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1 | INTRODUCTION

Biological cell manipulation technology, such as the sepa-
ration, capture, and detection of biological particles [1-3],
including tumor cells [4-6] and DNA molecules [7-9], has
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Abstract

Due to its characteristics of noncontact, non-damage, high flux, and easy-
to-achieve flexible manipulation, optically induced dielectrophoresis (ODEP)
technology has been employed to manipulate microspherical biological particles,
including separation, enrichment, capture, arrangement, and fusion. However,
in nature, biomolecules are morphologically diverse, and some of them are rod-
like. In order to illustrate the electrodynamics of rodlike particles under the
action of ODEP, a transient multi-physical field coupling model of ODEP chip
under the hypothesis of electrical double layer thin layer was established in this
paper. The arbitrary Lagrangian-Eulerian method is used to track single-rod
particle in the strong coupled flow field and electric field simultaneously. The
influence of several key factors, including the applied alternating current (AC)
electric voltage, the width of optical bright area, and the initial position of parti-
cle, on the trajectory of particle center was analyzed in positive dielectrophoresis
(DEP) action and negative DEP action, respectively. Especially, the planar motion
process of rodlike particles was discussed together. The research results reveal
the electrodynamics behavior of rodlike particles based on the action of ODEP,
which may provide theoretical support for the further design of rodlike biological
cells manipulation chip based on AC ODEP technology in the future.

KEYWORDS
arbitrary Lagrangian-Eulerian, electrodynamics, microfluidic, optically induced dielec-
trophoresis, rodlike particles

become a research hot spot in biomedical field. Microflu-
idic chip, also known as lab-on-a-chip or micro total
analysis system, has the advantages of small size, low cost,
low consumption of samples and reagents, and so on, so
it is especially suitable for biological applications. Com-
pared with other manipulation techniques, such as atomic

Abbreviations: AC, alternating current; ALE, arbitrary
Lagrangian-Eulerian; DEP, dielectrophoresis; ITO, indium tin oxide;
MST, Maxwell stress tensor; ODEP, optically induced dielectrophoresis.

force microscope [10, 11], microneedle [12, 13], acoustic
trap [14, 15], optical tweezers [16, 17], and magnetic tweez-
ers [18-20], the dielectrophoresis (DEP) microfluidic chip
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[21, 22], as a micro-nano manipulation technology that
is easy to integrate and control, can realize the manip-
ulation of single or large quantities of particles [23-28]
due to the characteristics of noncontact, non-damage, and
high flux. However, traditional electrophoretic technology
requires the design and processing of complex physi-
cal electrodes, which causes the problems of high cost
and long design cycle inevitably. Meantime, the flexibil-
ity of the electrophoretic chip is limited by fixed structure
electrodes.

The optically induced dielectrophoresis (ODEP) tech-
nology is combined with a virtual electrode defined by light
irradiating on the photoconductive materials to generate
a nonuniform electric field to realize the manipulation
of cells [29, 30]. Compared to traditional electrophoretic
techniques, ODEP discards the preparation of expensive
metal electrode structures, and it uses advanced digi-
tal micromirror device to write the designed electrode
patterns into a photoconductive material to mimic phys-
ical electrode [31, 32], so called optical virtual electrode.
Based on the real-time reconfigured optical virtual elec-
trode, flexible manipulation mode can be achieved, which
is not available in traditional electrophoretic techniques.
In recent years, ODEP has been more and more widely
employed in microfluidic chip, and the manipulation and
assembly of polystyrene spheres [33, 34], cancer cells [35,
36], bacteria [37, 38], and even drug-containing particles
[39, 40] have been realized based on ODEP technology.
However, previous studies on ODEP technology are usu-
ally focused on the manipulation of spherical particles.
In nature, biomolecules are morphologically diverse, and
some take on other shapes, such as rodlike. The research
on the electrodynamics behavior of rodlike particles under
the action of ODEP is conducive to expand its application
in biomedical field.

In this study, based on the structural characteristics
of the ODEP microfluidic chip, the transient numerical
model containing rodlike microparticle is established in
the strong coupled electric-fluid-solid field. The time-
average alternating current (AC) DEP force and fluid
viscosity resistance acting on particles are calculated by
the Maxwell stress tensor (MST), which is proved to be the
most rigorous method for calculating DEP force and can be
used to explain the electric field distortion induced by the
presence of particles [41, 42]. The arbitrary Lagrangian—
Eulerian (ALE) method is used for numerical solution,
which employs the Lagrange approach tracing particles
combined with the Euler method to describe the flow field,
especially suitable for processing the grid distortion [43,
44]. The planar motion process of rodlike particles is illus-
trated; further, the influences of several crucial factors,
including applied AC electric voltage, optical bright area
width, and initial position of particle on particle trajec-

tory, are discussed in both positive and negative DEP cases,
respectively.

2 | NUMERICAL MODEL
CONSTRUCTION AND
IMPLEMENTATION

2.1 | Numerical model construction

The ODEP chip is generally assembled into a three-
layered structure: Indium tin oxide (ITO) conductive
glass in the upper layer, SU-8 spacer in the middle,
and photoconductivity layer in the lower layer, in which
the photoconductivity layer is a multilayered structure
deposited on transparent ITO glass, from bottom to top:
heavily doped hydrogenated amorphous silicon (n*a-Si:H)
layer for reducing the contact resistance between the
substrate and intrinsic hydrogenated amorphous silicon
(a-Si:H) layer (forming a photoconductive reaction area)
and nitride insulation layer (preventing hydrolysis at low
frequency and high potential) [29]. In this study, the whole
model is treated as a two-dimensional (2D) structure for
simplifying calculation. As shown in Figure 1, the rodlike
particle, composed of two semicircles with diametral d,
at both ends and a rectangle with length d; and width
d, in the middle, moves within a rectangular microchan-
nel CDEF filled with fluid medium, where the height of
the rectangular microchannel CDEF is H and the length
is L. A 2D rectangular coordinate system is established
with the symmetry center of the rectangular microchan-
nel CDEF. An alternating voltage is applied to the top
boundary cyclodextrin and the bottom boundary AB of
the modeled thin membrane electrodes. The brown area
ABEF under the rectangular microchannel represents the
photoconductive layer with a width h and a length L.
Because of the light source illumination at the bottom
of the microchannel, two optically bright regions with a
diameter of d;, are generated in the photoconductive layer
ABEF.

The specific geometric parameters of the microchannel
are set as follows: microchannel length L = 200 um, height
H =100 pm. The thickness of the photoconductivity layer
made of intrinsic amorphous silicon is 4 = 2 pm. The rod-
like particles are composed of a semicircle with a diameter
of d, =5 um and a rectangle with a length of d; = 20 pm and
a width of d,. The width of bright area is d;, = 30 um. The
rectangular microchannel is filled with deionized aqueous
solution with its density pr = 1 x 10° kg/m?, dynamic vis-
cosity 4 =1x1073 Pas, conductivity op =1x 107> S/m, and
relative dielectric constant ¢ = 80 as the fluid medium.
The polystyrene particle density is pp = 1.05 x 10> S/m,
the shear modulus is Gp = 1 X 10° Pa, and the relative
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FIGURE 1

The two-dimensional (2D) schematic diagram of the optically induced dielectrophoresis (ODEP) chip, including a

single-rod-like particle into a rectangular microchannel structure. The origin of the XOY 2D plane coordinate system is located at the center of

the rectangular microchannel. The coordinate system (x*, y*) is the dimensionless result of applying the characteristic length to the original

coordinate system (x, y). The green rod represents microparticle. The photoconductive layer in the microchannel is represented by the orange
and brown color blocks, where the orange area is the illuminated area (bright area), and the remaining colorless and brown areas are the
unilluminated areas (dark area). Qp, Q, Q;, and Qprepresent the particle domain (the green rod area), the fluid medium domain

(corresponds to the region CDEF), and the bright and dark domains (the region ABFE), respectively.

permittivity is ep = 2.6. The electrical conductivities of par-
ticles op; = 4 x 1072 S/m and op, = 4 X 10~ S/m are
selected to generate positive and negative DEP actions,
respectively. The relative permittivity of the photoconduc-
tivity layer is eg = 11.7, the conductivity of the bright region
is o;, = 2 x 107! S/m, and the conductivity of the dark
region is o = 6.7 X 10~> S/m. The frequency of the applied
AC electric field is f = 1 MHz, and the peak voltage is
$o=30V.

2.2 | Numerical model implementation

Corresponding to the previous numerical model, the com-
plete governing equations and boundary conditions are
presented in Section S1. Then, the designed model was
implemented and solved with the aid of four classic built-
in physics modules in COMSOL (version 5.5, COMSOL
Group, Stockholm, Sweden): solid mechanics, moving
mesh, laminar flow, and electric current. Our previous
work, including dielectrophoresis phenomenon of par-
ticles in a converging-diverging microchannel [45, 46],
DEP interaction in an AC electric field [47, 48], the elec-
trodynamics of rigid particles in ODEP chip [49], and
the continuous separation of microparticles based on

ODEP [50], has proved the accuracy and reliability of this
method.

3 | RESULTS AND DISCUSSION

3.1 | The distribution of electric field

Figure 2 shows the electric field intensity distribution
when the particle is located at its different positions. It
can be seen from Figure 2 that a strong nonuniform elec-
tric field is formed around the bright areas where the light
illuminates the photoconductive material layer. The elec-
tric field intensity at the junction of the bright area and
the dark area is more significant than that of other areas
(including the center of the bright areas and the area far
from the bright areas). The presence of particles will also
disturb their surrounding electric field to a certain extent.
By comparing Figure 2A,C, the particle with the electrical
conductivity of op =4 X 1072 S/m is attracted to the left one
of the bright areas with high electric field intensity under
the action of DEP force, namely, the positive DEP action,
and a weak electric field is formed inside the particle. On
the contrary, as shown in Figure 2B,D, the particle with a
conductivity of op = 4 X 107* S/m will be repulsed to the
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The distribution of the electric field intensity when the particle locates at its different positions. ¢ = 30 V, d;, = 10 ym,

(x;o, y;‘)o) = (—6,0), the particle conductivity in (A and C) is op = 4 X 1072 S/m, whereas gp = 4 X 10~* S/m in (B and D). Here, the rod
represents the particle, the color legend represents the electric field intensity, and the arrows represent the electric field direction.

center of the bright areas with low electric field intensity,
which is negative DEP force action, and a strong electric
field is formed inside the particle.

When the particle is immersed into the nonuniform
electric field, the DEP force acting particle is dominated
by the real part of the Clausius-Mossotti (CM) factor,
K(w),which depends on the complex permittivity of the
particle and the fluid media:

Ep —EF
K(w) = FpTs )
where €p and & represent the complex permittivity of par-
ticles and fluid media, respectively, and € = ¢ —ic/w, ¢
represents permittivity.

Based on the parameters employed in this model,
the calculation results from Equation (1) show the real
part of the CM factor with the particle conductivity of
op = 4 x 1072 and 4 x 10~* S/m equal to 0.8663 and
—0.4612, respectively; thus, the particle with conductivity
4 x 1072 S/m will be subjected to the positive DEP action
and attracted to strong electric field areas, the other will be
subjected to the negative DEP action and repelled to weak
electric field area (Movies S1 and S2), which is consistent
with the conclusions of some literatures [51, 52].

3.2 | The planar motion of the particle

Considering that the rodlike particle is regarded as a 2D
rigid body, its electrodynamic behavior in this model can
be regarded as a planar motion, including translation
and rotation. For the particle with op = 4 x 1072 S/m,

particle orientation and DEP force distribution on its sur-
face at different times are exhibited in Figure 3. It can be
seen from Figure 3A, after the particle departs, the particle
keeps rotating counterclockwise until it reaches the verti-
cal orientation. After that, it will stop rotating and begin to
translate, and its vertical orientation will remain the same
for a while until the particle finally translates to the left
one of the bright areas. It can be seen from Figure 3B,C that
almost antisymmetric DEP forces are generated on the par-
ticle surface, but they cannot completely offset each other;
a resultant force couple is created to force the particle to
rotate. In Figure 3D, when the particle translates to right
above the bright area, the DEP force from the nonuniform
electric field around the bright area is symmetrically dis-
tributed in the horizontal direction; thus, the x component
of DEP force is removed. Simultaneously, the nonuniform
electric field around another optical spot is far away from
the particle and has little effect on it, almost the y compo-
nent of DEP force remains, so the particle keeps translating
and finally moves to the left optical bright area with a
vertical orientation.

As for the particle with a conductivity op =4 x10~* S/m,
the particle orientation and DEP force distribution at dif-
ferent times are shown in Figure 4. In contrast to those
shown in Figure 3, the particle almost keeps rotating clock-
wise until it eventually moves to the middle area between
the two bright areas with the horizontal orientation as
shown in Figure 4A. When the particle deviates to one of
the optical spots, an antisymmetric DEP force distribution
is formed on the surface of the particle in Figure 4B,C,
and a resultant force couple is generated to force the par-
ticle to rotate continuously. When the particle reaches the
middle position of the two bright areas, the symmetrically
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FIGURE 3 Particle orientation (A) and dielectrophoresis (DEP) force distribution of at different times with op = 4 X 1072 S/m, ¢ =30V,
d;, =10 pm, (xl*;o, yzo) =(—6,0).(B)t=0s5,(C) t=0.062s, and (D) t = 0.458 s. The direction and length of the arrows represent the magnitude

and direction of the DEP force.
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FIGURE 4 Particle orientation (A) and dielectrophoresis (DEP) force distribution of at different times with op =4 X 10~ S/m, $ =30V,
d;, =10 pm, (x;(), y;()) =(-6,0).B)t=0s5,(C)t=2.431s,and (D) t = 5.589 s. The direction and length of the arrows represent the magnitude

and direction of the DEP force.

distributed DEP force is produced on the surface of the
particle in Figure 4D, so the particle achieves an equi-
librium position with a horizontal orientation. Compared
with Figure 3, the particle in Figure 4 needs more than 10
times longer time to reach its destination. With little differ-
ence in path length, the particle with positive DEP action
should have higher translational speed.

3.3 | The trajectory of particle center
point

The trajectory of particle center point reflects its electro-
dynamic behavior throughout, which is affected by some
crucial parameters, including applied AC electric voltage,
the width of optical bright area, and the initial position of
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FIGURE 5 The trajectory of particle center point with the different applied alternating current (AC) electric voltages, the width of bright
area, the initial position of particles. (A), (C), (E) The positive dielectrophoresis (DEP) action (op = 4x10~2 S/m); (B), (D), (F) the negative

DEP action (op = 4 X 107* S/m)

particle so on, as shown in Figure 5. The parametric scan-
ning method is adopted here, that is, when one parameter
is changed, the other parameters remain identical.

As can be seen from Figure 5A, in the case of positive
DEP action, when the applied AC voltage is10 and 20 V, the
trajectory of the particle center point resembles an oscillat-
ing curve, that means the center point of the particle moves
left and right in the x-axis direction, which may be caused
by the rotation of the particle. However, when the voltage
iselevated to 30V, the trajectory graph is relatively smooth.
From Equation (12) of DEP force (see supplementary mate-

rial S1), it can be known that the particle will undoubtedly
experience greater DEP force at higher voltage; it will take
less time for the throughout movement process of parti-
cle, so the oscillation amplitude of the trajectory curve is
relatively weakened. In the case of negative DEP corre-
sponding to Figure 5B, as the particles are located in the
middle area of the two optical spots most of the time, the
x components of DEP forces caused by the electric fields
around the two optical spots are largely offset each other,
so increasing the voltage has little effect on the particle tra-
jectory. With the increasing width of the bright area, the
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width of the dark area and the central point between the
two bright areas remain identical at the same time, that
is, it is still located at x* = 0; thus, the bright area extends
outwards. As shown in Figure 5C, the particle under the
action of positive DEP will arrive at the updated position of
bright areas. However, the particle under the action of neg-
ative DEP will still approach to the original central point
of the two bright areas in Figure 5D. In Figure 5E,F, except
for a short period of time at the beginning, the particles
departing from different initial positions will be subjected
to similar DEP force and liquid viscous resistance; thus,
they experience almost identical particle trajectories. It
should also be noted that, because of the size of the particle
itself, the trajectory of its central point cannot eventually
extend to the wall. Meanwhile, because the initial veloc-
ity of the fluid is set to zero, the Reynolds number of the
model is relatively small, and the particle is away from the
wall during most of the time, and the wall effect has little
effect on the particle motion.

4 | CONCLUDING REMARKS

In this study, the transient multi-physical field coupling
ODEP model under the assumption of an electrical dou-
ble layer thin layer is established and solved. The MST is
adopted to calculate the DEP force and liquid viscous resis-
tance of particles. The ALE method is applied to trace the
motion process of single-rod rigid particle in the strong
coupled flow field and electric field. The planar motion
process of rodlike particles is elucidated in detail, and
the influence of several key parameters, including the
applied AC electric voltage, the width of the bright area,
and the initial position on the trajectory of particle center,
is explained. The calculation results show that when the
applied AC voltage is less than 30 V, the trajectory of the
particle center point presents as an oscillating curve due to
the rotation of the particle, when the voltage increases to
30 V, the trajectory becomes smooth. With the increasing
width of the bright area, the particles affected by posi-
tive DEP action will move to the center of the updated
bright area. In contrast, the destination of the particles
affected by negative DEP action remains unchanged. The
initial position of the particle has little effect on particle
trajectory, but it will take different movement times for
the particles. The ODEP model established in this study
reasonably clarifies the electrodynamics behavior of rod-
like particles under the action of ODEP and may provide
theoretical support for the further design of real rodlike
biological cells (Escherichia coli, filamentous microalgae,
etc.) manipulation chips based on AC-ODEP technology
in the future.
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