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Abstract: A novel direct-current dielectrophoretic (DC-DEP) method is proposed for the manipula-
tion and isolation of microplastic particle (MP)-treated microalgae cells according to their dielectric
properties in a microfluidic chip. The lateral migration and trajectory of the microalgae cells were
investigated. To induce stronger DC-DEP effects, a non-homogeneous electric-field gradient was
generated by applying the DC electric voltages through triple pairs of asymmetric orifices with
three small orifices and one large orifice located on the opposite microchannel wall across the whole
channel, leading to the enhanced magnitude of the non-uniform electric-field gradient and effective
dielectrophoretic area. The effects of the applied voltage, the polystyrene (PS) adsorption coverage,
and thickness on the DC-DEP behaviors and migration were numerically investigated, and it was
found that the effect of the PS adsorption thickness of the Chlorella cells on the DC-DEP behaviors
can be neglected, but the effect on their trajectory shifts cannot. In this way, the separation of 3 um
and 6 um Chlorella coated with 100% PS particles and the isolation of the Chlorella cells from those
coated with various coverages and thicknesses of PS particles was successfully achieved, providing
a promising method for the isolation of microalgae cells and the removal of undesired cells from a
target suspension.

Keywords: DC-dielectrophoretic manipulation; Chlorella microalgae cells; microplastic particles;
asymmetric orifice structure

1. Introduction

Microalgae are widely distributed around the world, and they are rich in protein,
biological antibiotics, and oil [1,2], which are widely utilized in various fields, such as
biotechnology, the food industry, and environmental protection [3-5]. As microalgae show
outstanding biological properties, including high photosynthetic efficiency and simple
structure, they can grow well under extreme environmental conditions of heavy metals,
high salinity, nutrient deficiencies, and extreme temperatures. Moreover, microalgae show
high potential for use in microbial remediation techniques for microplastic particles due to
their high affinity, abundant binding sites, and large specific surface area [6-10]. In addition
to their excellent removal capacity and eco-friendly properties, microalgae-removal tech-
nologies show advantages, including stable and simple processes, non-toxic side effects,
fast growth rates compared to higher plants, and the possibility of producing value-added
products, such as biofuels [11,12]. Therefore, the isolation of microalgae from contaminated
objects (such as microplastics or impurities) is crucial. To address this challenge, the mi-
crofluidic system becomes an opportunity for the manipulation of microscale and nanoscale
targets [13]. Compared with various sorting methods, dielectrophoresis is one of the most
reliable techniques to provide the accurate manipulation of microalgae and controllable
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dielectrophoretic effects on the targets due to the advantages of label-free sorting, low
sample consumption, and tunability to analyze selectively and sensitively [14-20].

Dielectrophoresis refers to the movement of polarized particles suspended in a dielec-
tric solution due to the polarization difference between the particles and the suspension
in a non-homogeneous electric field. Generally, a non-homogeneous electric-field gradi-
ent can be induced by applying the alternating current (AC) electric fields through the
embedded micro-electrode array with patterned geometry and structure inside the mi-
crochannel [16,21-24] or the direct current (DC) electric field via the external electrodes
over arrays of patterns of insulating obstacles or hurdles across the whole channel [25-29].
When applying high-electricity fields, the particle may exhibit a nonlinear electrophoresis
effect [30,31]. Since the magnitude of the dielectrophoretic forces and the direction of the
dielectrophoretic behaviors are determined by the size and dielectric properties of the
particles, the selective and sensitive manipulation of particles is enabled by using the DEP
methods. The electrode-based AC-DEP systems can induce a strong non-homogeneous
electric-field gradient, but they involve complicated microelectrode fabrication, electrode
fouling, and electrochemical reactions over the electrode surface. These shortcomings are
overcome in the insulator-based DC-DEP systems. However, to generate stronger DC-DEP
effects, high voltage is necessary which may induce Joule heating effects.

In this work, a novel asymmetric-orifice-based DC-DEP microfluidic chip is designed
for the manipulation and isolation of Chlorella and Chlorella adsorbed and coated with
polystyrene microplastic particles. By applying a relatively low DC electric field via the
asymmetric orifice structures, i.e., a triple small orifice and a large orifice on the opposite
microchannel wall, through the whole channel, the aforementioned effects, such as the
complex fabrication of inserted microelectrodes, electrode fouling and electrochemical
reaction, and Joule heating, are avoided and a locally strong inhomogeneous electric field is
induced, resulting in the enlarged magnitude of the DC-DEP forces and the corresponding
effective area. In this way, stronger DC-DEP effects on the Chlorella cells lead to larger
migration shifts. To better understand the DC-DEP trajectory of the Chlorella cells adsorbed
and coated with microplastic particles, the distribution of the electric-field gradient and the
Clausius-Mossotti factors as a function of the electrical conductivity of the surrounding
medium were studied. Moreover, the effects of the applied voltage, the PS adsorption
coverage, and thickness on their DC-DEP behaviors and migration were investigated. It
was found that the effect of the PS adsorption thickness of the Chlorella cells on the DC-DEP
behaviors can be neglected, but not the effect on their trajectory shifts. In addition, the
separation of 3 um and 6 um Chlorella coated with 100% PS particles and the isolation of
the Chlorella cells from those coated with various coverages and thicknesses of PS particles
was successfully achieved.

2. Dielectrophoresis

Dielectrophoresis refers to the movement of polarizable particles suspended in a non-
homogeneous electric field. The dielectrophoretic force exerted on a spherical particle is
generally expressed as [32].

FDEP = 27‘[£m 1’3 Re(fCM) (V|E|2)
&) 75;1
fem = (e )

*

P
particle and surrounding medium, respectively, e* = & — (jo/w), V|E|?> describes the

electric-field gradient, the electrical conductivity and the angular frequency of electrical
field are given by o and w, j = v/—1, and the real part of Clausius—-Mossotti (CM) factor
Re(fcp) demonstrates the polarizability between the particle and the suspension. For the
homogeneous ellipsoidal particles, the DEP forces still scale linearly with the particle size
and the electric-field gradient, and the directions of the DEP behaviors are determined by

)

where r represents the particle radius, €}, and ¢}, are the complex permittivity of the
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the Re(fcp), although they experience a frequency-dominant alignment torque and the
principal axe tends to align with the electric field [33].

The adsorption process for the Chlorella coated with microplastic (MP) particles and
the Chlorella coated with a MP-particle layer are shown in Figure 1. The manipulation
of the Chiorella by the dielectrophoretic effects come from the combination of the dielec-
trophoretic forces exerted on the uncoated Chlorella and the MP-coated Chlorella and the
total dielectrophoretic forces is described as [34]:

Fpep, eff = FpEP, ¢ + FpEP,C—MP1 + FDEP,C-MP2 + - - - + FDEP,C—MPn 2)

Microplastic (MP) . Chlorella adsorbed and

Chlorella particle Adsorption coated with MP particle

()

Omed
az me:

wall

(b) (c)

Figure 1. Schematic illustration of (a) the Chlorella adsorbed with microplastic (MP) particles, (b) the
single-shell structure model of Chlorella, (c) the double-shell structure model of Chlorella adsorbed
and coated with a layer of MP particles.

The total volume of the Chlorella sphere and the Chlorella sphere coated with MP
particles is approximately equal to the original Chlorella, which is written as [34]

14 =37W = Verr, ¢+ Vesr, - MP1+Veffc mp2+ .. +Veffc MPn

_ 1 g (3)
= 37+ 3T e e vpy T3 ””effc mp2t -t 3 ””effc MPn
Verf,c-mp1 = C1 %V, Verrcompr =Ca*xV, oo, Vesr compn = Cn %V
Vegf,c=V— Verf, c-mp1 — Vegr, c-mp2 — - - — Vegf, c-Mpn 4)
= (1—C1—C2—...—Cn)*V

effC mp1 = Ci* a33, a?ff,C—MPZ =Cyxa’, .. effC apn = Cn x @

effC = = =@ rc-MP1 ~ Yeff,C-MP2 Tt effC MPn ®)
=(1-C—C—...—Cy) xa°

where a represents the radius of the original Chlorella, and a,¢¢,c and a,f7,c—amp, describe
the effective radius of the Chlorella sphere and the Chlorella sphere coated with MP particles,
respectively. The C, is the volumetric coverage of the coated MP particles, and (1 — C,)
is the part of the Chlorella sphere with no coatings. The n describes different kinds of MP
particles. The surface area for the coated-MP-particle part can be expressed as

VSc_mpn = Py % 4ma® = 2mah (6)
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where P, represents the MP-particle-coating coverage on the Chlorella sphere and h = 2aP,.
The corresponding volume of the coated area of the Chlorella sphere and the volumetric
coverage C, can be written as

Vetf, c—mpn = Th (a - %) = P2 x 474’ (1 - %)

_ Vegfcompn _ Pixdma(1-%1) 5 2P, @)
Cy = —LCMPr o —ap2(1- %)

Therefore, the volumetric coverage of the coated MP particles on the Chlorella sphere
Cn, and the effective radius of the Chlorella sphere a, f£,C and the Chlorella sphere coated
with MP particles 4,7 cppn can be obtained given the MP-particle-coating coverage on
the Chlorella sphere P,,. Hence, the total DEP forces exerted on the Chlorella are described as

FpEp, eff = Fpep, ¢ + Fpep,c—mp1 + Fpep,c—mp2 + - .- + FpEP,c—MPn
= 27te, [”Eff,C* Re(fcmc) + a?ff,CfMPl * Re(fcm,c—mp1) + agff,C—MPZ

*Re(fCM,C—MP2> +...+ a?ff,C—MPn * Re(fCM,C—MPn)} (V|E|2)
= 27tey a° [(1-C—Co—...—Cn) *Re(fcmc) + C1 % Re(feme—mp1) + Co
*Re(femc—mp2) + - -+ Cux Re(femc—mpn)] (VIEJ?)
®)

where the fcp ¢ for the Chlorella is expressed as

Re(fcm,c) = (1=C1—Co—... = Cy) x Re(fcm,c) + Cr1 * Re(femc—mp1) + Cox

9
Re(femc—mp2) + - - -+ Cu * Re(fem,c—mpn) ©)

Based on the shell model [33] of CM factor the Chlorella, the complex permittivity for
the Chlorella in Equation (1) is given by

3 Emem — Expall 3 Emem — Expall
ec = ¢, {’Y +2(w”)]/['r —(w”)] (10)
C wall 12 Stnem + 2g>;all 12 Sj;ngm + 25:0,1”
where the factor y1, = a/a;, a and a; represent the radius of the Chlorella and its membrane,
respectively. The complex permittivity for the Chlorella sphere coated with MP particles is
expressed as

* ok 3 ‘C’E — S}k\/IPn 3 5?? — 87\4Pn
€C—MPn = €MPn [’st +2(7gz +2€th):| / {723 (755: +2£hpn)] (11)
where the factor 23 = a2/a, a, is the radius of the Chlorella sphere with the MP-particle-
coating layer. When only applying the DC electric field, the fcp ¢ becomes solely depen-
dent on the electrical conductivity [35], which is rewritten by

_ oCc—0; 0C—MP1—m
Re(fCM, c)=(1-C1—Cp—...—Cy) % (Tc-‘rZI;:ln + Cq * e ap1F20m + Cox
ICc—MP2—m 0C-—MPn—%m
oc—-mp2+20m o+ Gk 0C—MPn+20m (12)

— 3 ICc—OMPn 3 _ (9Cc—0MPn
UC—MPn = OMPn | Y23 + 2(0'C+20'Mpn )} /723 (Uc+2(7MPn )}

where o¢ is the electrical conductivity of the Chlorella sphere. The DC-DEP force exerted
on the Chlorella coated with MP particles can be described as

FpEp, off = 2Mtem 3 {(1 — Q1= Cp— .= Cy) kg 4 Cy o SoME L i~

Gy x JeMpOn 4 Oy OO MPn O } (V|E|2)

0Cc—-MP2+20m 0c—Mpnt+20m

3. Numerical Methods

It can be inferred from Equation (13) that the magnitude of the total DC-DEP forces
scales linearly with the diameter of Chlorella sphere and the non-homogeneous electric-
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field gradient, while the direction of the dielectrophoretic trajectory is dependent on the
sign of Chlorella-dependent Re(fcp, ). In this way, the size-based sorting of Chlorella is
straightforward. In addition, as discussed in Equation (8), the value of Re(fcp ) depends
on the coverage, thickness, and type of MP-particle coating. If the Re(fcyp, c) > 0, the
Chlorella is attracted towards the maximum electric-field gradient by the positive DEP
forces. By contrast, they are repelled away by negative DEP effects and move away from
the high-electric-field area. In this way, the isolation of Chlorella with different MP-particle
coatings can be achieved. In this study, a novel DC-DEP manipulation method for the
isolation of Chlorella microalgae cells is proposed by applying a relatively low electric field
via the triple-orifice-based asymmetric-orifice structure across the whole microchannel,
which is shown in Figure 2. This channel consists of three inlet and two outlet channels
with a width of 80 um, connected by a horizontal mainchannel, which is 300 um in length.
All these channels are shifted 45° from the horizontal channel. In this mainchannel, the
asymmetric orifices with a triple small orifice are 6 um wide and a large orifice with a width
of 100 um is perpendicular to the mainchannel. The electric field is applied through the
embedded micro-electrodes to induce the inhomogeneous electric field in the asymmetric
orifice region. When passing through the non-uniform electric-field gradient, the Chlorella
microalgae cells undergo various dielectrophoretic forces to show different migration
behaviors and flow into individual outlets.

Micro-electrode

Micro-electrode

@ Chlorella @© Chlorella adsorbed with MP particles
pm
Outlet D

240 Inlet A % ________
200 i ,

00
150 g 6 pm

/

100
50
() o
-50
~100

Inlet B 45

—150
-200
-250

72" 300 pm
> Outlet E

-300
-300 -200 -100 0 100 200 300 400 500 600 pm

Figure 2. Schematic illustration of (a) side view and (b) top view of the asymmetric-orifice-based
DC-DEP microfluidic chip with triple-pairs-of-orifices structure.

In this work, the following equations and boundary conditions were calculated by
utilizing COMSOL 5.4 software, and a numerical investigation into the manipulation and
isolation of MP-treated Chlorella microalgae cells in asymmetric-orifice-based microfluidic
chip by using DC-DEP was conducted. To induce the non-homogeneous electric-field
gradient, the electric field was solved in a stationary solver. To visualize the migration of
these microalgae cells, the particle-tracing module was applied to track their trajectories,
varying with different DEP effects. To better understand the DC-DEP manipulation of the
Chlorella microalgae cells, extensive numerical simulations on the effect of applied electrical
voltage, and the PS adsorption coverage and thickness, were analyzed.
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3.1. Electric Field

The distribution of the electric filed is governed by the Laplace’s equation
V2 =0 (14)

@ = Vj at the small orifice
¢@ = 0V at the large orifice (15)
A(Ve) = 0 at channel walls

where the electric potential is applied at the inserted micro-electrode pads and 1i represents
the unit normal vector.

3.2. Flow Field

The liquid flow inside the microfluidic chip is considered as incompressible laminar
flow and governed by Navier-Stokes equation

p{% + ﬁVﬂ — —VP+uV2u
V-u =0 1o

R
where Equation (16) illustrates the continuity equation and the term of aa—”t‘ in Equation (16)

is neglected as it is the steady flow. Furthermore, the inertia UVl is also negligible
as the liquid is moving at a relatively low velocity in the microchannel. The velocity is
described by 1, the density and viscosity of the solution are p and y, respectively, and VP
demonstrates the gradient of the pressure.

The non-slip boundary condition at the microchannel walls is described by Equation (17).
The inlets and outlet of the microchannels are set with specific velocity values.

u = uq at the inlets
P =0 at the outlets (17)
U =0at channel walls

3.3. Particle Tracing

To visualize the migration of the Chlorella in the asymmetric-orifice-based DC-DEP
microchannel, the trajectories are calculated and coupled with the applied electric field and
flow field, whose movement is governed by Newton’s second law [36,37]

- do
Fr=my— (18)

where the net force, including the applied dielectrophoretic force and the drag force, is

=
represented by F;, and the mass and velocity of the moving Chlorella are described by mp

and 5), respectively.
The dielectrophoretic force acting on the Chlorella adsorbed with PS microplastic
particles is described as

FpEp, off = 27Tem a0 {(1 —C1—C—...—Cy) % 7;75;2‘;”; +Cy * 7(;75:&”;:2?:’” 19)

+C2 * 0C-MP2—0Um NI Cn " 0C-MPn—%m } (V|E|2)

0c—Mp2+20m 0c—MPn+20m

where C, = 3P2 (1 — %) and P, represents the coating coverage.
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The drag force exerted on the Chiorella in the laminar flow is given by

_>
1 — —
Frag = T—pmp<u - v)
_ 207
T = 9u

(20)

where the density and radius of the Chlorella are demonstrated by p;, and r, respectively,
and the y represents the dynamic viscosity of the fluid. All the parameters utilized in the
numerical study are shown in Table 1.

Table 1. Values of parameters utilized in the numerical study.

Parameters Values
Dielectric constant of water, ¢, 80
Permittivity of vacuum, ¢ (F/m) 8.85 x 10712
Density of water, py (kg/ m?) 1000
Dynamic viscosity of water, iy 1x 1073
Density of Chlorella, pc (kg/ m3) 1050
Thickness of cell wall (um) 0.1

Electric conductivity of cytoplasm, 01(S/m) 0.5

Electric conductivity of cell wall, 0»(S5/m) 1x10°8
Electric conductivity of polystyrene particle, 03(S/m) 1 x 10716

4. Discussion
4.1. Simulation of the Electric Field

The numerical simulation of the distribution of the non-homogeneous electric field
across the asymmetric orifice was conducted by using COMSOL 5.4. By applying the
electric field across the structure of the orifices via the embedded micro-electrode pads, the
electric-field gradient is generated, where the small orifice has the strongest non-uniform
electric fields. As shown in Figure 3a, the dark-red semicircle, i.e., the non-homogeneous
electric-field gradient, is approximately 25 pm in radius. It can be inferred from Equation (1)
that the stronger electric field gradient, i.e., the magnitude of the DEP effects, leads to a
higher sorting efficiency and resolution. By structuring the asymmetric orifices” geometry
to triple pairs, the semicircle is increased to approximately 40 pm (shown in Figure 3b),
resulting in an enlarged region of non-homogeneous electric-field gradient and an extension
of the time period of the DEP’s effects on the targets. Subsequently, the Chlorella adsorbed
with PS particles experiences DEP forces, and their trajectory migrations change when
passing over this area.

120 (a)
100
80
60
40
20
0
-20
—40
- 60
-80
-100
-120

pm 50 100

0.5

VIE|?
(V¥md)

100
80
60
40
20

0

-20
—40
-60

-80

-100

-120

Hm 50

120 (b)

x10'5

0.5

vER
300 350 (vzyma)

Figure 3. The numerical distribution of the electric field in the asymmetric-orifice-based microfluidic
chip: (a) one pair and (b) triple pairs of asymmetric orifices.

In addition, in the proposed triple-asymmetric-orifice-based DC-DEP microfluidic
chip, the V|E|%,,, calculated is in the order of 10'® V2/m3 with 5 V employed via the
asymmetric orifices over 40 pm between the microelectrodes. Nevertheless, the value of the
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V|E|2,4x is approximately ~1011-10'> V2 /m3 with 70-1200 V /cm applied through the whole
microchannel in traditional insulator-based DC-DEP devices. Therefore, the application
of a relatively low electrical voltage across the asymmetric-orifice-based microchannel
can induce a sufficiently strong non-homogeneous electric-field gradient and prevent the
potential Joule heating effect. This allows stronger DEP forces on the particles, enabling the
manipulation of smaller particles with higher accuracy and resolution.

4.2. Effect of the Applied Voltage

To examine the effect of the non-homogeneous electric field gradient on the migration
of 3-micrometer and 6-micrometer Chlorella adsorbed and coated with 100% PS particles,
different electrical voltages were applied at the embedded micro-electrodes through the
asymmetric orifices from 5 V to 40 V. In this study, the thickness of the coated layer, i.e., the
diameter of the PS particles, is 0.6 um and the electrical conductivity of the surrounding
solution is ;=1 x 1077 S/m. The separation of the 3-micrometer and 6-micrometer
Chlorella coated with 100% PS particles varying with the applied non-uniform electric field
is shown in Figure 4.

g — o T - - - . - —
ol (a) ® ) () )
\ ) \
250 — S sl — N\
Inlet A Inlet A
200 2001
150 Micro- 150 Micro-
electrode electrode
100 Outlet D | o, Outlet D
sof-Inlet B { so/Inlet B
0 of —
—s0 50
-1or OutletE | °f OutletE |
150 Micro- | — Micro-
electrode electrode
~200 ~200}
_2s0. InletC 250 InletC

—300 —200 —100 o 100 200 300 400 500 600 Hm —300 —200 ~100 o 100 200 300 400 500 600  Km

300} (€)

0 InletA T InletA
200 2001
50 Micro- 10 Micro-
electrode electrode
100 w0l Outlet D |
soInlet B so - Inlet B
o of
—s0 S \
~100 1 ot \ Outlet E |
150 Micro- | 150l Micro- |
electrode electrode
~200 ~200
_2s0,. InletC \ 250 InletC /r\ {

~300 ~200 “100 o 100 200 300 400 500 600 Hm ~300 ~200 “100 o 100 200 300 400 500 600 Hm

Figure 4. The migration of 3-micrometer and 6-micrometer Chlorella adsorbed and coated with 100%
PS particles varying with the applied electric voltage: (a) 5V, (b) 15V, (c) 25V, (d) 40 V. The thickness
of the coated layer, i.e., the diameter of the PS particles, is 0.6 pm and the electrical conductivity of
the surrounding solution is g;,= 1 x 107 S/m.

As indicated in Figure 5, for the Chlorella coated with 100% PS particles, the (fcp, ¢) < 0
and they experienced negative DEP effects. It can be inferred from Equation (13) that the
magnitude of the total DC-DEP forces linearly scaled with the diameter of the Chlorella
sphere and the non-homogeneous electric-field gradient, leading to increases in the value
of the DC-DEP forces with the applied electrical voltages. Therefore, the magnitude of the
DC-DEP force exerted on the 6-micrometer was approximately eight times stronger than
that on the 3-micrometer Chlorella, resulting in different trajectory migrations. As shown in
Figure 4a, when the applied voltage was 5 V, the mixed Chlorella cells flowed together into
the outlet D as the migration shifts were small between the large Chlorella and the small
Chlorella due to the relatively weak DC-DEP effects. When increasing the voltage to 15V,
the trajectory migrations for the mixture were enlarged but not large enough; subsequently,
they continued moving into outlet E. A sufficient level of migration was induced for the
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mixed large and small Chlorella after they passed through the asymmetric orifices when
the applied voltage was 25 volts, and they moved into the individual outlets, D and E,
respectively. Therefore, the sorting of the 3-micrometer and 6-micrometer Chlorella adsorbed
and coated with 100% PS particles was achieved. However, when further increasing the
applied voltage to 45 V, the large Chlorella and the small Chlorella moved into outlet E
together due to the overly strong DC-DEP effects, and the separation could not be achieved.

1 - 100
0.8 ”
80
0.6
70
04 | 1H 60 ~
]
............................... 2
o e, 50 &
_ p-DEP 3
fCM 0 -—--------—————————-————““.-‘.".‘ """"""""""""""" 40 g
b n-DEP 30 =
-0.2 2
_______________________ 20 ¥
-0.4 S 10
—0.6 M i N " - 0
1010 107 108 107 106 105 10+

Om[S/m]

Figure 5. The CM factor of 3-micrometer Chlorella coated with various different coverage levels of PS
particles, which varied with the electrical conductivity of the surrounding medium. The thickness of
the PS-particle coating was 0.6 um.

4.3. Effect of the PS Adsorption Coverage

The value of 3-micrometer Chiorella coated with five different coverages of PS mi-
croplastic particles, i.e., 0%, 25%, 50%, 75%, and 100%, as a function of the electrical
conductivity of the surrounding solution, is shown in Figure 5. The thickness of the ad-
sorbed PS particles (the diameter of the PS particle) was 0.6 um. Due to the selection of
the specific electrical conductivity of the suspension, the Chlorella with different coating
coverages of PS particles demonstrate opposite DEP behaviors, i.e., positive and negative
DEP effects, respectively. In this way, the separation of the 3-micrometer Chlorella coated
with 25% and 75% PS particles and the isolation of the 3-micrometer Chlorella from the
Chlorella fully coated with PS particles experiencing opposite DC-DEP forces, where the
selected electrical conductivity of the mediumis ¢y, =1 x 10~7'S/m, are shown in Figure 6.

As discussed in Equation (8), the value of Re(fcpm, ¢) depends on the MP-particle-
coating coverage. If the Re(fca, ¢) > 0, the Chlorella are attracted towards the maximum
electric-field gradient by the positive DEP forces. By contrast, they are repelled away by
negative DEP effects and move away from the high-electric -field area. When the mixture
of the 3-micrometer Chlorella and the Chlorella fully coated with PS microplastic particles
moved through the small-orifice region, which had the strongest non-homogeneous electric-
field gradient (shown in Figure 6a), they demonstrated opposite DC-DEP behaviors, i.e.,
Re(fcm, c) ~ 0.6 for the Chlorella, and they continued to flow into the outlet D after
undergoing positive DC-DEP effects, while (fca, ¢) = —0.5 for the Chlorella fully coated
with PS microplastic particles, and they were repelled away from the small orifices by the
negative DC-DEP forces and moved into outlet E. Moreover, the mixed Chlorella coated
with 25% and 75% PS particles were well separated into outlets D and E when experiencing
the positive (Re(fcy, ¢) =~ 0.4) and negative ((fcum, ¢) & —0.3) DC-DEP forces, respectively
(as shown in Figure 6b).
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Figure 6. (a) The isolation of 3-micrometer Chlorella from the Chlorella fully coated with PS microplastic
particles. (b) The separation of 3-micrometer Chlorella coated with 25% and 75% PS particles. The
applied voltages were 40 and 45 volts, respectively. The thickness of the PS-particle coating was
0.6 um and the electrical conductivity of medium used in this study was 0, =1 X 10~7 S/m.

4.4. Effect of the PS Adsorption Thickness

The CM factor of the 3-micrometer Chlorella coated with 50% and 100% PS-particle
coverage but various different PS-particle-coating thicknesses, i.e., diameters of PS particles
of 0.2 pm, 0.4 um, 0.6 pm, 0.8 um, and 1 pm, varying with the electrical conductivity of the
surrounding medium, is shown in Figure 7.
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Figure 7. The CM factor of 3-micrometer Chlorella coated with (a) 50% and (b) 100% PS particles
coverage but with various different PS-particle-coating thicknesses, i.e., diameters of PS particles of
0.2 um, 0.4 pm, 0.6 um, 0.8 pm, and 1 pm, varying with the electrical conductivity of the surrounding
medium.

It can be inferred from Figure 7 that the CM factors for the Chlorella with different PS-
particle-coating coverages as a function of the electrical conductivity of the suspension were
different, but were essentially identical with different coating thicknesses, i.e., diameters of
PS particles. Therefore, Chlorella with different coating thicknesses always display the same
DC-DEP behaviors when the given electrical conductivity of the surrounding solution
is applied, resulting in a negligible effect of the PS-particle-coating thickness, i.e., the
diameters of the PS particles, on their DC-DEP migrations. In this way, the separation
of 3-micrometer Chlorella coated with 100% PS-particle coverage but with two different
PS-particle coating thicknesses, of 0.2 um and 1 um, respectively, as a function of the electric
voltage applied with the negative DC-DEP forces, is shown in Figure 8. As discussed
above, the magnitude of the DC-DEP forces was proportional to the diameters of the
Chlorella cells; the DC-DEP effects on the Chlorella with a coating thickness of 1 um, i.e.,
with a larger effective diameter, was stronger than that on the Chlorella with the coating
thickness of 0.2 pm, i.e., smaller effective diameter, leading to the size-based sorting. As
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shown in Figure 8c, the successful separation of the Chlorella coated with the 100% PS-
particle coverage but two different PS-particle-coating thicknesses, of 0.2 um and 1 pm,

was achieved.
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Figure 8. The migration of 3-micrometer Chlorella coated with 100% PS particles but two different
PS-particle-coating thicknesses of 0.2 pm and 1 pm, respectively, varying with the applied electric
voltage: (a) 10V, (b) 20V, (c) 30 V, (d) 50 V. The electrical conductivity of the medium used in this
study was o= 1 X 1077 S/m.

5. Conclusions

The dielectrophoretic manipulation and isolation of microplastic-particles-based Chlorella
microalgae cells under a DC electric field in a triple-asymmetric-orifice-based microflu-
idic chip was numerically conducted. To generate stronger DC-DEP effects, a non-
homogeneous electric-field gradient was induced by applying the DC electric voltages
through triple pairs of asymmetric orifices with three small orifices and one large orifice
located on the opposite microchannel wall across the whole channel. In this way, the magni-
tudes of the non-uniform electric-field gradient and the corresponding effective region were
enhanced, leading to stronger DC-DEP forces and larger migration shifts for the Chlorella
cells. To better understand the DC-DEP trajectory of the Chiorella cells adsorbed and coated
with microplastic particles, the distribution of the electric-field gradient and the Clausius—
Mossotti factors as a function of the electrical conductivity of the surrounding medium
were studied. Moreover, the effects of the applied voltage, the PS adsorption coverage and
thickness on their DC-DEP behaviors, and migration were numerically investigated. The
effect of the PS adsorption thickness of the Chlorella cells on the DC-DEP behaviors can
be neglected, but the effect on their trajectory shifts cannot. In addition, the separation of
3-micrometer and 6-micrometer Chlorella coated with 100% PS particles and the isolation of
the Chlorella cells from those coated with various coverages and thicknesses of PS particles
was successfully achieved. Therefore, the ability to separate mixed Chlorella microalgae-cell
populations by adjusting the electrical conductivity of the suspension on the chip identifies
the proposed method as a promising technique through which to precisely select Chlorella
microalgae cells in complex microalgae-cell populations and remove undesired cells from a
target suspension.
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