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Abstract

A dielectrophoresis (DEP)-assisted inertial microfluidics method is introduced in this study for the isolation of circulating
tumor cells (CTCs) from diluted blood samples. The method is based on the negative DEP, provided with the laterally allo-
cated microelectrodes as well as the proper selection of the applied electric field frequency and voltage to suppress the limited
purity arising from the overlapped sizes of CTCs and white blood cells. The dynamics of polystyrene microparticles (with
the sizes of 5 and 15 pm) were first investigated numerically and experimentally within the DEP-assisted inertial microfluidic
device. While the dynamics of the larger microparticles were governed by the inertial and DEP forces, those of the smaller
microparticles were subject to the Dean drag force. In the absence of the DEP force, the larger microparticles migrate to two
stable equilibrium positions corresponding to the upper and lower walls for the microchannel cross section. In the presence
of the DEP force, however, the equilibrium position corresponding to the lower wall is considerably displaced, while the top
wall-associated equilibrium position remains almost intact. Finally, it was found that the proposed method outperformed the
corresponding solely inertial method in terms of purity in the isolation of CTCs from diluted blood samples. For instance, at
a hematocrit of 1%, the purity of isolated MDA-MB-231 cells spiked in diluted blood samples was 85.3% by the use of the
solely inertial microfluidic device, while viable CTCs were captured by the DEP-assisted inertial microfluidic device with
a purity of 94.1% at the total flow rate and applied voltage of, respectively, 650 pL min~' and 50 V.

1 Introduction

Despite the increasing clinical advances in cancer diagnosis
and treatment, this disease has remained one of the dead-
liest diseases in the world (Siegal et al. 2014; Sleeboom
et al. 2018). The high mortality rate of cancer arises from
its aggressive spread throughout the body by a phenom-
enon known as metastasis (Fetah et al. 2019). Metastasis
is responsible for more than 90% of cancer mortality. As a
matter of fact, metastasis is the most significant barrier in
our combat against cancer; such that cancer mortality does
not decrease unless using a reliable biomarker to diagnose

P4 Aliasghar Mohammadi
amohammadi @sharif.edu

Department of Chemical and Petroleum Engineering, Sharif
University of Technology, Tehran, Iran

Biomaterials and Tissue Engineering Research Group,
Interdisciplinary Technologies Department, Breast Cancer
Research Center, Motamed Cancer Institute, ACECR,
Tehran, Iran

metastasis at the early stages (Zhu et al. 2020; Hao et al.
2018).

During metastasis, circulating tumor cells (CTCs) are
released from the primary tumor and transferred to distant
organs via circulation (Zhu et al. 2020; Hao et al. 2018).
Therefore, CTCs play a pivotal role in the development of
secondary tumors (Zhu et al. 2020; Guan 2015). The sig-
nificance of metastasis is more clarified considering that a
1 g tumor releases more than two million CTCs per day
(Habli et al. 2020). However, CTCs have a limited half-life
and many of them fail to survive the physical tensions in
the bloodstream (Mishra et al. 2020). Nevertheless, few
detached survived CTCs can spread cancer by developing
tumors in other organs (Liu et al. 2021). Apart from the for-
mation of secondary tumors, the lack of a unique prescrip-
tion for all patients due to the heterogeneity of tumor cells
is another challenge, which increases cancer mortality. In
this regard, personalized therapy can lead to a shorter and
more effective treatment period (Esmaeilsabzali et al. 2013).

The current approaches for cancer diagnosis hinge upon
invasive procedures, such as tissue and bone biopsy. In
this context, enumeration and isolation of CTCs can be
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an alternative strategy for early diagnosis of cancer in a
less-invasive manner. Moreover, this approach provides a
real-time assessment of the patient’s condition as it simply
demands a blood sample or other body fluids (Goh and Lim
2018). In other words, the number of CTCs in the blood
could be an indicator of the tumor response to a specific
therapy (Warkiani et al. 2014). Furthermore, capturing via-
ble CTCs provides the opportunity for in vitro studies to
develop anti-cancer drugs (Yang et al. 2019; Sharma et al.
2018). However, the isolation of CTCs is challenging due
to their low concentration and size, which overlaps those of
white blood cells (WBCs) (Lim et al. 2019).

Conventional techniques for the isolation of CTCs include
density gradient centrifugation, flow cytometry, and fluo-
rescence-activated as well as magnetic-activated cell sort-
ing. Even though such techniques are well established, they
require bulky and expensive equipment as well as detailed
protocols. On the other hand, microfluidic-based techniques
provide the opportunity to regulate and process a small
amount of sample within a short time at a lower cell separa-
tion cost. As such, microfluidics has increasingly come into
focus for cell separation and manipulation purposes (Fallahi
et al. 2019; Gertler et al. 2003; Zheng et al. 2007).

In general, microfluidic-based cell separation techniques
include two groups of passive and active. While passive
techniques rely on differences among some intrinsic prop-
erties of cells, such as their size, shape, and deformability
(Pgdenphant et al. 2015; Au et al. 2017), active techniques
use external forces for separating cells upon differences in
their dielectric properties, magnetic susceptibility, com-
pressibility, or refractive index (Rahmani et al. 2018; Wang
et al. 2009; Zhao et al. 2016; Undvall Anand et al. 2021;
Buican et al. 1987).

Among the passive techniques, inertial-based methods
have been in focus for the separation of cancer cells in the
last two decades (see section S1.1 of the supporting infor-
mation for a brief introduction on the inertial migration in
microchannels) (Xiang and Ni 2022; Hou et al. 2013; Carlo
2009; Mach et al. 2011). In this context, various microchan-
nels with diverse geometries were reported to improve the
isolation of CTCs (Warkiani et al. 2014; Hou et al. 2013;
Erdem et al. 2020; Zhang et al. 2014; Lee et al. 2013; Guan
et al. 2013; Ghadami et al. 2017). However, the contamina-
tion of isolated CTCs with WBC:s is inevitable in size-based
inertial microfluidics separations, due to the overlapped
sizes of CTCs and WBCs (see section S1.2 of the support-
ing information for a brief introduction to blood cells) (Khan
and Chen 2022). Moreover, the separation of cells is not eas-
ily regulated in inertial-based methods once the microfluidic
device geometry is fixed.

Keeping this in mind, active methods can be utilized for
separating same-sized cells, where the separation perfor-
mance can be modulated by tuning externally controllable
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parameters. Nevertheless, active methods are a proper choice
for cell separation at limited throughput (Cha et al. 2021).

In this regard, hybrid platforms have been developed
for cell separation. A combination of the high precision
active methods with the high-throughput inertial-based
methods can result in a robust cell separation platform.
Among the previously reported hybrid systems (Ozku-
mur et al. 2013; Huang and Xiang 2021; Kim et al. 2022;
Sorour Amini and Mohammadi 2023), synergizing iner-
tial-based methods with dielectrophoresis (DEP) appears
a proper solution. In this venue, the studies reported as
the inertial-DEP combination was a hybrid inertial-DEP
platform (Zhang et al. 2018) in which the DEP was intro-
duced through full coupling with a serpentine micro-
channel. A sheath fluid was also used to eliminate the
upper inertial equilibrium positions. The DEP force was
competing with the inertial lift force along the vertical
direction, levitating particles in the vertical direction.
Subsequently, differential focusing positions of particles
were attained along the lateral direction. The inertial-
DEP platform, however, demanded a careful selection of
operational parameters to modulate the equilibrium posi-
tions. For instance, the positions were laterally differenti-
ated at specific voltages; otherwise, no lateral differential
focusing was observed. As such, there is still a lack of an
inertial-DEP platform to easily control the equilibrium
positions along the lateral direction.

In this study, a spiral microchannel was coupled with
laterally allocated microelectrodes to form a, so-called,
spiral-DEP microfluidic device (Fig. 1). The developed
platform had many advantages over the current microfluid-
ics particle manipulation methods. The proposed method is
based on negative dielectrophoresis such that particles are
not exposed to the strong electric fields near the microelec-
trodes. This is especially important for bioparticles, where
prolonged exposure to strong electric fields leads to cell
damage. In this context, the developed platform was used
to isolate CTCs from blood. The designed microelectrodes
were responsible for the deflection of the non-target cells
toward the outer wall based on a negative DEP force as
well as the crossover frequencies of different bioparticles.
All types of non-target cells were removed, irrespective
of their size overlap with target cells, by taking advantage
of the selective inertial focusing for the inertial section
and negative DEP for the dielectrophoresis section. Thus,
WBC contamination was avoided in a label-free approach.

The remainder of this study is laid out as follows—a
brief introduction on the dielectrophoresis is presented in
Sect. 2. Section 3 outlines the design and simulation of the
microfluidic device. Fabrication and sample preparation
as well as operating procedures are discussed in Sects. 4
and 5, respectively. Section 6 is devoted to the results and
discussion. Finally, a summary is given in Sect. 7.
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Fig. 1 Schematic diagram of
the experimental setup. Syringe
pumps I and II were employed
for the injection of the blood
sample spiked with CTCs and
sheath fluid, respectively. A
generated and amplified electri-
cal voltage was applied to the
microelectrodes through copper
wires

PDMS
microchannel

Microelectrode «

Function

generator and

amplifier

2 Theory of dielectrophoresis

When dielectric particles are exposed to a non-uniform elec-
tric field, the particles experience an external force, which is
called the DEP force. For spherical particles, the DEP force
is (Zhang et al. 2019)

7
FDEP = Zemd[zRe cm]V|E|2? (1)
where €, is the permittivity of the medium, E shows the
electric field vector, and Re [fcm] represents the real part of
the Clausius—Mossotti factor. For spherical particles, the
Clausius—Mossotti factor is (Zhang et al. 2019)
e —¢*
p m

Jem = 5 @
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where e; and £” are the complex permittivity of the particles
and medium, respectively, given by Zhang et al. (2019)
" ic

£ =€— E’ 3)
with € being the permittivity. ¢ denotes the electrical con-
ductivity, and o stands for the angular frequency of the elec-
tric field.

The real part of the Clausius—Mossotti factor ranges from
— 0.5 to 1. When Re [fcm] > 0, particles are pulled toward
regions with higher electric field gradients as a result of
positive DEP force. For Re [fcm] < 0, negative DEP force
pushes particles away from large electric field gradient

Waste (Blood cells)

regions. Needless to say, particles do not experience DEP
force when Re [fcm] =0.

3 Design and simulation of the microfluidic
device

In this study, a spiral microchannel with three turns as well
as two inlets and two outlets was employed. While the inner
radius of the spiral microchannel was 6 mm, the distance
between the turns was 1 mm. Moreover, the width of the
microchannel cross section was 500 pm and the correspond-
ing depth was 170 pm. The inner and the outer inlets were
employed for the injection of the sheath fluid and sample,
respectively (Fig. 1). In the case of the biological sample, the
sample was diluted CTC-spiked blood while the sheath fluid
was phosphate-buffered saline (PBS). In addition, CTCs and
blood cells were to come out of the microchannel through
the inner and outer outlets, respectively. In other words, the
CTCs and the blood cells were the target and non-target
cells, respectively.

The tumor-derived breast cancer MDA-MB-231 cell line,
as a typical circulating tumor cell, was used in this study
to simulate the CTCs (see section S1.3 of the supporting
information for a brief introduction to MDA-MB-231 cell
line). Note also that the blood cells contain many types of
cells: white blood cells (monocytes, lymphocytes, neutro-
phils, eosinophils, and basophils), red blood cells (RBCs—
erythrocytes), and platelets.
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Although many of the non-target cells are removed in the
spiral microchannel using the Dean cycle phenomenon (see
section S1.1 of the supporting information), such microflu-
idic devices fail to remove those non-target cells whose size
overlaps the size of the target cells. Given the size distribu-
tions of the blood cells and MDA-MB-231 cell line (see sec-
tions S1.2 and S1.3 of the supporting information), the target
cells have overlapped sizes with some many of the WBCs,
which are called large WBCs in the remaining.

In the developed spiral microchannel, the CTCs and
large WBCs focus close to the inner wall, reducing the
purity of the isolated CTCs. To increase the purity of

Fig.2 Schematic top view of
the microchannel and micro-
electrodes together with the tra-
jectory of WBCs in the absence
and presence of DEP generated
by the microelectrodes (a). The
real part of the Clausius—Mos-
sotti factor, Re[fqy], for blood
cells and CTCs as a function of
frequency in PBS as a medium
with the conductivity and rela-
tive permittivity of 0.01 S m™!
and 80, respectively (Aghaamoo
et al. 2019). The single-shell
approach was used to model the
cells with the required proper-
ties given in Tables S2 and S3

Inner wall Outer wall

1.5 T

the isolated CTCs, the DEP force was employed to push
WBCs away from the inner wall. In this venue, the con-
ventional practice to generate such negative DEP force
involves embedding microelectrodes on one side of the
microchannel. However, this approach was challenging
due to geometrical restrictions. As such, an unprecedented
microelectrode pattern (Figure S1) was designed to gener-
ate the negative DEP force to repel inertially focused large
WBCs away from the inner wall. As depicted in Fig. 2a,
the generated negative DEP force changes the equilibrium
positions of the large WBCs toward the outer wall.
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We performed a three-dimensional simulation to ana-
lyze micro- and bioparticles dynamics in the spiral-DEP
microfluidic device. For this purpose, all the blood cells
were considered rigid spherical particles with diameters of
5, 15, and 15 pm to represent RBCs, large WBCs, and the
CTCs, respectively. The considered physical characteristics
and population of the cells in our simulations are listed in
Table S2. Also, the particle tracing module was employed
to address the dynamics of the cells within the microfluidic
device through the Newton law of motion

d(m,u,)
pUp
4 Fprae + F aqgeamass T Frite + Fpeps )

where m,, is the particle mass, u, denotes the particle veloc-
ity. Fpaes Fadded Mass» Frier- and Fppp also stand for the drag,
added mass, resultant inertial lift, and DEP forces, respec-
tively. Drag and added mass forces are

Fppy = 3mpd,(w —u,) 6))
and

5d
F rdded Mass = (”/12)Pdpa (w—u,), (6)

where u is the fluid velocity, which must be determined to
calculate the drag and added mass forces.

The fluid velocity was determined by solving the equa-
tions of the mass- and momentum-conservation laws for the
corresponding fluid within the spiral microchannel. For this
purpose, the fluid was considered an incompressible New-
tonian fluid. The momentum-conservation law of the fluid
requires

p[g—ltl - V)u] = uVu - Vp, @
where p denotes the fluid pressure. As the fluid is incom-
pressible, the mass-conservation law demands

V-u=0. ®)

It must be noted that the blood is per se a shear-thinning
fluid. But the blood is diluted with PBS in clinical cell sepa-
ration applications as well as in our experiments. Therefore,
the assumption of the blood as an incompressible Newtonian
fluid is reasonable (Gijsen et al. 1999). Also, the physical
properties of the fluid were set constant. The boundary con-
ditions at the inlets involved fully developed velocities for
the sample and sheath fluid. For the outlets, atmospheric
pressure was assumed. Also, the no-slip boundary conditions
were adopted for the fluid velocity at the microchannel walls.

Equations 7 and 8 were solved using the COMSOL
Multiphysics software version 5.6, which is a finite ele-
ment-based computational fluid dynamics software. In
this venue, the laminar flow module was employed under

isothermal conditions at stationary mode. Moreover, the
quadratic discretizing scheme was adopted for both veloc-
ity and pressure. The relative error in numerical calcu-
lations was considered 0.001. Furthermore, structured
mesh elements were generated for the simulation with the
optimum number of the elements being obtained using
the mesh independency analysis. The details of the mesh
independency analysis are presented in section S4 of the
supporting information. Moreover, parallelized computa-
tions were performed for the simulations on 24-core high-
performance computing clusters.

Returning to Eq. 4, the resultant inertial lift force must
be also calculated to track the dynamics of the cells. Vari-
ous approaches have been used to calculate the inertial lift
forces; among which, explicit equations are an approxi-
mate one. Commercial softwares, such as the COMSOL
Multiphysics software, employ an explicit equation to
calculate the resultant inertial lift force as suggested by
Ho and Leal. This approach, however, suffers from few
restrictions, including finite Re numbers for the suspend-
ing medium. Also, such an equation cannot be employed in
many-body practical situations (Ho and Leal 1974).

In this study, the Di Carlo algorithm was employed
for calculating the resultant inertial lift force (Carlo et al.
2009). This algorithm was explained in detail in section S5
of the supporting information. The calculated inertial lift
forces were mapped on the proposed spiral microchannel
as a point force.

Finally, the DEP force must be calculated using Eq. 1
to ascertain the cell dynamics. For this purpose, the elec-
trostatic potential distribution in the microchannel was
determined by solving the Laplace equation (Vg? =0
with @ being the electrostatic potential) (Mohammadi
2015). To this end, the electric current physic module in
the COMSOL Multiphysics software was employed. Then,
the frequency-dependent approach was used to compute
the electrostatic potential. Subsequently, the DEP force
was calculated using Eq. 1.

It must be noted that DEP-based cell separation plat-
forms rely on differences in the dielectric properties of the
cells, where the electric field frequency has a modulat-
ing impact on the properties. Hence, a proper frequency
was selected using a dielectrophoretic spectrum in which
Relf.,,]is plotted as a function of frequency for all cells.
For plotting the spectrum, the single-shell model was
adopted for calculating the dielectric properties of RBCs,
WBCs, and CTCs in which the equivalent permittivity and
conductivity of the cells were determined by

I o +2p
eq mem 3
a’ =2p

®

with
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r
*=d (10)
and

eiyt - E;knem
p= m (11)

Note that €” _ is the shell permittivity. r and d respec-
tively denote the radius of the corresponding cell and the
shell thickness. e:yt represents the cytoplasm permittivity of
the corresponding cell. Table S3 shows the single-shell
model parameters for typical blood and cancer cells adopted
in this study. In the developed microfluidic device, non-
target cells should undergo negative DEP while the target
cells experience negligible DEP. Therefore, as revealed by
the plots in Fig. 2b, the frequency was set to 30 kHz.

After the determination of all forces contributing to the
dynamics of cells in the developed microfluidic device, the
particle tracing analysis was implemented to examine the
cell dynamics in the spiral-DEP microfluidic device. For this
purpose, Eq. 1 was solved using the particle tracing module
in the COMSOL Multiphysics software in a time-dependent
mode. To this end, all particles were abruptly introduced to
the microfluidic device with zero initial velocity. Then, the
particles went through the spiral microchannel with a veloc-
ity governed by Eq. 1 through coupling the laminar flow and
particle tracing modules within the software.

The interparticle interactions were neglected in the
numerical analysis. This assumption is guaranteed consid-
ering the concentration of cells in our experiments. While
the volume fraction of cells in the studied samples was more
than 1 vol.%, the employed sheath fluid was diluting the
samples within the microfluidic device such that the result-
ing concentration fell below 0.2 vol.%. As such, ignoring
interparticle interactions is warranted in our simulations
(Sun et al. 2012).

4 Fabrication of the microfluidic device

The proposed microfluidic device comprised two parts:
the microchannel and the microelectrodes. While the for-
mer was fabricated by standard soft-lithography proce-
dure, the microelectrodes were prepared by conventional
photolithography.

At the beginning, the pattern of the microchannel was
designed using the AutoCAD 2000 software. A silicon wafer,
as a substrate, was rinsed with, sequentially, acetone, isopro-
pyl alcohol, as well as double-distilled water and, then, dried
with a nitrogen stream. Afterward, hexamethyl disilazane was
coated on the substrate using a spin coater (SC5, Samaneh
Tajhiz) at 750 rpm for 60 s to improve the photoresist adhesion
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to the wafer. The negative photoresist (SU8-2050, Microchem)
was coated on the wafer to achieve 170 pm thickness. To this
end, the photoresist was poured on the wafer surface. The spin
coater angular velocity was increased to 750 rpm in 2.5 s, and
was kept at the angular velocity for 57.5 s. Subsequently, the
velocity was increased to 1400 rpm in 4.7 s, and was kept at
the angular velocity for 55.3 s. Finally, the spin coater was
stopped. The angular velocity of the spin coater was increased
or decreased at a constant ramp of 300 rpm s~! for all steps.

The resulting wafer was sequentially baked on a hot plate
at 65 °C for 4 min and 95 °C for 19.5 min. After that, a nega-
tive photomask was placed on the baked wafer and, then, was
exposed to the ultra-violet light (UV) for 60 s. The exposed
substrate was sequentially baked at 65 °C for 1 min and 95 °C
for 9.5 min. After the post-exposure bake, the substrate was
immersed in a developing solution for 9.5 min. Finally, the
substrate was baked at 150 °C for 2 min after visual inspection.

After preparation of the master mold (Figure S5a), 10 g
polydimethylsiloxane (PDMS) was mixed with 1 g of its cur-
ing agent (Sylgard 184, Dow Corning). After degassing the
resulting mixture, it was poured on the prepared mold and,
then, cured in a vacuum oven at 80 °C and 0.4 mbar for 2 h.
Finally, the PDMS layer was separated from the mold.

In the next step, the following instruction was implemented
for fabricating the microelectrodes. First, a thin layer of gold
and titanium (120 nm gold and 30 nm titanium) was deposited
on a glass substrate (60X 60X 1 mm?) using the conventional
sputtering (SP7 sputter, SATALAB). Then, a positive pho-
toresist (S1813, Shipley) was coated on the resulting substrate
and, subsequently, baked at 95 °C for 2 min. After cooling the
substrate to room temperature, a photomask was placed on
it and exposed to UV light for 80 s. Afterward, the resulting
substrate was developed and, again, baked at 95 °C for 1 min.
Finally, the extra gold and titanium were removed by wet etch-
ing, and the photoresist washed out with acetone (figure S5b).

Despite many DEP-based cell separation platforms
employing plasma bonding, a clamp-type bonding was
used in this study in which PDMS and glass were bonded
by two poly(methyl methacrylate) sheets (see figure S5c).
Without a doubt, each bonding method has its own merits.
But our employed bonding method is temporary such that
the microchannel and microelectrodes can be separated for
cleaning. Another advantage of this bonding method is the
suppressed fluid stress-induced PDMS microchannel defor-
mation (Bazaz et al. 2022; Shrestha et al. 2023).

5 Sample preparation and operating
procedures

In this study, the microfluidic device was tested with two
distinct samples: polystyrene microparticles (non-bio-
logical sample) and diluted blood samples spiked with
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MDA-MB-231 cell line (biological sample). The procedure
of the sample preparation comprised two parts, which are
explained in the following.

In the first part, polystyrene microparticles with an aver-
age diameter of 5 and 15 pm were suspended in deionized
water with the conductivity and relative permittivity being,
respectively, 2x 10 S m™! and 78.5 (Yafouz et al. 2014).
The concentration of the polystyrene microparticles was
adjusted to 0.1 vol.%. Then, Tween 20 (Sigma-Aldrich) at
0.5 wt.% was added to the suspension in order to prevent
adhesion and aggregation of the microparticles. In addition,
the resulting suspension was sonicated in an ultrasonic bath
(Pars nahand, Parsonic 2600 s) for 30 min.

In the second part, the MDA-MB-231 cells were cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium
(Gibco) in combination with 9 vol.% fetal bovine serum
(BSA; Gibco) and 1 vol.% penicillin—streptomycin (Gibco).
As part of the cultivation process, the cells were grown in
T25 flasks at 37 °C in a humidified incubator with 5 vol.%
CO,. When the cells reached 80-90% confluency, they were
washed with 1 X PBS and trypsinized with trypsin—ethylene-
diamine-tetra-acetic acid (EDTA). In addition, the CTCs
were stained with 4',6-diamidino-2-phenylindole (DAPI;
Beyotime Institute of Biotechnology, USA) to have a better
visualization after separation from the blood cells. To this
end, the cells were fixed with formaldehyde (4 vol.%) and,
then, stained with DAPI.

The whole blood sample was obtained from a healthy
donor for all experiments. EDTA solution (Sigma-Aldrich)
was added to the blood sample (3.5 pL EDTA:1 mL blood)
as an anticoagulant. Afterward, the anticoagulated blood
sample was diluted with PBS containing 0.5% (wt./vol.)
bovine serum albumin at different levels of hematocrit (1,
5, and 10 vol.%). Finally, MDA-MB-231 cells were added
to the diluted blood samples, providing 2 x 10* CTCs mL~".

In this venue, it must be realized that handling diluted
blood samples with limited hematocrit levels are not prac-
tical in clinical applications as large volumes should be
processed, which is time-consuming and tedious. Without
a doubt, higher throughput is required for practical applica-
tions to make the spiral-DEP microfluidic device a feasi-
ble solution for the isolation of CTCs. To address the lim-
ited capacity, several parallel microfluidic devices can be
employed to achieve the required lab-scale capacity. This
so-called number-up enables handling a large amount of
diluted blood samples.

Two types of experiments were, however, performed with
the spiral-DEP microfluidic device. In the earlier experi-
ments, the physics of solely inertial as well as inertial-DEP
microfluidics was examined by separating the polysty-
rene microparticles. In the latter experiments, the isola-
tion of CTCs was addressed using the spiral-DEP micro-
fluidic device with the diluted blood samples spiked with

the MDA-MB-231 cell line. The details of the operating
procedures are described in section S8 of the supporting
information.

In each experiment, the prepared sample was injected into
the microfluidic device together with the sheath fluid. While
deionized water was opted as the sheath fluid for the former
experiments, the sheath fluid was PBS for the latter experi-
ments. Moreover, the sample flow rate was 100 pL min~' and
the sheath fluid flow rate ranged from 150 to 750 uL min~".

It must be realized that the aim of increasing the flow rate
is to boost the inertial lift forces. For this purpose, the flow
rate of either the sample or sheath fluid can be increased.
Once the sheath fluid flow rate is constant, the concentra-
tion of the micro- and bioparticles becomes greater than 0.2
vol.% upon increasing the sample flow rate. In this situation,
the interparticle interactions become considerable, produc-
ing significant effects on the dynamics of the particles within
the microfluidic device. As such, the sample flow rate was
kept constant and the sheath fluid flow rate was increased.

Additionally, all the micro- and bioparticles are to be
focused close to the outer wall at the entrance region of the
spiral-DEP microfluidic device with the aid of the sheath
fluid. Once the sample flow rate increases and the sheath
fluid flow rate is kept constant, the sheath fluid flow would
not be strong enough to achieve the aimed focusing at the
entrance region for the sample flow rates beyond the sheath
fluid flow rate.

Meanwhile, three measures were used for the interpre-
tation of the resulting data and assessing the microfluidic
device performance:

. number of targeted particles/cells in the inner outlet
Efficiency =

number of targeted particles/cells in the inlet

12)

. number of targeted particles/cells in the inner outlet
Purity =

number of particles/cells in the inner outlet

13)

and

number of blood cells in the inner outlet

number of blood cells in the inlet

(14)

Later, a trypan blue exclusion assay was performed in
solely inertial and inertial-DEP platforms to measure the
viability of the CTCs. It must be noted an unstained MDA-
MB-231 cell line sample was also prepared for viability
tests, apart from the stained MDA-MB-231 cell line. For
this purpose, the CTCs were stained with a 0.4 vol.% trypan
blue solution at room temperature. Then, the hemocytom-
eter chamber was employed to count dead (blue-stained) and
alive (unstained) cells (Sharma et al. 2018).

In addition, a flow cytometer (Attune NxT Flow Cytom-
eter, Thermo Fisher Scientific) was used to assess the

Rejection ratio = 1 —
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reduction in the contamination of isolated CTCs with WBCs.
For this purpose, the inner outlet from the spiral-DEP micro-
fluidic device was stained by CD45 antibody (1:100) and,
then, the CD45 expression on WBCs was examined in the
absence and presence of the DEP through processing and
analyzing the ascertained data from the flow cytometer using
the FlowJo software version 7.

6 Results and discussion

The aim of this study is to improve the purity of the CTCs
isolation from blood utilizing the synergistic effect of the
inertial and dielectrophoresis phenomena. In this regard,
the dynamics of different-sized polystyrene microparticles
were numerically and experimentally investigated within the
spiral microfluidic device. In the second part of this sec-
tion, the dielectrophoretic force was applied to manipulate
the lateral positions of the microparticles in the spiral-DEP
microfluidic device. Finally, in the last part of this section,
the isolation of the CTCs from blood was experimentally

investigated to examine the robustness of the spiral-DEP
microfluidic device.

6.1 Dynamics of microparticles in the spiral
microfluidic device

The dynamics of polystyrene microparticles, with the sizes
of 5 and 15 pm, in the spiral microfluidic device were simu-
lated at various flow rates. Figure 3 depicts the distance of
the microparticles from the inner wall at the outlet of the
spiral microfluidic device. The total flow rate considerably
modulates the position of all the particles.

This observation is explained by considering the forces
governing the dynamics of the microparticles. At the
entrance region of the spiral microfluidic device, the par-
ticles were focused close to the outer wall with the aid of
the sheath fluid. In such a situation, the particle motion is
governed by the competition between the inertial lift force
F ;. and the drag force exerted by the Dean vortices Fp.,,,.
Due to the different scaling of these forces |Fy, | ~ d} and
|Fpean| ~ d,. the microparticles undergo two different
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Fig.3 The simulated cross-sectional position of the 5 and 15 pm
polystyrene microparticles at the outlet of the spiral microchannel at
various Dean cycles (a). The simulated distance of the 5 and 15 pm
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(b)

polystyrene microparticles from the inner wall at the outlet as a func-
tion of the total flow rate (b). The data in (b) corresponds to the simu-
lation results of (a). The DC indicates the Dean cycle
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trajectories based on their sizes. For the larger particles,
both forces are relevant. At the central region, the force
field resulting from their superposition brings the larger
particles to two equilibrium positions. In spite of this fact,
all the larger particles should have time to reach the equi-
librium positions. As such, there is a lower limit for the
total flow rate to inertially focus the larger particles. This
fact is apparent in the focusing pattern of the larger parti-
cles, shown in Fig. 3b. The focusing position of the larger
particles changes with increasing the total flow rate.

The dynamics of the smaller particles are, however,
modulated by the Dean drag forces rather than the lift
forces. In this extreme, the smaller particles follow two
symmetrical vortices, remaining randomly distributed.
Since the fluid circulates laterally due to the vortices, the
smaller particles are in a continuous lateral circulation.
Thus, the positions of the smaller particles at the outlet
rely on the geometry of the microfluidic device and the
flow rate. The positions are solely subject to the flow rate
for a spiral microfluidic device with specified geometry,.
The positions of the smaller particles oscillate as a func-
tion of the flow rate (see Fig. 3). This fact modulates the
separation purity for the larger particles. The total flow
rate must be at specific values to ensure an integer number
of, so-called, Dean cycle to afford the highest separation
purity (see Fig. 3).

Considering the aforementioned two constraints for the
proper flow rate, we opted the total flow rate of 650 pL min~"
to ensure both complete inertial migration and 1 Dean cycle.
It must be noted that the total flow rate of 1300 pL min~!,
also, satisfies the aforementioned constraints, but we
selected 650 pL min~" as the opted total flow rate. As PDMS
deforms with increasing the flow rate, leading to unreliable
results owing to changing the dimensions and shape of the
microfluidic device cross section (Jeon et al. 2022).

After selecting the proper flow rates, the separation of
the 5 and 15 pm polystyrene microparticles using the spi-
ral microfluidic device was simulated, and compared with
the experimental results. The separation results from the
simulation and experiments are shown in Fig. 4a—c. It was
experimentally obtained that the polystyrene microparticles
were separated with the efficiency and purity of 78% and
96.1%, respectively. This finding indicates that the opted
flow rates were proper such that the larger particles migrate
inertially toward the inner wall while the smaller particles
circulate laterally toward the outer wall. Furthermore, our
computational results not only confirm this phenomenon but
also demonstrate that inertial migration occurs in two stages
(see Fig. 4d). In the first stage, particles migrate to two lines
where wall-induced and shear-gradient lift forces cancel out
each other. In the next step, they slowly move toward the
center of the faces due to rotation-induced lift force (Zhou
and Papautsky 2013).

6.2 Dynamics of microparticles in the spiral-DEP
microfluidic device

Figure 5 demonstrates the contributing forces on the dynam-
ics of the 15 pm polystyrene microparticles in the spiral-
DEP microfluidic device. The equilibrium positions of the
microparticles are calculated using the constraint F,,,; = 0.
It is observed that the equilibrium positions of the 15 pm
polystyrene microparticles are modulated in the presence of
the DEP force. The real part of the Clausius—Mossotti factor
determines the direction of the DEP force. In this context,
the real part of the Clausius—Mossotti factor is negative for
the 15 pm particles at the frequency of 1 MHz, and the DEP
force is directed away from the microelectrodes.

In addition, while the equilibrium position corresponding
to the lower wall is considerably displaced, the top wall-
associated equilibrium position remains almost intact by the
DEP force generated by the microelectrodes. The reason is
the short-range nature of the DEP force, which exponentially
decays by the distance from the microelectrodes (Sorour
Amini and Mohammadi 2023).

We simulated the dynamics of the 15 pm polystyrene
microparticles in the presence of the DEP force. In the spi-
ral-DEP microfluidic device, there are no allocated micro-
electrodes within the initial 1 cm of the spiral microchan-
nel; as such, the lateral position of the microparticles does
not change by increasing the voltage within the initial 1 cm.
Also, the curvature is less in the initial first turn of the spi-
ral microchannel; thus, the effect of the Dean drag force is
significant and the position of the microparticles does not
change with varying the voltage in the first 3 cm of the spiral
microchannel (region #1 in Fig. 6). In the subsequent region,
the 15 pm polystyrene microparticles are gradually directed
away from the microelectrodes in the presence of the DEP
force (region #2 in Fig. 6). It is observed that a negative
DEP force directs the microparticles away from inertial equi-
librium positions in the vicinity of the microelectrodes. In
this venue, the effect of the DEP force was experimentally
examined on the dynamics of the 15 pm polystyrene micro-
particles. To this end, a sample of the 15 pm polystyrene
microparticles was injected into the spiral-DEP microfluidic
device at a total flow rate of 650 pL min~'. Meanwhile, the
frequency of the applied electric field was set to 1 MHz and
the voltage increased from 0 to 50 V.

Figure 7 depicts the size distribution of the micropar-
ticles at the inlet and outlets of the spiral-DEP microflu-
idic device. The majority of the microparticles (~96%)
migrated toward the inner wall in the absence of the DEP
force, whereas the microparticles start to migrate toward
the outer wall with increasing the voltage as a result of
the negative DEP force generated by the microelectrodes
(Fig. 7b and c). This indicates that the microelectrodes
enable repelling non-target micro- and bioparticles.
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Particle size (pun)

Fig.4 Size distribution of polystyrene microparticles at the inlet
(a), inner outlet (b), and outer outlet (¢) of the microfluidic device
at the total flow rate of 650 pL min~', obtained from the simulation
(red lines) and experiments (black lines). Also, the 5 and 15 pm poly-
styrene microparticles at various cross sections of the spiral micro-

However, given movie S1 as well as Fig. 7b and c, the
microparticles did not completely leave through the outer
wall as the equilibrium position corresponding to the top
wall remains almost intact by the DEP force generated
from the microelectrodes (see Figure S6).

Furthermore, the effect of the DEP force on the dynam-
ics of the 5 pm polystyrene microparticles was computa-
tionally and experimentally investigated (see Fig. 8). It
is observed that the DEP force does not disrupt the Dean
cycle and the 5 um particles migrate to the outer wall (1
Dean cycle) at the total flow rate of 650 pL min~'.

To understand the physics underlying this observation,
recall the scaling of |Fpgp/Fpean| ~ dg (see equations S4
and 1). Accordingly, the dynamics of the 5 pm particles is
modulated by the Dean drag force rather than the DEP
force. This indicates that the 5 pm particles are driven by
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the Dean vortices. Note, however, that the position of the
5 pm microparticles slightly changes with increasing the
voltage (see Fig. 8a). The position of the 5 pm polystyrene
microparticles does not notably change until the second
turn (region #1), but they, in the third turn, start to migrate
toward the outer wall with increasing the voltage (region
#2). This fact is associated with the gradual increase of the
curvature radius in the spiral microchannel, where the
magnitude of the Dean drag force in the third turn is not
as strong as that in the first and second turns. Thus, the
5 pm microparticles were slightly pushed toward the outer
wall owing to the negative DEP force generated by the
microelectrodes. This phenomenon results in the decre-
ment of the width for the microparticle stream at the out-
let, which improves the separation purity (see Fig. 8c and
d).
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Fig.5 The forces at the cross
section of the spiral-DEP micro-
fluidic device for 15 pm poly-
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voltage of 10 V, and the

frequency of 1 MHz. The black-
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Fig.6 Simulated distance of the 15 pm polystyrene microparticle
from the inner wall at various voltages as a function of the length
in the spiral-DEP microfluidic device (a). Simulated cross-sectional

6.3 Spiral-DEP microfluidic device in the context
of CTCs isolation

A diluted blood sample was injected into the spiral micro-
fluidic device to reject the blood cells through the outer
outlet. Figure 9a shows the measured rejection ratio for
the diluted blood samples at two distinct hematocrit levels

(b)

position of the 15 pm polystyrene microparticle at the outlet of the
spiral-DEP microfluidic device (b)

of 1 and 10% as a function of the total flow rate. The
highest rejection ratio was recorded at the total flow rate
of ~650 uL min~"! for the considered hematocrit levels. As
also revealed by the plots in the figure, the rejection ratio
decreases with increasing the hematocrit level. Needless
to say, separating the blood cells from the serum is more
difficult at higher hematocrits. The experimental finding in
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Fig.7 Experimentally measured size distribution of the 15 pm polystyrene microparticles at the inlet, inner outlet, and outer outlet of the spiral-
DEP microfluidic device at the total flow rate of 650 uL min~" as a function of the applied voltage

Fig. 9a is partly interpreted through investigating Fig. 9b.
Figure 9b illustrates microscale pictures from the distribu-
tion of the blood cells at two distinct hematocrit levels of
1 and 10% within the spiral microchannel furnished from
the experimental trial. The figure indicates the broadening
of the band for the blood cells at the increased hematocrit
level.

In the next step, a diluted blood sample at the hematocrit
level of 1% was spiked with the MDA-MB-231 cell line and
injected into the spiral-DEP microfluidic device to separate
the CTCs. For this purpose, the total flow rate was fixed at
650 pL min~! in which the higher rejection ratio for blood
cells was achieved. The frequency was also set to 30 kHz. At
this frequency, the Clausius—Mossotti factor for the MDA-
MB-231 cell line is close to zero while the factor is negative
for all the other blood cells (see Fig. 2b). The influence of
the voltage on the separation purity is presented in Fig. 9d.
At zero voltage, the obtained cell composition at the inner
outlet was 1.6, 13.1, and 85.3% for, respectively, RBCs,
WBCs, and MDA-MB-231 cells. This furnishes the purity
of 85.3% for the isolated CTCs at zero voltage. At the volt-
age of 50V, the obtained cell composition at the inner outlet
was 0.5, 5.4, and 94.1% for, respectively, RBCs, WBCs, and
MDA-MB-231 cells. This affords the purity of 94.1% for the
isolated CTCs at zero voltage.
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The purity, however, shows an ascending trend by
increasing the voltage. This observation is associated with
the forces contributing to the cell dynamics in the spiral-
DEP microfluidic device, which are the inertial lift, Dean
drag, and DEP forces. At zero voltage, the CTCs were iso-
lated under the influence of hydrodynamic forces that distin-
guish cells based on their sizes. With increasing the voltage,
the DEP force modulates the dynamics of the bioparticles.
The negative DEP force generated by the microelectrodes
contributes to removing large WBCs that the spiral micro-
fluidic device could not remove.

We also performed flow cytometry experiments on the
inner outlet from the spiral-DEP microfluidic device in the
absence and presence of the DEP. The histograms from the
experiments are shown in Fig. 9h. It is observed that the
CD45 expression on WBCs was reduced when the voltage
increased from 0 to 50 V. Decreasing the CD45 expres-
sion indicates that the negative DEP force generated by the
microelectrodes repelled large WBCs away from the inner
wall, resulting in higher purity for the isolated CTCs.

Let us continue with the task of addressing the impact
of the DEP force on the separation efficiency of the CTCs.
While the efficiency was found 88.0% in the absence of
DEP, the efficiency was 89.0% for the total flow rate of
650 uL min~! and the applied voltage of 50 V. Therefore, the



Microfluidics and Nanofluidics (2023) 27:53

Page 130f 16 53

Fig.8 Simulated distance of
the 5 pm polystyrene micro-
particles from the inner wall at
various voltages as a function
of the length in the spiral-

DEP microfluidic device (a).
Simulated lateral position of the
5 pm polystyrene microparticles
at the outlet of the spiral-DEP
microfluidic device at various
voltages (b). Particle stream
width at different voltages
ascertained by image process-
ing using the ImagelJ software
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DEP does not have a considerable effect on the efficiency.
This fact arises from the selected frequency at which the
CTCs experience a relatively small DEP force.

Finally, the effect of the cell separation by the spiral-DEP
microfluidic device on the viability of the isolated CTCs was
explored. During the operation, the cells experience stresses
from two distinct forces: hydrodynamic (lift and Dean drag)
and DEP forces. Moreover, the applied electric fields may
generate joule heating, elevating the temperature of the
medium, which, in turn, may jeopardize the viability of the
cells (Cha et al. 2021). Nevertheless, Fig. 9e indicates that
the viability was not considerably changed in the operations
undertaken in this study.

7 Conclusion
In this study, an inertial-DEP platform with laterally allo-

cated microelectrodes was introduced for the label-free iso-
lation of CTCs from diluted blood samples. To this end, the

9

Length of the spiral (cm)

ll2 15 18
(b)

particle dynamics were first examined in the presence of
inertial lift, Dean drag, and DEP forces by the computational
fluid dynamics simulations. In this regard, a direct numeri-
cal simulation was conducted to scrutinize the dynamics.
Next, the designed inertial-DEP platform was fabricated
using standard soft- and photolithography procedures. Then,
the performance of the fabricated microfluidic device was
tested in solely-inertial and inertial-DEP modes using non-
biological and biological samples. As a proof-of-concept, we
thoroughly examined the effect of DEP on 5 and 15 pm poly-
styrene microparticles. It was shown that large non-target
micro- and bioparticles can be removed without disrupting
the Dean cycle with the aid of negative DEP force gener-
ated by the microelectrodes. Finally, diluted blood samples
spiked with MDA-MB-231 (2x 10* CTCs mL™!) cell line
were injected into the platform for the separation of MDA-
MB-231 cells. Using the proposed spiral-DEP microfluidic
device, the MDA-MB-231 cells were captured with 89% effi-
ciency at the total flow rate of 650 pL min~" without notable
changes in viability. While the purity of the isolated CTCs
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Fig.9 The rejection ratio as a function of the total flow rate for the
diluted blood samples (a). The influence of the blood Hct on the
stream width of the blood cells at the outlet from the spiral micro-
fluidic device (b). The collected samples from the inner and outer
outlets of the spiral microfluidic device for the sample and sheath
flow rates of, respectively, 100 and 550 pL min~! (c). The effect of
the voltage on the separation purity (d). The viability of the MDA-
MB-231 cells before and after injection to the spiral-DEP microflu-
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idic device (e). Fluorescence images from the inner and outer outlets
in which the blue-colored dots are MDA-MB-231 cells, stained with
DAPI (f). Bright-field images from the inner and outer outlets (g).
CD45 expression on leukocytes in the absence and presence of DEP
(h). The scale bars indicate 139, 25, and 25 um in, respectively, (b),
(), and (g). The plots in (a), (d), and (e) represent the mean value and
the standard deviation (n=3 and p value=0.05)
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was 85.3% in the absence of the DEP, the purity increased
to 94.1% under the voltage of 50 V.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-023-02662-3.
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