = 100%, as shown in
Figure 3-6(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 field and the coverage ratio decreases from 100%
to 20.75% as time went by (Figure 3-6(b)~(e)). At the final state, all of the nanoparticles
accumulated in a small area on the right side of the droplet, leaving a large “blank™ oil-water
interface behind, and a Janus droplet with y = 20.75% was formed finally, as shown in Figure 3-
6(f). The sequence of images in Figure 3-7 shows an example of the redistribution of nanoparticles
on the oil droplet when the concentration of the nanoparticle suspension is 50 mg/mL. The similar
phenomenon can be observed from the images in Figure 3-7. That 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 comparison of Figure 3-6(f) with Figure 3-7(f) indicates
that when the concentration increases from 20 mg/mL to 50 mg/mL, at the finial state, the
nanoparticle coverage ratio increases significantly from 20.75% to 50%. As the increase of the
concentration of the nanoparticle 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 Figure 3-6(a) and Figure 3-7(a). Obviously, the more nanoparticles at the oil-
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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 nanoparticle suspension. Under this set of specific conditions,
when the concentration of the nanoparticle suspension is 50 mg/mL, a Janus droplet whose whole

right hemisphere is covered with aluminum nanoparticles (y = 50%) can be obtained.

)
L

Figure 3-6. The redistribution of aluminum oxide nanoparticles on the surface of an oil drop of

1.1 mm in diameter under E = 25 V/cm at different time. 12.5 uL 20 mg/mL nanoparticle
suspension was released over the oil droplet. Two minutes after applying electric field,
nanoparticles reached the final state when the coverage ratio (y) remained unchanged, y =
20.75%. (a) t = 0 min, y = 100%; (b) t =1 min, y = 31.96%; (c) t =2 min, y = 20.75%; (d) t =3
min, y = 20.75%; (e) t =4 min, y = 20.75%; (f) t =5 min, y = 20.75%.
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Figure 3-7. The redistribution of aluminum oxide nanoparticles on the surface of an oil drop of
1.1 mm in diameter under E = 25 V/cm at different time. 12.5 uL 50 mg/mL nanoparticle
suspension was released over the oil droplet. Two minutes after applying electric field,
nanoparticles reached the final state when the coverage ratio (y) remained unchanged, y = 50%.
(@) t=0min, y =100%; (b) t =1 min, y > 50%; (c) t =2 min, y =50%; (d) t =3 min, y = 50%;
(€) t=4 min, y =50%; (f) t =5 min, y = 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 electric field on the redistribution of nanoparticles on
the surface of the oil droplet can be understood as follows. Under externally applied electrical field,
the positively charged nanoparticles will be pushed by the external electrical field force and move
to the side 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 balanced, and the nanoparticles are confined in an
area. When the external electric field changes, the electric field force will change, hence affect the

balance with the electrostatic repulsive force between the nanoparticles, and consequently, the
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distance between the nanoparticles. Therefore, the final accumulation area of the nanoparticles

changes with the applied electric field.

Figure 3-8. The redistribution of aluminum oxide nanoparticles on the surface of an oil drop of
1.1 mm in diameter under E = 15V/cm at different time. 12.5 uL 20 mg/mL nanoparticle
suspension was released over the oil droplet. When t = 6min, nanoparticles reached the final state
with y =28.81%. (a) t = 0 min, y = 100%; (b) t =2 min, y = 43.12%; (c) t = 4 min, y = 30.05%;
(d) t = 6 min, y = 28.81%; (e) t = 8 min, y = 28.81%; (f) t = 10 min, y = 28.81%.

Figure 3-8 and Figure 3-9 shows the redistribution processes of the alumina nanoparticles on the
surface of the oil droplet of 1.1 mm in diameter under different electric field, 15 V/cm and 35
V/cm, respectively. It is clearly shown in these figures that, at the final state, the nanoparticle
coverage ratio r decreases from 43.17% to 17.16% when the electric field increases from 15 V/cm
to 35 V/cm, which means the final accumulation area of the nanoparticles becomes smaller as the
externally applied electric field increases. Recall that Figure 3-6 shows the redistribution processes
of the alumina nanoparticles on the surface of the same sized oil droplet under 25 V/cm. By
comparing Figures 3-6, 3-8 and 3-9, 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 15 V/cm, 20.75% for 25 V/cm and 17.16% for 35V/cm.

(2) For an oil droplet with a fixed size and the 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, when E = 15 V/cm, it takes more than 6 minute for the
nanoparticles to reach the final state (Figure 3-8). While it takes around 2 minute under E = 35VV/cm
(Figure 3-9).

Figure 3-9. The redistribution of aluminum oxide nanoparticles on the surface of an oil drop of

1.1 mm in diameter under E = 35V/cm at different time. 12.5 uL 20mg/mL nanoparticle
suspension was released over the oil droplet. When t = 3 min, nanoparticles reached the final
state with y = 17.16%. (a) t = 0 min, y = 100%; (b) t = 1min, y = 31.17%; (c) t = 2min, y =
17.16%; (d) t = 3min, y = 17.16%; () t = 4 min, y = 17.16%; (f) t = 5 min, y = 17.16%.
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3.3.4 Suspended Janus Droplets: Effect of Nanoparticle Suspension

Figure 3-10 shows the variation of surface coverage of Janus droplets by Al>Os nanoparticles, y,
with the concentration of the nanoparticle suspension, C. The Janus droplets shown in this section
were developed from the Pickering emulsion droplets prepared from method A (section 3.2.2.2).
The microscope image over each bar is the picture of Janus droplet generated with the
corresponding nanoparticle suspension under electrical field of 50V/cm. It is seen in this figure
that y increases with C. This phenomenon can be understood as follows. With other parameters
unchanged, when high concentration of nanoparticle suspension is used to generate Pickering
emulsion, the total number of nanoparticles adsorbed on the surface of oil droplets increases, which
results in Janus droplets with a large surface coverage by nanoparticles under a given electric field.
It should be noted that, as the nanoparticle coverage region of small Janus droplets cannot be seen
clearly, only the Janus droplets with a diameter larger than 40 um were chosen to measure the

surface coverage. Under each condition, 10 independent measurements were conducted.
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Figure 3-10. The variation of the surface coverage of Janus droplets by nanoparticles (y) with the
concentration of the nanoparticle suspension (C). The microscope images over each bar are the
pictures of Janus droplets generated with the corresponding nanoparticle suspensions under 50

V/cm electric field.
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3.3.5 Suspended Janus Droplets: Effect of Electric Field Strength

The electric field affects the nanoparticle coverage of EIJDs by changing the distances between
nanoparticles attached on the droplet surface. The separation distance between two spherical
nanoparticles can be predicted with the well-known DLVO (Derjaguin-Landau-Verwey-Overbeek)
theory [115-119]. Based on the DLV O theory, without the presence of externally 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 Figure 3-11(a). The Van
der Waals force (ﬁvdw) is attractive force which trends to drag the nanoparticles together, while

the EDL interaction force (ﬁEDL) is repulsive force towards the opposite direction. The variations

of E,qw, Fepy, and the total force (Froar Frotar = Foaw + Fzpy) With the distance between two
nanoparticles are shown in Figure 3-11(c). As shown in this figure, the steady state is reached at
point A, where the total force is equal to zero. After applying electric field from left to right, the
electrostatic force, F,, exerts on the positively charged nanoparticles, which is toward the cathode
of the electric field. As shown in Figure 3-11(b), the direction of ﬁ; is identical to that of the
attractive Van der Waals force. With the presence of ﬁ'e the balance between the ﬁvdW and ﬁEDL
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, as the strength of the electric field increases, the distance

decreases to generate equivalent repulsive ﬁtotal to balance the electric force, as shown in Figure

3-11(c). However, as F"wml decreases sharply with the distance, the further increase of electric

force only leads to limited decrease of the separation distance.
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Figure 3-11. (a)-(b) Schematic diagrams of the forces acting on the left nanoparticle with (b) and
without (a) the presence of electric field. The right nanoparticle gets anchored, while the left one
is free to move. (¢) Schematic diagram of the variation of VVan 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 nanoparticle coverage of the EIJDs, The Al2O3
nanoparticle-stabilized Pickering emulsion was prepared with the method B shown in section
3.2.2.2. After the preparation of the Pickering emulsion droplets, the EIJDs can be formed easily
by applying direct current electric field to the Al>O3 nanoparticle-stabilized 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 droplets and then fabricating

EIJDs, respectively.

The variation of 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 under different electric fields are presented in Figure 3-12(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 the nanoparticle coverage is significant under relative 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 only leads to very limited area reduction of the nanoparticle
film. To characterize the relationship between electric field strength and the nanoparticle coverage
of EIJDs quantitatively, the nanoparticle coverages of EIJDs fabricated from different
concentrated nanoparticle suspensions were measured under different electric fields. Three typical
examples of the variation of nanoparticle coverage of EIJDs (y) in terms of the strength of electric
field (E) are plotted in Figure 3-12(b). It is clearly shown in this figure that for all of the three
EIJDs carrying different amount of nanoparticles, both y and the variation rate of y decreases as
E increases. Under the electric field of 10 VV/cm, the nanoparticle coverage of the EIJD generated
from 1 mg/mL (indicated by red rectangular points in Figure 3-12(b)) is around 50%. When E
increases to 50 V/cm, y reduces to 38%. However, with the further increase of the electric field
from 50 V/cm, y almost remains constant which only decreases from 38% to 35%. This
phenomenon can be understood based on the DLVO theory shown above. Under an externally
applied electric field, the extra electrostatic force applies to the nanoparticles and the nanoparticles
get redistributed by moving closer to each other; therefore, the nanoparticle coverage of the EIJDs
decreases. However, as the repulsion force increases sharply with the smaller separation distance
between nanoparticles, the reduction of the separation distance between nanoparticles decreases
under high electric field; hence, the variation rate of the nanoparticle coverage decreases with the

further increase of the electric field.

In describing the relationship between nanoparticle coverage and electric field quantitatively, two
normalized parameters, relative coverage (y,-) and relative electric field (E,.), were introduced:

Y= (3-2)

=
Y@10v/cm

o= —F (3-3)

T T 10V/em

where y@10 v/cm 1S the nanoparticle coverage of the EIJDs under electric field of 10 V/cm. Based
on Equation 3-2 and 3-3, both the nanoparticle coverage and the electric field are normalized. The
variation of y,. as a function of E,. was plotted in Figure 3-12(c), and an empirical equation was

derived to give the relationship between nanoparticle coverage and electric field strength:
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Figure 3-12. (a) Microscope images of the EIJD fabricated from 1 mg/mL nanoparticle
suspension under different electric field strengths; (b) three typical examples of the variations of
nanoparticle coverage as a function of the electric field strength for the E1JDs carrying different

amount of nanoparticles. The circular point, rectangular point and triangular point refer to the

E1JDs generated from 1.5 mg/mL, 1 mg/mL and 0.5 mg/mL nanoparticle suspensions,

respectively; (c) the variation of relative coverage, y,, with the relative electric field, E,.. The

diameters of the E1JDs range from 50 pm to 75 pum.

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 of the 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 y,.

with the empirical equation. As shown in Figure 3-12(c), based on the reduction rate of y,., the

51



variation of y,. can be divided into two stages: a sharp descent stage ( I ) and a gentle descent stage

(II). In the first stage, E,. ranges from 0 to 5, and the decline of y,. is significant with the increase

of E,.. For E, larger than 5, the second stage is reached. In this stage, the variation of y,. is limited
and y,- approaches a constant with the increase of E,.. The EIJDs with the diameter ranging from

50 pum to 75 pm were chosen.

3.3.6 Microfluidic Method: Sessile Janus Droplets and Droplets with Heterogeneous Strips

The fabrication of sessile Janus droplets with different nanoparticles, Al.O3 and MgO, are shown
in Figure 3-13. As the metallic oxide nanoparticles and the oil droplet carry surface charges of
opposite signs (“+” for nanoparticles, “—" for oil droplet), when nanoparticles flow by the surface
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 the oil-water interface along the electric field
direction and accumulate to the rear end of the oil droplet. Under the applied electric field, the
nanoparticles accumulate to form compact nanoparticle film on the surface of the droplet. It’s
clearly shown in the time-lapse sequences of Figure 3-13 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
needed to form a certain size of the nanoparticle film on the oil droplet will be shorter when the
nanoparticle mass flow rate is higher. As both Al.Oz and MgO nanoparticles are positively charged,
the resulting Janus droplets are electrically anisotropic, that the part covered by the nanoparticles
carries positive charges and the oil surface without the nanoparticle coverage has negative surface
charges. The nanoparticles on the right hemisphere of the Janus droplet form a packed nanoparticle
film under the electric 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 nanoparticle film.
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Figure 3-13. Time-lapse sequences of the sessile Janus droplets formation with (a) Al2O3
nanoparticles and (b) MgO nanoparticles under externally applied electric field of 150 V/cm. The
diameters of the droplets are approximately 50 um.

Figure 3-14(a) displays time-lapse images for the formation of multiple strips of different
nanoparticles on the surface of sessile oil droplet under the electric field of 150 VV/cm. The Al2O3
nanoparticles and MgO nanoparticles are employed in this fabrication. In this figure, the Al>O3
nanoparticle strip shows dark color and MgO nanoparticle strip shows white color. One can see
that, by transporting different nanoparticles in sequence to the sessile oil droplet, nanoparticles
accumulate orderly and strip patterns can be generated on the surface of the oil droplet. The width
of each nanoparticle stripe can be easily modulated by changing the amount of nanoparticle
suspension injected into the microchannel while fabricating. By controlling nanoparticles delivery,
the Janus droplets and droplets with different strips can be fabricated. Figure 3-14(b) shows a Janus
droplet with one hemisphere coated with Al,O3 nanoparticles and the other hemisphere coated
with MgO nanoparticles. Figure 3-14(c) displays a droplet coated with three strips by assembling
Al>03, MgO and Al>03 nanoparticles on the oil droplet in turns. As the ZnO nanoparticles also
carry positive surface charges in pH = 7 buffer solution, it is possible to produce ZnO nanoparticle
films on oil droplets. Figure 3-14(d) and (e) show a ZnO-Al,O3 Janus droplet and a droplet with
Al>03-Zn0O-Al203 three strips, respectively. The Al.O3, 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
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Figure 3-14. (a) Accumulation of different nanoparticles on sessile oil droplet to form multiple
strips; (b) MgO-Al203 Janus droplet; (c) droplet with Al,03-MgO-Al,Os three strips; (d) ZnO-
Al>O3 Janus droplet; (e) droplet with Al203-ZnO-Al>Os three strips. The electrical field applied
to the droplets while fabricating is 150 VV/cm. The diameter of these droplets ranges between 45

pmand 75 pm.

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 essential in producing suspended droplets. To hold a suspended oil droplet stationary
while the nanoparticles are moving in the microchannel, the suspended oil droplet is transported
with the flow into the microchannel and blocked by a pair of circular pillars. In Figure 3-15, the
time-lapse images are captured from a video for the formation of suspended oil droplet covered by
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a homogeneous film of Al,Oz nanoparticles. Initially, the oil droplet is anchored between the two
pillars. When the nanoparticles are delivered with flow and the electrical field is applied, the oil
droplet is covered by the positively charged nanoparticles from the right side gradually. At t = 42
s, a suspended Janus droplet with the right hemisphere covered with the positively charged
nanoparticles forms; and at t = 128 s, the oil droplet is fully coated by the nanoparticles and a
droplet covered with a homogeneous film of positively charged nanoparticles is formed. The

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

Figure 3-15. Time-lapse sequences of the formation of Al,O3z nanoparticle film on a suspended
oil droplet in a microchannel under externally applied electric field of 150 VV/cm. The diameter of

the droplet is approximately 50 pm.

The microscope images of suspended droplets covered with two or three different nanoparticle
films are shown in Figure 3-16. Under the electric field of 150 V/cm, the different nanoparticle
films on a single suspended droplet are formed by controlling the sequence of nanoparticle delivery
in a process similar to that described for Figure 3-15. Figure 3-16(a) and (c) indicate two Janus
droplets with the right hemispheres coated by AlOs nanoparticles and the left hemispheres
covered with MgO nanoparticles and ZnO nanoparticles, respectively. The droplets covered with
three strips: Al203-MgO-Al2O03z or Al.03-ZnO-Al20s, 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 nanoparticle strips are anisotropic. Based on the
color anisotropy and electrical anisotropy properties, the droplets can be employed 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 self-propelled micromotor to deliver cargos relying on the selective
reaction between one of the strips and the surrounding buffer solution. Furthermore, the droplets
have great potentials in material science, which can be regarded as build blocks to fabricate
superstructures through self-assembly.

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

Figure 3-16. Microscope images of suspended droplets covered with more than one nanoparticle
films. (@) MgO-Al>O3 Janus droplet; (b) droplet with Al,03-MgO-Al.Os three strips; (c) ZnO-
Al>03 Janus droplet; (d) droplet with Al,O3-ZnO-Al20s3 three strips. These droplets are
fabricated under the electric field of 150 V/cm and the diameter ranges from 40 pum to 60 pm.

3.4 Conclusions

This chapter presents novel techniques for fabricating EIJDs and droplets with heterogeneous
strips with nanoparticles under electric field. In the fabrication of sessile Janus droplets, both the
micro-sized and macro-sized EIJDs can be produced. The final surface area that is covered by the
nanoparticles varies with the concentration of the nanoparticles suspension and the applied electric
field. Generally, a higher concentration of nanoparticle suspension results in a Janus droplet with
a larger particle accumulation area. Increase in the applied electric field concentrates the charged
particles in a smaller area on the Janus droplets. The suspended EIJDs are developed from
nanoparticle-stabilized Pickering emulsion droplets by accumulating the nanoparticles to one side

of the droplets under electric field. Similar to sessile EIJDs, the nanoparticle coverage of the
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suspended ones is also dependent on the concentration of nanoparticle suspension and the electric
field strength that the nanoparticle coverage increases with the increase of the concentration of the
nanoparticle suspension and the decrease of the electric field strength. Based on the experimental
results, an empirical equation has been derived for calculating the nanoparticle coverage of
suspended EIJDs as a function of the electric field. With the microfluidic method, the sessile and
suspended Janus droplets and droplets with designed heterogeneous strips were formed by
controlling the delivery of nanoparticles to the surfaces of oil droplets. The fabrication techniques
shown in this chapter are simple, effective and economical, which can be conducted in many labs.
The electrokinetic properties of the EIJDs will be numerically and experimentally studied in the

following chapters.
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CHAPTER 4. Fundamental Research I: Electroosmotic Flow Field around
E1JDs”

4.1 Introduction

In the previous chapter, the fabrication of the electrically induced sessile Janus droplet is studied
and a guideline is provided to generate the electrically induced Janus droplets with controllable
coverage area by nanoparticles. For an EIJD composed of a negatively charged surface 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 applications. For example,
mixing inside microchannels is a challenge due to small Reynolds number, and the vortices around

Janus droplets can enhance the mixing and the Janus droplets may be regarded as micro-mixers.

In this chapter, the electroosmotic flow fields around sessile EIJDs under externally applied DC
electrical field are studied. A numerical model is set up to simulate the flow field around the Janus
droplet in electric field. The effects of the strength of the electrical field and the surface coverage
by the positively charged nanoparticles on the flow field are studied. The 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 the strength of the electric field; therefore, the effect of the electric field

on the nanoparticle 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 an EIJD, one side with positive surface charges, the other side with negative surface
charges (Figure 4-1(a)), immersed in an infinitely large aqueous solution, electroosmotic flow will

be generated around the droplet under electric field. Due to the opposite signs of zeta potentials on

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Vortices around Janus Droplets under Externally Applied Electrical Field. Microfluid. Nanofluid. 2016,
20, 79. https://link.springer.com/article/10.1007/s10404-016-1741-2
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different sides of the Janus droplet, vortices will be produced in vicinity of the droplet because of
the opposite directions of electroosmotic flow on the two sides of the Janus droplet. A multi-
physics model is employed to simulate the EDL field, electric field and flow field of the system,

as described in the following sections.

Aqueous
; Solution

1rr|

Janus droplet

W (OW nano
¢ ¢

. LN
Oil droplet  Nanoparticle
film

Figure 4-1. (a) Schematic diagram of a sessile Janus droplet which is anchored on a solid surface

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

4.2.1.1 EDL Field

The Poisson-Boltzmann equation is employed to describe the potential of EDL field ¢ [67]:.

2., _ 2ZeNe . ﬂ }
VY = v smh(ka) (4-1)

In this equation, z is the valence of ions, n., is the concentration of ions in the bulk aqueous
solution, e is the elementary charge, g, is the electric constant, €, is the permittivity of the

aqueous solution, k;, is the Boltzmann constant and T is the temperature.
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The boundary conditions in different positions are set:
Y = Cow oil-water interface (4-2)
Y = Chano nanoparticle film (4-3)

here, {,,, and (..o are the zeta potentials of the oil-water interface and nanoparticle film,

respectively.
4.2.1.2 Electric Field

After applying the electric field to the system, the electric potential ¢ in the liquid can be

determined by solving the Laplace’s equation:
Vip =0 (4-4)

The corresponding boundary conditions are:

n-Vep=0 at the oil droplet surface (4-5)
¢ = ¢ at the electric field inlet (4-6)
¢=0 at the electric field outlet 4-7)

where 7 is the unit vector normal to 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 phase (u,,) is described with reduced Navier-Stokes

equation and the continuity equation [120]:
VP = 77w‘72 Uy, + Eope (4-8)

Vi, =0 (4-9)
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here, n,, is the viscosity of the water phase, P is the pressure. Eo is the local electric field and p,

is the local net charge density in the water phase, which can be calculated:
E,=-V¢ (4-10)
Pe = —anzesinh(ﬂ) (4-11)
kpT

As the oil phase is electrically neutral, the NS equation of the flow field of the oil droplet (i,) is

further simplified by neglecting the electrical body force term:
VP =n,V?, (4-12)
V-u,=0 (4-13)

The boundary conditions of the flow fields are:

u, =0 nanoparticle film in water phase (4-14)
n-Viu, =0 far field boundaries (4-15)
U, =0 nanoparticle film in oil phase (4-16)

Due to the mobility of the oil-water interface, the motion of the interface is described by the electric
double layer + surface charges (EDL+SC) model with considering both velocity continuity and

shear force conservation [121-124]:

—

u, = U, oil-water interface (4-17)

ol o, E, : i
Jty _ 7o 9o | sFo _ oil-water interface (4-18)
on Nw on Nw

In Equation (4-18), g is the local surface charge density:

o, = ‘”‘:” sinh(;‘ii‘;) (4-19)
K = +/2n0z%e%/goek, T (4-20)
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4.2.1.4 Numerical Simulation

Based on the theoretical analysis shown above, the multi-physics simulation was conducted with
commercial finite element software, COMSOL 4.3b. The geometry of the model is shown in
Figure 4-1(b). For meshing the computation domain, extremely fine mesh elements were employed
at the oil-water interface and the microchannel wall to simulate the liquid motion inside EDL. The
total number of meshes used in this simulation is 131,034. The parameters used in this simulation
are listed in Table 4-1.

Table 4-1. Parameters used in the simulation

Parameters Values

Permittivity of vacuum &, (C/V m) 8.854x10°12
Dielectric constant of water &, 80
Viscosity of water n,,, (Pa-s) 0.001
Density of water p,, (kg/m?) 1000
Viscosity of oil n, (Pa-s) 0.05
Density of oil p, (kg/md) 900
Diameter of the droplet d (um) 200
Length of the computation domain L (um) 4000
Width of the computation domain W (um) 4000
Temperature T (K) 298
Zeta potential on positively charged surface of the Janus droplet 60
{nano (MV)

Zeta potential on negatively charged surface of the Janus droplet 20
{ow (MV)

4.2.2 Experimental Setup

The sessile EIJDs were generated with the method shown in section 3.2.1. In order to visualize the
fluid flow around the sessile Janus droplet, spherical polystyrene particles (Bangs Laboratories
Inc., IN, USA) with the diameter of 1 um were used as the tracing particles. The experimental
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system is shown in Figure 4-2: a petri dish to hold a sessile oil droplet covered with aluminum
oxide nanoparticles in water, a DC power supply (CS112001X, Circuit Specialist Inc., USA), a
microscope imaging system (Ti-E, Nikon, Japan). During the experiment, the petri dish was put
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) was taken to visualize the trace particles’ motion around the Janus droplet.

The images can be captured by the digital camera and send to a computer to be saved and analyzed.

E CCD Camera

Microscope

Petri Dish

Computer

DC Power Supply

+

79

Figure 4-2. Schematic diagram of the experimental system for studying electroosmotic flow field

around a Janus droplet.

4.3 Results and Discussion

For a sessile EIJD with one side carrying positive surface charges and the other side carrying
negative surface charges, vortices can be formed in the neighborhood of the Janus droplet under
externally applied electrical field. Figure 4-3(a) shows the typical flow stream patterns around a
Janus droplet of 200 pum in diameter under applied electric field 40 V/cm. In this case, the positive

surface charges are on the right-hand side of the droplet; and the negative surface charges are on
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the left-hand side of the droplet. As one can see in this figure, two vortices were generated around
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 hemisphere (+60 mV) is larger than that on the left
hemisphere (—40 mV), the electroosmotic flow on the 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 40 VV/cm. A Janus droplet with the diameter of 170 um was generated by following
the procedures described above. As shown in Figure 4-3(b), two vortices formed on the left side
of the Janus droplet. The comparison of Figures 4-3(a) and (b) indicates that the numerical
prediction agrees well with the experimental observation.

=—————~ .« N
]

S L |

U

Figure 4-3. Flow field around a Janus droplet under the electrical field of 40 VV/cm. (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 covered with positively 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 the vortices vary with electric field, the numerical simulations for three different

64



strengths of electric fields were conducted. Figure 4-4(a), (b) and (c) shows 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 from these figures that two vortices were formed on the left-hand side
(negatively charged surface) of the Janus droplet under different applied electrical fields.
Comparison of the three cases in Figure 4-4(a), (b) and (c) clearly shows that when the surface
coverage of the Janus droplet by the nanoparticles 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, the velocity 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 the prediction of the above numerical simulations, an 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 applied electrical
fields, the electric field of 60 VV/cm was applied from left to right for a period of 2~3 minutes. This
electrical field was strong enough to push the nanoparticles to accumulate to the right hemisphere
of the oil droplet and make them tightly packed with each other; so that, when the external
electrical field was reduced to 50 VV/cm or 40 V/cm, the aggregated nanoparticles were kept in the
original area (the right hemisphere). In this way, a Janus droplet with a fixed surface coverage by
the nanoparticles under different applied electric fields can be studied. Figure 4-4(d) to (f) show
the vortices around the Janus droplet of 170 um in diameter under different applied electrical fields.
In order to see the vortices clearly, only the vortices near the up-left quarter of the droplet were
shown. All of the three pictures presented in Figure 4-4(d), (e) and (f) were taken with the same
exposure time of 200 ms. Therefore, the strength of the vortices under different applied electric
field can be obtained by comparing the length of the streak lines of the tracing particles. By
comparing the three pictures in this figure, the same conclusion can be obtained: as the electric
field increases, the strength of the vortices increases while the location and size of the vortices

remains unchanged.
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Figure 4-4. (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 hemisphere carries positive surface charges. (a) E = 40 V/cm; (b) E =50 V/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 fluid. (d)-(f) Experimentally observed vortices

around the Janus droplet with the diameter of 170pum under electric fields of 40 V/cm (d), 50

V/cm (e) and 60 V/ecm (f).

4.3.2 Effect of the Surface Coverage of the EIJDs

The surface coverage of the Janus droplet by the nanoparticles is another factor that will affect the
vortices. As mentioned above, when the nanoparticle surface coverage of the Janus droplet is 50%,
because the absolute value of the zeta potential on the surface of aluminum oxide nanoparticles is
larger than the zeta potential of the oil-water interface, the electroosmotic flow on this hemisphere
covered with nanoparticles will dominate the flow around the droplet, and two vortices will be
generated on the other hemisphere of the droplet. When the accumulation area of the nanoparticles
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 of the 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 on the positively charged side of the droplet. Figure 4-5 shows the vortices around Janus
droplets with different surface coverage by the positively charged nanoparticles. As shown in
Figure 4-5(a), when the positively charged section (blue line) is larger than the negatively charged
section (black line), 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 surface coverage by the positively charged nanoparticles
becomes sufficiently small and the electroosmotic flow from the negatively charged section

becomes dominant, as shown in Figure 4-5(b).

Figure 4-5(c) and (d) shows the experimentally observed change of the vortices 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. Applying a larger volume of the nanoparticle suspension results in
a larger number of nanoparticles on the droplet surface. With the externally applied electric field
unchanged, at the final state, the larger number of nanoparticles leads to a larger accumulation area
on the droplet surface. As can be seen in Figure 4-5(c), when 8 = 110°, i.e., the positively charged
nanoparticles cover the majority of the droplet surface, vortices form on the side of the pure oil-
water interface. However, when 6 ~ 60°, i.e., the positively charged nanoparticles cover only a
small fraction of the droplet surface on the right-hand side, vortices occur on the side of the droplet
facing the negative electrode, as shown in Figure 4-5(d). In order to show the vortices clearly, only
one vortex and one quarter of the droplet were shown in these two figures. Clearly, the predicted

results by numerical simulation and the experimental observation are in good agreement.
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Figure 4-5. (a)-(b) Vortices around Janus droplets with different surface areas covered by
positive surface charges under electrical field 60V/cm. The blue line carries positive surface
charges. The surface coverage is /2 = 110° (a) and 8/2 = 60° (b). (c)-(d) Experimentally

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

charged nanoparticles under electrical field 60 VV/cm. The surface coverage is 8/2 =~ 110° (c)
and 8/2 = 60° (d).

4.3.3 Effect of the Electric Field on the Surface Coverage 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 nanoparticles tightly packed with
each other under high electric field. However, under relative low electric field for limited time, the
nanoparticles and cluster won’t aggregate with each other, and the nanoparticle surface coverage
of the Janus droplet is dependent on the applied electric field. When the external electrical field is
applied, the positively charged nanoparticles move at the interface under 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 between the particles gets larger. At final state, the
two forces acting on the nanoparticles, external electric force and repulsive force, are balanced,
and the surface coverage by nanoparticles of the Janus droplet remains unchanged. However, once
the strength of the electric field changes, the electric force acting on the nanoparticles changes,
which will result in the variation of the nanoparticle surface coverage. For example, when the
electric field increases, the electric force will increase and the distance between the nanoparticles

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

Figure 4-6 shows the variation of the surface coverage by nanoparticles and vortices around the
same Janus droplet under different electric fields, 40V/cm and 60V/cm. As shown in Figure 4-6(a),
under the electric field 40V/cm, the nanoparticles are pushed to accumulate to the right side of the
oil droplet and leave the pure oil-water interface on the left side. Small vortex forms on the side of
the pure oil-water interface. When the electric field increases to 60V/cm (Figure 4-6(b)), the
accumulation area of the nanoparticles decreases and leave a larger blank area on the other side;

therefore, the vortex get larger and stronger.
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Figure 4-6. The variation of the surface coverage of the Janus droplet and vortices around it with
different strengths of externally applied electrical fields (droplet diameter d = 215 um). (a) E =
40V/cm; (b) E = 60V/cm.

69



4.4 Conclusions

Vortices around Janus droplets are studied in this paper. The results of the numerical simulations
show that two vortices can be generated in the surrounding area of the Janus droplet under
externally applied electric field. By comparing the numerical results under different circumstances,

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 surface 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 droplets are generated under electric field, the strength of the externally
applied electric field affects the accumulation area of the particles on the droplet (the
surface coverage) within a certain range of the electric field. 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 nanoparticles. The studies in this

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

E1JDs in Microchannels under a Relatively Weak Electric Field”

5.1 Introduction

As one of the electrokinetic phenomena, electrophoresis has been used as an efficient analytical
technique in many fields, such as biomedical science [125,126], biochemistry [127-129] and
colloidal science [130]. For example, Huang et al. [128] separated different size DNA molecules
successfully in a micro-post array based on the electrophoresis of the DNA molecules. By applying
asymmetric pulsed electric fields, the DNA molecules with different sizes undergo different
electrophoretic velocities in the array and are sorted in different directions. Generally, for a

uniformly charged particle with a thin electric double layer (EDL), the electrophoretic velocity of
the particle in a bulk stationary liquid (ﬁep) is proportional to the strength of the externally applied

electric field (E), which is given by the well-known Helmholtz-Smoluchowski equation [131]:

&

Uep =

2t GpE = epE (5-1)

where g, and ¢,, are the permittivity of vacuum and the bulk liquid, respectively. n,, is the
viscosity of the liquid, , is the zeta potential of the particle, and ., 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 and the electroosmotic flow (EOF) of the bulk liquid in the

microchannel. The velocity of the electrokinetic motion, ﬁek, is characterized by:

&

Uere =222 (= + §)E (5-2)

where ¢, is the zeta potential of the microchannel wall. According to Equation (5-2), the

electrokinetic velocity of the charged particle also has linear relationship with the electric field.

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Nonlinear Electrokinetic Motion of Electrically Induced Janus Droplets in Microchannels. Submitted to

Journal of Colloid and Interface Science.
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For the electrophoresis of droplets with uniformly surface charges, both experimentally and
theoretically studies have been reported extensively. Theoretically, Booth [132] first 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 retardation effect. However, the
formula disagrees with the experimental findings [133]. Later, Baygents and Saville [134] studied
the electrophoresis of non-conducting droplets. They found that the liquid droplet performs as solid
particle with the adsorption of ionic solutes and polarization. The expression of the electrophoretic
mobility of a droplet in a salt-free medium was derived by Ohshima [135], 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, respectively [136-139]. Overall, the concentration of
surfactant, pH value and ion strength affect the electrophoretic motion by changing the zeta
potential of the oil droplets. While keeping the above-mentioned parameters fixed, the
electrophoretic mobility remains a constant value regardless of the electric field strengths;

therefore, the electrophoretic 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 nanoparticle coverage of the EIJDs is electric-responsive, the electrophoretic
mobility of the Janus droplet varies with electric field, which leads to nonlinear relationship
between the electric field and the electrokinetic velocity. In this chapter, nonlinear electrokinetic
motion of the EIJDs in a microchannel was studied under both constant and time-varying 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 nanoparticle film under different
electric field strengths and by 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, the electrokinetic velocities of the EIJDs under different electric field strengths and

different time-varying electric fields were measured, respectively.
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5.2 Experimental Section
5.2.1 Preparation of EIJDs

The EI1JDs can be formed easily by applying direct current electric field to the Al>Os nanoparticle-
stabilized Pickering emulsion droplets. Briefly, prepare AloO3 nanoparticle suspensions by adding
Al>O3 nanoparticles (US Research Nanomaterials Inc., 18 nm in average diameter) into water and
dispersing the nanoparticles with ultrasonic wave. Then, emulsify oil (canola oil, 100% pure,
Mazola Corporation) into continuous water phase through vibration. The Al.O3 nanoparticle-
stabilized Pickering emulsion can be formed by adding 500 pL emulsion droplets into Al2O3
nanoparticle suspension. Finally, 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 prepared with soft lithography method. In brief, a master with the
designed patterns was structured first by following the processes of spin-coating, 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 heating at 80 °C
for 1 h. After peeling off the cured PDMS layer from the master, and the microfluidic chip was
formed by bonding the PDMS layer onto a glass substrate (VWR, VWR International) following

plasma treatment (Harrick Plasma).

In the study of the effect of the electric field strength on the nanoparticle coverage of EIJDs and
the electrokinetic velocity of EIJDs, a straight microchannel was designed and fabricated. The
schematic diagram of the microchannel is shown in Figure 5-1(a). The size of the channel is 1 cm
x 500 um (length x 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. While studying the
nanoparticle coverage, the target EIJD should remain stationary for measurement. Therefore, to
block the movement of EIJD under electric field, a pair of circular pillars (25 pm in diameter) is
set in the downstream of the channel, as labelled in Figure 5-1(a). The center-to-center distance

between the two pillars is 60 pum. The height of the microchannel is 80 pm.
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Figure 5-1. (a) Schematic diagram of the structure of the microfluidic chip; (b) schematic

diagram of the experimental setup.

5.2.3 Analysis of Nanoparticle Coverage Evolution with Electric Fields

The nanoparticle coverage of the EIJDs can be detected under a microscope with the method and
equation shown in section 3.2.2.4. The experimental setup consists of a microfluidic chip, a direct-
current (DC) power supply, a bright-field microscope (Nikon Ti-E) 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 power supply (Figure 5-1(b)). In the
experiments, the microchannel was wetted first by adding deionized water of 10 pL into the outlet.
Then, 5 pL Al203 nanoparticle-stabilized emulsion droplets were added through the confinement
chamber. Following this, deionized water of 50 pL 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 the

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 the effect of the electric field strength on the
nanoparticle coverage at steady state and the evolution time of the nanoparticle film under different
electric field strengths, four serially connected DC power supplies (CS112001X, Circuit Specialist
Inc.) were employed to provide the voltage. In the study of the variation of nanoparticle coverage
under time-varying electric fields, the pulsed electric fields were generated with a programmable
power supply (BK Precision 1698, Yorba Linda, USA). In the experiments, the images 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
determined by measuring the moving distance of EIJDs within a certain time interval. Briefly, 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 switched, directed from outlet well to inlet
well, to drive the EIJD moving away from the pillars. As the EIJD is electrically anisotropic, with
the switching of the electric field, the EIJD rotates to make its nanoparticle coated side backward
the electric field constantly. Following this, the electrokinetic motions of the EIJD in the upstream
of the microchannel under different electric fields were recorded at a rate of 25 frames/s. The
accuracy of this system in determining the position of droplets was approximately + 2 pixels
corresponding to + 1.1 um. 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 measured, respectively, to eliminate the hydrostatic pressure effect. In
the studies of the electrokinetic motion of EIJDs under different electric field strengths, four
serially connected DC power supplies were employed to provide the voltage. While in the study
of the electrokinetic motion of EIJDs under time-varying electric fields, the programmable power
supply was used to generate time-varying electric fields. To indicate the effect of time-varying
electric field on the electrokinetic motion, pulse electric fields with different variation speed were
applied to the microchannel.
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5.3 Results and Discussion
5.3.1 Evolution Time of the Nanoparticle Film

After applying electric field to the Al.O3 nanoparticle-stabilized Pickering emulsion, electrostatic
forces are exerted on the nanoparticles, and the nanoparticles undergo electrokinetic motion on the
oil droplets. The moving direction of the nanoparticles is identical to that of the electric field. The
moving velocity of the nanoparticles depends on the electric field [140]. Generally, as the electric
field strength increases, the velocity of the nanoparticles increases. Furthermore, as shown above,
the variation rate of the nanoparticle coverage and hence the moving distance of the nanoparticles
decreases with the further increase of the electric field when the applied electric field becomes
relatively higher. Due to the combined effects of the increased velocity and the decreased moving
distance, the evolution time of the nanoparticle film decreases with the increase of 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 VV/cm to 50 VV/cm with the
interval of 10 V/cm. Under a given electric field strength, 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 in Figure 5-2. As shown in this figure, the time
decreases significantly with the increase of the strength of the electric field. Initially, with E = 10
V/cm, it takes approximately 35 s for the nanoparticles to accumulate to the steady state. However,
when E' increases to 50 V/cm, only 5 s is needed for the EIJDs to reach the steady state. It should
be noted that, the evolution time of nanoparticle film of the EIJDs were measured and analyzed
only in the electric field increasing period. When the electric field starts to decrease gradually from
50 V/cm, the nanoparticle coverage changes very slowly, and the nanoparticles get dispersed
quickly only under weak electric field (smaller than 10 VV/cm). Therefore, it’s hard to measure the
evolution time of the nanoparticle film in the decreasing period of the electric field. Each test was

repeated 10 times to calculate the average time and standard deviation.
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Figure 5-2. Effect of the strength of the electric field on the evolution time of the nanoparticle
film of the EIJDs. The diameters of the EIJDs range from 50 pum to 75 um. The EIJDs are

formed from 1 mg/mL nanoparticle suspension.

5.3.2 Variation of Nanoparticle Coverage of EIJDs under Time-varying Electric Field

The variation of nanoparticle coverage of the EIJDs is different under different time-varying
electric fields. As the evolution of the nanoparticle film of the EIJDs takes time, the variation of
nanoparticle coverage lags behind the variation of the electric field. The lag of the variation of
nanoparticle coverage is dependent on the speed of the electric field. Generally, the faster the
variation speed of the electric field, the more significant the lag of the nanoparticle coverage
variation. The variations of the nanoparticle coverage of an EIJD under different time-varying
electric fields are shown in Figure 5-3(a), (b) and (c), respectively. The electric fields are pulsed,
which increase from 0 to 50 V/cm then decrease to 0 within a time period t. As shown in these
figures, the variation of y (nanoparticle coverage) is different between the increasing and the
decreasing periods of the electric field. Under the same strength of electric field, y in the increasing

period is larger than that in the decreasing period. This is because that, in comparison to the
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accumulation of the nanoparticles in the electric field increasing period, the dispersion of the
nanoparticles with the decrease of the electric field is very slow. Hence, the lag of the variation of
y is more significant in the decreasing process. To make convenient comparison, the fitting curves
of y under the time-varying electric fields with t =20's, 40 s and 60 s are plotted in the same figure
(Figure 5-3(d)). As shown in this figure, with the decrease of t, the lag of y becomes more
significant. As a result, in the increasing process (the upper side of each curve), y increases with
the decrease of t under the same electric field strength. For the decreasing process, the variation
trend is adverse that y decreases with t. 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 5-3. (a)-(c) The variation of nanoparticle coverage under different time-varying electric
fields with t =20 s (a), t =40 s (b) and t = 60 s (c). (d) The fitting curves of 8 under different
time-varying electric fields. The EIJD is developed from 1 mg/mL nanoparticle suspension with

the diameter of approximately 70 um.
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5.3.3 Electrokinetic Motion of EIJDs in a Microchannel

The electrokinetic motion of EIJDs in a microchannel is determined by the effects of the
electrophoresis (EP) of the EIJDs and the electroosmotic flow (EOF) in the microchannel.
Generally, for the droplets with fixed topology, both the EOF and EP have linear relationship with
the electric field strength; therefore, the combined electrokinetic velocity increases proportionally
with the electric field. However, for the EIJDs, the nanoparticle coverage changes with the electric
field, as shown in Figure 3-12. This leads to nonlinear variation of the electrokinetic velocity of
the E1JDs with the electric field. The experimentally measured electrokinetic velocities of EIJDs
generated by using 1 mg/mL nanoparticle suspension under different electric fields are shown in
Figure 5-4. As shown in this figure, the measured electrokinetic velocity increases with the electric
field strength. When the electric field increases from 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 than the EOF in the
microchannel, the EIJD will carried 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 electrophoretic velocity and the electric field strength, as indicated
in Equation (5-1). For an ENJD with surface area S and nanoparticle coverage of y, the
electrophoretic mobility of the EIJD is related to its average zeta potential ({). The average zeta
potential of the EIJD is obtained by [85]:

(_: %ffods =Cow (1 =7) + $nano " ¥ (5-3)

where, {, is the local zeta potential, {,,, and {,,,n, are the zeta potentials of the oil-water interface
and the nanoparticle film of the Janus droplet, respectively. In aqueous solution, {,,, is negative,
while 4,0 1S positive [141-144]. Based on Equation (5-3), the reduction of nanoparticle coverage
of the EIJDs (y) with the electric field increase leads to both ¢ and hence the electrophoretic
mobility of the EIJDs decreases. As a result, the increase of the electrokinetic velocity of the EIJDs
slows down slightly as the electric field strength increases. When E is larger than 50 V/cm, the
effect of electric field on the variation of the nanoparticle coverage is limited; therefore, the
electrophoretic velocity increases almost linearly with the electric field. At least 20 measurements

were applied under each condition.
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Figure 5-4. Experimental measured electrokinetic velocities of the EIJDs generated from 1
mg/mL nanoparticle suspension as a function of the electric field. The diameter of the EIJDs

ranges from 50 pm to 75 pum.

5.3.4 Electrokinetic Motion of E1JDs under Time-varying Electric Fields

The variation of the electrokinetic velocity of the EIJD fabricated from 1 mg/mL nanoparticle
suspension under time-varying electric fields is shown in Figure 5-5. The schematic diagram of
the motion of an EIJD in a microchannel under pulsed electric field is shown in Figure 5-5(a). As
the lag of the variation of nanoparticle coverage takes place under time-varying electric fields, the
variations of the electrokinetic velocities of the EIJD are different under different electric fields.
The variations of the electrokinetic velocity of the EIJD under different time-varying electric fields

are shown in Figure 5-5(b) to (d), respectively.
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Figure 5-5. (a) Schematic diagram of the electrokinetic motion of the EIJD under time-varying
electric field. (b)-(c) The variation of electrokinetic velocities of EIJDs under time-varying
electric field with t =20 s (b), t =40 s (c) and t =60 s (d). The diameter of the EIJD is
approximately 70 um. The black rectangular points represent the velocities at increasing period
of electric field. The red circular points represent the velocities at decreasing period of electric
field.

The electrokinetic velocities of the EIJD in the increasing period of electric field are shown by the
black rectangular points, and those in 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 reduction of the nanoparticle 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 decreasing period, that is, the electrokinetic velocity 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 electric field strength. Due to
the lag effect, the nanoparticle coverage of the EIJDs in the increasing period is larger than that in
the decreasing period under the same strength of electric field. Hence, the electrokinetic velocity
at increasing period is larger. The comparison between Figure 5-5(b), (c) and (d) indicates that
with the increase of t, the lag effect becomes insignificant, and the difference between the
velocities in different periods gets smaller. In the experiments, at least 20 measurements were

applied under each condition.
5.4 Conclusions

The nonlinear electrokinetic motion of EIJDs in a microchannel was studied in this chapter. The
EIJDs were fabricated by operating aluminum oxide nanoparticles to partially cover one side of
the oil droplet under electric field. The nanoparticle coverage of the EIJDs was dependent on the
electric field strength. Generally, as the electric field strength increases, the nanoparticle coverage
of the EIJDs decreases. The lag of the variation of the nanoparticle coverage of the EIJDs with
respect to the applied electric field was studied under different pulsed electric fields. The
experimental results indicate that, due to the lag effect, the variation of the nanoparticle coverage
is different between the increasing and the decreasing periods of the electric field. The faster the
variation of the electric field, the more significant the lag effect. Because of the variation of the
nanoparticle coverage of EIJDs, the electrokinetic velocities of EIJDs in a microchannel were
affected. As the electric field increases, the electrokinetic velocity of the EIJDs increases while the
electrophoretic mobility decreases. Therefore, the electrokinetic velocity of the EIJDs increases
nonlinearly with the electric field strength. Under time-varying electric fields, due to the lag effect,
the variations of the electrokinetic velocity are different in the increasing and decreasing periods
of the electric field. Under the same electric field strength, the electrokinetic velocity of the EIJDs
in the increasing period is larger than that in the decreasing period.
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CHAPTER 6. Fundamental Research III: Electrokinetic Motion of EIJDs in

Microchannels under a Relatively High Electric Field”

6.1 Introduction

In chapter 5, the electrokinetic motion of the EIJDs under a relatively weak electric field is studied.
Under the electric field smaller than 50 V/cm, the 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 different under
electric field higher than 50 V/cm. As shown in section 3.3.6, the nanoparticle coverage of the
EI1JDs almost remains constant when the electric field becomes larger than 50 V/cm. As a result,

the electrokinetic motion of the EIJDs under a relatively high electric field is different.

In this chapter, the electrokinetic motion of the EIJDs with fixed nanoparticle coverage was studied
both numerically and experimentally. Numerically, a theoretical model is constructed to calculate
the electrokinetic velocity of the Janus 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 oil-water interface are considered. The effects of five parameters on
the electrokinetic motion of the Janus droplets are 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
charged side, the ratio of the viscosity of the oil phase to that of the water phase, the nanoparticle
coverage of the Janus droplet, and the ratio of the diameter of the Janus droplet to that of the
cylindrical microchannel. To confirm the numerical findings, the 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 submitted or published as:

(@) Li, M.; Li, D. Electrokinetic Motion of an Electrically Induced Janus Droplet in Microchannels. Microfluid.
Nanofluid. 2017, 21, 16. https://link.springer.com/article/10.1007/s10404-016-1838-7

(b) Li, M.; Li, D. Fabrication and Electrokinetic Motion of Electrically Anisotropic Janus Droplets in Microchannels.
Electrophoresis. 2017, 38, 287-295. https://onlinelibrary.wiley.com/doi/abs/10.1002/elps.201600310
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6.2 Theoretical Model

We consider an electrically induced Janus oil droplet with one side covered with a compact layer
of positively charged nanoparticles in a circular microchannel filled with an aqueous solution, as
shown in Figure 6-1(a). The oil-water interface of the droplet without the nanoparticles carries
negative surface charges. To simplify the model, the gravity effect is neglected and the Janus
droplet is suspended at the center of the microchannel. As two sides of the Janus droplet carries
opposite surface charges, a dipolar electric double layer (EDL) forms in the vicinity of the Janus
droplet. Under externally 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 electrophoresis of the Janus droplet (Figure 6-1(b)). The interaction 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 to the motion of the Janus droplet. Furthermore, the oil-water interface
on the side of the Janus droplet without the presence of the nanoparticles is mobile; therefore, the
external bulk EOF in the microchannel and the EOF along the oil-water interface will induce
axisymmetric vortexes inside the droplet, which also affect the droplet motion. It should be noted
that under electrical field, the EIJD is aligned with the positively charged side facing the cathode
and the negatively charged side facing the anode. At steady state, the Janus droplet moves along
the microchannel translationally without rotation.

As shown in Figure 6-1, the cylindrical coordinate system is set up with the origin point, O, located
at the center of the moving droplet; therefore, relative to the coordinate, the Janus droplet keeps
stationary and the channel wall moves with the velocity of —ﬁd where ﬁd is the velocity of the
droplet motion. The angle between the center line of the microchannel and the radial-vector from
the center of the Janus droplet to the boundary of the nanoparticle covered area is defined as 6/2.

This angle 8/2 is used to indicate the nanoparticle coverage on the Janus droplet.

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 negligible; (2) the oil droplet

and the mcirochannel wall are considered as electrically non-conducting; (3) the electric double
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layer around the Janus droplet is thin, so that the retardation effect is neglected; (4) the gravity

effect is neglected; (5) under weak electric field, the Janus droplet is considered non-deformable.

Anode Cathode

Figure 6-1. 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 an aqueous solution, the channel wall, the oil-water interface and the

nanoparticle film carry surface charges. The charged surfaces attract counter-ions from the liquid
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and EDLs form in the water phase. The potential of EDL field  is described by the well-known

Poisson-Boltzmann equation [67]:

__ 2ngze

2 i (ZEP -
Vey = smh(ka (6-1)

ocw

where n., is the ionic concentration of the aqueous solution, z is the absolute value of the ionic
valence, e is the elementary charge, k,, is the Boltzmann constant, T is the absolute temperature,

gy and g, are the permittivity of vacuum and the solution, respectively.

The boundary conditions are:

V=24, at the channel wall (6-2)
Y = {ow at the negatively charged side of the droplet (6-3)
Y = Cnano at the positively charged side of the droplet (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 ¢, 4, IS the zeta potential on the positively-charged side of

the Janus droplet.

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

solution p, is given by:
Pe = —2nmzesinh(ﬂ) (6-5)
kpT

6.2.2 Electric Field

As shown in Figure 6-1(b), the electric field is applied from left to right through two ends of the
microchannel. The Laplace’s equation is used to determine the distribution of the applied electrical

potential ¢ in the solution:

V¢ =0 (6-6)
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With the consideration that both the Janus droplet and the channel wall are non-conducting, the

following boundary conditions are set in the model:

¢ = ¢o at the inlet of the channel (6-7)
d=0 at the outlet of the channel (6-8)
n-Vep=0 at the droplet surface and the channel wall (6-9)

here 7 is the unit normal vector at the channel wall and the 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 Navier-Stokes equation and the continuity equation:
61,7 b S 2 b =
p§+u-Vu]=—|7P+r]V u+F, (6-10)
V-4=0 (6-11)

where p and 7 are the density and viscosity of the liquid, respectively. VP is the pressure gradient,
and ﬁe is the body force which is cause by the interaction between the applied electric field and

the net charges in the liquid:

-

F, = _)ope (6'12)

where EO = —V¢ is the local applied electrical field; and p,, is the local net charge density in the

aqueous electrolyte solution, as given by Equation (6-5).

o . ) o
At steady state, the flow field doesn’t change with time; therefore, the time item 6—1: can be

neglected. As the flow speed in microchannels is very low, the inertia term % - V 4 is negligible.

For the water phase, the Navier-Stokes equation (Equation (6-10)) is reduced to:

-

VP =1, V2, + F, (6-13)
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The oil is electrically neutral (no net change); therefore, the Navier-Stokes equation can be further

simplified by removing the electrical body force item, F,. Hence, for the oil phase,
VP = n,V*U, (6-14)

where n,, and n, are the viscosities of water and oil, and u,, and 1, 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, the mobile Janus droplet remains stationary, and the
microchannel wall moves with the opposite velocity of the droplet motion, —U,, which leads to
the boundary condition of Equation (6-15). The no-slip boundary condition, Equation (6-16), is
applied to the positively charged side of the Janus droplet (i.e., the rigid nanoparticle film). The
inlet and outlet of the microchannel are set as open boundaries without the effect of pressure

gradient and viscous stress (Equation (6-17)).

i, =—Uy at the channel wall (6-15)
u, =0 at the positively charged side of the Janus droplet (6-16)
n-Vi, =0 at the inlet and outlet (6-17)

For the negatively charged side of the Janus droplet, the pure oil-water interface is mobile. Under
the applied electric field, the boundary condition of the oil-water interface is given by the electric
double layer and surface charges (EDL+SC) model by considering the shear stress continuity at
the oil-water interface [121-124]:

-

7, =, (6-18)

Uy, Mo 0ty , OsE,
Thw _ To T¥o | Is¥o _ 6-19
o7 Nw 07 Nw ( )

o is the local surface charge density at the interface, which is given by:

AN .
o, = nkzesmh(zzlij;) (6-20)

here, K is the Debye-Hickel parameter (k = \/2n,z2e2/y&,,k,T).
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6.2.4 Droplet Velocity

Under externally applied electrical field, the charged Janus droplet experiences the electrostatic
force ﬁe,]. Meanwhile, the fluid flow around the droplet exerts hydrodynamic force on the Janus
droplet ﬁh. The hydrodynamic force can be divided into two parts: the hydrodynamic force
generated by the fluid flow outside of EDL (17",w) and the hydrodynamic force generated by the

fluid flow inside of EDL (ﬁhin). The net force ﬁnet acting on the Janus droplet is:

- -

Fpet = Fe,j + Fyo + ﬁhin (6-21)

To calculate the force 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 phase. For fully developed EOF

in the EDL around the Janus droplet, it can be shown that ﬁe,] = —ﬁhm [78]. Therefore, at stable

state, F,., is equal to Fy,. Without considering the gravity effect, F.,., is given by [145]:

- -

Fret = Fno = — ${=PT +1,,[(V &) + (V i,)"]} - 7idS (6-22)

where T is identity tensor. It should be noted that in Equation (6-22), %,, is the velocity of water
outside of the EDL around the Janus droplet. The net force acting on the Janus droplet can be

obtained by substituting the calculated flow field of the outer region into Equation (6-22).
At steady state, the net force acting on the Janus droplet should be equal to zero [76]:
Fret = — ${=PI + 1, [(V4,) + (V 4,)7]} - 7idS = 0 (6-23)

While solving the above-described model numerically, different values of —l7d (Equation (6-15))

are used in an iterative method. The one that satisfies Equation (6-23) is the electrokinetic velocity

of the Janus droplet U,.
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Table 6-1. Values of parameters used in the simulation

Parameters Values
Dielectric constant of water ¢,, 80
Permittivity of vacuum &, (C/V m) 8.854x1012
Viscosity of water n,, (Pa-s) 0.001
Density of water p,, (kg/mq) 1000
Density of oil p, (kg/m?) 900

Length of the channel L (um) 500
Diameter of the channel D (um) 150

Zeta potential of the channel wall ¢,, (mV) —60

Zeta potential of the negative side of the oil droplet {,,, (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 to simulate the EDL field, the electric field and the flow fields inside
and outside of the Janus droplet. As the geometry of the model is symmetric around the z-axis (see
Figure 6-1(a)). Therefore, a 2D axisymmetric multi-physics model is built with the commercial
software COMSOL. In the model, the length of the microchannel is 500 um and the diameter of it
is 150 pum. The zeta potential on the channel wall is set to be —60 mV. Electric field E is applied
to the microchannel through the inlet and outlet of the microchannel. The Janus oil droplet with
the diameter of d is 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 the charged microchannel and the Janus droplet are very thin, extremely
fine mesh elements were used in these regions. The 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, the microfluidic chip was made by the soft lithograph method by bonding a
polydimethylsiloxane (PDMS) layer with a microchannel on a glass substrate. Briefly, the master
of the PDMS microstructure was fabricated first by coating photoresist (SU-8 2075, MicroChem,
USA) onto a silicon wafer. Then, a film carrying the pattern was placed on top of the wafer coated
with a SU8 film after soft baking. And expose them to ultraviolet (UV) light. With the post
exposure baking and the developing processes, a master with microchannel pattern on the silicon
wafer was obtained. The mixture of PDMS and the curing agent (10:1 (w/w)) was poured on the
master and heated at 80°C for 1h. The PDMS layer with the microchannel structures was then
peeled off carefully from the master and put into a plasma cleaner (HARRICK PLASMA, lthaca,
NY) with a glass slide for 1min. Finally, the microfluidic chip was assembled by placing the PDMS
layer on the top of the glass slide. As shown in Figure 6-2(a), the microfluidic chip comprises a
straight microchannel with a size of 1cm X 150pum X 80um (length X width X height) for the
formation and motion of Janus droplets and a confinement chamber with a size of 0.5cm X 1cm
X 80um (length X width X height) for holding droplets. An electrode insert port with the
diameter of 1.5mm is set next to the joint between the confinement chamber and the microchannel
for placing electrode. 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 inlet well. Another
electrode is inserted in the outlet well.

After the microfluidic chip was fabricated, 10uL buffer solution was added into the outlet well
first to wet the microchannel. Then 5uL Pickering emulsion droplets (prepared with the procedures
shown in Section 3.2.2) was added into 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 than 80um could enter it. Afterwards, 100uL buffer solution
was loaded into the inlet well and outlet well, respectively. The electrical field was applied to the
microchannel with a DC power supply (CSI12001X, Circuit Specialist Inc., USA) via two
platinum electrodes inserted in the electrode insert port and outlet well, respectively. Under
electrical field, the oil droplets entered the microchannel from the confinement chamber and
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moved through it. At the same time, the positively charged Al>Os nanoparticles adsorbed on the
oil droplet were accumulated to one side of the oil droplet back to the electric field. Janus droplets
partially covered with Al,O3 nanoparticles could be formed in this way, as shown in Figure 6-2(b).
The images of a droplet with uniformly covered Al>Os nanoparticles before applying electrical
field and a Janus droplet with Al2Os nanoparticles covered on one side after applying the electric
field are shown in Figure 6-2(c). As shown in this figure, after applying DC electrical field of
50V/cm from left to right, the positively charged nanoparticles move to the right-hand side of the

droplet and a color and electrically anisotropic Janus droplet forms.

a ) Inlet well C )

Electrode insert port

Outlet well

Confinement chamber

Microchannel

25pm

Figure 6-2. (a) Schematic diagram of the structure of the microfluidic chip. (b) Schematic
diagram of the generation of an EIJD under applied DC electric field. (c) The formation of the
EIJD under electric field of 50 V/cm.
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6.3.2 Visualization of VVortices

Spherical polystyrene particles of 1um in diameter (Bangs Laboratories Inc., IN, USA) were
employed as tracers to indicate the flow fields around Janus droplets. The experimental system, as
shown in Figure 6-3, is composed of the microfluidic chip, a DC power supply, an optical
microscope (Ti-E, Nikon) and imaging system. In the experiment, the microfluidic chip which
held nanoparticle covered oil droplets was fixed on the microscope stage, and the liquid levels in
the inlet and outlet wells were carefully balanced by injecting certain amount of tracing particle
suspension with a digital pipette. Then apply electric field to the microchannel via two platinum
electrodes inserted in the electrode insert port and the outlet well. Under this electrical field, Janus
droplets formed quickly in the microchannel and the surface coverage (y) remained constant under
the given electric field. The flow fields around Janus droplets were observed in the electrical field
of 30V/cm. The images of the flow fields around Janus droplets were taken by a charge coupled
device (CCD) camera (DS-Qi1lMc ,Nikon) assembled in the microscope, and were stored in a
computer. Generally, the flow field changes with the variation of the topology of the Janus droplets.
The flow fields around Janus droplets with different surface coverage generated with 1mg/mL and

2mg/mL nanoparticle suspension were observed, respectively.

I
_ _:CCD Camera [:]
— ’_&

Computer

Microscope
DC Power Supply

Microfluidic chip

Figure 6-3. Schematic diagram of the experimental setup.
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6.3.3 Measurement of the Electrokinetic Velocity of the EIJDs

The electrokinetic motions of oil droplets and Janus droplets were measured with the same
experimental system as shown in Figure 6-3. The motions of oil droplets/Janus droplets were
recorded by the CCD camera at the frame rate of 25 fps under externally applied electrical field.
The accuracy of this system in determining the position of droplets was approximately + 2 pixels
corresponding to = 1.1 um. By measuring the travelling distance under certain time for an
individual droplet with imaging analysis software, the velocity of the Janus droplet could be
obtained. Under each condition, 30 independent measurements were conducted. The experiments

were carried out at room temperature (23-25°C).

Furthermore, to minimize the effect of hydrostatic pressure on the electrokinetic motion of Janus
droplets, two measures were adopted: a) Large inlet and outlet wells were used to minimize the
water level difference caused by electroosmotic flow in microchannel; b) After applying the

electrical field for 30~40 s, the electric field was reversed to balance the water level of the wells.
6.4 Numerical Results and Discussion

As mentioned above, the translational movement of an EIJD in 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
(E), the zeta potential of the positively charged side of the Janus droplet ({,4n0), the viscosity of
the droplet (n,), the surface coverage of the positively charged side (6/2, the relationship between
6 and y is given in Equation (3-1)), as well as the size of the Janus droplet on the electrokinetic
velocity of the Janus droplet are analyzed. To make the results more general, the following

parameters are non-dimensionalized:
¢ = |Cnano/%ow! zeta potential ratio (6-24)

Nr = No/NMw viscosity ratio (6-25)
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r=d/D size ratio (6-26)
5% = |Uer/Uyes| dimensionless velocity (6-27)

where U, is the reference velocity which is set to be 10~* m/s. In simulations, to completely study

the effects of these influence factors on EK motion, the values of these factors are set to change in
awide range. For example, in the study of the effect of the nanoparticle coverage on the EK motion,

the nanoparticle coverage changes from g = 0 (homogeneous oil droplet) to g = 180° (Pickering

emulsion droplet).
6.4.1 Model Validation

For a negatively charged solid particle immersed in a bulk aqueous solution, under externally
applied DC electric field, the particle moves towards the anode. This phenomenon is called
electrophoresis. The electrophoretic velocity L_fep of such a particle with thin EDL can be
calculated by the well-known Helmholtz-Smuluchowski equation:

goewlp 7
=" (6-28)

U

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

electrophoretic velocity can be derived from this equation as:

Uep |  Zofulp |y (6-29)

U, =
ep NwUrer

Uref

A homogeneous negatively-charged solid particle can be regarded as a special Janus droplet with
n, — oo and 8 = 0°. Therefore, the model presented in this chapter can be used to calculate the
electrophoretic velocity of a homogeneous solid particle in an infinitely large aqueous solution by
considering that the zeta potential of the microchannel 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 Helmholtz-Smuluchowski equation is shown in Figure 6-4. The solid line
represents the analytical solution obtained from the Helmholtz-Smuluchowski equation, and the

circular points are the numerical solutions of the model developed in this work. It’s clearly shown
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in this figure that for the solid particle with ;, = =25 mV and the particle diameter d = 60 um, the

numerical solution and the analytical solution of the Helmholtz-Smuluchowski equation match

very well with each other.
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Figure 6-4. The comparison of the dimensionless particle electrophoretic velocity, Ug,, versus
the strength of the applied electrical field, E, between the numerical solution and the Helmholtz-
Smoluchowski equation, with ¢, =25 mV and d = 60 um. 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 a charged particle in a circular microchannel is considered as another

case to test this model. For a charged particle moving along the center line of a straight circular
microchannel, the electrokinetic velocity of the particle (l_fep) can be evaluated by the approximate

formula derived by Keh et al. [75]:
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U, = [1—1.28987r3 + 1.89632r°5 — 1.0278076 + o(rB)]g";—WQ’u - E—W)E (6-30)
w p

where r is the ratio between the diameter of the particle d and that of the microchannel (D). The

dimensionless electrophoretic velocity U, can be obtained by dividing ﬁek by Ure.

Figure 6-5 shows the comparison of the non-dimentional electrokinetic velocity of a charged
particle in a circular microchannel between Keh’s formula and the numerical simulation results of
the model presented in this paper at {, = —60 mV, ¢, = -25 mV and r = 0.4. As can be seen, the

numerical solution and the approximation solution are in good agreement.
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Figure 6-5. The comparison of the non-dimentional electrokinetic velocity of a charged particle

in a cylindrical microchannel, U;,, versus the strength of the applied electrical field, E between

the numerical solution and the Keh’s solution, with ¢,, =-60 mV, ¢, =-25mV and r =0.4. In
the numerical simulation, the viscosity of the oil droplet is set to be infinitely large without
considering the motion of the oil-water interface; therefore, the oil droplet performs as solid

particle.

97



6.4.2 Effect of the Strength of the Electric Field

Figure 6-6 shows the non-dimensional electrokinetic velocity versus the strength of the electrical
field for Janus droplets with different surface coverage under the condition of the zeta potential
ratio ¢, = 1, the viscosity ratio n,- = 1000, and the size ratio r = 0.4. The electrokinetic velocities
for Janus droplets with 8 /2 = 60°, 90° and 120° are indicated by rectangular points, circular points
and triangular points, respectively. It’s clearly shown in Figure 6-6 that the electrokinetic velocity
of Janus droplet increases linearly with the strength of the electric field. It is not difficult to
understand that the electrokinetic motion of the Janus droplet in a microchannel results from the
combined effect of the electrophoresis of the droplet and the electroosmosis of the surrounding
liquid in the channel. The expression of the electrokinetic velocity of the Janus droplet l_fek can be

written as:
Uek = Ueog + Uep = (.ueof + .uep) E (6-31)

where ﬁeof and e, s are the velocity and mobility of the electroosmotic flow in the microchannel,

ﬁep and u,,, are the velocity and mobility of the electrophoresis of the Janus droplet. It’s clearly
shown in Equation (6-31) the electrokinetic velocity of the Janus droplet is linearly proportional
to the strength of the applied electrical field.

Figure 6-6 also shows that under the same electrical field, the electrokinetic velocity of the Janus
droplet increases with 6 /2. This can be understood as the following. When the coverage of the
positively charged surface area is small, i.e., 8/2 < 90°, 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 velocity of the Janus droplet is smaller.
However, when the coverage of the positively charged surface area is larger, i.e., 8/2 > 90°, the
net surface charge of the Janus droplet is positive. For a positively charged droplet in a
microchannel with negatively charged 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 was conducted under the assumption of fixed nanoparticle
coverage. Generally, this assumption is valid when the externally applied electric field is larger
than 50 VV/cm. However, to reveal the effect of the electric field, the nanoparticle coverage of the

EIJD was assumed to be fixed regardless of the electric field strength.
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Figure 6-6. The non-dimensional Janus droplet electrokinetic velocity, U, versus the strength
of the electrical field, E, with ¢, = 1, n,, = 1000 and r = 0.4.

6.4.3 Effect of the 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. Figure 6-7 shows the calculated non-dimensional
electrokinetic velocity versus the zeta potential ratio (¢, = |{uano/{ow!) for Janus droplets with
different surface coverage by nanoparticles under the externally applied electric field of 50V/cm.
The other parameters are fixed with n,- = 1000 and r = 0.4. The rectangular points, circular points

and triangle points represent the electrokinetic velocities of the Janus droplets with the surface
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coverage of 60°, 90° and 120°, respectively. It can be seen from the figure that the dimensionless
electrokinetic velocity increases with the zeta potential ratio ({,.). For Janus droplet with larger

surface coverage by nanoparticles, the effect of ¢, on U is more significant.
Under electrical field, the electrical force ﬁe,j acting on the Janus droplet can be calculated:
Foy=(Q™+Q"E (6-32)

here Q* and Q~ 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 nanoparticle coverage of 8/2, Q* and Q~ can be obtained:

2N (ze)? _ 2ne0(ze)?

Q+ = 0_5+ St = KK,T {nan05+ = W{rl(owls-'- (6-33)
2
Q- =07 S = 2":1{(;;) LowS™ (6-34)

where ot and S* are the local surface charge density and the surface area of the positively charged
side of the Janus droplet. o, and S~ are the local surface charge density and the surface area of
the negatively charged side. Substituting Equation (6-33) and (6-34) into Equation (6-32):

Foy=0 (1-3E (6-35)

As indicated in this equation, when other parameters are fixed, I?'e decreases with the increase of
¢y, hence the electrophoretic velocity of the Janus droplet decreases. Recall Equation (6-31), with
the reduction of the electrophoresis of the Janus droplet, its electrokinetic velocity increases. For
a Janus droplet with large nanoparticle coverage, S* /S~ is large; therefore, with the increase of
Ory ﬁe, ; decreases more substantially, and the electrokinetic velocity of the Janus droplet increases

more significantly than those with smaller 6/2.
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Figure 6-7. The non-dimensional Janus droplet electrokinetic velocity, U, versus the zeta
potential ratio, ¢,., with E =50 V/cm, n,. = 1000 and r = 0.4.

6.4.4 Effect of the Viscosity Ratio

The variation of the dimensionless electrokinetic velocity of the Janus droplets with the viscosity
ratio n,- (n,/n.) is shown in Figure 6-8. Three different Janus droplets with different nanoparticle
coverage (6/2 = 60°, 90° and 120°) are analyzed under the condition of E = 50 V/cm, ¢, =1 and
r =0.4. As shown in Figure 6-8, for Janus droplets with the nanoparticle coverage larger than 90°,
the electrokinetic velocity of the Janus droplets is essentially independent of the viscosity ratio 1,
(n,/mw). For Janus droplets with a smaller nanoparticle coverage, for example, 8 /2 = 60°, the
electrokinetic velocity of the Janus droplets increases with the viscosity ratio n,- (n,/n,,) when the
viscosity ratio is low, and becomes a constant when the viscosity ratio is high. The electrophoresis
of oil droplet has been studied in some papers [134,146]. Under externally applied electrical field,
the oil droplet moves with axisymmetric vortex formed inside of it. The presence of the vortex
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 same conditions. For the Janus droplet

studied in this paper, vortex also forms inside of the droplet when it moves in a microchannel
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under electrical field, as shown in Figure 6-9. Because of symmetry, only a half of the droplet is
shown. The comparison between Figure 6-9(a) and (b) indicates that the vortex inside of the Janus
droplet becomes weaker as the increase of the viscosity ratio between the oil phase and the water
phase. Therefore, for a Janus droplet with larger viscosity ratio, the electrophoretic velocity of it
is slower. Based on Equation (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 Janus droplet with large nanoparticle coverage area, for example, 6/2 = 120°
(triangular points in Figure 6-8), 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 region on the droplet

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

the oil phase.
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Figure 6-8. The non-dimensional Janus droplet electrokinetic velocity, Ug;, versus the viscosity
ratio, n,., with E =50 V/cm, {, =1 and r =0.4.
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Figure 6-9. Flow fields inside Janus droplets with the viscosity ratio of (a) n,- = 500 and (b) 7,
1000. E =50 V/cm, ¢, =1, /2 =90° and r = 0.4. Because of symmetry, only one side of the
droplet is shown. The 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 non-dimensional electrokinetic velocity of Janus droplets versus the nanoparticle coverage
0/2 are shown in Figure 6-10. As can be seen, the dimensionless electrokinetic velocity of the
Janus droplet increases with the nanoparticle coverage 6/2 which reaches the maximum at /2 =
180°. The velocity increases first and then approaches a plateau. Furthermore, for the Janus droplet
with a larger zeta potential ratio (¢,.), the influence of 6/2 on U, is more significant. With the
increase of /2 and ., the net charges on the Janus droplet get reduced; therefore, under the same
electrical field, 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 and outside of the Janus droplet for /2 = 90° and 60° are shown in Figure
6-11, respectively. For symmetry, only half of the droplet and the flow field are shown. Figure 6-
11(a) shows two axisymmetric vortices form around the Janus droplet and one axisymmetric
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. When 6/2 decreases from 90° to 60°, the
rightward EOF on the oil-water surface of the Janus droplet becomes dominant, and only the vortex

on the positively charged side remains (Figure 6-11(b)).
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Figure 6-10. The non-dimensional Janus droplet electrokinetic velocity, U, versus the

nanoparticle coverage, 6 /2, with E =50 V/cm, n,, = 1000 and r = 0.4.
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Figure 6-11. Flow fields inside and outside Janus droplets with the nanoparticle coverage of (a)
0/2 =90°and (b) /2 = 60°. E =50 V/cm, ¢, =1, n,, = 1000 and r = 0.4.

6.4.6 Effect of the Size Ratio

Figure 6-12 shows the non-dimensional electrokinetic velocity of Janus droplet versus the size
ratio (r = d/D) with E = 50 V/cm, n,- = 1000. It’s clearly shown in this figure that for the Janus
droplet with ¢, = 1 and 8/2 = 90°, the calculated non-dimensional electrokinetic velocity first
decreases mildly until reaching a minimum value around r = 0.7, then increases sharply with r.
The variation of U;, with r can be explained by considering the competing effects of the electric
field and the viscous retardation when the Janus droplet approaches the channel wall [147]. On the
one hand, the squeezed electric field in the small gap between the channel wall and the droplet is
stronger and hence generates stronger electroosmotic flow, 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. For r < 0.7, the viscous retardation effect is dominant, leading to the decrease
of the droplet velocity. Further increasing the size of the Janus droplet to r > 0.7, the effect of the
increased local electric field overcomes the viscous retardation effect and drive the Janus droplet

to move faster. This phenomenon is called wall enhance effect [71,72].
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Figure 6-12. The non-dimensional Janus droplet electrokinetic velocity, U, versus the size
ratio, r, with ¢, =1, E =50 V/cm, n,- = 1000, and /2 = 90°.

6.5 Experimental Verification
6.5.1 Vortices in Vicinity of EIJDs

In this study, the flow fields around two Janus droplets with the same size (the diameter d = 78
pum) and different surface coverage (y = 40.6% and 21.1%) were examined. The flow fields around
these Janus droplets under electric field of 30 VV/cm are shown in Figure 6-13. It clearly indicates
in Figure 6-13(a) that four vortices are generated around the mobile Janus droplet with y = 40.6%
under the rightward electric field. The two vortices are on the left side, while the other two stay on
the right side. Figure 6-13(b) shows the flow field around the Janus droplet with smaller surface
coverage by nanoparticles, y = 21.1%. As shown in this figure, under the same applied electrical
field, only the two vortices on the right side of the Janus droplet exist, and the size of the vortices

are smaller. With the decrease of the surface coverage of the Janus droplet, the electroosmotic flow
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on this side gets weaker and the electroosmotic flow on the other side becomes dominant; therefore,
only the two vortices on the right side exist. This experimental finding confirms the numerical

results shown in Figure 6-11.

Figure 6-13. Vortices are generated around Janus droplets moving in a microchannel under
externally applied DC electrical field of 30V/cm. (a) d = 78 um, y = 40.6%, generated with 2
mg/mL nanoparticle suspension; (b) d = 78um, y = 21.1%, generated with 1mg/mL nanoparticle

suspension. The exposure time of the microscope is 400 ms.
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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 the nanoparticle coverage on the
electrokinetic velocities of the EIJDs, Janus oil droplets and pure oil droplets of 75 um + 3 um in
diameter were chosen in the experimental investigation. The electrokinetic velocities of Janus
droplets with different surface coverage by aluminum oxide nanoparticles and oil droplets in terms
of the electrical field are shown in Figure 6-14. The experiments were conducted under the electric
field larger than 50 VV/cm. Clearly, the velocity of Janus droplets is larger than the velocity of oil
droplets under identical DC electrical field. And the larger the surface coverage of the Janus droplet
by nanoparticles (y), the faster the electrokinetic motion in a microchannel. Furthermore, the
results also indicate the effect of the electric field strength on the electrokinetic motion of oil
droplets and Janus droplets. As shown in this figure, the velocities of oil droplets and Janus droplets

increase with the applied DC electrical field linearly.
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Figure 6-14. The electrokinetic velocities of the Janus droplets generated with different
concentrations of nanoparticle suspensions and oil droplets as a function of electrical field. The

diameter of different types of droplets d is 75 um + 3 um.
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6.5.2.2 Effect of Droplet Size

The electrokinetic motion of Janus droplets in a microchannel can also be affected by the size of
them. The electrokinetic velocities of Janus droplets with two different sizes, d = 75 um + 3 ym
and d = 45 ym + 2 um were measured and compared. These droplets were generated with a
nanoparticle suspension of C = 2 mg/mL. As shown in Figure 6-15, under the same applied
electrical field, the larger Janus droplets move faster than the smaller ones. For a larger droplet,
the gaps between the droplet and the channel walls are smaller. Consequently, the electrical lines
are squeezed further in the smaller gap, and the electrical field is stronger in this region. The
stronger electrical field in the smaller gaps will generate stronger electroosmotic flow, which
promotes the motion of the Janus droplet. As illustrated in Section 6.4.6, this phenomenon is
caused by the “wall effect”. The comparison of the velocities between EIJDs with different sizes

proves the simulation findings shown in Figure 6-12.
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Figure 6-15. The electrokinetic velocity of Janus droplets with a diameter of 75 um + 3 um and
45 um + 2 um generated with nanoparticle suspension of C = 2 mg/mL as a function of applied
DC electrical field.
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6.5.2.3 Effect of the Electrolyte Concentration

The effect of the electrolyte concentration on the electrokinetic velocity of Janus droplets was also
investigated. The buffer solution used is 1mM KCI solution which was prepared by dissolving
solid potassium chloride into deionized water. The electrokinetic velocities of Janus droplets in
deionized water and 1mM KCI solution are shown in Table 6-1. By comparing the data shown in
Table 6-1, it can be seen that the electrokinetic velocity decreases significantly when the buffer
solution is changed from deionized water to 1mM KCI solution. For example, under applied
electrical field of 50 V/cm, the average electrokinetic velocity of the Janus droplets in deionized

water is 183.2 um/s. However, in ImM KCI solution, the average velocity decreases to 46.2 um/s.

Table 6-2. The average values of the measured electrokinetic velocity of Janus droplets
generated with nanoparticle suspension of C = 2 mg/mL under different electric field. (A)
in deionized water; (B) in 1 mM KCI solution. The diameter of the Janus droplets isd = 75

pm £ 3 pm.

(A) Deionized Water

Electric field (V/cm) 50 60 70 80 90 100
Electrokinetic velocity (um/s)  183.2 2278 2708 297.2 338.8 375.0

Standard deviation 11.8 13.1 125 13.8 13.8 16.3

(B) 1 mM KCI Solution

Electric field (\V/cm) 50 60 70 80 90 100
Electrokinetic velocity (um/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 zeta potential 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 to —20mV in 1mM KCI solution [149].
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Therefore, under applied electrical field of 50V/cm, the electroosmotic flow velocities in a
microchannel for deionized water and 1mM KCI solution can be calculated to be 236.1um/s and
78.7um/s, respectively. The comparison between the calculated electroosmotic flow velocities and
the measured electrokinetic velocities of Janus droplets clearly shows that the reduction of the
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 and the experimental results for the electrokinetic
velocities of Janus droplets under different conditions are shown in Figure 6-16. The electrokinetic
velocities of the Janus droplet with d = 76 um and 6 /2 = 83.5° in deionized water and 1mM KCI
solution are shown as case A and D, respectivley. For case B, the diameter of the Janus droplet is
45 um with the nanoparticle coverage of 83.5°. Case C is for the Janus droplet with the diameter
of 76 um and the nanoparticle coverage of 55°. As shown in Figure 6-16, the simulation 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 the simulation results and the experimental results of large
Janus droplets (d = 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 rectangular 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 pm in diameter is used in the numerical simulation. In the model simulation, the channel 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 rectangular microchannel. 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
microchannel and the circular microchannel. Hence, the simulation results match well with the

experimental results for case B.
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Figure 6-16. Comparisons between the numerical simulation results and the experimental results
for the electrokinetic velocities of Janus droplets. Case A is for the Janus droplet with d = 76 pm
and 6 /2 = 83.5° immersed in deionized water. Case B is for the Janus droplet with d = 45 pm
and 6/2 = 83.5° immersed in deionized water. Case C is for the Janus droplet with d = 76 pm
and 8 /2 = 55° immersed in deionized water. Case D is for the Janus droplet with d = 76 um and

6/2 =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 studied numerically and experimentally. Numerically, we
considered the oil droplet partially covered by positively-charged nanoparticles. The nanoparticle
coverage of the EIJD remains fixed. The positively-charged surface area on the Janus droplet is
immobile and the negatively-charged oil-water interface is mobile. The effect of the mobile oil-
water interface 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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() The electrokinetic velocity of the Janus droplet increases linearly with the strength of

the externally applied electrical field.

(b) The larger the zeta potential ratio between the positive side and the negative side, the
larger the electrokinetic velocity.

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

Janus droplet with a larger coverage by nanoparticles, the viscosity effect can be neglected.
(d) The electrokinetic velocity increases with 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 visualized. The existence of the vortices in vicinity of EIJDs
in a microchannel under the electric field due to the opposite electroosmotic flow on different sides
of the droplet was demonstrated. The number of vortices is dependent on the nanoparticle coverage.
Then, the electrokinetic velocities of the EIJDs were measured. By comparing the electrokinetic
velocities of Janus droplets under different conditions, the findings in the numerical part were

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

Separation of E1JDs in Microchannels™

7.1 Introduction

Emulsion with one phase dispersed into the other 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 particles [150,151], carrying out chemical
reactions [152-154], encapsulating cells and DNAs [155-157], 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 distribution. As a new division of emulsion
droplets, the Janus droplets are the droplets with two hemispheres carrying different properties.
Due to their novel properties, the Janus droplets have attracted increasing attention in recent years
[160-162]. Generally, the Janus droplets with uniform size and morphology are essential in these
applications. However, the Janus droplet fabrication methods mentioned in Chapter 2 are difficult
to have precise control over the size and morphology that limits the droplets’ practical applications.

Therefore, research in the separations of oil droplets and Janus droplets are highly 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 [165-167], mechanical microvalve
[168,169], surface acoustic wave[170-172], etc. Due to the dielectric property difference between
the droplets and the suspension liquid, under non-uniform electrical field (induced by the varying
shape of microchannels or by non-symmetric electrodes), DEP forces are generated and drive the
droplets to move. As the DEP force is dependent on the droplets size, the emulsion droplets can
be separated by size with this method [83]. For example, Ahn et al. [173] developed a high-
throughput droplet sorting microfluidic device by DEP, the sorting rate could reaches 1.6 kHz.

Marangoni effect is also used for sorting emulsion droplets. For a droplet with surface tension

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Separation of Janus Droplets and Oil Droplets in Microchannels by Wall-induced Dielectrophoresis. J.
Chromatogr. A. 2017, 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
consequently the droplet moves towards the side of the low interfacial tension. By generating a
temperature gradient or a surfactant gradient around the droplet, the interfacial tension gradient is
created to drive the droplet towards specific direction and the sorting of the droplets can be
achieved [166]. The emulsion droplets can also be separated with mechanical microvalves
assembled in microfluidic chips. For example, Abate et al. [168] fabricated a single-layer
membrane valve to control the fluid flow at the bifurcating channel junction. By switching the
valve with a solenoid, the droplets flow into different outlets and are separated. The surface
acoustic wave method uses a piezoelectric substrate to generate the surface acoustic wave which
propagates along the microchannel wall and drives the droplets towards the direction that the wave
spreads. Therefore, the droplets can be manipulated to move to different branches by controlling
the piezoelectric substrate positioned at the junction of microchannels. However, compared with
the numerous researches on separating homogeneous emulsion droplets, the study of the separation

of Janus droplets/particles is limited [174].

In addition to the separation methods discussed above, the wall-induced DEP has been proven to
be an efficient method to separate particles/droplets continuously by size and surface charge in
microfluidics. For a particle/droplet nearby a planar dielectric wall, under externally applied
electrical field, a DEP force is generated due to the non-uniform electrical field around the
particle/droplet. The negative DEP force pushes the particle/droplet away from the wall.
Theoretically, Young and Li [175] first derived the accurate expression of the wall-induced 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 distance between the particle and the planar wall. Later,
Yariv [176,177] derived the leading-order expression of the wall-induced DEP force. Similar
studies were also presented by Zhao and Bau [178] in their theoretical paper. Recently, Kang [179]
numerically studied the wall-induced DEP motion of a particle from a nearby planar wall under
the electrical field parallel to the wall. He found that the wall-induced lateral migration velocity of
the particle is dependent on the distance between the particle and the adjacent planar wall.
Experimentally, Liang et al. [180,181] first demonstrated the existence of the wall-induced DEP
force by visualizing the lateral migration of the polystyrene particles in a rectangular microchannel
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 with the evanescent wave-based particle-tracking
velocimetry, Kazoe et al. [182] proved that the wall-induced 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 al. [183] controlled the separation distance between the particle and
the wall by using the electric field to adjusting the DEP force acting on the particle. Recently, the
wall-induced DEP separations of particles and cells have been studied by Xuan’s group [184,185].
Through experimental analysis, they found that the particles with different sizes and different
surface charges can be separated due to their different migration distances while moving through
a straight microchannel. Based on the features of wall-induced DEP, this separation method is

applicable in separating EIJDs with size and nanoparticle coverage.

In this chapter, we studied the wall-induced DEP of the oil droplets and EIJDs. The lateral
migrations of the oil droplets and Janus droplets in a straight microchannel under different electric
fields were experimentally measured first, and the experimental results were compared with the
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 wall-induced DEP method. The purpose 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 Mechanism of the Wall-induced DEP

The wall-induced DEP is caused by an asymmetric electric field around a spherical droplet nearby
a dielectric planar wall. As shown in Figure 7-1, a spherical droplet with the radius of a is located
near a dielectric channel wall, and the separation distance between the center of the droplet and
the channel wall is y,;. Under the electric field parallel to the wall, the electric field lines are
distorted around the sphere, and squeezed in the gap space between the droplet and the channel
wall. Therefore, the electric field is non-uniformly 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
larger than that on the opposite side of the droplet. The asymmetric electric field in the y-direction

generates the DEP force F,,pgp 0N the droplet, which repels the droplet from the wall.
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Figure 7-1. The schematic diagram of the electric field lines around a droplet 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 a straight microchannel, it experiences electrokinetic motion in the x-direction
(channel length direction) and the wall-induced dielectrophoretic lateral migration in the y-
direction under electric field. In the x-direction, the position of the center of the droplet x,; in term

of time t can be written as:
Xq = HerEt (7-1)

where E is the strength of the electric field. u, is the electrokinetic mobility of the droplet in a

microchannel.

According to Equation (7-1), within finite time dt, the variation of x; (dx,) is obtained:

dxd = ,LlekEdt (7'2)
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In the y-direction, the analytical expression of the wall-induced DEP force acting on the droplet
F,,pep has been derived by Yariv [177] with the Maxwell stress tensor method, which is

independent of the surface charge of the droplet:
Fypep = j_zfofwazEz(T)4 (7-3)

where g, and ¢,, are the permittivity of vacuum and the surrounding liquid, respectively. a is the
radius of the droplet, E is the strength of the electrical field, 7 is the ratio between the radius of the
droplet (a) and the distance from the center of the droplet to the channel wall (y,). Thus, the wall-
induced dielectrophoretic lateral migration velocity of the droplet (U,,pgp) Can be obtained by

considering the balance between the electric force and the flow friction force [181]:

Uwpep = ;;;W akE? (T)4 (7-4)

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

within finite time (dy,) can be obtained:

EOEW

d}’d = UWDEPdt = aEZ(T)4dt (7‘5)

Substituting Equation (7-2) into Eq. (7-5), the expression of dy, in terms of dx,; can be obtained:

w E
dyg = 225 (1) *dx (7-6)

Integrating Equation (7-6), the expression of y, can be obtained:

w E X
Ya =55t fy (Mg (7-7)

As shown in Equation (7-7), the lateral migration of the droplet is related to the dielectric constant
(ey) and the viscosity (n,,) of the surrounding medium, the radius (a) and the electrokinetic
mobility (u.,) of the droplet, and the strength of the externally applied electrical field (E). 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 migration. Oppositely, with the increase of the electrokinetic mobility

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 that of a homogeneous negatively charged oil
droplet, the lateral migration of the oil droplet is larger than that of the Janus droplet when they
travel through the same distance in the x-direction. In this study, the deionized water was used as
the buffer solution. Thus, ¢,, is set to be 80 and n,, is taken as 0.001 Pa-s. In chapter 6, the
electrokinetic mobility of oil droplets and Janus droplets in a microchannel was measured

experimentally, which were 1.75 x 108 m?/(V s) and 3.75 x 108 m?/(V s), respectively.
7.3 Experimental Studies

7.3.1 Preparation of Microfluidic Chip

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

on top of the substrate after plasma treatment.

In the study of the wall-induced dielectrophoretic lateral migrations of oil droplets and Janus
droplets, a Y-shaped microchannel was used, as shown in Figure 7-2(a). The Y-shaped
microchannel is composed of a main channel, two inlet branches and a confinement chamber. The
microchannel has the uniform height of 80 um. The main channel is 8.5 mm in length and 430 um
in width, and is used for measuring the wall-induced lateral migrations of the oil droplets and Janus
droplets. The sheath fluid inlet branch has the size of 1.5 mm x 430 um (length x width), while
the sample inlet branch is 1 cm long and 150 um wide. The confinement chamber between the
sample inlet well and the sample inlet branch is used for holding oil droplets and Janus droplets,

and has the size of 6mm x 6 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 (c). It has a confinement chamber, a main channel, two inlet and two outlet
branches. The main channel, where the droplet separation takes place, has the length of 1 mm and
the width of 250 um. The sizes of the sheath fluid inlet branch and the sample inlet branch are 1
mm x 250 um (length x width) and 5 mm x 150 pum (length x width), respectively. The two outlet
branches are each 9 mm in length, with the upper outlet branch (outlet branch A) 120 um in width

and the down outlet branch (outlet branch B) 180 pum in width. Similarly, the confinement chamber
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is set before the sample inlet branch with the size of 6mm x 6 mm (length x width). The entire
channel has a fixed height of 80 um. Due to the limit of the height of the confinement chamber,

only the droplets with the diameter smaller than 80 pum can enter into the confinement chamber

and pass through the microchannel.
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Figure 7-2. (a) Schematic diagram of the microfluidic channel for measuring the wall-induced
dielectrophoretic lateral migration of droplets. (b) Schematic diagram of the microfluidic channel

for droplets separation. (c) Microscopic image of the microchannel for separation.

7.3.2 Preparation of Oil-in-water Emulsion and EI1JDs

The oil-in-water emulsion used in this study was prepared by mixing the pure canola oil (Mazola
Corporation) and deionized water with the nonionic surfactant Tween 20 (Sigma Aldrich) used as
the stabilizer. The oil-in-water emulsion was fabricated by adding 5 mL deionized water, 1 mL oil
and 100 pL surfactant into a glass bottle (15 mL in capacity) and stirring the mixture with a

vortexer (VWR Scientific) at the speed of 3200 rpm for 2 minutes.
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The EIJDs were fabricated from Al,Os-stabilitized Pickering emulsion droplets. The fabrication
process of the Pickering emulsion droplets is available in Section 3.2.2 (method A). After the
generation of the Pickering emulsion, inject the emulsion droplets into a microchannel and apply
a direct current (DC) electric field. Under electrical field, the positively charged Al2Os3
nanoparticles adsorbing on the oil droplet move and accumulate to the side of the droplet 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, the Y-shaped
microchannel was used, as mentioned above. In the experiment, 10 uL deionized water was added
into the microchannel from the outlet well first to wet the microchannel. Then, 5 pL emulsion (oil-
in-water emulsion or Pickering emulsion) was injected into the sample inlet well. The droplets
would enter into the adjoining confinement chamber automatically. Due to the restriction of the
height of the microchannel, only the droplets smaller than 80 um in diameter can flow into the
confinement chamber. The 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. Following this, 200 uL 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 supplies (CS112001X, 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 supplies. Under the electric field, the oil droplets would
flow into the sample inlet branch from the confinement chamber. When the droplets covered with
aluminum oxide nanoparticles moved through the sample inlet branch, the positively charged
nanoparticles were accumulated to one side of the droplets and the Janus droplets formed in this
process. While the droplets move from 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 migrated away gradually from the wall when moving along the main
channel due to the effect of the wall-induced DEP force. The migrations of the oil droplets and the

Janus droplets in the main channel were visualized with an optical microscope (Ti-E, Nikon), and
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the images were recorded by a charge coupled device (CCD) camera (DS-QilMc, 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 same experimental
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 Figure 7-2(b). Therefore, after
wetting the microchannel, injecting the emulsion into the confinement chamber and adding the
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 power supplies
connecting to the electrodes. In this part, the separation of oil droplets of different sizes and the
separation of Janus droplets with different sizes were conducted, respectively. It should be noted
that, in order to compare the separation difference between oil droplets and electrically induced
Janus droplets, the droplets with three different sizes, d = 25 um, 50 um and 75 pm, were chosen
and separated in the experiments. Then, based on the experimental results, the separation of oil
droplets and Janus droplets with the same size was demonstrated by injecting the mixed oil-in-
water emulsion and Pickering emulsion into the microchannel. In this paper, all experiments were

conducted at room temperature (23-25 °C).

Furthermore, to minimize the effect of pressure driven flow, two measures were taken in the
experiments: (a) Very large reservoirs (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) Each test was completed within 2 minutes.
7.4 Results and Discussion

7.4.1 Lateral Migration of Oil Droplets and Janus Droplets

The wall-induced dielectrophoretic lateral migrations of oil droplets and Janus droplets in the
straight main channel were measured experimentally and calculated theoretically. The examples
of the trajectories of an oil droplet and a Janus droplet with d = 75 pum + 3 um under the electrical
field of 375 V/cm are shown in Figure 7-3(a) and (b), respectively. Figure 7-4 shows the
trajectories of the oil droplets and the Janus droplets with different sizes under different electric

fields in the main channel. The lateral migrations of the droplets under different conditions were
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obtained by measuring the distances from the center of the droplets to the microchannel wall in
the recorded images. Data 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 using Equation (7-7) derived in Section 7.2. For this calculation, the iteration method was
conducted by developing a computer program in MATLAB. It’s clearly shown in Figure 7-4 that

the calculated results match well with the experimental results.
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Figure 7-3. Trajectories of oil droplet and Janus droplet under the electrical field of 375 V/cm in

the main channel. (a) Oil droplet, d = 75 pm + 3 um; (b) Janus droplet, d = 75 um + 3 um. As

visual aid, the dots are added to the Janus droplet to indicate the nanoparticle accumulated area.

7.4.1.1 Varying Lateral Migration with the Axial Moving Distance

As shown in Figure 7-3 and 7-4, due to the wall-induced lateral migration, both the oil droplets

and Janus droplets move away from the microchannel wall gradually while they travel through the

123



main microchannel. It’s obviously shown in this figure that the migration in the upstream section
is more significant than that in the downstream section. For example, as shown in Figure 7-4(a),
the trajectory of the oil droplet with the diameter of 75 um under electrical field of 125 VV/cm was
indicated by the triangle points and the dot-dash line. The lateral migration of the droplet is
approximately 30 um in the y-direction when it travels through the first 200 um length in the main
channel, and then the lateral migration velocity decreases and the migration distance is less than
30 pm while traveling through the next 800 um length in the main channel. This decelerated lateral
migration is due to the dependence of the migration velocity (U,,pgp) On the ratio of the droplet
radius to the distance from the center of the droplet to the channel wall (t = a/y,), as shown in
Equation (7-4). This is because, as the droplet moves away from the microchannel wall gradually,

the wall-induced DEP force decreases; hence, the lateral migration velocity decreases.
7.4.1.2 Effect of Droplet Size

The effect of droplet size on the lateral migration can be found by comparing the trajectories of
the droplets with different sizes, as shown in Figure 7-4(a) and (c). In each experiment set, the
droplets with certain sizes (d = 25 pum + 3 um, 55 pm + 3 pm and 75 pm + 3 um) were chosen and
their lateral migrations in the main channel were measured respectively. It is 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 droplet increases, the distortion
of the electric field around the droplet becomes more serious, which generates stronger DEP force
on the droplet (F,,pzp) and larger lateral migration velocity (U,,pgp). The same conclusion can
also be obtained by examining Equation (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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Figure 7-4. Comparison between the calculated results and experimental results for the
trajectories the oil droplets and the electrically induced Janus droplets in the main channel under
externally applied electrical field. (a) Oil droplets, E = 125 V/cm; (b) Oil droplets, d = 55 um; (c)
Janus droplets, E = 125 V/cm; (d) Janus droplets, d = 55 um; (e) Oil droplets and Janus droplets,

d =75 pumand E = 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 of the electric field increases, the DEP force acting on the
droplet (F,,pgp) increases, as shown in Equation (7-3); therefore, the lateral migration of the
droplet increases. Figure 7-4 (b) and (d) show the trajectories of the oil droplets and Janus droplets
with the same size under the electrical fields of 125 V/cm, 250 V/cm and 375 V/cm. The
comparison of the trajectories of oil droplets or Janus droplets with d = 55 pum under different
electrical fields indicates that the lateral migrations of both oil droplet and Janus droplet increases
with the strength of the externally applied electrical field. As indicated in Figure 7-4(d), the lateral
migration of Janus droplet is approximately 57 pum at x; = 1000 um under the electrical field of
125 V/cm. If the electric field E is increased to 375 V/cm, the lateral migration can reach 70 um

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 of the microchannel changes, which affects the
lateral migration of it. Generally, 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 lateral migration of the droplet decreases. This conclusion can be demonstrated by
reviewing Equation (7-7) which shows the inverse relationship between y,; and u,. As illustrated
above, the electrokinetic mobility of the Janus droplets is approximate two times larger than that
of the oil droplets (., = 3.75 x 10°8 m?/(V s) for Janus droplets, pp, = 1.75 x 10-8 m?/(V s) for
oil droplets); therefore, the lateral migration of the Janus droplets is shorter than that of the oil
droplets when moving through the 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 charge [120,186]. In this study, the electrically induced Janus droplet is fabricated by
partially covering a negatively charged oil droplet with positively charged Al>Os nanoparticles.
With the presence of the Al>O3 nanoparticles, the total number of negative charges on the droplet
decreases. Therefore, under the same condition, the electrophoresis of the Janus droplet 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 electroosmosis of 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 oil
droplet with the same size under the same electrical field. As shown in Figure 7-4(e), under
electrical field of 250 V/cm, the experimental measured lateral migration of the oil droplets with

d=75pum £ 3 um at x, = 1000 pm is approximately 110 pm. However, for the Janus droplets

with the same size, the lateral migration at x,, = 1000 um is only 85 um.

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,
the droplets of different sizes can be diverted into different streams and separated when they move
through the straight main channel (as shown in Figure 7-2(b)). The example of separation of oil
droplets by size is shown in Figure 7-5, which is obtained by superimposing the recorded images
of the moving droplets. Initially, the oil droplets move into the sample inlet branch from the
confinement chamber as a single stream. While reaching the entrance of the main channel, due to
the push of the sheath fluid from the other inlet branch, the droplets are forced to move close to
the channel wall. While the droplets pass the main channel, the wall-induced lateral migration
takes place and the droplets are diverted into different streams with the large droplets moving
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 7-5(a), under ¢, = ¢ =0V (¢, and ¢ 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
E, = Eg =277 V/cm. Under this electric field, the larger oil droplet with d = 50 um moves into the
outlet branch B, while the smaller droplet (d = 25 um) enters into the outlet branch A. To separate
the oil droplet with d = 50 um and the oil droplet with d = 75 um, the voltage applied to the outlet
B (¢5) should be increased. With the increase of ¢,5, the proportion of the liquid moving from
the main channel into the outlet branch B decreases. Under certain ¢, 5, the oil droplet with d =50

pm will move into the outlet branch A meanwhile the larger oil droplet (d = 75 pm) will move
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into the outlet branch B. The experimental result indicates that the oil droplets with different
diameter sizes, 50 pum and 75 pm, can be successfully separated under ¢p5 =50 V (E, =283 V/cm,
Eg =236 VV/cm), as shown in Figure 7-5(b).
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Figure 7-5. Separation of the oil droplets by size. (a) Separation of 25 and 50 um diameter oil
droplets, ¢sampie = Psneatn =375V, ¢4 = ¢pp = 0V; (b) Separation of 50 and 75 um diameter
oil droplets, ¢sample = ¢sheath =375 Va ¢A =0 Va d)B =30 V. ¢samplev (psheathv ¢A and ¢B
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 positions At is 0.08s.

Clearly, the separation of oil droplets by size can be accomplished with the wall-induced 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 outlet wells 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 voltages at the two outlet wells can be obtained by experimental calibration
for a target droplet size. It should be noted that without the presence of droplet, the electric field
is always uniformly distributed inside the main channel when the values of applied voltages change;
therefore, the wall-induced 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 wall-induced lateral migration of EIJDs is also sensitive to the droplets size; hence, the Janus
droplets can also be separated by size. As two examples, Figure 7-6 shows the separation of the
electrically induced Janus droplets by size. It should be noted that, in these figures, as visual aid,
the dots are added to each Janus droplet to indicate the nanoparticle accumulated area. Figure 7-6
(a) shows the separation of a 75 um diameter Janus droplet from the smaller one (d =50 pum) under
Dsample = Psneatn =375V and ¢, = ¢ =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 the separation
takes place at the joint between the main channel and the two outlet branches. Figure 7-6(b) shows
the separation of the 50 um diameter Janus droplet from the smaller one (d = 25 um). In this
separation, to make the 50 um diameter Janus droplet flow into the outlet branch B, the voltage
applied to the outlet A, ¢,, 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 E, = 104 V/cm and Ez = 294 VV/cm, and more liquid flows into the outlet branch B from the
main channel; thus, the Janus droplet with d = 50 um moves into outlet branch B rather than outlet
branch A. In this way, the Janus droplet with 50 um diameter is separated from the smaller one.

By comparing Figure 7-5(a) and Figure 7-6(a), we can easily find that the oil droplet and the Janus
droplet with 50 um in diameter enter into different outlet branches under the same electrical field,
which is caused by the electrokinetic mobility 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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Figure 7-6. Separation of the Janus droplets by size. (a) Separation of 50 and 75 um diameter
Janus droplets, ¢psampie = Pshearn = 375V, ¢4 = 5 = 0V; (b) Separation of 25 and 50 pm

diameter oil droplets, ¢sampie = Psheatn =375V, ¢4 =200V, ¢pp =0 V. Psampier Psneathr Pa
and ¢ represent the voltages 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
positions At is 0.08 s.
7.4.4 Separation of Oil Droplets and Janus Droplets with the Same Size

The separation of oil droplets and electrically induced Janus droplets of the same size were
conducted. Figure 7-7 shows the trajectories of a Janus droplet of 50 um in diameter and an oil

droplet of 50 um in diameter under the condition of ¢gampie = Psheatn =375V, pg =pp =0V
(E4 = Eg =277 Vicm). As the electrokinetic mobility of the Janus droplet is larger than that of the
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oil droplet, the wall-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, the oil droplet 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 to the two 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.
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Figure 7-7. Separation of Janus droplet and oil droplet with 50 um in diameter under ¢sampie =

¢sheath =375 V1 ¢A = ¢B =0V. ¢sample1 d)sheatiu d)A and ¢B represent the VOItages applymg
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 positions At is 0.08 s.

Although the wall-induced DEP method has advantages in separating oil droplets and Janus droplet,
it possesses limitation. The limitation results from the property of wall-induced DEP. As discussed
above, the wall-induced DEP is dependent on the droplet size, electric field strength and
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 separation of oil droplets 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 influence factors. 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 smaller oil droplets and larger Janus droplets, the lateral migrations of

them could be the same under certain conditions, that limits the separation between them.
7.5 Conclusions

In this chapter, the wall-induced DEP lateral migrations of both EIJDs and oil droplets were studied,
and the separation of oil droplets and Janus droplets in a microchannel by the wall-induced DEP
method was demonstrated for the first time. The wall-induced dielectrophoretic lateral migrations
of both oil droplets and electrically induced Janus droplets in a straight 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 of the 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, the lateral migration of the Janus
droplet is smaller than that of the oil droplet. The experimental measured lateral migrations of oil
droplets and Janus droplets were also compared with the theoretical predicted results, and good
agreement was found. Then, the wall-induced DEP separation method was successfully
demonstrated through separation of oil droplets by size, separation of electrically induced Janus
droplets by size, and separation of oil droplets and Janus droplets with the same size in a
microchannel with two inlet branches and two outlet braches. The experimental results indicate
that the separation of target droplets can be easily accomplished by varying the applied voltages

at the ends of the two outlet branches.

The wall-induced DEP droplet separation method presented in this chapter has 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 fabricated. This method holds promise in

the applications of industrial and research fields.
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CHAPTER 8. Application I: Fabrication of Microvalve Using Electrokinetic
Motion of EIJD"

8.1 Introduction

Microfluidics has wide applications in various areas, such as biotechnology, chemistry and life
science, due to less reagent consumption, short reaction time, low cost and compact size [187—
191]. As one of the most important microfluidic components, microvalves are designed to carry
out flow regulation and flow switching [164,192,193]. Generally, microvalves can be categorized
into five major classes based on their actuation originalities: pinch, pneumatic, phase change,
capillary and electrokinetic. Pinch microvalves are operated by compressing a flexible membrane
with an external mechanical force. Magnetic [194-196], electric [197,198,106,199] and thermal
[200—-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 diaphragm. Normally, 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 magnetic microvalve can be operated. Despite 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 and actuator. By
assembling these components together, a pinch microvalve always contains multiple layers and
films, that causes unavoidable leakage [164]. Pneumatic microvalves, introduced firstly by
Quake’s group [206], are the most widely used valves in microfluidics nowadays [207-209]. The
microvalve consists of a fluidic channel and a control channel with an elastomeric membrane
separating the two channels. The 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 sealed. However, 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 Droplet. Anal. Chim. Acta. 2018,
1021, 85-94. https://www.sciencedirect.com/science/article/pii/S0003267018303660
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system, such as air pump, is essential in fabricating pneumatic microvalve, which makes the
microsystem complex and limits its further miniaturization. Phase change microvalves are
developed based 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 actuates the deformation of
the adjacent microchannel to control the fluid flow inside the channel. Ice [210], hydrogel [211-
213], paraffin[214-216] and polyethylene glycol [217] have been proven as viable actuator
materials for fabricating phase change microvalves. As phase transition needs time, the response
time of the phase change microvalve is longer, from several seconds to several minutes, which
restricts its applications in slow-response conditions. Capillary microvalves manipulate the fluid
flow inside microchannels by changing the capillary forces. For a passive capillary 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 valve [218-220]. Apart from the
abrupt geometry change strategy, the electrocapillary and thermocapillary effects 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
microvalves [221-223]. The advantages of the capillary 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 electroosmotic flow to drive liquid
moving to target microchannels by changing the electrical field applied to each microchannel
[224-232]. 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 microvalves, for example: (a)
leakage, (b) large size, (c) long responsive time, (d) bulky and complex external actuation system,
(e) complicated structure and fabrication process. These shortcomings restrict the miniaturization
and efficiency of the microfluidic 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 has two sides carrying distinct properties. Due to their anisotropic property, the

Janus materials have found potential applications in mechanics [2,233,234], chemistry [235,236],
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biology [237-239] and pharmaceutics [240-242]. In the fabrication of microvalve with Janus
materials, Daghighi et al. [96] first introduced a microvalve using the electrokinetic motion of
metallo-dielectric Janus particle (with a metallic hemisphere and a dielectric hemisphere) and
analyzed the 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 block the entrance of the target microchannel.
By switching the electrical field, the Janus particle moves and blocks different microchannels.
However, in practice, the surface of the microparticles, the surface of the wall of the valve chamber
and the entrance of the microchannels cannot be perfect spherical and smooth. Therefore, the solid
microparticle cannot fully block the entrance of the microchannels, resulting in leakage. Later,
Wang et al. [243] fabricated a no-moving part microvalve with N-isopropylacrylamide
(NIPAM)/16-mercaptohexadecanoic acid (MHA) Janus elliptical nanopillar arrays. This Janus
nanopillar array is wet anisotropically which only allows water to move along the hydrophilic
direction. Based on this mechanism, they developed a one-way microvalve by combining a T-
shaped microchannel with the Janus pillar arrays for gas-liquid separation.

In this chapter, we reported a microvalve fabricated with EIJDs. Because such a Janus droplet can
move in 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 utilizing the electrokinetic motion of such a
Janus droplet. In this study, the application of such a Janus droplet in fabricating electrically
responsive microvalve is demonstrated. The electrokinetic motion of the Janus droplet in a circular
microchamber under switching electric field was examined first. Then, the microvalve was
fabricated by injecting an EIJD into a three dimensional (3D) microchannel, and the performance
of the microvalve, including switching time, flow rate and leakage, was analyzed. In addition, the
EI1JD was compared with an isotropic oil droplet, and the sealing performance of the oil droplet-

based microvalve was tested.
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8.2 Materials and Methods
8.2.1 Preparation of EIJDs

The EIJDs were prepared from the Al,Os-nanoparticle-stabilized Pickering emulsion under the
induction of externally applied direct current (DC) electric field. First, emulsion oil droplets were
prepared through vibration by following the steps shown in section 3.2.3.4. The Pickering
emulsion droplets are formed by adding the emulsion oil droplets into Al.O3 nanoparticle
suspension. In the experiment, the Pickering emulsion droplets were first injected into a
microchannel. Under the electric field, the positively charged nanoparticles adhering at the oil-
water interface were induced to move and accumulate on one side of the droplets. Finally, a
compact nanoparticle film was formed on the side of each droplet facing the cathode of the electric
field. The EIJDs with half-half geometry can be generated with 1.5 mg/mL nanoparticle

suspension.
8.2.2 Fabrication of Voltage Control Unit

A voltage control unit, including four serial voltage-adjustable DC power supplies (CS112001X,
Circuit Specialist Inc., USA), signal relays (G5V-2, Omron, Canada) and data-acquisition (DAQ)
device (NI USB6259, National Instruments, USA), were used to control the voltages applied to
the microfluidic chips (Figure 8-1). This unit can be easily controlled with LabVIEW software
(National Instruments, USA). In this unit, the serial power supplies connected to 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 the unit can be switched.
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Figure 8-1. (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 of Electrokinetic Property of the E1JDs

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 voltage control unit (Figure 8-1(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 cross-shaped microchannel with uniform height of 80 um was designed,
composed of a circular micro-valve chamber, four branch channels, and a confinement chamber.
The micro-valve chamber (200 um in diameter), connecting four branch channels, was located at
the center of the microchannel. The channel connecting the confinement chamber and the micro-
valve chamber was 500 um long and 100 um wide for transporting the Janus droplet, while the
dimensions of the other three channels were 5 mm x 30 um (length x width). The confinement
chamber was used to hold the Pickering 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, 10 pL deionized water was added into the
microchannel first. After injecting 5 pL Pickering emulsion droplets into the confinement chamber,
50 uL deionized water was added into each reservoir, respectively. The electrodes were inserted
into the reservoirs, and the electric field was applied to the microchannel by the voltage control
unit. Initially, the electric field was applied to the confinement chamber and the droplet inlet
channel; this is to induce the nanoparticles to accumulate to one hemisphere of the droplet to form
EI1JDs and to drive the droplets to flow towards the micro-valve 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 voltage control unit. Under the switching
electric field, the electrokinetic motion of the Janus droplet in the circular micro-valve chamber
was observed with the Nikon Ti-E optical microscope and recorded through a charge coupled
device (CCD) camera (DS-QilMc, Nikon) at 25 fps (Figure 8-1(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 layer. The chips were made by the soft lithography technique. The process included
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the following steps: top layer master fabrication, bottom layer master fabrication and assembly of
PDMS layers (Figure 8-2(a)). The top layer master has a three-dimension (3D) photoresist
structure. To fabricate it, a layer of photoresist (SU-8 2015, MicroChem, USA) with the thickness
of 20 um was first spin-coated onto a silicon wafer, followed by soft baking at 65 °C for 2 min and
95 °C for 3.5 min. Then, the SU-8 coated wafer was exposed to ultraviolet (UV) light with mask
#1 placed on top it. After post exposure baking (65 °C for 3 min and 95 °C for 4.5 min), the second
layer of photoresist (SU-8 2025, MicroChem, USA) with the thickness of 40 um was spin-coated
onto the wafer, followed by soft baking (65 °C for 3 min, 95 °C for 6 min). Before UV 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 baking (65 °C for 1 min
and 95 °C for 6 min) and development, the top layer master with 3D photoresist structures was
formed. The bottom layer master was fabricated via the single-layer soft lithography method. In
brief, the wafer was spin-coated by the photoresist layer (SU-8 2025, MicroChem, USA) with the
thickness of 40 um and baked at 65 °C for 3 min and at 95 °C 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 degassed polydimethylsiloxane PDMS (10:1 (w/w) ratio
of precursor and curing agent) was poured onto the masters and heated at 80 °C for 1 hour. Then
the PDMS slabs with the designed microstructures were peeled off and four reservoirs were
punched on the top PDMS layer. After plasma treatment (HARRICK PLASMA, Ithaca, NY, USA),
the top PDMS layer was aligned to the bottom PDMS layer under the Nikon Ti-E microscope and
the 3D microchannel was formed.

The 3D microchannel was composed of a micro-valve chamber, four branch channels and a
confinement chamber (Figure 8-2(b) and (c)). The micro-valve chamber located at the center of
the microchannel was 300 um in diameter, which was used for connecting the branch channels
and holding the Janus droplet. The droplet inlet channel with 100 um width and 500 um length
was set between the confinement chamber and the micro-valve chamber to transfer the EIJD. The
confinement chamber was designed for holding the Pickering emulsion droplets and also served
as a filter to block the entry of large emulsion droplets due to its limited height. The confinement

chamber, droplet inlet channel and micro-valve chamber had uniform height of 100 um. The
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dimensions of the other three branches, inlet channel, outlet A and B, were 5 mm x 20 um x 20

pm (length x width x height), and the angle between the two outlet channels was 45°.
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Figure 8-2. (a) Schematic diagram of the fabrication of multilayer microfluidic chip. (b) Picture
of the microfluidic chip (filled with methyl orange solution for clarity). (c) Optical microscopic

image of the microchannel.

8.2.5 Function Test of the Microvalve

To test the function of the electrically responsive EIJD microvalve, experiments were conducted
by using the experimental setup as described previously, including the microfluidic chip, voltage
control unit and optical visualization. However, as seen in Figure 8-3, the microfluidic chip used
in this part has a configuration different from the chip shown in Figure 8-1. After adding 10 pL
deionized water into the microchannel for wetting, injecting 5 uL Pickering emulsion droplets into
the confinement chamber and adding 50 pL deionized water into each reservoir, four platinum
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electrodes connecting to the voltage control unit were inserted into the reservoirs. Voltages were
applied from the droplet inlet reservoir (¢4) to the outlet reservoirs (¢, and ¢g) with ¢, = 250 V
and ¢, = ¢ = O0V. Under this electric field, the positively charged nanoparticles attached on the
Pickering emulsion droplets accumulated to the side of the droplets facing the cathode and,
meanwhile, the droplets moved towards the droplet inlet channel. After one Janus droplet flew into
the micro-valve chamber from the droplet inlet channel, the electric field was switched to control
the motion of the Janus droplet, so that the Janus droplet would move towards and block a target
channel to achieve the function of the microvalve. To avoid the effect of the liquid motion between
the confinement chamber and the droplet inlet channel during the operation of the microvalve, hot
wax was introduced to seal the droplet inlet reservoir after injecting the Janus droplet to the micro-
valve chamber. In this experiment, the motions of the Janus droplet in the micro-valve chamber
under different strengths of electric field were visualized with the Nikon Ti-E microscope and

recorded by the CCD camera for later measurement and analysis.
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Figure 8-3. Schematic diagram of the experimental setup for testing the function of the

microvalve.
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8.2.6 Evaluation of Sealing Performance of the Microvalve

The sealing of the target outlet channel in the microvalve was evaluated by using fluorescent
nanoparticles (23 nm in diameter, Fluoro-Max Dyed Red Aqueous Fluorescent Particles, Thermo
Scientific Inc., Fremont, California, USA). Briefly, after one of the outlet channels was blocked
by the Janus droplet, the fluorescent nanoparticle suspension was injected into the microchannel
through the inlet reservoir. By visualizing the nanoparticle streams under a fluorescent microscope
(Nikon Ti-E), the moving direction of the liquid inside microchannel and the sealing effectiveness
of the microvalve were examined. To make comparison, the sealing performance of the microvalve
using an isotropic oil droplet was also detected by using the fluorescent nanoparticles by following

the same procedure under the same experimental conditions.
8.3 Results and Discussion

8.3.1 Rotation of the EIJD under Switching Electric Field

Under externally applied electric field, the Janus droplet experiences electrokinetic motion in a
microchannel. Different from the isotropic droplet, the Janus droplet carries surface charges of
opposite signs on its two hemispheres (the Al>O3 nanoparticle film is positively charged and the
oil-water interface is negatively charged), the electrostatic forces exerting on the two hemispheres
(ﬁgf] and 17";]) are in opposite directions. If the Janus droplet is unaligned with the electric field
(the normal vector at the interface of its two hemispheres has an angle with the electric field), the
electrostatic forces will generate torques to rotate the Janus droplet until it gets lined up with the
electric field (Figure 8-4(a)). Once it reaches such a steady state, the Janus droplet moves along
the electric field with the positively charged hemisphere facing the cathode and the negatively

charged hemisphere facing the anode.
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Figure 8-4. (a) Schematic diagram of the alignment of Janus droplet to the electric field. (b)-(d)
The rotation and motion of an EIJD with the diameter of approximately 60 pm in a circular
micro-valve chamber under switching electric field. The diameter of the micro-valve chamber is

200 um in diameter. Arrows in pictures (b)-(d) represent the electric field direction.

In this study, a Janus droplet with approximately 60 um in diameter was injected into the micro-
valve chamber and its electrokinetic motion in response to the switching electric field was
observed. Figure 8-4(b) to (d) indicates the rotation of the Janus droplet in the microvalve chamber
while the direction of the electric field keeps changing. As shown in Figure 8-4(b), initially, the
electric field was applied to the microchannel from the droplet inlet channel to outlet A with ¢; =
125V and ¢, =0V (¢; and ¢, are the voltages applied to the droplet inlet reservoir and
reservoir A). Under this electric field, electroosmotic flow is generated in the microchannel and
pushes the Janus droplet to move towards the entrance of outlet A. While moving, the electrostatic
forces acting on the Janus droplet rotates it and aligns it with the electric field. Finally, the Janus

droplet reaches the entrance of outlet A with the nanoparticle-coated hemisphere facing the
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entrance (the direction of the cathode of the electric field). After this, the electric field is switched
by sending out signals to control the signal relays. Under ¢p, =250V and ¢p5 =0V (¢p
represents voltage applied to reservoir B), the Janus droplet rotates and leaves the entrance of outlet
A, and moves to the entrance of outlet B with the positively charged hemisphere facing the cathode
of the electric field (Figure 8-4(c)). To drive the Janus droplet moving from outlet B to outlet C,
the electric field is switched again with ¢ = 250 V and ¢ = 0V (¢ represents voltage applied
to reservoir C) (Figure 8-4(d)).

8.3.2 Operation of the Microvalve

The strategy of the microvalve is using a droplet to block one of the outlet channels and driving
the liquid to move into the other one. This is achieved by the electrokinetic motion of the
electrically induced Janus droplet and the electroosmotic flow in the microchannel. The valve
operation process is shown in Figure 8-5, and the voltages applied to the microvalve at each step
are listed in Table 8-1. As shown in Figure 8-5(a), initially, the Janus droplet stays next to the
entrance of outlet B. To drive the Janus droplet to outlet A, the electric field was applied from the
inlet channel and the outlet B to the outlet A with ¢; = 250V, ¢, = 0V and ¢ = 250 V (¢b;,
¢, and ¢y represent the voltages applied to inlet, outlet A and outlet B reservoirs ). Under this
electric field, electrokinetic motion of the Janus droplet is generated, and the Janus droplet moves
to the entrance of the outlet A and rotates gradually to align up with the electric field (Figure 8-
5(b)). Under this specific electric field, it takes approximately 5 s for the Janus droplet to move
from its initial location to the entrance of outlet A. After 5 s, the voltage applied to outlet B was
turned down to 0 V (¢ = 0 V). As the entrance of outlet A is blocked by the Janus droplet, under
this electric field (¢; = 250V, ¢, =0V and ¢z = 0V), the liquid is pumped from the inlet
channel to the outlet B by electroosmosis (Figure 8-5(c)); this process lasts for 9 s. In the next step
(step 3 in Table 8-1), the microvalve was switched by transporting the Janus droplet to block outlet
B. To accomplish this, the voltage applied to outlet A (¢,) was increased from 0 V to 250 V. As
a result, the Janus droplet detaches from the entrance of outlet A first (Figure 8-5(d)), then rotates
and moves in the micro-valve chamber responding to the electric field (Figure 8-5(e)). Under this
specific electric field, within 5 s, the Janus droplet reaches outlet B and blocks its entrance with
the positively charged hemisphere facing the cathode of the electric field. After this, ¢, was set to
be 0 V to drive the liquid to move to the opened outlet A (Figure 8-5(F)).
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As the liquid in the microvalve is pumped by electroosmosis, the flow rate of the liquid can be
easily adjusted by changing the applied electric field. The electroosmotic flow velocity (ﬁeof) on

a charged surface can be calculated by [67]:
Upoy = — So2wlw (8-1)

where ¢, and ¢, are the permittivities of vacuum and surrounding electrolyte solution,

respectively. E is the electric field, .y IS the zeta potential of the surface and n,, is the liquid
viscosity. For a microchannel with the cross sectional area of A, the electroosmotic volume flow
rate (Veor) is given by:

T oEmlwl
Voor = |Usos - A| = ”TEA (8-2)

E is the electric field strength in the microchannel. The zeta potential of PDMS microchannel wall
in contact with deionized water is —60 mV [148]. The cross-section areas of the inlet channel,
outlet A and B are the same, S = 400 um?. While outlet B is blocked (Figure 8-5(f)), under the
electric field of ¢; = 250V, ¢, = 0 V (the distance between the electrodes is 1 cm; therefore, the
strengths of the electric fields in the inlet channel and outlet B are E; = E, = 250 V /cm), the
liquid volume flow rate in the microvalve from inlet channel to outlet A can be estimated with
Equation (8-2) to be approximately 0.425 nL/s. It is clearly shown in Equation (8-2) that, when
the other parameters remain fixed, the electroosmotic volume flow rate is linearly correlated to the
strength of the electric field. For example, if ¢; is increased 1.5 times to 375V (E; = 375V /cm),
the volume flow rate will increase to 0.638 nL/s. Therefore, after the target outlet is blocked, the
flow rate of the liquid pumped into the other outlet can be adjusted easily via changing the
electrical field applied to the inlet and outlet branches. The microvalve tested here is fabricated
with PDMS, and the function of the microvalve can also be accomplished when the microfluidic
chip is fabricated with other materials, such as, PMMA and PVDF.
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Figure 8-5. An example of operation of the microvalve under the externally applied electric field.
() The initial state of the microvalve, t = 0 s. (b) Electrokinetic motion of the Janus droplet to
block outlet A, t =1 s. ¢, Liquid transportation from inlet channel to outlet B, t = 6 s. (d)-(e)
Microvalve switching by blocking outlet B, t = 14.5 sand t = 17 s. (f) Liquid transportation from
inlet channel to outlet A, t = 25 s. The arrows in the pictures indicate the electric field direction.

The diameter of the Janus droplet is 85 pm.

Table 8-1. The steps for operating the microvalve.

Step di (V) Pa(V) Pp(V) t(s) Function
1 250 V oV 250 vV 0-5 Block outlet A
2 250 V ov ov 5-14 Liquid transport to outlet B
3 250V 250V ov 14-19 Block outlet B
4 250 V oV oV 19-28 Liquid transport to outlet A

¢i, ¢4 and ¢ represent the voltages applied to the reservoirs of inlet, outlet A and outlet B,

respectively.
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8.3.3 Effect of the Electric Field Strength on Microvalve Switching Time

The effect of the strength of the electric field on microvalve switching time (the time required for
the Janus droplet to move from one outlet to the other) results from the electrokinetic motion of
the Janus droplet in the micro-valve chamber. The electrokinetic motion of EIJDs in microchannels

has been studied numerically and experimentally in Chapter 6. The electrokinetic motion of a Janus
droplet in a microchannel (ﬁek) develops from the effects of the electroosmotic flow of the

surrounding liquid and the electrophoresis of the droplet. The electrokinetic velocity (ﬁek) can be

expressed as:

—

Uek = ﬁeof + l_jep = (:ueof + :uep) -E (8-3)

where p,,r and ﬁeof are the electroosmotic mobility and the electroosmotic flow velocity of the
surrounding liquid, p,,, and L_fep are the electrophoresis mobility and the electrophoretic velocity

of the Janus droplet. This equation clearly indicates that ﬁek is positively correlated to the strength
of the electric field. Consequently, for the microvalve, when the strength of the electric field
increases, the electrokinetic velocity of the Janus droplet in the microchamber increases and the

microvalve switching time decreases.

To study the effect of the strength of the electric field on microvalve switching time experimentally,
the voltages applied to the inlet reservoir and one of the outlet reservoirs were set to be the same
value, ranging from 150 V to 375 V, while the voltage in the other outlet reservoir was 0 V. For
example, in Figure 8-5(d), the voltage of 250 V was applied to the inlet and outlet A to drive the
Janus droplet to block outlet B. In this study, under different applied voltages, the switching times
of the microvalve were measured by analyzing the recorded videos with imaging analysis software.
The correlation between the applied voltage and the microvalve switching time is plotted in Figure
8-6. It can be seen from this figure that the microvalve switching time decreases with the increase
of the applied voltage. For example, under the voltage of 150 V, the average switching time of the
microvalve is 6.5 s, which decreases to 1.8 s when the applied voltage increases to 350 V. However,
due to large size difference between the branches and the microvalve chamber, the increase of
electric field in the chamber is limited by increasing the voltages applied in the reservoirs. For

example, under the applied voltages of ¢; =375V, ¢, =0V and ¢p5 = 375V, the electrical
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field in the center of the chamber is just approximately 10 VV/cm. To overcome this effect, one can
reduce the size difference between the branches and the microvalve chamber, or embed plane
electrodes under branches next to the entrances and apply electric field directly to the microvalve

chamber.

It should be noted that the switching time was measured on the specific microchannel shown in
the paper. The geometry of the microchannel can be changed based on the applications of the
microvalve; therefore, the switching time changes accordingly. As the microvalve relies on the
electrokinetic motion of the EIJD in the microvalve chamber, the switching time can be shorten
by reducing the distance between the two entrances. For the microchannel used in this paper, the
distance between the two entrances is approximately 120 um, and the switching time can be
reduced significantly if the distance is reduced. In conclusion, the switching time is related to the
distance between two entrances of the outlets and the strength of the electric field applied to the
Janus droplet. By reducing the distance and increasing the electric field, the switching time

becomes shorter.

Microvalve switching time (s)
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Figure 8-6. Variation of the microvalve switching time with the externally applied voltage.
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8.3.4 Sealing Performance of the Microvalve

The sealing performance is one of the critical factors to evaluate a microvalve. To examine the
sealing performance of the EIJD microvalve, the fluorescent nanoparticles with an average
diameter of 23 nm were used as tracers to indicate the motion of the aqueous solution in the
microvalve. Figure 8-7(a) shows the fluorescence microscopy images of the microvalve when the
outlet A is blocked. As shown in this figure, under the electric field of ¢; = 250V, ¢, = 0V and
¢p = 0V, the liquid is pumped from the inlet channel to the outlet channel B. As the outlet A is
blocked by the Janus droplet, no fluorescent nanoparticles can enter the outlet channel A; therefore,
under the fluorescence microscope, the outlet channel A is black. Figure 8-7(b) indicates the
distribution of fluorescent intensity along the straight line drawn in Figure 8-7(a). The line goes
through both outlet A and B. It can be seen from this figure that, only one peak shows up in the
region of outlet B, and the fluorescent intensity doesn’t change when moving through the blocked
outlet A.

It should be noted that the microchannel was fabricated with the standard soft lithography
technique and the shape of the cross section of the microchannels were square (20 pm x 20 pum).
When the Janus droplet (80 um in diameter) is applied to block the target outlet entrance, it
overcomes the shape difference by deforming itself to fit the square entrance and by pressing itself
against the entrance wall, under the applied electric field. Apparently, using a rigid solid particle
cannot have the ability to seal the entrance due to the shape difference.

Due to the size difference between the micro-valve chamber and the outlet channels, the electric
field is non-uniformly distributed in the micro-valve chamber, especially near the entrance of the
outlet channels. This non-uniform electric field generates dielectrophoresis (DEP) force (Fpgp) 0N
the Janus droplet towards the lower electric field gradient. For a Janus droplet moving close to one
of the outlet entrances, the DEP force trends to oppose the approaching of the Janus droplet to the

entrance. In addition to the DEP force, hydrodynamic force (ﬁh) and electrostatic force (F"e, ;) also

exert on the Janus droplet. It should be realized that the side of the Janus droplet facing the outlet
entrance is covered with positively charged nanoparticle film; and the applied electric field

generates a strong electrostatic force on the positively charged nanoparticles to pull the Janus

droplet towards the outlet entrance. The summation of these forces (Fj, + ﬁe_ ;) is towards the outlet

150



entrance and is stronger than the DEP force [96]. Consequently, under the applied electric field,

the Janus droplet is able to be transferred to the entrance and block it.
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Figure 8-7. (a) The fluorescence microscopy image of the microvalve with outlet A blocked by a
Janus droplet. (b) The distribution of fluorescent intensity along the straight line drawn in Figure
8-7(a). Red fluorescent nanoparticles with the diameter of 23 nm are used as indicators. The
applied voltages are ¢p; = 250V, ¢, = 0V and ¢ = 0 V. The diameter of the Janus droplet is
approximately 80 pm.

However, the situation is different for an isotropic oil droplet. When an oil droplet moves towards
an outlet entrance, the DEP force acting on it increases significantly as the droplet gets closer to
the entrance. Furthermore, as both the oil droplet and the wall of microvalve chamber carry
negative surface charges, the electric double layer (EDL) interaction force is generated when they
get closer [175]. The two forces (DEP and EDL) prevent the oil droplet from getting close to the
wall. Therefore, at stable state, a small gap exists between the oil droplet and the outlet entrance.
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To prove this, a microvalve using an oil droplet is fabricated and the sealing performance of the
microvalve is examined by using 23 nm fluorescent nanoparticles (Figure 8-8). It’s clearly shown
in this figure that the liquid flows into the “should-be-blocked” outlet under the electric field of
¢, =250V, ¢, =0V and ¢y =0V . The valve function cannot be achieved by using an
isotropic oil droplet.

Figure 8-8. (a) The optical microscopy image of the microvalve using an oil droplet. (b) The
fluorescent microscopy image of the microvalve with an oil droplet blocking the outlet A. Red
fluorescent nanoparticles with the average diameter of 23 nm are used as indicators. The applied
voltages are ¢; = 250V, ¢, = 0V and ¢ = 0 V. The diameter of the oil droplet is
approximately 75 pm.
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In comparison with the existing microvalve technologies (shown in the introduction part), the
microvalve fabricated with EIJD has the characteristics of simple structure, easy operation and
easy integration. The microvalve consisting of a microchannel and a Janus droplet can be
constructed easily, that the microchannel is fabricated with standard soft lithography technique,
while the Janus droplet is formed spontaneously under electric field. For operation, electric field
is the only source needed to transport liquid through the microchannel and switch the microvalve;
therefore, the microvalve can be easily controlled by adjusting the applied electrical field.
Furthermore, without setting additional actuation system, the microvalve is easy to integrate with
microfluidic system. Due to the features shown above, the microvalve has potential in many areas.
For example, with this microvalve, the biological or chemical samples can be injected into
different outlets to undergo different processes without interaction. Furthermore, the microvalve
can also be used in separation and sorting.

8.4 Conclusions

A novel microvalve using the EIJD was developed in this chapter. The electrokinetic motion of
the EIJD in a circular microchamber under direction-switching electric field was studied first. The
experimental results indicate that, while moving along the electric field, the Janus droplet rotates
in the micro-valve chamber with the positively charged hemisphere facing the cathode constantly.
Then, the microvalve was fabricated by injecting an EIJD into a 3D microchannel produced with
the standard soft lithography technique. The microvalve is electrically responsive and is operated
by controlling the electrokinetic motion of the Janus droplet to block one outlet and pumping out
the liquid through the opening outlet by electroosmosis. The liquid flow rate and the switching
time of the microvalve can be flexibly adjusted by changing the strength of the applied electric
field. Generally, with the increase of the electric field, the liquid flow rate increases while the
switching time reduces. The sealing performance of the microvalve was also examined
experimentally by using fluorescent nanoparticles as indicator. The result shows that the Janus
droplet can successfully block the target outlet. For comparison, a microvalve using oil droplet
was fabricated, and the leakage check results showed that the oil droplet cannot block the entrance
of outlet channel due to the effects of DEP force and EDL interaction. The EIJD-based microvalve

shown in this paper has the advantages of easy operation, simple structure and easy integration.
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CHAPTER 9. Application II: Fabrication of Self-propelled Janus

Micromotors with Janus Droplets”

9.1 Introduction

Manipulation of liquid droplets plays an important role in various applications, such as, mixing
and separation, controllable drug delivery and food products dispersion [244-246]. However, the
existing manipulation techniques rely on complex systems, including passive elements (channels)
and external actuation systems (valves and pumps) [247-249]. The self-propelled motion of
droplets provides a promising alternative pathway for manipulating droplets. The self-propulsion
mechanisms of the droplets can be divided into the following categories: chemical reaction
[250,251], solubilization [252,253], phase separation [254-256] and external stimuli [257-264].
For the mechanism of chemical reaction, the spontaneous motion of droplets results from the
chemical reaction involving surfactants. Due to the reaction of the surfactant molecules on the oil-
water interface, the interfacial tension along the surface of droplets becomes inhomogeneous,
which leads to Marangoni flow at the interface and eventually drives the droplets to move in the
continuous phase. For example, Toyota et al. [250] studied the self-propulsion of 4-octylaniline
droplets containing catalyst in an aqueous surfactant solution. Reacting with the catalyst from the
inside of the droplet, the surfactant molecules at the interface were hydrolyzed, breaking the
interfacial symmetry and generating the spontaneous motion of the droplets. As the surfactant
molecules from the bulk aqueous solution transfer to the interface continuously, the droplets keep
moving by the reaction with the consumption of the surfactant molecules at the interface.

The solubilization mechanism of the self-propelled motion of droplets involves dissolving the
droplets into surfactant micelles in the continuous phase. For a droplet immersed in a surfactant
solution with the concentration significantly higher than the critical micelle concentration (CMC),
some molecules of the droplet dissolve into the surfactant micelles and the size of the droplet

decreases. As some surfactant molecules on the droplet are transferred together with the droplet

* A similar version of this chapter was submitted or published as:
Li, M.; Li, D. Self-propulsion of Aluminum Particle-coated Janus Droplet in Alkaline Solution. J. Colloid Interface
Sci. 2018, 532, 657-665. https://www.sciencedirect.com/science/article/pii/S0021979718309494
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molecules, a surfactant depletion region in vicinity of the droplet may occur. Generally, the
solubilization process takes place non-uniformly, the surfactant along the surface of the droplet is
distributed heterogeneously. Consequently, the Marangoni flow forms on the droplet, which in
turn actuates the motion of the droplet. In 2011, Pimienta et al. [253] experimentally studied the
spontaneous motion of water-saturated dichloromethane droplet in a cetyltrimethylammonium
bromide (CTAB) solution. After dropping the droplet onto the surface of the aqueous phase, the
droplet moves due to the solubilization of the droplet molecules. By studying the effect of CTAB
concentration on droplet motion systematically, they found that the spontaneous motion of the
droplet can be generated only when the surfactant concentration of the aqueous phase is above the
CMC value.

In addition, the droplets in a continuous phase can move spontaneously in a non-thermal
equilibrium state. For an emulsion system, consisting of immiscible dispersed and continuous
phases, when the system is in a far-from-thermal-equilibrium state, mass and momentum transfers
on the droplet surfaces induce convection and spontaneous motion of the droplets. Self-propulsion
of pure hexadecane droplet in acetone-rich phase was demonstrated by Molin’s group [254].
Moreover, the motion of droplets can also be actuated by inducing interfacial tension gradient
along suspended droplets with external stimuli, such as, heating [257], light illumination [258—
260], electrical field [261,262] and chemical gradient field of the aqueous phase [263,264]. For
example, Florea et al. [260] studied the spontaneous motion of a droplet under white light. In their
system, a light-sensitive spiropyran sulfonic acid was dissolved into the aqueous phase. Under
light irradiation, the H* ions are released and the local pH value of the aqueous phase decreases.
With the generation of pH gradient in the aqueous phase between the light region and the dark
region, the droplet moves away from the light source.

Recently, the development of Janus materials provides a new strategy in generating self-propelled
micromotor. Janus materials possess asymmetrical structures with two sides carrying different
physical or chemical properties. Therefore, under external stimuli or chemical reaction with the
surrounding solution, the forces acting on the two sides of the Janus materials are unbalanced,
which leads to the motion of the micromotors [265-267]. Based on the propulsion mechanism, the
Janus micromotors can be divided into three major groups: self-electrophoresis [268,269], self-

thermophoresis [270,271] and bubble propulsion. For self-electrophoresis, the two ends of the
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Janus micromotor are made from different conducting materials with different chemical potentials.
After adding the motor into a buffer solution, due to the chemical reaction between the Janus
micromotor and the buffer solution, a local current loop is generated between two ends of the
micromotor; thus, the Janus micromotor is driven to move by electrophoresis. Self-thermophoresis
generally uses a laser beam to induce a temperature gradient in the vicinity of the micromotor
based on different absorptivity of its two sides, which in turn causes thermophoresis of the
micromotor. Compared with these two mechanisms, the bubble propulsion mechanism is most
commonly used in actuating the motion of Janus micromotors. As the name suggests, the bubble
propulsion motion results from the directional bubble ejection from the micromotor. By placing
the Janus micromotor into chemical “fuel”, one side of the micromotor starts a reaction and bubbles
are ejected, i.e., via catalytic reaction or replacement reaction, to propel the micromotor towards
the inactive side. The micromotor keeps moving until the chemical reactants are exhausted. For
example, Gao et al. [272] showed the spontaneous motion of Al/Pd Janus microparticles in acid,
alkaline and hydrogen peroxide solutions. In acid and alkaline solutions, hydrogen bubbles are
generated in the Al side which drives the particle to move towards the Pd side; reversely, in
hydrogen peroxide solution, catalytic reaction takes place on the Pd side to generate oxygen

bubbles and the micromotor is propelled to move towards opposite direction.

However, most of the Janus micromotors reported in literatures are solid particles, which have the
shortcomings of limited cargo loading capability and poor biodegradability. Therefore, research in
developing new Janus droplet micromotors, combining the advantages of Janus materials and self-
propelled droplets together, is highly desirable. In this chapter, for the first time, the self-
propulsion of the EIJDs in alkaline solutions is demonstrated. The influence factors, including time,
pH value of the surrounding solution, particle coverage of the Janus droplet and surfactant on the
spontaneous motion of the micromotor are studied experimentally. Furthermore, the directionally

controlled transportation of the Janus droplets is accomplished by using an electric field.
9.2 Materials and Methods
9.2.1 Materials and Chemicals

Non-ionic surfactants of Triton X-100 and Tween 20, cationic surfactant of CTAB and anionic

surfactant of SDS, sodium hydroxide (NaOH) were purchased from Sigma-Aldrich. All the
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chemicals were of reagent grade and used without further treatment. Aluminum particles with an
average diameter of 10 um were purchased from US Research Nanomaterials, Inc. Oil used in the
analysis was canola oil (100% pure, Mazola Corporation). Deionized water (18.2 MQ-cm) was
obtained from Milli-Q purification system (Japan Millipore, Japan).

9.2.2 Preparation of Al Particle-coated Janus Droplets

The Janus droplets were prepared by dispersing oil containing Al particles into an aqueous solution,
as shown in Figure 9-1. This method includes four steps. First, in order to prepare the particle-in-
oil dispersion phase, 10 um Al particles and 5 mL oil were added into a 15 mL-in-volume glass
bottle. After vibrating the mixture with a lab dancer (VWR Scientific) at the maximum speed of
3200 rpm for 2 minutes, the particles are dispersed into oil uniformly. Then, 100 pL of the oil was
dropped into the other glass bottle containing 5 mL Triton X-100 aqueous solution (2% (v/v)). The
final position of the oily phase in the aqueous phase, floating at the top, suspending in the middle,
or sinking at the bottom, is dependent on the amount of Al particles in it. After this, the three-phase
mixture was shaken with the lab dancer at 3200 rpm for 30 seconds to form oil-in-water emulsion.
Due to the vibration, the particles moved to the surface of emulsion droplets, and the Al particle
film formed on the surface of each oil droplet. Because of the shield of the passivation oxide layer
on the surfaces of the Al particles, the reaction between the aqueous phase and the Al particles is
hampered. After vibration, the mixture was kept stationary for 10 min. Over this period of time,
the Al particles were concentrated to the bottom of the droplets under gravity effect, and finally,
the Janus droplets with the bottom side hemisphere covered with Al particles were formed.

The particle coverage of the Janus droplets generated with this method depends on the amount of
particles on the surface of droplets. To generate Janus droplets with different particle coverages,
particle-in-oil dispersions with different Al particle concentrations, ranging from 40 mg/mL to 280
mg/mL, were employed in fabricating the Janus droplets. The bright-field optical microscope

(Nikon Ti-E, Nikon, Japan) was employed to examine the Janus droplets.
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Figure 9-1. Schematics of the synthesis of Janus droplets with Al particles. (a) First, the Al
particles with 10 um in diameter are dispersed in oil through vibration; (b) Then, the oil phase
are added in an aqueous Triton X-100 solution with the concentration of 2% (v/v); (c) Emulsion
oil droplets are formed by vibrating the mixture with a lab dancer, and the Al particles move to
the surface of the oil droplets; (d) Let the emulsion system stand for 10 min to make the particles

concentrated to the bottom side of the droplets under gravity effect.

9.2.3 Analysis of the Spontaneous Motion of the Janus Droplets

The experiments for the study of the spontaneous motions of the Janus droplets were carried out
in the NaOH solutions. The experiments were conducted in a chamber with the size of 1 cm x 1
cm x 0.5 mm (Length x Width x Height), as shown in Figure 9-2(a). The chamber was fabricated
by bonding a PDMS layer containing chamber structure and a glass substrate (VWR Scientific)
together after plasma treatment (HARRICK PLASMA, Ithaca, NY, USA). In the experiments,
after filling the reaction chamber with NaOH solution, the Janus droplets were added into the
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chamber with a digital pipette (Eppendorf Research). The spontaneous motions of the Janus
droplets in alkali solutions were observed with an optical microscope (Nikon Ti-E), and the images
were recorded by a CCD camera (DS-QilMc, Nikon) at the speed of 25 fps. The recorded videos
were analyzed with imaging analysis software. The motion velocities of the droplets were obtained
by measuring the moving distance of the droplets over a time interval. For each experiment, 30
measurements were conducted to obtain the average velocity and the standard deviation. The Janus

droplets with the diameter ranging from 70 pum to 100 um were chosen to conduct analysis.

The effects of time, pH value of the aqueous solution, particle coverage and surfactant on the
spontaneous motion of the Janus droplets were studied experimentally. In these studies, without
special declaration, the alkaline solutions containing 2% (v/v) Triton X-100 were used. The Janus
droplets (generated from 280 mg/mL particle-in-oil dispersion) and pH=14 aqueous solution were
used in detecting the time effect. To test the self-propulsion motion of the Janus droplets in
different pH solutions, the aqueous solutions containing different concentrations of NaOH were
utilized. The velocity and life time of the Janus droplets generated from 280 mg/mL particle-in-oil
dispersion in alkali solutions with pH ranging from 12 to 14 were measured. In the study of particle
coverage effect, Janus droplets were generated from different concentrations of particle-in-oil
dispersions, 40 mg/mL, 120mg/mL, 200 mg/mL and 280 mg/mL. The moving velocities of these
Janus droplets in pH 14 solution were detected, respectively. Apart from Triton X-100, the other
three surfactants, Tween 20, SDS and CTAB, were also introduced into the aqueous solution to
study the surfactant effect. In the experiment, the moving status of the droplets in the alkali
solutions with 2% (v/v) Tween 20, 1.2% (w/v) SDS and 1% (w/v) CTAB were observed under

microscope, respectively.
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Figure 9-2. Schematics of the reaction chamber (a) and experimental setup (b).
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9.2.4 Electrical Navigation of the Janus Droplets

To examine the electrical control of the motion of the Janus droplets, an experimental setup was
built, which consists of a direct current (DC) power supplier, a voltage control unit, a reaction
chamber and a Ti-E microscope, as shown in Figure 9-2 (b). The electric field was supplied by the
DC power supplier (CSI112001X, Circuit Specialist Inc., USA) with adjustable output voltage
ranging from OV to 125V. The voltage control unit bridging between the power supplier and the
reaction chamber was employed to control the direction of the electric field applied to the reaction
chamber. The electric field was applied to the chamber through four electrodes inserted in the
reservoirs. By placing the reaction chamber on the object stage of the microscope, the self-
propulsion motion of the micromotors under the effect of electric field was observed by the

microscope.

In the experiment, the reaction chamber was filled with aqueous alkali solution at pH 14 containing
2% (v/v) Triton X-100 first. After injecting the Janus droplet, the spontaneous motion of the
droplet was triggered with bubble propulsion. By applying electric field of 25 V/cm to the reaction
chamber, the droplet rotated to get aligned with the electric field because of the Al particle coating
on one side of the droplet surface. Hence, the droplet moved along the electric field. Changing the
direction of the electric field, the Janus droplet followed the orientation of the electric field, and

the moving direction of it changed responsively. To avoid the electrolysis and Joule heating of the
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aqueous electrolyte, the electric field was applied intermittently. The maximum time for turning
on the electric field each time is 2 second. The directional motion of Janus micromotors in response

to electric field was visualized and recorded by the optical microscope.
9.3 Results and Discussion
9.3.1 Generation of Janus Droplets with Different Particle Coverage

The Janus droplets are formed by moving the Al particles in the oil droplets initially to the oil-
water interface through vibration, as shown in Figure 9-3(a). Under vibration, the oil phase is
emulsified into small droplets, which are stabilized by the surfactant molecules in the aqueous. At
the same time, the Al particles with the diameter of 10 um moved to the oil-water interface.
Generally, with the adsorption of one particle from the bulk phase to the oil-water interface, the
free energy of the system decreases. The larger the reduction of the free energy, the more stable
the particle at the interface. For a spherical particle with radius a at the oil-water interface, the

reduction in the free energy AF is obtained [273,274]:
AF = —ma?y,,, (1 — cos8,,)? for 6, < 90° (9-1)
AF = —ma®y,,, (1 + cosb,,)? for 6, > 90° (9-2)

where, y,,, is the specific interfacial free energy (i.e., interfacial tension) of the oil-water interface,
6,, is the contact angle of the particle in water. As shown in these equations, the reduction of the
free energy (AF) increases with particle size a and oil-water interfacial free energy y,,,. Therefore,
by utilizing the micron sized particles, instead of nanoparticles, the adsorption of particles at the
oil-water interface is energetically favorable. As demonstrated in the experimental studies of this
paper, the Al particles can stay stably on the droplet surface in 2% Triton X-100 solutions with pH
value ranging from 7 to 14. However, if replacing the micro-size Al particles with nanoparticles,
the nanoparticles detach from the surface of the oil droplet in alkaline solution. Furthermore, the
micromotor is propelled to move with the gas bubbles through the reaction between Al and OH".
For nanoparticles, with the passivation of the surface, the effective amount of Al inside of the core-
shell nanoparticles is small, which can’t generate enough gas bubbles to drive the micromotor to

move. Based on these, the micro-size Al particles are used for fabricating Janus droplets regardless
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of nanoparticles. In this fabrication, after Al particles adsorb to the oil-water interface, they move
and accumulate to the bottom side of each droplet under gravity effect. Finally, the particles are
held together to form rigid layers of solid particles on the oil droplets. Due to the capillary forces
between the solid particles, the attractive interactions between particles are strong, which is

difficult to disperse them again once the particle film is formed [275].
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Figure 9-3. (a) Schematic diagram of the Janus droplet generated with Al particles. (b)-(h)
Microscope images of Janus droplets generated with different concentrations of Al particle-in-oil
dispersions: (b) 40 mg/mL, (c) 80 mg/mL, (d) 120 mg/mL, (e) 160 mg/mL, (f) 200 mg/mL, (g)
240 mg/mL and (h) 280 mg/mL. The diameter of the droplets ranges from 70 um to 100 pum. 6 is

the particle coverage of the Janus droplets.

The particle coverage of the Janus droplets is dependent on the concentration of particle-in-oil
dispersion. By comparing the microscope images of Janus droplets (shown in Figure 9-3(b) to (h)),
it can be found that the particle coverage increases with the particle concentration of the dispersion.
This can be understood easily. With other parameter fixed, as the particle concentration in the oil
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phase increases, the total number of Al particles adsorbing on the oil droplets increases; therefore,
after accumulation, the particle coverage of the Janus droplets increases. As shown in Figure 9-
3(b), at the concentration of 40 mg/mL, only limited numbers of particles show up on the oil
droplet. By increasing the particle concentration gradually, the amount of particles on the droplet
surface increases, then the final particle accumulated area (indicated as the dark area in the
microscope images) increases. When the concentration of the dispersion reaches to 280 mg/mL,
almost half of the oil droplet is covered by particles, and a typical “half-half” Janus droplet is
formed in this way. It should be noted that, in order to visualize the particle coverage of the Janus
droplets clearly by using a top-down microscope, a slight pressure difference between the
reservoirs of the reaction chamber was applied to drive the droplets to move very slowly with the
hemisphere carrying the particle layer facing the flow field. That is why in Figure 9-3 the particle
covered part of the droplet faces to the right side, instead to the bottom side. The relationship
between the concentration of Al particle-in-oil dispersion and the particle coverage of the Janus
droplet has been plotted as Figure 9-4. Under each condition, 20 independent measurements were
conducted to obtain the average particle coverage and the standard deviation. As can be seen from
this figure, the particle coverage highly depends on the concentration of the dispersion that the

particle coverage increases significantly with the concentration of the dispersion.
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Figure 9-4. Dependence of the particle coverage of the Janus droplet on the concentration of Al

particle-in-oil dispersion. The diameter of the Janus droplets ranges from 70 pum to 100 pm.

9.3.2 Spontaneous Motion of the Janus Droplets

The Janus droplet is propelled by the hydrogen bubbles that are generated by the reaction between
the Al particles and the alkali solution. As illustrated in Figure 9-5(a), while the Janus droplet is
injected into a strong alkaline medium, the protective oxide layer is removed, and the reaction
between aluminum and the basic solution generates the hydrogen bubbles:

24l + 2 OH™ + 2 H,0 - 2 AlO5 + 3 H, (9-3)

Figure 9-5. (a) Schematic diagram of the propulsion mechanism. (b)-(e) Time-lapse images of
the spontaneous motion of a Janus droplet generated from 280 mg/mL particle-in-oil dispersion
in pH 14 basic solution. (f) Trajectory of the spontaneous motion of the droplet. The diameter of

the droplet is 85 pum. The concentration of Triton X-100 in the basic solution is 2% (v/v).
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Because of the hydrogen bubbles released from the particle coated side of the droplet, a driving
force exerts on the droplet and pushes the droplet to move. To demonstrate the spontaneous motion
of the Janus droplets in alkali solution, a Janus droplet generated from 280mg/mL particle-in-oil
dispersion was injected into pH 14 NaOH solution containing 2% (v/v) Triton X-100. The non-
ionic surfactant, Triton X-100, was introduced to the alkaline solution to reduce the gas-water
interfacial tension, which is essential for the self-propulsion of the Janus droplet. With the effect
of Triton X-100, H> is ejected from the surface of the Janus droplet as small bubbles. As the
propelling force is linearly proportional to the total number of bubbles detached from the Janus
droplet per unit time, a large number of small bubbles can generate large enough propelling force
for the motion of the Janus droplet [276]. The time-lapse images of the moving droplet are shown
in Figure 9-5(b) to (e). As shown in these figures, a trail of bubbles is ejected continuously from
the Al particle side of the Janus droplet, while no bubble shows up on the oil-water interface side
of the Janus droplet. This particular droplet moves at an average speed of about 25 um/s. The speed
of the Janus droplet is dependent on the balance between the bubble propelling force and the
viscous drag force. Therefore, increasing of the propelling force leads to the enhancement of the
speed. The trajectory of the droplet is shown in Figure 9-5(f). As shown in this figure, the Janus
droplet moves randomly in the buffer solution, i.e., without a constant direction, due to the non-
uniform bubble generation of different Al particles. This behavior is identical for essentially all
self-propelling droplets. However, most trajectories of the solid Janus particles are circular or
linear as reported in some published papers [111,277,278].

9.3.2.1 Speed Evolution of the Droplet

The speed of the Janus droplet changes with time due to the variation of the bubble generation rate.
Generally, with the increase of the number of bubbles detached from the droplet, the propelling
force increases; hence, the speed of the droplet increases.

For an Al particle immersed in a basic solution, the reaction between them can be divided into
three periods. As the Al particle is covered with a passivation oxide layer, when the particle starts
contacting with the basic solution, the strong alkaline medium reacts with the oxide layer. With
the removal of this passivation oxide layer, aluminum in the core of the particle is exposed to the

solution and the reaction (Equation (9-3)) starts, generating hydrogen bubbles. In this period, the
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bubble generation rate increases quickly with time. After the entire oxide layer is removed through
corrosion, the reaction moves to a stable period and the bubble generation rate reaches the highest
level. In the last period, the amount of aluminum in the particle reduces due to reaction;
consequently, the bubble generation rate declines until all of the aluminum is consumed.
Correspondingly, the self-propulsion of the Janus droplet undergoes three periods: initial
development stage, stable stage and decline stage. The speed of the droplet increases initially, then

remains constant for a while, and finally declines.

Speed (um/s)
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Figure 9-6. Speed evolution of the Janus droplets generated from 280 mg/mL particle-in-oil
dispersion in pH 14 solution with 2% (v/v) Triton X-100. The diameter of the droplets ranges
from 70 um to 100 pm.

To study the speed variation with time, the Janus droplets generated from 280 mg/mL particle-in-
oil dispersion were injected into basic solution at pH 14 with 2% (v/v) Triton X-100. The diameter
of the Janus droplets ranges from 70 pum to 100 um. The speed evolution of the droplets is plotted
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in Figure 9-6. As shown in this figure, during the first 10 second, the reaction between the oxide
layer and the alkaline medium takes place and the Janus droplets remain still. In the next 20 second,
with the removal of the oxide layer, aluminum starts to react with the alkaline solution to generate
hydrogen bubbles. As the bubble generation rate increases with time, the speed of the droplets
increases quickly. After the oxide layer is removed, the reaction between Al particles and basic
solution reaches a stable period, and the droplets move at a constant speed of about 25 pm/s. This
stable period remains approximately for 2 minutes (from 30s to 150s). After this period, the amount
of bubbles generated from the droplets decreases and the speed of the droplets declines gradually.

The result shown in Figure 9-6 is an average of 5 independent Janus droplets.
9.3.2.2 Effect of pH on Speed and Lifetime of the Janus Droplet Motion

The speed and lifetime of the Janus droplet motion are strongly dependent on the pH value of the
basic solution. The hydrogen generation from the reaction between aluminum and alkali solution
has been studied in many published papers [279,280]. By immersing aluminum into alkali
solutions with different concentrations and measuring the volume of hydrogen, it was found that
in the same amount of time, more hydrogen can be generated with higher alkali concentration.
Therefore, in a higher pH solution, the bubble generation rate from the Al particle layer is larger,
which leads to larger propelling force and faster spontaneous motion of the Janus droplet. However,
when the reaction between aluminum and alkali solution is faster, the aluminum on the droplet
surface will be consumed more quickly, and hence the lifetime of the Janus droplet motion is
reduced. The variations of the speed and the lifespan of the Janus droplet motion with the pH value
of the alkali solution were investigated and the results are shown in Figure 9-7. As indicated in
this figure, the spontaneous motion of the Janus droplets can be actuated only in strong enough
alkaline medium with the critical pH value of 12.8. For the media with pH value larger than 12.8,
the speed of the Janus motor has a positive relationship with the pH value while the lifetime has a
negative relationship with it, which agrees with the analysis above. For pH smaller than 12.8, no
bubble or only fewer bubbles are generated from the Janus droplet, and, the droplet remains
stationary. It should be noted that, in this figure, in order to increase accuracy, the speeds of the

droplets in the stable period were measured and analyzed.
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Figure 9-7. Dependence of the speed and lifetime of the Janus droplet motion on the pH value of
the alkali solution. The Janus droplets are developed from 280 mg/mL particle-in-oil dispersion.
The diameter of the Janus droplets is approximately 85 pum. The concentration of Triton X-100

in the alkali solutions is 2% (v/v).

9.3.2.3 Effect of Particle Coverage on Speed of the Janus Droplets

The particle coverage of the Janus droplet is another factor that affects the speed of it. Generally,
with the increase of the particle coverage, more bubbles can be ejected from a larger Al particle
layer. With the increase of the bubble generation rate, the bubble propelling force acting on the
droplet becomes larger, which drives the Janus droplet to move faster. To examine the particle
coverage effect, the Janus droplet generated from different concentrations of particle-in-oil
dispersions were added into pH 14 alkali solution, respectively, and the stable speeds of them were
measured and plotted in Figure 9-8. As shown in this figure, with the increase of the concentration
of dispersion, the particle coverage increases, and the speed of the droplet increases. It should be
noted that only limited number of particles show up on the droplets generated from 40 mg/mL

particle-in-water dispersion. Therefore, the bubble generation rate from these droplets in the basic
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solution is very low, and consequently, the bubble propelling force is too weak to drive the droplets

to move.
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Figure 9-8. Dependence of the speed of the Janus droplet on the particle coverage. The Janus
droplets with different particle coverages are generated from 40 mg/mL, 120 mg/mL, 200
mg/mL and 280 mg/m particle-in-oil dispersions, respectively. The surrounding alkali solution is
at pH 14 and contains 2% (v/v) Triton X-100. The diameter of the Janus droplets ranges from 70
pm to 100 pm.

9.3.2.4 Effect of Surfactant

Surfactant plays a very important role in the bubble-propelled motion of Janus droplets. With the
presence of surfactant, the interfacial tension is reduced, and that is essential for the detachment
of bubble from the droplet. As shown in Wang’s work [281], the speed of the micromotor keeps
increasing with the surfactant concentration before reaching the critical micelle concentration
(CMC). After CMC, the velocity of the micromotor remains constant. In this paper, to control the
surfactant concentration effect, Triton X-100 solution with a concentration above CMC was
employed for the studies of the effects of the time evaluation, pH and particle coverage.

The spontaneous motion of the Janus droplets differs significantly in different surfactant solutions.

To study the effect of the surfactant type, the performances of the droplets in different surfactant
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solutions of Tween 20 (nonionic), SDS (anionic) and CTAB (cationic) were tested, respectively,
and the results were shown in Figure 9-9. As shown in Figure 9-9(a), in the presence of nonionic
surfactant Tween 20, one large gas bubble is generated on the oil droplet. Since the bubble does
not detach from the Janus droplet, the droplet does not move. This phenomenon results from the
degradation of Tween 20 in alkaline solution [282-284]. Tween 20 is a polyoxyethylene sorbitol
ester. In strong alkaline solutions, the hydrolysis of the ester bond takes place, which leads to the
surfactant losing its functions. As shown in Figure 9-10(a), resulting from the ester hydrolysis, the
mixture is solidified 1 hour after adding Tween 20 in a pH 14 solution. Due to the degradation of
the surfactant, the interfacial tensions of oil-water interface and bubble-water interface becomes
larger than that of oil-bubble interface, and the partial engulfment of the Janus droplet by the gas
bubble occurs [14]. As shown in Figure 9-9(b), in SDS solution, the Janus droplet was surrounded
by several larger gas bubbles and no significant translation of the Janus droplet was observed.
Generally, in a strong NaOH solution, the presence of sodium ions affects the hydrolysis of SDS
[285]. The SDS precipitation occurs in the solution and only limited amount of surfactant dissolves
(as shown in Figure 9-10(b)). Therefore, the detachment of the bubbles was restrained due to
relatively large interfacial tension and several large bubbles presented around the Janus droplet.
As a result, no enough driving force can be generated to propel the Janus droplet to move. As
shown in Figure 9-9(c), CTAB affects the Janus droplet by detaching Al particles from the oil-
water interface. CTAB is cationic surfactant which can convert the zeta potential of the oil droplet
surface from negative to positive [138]. As the oxide layer on the Al particle also carries positive
charges in aqueous solution, the electrostatic interaction between the Al particle and the interface
repels the particle away from the oil-water interface [143,286]. Compared with these three
surfactants listed above, Triton X-100 performs well in the spontaneous motion of Janus droplets.
Different from Tween 20 and SDS, the function of Triton X-100 remains stable in NaOH solution.
As shown in Figure 9-5, in alkaline Triton X-100 solution, numerous small gas bubbles are ejected
from the Al particles adhering on the Janus droplet. With the propulsion of these gas bubbles, the
spontaneous motion of the Janus droplet was generated. In conclusion, except Triton X-100, the
other three surfactants, Tween 20, SDS and CTAB, are unsuitable for generating the spontaneous

motion of the Janus droplets.
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Figure 9-9. Effect of surfactant type on the Janus droplet. (a) A Janus droplet attached with a
large gas bubble in 2% (v/v) Tween 20 solution; (b) A Janus droplet is surrounded by several
large bubbles in 1.2% (w/v) SDS solution; (c) After adding 1% (w/v) CTAB solution, the
particles adhering on the oil droplet surface are detached. The pH value of the surfactant

solutions are 14.

L -

Figure 9-10. (a) Basic hydrolysis of Tween 20. Initially, the 2% (v/v) Tween 20 solution at pH
14 is clear (left). After 1 hour, the mixture is solidified due to hydrolysis of the ester bond (right);
(b) SDS precipitation from alkaline solution. 1.2% SDS in deionized water is clear, while that in

alkaline solution at pH 14 is opaque with lots of sediments showing up.
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9.3.3 Directional Transport of the Janus Droplets by Electric Field

Controllable transport of droplets is essential in many applications, including chemical analysis,
biological analysis and cargo delivery. For example, the droplet can be used as a micro-reactor for
biochemical reaction and a carrier transporting organic substances and biomolecules. Furthermore,
combining the motion of Janus droplets with the microfluidic technology offers the chance to
develop novel droplet-based microfluidics systems for synthesis, analysis and detection without

the need of external propulsion.

In this work, in order to direct the spontaneous motion of the Janus droplets, an external DC electric
field was applied. As the Janus droplet has a higher density on the particle coated side than that of
the other side (p,; > p,), the accelerations of the two sides are different under the hydrodynamic
force, and the lighter side moves faster than the heavier side. As a result, the Janus droplet rotates
with the oil side forwarding the direction of the hydrodynamic force. Under externally applied
electric field, electroosmotic flows are generated on the surfaces of the reaction chamber and the
Janus droplet. With the effect of the electroosmotic flows, a hydrodynamic force is exerted on the
Janus droplet, which forwards the Janus droplet to get aligned with the electric field, as shown in
Figure 9-11(a). It should be noted that as the self-propulsion motion of the Janus droplet takes
place in a strong alkaline solution, applying an electric field to the system continuously will cause
electrolysis and Joule heating. To avoid these effects in the experiment, weak electric field of
25V/cm with a time interval of 2s was applied intermittently to control and adjust the moving
direction. Figure 9-11(b) to(d) show the change of the moving direction of the Janus droplet under
the applied electric field. It can be seen that by applying electric field intermittently, the Janus

droplet rotates, changes its direction, and finally get aligned with the direction of the electric field.

The directionally controlled transportation of the Janus droplet was demonstrated by making the
droplet to move linearly and to make a sharp turn. As shown in Figure 9-12(a), the Janus droplet
moves linearly from left to right in response to the electric field. The motion of the droplet was
monitored under a microscope, and the electric field was applied intermittently only when the
Janus micromotor went out of the designed track. Therefore, the effect of electroosmotic flow on
the motion of the droplet is limited. The turning of the Janus droplet was achieved by changing the

direction of electric field. As shown in Figure 9-12(b) and (c), initially, the intermittent electric
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field (E1) was applied transversely (from left to right), and the Janus droplet moves from left to
right responsively. Then, the direction of the applied electric field was rotated 90°
counterclockwise (E2). In response to the electric field of E2, the rotation of the Janus droplet took

place and the Janus droplet moved vertically to its original direction.
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Figure 9-11. (a) Schematic of the rotation of the Janus droplet under electric field; (b)-(d) Time-
lapse images of the direction change of the moving Janus droplet generated from 200 mg/mL
particle-in-oil dispersion under intermittent applying electric field of 25 VV/cm. The red lines in
(b)-(d) indicate the trajectories.
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Figure 9-12. (a) Time-lapse images of the linear motion of a Janus droplet under the control of
electric field. (b) 90° turning of the droplet with the direction change of the electric field. The
blue arrows indicate the directions of the electric fields (c) Trajectory of the droplet turning 90°
by changing the direction of the electric field 90° counterclockwise. In the experiments, the
Janus droplets were developed from 200 mg/mL particle-in-oil dispersion and the strength of the

control electric field is 25 V/cm.

9.4 Conclusions

In this chapter, the self-propelled micromotors are fabricated with Janus droplets, which are
powered by the reaction of aluminum particles with alkaline solution. The Janus droplets are
fabricated by covering one side of oil droplets with aluminum particles. The Janus droplets with
different particle coverages are generated by using different concentrations of particle-in-oil
dispersions. The particle coverage of the Janus droplets increases with the particle dispersion
concentration. The spontaneous motion of the micromotor in NaOH solution is demonstrated. The
gas bubbles are generated through the chemical reaction from the particle-coated side, the
detaching of the gas bubble from the Janus droplet pushes the droplet to move towards the side
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without the presence of particles. The effects of time, pH of the alkaline solution, particle coverage
and surfactant in the solution on the speed of the Janus droplet are tested experimentally. Generally,
over the course of time, the Janus droplet experiences three periods that the speed of the Janus
droplet increases initially, then remains constant, and finally declines. The average moving speed
of the Janus droplets increases with pH of the alkaline solution and the particle coverage of the
droplet. In comparison with Tween 20, SDS and CTAB, surfactant Triton X-100 is most suitable
for the generation of spontaneous motion of Janus droplets. The controlled directional motion of

the Janus droplets by using electric field is also demonstrated successfully.
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CHAPTER 10. Conclusions and Future Work

This chapter provides the summary of contributions of this thesis. Based on the findings and
conclusions, the future research on the heterogeneous droplet fabrication, electrokinetic
phenomena of the heterogeneous droplets, as well as the potentials of the heterogeneous droplets

is introduced.
10.1 Summary of Contributions

This thesis presents a systematic study of Janus droplets, including fabrication, characterization
and application. In the fabrication part, simple and controllable methods were developed to
generate EIJDs and droplets with heterogeneous surface strips with nanoparticles using a DC
electric field. By following the fabrication process, the sessile and suspended EIJDs can be
generated with Al>O3 nanoparticles. The droplets with designed heterogeneous surface strips were
prepared by controlling the delivery of nanoparticles to the surface of the droplets in a
microchannel. The factors affect the topology of the EIJDs were studied. The electrokinetic
phenomena of the EIJDs were investigated numerically and experimentally in the characterization
part. The electroosmotic flow fluid around the EIJDs, the electrokinetic motion of the EIJDs under
relative weak and relative high electric field, and the wall-induced electrophoresis of the EIJDs in
a straight microchannel were studied, respectively. Finally, the applications of the Janus droplets
in fabricating microvalve and micromotor were presented. For the EIJD-based microvalve, the
performance of it was tested, including sealing, switching time and flow rate control. In
comparison with other microvalves, the EIJD-based microvalve has the advantages of easy
operation, simple structure and easy integration. The micromotor moved spontaneously in alkali
solutions. The directional control of the micromotor using electric field was demonstrated.
According to the research shown in this thesis, the major contributions are summarized and listed

below:

1) A novel method was developed to fabricate sessile EIJDs with Al,Os nanoparticles under an
externally applied DC electric field.
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2) The method for generating suspended E1JDs was developed and demonstrated. This method is
simple and cost-effective, which produces EIJDs from Al>Os nanoparticle-stabilized Pickering

emulsion droplets under electric field.

3) A microfluidic system was set up to fabricate the droplets with multiple heterogeneous surface
strips. The controllability of the formation of the strips on the droplets with this method was

demonstrated. The droplets with designed patterns on their surfaces were generated.

4) The influence factors on the topology (nanoparticle coverage) of the EIJDs were studied,
including the concentration of the nanoparticle concentration and the electric field.

5) A multi-physics model was set up to simulate the EOF fields around sessile EIJDs immersed in

a bulk liquid. The vortices around the dipolar EIJDs were shown numerically.

6) With the particle tracing method, the vortices around the sessile EIJDs were visualized
experimentally for the first time.

7) The effects of the electric field strength and the nanoparticle coverage of the sessile EIJDs on

the size and location of the vortices were tested both numerically and experimentally.

8) The nonlinear electrokinetic motion of the suspended EIJDs in a microchannel under a relative
weak electric field was demonstrated experimentally.

9) 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 nanoparticle film under different
electric field strengths and by comparing the variations of nanoparticle coverage under different
time-varying electric fields.

10) The difference of the variations of the electrokinetic velocity of the EIJDs under different time-

varying electric fields was studied.

11) The flow fields around moving EIJDs under electric field were visualized for the first time
with the particle tracing method. The results expand the understanding of the electrokinetic theory.
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12) The electrokinetic motion of the EIJDs under relative high electric field was studied
systematically. The effects of the electric field strength and the nanoparticle coverage of the EIJDs

on the electrokinetic velocity were demonstrated experimentally.

13) The wall-induced DEP of the EIJDs was investigated systematically. The agreement between
the theoretical results and the experimental data verifies the effects of electric field strength,

droplet size and the nanoparticle coverage of the EIJDs on the wall-induced DEP lateral migration.

14) A microfluidic system was developed for the separation of target oil droplets and EIJDs by the
wall-induced DEP, and the capability of the system in separation was demonstrated experimentally.

15) A microvalve based on the electrokinetic motion of the EIJDs was developed, and the
performance of the microvalve, including sealing, switching time and flow rate control, was

analyzed.

16) A self-propelled micromotor was fabricated with Janus droplet. The influence factors of the
spontaneous motion of the micromotor were investigated. The directional motion of the

micromotor under electric field was demonstrated.
10.2 Future Work

This thesis has demonstrated the fabrication of EIJDs and droplets with heterogeneous surface
strips with nanoparticles. The electrokinetic phenomena and applications of the Janus droplets
were studied comprehensively. However, additional questions still need to be explored in the
future. The potential areas of research that could be conducted in the future are listed below.

10.2.1 Fabrication of Janus Droplets

In chapter 3, we introduced and demonstrated the methods in fabricating E1JDs and droplets with
heterogeneous surface strips. However, the improvements are still essential to meet the

requirements in different areas.

1) Generate large amount of EIJDs with uniform size. In practical applications, large amount of
E1JDs with uniform size are generally essential. In this thesis, the suspended EI1JDs are generated

from Pickering emulsion droplets. However, the Pickering emulsion droplets are fabricated
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through vibration, hence the size of the droplets varies. In order to generate EIJDs with uniform
size, the microfluidic droplet device can be introduced to generate oil droplets with uniform size.

The Pickering emulsion droplets and EIJDs with uniform size can be formed following.

2) Generate nanoscale Janus droplets. The Janus droplets studied in the thesis are in microscale.
In comparison with the microscale Janus droplets, the Janus droplets in nanoscale may have unique
electrokinetic properties which can find applications in specific areas. To prepare nanoscale Janus
droplets, the emulsion droplets at nanometer can be generated with ultrasonic wave treatment, and
the Janus droplets with nanoscale can be formed by partially covering the droplets with

nanoparticles.

3) Prepare Janus droplets with some other nanoparticles. The property of the Janus droplets is
dependent on the coated nanoparticle film. The Janus droplets generated from different
nanoparticles have different properties, which may find specific applications. For example, the
generation of Janus droplets with fluorescent nanoparticles may find applications in sensing and

detection.

4) Generate aqueous Janus droplets immersed in continuous aqueous phase. Different from oil
emulsion droplets, the water-in-water emulsion droplets have potentials in developing new
controlled release system and fabricating artificial cells. The aqueous Janus droplets immersed in
continuous aqueous phase can be fabricated by modifying the method developed in this thesis,

which have potentials in drug delivery.
10.2.2 Characterization of the Janus Droplets

In the fundamental part, the electrokinetic properties of the Janus droplets were studied, including,
EOF field, electrokinetic motion and wall-induced DEP. In these studies, the parameters we tested
are not enough. Furthermore, the electrokinetic property is just one of the characters of the Janus
droplets. Therefore, the studies of more influence factors and the other properties of the Janus

droplet are essential.

1) Study the effect of ion size on the electrokinetic property of the Janus droplets. Generally, the
ion size affects the EDL, and hence the EOF, EP and electrokinetic motion. Therefore, the study

of the ion size on the electrokinetic property of the Janus droplet is suggested.
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2) Study the effect of the pH value on the electrokinetic motion of the Janus droplets. The zeta
potentials of the microchannel wall, oil-water interface and nanoparticle film are all pH responsive.
With the variation of the pH value of the buffer solution, the electrokinetic motion of the Janus
droplets changes. A series of experiments can be conducted to study this effect.

3) Study the effect of the microchannel shape on the electrokinetic motion of the Janus droplet.
Based on the finding shown in this thesis, the shape of the microchannel can affect the
electrokinetic motion of the Janus droplet. As a result, a systematical study of the effect of the
microchannel shape on the electrokinetic motion of the Janus droplet is suggested.

4) Study the electrokinetic phenomena of nano-Janus droplets. The electrokinetic property of a
charged particle, especially its electrokinetic motion, changes with the particle size. Therefore, the
electrokinetic phenomena of the Janus droplets with nanometer size are different from that with
micrometer size. The study of the electrokinetic performance of nano-Janus droplets may find

some new phenomena.

5) Numerical and experimental examine how the electrokinetic motion of a Janus droplet is
affected with the presence of neighboring Janus droplets. In practical applications of the
microfluidic devices, the manipulation of multiple particles/droplets through a small microchannel
at the same time is required. As a result, the electrokinetic motion of the particles/droplets can be
affected by the presence of the other particles/droplets. For the EIJDs with dipolar EDL, vortices
can be generated when they move in a microchannel under electric field. The existence of the
vortices may enhance the interactions between EIJDs. Therefore, the study of the effect of the

presence of other EIJDs on the electrokinetic motion of an EIJD is demand.

6) Study the assembly of the Janus droplets. The assembly of the Janus droplets has potential in
material science, which can be applied to build up complex architectures. With the assembly of
Janus droplets, the soft matter with novel structure and property can be formed.

10.2.3 Applications of the Janus Droplets
1) Improve the performance of the micromotor. The micromotor fabricated from Janus droplets

can move spontaneous and directionally. However, the duration of the motion is limited and the
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micromotor only takes effect in strong alkaline solution. Therefore, more efforts should be focused

on improving the work efficiency and maximum the universality of the micromotor.

2) Generate micro-shutter with sessile EIJDs. The sessile EIJDs can be used as micro-shutter to
control the light path. By using electric field to control the accumulation of the nanoparticles on

the sessile oil droplet, the light path can be controlled.

3) Fabricate micro-sensor with EIJDs and droplets with heterogeneous surface strips. As the EIJDs
are electrically responsive, the EIJDs can be applied as micro-sensors to indicate the direction and
strength of the electric field. Furthermore, the EIJDs and droplets with heterogeneous surface strips
fabricated from different functionalized nanoparticles can be used as biosensors to detect cells,

bacteria and virus.
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Appendix A

Details of the Numerical Investigation

In Chapter 4, the electroosmotic flow field around EIJDs was studied both experimentally and
numerically. In the numerical part, a 2D model was set up to simulate the flow fields inside and
outside of a sessile EIJD under electric field. In the model the EDL+SC model was applied to
simulate the motion of the oil-water interface under externally applied electric field. The EDL+SC
model considers the force balance at the interface. The forces acting at the oil-water interface
includes: the shear force on the water side, the shear force on the oil side and the electrostatic force.
The meshes in the main computation domain are set to be triangular, while the rectangular meshes
were employed in vicinity of the oil-water interface for the calculation of shear forces, as shown
in Figure A-1. The dimensions of the rectangular meshes should be much smaller than the EDL
thickness for simulating the EOF inside EDL; hence, the shear force acting on the interface can be

calculated accurately.

Figure A-1. Mesh structure used to model the main domain and the oil-water interface.
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The mesh sensitivity analysis was conducted by detecting the effect of the total number of meshes
on the EOF velocity at a certain point. The point located in the water phase near the oil-water
interface was chosen. The variation of the calculated EOF velocity in terms of the total number of
meshes is shown in Figure A-2. It can be seen clearly from this figure that the calculated EOF
velocity remain stable when the total number of meshes reaches 80,000. In Chapter 4, the total
number of meshes used in this simulation is 131,034, and the simulation result is insensitive to the
mesh number. While calculating, the COMSOL built-in solver of MUMPS was implied. This

solver compute finite element problems with Newton iteration method.
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Figure A-2. Effect of the total number of meshes on the calculated EOF velocity.
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Appendix B

Comparison of the Simulation Results of the Electrokinetic Velocities of EIJDs Obtained

from Different Models

Apart from the EDL+SC model, some other models were also presented in some papers to evalute
the fluid flow at the oil-water interface, for example, the EDL model. In this model, the following
boundary conditions are given to the liquid-liquid interface:

iy, = U, (A-1)

Comparison between the EDL model and the EDL+SC model indicates that both EDL and

EDL+SC models consider the continuity of shear stress at the liquid-liquid interface. However,

the EDL model neglects the electrostatic force acting on the surface charges at the interface (asﬁo).
The EOF at the charged liquid-liquid interface has been analyzed with the two models, and the
simulated results indicate that under the same condition, the EDL model always overestimates the
velocity of the interface. While using the EDL model to calculate the electrokinetic motion of the
Janus droplet, the velocity of the interface and the strength of the vortex inside of the droplet are
stronger than normal, which causes the overestimate of the electrophoretic motion of the Janus
droplet and the underestimate of the electrokinetic motion of it in a microchannel. In conclusion,
with the EDL model, the calculated electrokinetic velocity of the Janus droplet is smaller than

normal.

Figure A-1 shows the comparisons between different models for the electrokinetic velocity of
Janus droplet with d = 45um, n, = 0.07 Pa-s and 6 = 83.5°. It’s clearly shown in this figure that
the electrokinetic velocity calculated with the EDL model is smaller than the experimental result
especially under high electrical field. This meets our estimation shown above. Figure 44 also
indicates that under the experimental condition, the difference between the calculated
electrokinetic velocity of Janus droplet with EDL+SC model and that of solid Janus particle is very
small, and both of the two models can be used to evaluate the electrokinetic velocity of Janus

droplets. This phenomena can be understand like this:
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(1) As shown in Figure A-1, for the Janus droplet with 8 = 90° (circular points), when n,. > 50, U
almost reaches to a constant, and the Janus droplet performs as a solid particle. In the experiment,
the Janus droplet with n,. = 70 and 6 = 83.5° was used. The viscosity effect on its electrokinetic

motion is limited; therefore, the Janus droplet can be approximated to Janus particle.

(2) For small Janus droplet (d = 45um) moving in a mcirochannel under weak electric field
(ranging from 50V/cm to 100V/cm), the capillary number is very low that the surface tension at
the interface is great larger than the viscous force. Under low capillary number condition, the effect
of the viscous force is negligible, that the droplet can be regarded as solid particle.

In conclusion, the EDL+SC model is suitable for evaluating the electrokinetic velocity of Janus
droplet. For small Janus droplet with high visocisity and nanoparticle coverage area, the Janus
droplet performs as solid particle that the solid Janus particle model can be used to evaluate the

electrokinetic motion of it.
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Figure A-1. Comparisons between the experimental results and the simulated results under three
different models for the electrokinetic velocity of Janus droplet and particle with d = 45um, 6 =
83.5 © The rectangular points represent the experimental measured electrokinetic velocity of Janus
droplet. The circular points, triangular points represent the simulated electrokinetic velocities of
Janus droplets for EDL+SC model and EDL model, respectively. The inverted triangular points
represent the simulated electrokinetic velocities of solid Janus particle. The viscosity of the oil
phase of the Janus droplet is n, = 0.07 Pa:s.
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Appendix C

Electric Field in the Main Channel of the Wall-induced DEP Separation Microfluidic Chip

In chapter 7, to separate the target droplet from others, the voltages applied to the two outlets were
verified to control the proportion of the liquid moving from the main channel into each of the outlet
channels. When the voltages change, the electric field strength inside each outlet branch varies
accordingly. To investigate the electric field distribution in the main channel, numerical simulation
was conducted with the software of COMSOL. The numerical results are shown in Figure A-2. As
shown in this figure, the electric field lines are always uniformly distributed inside of the main
channel regardless of the variation of the voltages applied to the outlets. Therefore, the wall-
induced DEP theory shown in chapter 7 is also applicable to estimate the lateral migration of

droplet in the separation process.
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Figure A-2. Electric field in the main channel of the wall-induced DEP separation microfluidic
Chip- (a) ¢0A = ¢oB =0 V; (b) ¢0A =200 Va ¢oB =0V.
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Appendix D

EOF Fields around Droplets with Heterogeneous Strips

The numerical simulation results of the EOF fields around sessile droplets with heterogeneous
strips in a microchannel are shown in Figure A-3. The droplets in Figure A-3(a)-(c) are covered
with three strips which are A-B-A from left to right, and the droplet in Figure A-3(d) is covered
with four strips of B-A-B-A by turns. The effects of the zeta potential and the coverage of the

strips on the vortices can be obtained by comparing these figures.

Figure A-3. Numerical simulation results of the EOF fields around droplets with heterogeneous
strip. (a) Droplet with A-B-A three strips, {,, = =60 mV, (anoa = 40 mV and (,gnos =

20 mV; (b) droplet with A-B-A three strips, {,, = —60 mV, (,,anoa = 30 mV and {unop =

10 mV; (c) droplet with A-B-A three strips, {,, = =60 mV, (anoa = 40 mV and (gnop =

20 mV; (d) droplet with B-A-B-A four strips, {,, = =60 mV, (,,anoa = 40 mV and {,qnos =
20 mV.
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Appendix E

EOF Fields around Sessile Janus Droplets in a Microchannel”

In chapter 4, the EOF fields around sessile Janus droplets in a infinitely large container were
studied. Figure A-4 shows the EOF fields around sessile Janus droplets in a microchannel. The
experimental results of the EOF fields in the vicinity of sessile oil-Al>O3 Janus droplet and sessile
MgO-Al>O3 Janus droplet in different pH solutions are presented in Figure A-4(a)-(d). The EOF
fields around the sessile oil-Al>O3 Janus droplet in pH 7 and 9 buffer solutions are shown in Figure
A-4(c) and (d). In pH 7 and pH 9 buffer solutions, the oil-water interface carries negative charges
and the Al,O3 nanoparticle film carries positive charges. Under rightward electrical field, EOFs
with opposite directions (from left to right on left hemisphere, and from right to left on right
hemisphere) are induced on the Janus droplet. As the zeta potential of the microchannel wall is
also negative in these buffer solutions, with the combined effects of the bulk liquid motion and the
EOF around the Janus droplet, two vortices are formed on the right hemisphere of the Janus
droplets. In comparison with these two figures, with the increase of pH value of the buffer solution
from 7 to 9, the zeta potentials of both microchannel wall and Al,O3 nanoparticle film shift towards
negative direction, which leads to the increase of the absolute value of zeta potential of the channel
wall and the decrease of that of the nanoparticle film; hence, smaller size of the vortices. However,
when the pH value of the buffer solution is reduced to 2, the electrical property of the Janus droplet
and the microchannel wall change and all surfaces are positively charged. Correspondingly, the
bulk liquid EOF and the EOFs around both sides of the Janus droplets are in the same direction
(from right to left) and no vortex shows up (Figure A-4(a)). In Figure A-4(d), the EOF field around
MgO-Al>O3 Janus droplet immersed in pH 9 buffer solution is presented. As the zeta potentials of
both MgO nanoparticle film and Al.O3 nanoparticle film are positive while that of the

* A similar version of this section was submitted or published as:

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, 8461-8472.
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b01920
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microchannel wall is negative, the EOF of the bulk liquid is in the opposite direction to the EOF

around the droplet, which leads to two vortices along the surface of the droplet.

Figure A-4. EOF fields around sessile Janus droplets in a microchannel. (a) Oil-Al,0z Janus
droplet immersed in pH 2 buffer solution; (b) oil-Al2O3 Janus droplet in pH 7 buffer solution; (c)
0il-Al,O3 Janus droplet in pH 9 buffer solution; (d) MgO-Al,Oz Janus droplet in pH 9 buffer
solution. 1 pm polystyrene particles are employed as tracing particles. DC electric field of 150

Vicm is applied from left to right.
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Appendix F

Electrokinetic Motion of Droplets with Different Nanoparticle Films”

The electrokinetic motion of droplets covered with different nanoparticle films in a microchannel
is due to the combined effects of the electrophoresis (EP) of the droplets and the electroosmosis
of the bulk liquid in the microchannel. As both EOF of the bulk liquid and EP of the droplets are
linearly proportional to the electrical field, the electrokinetic velocity of these droplets in a straight

microchannel has linear relationship with the applied electrical field.

As an example, the electrokinetic motion of an oil-Al>O3z Janus droplet under the electric field of
100 V/cm is shown in Figure A-5(a). The images are captured from a video. As indicated in these
time-lapse images, the Janus droplet moves uniformly in a straight microchannel. Due to its dipolar
property, when moving in the microchannel, the Janus droplet always aligns to the electrical field
with the negatively charged hemisphere facing the cathode of the externally applied electrical field.
For the droplets of similar size moving in a straight microchannel, the EOF of the bulk liquid is
identical, the difference of electrokinetic velocities between these droplets results from different
EP. The EP of the droplet is caused by the interaction between the electric field and the surface
charges of the droplets. Generally, the stronger net surface charge or higher net zeta potential of

the droplets will result in a stronger electrophoretic motion of the droplets.

The electrokinetic velocities of 0il-MgO Janus droplets, 0il-Al,O3z Janus droplets, MgO-Al>,O3
Janus droplets and droplets fully covered by Al>Os nanoparticle film in a microchannel with the
cross section of 250 um x 80 um (Width x Height) under different strengths of electrical fields are
measured and shown in Figure A-5(b). To make comparison, the size of the droplets is controlled
to be approximately 45 um. It can be seen from this figure that, for the same droplet, the
electrokinetic velocity increases with the electrical field linearly. Furthermore, under the same
electrical field, the measured electrokinetic velocity increases in the sequence of oil-MgO Janus

* A similar version of this section was submitted or published as:

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, 8461-8472.
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b01920
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droplets, oil-Al,O3 Janus droplets, MgO-Al,O3 Janus droplets and droplets fully covered by Al,O3
nanoparticle film. In pH 7 buffer solution, the zeta potentials of oil droplet, MgO nanoparticle film
and Al.03 nanoparticle film have the relationship of {,, <0 < {ranomgo < Snanoat,o0; -
Therefore, the 0il-MgO Janus droplet with a zeta potential of {,,, on the left hemisphere and a zeta
potential of {,,4n0mg0 ON the right hemisphere moves slower than the oil-AlOs Janus droplet with
the zeta potentials of {,,, (left hemisphere) and {,qnoa1,0, (right hemisphere), because of the
difference of surface charges. The EK velocity of the droplet fully covered with Al2O3
nanoparticles is the largest. Based on the different EK velocities of these droplets, they can be

separated in a microchannel.
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Figure A-5. (a) Time-lapse sequences of the electrokinetic motion of an oil-Al,O3 Janus droplet in
a microchannel under the electric field of 100 V/cm. The diameter of the Janus droplet is 45 pm
and the width of the microchannel is 250 um. (b) Electrokinetic velocities of oil-MgO Janus
droplets, oil-Al203 Janus droplets, MgO-Al,O3 Janus droplets and droplets fully covered with
Al>Os film in a microchannel as a function of applied DC electrical field. The cross section of the
microchannel is 250 pum x 80 pm (Width x Height). The diameters of the droplets are
approximately 45 um. The buffer solution is deionized water.
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Appendix G

Flow Focusing with Positively Charged Capsules”

If a pair of oil droplets fully covered by positively charged nanoparticle films is anchored in a
negatively charged microchannel, under electrical field, EOF of the bulk liquid in the microchannel
is in the opposite direction to the EOF around the droplets. Hence, vortices form in the vicinity of
the droplets, as shown in Figure A-6(a). The two vortices around the droplets act as virtual columns
to reduce the flow passage in the microchannel. Consequently, the liquid is forced to flow through
a narrower virtual channel between the two vortices. Such an effect is referred to as the flow
focusing. To demonstrate the focusing performance of this strategy, a Y-shape microchannel
consisting of two inlet branches and one main channel is used. As shown in Figure A-6(b), two oil
droplets fully covered with Al,Os nanoparticles are anchored in the main channel by two pillars.
1 um polystyrene particles are employed in the experiments to visualize the flow focusing effect.
Under the electric field of 100 V/cm, the tracing particles are transported to move through the
microchannel by EOF. When flowing through the space between the two droplets, the particles are
forced to move through the narrow passageway with a width of approximately 17 pum due to the
effect of the two vortices. As indicated in Figure A-6(b), the blank regions without the presence of
the tracing particles are the vortices regions (labelled with red dash lines). For the droplets with
constant size, the location and size of the vortices are fixed, regardless of the strength of the electric
field; thus, the focusing effect remains constant. In order to achieve a narrower focused flow width,
two larger droplets covered with a positively charged nanoparticle film should be employed in the
microchannel to generate bigger vortices. In comparison with the traditional method that designing
a tapered channel for flow focusing, the positively charged droplets flow-focusing method has the
advantage of easy adjustment of flow focusing effect. As described above, an enhanced focusing
can be achieved by replacing small droplets with larger ones regardless of changing the structure

of the microchannel. However, for the traditional focusing method, it’s essential to re-design the

* A similar version of this section was submitted or published as:

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, 8461-8472.
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b01920
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microchannel and conduct microfabrication again to adjust the focusing effect. It should be noted
that, apart from particles, this focusing method can also be employed to bio samples by replacing

the deionized water with the buffer solutions used for bio experiments.

Flow focusing is particularly useful in microfluidic flow cytometry where cells and particles are
required to move in a single line to pass through a sensor. The generation of vortices in a laminar-
flow microfluidic device is a challenge, and however, has extensive applications, for example, cell
trapping, generating concentration gradient, mixing, separation and pumping. Therefore, apart
from flow focusing, the nanoparticle film covered droplets fabricated in this paper also have

potential in the above mentioned fields.

Figure A-6. Flow focusing with a pair of droplets fully covered with Al2O3 nanoparticles in a
microchannel. (a) Schematic diagram of the EOF field in a microchannel with the presence of two
positively charged droplets. (b) Experimental observation of particle focusing occurring between
two oil droplets fully covered with Al,O3 nanoparticles under the electric field of 100 V/cm. The
diameters of the two droplets are approximately 80 um and the cross section of the microchannel
is 250 um x 80 um (Width x Height). The buffer solution is deionized water.
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Appendix H

Electric Field Distribution in Microvalve

To study the effect of the size of microchamber on the strength of electrical field, a 3D model was
built up with commercial simulation software COMSOL and the electric field distribution in the
microvalve was studied. The results are shown in Figure A-7. To show the electrical field
distribution in the microchamber clearly, the maximum color range was set to be 50 V/cm;
therefore, the regions labelled with red color represents the local electrical field is equal to or larger
than 50 VV/cm. By comparing Figure A-7(a) and (b), it’s clearly shown that, with the reduction of
the size of the microchamber, the distance between the two entrances decreases and the strength
of the electrical field between the two entrances in the microchamber increases. Furthermore, as
shown in the figure, although high voltage is applied to the microchannel, the strength of the
electrical field is very weak in the microchamber due to the large size difference between the
microchamber and the branches (around 10 V/cm in the middle of the microchamber). Therefore,
by embedding plane electrodes under branches next to the entrances, the electrical field is applied
directly to the microchamber without consuming in the branches. Hence, the electrical field applied

to the microchamber can be increased easily, and the switching speed of the microvalve increases.
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Figure A-7. Electric field distributions in microvalves with different sizes. (a) The diameter of the
microchamber is 300 um; (b) The diameter of the microchamber is 150 um. The applied voltages
are p; =375V, ¢, =0V and ¢pg =375 V.
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