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1 | INTRODUCTION for early-stage cancer diagnosis and treatment. CTCs shed from pri-

mary tumor cells are spread through peripheral blood or lymphatic
Cell separation from complex and heterogeneous biofluid is an essen- system to different organs of the human body which causes metasta-
tial prerequisite step for purifying target cells which can provide vital sis. While primary tumors hardly contribute to mortality, metastasis is
information for clinical diagnostics, cell-based therapies, drug develop- the leading factor for the death of 90% of cancer patients.’> A sam-
ment, and biomedical research applications.”? Among different types pling of the primary tumor may not indicate the actual condition of
of cells, CTC separation is regarded as an important intermediate step metastasis. In contrast, the enumeration of CTCs in the blood can
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effectively predict the stage of metastasis and help to monitor cancer
treatment.*” Therefore, isolation and detection of CTCs are vital for
elucidating cancer growth as well as interpreting the metastasis char-
acteristics. However, the number of CTCs found in a cancer patient's
blood is extremely low which is 1-100 cells per mL or one count in
10° hematologic cells.®” In addition to the rarity of CTCs in blood,
heterogeneous morphology and significant size overlap with other
blood cells turn the separation of CTCs into a challenging task.”® To
address this issue, efficient, rapid, and robust separation methods are
required to achieve high-CTC detection accuracy with high purity and
yield.

The separation of CTCs can be classified into two categories
which are affinity-based/labeled approaches and label-free
approaches. Biomarkers or labels are used in a labeled method to iso-
late CTCs from blood. Currently, there are various types of labeled
methods such as FDA-approved cell search systems,” MagSweeper,*°
Magnetic activated cell sorting systems, and AdnaTest. However, in
the labeled process, there is always a chance for contamination of
CTCs, as these methods require different labels (e.g., membrane pro-
tein conjugated with particle-antibody) which are attached to the cells
for enhanced separation.™ In the case of the label-free method, dif-
ferent physical properties of CTCs such as the cell size, electrical
properties, magnetic susceptibility, polarizability, shape, density,
deformability, etc. are used for separation. As the label-free method
only utilizes the cells' inherent properties, there is less chance of con-
tamination of CTCs during the separation process.

Existing label-free macroscale cell separation methods such as
centrifugation and flow cytometry are the most used techniques for
cell separation. However, these methods suffer from low purity, high
cost of installation, low throughput and require multiple passes for the

2 Recently microfluidic technology has appeared with

full process.
superior advantages compared to conventional macro-scale platforms
in various fields such as heat transfer, multiphase flow, and
nanofluids.”®* Microfluidic platforms are also used to separate cells
from blood with high sensitivity of detection, reduced analysis time,
simple geometry, less operating cost, and high throughput.*®* Micro-
fluidic platforms can be broadly classified into two types: batch-wise
cell separation and continuous cell separation. In the batch-wise
method, a portion of the total sample volume of fluid is allowed to go
through the separation process. After completing cell separation from
that portion of the sample volume, the next portion of the sam-ple
volume is processed and this procedure is repeated several times to
achieve cell separation.” The batch-wise method may utilize field
flow fractionation (FFF),?° electrophoresis® or centrifugation®® for
cell separation. However, the batch-wise cell separation rate could
be 20 times slower than the continuous cell separation.” In a con-
tinuous cell separation method, the sample volume of cells is
injected continuously into the microfluidic cell separation device,
thus it has less processing time.'® Furthermore, continuous cell sep-
aration methods can be broadly divided into two categories: active
methods and passive methods. In an active method, cell separation is
achieved by using external force fields such as electric field, mag-

netic field, and acoustic field. DieIectrophoresis(DEP),“ optical

tweezer,” acoustophoresis® and magnetophoresis®’ are some
well-known active methods.

Active methods can precisely manipulate cell trajectories in real
time and they have high tunability. However, they have a significant
drawback which is low throughput since the external force field must
overcome the hydrodynamic force for effective separation.”® More-
over, active devices are costly due to their requirement for an external
force generator.

In contrast, passive methods do not require any external force
field for their operation. Instead, passive methods achieve separation
based on cell density, deformability, size, geometric parameters of the
physical domain, and so on. Pinched flow fractionation (PFF),?° deter-
ministic lateral displacement (DLD),*° hydrophoresis® and inertial
microfluidics® are some of the well-recognized passive methods. Due
to the capability of precise manipulation of cell trajectories, simple
design, robustness, and high throughput, inertial microfluidics has
recently gained much attention among all the passive methods.* In
an inertial microfluidic channel, randomly dispersed cells take several
equilibrium positions which are influenced by inertial forces acting on
the cells.??> However, the inertial microfluidics-based methods achieve
separation based on the size of the cells, which limits their ability to
isolate cells when the size of different cells overlaps among different
cells. In addition, these techniques do not have as high tunability as
active methods. To bridge this gap, the coupling of both active and
passive methods to form a hybrid separation method has been
reported in recent years.

Various hybrid microfluidic techniques have been studied by dif-
ferent research groups. The hybrid techniques have higher sensitivity,
multiplexed separation capability, and enhanced tunability.?® Aghaa-
moo et al.>* combined DLD with DEP for the separation of CTCs from
WBCs. However, the reported throughput in the device is significantly
low, which is 2 uL/min. Moreover, the device has a chance of blood
clogging due to the insulating posts in the physical domain. Shim et al.
developed a cell separation method by coupling field flow-
fractionation (FFF) with DEP where target cells are migrated down-
wards at the outlet due to the positive DEP force. On the other hand,
the non-target cells are moved upward due to the influence of nega-
tive DEP force.> Yet, the proposed method uses the batchwise sepa-
ration method which involves a complex design and adds difficulty to
process the sample. Yan et al. developed a hybrid platform coupling
hydrophoresis and DEP in which target cells are moved to the upper
face of the channel and they achieve hydrophoretic ordering by inter-
acting with upper channel grooves.*® However, the developed
method suffers from low throughput in the range of 2—4 pL/min and
does not demonstrate the separation of similar-sized cells. Seo et al.?’
proposed a hybrid cell sorter combining hydrodynamics and magneto-
phoresis for improving separation efficiency where cells are separated
using magnetic susceptibility. Yet, the proposed device separates
different-sized cells only. Despite various combinations of the active
and passive methods being developed, only a few works reported on
combining inertial microfluidics with DEP. Zhang et al. developed a
DEP-coupled serpentine inertial microfluidic channel for particle sepa-

8

ration by modifying electric voltages.*®* However, the proposed
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channel has a limitation in that it can only separate particles when
there is a size difference among the particles. Moreover, the maximum
lateral particle separation distance is only 29 um for this channel.
Alazzam et al. proposed a DEP-embedded inertial microfluidic channel
that combined DEP that can separate green fluorescent protein-
labeled MDA-MB-231 CTCs from a heterogeneous mixture of blood
cells.* Yet, the proposed channel has a relatively low throughput of 6
uL/h. Recently, we reported a method combining inertial microflui-dics
for the high-throughput separation of CTCs from the similar-sized
WABCs using a zigzag channel.”> However, the proposed method can
separate cells with a low separation distance which can cause difficul-
ties in controlling the precision of cell separation.*!

Inertial microfluidics is employed using different types of channel

geometry over the years, such as straight microchannel,*

spiral
microchannel,”® and serpentine microchannel.** Although straight
channels have the advantage of simple design and ease of operation,
the channels cannot generate enough lift force for cell separation and
require a large channel length.*® Spiral channels have higher inertial
lift force and can effectively separate different-sized particles due to
the induced secondary flow.** However, the portion and deformabil-
ity of large particles impact the recovery of small particles in spiral
microchannels.”> A serpentine channel can achieve well-defined
focusing of particles with regulated inter-particle spacing due to its
alternating curvature.® Yet, serpentine channels suffer from focusing
small particles at high Reynolds numbers.*® Due to the efficient parti-
cle focusing, separation, and mixing capability, the contraction—
expansion (CE) channel has attracted the focus of researchers in the
recent past as it allows inertial size separation by a force balance
between the inertial lift and Dean drag forces in fluid regimes.”” CE
channel can separate both larger and smaller cells efficiently due to
the microvortices which are formed inside the channel.*®**° Moreover,
high-throughput, increased separation distance, enrichment of cells
and enhanced performance make the CE channels as an excellent

3052 | ee et al.”® reported a straight sym-

choice for cell separation.
metric CE channel for the separation of breast cancer cells from
WBCs with a recovery rate > 99% and a 97.4% blood cell rejection
ratio. Bhagat et al.>* developed an optimized straight CE channel by
modifying channel aspect ratio, Reynolds number, and hematocrit
with a CTC recovery rate of more than 80%. Although many studies
are conducted on a straight CE channel, very few works on a curved
CE channel have been reported in the past. Shamloo et al.>® reported
that a channel with one contraction section and two expansion sec-
tions can achieve particle separation in a shorter length than a straight
contraction—expansion channel. However, the study did not demon-
strate the effect of the number of CE on the separation of particles
and the proposed device can only separate different-sized particles.
Therefore, the study on curved CE channels with both the similar and
different-sized particles or cell separation capability is still unreported.

Several studies are reported on the size range of CTCs and
WABCs. Vona et al.’® found from experiments that the mean tumor
cell/WBC area ratio is 5.7 for Hep3B liver cancer cells, 4.5 for HepG2
liver cancer cells, 4.1 for LNCaP prostate cancer cells, and 2.8 for

MCF-7 breast cancer cells. After comparing CTCs from breast cancer
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patients with WBCs, Hyun et al. concluded that the size of CTCs is
generally larger or similar in size to WBCs.”” Marrinucci et al.’®
reported an experiment with colorectal cancer patients and they
found that the size of CTCs overlaps with the WBCs. According to
these studies, it has been observed that the size of CTCs tends to be
larger than white blood cells (WBCs) in the most cases. However, in
several instances, the size of CTCs resembles that of WBCs.

To separate CTCs from both the similar and different-sized WBCs, a
label-free method is proposed in this work coupling inertial microfluidics
and DEP using a curved CE channel. To our best knowledge, no previous
studies have reported combining inertial microfluidics with DEP in a
curved CE channel for size-independent CTC separation. In this study, at
first, the effects of the number of curved CE sections on cell separation
are investigated. Then, the effects of applied voltage and flow rates on
the separation distance are examined thoroughly. Cell migration charac-
teristics in the lateral direction are also analyzed in detail to discover the

underlying mechanism of cell separation in a DEP-coupled CE channel.

2 | RELATED THEORY

2.1 | Inertial migration
Inertial microfluidics is governed by the phenomena of lateral migration
which determines an equilibrium position of randomly dispersed parti-

cles in a microchannel.*®

A laminar regime with a Reynolds number of
1-100 is typically observed in an inertial microfluidic channel. In an iner-
tial microfluidic channel, several forces act on particles. Firstly, the parti-
cles travel along with the flow due to the influence of the viscous drag
force (Fp). Secondly, the inertial migration of particles in a lateral direc-
tion of a microchannel depends on the net effects of two inertial forces
which are the shear gradient lift force (F.s) and wall-induced lift force
(FLw). The shear gradient lift force tends to migrate the particles to the
wall from the channel center which depends on the parabolic velocity
profile of the fluid. On the other hand, the wall-induced lift force (F.w)
arises from the disturbance of the flow field around particles and it
causes the particles to migrate toward the center of the channel from
the wall. These counteracting forces determine the equilibrium position
of particles or cells in an inertial microfluidic channel. The resultant lift

force on the particles can be expressed as follows®>®:

%fLéRe,szfUZmag’

Fo a1p

D#

Re%

prmDh, &2p

where ps, U, I, @p, Dy, and f, are fluid density, the maximum velocity of
the fluid, dynamic viscosity, cell diameter, the hydraulic diameter of the
channel, and lift coefficient, respectively. The lift coefficient, f,
depends on the channel Reynolds number (Re) and vertical position (z)
within the channel cross section. It remains almost constant for

Re < 100 and its approximate value is 0.5 in the most cases.®*
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Due to the presence of curvature downstream, a radially outward
centrifugal force introduces a secondary flow that consists of two
counter-rotating vortices which are known as the Dean vortices. The
magnitude of the Dean vortices can be determined by a dimensionless
number called the Dean number (De). The expression of Dean number

is given as follows®:

a3p

where R is the radius of the curvature of the channel. The Dean flow
introduces a force known as the Dean drag force (Fpean) Which is

expressed as follows®?:
Fpean % 5:4 10*ipa,8Dep ™3, 34b

where a; is the radius of the particle. The combination of both the
Dean drag force and inertial lift force determines the number of equi-
librium positions of particles or cells. If the Dean drag force is stronger
than the inertial lift force, then the cells will be focused as a single
stream in the center of a microchannel. In contrast, the cells will take

equilibrium positions near the two sidewalls of the microchannel.®

2.2 | Dielectrophoresis

Dielectrophoretic (DEP) force is induced due to the interaction
between nonuniform electric fields and field-induced electrical polari-
zation of particles. The particles which are immersed in an alternating

electrical field will feel a time-averaged DEP force given by®*:

Foep % 2MEmeda ReV:KemdTPrE?, asp

where gmeq and f are the permittivity of the suspension medium and
the frequency of the applied nonuniform electric field of strength E,
respectively. The term RelsKaudfb indicates the magnitude of the real
part of the Clausius—Mossotti (CM) factor which can be expressed as
follows:

Kem b % Ecell Emed

cell Fmed a6b
Ecell b 2 Emed

where €ci and €meq are complex permittivity of cell and medium,
respectively, and both of them are the function of the applied fre-
quency. They can be further simplified as:

. Ocell

FceII %Ece\ll &7p

f

Fmed " €med jcmedf’ a8p

where Ocel and Omeq are the conductivity of the cell and medium,

respectively. It can be observed from Equation (5) that the CM factor

which depends on the applied frequency, determines the magnitude
and direction of DEP force. A positive DEP force is generated when
RedKcvmb>0, leading to the attraction of cells toward the area with a
strong electric field. Conversely, if RedKcvwbP<O, then DEP force
becomes negative and cells will be pushed toward the lowest electric
field gradient zone. However, if RedKcvP=0, then it will create zero
DEP force and cells will not change their initial position. Zero DEP
force can be found at a particular applied frequency which is known as
the cross-over frequency.

In a DEP-embedded inertial microfluidic device, cells are affected
by both DEP and hydrodynamic forces. At first, the cells take equilib-
rium positions due to the influence of the inertial lift and Dean drag
forces, and later the equilibrium positions are modified by the influ-

ence of the DEP force.

3 | NUMERICAL MODELING

For setting up the numerical model of the current DEP-based inertial
technique, COMSOL 5.5 is used to characterize the flow behavior and
cell separation. The fluid flow and electric field domain is solved using
the AC/DC module of COMSOL Multiphysics. The following Navier—
Stokes equation along with continuity equations®® are used for solv-

ing the velocity field.

h i
p g}ébvrv % r plpp rvpdrvk T  bF,, aop
rv%o, d10p

where p,v, 1 and p are the fluid density, velocity, viscosity, and pres-
sure, respectively. Here, F, denotes the volume force which is created
by the fluid—cell interaction.

To obtain the electric field E, the equations given below are

solved:

E%re, 011p
rédemEP % pg, d12p
%brﬁoED%O, 513b

where @, €m, pg, and o are the electric potential, medium permittivity,
net volumetric free charge density, and medium conductivity,
respectively.

In the channel, cells are influenced by the combined effect of
lift, drag, sedimentation, DEP, and Basset forces. These forces will
determine the cell trajectory within the microchannel. Moreover,
Newton's second law is applied by the transient solver to solve
the motion of the cells in an incompressible liquid. The equation
solved by the transient solver incorporating these forces is given

below:
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d
mcellaavcellp % FDrag b FLift b FDEP b FSedim b FBasset: 614p

Here, the Schiller—Naumann drag model is used for calculating

the drag force which is defined below:

1
FDrag% — mcellauvcellplp d15p
T

where u is the velocity of flowing fluid. The term t, is known as veloc-

ity response time which can be defined by the following equation:

4ppd2

vk 3CsRe’ a16p

where p,,, C4, and d are cell density, drag coefficient, and cell diameter,
respectively.

When any particle or body moves through a fluid, a lagging
boundary layer is developed with the change of relative velocity
(acceleration). The Basset force arises due to this lagging boundary
layer development, and it also accounts for the viscous effects of the
fluid. The ratio of the Basset force to thg Ws drag with constant
acceleration can be derived®® from Rys % %;’:Lf‘. Here, 1, is known as
Stokes relaxation time. In our study, the medium density,
Pm =1000kg/m? and cell density, p, =1050 kg/m® are considered.®’
As the ratio of medium density to cell density is very small, Basset
force is negligible compared to the drag force. Moreover, the sedi-

mentation force can be considered as Fsedim %3inr3g PpPm , Wherer

is the radius of the cell and g is the acceleration due to the gravity.®’
As the value of cell density and medium density is close to each other,
we can also ignore the sedimentation force in the current study.

The volume force discussed earlier is created due to the fluid cell
interaction which is equal to the magnitude of the total drag force and
acts in the opposite direction to the drag force. The volume force is

defined as follows:

X n
Fvérb% FDrag,iéér qiD, a17p
i%nl

where r, §, g;, and n are the position of the cell, Dirac delta function,
position vector, and the total number of cells, respectively.

DEP force generated by the nonuniform electric field can be
found using Equation (5). However, the cells are composed of differ-
ent elements such as cytoplasm, cell nucleus, and cell membrane
which determine the dielectric behavior of cells. To find out the char-
acteristics of biological cells, an equation of equivalent complex per-
mittivity of cells is utilized which is derived from a single shell

ISS

model.” According to the model, the equation of equivalent complex

permittivity of cells is defined as:

3 m

o, @ P2
€E e ———— §18p

cell m 757 3 El%;g

EiPEm

where r, d, €y, &, and €. are the cell radius, membrane thickness,
complex permittivity of the membrane, the complex permittivity of
cytoplasm, and equivalent complex permittivity of the cell,
respectively.

To solve the numerical model, GMRES iterative solvers are used.
The viscosity and density of the buffer solution are considered the
same as water. A fully developed fluid velocity profile is used for the
inlet with the no-slip condition at the walls. For the outlet, a zero
static pressure is applied and the time step of 1 10° s is chosen

for each simulation.

4 | VALIDATION

For the validation of the study, CE geometry is developed
with the parameters reported by Lee et al.®® Figure 1 is showing
the validation results in which the probability density of
particle position from the simulation is compared with the experi-
mental results using 4 um particles. The correlation coefficient
and root mean square error (RMSE) between the experiment
and simulation are 0.87 and 0.07, respectively which means
the simulation result significantly aligns with the experimen-tal
data.

The cell trajectory in the fluid domain is determined by discretiz-
ing the domain using tetrahedral meshes. Moreover, a mesh indepen-
dence test is performed to improve the accuracy of the mesh and a

grid number of 500142 is used for this study.

1T : : : : : : R
B Simulation Data
09+ @®  Experimental Data ]
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0 50 100 150 200 250 300 350
Channel width at outlet (um)
FIGURE 1 Comparison between the simulation and experimental

data reported by Lee et al.®® for 4 um particles. Here, red color
indicates the experimental data and blue color indicates simulation
data. The probability density of particle position obtained from
simulations is evaluated and compared with experimental results for
4 um particles. The correlation coefficient and root mean square error
(RMSE) are utilized to quantify the agreement between the
experimental and simulated data, yielding a correlation coefficient of
0.87 and an RMSE of 0.07.
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5 | OPERATING PRINCIPLE

In this study, a curved array of contraction and expansion microchan-
nel is used to separate the CTCs from WBCs from blood. A sharp
change of cross-sectional area is utilized in the channel which makes
the fluid stream follow a curved path. When fluid enters the contrac-
tion region from the expansion section upstream, the flow accelerates.
Due to the centrifugal effect, a secondary flow is induced in the con-
traction region which is known as the Dean flow. In contrast, the fluid
decelerates while flowing through the expansion region from the con-
traction section due to the large cross-sectional area. Therefore, the
effect of the Dean flow is offset by the deceleration. A shear-induced
lift force is formed throughout the channel which tends to push the
cells toward the center of the channel from the sidewall. In addition to
shear-induced life force, a wall-induced lift force also prevails
throughout the channel which tries to force the cells toward the cen-
ter of the channel from the sidewall. However, in the contraction
region, the shear-induced lift force is stronger than in the expansion
region.”®> Therefore, the cells take an equilibrium position more
quickly while passing through the contraction region. Both the Dean
and inertial force are acted in the contraction region. Therefore, in our
channel, planar interdigitated electrode arrays are placed outside of
the inner sidewall of the contraction region to generate DEP force for
cell separation.

In our proposed method, a sheath flow is used to pinch both
CTCs and WBCs toward the inner sidewall of the channel. An AC
electric field having a crossover frequency of CTCs is applied = when
the focused cells are reached near the inner side of the contraction
region. Due to the applied crossover frequency, the CTCs will not be
affected by the generated DEP force. The relative displacement of
CTCs and WBCs will be determined by the strength of lift force, Fy,
and Fpep Which are shown in Equations (1) and (5), respectively.
Experiencing negligibly small DEP force, CTCs will remain near the
inner sidewall. However, the WBCs will feel strong DEP force and
they will move toward the outer sidewall of the channel.

The CE microchannel consists of seven curved rectangular expan-
sion sections and six curved rectangular contraction sections. As
shown in Figure 2, each curved rectangular expansion section has a
width of 350 um and a height of 50 um. On the other hand, each
curved rectangular contraction section has a width of 50 um and a
height of 50 um. The outer radius of this channel is 2500 um from the
center of the channel. The interdigitated electrodes are attached to
the outside of the inner sidewall of the contraction region and there is a
gap between each electrode. There are two inlets in the channel, one
of them is used for sheath flow and another one is for the sample flow.
In our study, A549 cells are considered representative of CTCs.
Granulocytes are used as the representative of WBCs due to their sig-
nificant size overlap with A549 CTCs and they are also the most
abundant WBCs in a human body.”®’* Both the similar-sized WBCs
and different-sized WBCs have been used in our study. As the size of

6=%% smaller-sized WBCs are

CTCs size is usually larger than WBCs,
considered representative of different-sized WBCs. Although there is

a significant size overlap, both CTCs and WBCs have different

Contraction section

B / Expansion section
T
9, -
o, O
v d >‘( ‘l e = Outlet
/ / b Electrode width ™ . Gap

/ ~— Sheath flow inlet

/

Sample [low inlet

50 pm

FIGURE 2 CE channel geometry for the proposed CTC
separation method. The microfluidic channel design includes curved
rectangular expansion and contraction sections, each with a height of
50 um. The width of the expansion sections is 350 um, while the
width of the contraction sections is 50 um. The outer radius of the
channel is 2500 um from the center of the channel. Interdigitated
electrodes are located on the outside of the inner sidewall of the
contraction section, with a gap between each electrode. The channel
has two inlets, one for the sheath flow and the other for the

sample flow.

dielectric properties, and can thus be separated by using DEP with
appropriate cross-over frequency.

The size range of cells along with their dielectric properties are
mentioned in Table 1. As mentioned in the theory section, the
Clausius—Mossotti (CM) factor which depends on the applied fre-
quency determines whether negative DEP(nDEP), positive
DEP(pDEP), or zero DEP force will work on a particular type of
cells. In the current study, we set it up in such a way that a nega-
tive DEP force will work on WBCs and CTCs will have a zero DEP
force as the applied frequency is set to the crossover frequency of
CTCs. Figure 3 shows the variation of the CM factor against the
applied frequency where the mean cross-over frequency of the

CTCs is shown by the black vertical line which is 65 kHz.

6 | RESULTS ANDDISCUSSION

6.1 | Effects of the number of CE sections
Geometry plays a vital role in particle separation migration character-
istics. In the case of CE microchannel, the number of CE sections has
an important role in cell separation, and the selection of an optimum
number of CE sections is a critical factor for increasing separation effi-
ciency. To study the effect of the number of CE sections, a sheath
flow of 110 pL/min and a sample flow of 10 uL/min is considered.
Moreover, CTCs and only different-sized WBCs are used for mixing in
the sample flow. Additionally, no DEP force is used for the selection of
an optimum number of CE sections.

Initially, the separation of cells in the channel is not observed

when only one CE section is used. However, the addition of one CE
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TABLE 1 Dielectric and physical properties of CTCs and WBCs.
Crossover Cytoplasm Membrane
frequency conductivity Cytoplasm complex Membrane Membrane complex
Cell type Radius r (um) f. (kHz) Ocp (S/m) permittivity & thickness d(nm) conductivity o, (S/m) permittivity &,
A549 CTCs 7.75 £ 0.25 65+25 0.99 100 10 2 10°1 27
Similar-sized WBCs 7.75+0.1 156.65 + 2 0.72 111 5 10° 5.54
(granulocytes)
Different-sized WBCs 3.75 + 0.25 325+21 0.72 111 5 1 10° 5.54

(granulocytes)

Note: Dielectric properties of the cell beads with a medium conductivity of 0.055 S/m and relative permittivity of 80 for both CTCs and WBCs.

E
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[6]
e
g
8 05°F
=
o
(2]
[72)
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=
[Z2]
- |
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O 0
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S ———  Similar sized WBC
=
_g Different sized WBC
§ /> Mean crossover frequency line

05 = . L L L
10° 10* 10° 10° 107 108 10°
Applied Frequency (Hz)

FIGURE 3  The variation of the CM factor for different cells with

the applied frequency, where the black vertical line represents the
mean crossover frequency of the CTCs at 65 kHz. The DEP force can
be negative (nDEP), positive (pDEP), or zero, depending on the value
of the CM factor. We designed the experiment to apply a negative
DEP force on WBCs and a zero DEP force on circulating tumor cells
(CTCs) by setting the applied frequency to the crossover frequency
of CTCs.

section at a time results in an increasing number of CE sections, lead-
ing to the separation of cells, as demonstrated in Figure 4. Cell separa-
tion is initially observed when using four CE sections, and the
distance of cell separation increases gradually up to seven CE sec-
tions. With further increase in the number of CE sections, the distance
between separated cells decreases.

This study investigates the separation characteristics of several CE
sections, up to a maximum of 13 sections. A CE channel induces a sec-
ondary transverse flow, known as the Dean flow, in the contraction sec-
tion, where two counter-rotating vortices are formed in the upper and
lower regions. Both the sample and sheath flow experience the Dean
flow while passing through this section. In addition to the Dean flow, iner-
tial lift forces influence the cells throughout the channel. Therefore, the
equilibrium positions of the cells at the outlet are determined by the bal-
ance between the inertial lift and the Dean force.

The inertial lift force described by Equation (1) is directly propor-

tional to cell diameter, making CTCs more strongly influenced by this

force due to their larger size. This force causes the cells to move
toward the inner side of the channel, as shown in Figure 5. Con-
versely, the Dean force dominates in different-sized WBCs due to
their smaller size and acts to push the cells to the outer wall. The
WBCs are observed to gradually migrate toward the outer wall with
an increase in CE sections from 4 to 7. However, after Section 7, the
WBCs move gradually toward the inner side of the outlet and cannot
be separated from CTCs, following the rotational fluid movement of
the Dean vortices for 8 to 13 CE sections. From the results shown in
Figure 5, it is evident that seven CE sections provide the maximum
separation distance between CTCs and WBCs with complete focus-
ing. As a result, 7 CE sections are selected for the CE channel geome-
try for this study. The overall separation length of the channel with
seven CE sections is 0.8 cm and only few studies are reported that
can achieve separation in such shorter distance. Yuan et al. reported
an asymmetrical expansion—contraction cavity arrays for elasto-
inertial particle focusing with a channel length of 5 cm.””> Warkiani et
al. developed a high-aspect ratio microchannels for malaria detec-tion
having channel length of 2 cm.”> Sim et al. demonstrated a size-
based separation of microspheres using multiple series of CE
microchannels having length of 2.4 cm.”* Wu et al. successfully iso-
lated microparticle and blood cell separation in a straight channel with

local microstructures with a length of 11.2 cm.”®

6.2 | Effects of the applied voltage on the lateral
migration of cells

Following the selection of an appropriate number of CE sections, the
effect of applied voltage on cell separation is extensively investigated.
As the DEP is integrated into the proposed CE microchannel, the
applied voltage plays a vital role in controlling particle trajectory. The
magnitude of the DEP force is a function of electric field intensity,
which depends on the applied voltage's magnitude, as evident from
Equation (5). In this study, interdigitated electrodes with a width of
10 um and a spacing of 5 um are attached to the outer surface of the
inner contraction section of the channel, which generates a nonuni-
form electric field for DEP force. Due to the sheath flow, all cells
move toward the inner side of the contraction region where they
experience the DEP force. The applied electric field only affects

WBCs, as CTCs are not influenced by the frequency set to the
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FIGURE 4  Cell separation for various CE sections. The number of CE sections increased gradually from 2 to 13 to find the best CE

section with maximum cell separation distance. This study examined the impact of the number of CE (curved expansion) sections on the
efficiency of particle mixing. To achieve this, a sample flow rate of 10 puL/min and a sheath flow rate of 110 pL/min were used. The sample flow
consisted of CTCs and various sizes of WBCs. The experiment was conducted without applying any dielectrophoretic (DEP) force to assess the

i &

optimal number of CE sections for effective particle separation.
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FIGURE 5 Variation of cell separation distance along the width of the outlet against the increase of the number of CE sections. The error
bars indicate the width of the focusing positions of the cells. It is observed that with an increase in the number of curved expansion (CE) sections
from 4 to 7, WBCs move gradually toward the outer wall. Beyond 7 CE sections, the WBCs start to migrate toward the inner side of the outlet,
following the rotational fluid movement of the Dean vortices, and cannot be separated from CTCs. It is found that 7 CE sections provide the
maximum separation distance between CTCs and WBCs, with complete focusing.

crossover frequency of CTCs. Therefore, only WBCs are affected by Figure 6 shows the lateral position of cells along the width of out-
the applied electric field and pushed toward the outer side of the let with different peak-to-peak applied voltage with a flow rate of
channel. 120 pL/min. For each applied voltage we used 30 CTCs, 30 similar-
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sized WBCs and 30 different sized WBCs (Total 90 cells). Each type of
cells takes different focusing position along the width of the outlet. The
error bars indicate the width of the focusing positions of the cells. The
results indicate that, initially the CTCs and similar-sized WBCs tend
to stay close to the inner sidewall of the outlet, while different-sized
WBCs tend to take a position near the outer sidewall. However, as the
applied voltage increases from 5 V., to 15 V., similar-sized WBCs
move outward and different-sized WBCs begin to focus near the
center.

For the voltage of 15-25V,_,, both the different-sized WBCs
and similar-sized WBCs overlap with each other. The similar-sized

WBCs experience higher DEP force compared to different-sized

350 T T

m)

CTCs

w
o
o
T
L

Similar-sized WBCs

Different-sized WBCs §

PR

150 & n o

Lateral position along the width of outlet (u
)
o

o
=]

T
I

SR

0 10 20 30 40 50 60
Applied voltage (V)

FIGURE 6 As the applied voltage is increased from 5 V,_, to

15 V,_,, it is observed that similar-sized WBCs move outward, while
different-sized WBCs start to concentrate near the center. Between
15 and 25 V., it is found that both the different-sized and similar-
sized WBCs overlap with each other. At 35 V,_,, the similar-sized
WBCs are entirely separated from the different-sized ones, which are
shrank into a single focusing streak. This finding indicates that 35 V_,
was the critical voltage for achieving optimal separation at the flow
rate of 120 uL/min. It is worth noting that the maximum separation
distance was obtained at a voltage of 50 V..

FIGURE 7 Thecell
trajectories along the CE channel
for applied voltage of 50 V., for
the flow rate of 120 uL/min. The
red, green and blue color
represents the trajectories of
CTCs, different-sized WBCs and
the similar sized WBCs,
respectively. Here, the average
separation distances between
CTCs and different-sized WBCs,
and between CTCs and the
similar-sized WBCs are 94.5 um
and 233.4 um, respectively.

Sheath flow Sample flow

WBCs due to their difference in diameter. If the voltage is further
increased, the similar-sized WBCs move more toward the outer side.
On the other hand, the spread of different-sized WBCs is reduced
with the increase of applied voltage near the center of the outlet. At
the voltage of 35 V., similar-sized WBCs are completely separated
from different-sized WBCs. Moreover, both the similar-sized WBCs
and different-sized WBCs shrink into a single focusing streak at the
voltage of 35 V,_,. Therefore, 35 V,_, is the critical separation voltage
for the flow rate of 120 uL/min. At the critical voltage, the average
distance from CTCs to different-sized WBCs and the similar-sized
WBCs are 89.7 um and 155.3 um, respectively. It is also noted that at
the voltage of 50 V, the maximum separation distance can be
obtained. Figure 7 shows the trajectories of CTCs and WBCs at the
applied voltage of 50 V,.,. At the maximum separation voltage, the
average distance from CTCs different-sized WBCs and similar-sized
WBCs is 94.5 pum and 233.4 um, respectively. Further increase of
applied voltage has a negligible effect on separation distance which
can be seen in Figure 6 for the applied voltage of 55 V,_,. The separa-
tion distance achieved in our channel is higher than the most of the
existing cell devices which ensures higher separation precision.*
Rafeie et al. successfully separated blood plasma with separation dis-
tance less than 70 um in a slanted spiral microchannels.”® Cruz et al.
demonstrated separation of bacteria in a curved microchannel having
separation distance less than 20 um with other cells.”” Recently, Khan
et al. developed a serpentine microfluidic channel to separate breast
cancer cells from WBCs with a separation distance less than 40 um.*°
Although cells are completely separated at the critical voltage, any
applied voltage between the critical and maximum separation voltage
can be selected according to the desired cell separation distance. It is
also observed that the CTCs remain at the inner sidewall of the outlet
for any applied voltage, as the CTCs are not affected by DEP force

due to the applied crossover frequency.

6.3 | Effects of flow rate on cell separation
Flow rate is crucial for determining the throughput of a cell separation

device. In the current study, the flow rate is varied to investigate its

Trajectories of similar-sized WBCs
Trajectories of different-sized WBCs
Trajectorics of CTCs

Outlet
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effect on the critical voltage of cell separation. It is found that the
magnitude of the critical voltage increases with the increase of the
flow rate. Figure 8 shows the critical voltage required for cell separa-
tion at various flow rates. For a flow rate of 120, 150, 180, 210,
240, 270, and 300 pL/min, the critical required are 35, 45, 52, 60,
68, 75, and 80 V.., respectively. Moreover, a linear trend between

the flow rate and critical voltage is observed which means the critical

100
= g
- V.=0.25Q+5.75 //
V,: Critical Voltage (V) P
80 [ Q: Flowrate (uL/min) Y
i
70 F R2=0.99 /)
g ///,/
© 60Ff -
o -
3 L
S 50 ¥
T 7 4 Simulation data
S 40 T — Linear Fit
o s
30 b~
20 -
10
0 L~ . . . . )
100 150 200 250 300 350
Flowrate (uL/min)
FIGURE 8 Variation of the critical voltage (peak-to-peak) against

the flow rate. The simulation data is presented with a linear fit curve.
Here R? is the coefficient of determination. The critical voltages
necessary for separation at flow rates of 120, 150, 180, 210,

240, 270, and 300 pL/min are found to be 35, 45, 52, 60, 68, 75, and
80 V., respectively. A linear relationship is observed between the
flow rate and critical voltage, indicating that the critical voltage is
almost directly proportional to the flow rate.

(a)

Flowrate = 120 uL/min

—

voltage is almost linearly proportional to the flow rate. Equations (1),
(3), and (4), demonstrate that both the inertial lift and dean drag forces
depend on the Reynolds number which is proportional to the flow
rate. Thus, both the inertial lift and Dean drag forces become stronger
with the increase of the flow rate. To maintain a balance with the
strong inertial and Dean drag force, a high-DEP force is required. For
attaining higher DEP force electric potential must be increased
throughout the channel.

However, at a high flow rate such as 330 pL/min, flow separation
occurs at the edge of the contraction region. When the fluid enters
the expansion region from the contraction region, a large vortex is
induced due to the flow separation. As a result of the flow separation
fluid velocity reduces significantly near the inner wall of expansion
sections. Figure 9a shows the comparison of the effects of low flow
rate and high flow rate in the channel.

At a low flow rate, the fluid velocity remains uniform throughout
the expansion section. However, at a very high flow rate, the fluid
velocity reduces significantly near the inner wall of the expansion
section due to the vortex that is induced by the flow separation. The
induced vortex which is shown in Figure 9b, creates additional lift
force which pushes the CTCs toward the channel center from the
inner wall. Moreover, this vortex reduces the radius of curvature of
the streamline in the expansion region which decreases the separation
distance between CTCs and WBCs. Therefore, a higher DEP force is
required to push the WBCs toward the outer wall for increased sepa-
ration distance. It is found that a flow rate greater than 300 pL/min
would induce a very strong vortex in the expansion region and very
high voltage is required to achieve cell separation. The achieved flow
rate of 300 uL/min is greater than that of the majority of the previ-
ously reported DEP-based microfluidic channels. Aghaamoo et al.**

reported a hybrid microfluidic device which can separate CTCs from

Sm/s

0m/s

Flowrate = 330 pL/min

FIGURE 9

i
7 / Flow _—
separation

(a) Velocity contour plot for flow rate of 120 puL/min and 330 pL/min. At high flow rates, a vortex is generated due to flow

separation, leading to a significant reduction in fluid velocity near the inner wall of the expansion section. (b) Effects of low and high flow rate on

flow separation in the expansion sections. The vortex generated induces an extra lift force that moves the CTCs toward the center of the channel

from the inner wall. Furthermore, this vortex causes a reduction in the radius of curvature of the streamline in the expansion region, resulting in a

decrease in the separation distance between CTCs and WBCs.
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1% achieved flow rate of 2—

WABCs at a flow rate of 2 uL/min. Yan et a
4 ulL/min by combining hydrophoresis with DEP for cell separation.

Alazzam et al.*®

nel for the separation of MDA-MB-231 CTCs and the device attained a

proposed a DEP-embedded inertial microfluidic chan-

flow rate of 0.1 uL/min. Moon et al.”®

successfully demonstrated a
microfluidic device coupling DEP with multi-orifice flow fractionation
to with a flow rate of 126 pL/min.

From Figure 8, it is clearly observed that a higher applied voltage
is necessary to achieve cell separation at a high flow rate while a low
applied voltage is sufficient for the CTCs at a low flow rate. It is also
observed that due to the short length of the proposed channel, the
cells require a significantly short time for passing from the inlet to
the outlet. For instance, for the flow rate of 120 puL/min, the cells
take only 0.35 s to move from channel inlet to outlet and the mov-
ing time is less than 0.35s for the high flow rates. Lu et al.”®
reported that short-term DEP exposure (1 min or less) with fre-
guencies near the crossover frequency does not affect cell survival
and proliferation. However, lengthy exposure (more the 5 min) to
the crossover frequency may reduce cell survival. Due to the very
short exposure time of cells to the electric field, it is expected that
cell viability will not be affected during the separation process in

our proposed channel.

6.4 | Cell migration characteristics

Cell migration characteristics depend on the combined effect of the
inertial lift, Dean drag, and the DEP force. As the planar interdigitated
electrodes are attached to the inner sidewall, the DEP force acts more
strongly near the inner sidewall. The magnitude of the electric field
gradually reduces from the inner sidewall to the outer sidewall which is
shown in Figure 10a and the DEP force is generated from a non-
uniform electric field at the contraction region that is shown in
Figure 10b. The equilibrium position of CTCs is determined by the
inertial lift and Dean drag force. CTCs are not affected by the DEP
force, as the frequency of the applied electric field is set to the

crossover frequency of CTCs. However, both the different and

similar-sized WBCs will be affected by DEP force in addition to the
inertial lift and Dean drag force.

Figure 11 a shows the migration characteristics of cells along the
width of the contraction region of the channel. In this study, the mini-
mum applied voltage for which CTCs, the similar-sized WBCs, and
different-sized WBCs are separated from each other is defined as the
critical separation voltage. Additionally, the voltage for which the cell
separation distance becomes maximum is defined as the maximum
separation voltage. In the case of CTCs, they remain near the inner
channel wall due to the balance between the inertial and Dean drag
force. However inertial lift force acts more strongly than the Dean
drag force due to the large diameter of CTCs.

In the case of the different-sized WBCs, inertial lift force cre-
ates less effect on them due to their small diameter. Rather, the
different-sized WBCs will be affected mostly by the Dean Drag
force which tries to push them near the inner wall. However, the
different-sized WBCs take position near the center due to the net
interaction force between the Dean Drag force and inertial lift
force. Figure 11b shows that initially at a low voltage, the equilib-
rium position of different-sized WBCs will be disturbed, and they
have a tendency to move toward the center due to the Dean flow.
Due to the balance between the DEP and the Dean drag force,
they will take a position at the center with a wide spread. How-
ever, with the increase of applied voltage, the DEP force becomes
stronger and the spread of different-sized WBCs starts to reduce
gradually. At the critical voltage, different-sized WBCs are
completely separated from the similar-sized WBCs and CTCs. For
the similar-sized WBCs, they merge with the CTCs when there is
no DEP force. When the DEP is applied, the similar-sized WBCs
will be influenced more strongly than different-sized WBCs by the
DEP force and the similar-sized WBCs will be pushed toward the
outer wall. With the increase of the applied voltage, the similar-
sized WBCs will be moving toward the outer wall and the width of
the spread will be reduced at the same time. At the critical voltage,
the CTCs will be completely separated from both the similar and
different-sized WBCs. The equilibrium position of the similar-sized

WBCs will be moved toward the outer wall slowly with the further

Inner wall Outer wall
i <108 1.5x107
\\!
: outer W2 §
= e i
=t _ el 1nnet wall
E
FIGURE 10 (a) Variation of 2 8 0 V/m
electric field norm along the 2
width of a contraction section. "Q
(b) The contour of electric field g 4
distribution in a contraction w
section for applied voltage of 2
50 V,_,. Both figures indicate that 0 . - )
the electric field strength 0 10 20 S0 49 80 —-1.5x 107

diminishes progressively from the
inner wall to the outer wall. (a)

Width along the contraction section (um)

Top view of contraction section

(b)
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(a) Schematic of different forces acting on the contraction section. For CTCs, the equilibrium between the inertial and Dean drag

force causes them to remain in proximity to the inner channel wall. Nevertheless, the inertial lift force predominates over the Dean drag force

because of the substantial size of the CTCs. (b) Cell migration characteristics for different applied voltage. The red, blue, and green arrows

indicate the focusing width of the cells. At a low voltage, the Dean flow induces a disturbance in the equilibrium position of WBCs with various
sizes, making them move toward the channel center. However, the increase in the applied voltage amplifies the DEP force, leading to a gradual
reduction in the spread of WBCs. At a critical voltage, WBCs with different sizes become entirely separated from WBCs with the similar sizes and

CTCs. At the maximum separation voltage, both WBCs with different and the similar sizes align in a single focusing streak, and any additional

increase in the applied voltage will not significantly alter the cells' position.

increase of the voltage. At maximum separation voltage, both the
different and similar-sized WBCs will take a single focusing streak
and further increase of applied voltage will not cause a significant

change of position of cells.

7 | CONCLUSION

In this work, a hybrid CTC sorting method is proposed combining Die-
lectrophoresis with inertial microfluidics in a novel curved CE channel.
CTCs are separated laterally from both different and overlapping-
sized WBCs utilizing the leverage of the horizontal DEP, Dean drag,
and inertial lift force. This method surmounts the shortcomings of
the conventional size-based cell separation method as it exploits the
advantage of both the size and dielectric properties of the cell for the
separation of CTCs. The current study reveals that the CTC separation
mechanism can be controlled effectively by modifying the number of
curved CE sections, applied electric voltage, and flow rate. This hybrid

microfluidic channel can achieve a throughput of 300 puL/min, while

maintaining a high cell separation distance of CTCs and WBCs at the

outlet.

7.1 | Future Perspectives

The proposed novel cell sorting platform can be expanded to enable
the separation of specific target cells and particles from complex mix-
tures containing cell beads and other particles. This can be achieved
through simple modifications to the applied electric field frequency,
obviating the need for any alteration to the channel design. The
unique feature of this platform to effectively sort distinct cell and par-
ticle types using a straightforward manipulation of the electric field
frequency allows for potential broadened applications in the sorting

of heterogeneous cell populations.
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