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Dielectrophoretic Manipulation of Janus Particle in
Conductive Media for Biomedical Applications
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Janus particles are applied to many fields including biomedical applications.
To expand the usability of Janus particles, a technique to manipulate the
particle movement is required. A dielectrophoresis (DEP) method can be a
promising candidate; however, independent manipulation or separation of
Janus particle by DEP is still challenging. Additionally, DEP of Janus particles
in conductive media is important especially for biomedical applications where
ion-rich media are typically used. Here, the experimental results of
DEP-induced transport and separation of the Janus particle in conductive
media are presented. To predict the DEP behavior, the Clausius–Mossotti
(CM) factors of both Janus and homogeneous particles are calculated,
depending on the alternating current (AC) frequency and medium
conductivity. The Janus particles show the positive-DEP behavior at the entire
AC frequency region tested due to the metal-coated half surface. On the other
hand, the homogeneous particles show the negative-DEP behavior at the high
AC frequency or in conductive media. Additionally, in the conductive media,
an electrohydrodynamic flow hinders the DEP-driven particle transport below
MHz AC frequencies. Finally, the separation of the Janus particles from the
homogeneous ones is experimentally demonstrated and the separation
efficiency is discussed based on the evaluation parameters established in this
study.
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1. Introduction

Janus particles, a concept popularized
by Pierre Gilles de Gennes in 1991, re-
fer to the particles having two surfaces
with different physicochemical properties.
Janus particles have been widely used for
photonic,[1–3] electronic,[4–6] catalytic,[7–9]

and biomedical applications.[10–12] In
particular, many biosensor studies us-
ing the anisotropic surface properties
of Janus particles have been performed
for the detection of biomolecules, such
as viruses, proteins, glucose, DNA, and
cancer cells.[13,14] Wu et al. used Janus
particles to detect the tumor cells based
on a surface-enhanced Raman scattering
(SERS) technique.[15] The polymer region
of the Janus particle adsorbs antibody
which specifically binds to the BT474 can-
cer cell, while the metal side allows the
strong SERS signal. Lu et al. developed
a colorimetric glucose sensor by using
hematite-silica Janus nanoparticles where
one half of the Janus particle was covered
by glucose oxidase (GOx).[16] To enhance
the usability of Janus particles for biosensor

applications, an appropriate technique to manipulate the particle
transport is required, so that the Janus particles conjugated by
specific bio-objects can be separated and isolated from pristine
particles.
Various techniques for particle manipulation have been re-

ported. Examples include the inertial lift force utilized in a
microchannel,[17–19] ultrasonic standing wave field,[20,21] and
magnetic field gradient.[22–25] Among them, techniques that
practice on the electric field such as electrophoresis (EP)[26]

and dielectrophoresis (DEP) have been predominantly used. It
is because an electrical field can provide a fast switching of
the exerted force on particles in addition to the control abil-
ity of applied force magnitude and direction. DEP, defined by
Pohl in 1951,[27] refers to a transport phenomenon, resulting
from a directional force applied on a dielectric particle when
it is in an uneven electric field. Unlike EP, which can only
be applied to charged particles, DEP has the advantage that
it can be applied to almost all particles as it uses the po-
larization of the substance. Therefore, it can be adjusted for
the motion control and separating operations of various par-
ticles, ranging from synthetic organic/inorganic particles to
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biomolecules, such as protein,[28–30] virus,[31–33] bacteria,[34–36]

and cells.[37–39]

Previously, the DEP behavior of Janus particles has been stud-
ied. Gangwal et al. demonstrated the assembly of Janus parti-
cles under an alternative current (AC) electric field at the fre-
quency higher than 10 kHz.[40] The Janus particles are assembled
to form a staggered chain structure while the metal-coated halves
align along the electric field direction. They also confirmed that
the staggered chain structure is the most favorable orientation
of particles by performing a numerical simulation of the elec-
tric energy of the system. Zhang et al. investigated the colloidal
assembly structure of Janus particles depending on the conduc-
tivity of medium under high frequency, non-uniform AC electric
field.[41] At lowmedium conductivity (𝜎m = 0.0007–0.0153 Sm−1)
and wide AC frequency range (25 kHz to 20 MHz), pearl chains
of Janus particles are formed due to the dominant DEP-induced
particle assembly. On the other hand, at highmedium conductiv-
ity (𝜎m = 0.0153–0.116 S m−1), the particle chaining is disturbed
because of the induced-charge electrophoresis (ICEP) along with
DEP.
Independent manipulation or separation of Janus particle in

a particle mixture by DEP is still challenging. Zhao and Li per-
formed a simulation study of the DEP behavior of homogeneous
polystyrene (PS) particles and Janus particles in a nano-orifice
based microfluidic chip where the direct current (DC)-based mi-
crofluidic chip could enable the separation of Janus particle from
a particle mixture with different types or sizes of particles.[42] Fur-
thermore, the DC–DEP behavior was systematically investigated
depending on the coating coverage, thickness, andmaterial of the
metal side of the Janus particle. However, Janus particle separa-
tion from the particlemixture has not been experimentally shown
yet. Additionally, the 180 V of DC voltage used in the simulation
work, is probably less practical because of the safety issue or oc-
currence of a severe electrochemical reaction. Determination of
the DEP behavior of particles in conductive media is also crit-
ical especially for the bio-related applications where the experi-
ment is primarily performed in conductingmedia, such as buffer
solutions.
In this paper, we discuss the DEP behavior of Janus particles

depending on medium conductivity and present an experimen-
tal study of their separation from homogeneous particles in con-
ductive media. Janus particles were prepared by transferring the
particle monolayer from an air/water interface onto a substrate,
followed by the anisotropic deposition of metal. DEP behavior of
the Janus particles is investigated at variousmedium conductivity
and AC frequencies. To predict the DEP behavior, the Clausius–
Mossotti (CM) factor and the electric field distribution around the
electrode were calculated. The electrothermal effect, which is an
additional transport phenomenon in a conductivemediumunder
the electric field, is discussed. Subsequently, the DEP behavior of
the homogeneous PS particle with a single surface property is
investigated and compared to that of the Janus particle. Finally,
the DEP behavior of the mixed suspension of the Janus particles
and the homogeneous particles is observed, and the optimum
DEP conditions for the efficient separation of the Janus particle
are discussed based on the quantitative parameters established
in this study.

2. Results and Discussion

2.1. CM Factor and DEP Behavior of Janus Particles

The time-averaged DEP force on a spherical particle can be cal-
culated by the following equation

FDEP = 2𝜋𝜀mr
3Re

[
fCM

]
∇||Erms

||2 (1)

where 𝜖m is the permittivity of the medium, r is the particle ra-
dius, Erms is the root-mean-square electric field, and Re[fCM] is the
real part of the CM factor that is related to the effective polariz-
ability of the particle. The CM factor is a complex number that is
defined by

fCM =
𝜀∗p − 𝜀∗m

𝜀∗p + 2𝜀∗m
(2)

𝜀∗p = 𝜀0𝜀p − j
𝜎p

𝜔
, 𝜀∗m = 𝜀0𝜀m − j

𝜎m

𝜔
(3)

where 𝜀∗p and 𝜀∗m are the complex permittivity of particle and
medium, 𝜖0 is the permittivity of free space (8.854 × 10–12 F
m−1), 𝜎p and 𝜎m are conductivity of particle andmedium, respec-
tively, and 𝜔 is the angular frequency (𝜔 = 2𝜋f) of the applied
AC field. As a result, the CM factor depends on the applied AC
frequency, permittivity, and conductivity of media and particles.
The sign of Re[fCM] determines the direction of the DEP force,
i.e., p-DEP or n-DEP. When Re[fCM] is positive or negative, the
particle moves toward to or pushed out of the dense electric field
region. The DEP force is also proportional to the magnitude of
Re[fCM]. The Re[fCM] value of Janus particles can be obtained from
the equation below

Re
[
fCM,Janus

]
= 1
2
×
[
(Re[ fCM, PSparticle/Cr/Au ]) + (Re[ fCM,homogeneous ])

]
(4)

where (Re[ƒCM,PS particle/Cr/Au]) means homogeneous PS particles
coated with metals Cr and Au, and (Re[ƒCM,homogeneous]) means ho-
mogeneous PS particles without a metal coating.
To predict the DEP behavior of Janus particles in media with

different conductivity, Re[fCM] was calculated as a function of AC
frequency (ƒ = 104 Hz to 10 MHz) in deionized (DI) water, 0.1 ×
10−3 m NaCl, and 3.8 × 10−3 m NaCl solutions (Figure 1A). The
Janus particle is expected to exhibit the p-DEP behavior since its
Re[fCM] values are positive for the entire frequency range in DI
water (𝜎m = 5.5 × 10–6 S m−1). Re[fCM] value stays almost con-
stant at unity up to the hundreds of kHz but drastically decreases
starting from 1MHz to higher frequency. At the frequency above
10MHz, Re[fCM] converges to about 0.3. The permittivity and con-
ductivity values of the materials used for the numerical calcula-
tions are shown in Table S1 (Supporting Information). Thus, it is
expected that p-DEP behavior is strong in the frequency region
below 1MHz and becomes weaker in the frequency region above
1 MHz. In NaCl media, there is little change in the Re[fCM] value
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Figure 1. A) CM factors of the Janus particles depending on AC frequency in different media (DI water, 0.1 × 10−3 m NaCl, 3.8 × 10−3 m NaCl). 2D
simulation results of the distribution and streamlines of the electric field around of the electrodes under AC voltage of Vpp = 10 V: B) top-view and C)
side-view. The dotted line in (B) indicates the position for (C). The black arrows in (C) designate the electrodes. D) Distribution of Janus particles in
DI water, 0.1 × 10−3 m NaCl, and 3.8 × 10−3 m NaCl media at various AC frequencies. Vpp = 10 V. All images were taken after 10 min of the AC field
application. The p-DEP behavior of Janus particles is observed in the box by the red lines.

with the frequency. Throughout the frequency range employed
in this study (104 Hz to 10 MHz), the calculated Re[fCM ,] values
are almost constant at ≈0.3 and ≈0.25 in 0.1 × 10−3 m NaCl (𝜎m
= 0.01 S m−1)[43] and 3.8 × 10−3 m NaCl (𝜎m = 0.05 S m−1),[44]

respectively. The Re[fCM] of Janus particles in a more conductive
NaCl solution is much lower than that in DI water. Consequently,
based on the calculated Re[fCM] values, it is expected that the Janus
particles exhibit p-DEP behavior in all conditions ofmedium con-
ductivity and AC frequency used in the study. Also, the p-DEP
behavior of Janus particles at the AC frequency up to 10 MHz
would be more significant in DI water than in more conductive
salt solutions.
To predict the electric field distribution around the designed

electrode, the computational simulation was performed (Fig-
ure 1B,C). For the top-view result, the strong field gradient is
formed at the gap between the two electrodes whereas, for the
side-view result, the sharper gradient of the electric field is shown
at the edge of the electrodes. Based on the simulation results, par-
ticles affected by p-DEP force are expected to be collected at the
gap between the electrodes as well as the edges of each electrode.
The p-DEP driven transport toward the electrode edges is proba-
bly stronger due to the sharper gradient of the electric field.
The DEP-driven transport of the Janus particles, depending on

the medium conductivity and AC frequency was experimentally
observed (Figure 1D) and was compared to what was expected
based on the calculated Re[fCM] values and the simulation results.
For all cases in Figure 1D, the transport and collection of the parti-
cles were nearly equilibrated within 10min. No significant aggre-
gation of the Janus particles driven by van der Waals interaction
has been observed in any media conditions. At the frequency of
100 kHz in DI water, the Janus particles are collected at the gap
between the two electrodes as well as the edges of the electrodes

(Figure 1Da). This is in good agreement with p-DEP behavior ex-
pected. As the frequency increases above 1 MHz, the number
of the collected Janus particles decreases, and the particles are
collected only at the electrode edges, as shown in Figure 1Dc.
This is because the Re[fCM,Janus] drastically decreases above 1MHz
(Figure 1A), resulting in the weak p-DEP force. In 0.1 ×
10−3 and 3.8 × 10−3 m NaCl solutions, the Janus particles are also
collected at the electrode edges at above 1 MHz (Figure 1De,f)
and above 10 MHz (Figure 1Di), respectively, by the p-DEP force.
Interestingly, no significant collection of the Janus particles is ob-
served in 0.1 × 10−3 and 3.8 × 10−3 m NaCl solutions at relatively
low AC frequencies (Figure 1Dd,g,h). We hypothesize that this
may be due to the convective flow of the medium fluid driven by
an additional transport phenomenon under the AC field, which
is an electrothermal effect.

2.2. Effect of the Electrothermal Flow (ETF) on the DEP Behavior
of Particles

ETF, a well-known phenomenon in electrohydrodynamics, is
caused by electrothermal forces acting on the bulk fluid in the
presence of the electrical conductivity and permittivity gradients
in electrolyte solutions due to the temperature gradient.[44]

The temperature gradient formed by Joule heating leads to
the gradient in many physical properties, such as permittivity,
conductivity, density, and viscosity which drive the net flow of
surrounding media. The AC electric fields that are used in DEP
based microdevices can cause local heating around electrodes,
which generates volume forces in the liquid by producing
gradients in conductivity and permittivity.[45] The temperature
gradient in the experimental setup was confirmed by the Joule
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Figure 2. Electrothermal velocity depending on AC frequency in different
media.

heating simulation (Figure S3, Supporting Information). The
equation for the maximum electrothermal velocity of the flow
generated by ETF, uETH,max, is given by

uETH,max =
1

192𝜋2
M
T

𝜀𝜎V4

k𝜇rETH
(5)

where 𝜖, 𝜎, k, and𝜇 are the permittivity, the electrical conductivity,
the thermal conductivity, and the viscosity of the fluid (medium),
respectively. V is the applied voltage, rETH is the characteristic
length for ETF, and M is the electrothermal factor (M factor),
which is given by

M =
(𝛽 − 𝛼)T

1 +
(

𝜔𝜀

𝜎

)2 + 1
2
𝛼T (6)

𝛼 = (𝜕𝜀∕𝜕T)∕𝜀, 𝛽 = (𝜕𝜎∕𝜕T)∕𝜎 (7)

where 𝜔 is the radian frequency. M factor determines the direc-
tion and flow velocity of the ETF. According to Equation (6) when
the temperature, conductivity of the medium, and permittivity
are constant, M factor, which is a function of frequency, is be-
tween –0.7 and 7. 𝛼 and 𝛽 are represented by Equation (7), while
for aqueous solutions with moderate concentration (≈1 m), 𝛼 =
−0.4% K−1 and 𝛽 = 2.0% K−1 can be used.[46]

Figure 2 shows the ETF velocity depending on medium con-
ductivity and AC frequency, calculated by Equations (5) and (6).
In DI water, the ETF effect is negligible regardless of frequency,
due to the lowmedium conductivity. In conductivemedia of NaCl
solutions, the ETF effect becomes meaningful and its velocity
tends to decrease with increasing frequency. In a 0.1 × 10−3 m
NaCl medium, ETF is expected to form up to 1 MHz frequency,
above which the ETF velocity rapidly decreases. In 3.8 × 10−3 m
NaCl medium, ETF becomes more significant up to 10 MHz fre-
quency. Such an ETF phenomenon in conductive media presum-
ably hinders the particle collection by DEP at AC frequency below
1 MHz, which is well-matched with the experimental results in

Figure 3. A) CM factors of the homogeneous PS particles depending on
AC frequency in different media (DI water, 0.1 × 10−3 m NaCl, and 3.8 ×
10−3 m NaCl). B) Distribution of homogeneous PS particles in DI water,
0.1× 10−3 mNaCl, and 3.8× 10−3 mNaCl at various AC frequencies. Vpp =
10 Vpp. All images were taken after 10 min of the AC field application. The
p-DEP behavior of Janus particles is observed in the box by the red lines.

Figure 2 Indeed, at frequencies below 100 kHz, the significant
convective transport of the particles has been observed, presum-
ably due to the enhanced ETF.

2.3. CM Factor and DEP Behavior of Homogeneous PS Particles

For the separation of the Janus particle from the homogeneous
particle by using DEP force, the CM factor, and the DEP behav-
ior of homogeneous PS particles should also be investigated. Fig-
ure 3A shows the calculated values of Re[fCM] in media with dif-
ferent conductivity. In DI water, Re[fCM] value is almost constant
up to the frequency of 100 kHz and then becomes negative at
the frequency above 5 MHz. Therefore, the DEP force direction
is expected to switch around the MHz frequency region. On the
other hand, in more conductive media of 0.1 × 10−3 m NaCl and
3.8 × 10−3 m NaCl, Re[fCM] is negative (between –0.25 and –0.5)
through all frequency ranges, implying the n-DEP behavior of the
particles.
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Figure 4. Particle distribution of Janus particles (𝜆em ≈ 505 nm) and homogeneous PS particles (𝜆em ≈407 nm) in a mixed suspension by DEP at the
selected AC frequencies. High contrast figures and more data at various AC frequencies are shown in Figures S4–S7 of the Supporting Information. The
particle number ratio in the mixed suspension is ≈1:1 (Janus particles:homogeneous PS particles).

Transport of the homogeneous PS particles by DEP was ex-
perimentally observed in various media with different conduc-
tivity (Figure 3B . In the case of DI water, particles were effec-
tively collected at the gap of the two electrodes at 100 kHz AC
frequency, while they were pushed out of the electrode gap at
the frequency above 1 MHz. The result is in accordance with the
expected DEP behavior from the calculated Re[fCM] value in Fig-
ure 3A From the Re[fCM] calculation, n-DEP behavior was pre-
dicted at the frequency higher than 5 MHz; however, the ac-
tual experiment showed n-DEP behavior even at the lower fre-
quency of 1 MHz. This is possible because of the increase in the
conductivity of DI water. For example, carbon dioxide from air
is likely to be dissolved into the DI water. Moreover, impurity,
e.g. surfactant from the commercial particle suspension, could
be present in the media. Such impurity ions or molecules pos-
sibly increase the conductivity of the DI water medium, which
may decrease the frequency where DEP direction switches. In
NaCl media, n-DEP transport of the homogeneous PS particles
is dominant at all the frequencies tested, as expected by the
CM factor values calculated. Also, the ETF-induced circulation
of particles was observed near the electrode at the frequency of
100 kHz.

2.4. DEP Separation of a Janus/Homogeneous Particle Mixture

Since Janus and homogeneous PS particles show different DEP
behaviors depending on the frequency and conductivity ofmedia,
these two particles in a mixed suspension could be separated by
using DEP force. From the previous result, separation would be
possible in the MHz frequency region where ETF is minimized
and Janus particles and homogeneous PS particles have opposite
DEP behaviors. Figure 4 shows the distribution of respective
particles under AC frequencies selected for efficient separation.
As expected, under the DEP conditions in Figure 4 the Janus

particles are selectively collected at the electrode edges and at
the gap between the electrodes which indicates their p-DEP
behavior, whereas the homogeneous particles are pushed away
from the electrodes and dispersed in the medium, by the n-DEP
behavior.
For the quantitative evaluation of DEP separation, we defined

a numerical parameter by Equation (8)

Separation selectivity (%) =(
Number of the Janus particles among the ones collected

Number of the particles collected
− 0.5

)

× 200 (8)

From the equation, the “separation selectivity” has values rang-
ing from –100% to 100%. “–100%” and “100%” mean that all the
particles collected are homogeneous PS particles and Janus par-
ticles, respectively. When the numbers of Janus particles and ho-
mogeneous particles collected are the same, separation selectivity
becomes zero, which means no selectivity. The number of col-
lected Janus particles was calculated using the Image J program,
which was calculated by dividing the total area of particles col-
lected by the area of one particle. It is assumed that the particles
are no longer collected after 10 min of the voltage application.
The Janus particle size is 1 µm and the electrode thickness is
≈100 nm, so it is assumed that the particles only form a mono-
layer while being collected by DEP force.
Figure 5 shows the number of Janus particles collected by

p-DEP and the separation selectivity. In the case of DI water,
more Janus particles are collected at lower frequencies, while
separation selectivity increases as the frequency increases. For
the DI water medium, about 11 000 particles were collected
at 100 kHz, but the separation selectivity is as low as –16%.
The reason is that both Janus and homogeneous particles are
captured by p-DEP at 100 kHz. At 1 MHz, about 4200 Janus
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Figure 5. The number of Janus particles collected and the separation se-
lectivity depending on the AC frequencies in different media: A) DI wa-
ter, B) 0.1 × 10−3 m NaCl, and C) 3.8 × 10−3 m NaCl. The mixed particle
suspension injected contains approximately 100 000 particles per 1.3 cm2

with about 1:1 Janus/homogeneous PS particle ratio.

particles were collected and the separation selectivity is 98%.
At 10 MHz, the number of Janus particles collected drastically
decreased to 1300, but the separation selectivity stays above 95%.
As the frequency increases, the value of separation selectivity in-
creases because only the Janus particles are collected around the

electrodes by p-DEP, and most of the homogeneous particles are
pushed out of the electrodes by n-DEP. In conductive media of
NaCl solutions, the separation selectivity increases with AC fre-
quency similar to that in DI water while the number of collected
particles at 100 kHz is significantly low due to the ETF effect. The
numbers of Janus particles collected on the electrode edges at
100 kHz are less than 2000 in both NaCl solutions. In the 0.1 ×
10−3 m NaCl solution, the largest number of Janus particles
collected is ≈6000 at 1 MHz with ≈95% separation selectivity. In
the 3.8 × 10−3 m NaCl medium, since the ETF effect is influential
up to 1 MHz, the number of particles collected is highest at
10 MHz. Thus, the Janus particles can be effectively separated
in a mixed suspension by DEP force. For an efficient separation,
the AC frequency needs to be carefully tuned depending on the
medium conductivity and, in general, the AC frequency above
1 MHz is favored for better selectivity by minimizing the ETF
effect.

3. Conclusion

In summary, we experimentally demonstrate the separation of
the Janus particle from the homogeneous one in conductive me-
dia by using AC based-DEP technique. We investigated the DEP-
driven transport of the Janus particles by calculating the CM fac-
tors at different medium conductivity and comparing them with
the experimental results. To examine the effect of the medium
conductivity on the DEP of particles, the media varied from DI
water to ion-conductive salt solution. In DI water, the p-DEP be-
havior of the Janus particles is observed regardless of the AC fre-
quency. In conductive media, however, the capture of the Janus
particles by p-DEP is observed only at the high-frequency region
above 1 MHz. It is theoretically revealed that, in conductive me-
dia, the ETF induced by local Joule heating becomes significant
below theMHz frequency region, which disturbs the DEP-driven
particle transport. For the homogenous PS particles, it is con-
firmed that the n-DEP behavior is shown at the high AC fre-
quency above ≈1 MHz. Finally, the DEP technique has been ap-
plied to the separation of the Janus particle from the normal
homogenous one in conductive media. The particle separation
can be quantitatively analyzed depending on medium conductiv-
ity and AC frequency, by defining a new evaluation parameter
of the separation selectivity. It is found that the AC frequency
in a DEP system should be carefully adjusted depending on the
medium conductivity, for better concentration of the Janus par-
ticles as well as higher separation selectivity. Especially, in con-
ductive media such as a buffer solution which is widely used in
bio-applications, the ETF effect should be considered and mini-
mized. Furthermore, the separated Janus particles can be sepa-
rately collected, for example, by employing a microfluidic tech-
nique. These findings could provide useful information for DEP-
based manipulation of Janus particles for detection and separa-
tion of biomolecules.

4. Experimental Section
Preparation of Janus Particles: For the Janus particle preparation,

fluorescent yellow–green latex beads (diameter = 1.0 µm; fluorescence
𝜆ex ≈ 470 nm; 𝜆em ≈ 505 nm, carboxylate-modified) were purchased in
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an aqueous suspension from Sigma-Aldrich, Korea. For the homoge-
nous PS particle preparation, Fluoresbrite BB latex beads (diameter =
1.0 µm; fluorescence 𝜆ex ≈ 360 nm; 𝜆em ≈ 407 nm, carboxylate-modified)
were purchased in an aqueous suspension from Polysciences, Inc.,
Korea.

The schematic structure of the Janus particles is shown in Figure S1A
(Supporting Information). The Janus particles were prepared by forming
a self-assembled monolayer of homogeneous PS particles at the water–
air interface and depositing a metal thin film.[47] The PS particle suspen-
sion was initially concentrated by centrifuging at 10 000 rpm for 10 min
and washed with ultrapure Milli-Q water (Direct-Q 3UV, 18.2 MΩ). The
aqueous colloidal suspensions which are typically 5 wt.%, were diluted
with ethanol (volume ratio, PS suspension:ethanol = 1:1) to facilitate the
spreading of colloidal dispersion. A hydrophilic slide glass (≈76 × 26 ×
1 mm, Paul Marienfeld GmbH & Co. KG, Germany) was partially im-
mersed in the water-filled beaker at an inclination angle of ≈45° with re-
spect to the water surface. Sodium dodecyl sulfate (SDS) (≥98.5% (GC),
Sigma-Aldrich) was added to the DI water by ≈0.3 × 10−3 m to help the
direct crystallization process.

When the colloidal dispersion was dropped into the slide glass by
about 10 µL, a colloidal monolayer formed at the water–air interface as
the particles spread. By carefully dipping a hydrophilic silicon wafer into
the beaker containing the monolayer and carefully pulling it out, the PS
particle monolayer was transferred on the wafer and was dried at room
temperature. The half side of the dried particle monolayer on the wafer
was coated with 20 nm of chrome (Cr) and 20 nm of gold (Au), sequen-
tially, by an e-beam evaporator (ULVAC Inc, Japan). This process results
in the formation of Janus microspheres where the half side is covered
with a conductive Cr and Au layer. The wafer with the Janus particle
monolayer was placed in a 0.03 × 10−3 m SDS aqueous solution and
was sonicated in the ultrasonic bath (Hwashin power sonic 505, 40 kHz,
Korea), to obtain a Janus particle suspension. The concentration of Janus
particle suspension was measured by the CytoFLEX Flow Cytometry
Analyzer (Beckman Coulter Inc., Korea). The prepared Janus particles,
observed by scanning electron microscope (SEM, SU8010, Hitachi High
Technologies Corporation, Japan), are shown in Figure S1B (Supporting
Information).

Fabrication of the Experimental Setup for DEP Observation: The
schematic of the DEP experimental setup is shown in Figure S2 (Support-
ing Information). The metal electrode was fabricated on the glass sub-
strate by photolithographic patterning, a selective metal deposition, and a
lift-off process. A positive photoresist AZ 5214E (Merch KGaA, Darmstadt,
Germany) was deposited onto a slide glass, which was then spin-coated at
2000 rpm for 30 s. After coating, the soft-baking process was conducted to
remove the solvent and enhance the adhesion of photoresist to the sub-
strate. The photomask was placed on the soft-baked photoresist, which
was exposed to the UV light source (𝜆 = 365 nm, 30 mW cm−2, Mask
Aligner MDA-400M, MIDAS system, Korea) for 35 s. The UV-degraded re-
gion of the photoresist film was removed by using a developer (AZ 300
MIR developer, Merck, Germany). To form metal electrodes, 5 nm of ti-
tanium and 100 nm of platinum were deposited on the glass substrate
with the patterned photoresist by sputtering. After the metal deposition,
the substrate was immersed in acetone (Daejung, Korea) to wash off the
remaining photoresist layer, resulting in the formation of the patterned
electrodes.

A spacer (CoverWell Incubation chamber, 0.5 mm depth, Grace bio-
labs, USA) was placed on the substrate with the patterned electrodes.
The Janus and the PS suspensions (≈70 µL) were separately poured into
the spacer and then covered with the slide glasses to form a closed mi-
crochamber system. Electric field distribution near the microelectrodes
was simulated by using the COMSOL Multiphysics simulation pack-
age (ver. 5.4, COMSOL Inc., Burlington, MA, USA). AC electric field
was applied with a varied frequency ranging from 100 kHz to 10 MHz
by using a function generator (Agilent 33511B, Agilent Technologies,
Co.). The DEP behavior and separation of the particles in the cham-
ber were observed by using an optical microscope (KI2000F, Optinity,
Korea Lab Tech, Korea).
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