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Abstract

Circulating tumor cells (CTCs) detection has become one of the promising solutions for the early diagnosis of cancers. Thus,
the separation of CTCs is of great importance in biomedical applications. In addition, microfluidic technology has been an
attractive approach to the manipulation of biological cells. This study presents the parametric investigations relevant to the
volumetric throughput of a microfluidic platform with the dielectrophoresis (DEP)-based cell manipulation technique for the
continuous CTCs separation. A low potential voltage at an appropriate frequency was applied to slanted planar electrodes to
separate CTCs from normal cells in blood samples due to mainly the cell size difference. The performance of the separation
process was analyzed by evaluating the cell trajectories, purity, and recovery rates. Several inlet flow rates of buffer and cell
sample fluid streams were examined. Various channel configurations with different outlet and height dimensions were also
investigated to enhance the isolation of CTCs. During the simulation, the size and shape of cells were assumed as fixed-sized,
solid spheres. The results showed that CTCs could be separated from blood cells, including white blood cells (WBCs), red
blood cells (RBCs), and platelets (PLTs) with recovery and purity factors up to 100% at the cell sample throughput of 10 pL/
min by utilizing a suitable microchannel design. The current study significantly contributes valuable insights into the design
of the microchip devices to effectively and selectively isolate different cancerous cells in biofluids.

Graphical abstract

Small particles:
Weak buffer flow PLTs, RBCs, WBCs,

Inlets

Main flow containing the
different particles

Microfluidic
channel

DEP-based separation region

Strong buffer flow Big particles: CTCs

Keywords Circulating tumor cell - Continuous cell separation - Dielectrophoresis microfluidic chip - Numerical
simulation - Flow rate

< Ngoc-Viet Nguyen
viet.nguyenngoc @phenikaa-uni.edu.vn

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0002-1710-9331
http://crossmark.crossref.org/dialog/?doi=10.1007/s13367-022-00039-6&domain=pdf

336

N.-V. Nguyen et al.

1 Introduction

Cancer is the first or second leading death cause in world-
wide human diseases, with over 19 million new cases and
about 10 million deaths each year [46]. The two most com-
mon cancer types are breast cancer in women and lung
cancer in men. Early detection methods of these cancer
diseases and related research issues have received a lot
of attention [9, 14, 17, 50]. The progression in each kind
of cancer is frequently expressed at different cytological
levels by the cell molecular, morphology, and proliferation
difference. A standard blood sample consists of various
typical components, such as white blood cells (WBCs), red
blood cells (RBCs), and platelets (PLTs). In some cancer
patient cases, various specific cell lines also appear in the
peripheral bloodstream, or the blood circulation system,
in particular rare cell types with a low appearance in the
sample less than 103 cells/mL, such as stem cells, circu-
lating fetal cells, and circulating tumor cells (CTCs) [10,
42]. Isolation, identification, and characterization of those
rare cells are indispensable for a wide range of biomedical
applications. It is potential for doctors to choose appro-
priate and effective treatment methods. CTCs are consid-
ered prognostic biomarkers relevant to the primary and
even metastatic tumors [30]. In reality, CTCs are sparse
in the peripheral blood (below 10 cells per 10° hemato-
logic cells) and their heterogeneous and fragile features
[43]. Collection and enrichment methods can raise CTCs
accumulation, thereby enhancing detection efficacy and
accuracy, as well as, providing a reliable diagnosis for
cancer treatment. A robust device would have high CTCs
purity and recovery rates, high throughput, and clinical
relevance.

Microfluidic-based approaches combining electric,
acoustic, magnetic, or optical techniques have emerged
as a powerful solution for the purification of micropar-
ticles [9, 20, 25, 29]. The separation of specific particles
in microfluidic platforms has been critical in biomedical
applications [3, 8, 16, 18, 29, 44, 49, 51]. Up to now, a
series of researches on the use of microfluidic technolo-
gies have been reported to focus cellular components [45].
A variety of microfluidic devices have been improved for
the manipulation of cancer cells, including CTCs [2, 14,
37, 48]. The main benefits are low complexity, simplicity
to fabricate, and good compatibility with the miniatur-
ized systems. Almost all these microchips often contain
a two-step procedure of cell isolation and subsequent cell
detection. Hence, the development of particular devices
for separating CTCs from whole blood specimens is a cru-
cial demand for successful subsequent analysis and detec-
tion applications. Electric principles have gained much
attention due to their advantages, such as simplicity, easy
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operation, rapid processing time, and low cost [9, 10, 38].
Dielectrophoresis (DEP) that exerts forces on dielectric
particles suspended in a non-uniform electric field, has
emerged as a rapid, label-free, and cell-friendly approach
for manipulating cells [11, 20, 28, 42, 47]. The potency of
the DEP method heavily relies on the dimension and elec-
trical properties of the cell particle, the conductivity and
permittivity of the flow medium, and the magnitude and
frequency of the applied electric field. The Clausius—Mos-
sotti (CM) factor is used to classify DEP response into
positive DEP (pDEP) if the real part of the CM factor
is greater than 0 and negative DEP (nDEP) if this one is
less than O [33]. Then, cells forced by pDEP are guided
toward the high electric field strength location, whereas
cells forced by nDEP are moved to the low electric gradi-
ents. A large number of DEP-based microchips have been
developed for cancer cell capture and detection applica-
tions. Cell size-based enrichment features and DEP-based
microfluidic methods are prominent in CTCs isolation [6,
22]. The efficiency of the separation process frequently
increased with decreasing sample flow rate or rising
applied voltage. The separation performance of the DEP
microfluidic devices was typically found to be approxi-
mately 90% at the optimal fluid flow rates introduced to the
channel below 1.0 pL/min. In some prototypes, the flow
rate could reach up to 1.5 pL/min, but the excitation volt-
age amplitude was operated to hundreds of volts [27, 31].
In general, a few drawbacks of the microchips still exist
regarding low throughputs. Thus, improving the design
and actuation parameters to strengthen the cell throughput
is critical in DEP-combined microfluidic devices [7].

In recent years, the rapid advance of computational
tools has allowed numerical simulations of continuous
separation of micro-objects in models at the scale of practi-
cal experimental microfluidic devices. The finite element
methods (FEMs) were used to explain the phenomena,
estimate microparticle manipulation systems, or optimize
their performances. Modeling and simulation methods have
been continued to be chosen as versatile tools for many cell
manipulation applications in microfluidics. Several math-
ematical models of DEP cell separators with high precision
were found in the literature [5, 15, 24, 49]. Microchannel
and electrode designs, fluidic flow and electric excitations,
and cell features were commonly analyzed to improve sepa-
ration performances. Blood cell sorting operations (RBCs,
WBCs, and PLTs) in DEP-based microchips were signifi-
cantly demonstrated through computational analyses [4, 19,
26, 32, 41]. Numerical studies of the DEP method were also
successfully applied for the isolation of CTCs [1, 12, 35].
Very recently, a DEP-based microfluidic separator using
slanted coplanar interdigitated electrodes has been stud-
ied towards the applications of cell manipulation [13]. The
effects of various geometrical and operational parameters on
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the DEP-induced displacement of particles were examined,
including the width and deflection angle of the electrodes,
the width and length of the channel, the particle size, and the
total volumetric throughput. In the current work, the micro-
fluidic platform is further modified to apply for separating
CTCs from the bloodstream. Numerical simulations of the
cell trajectories in the microchannel are presented. Investi-
gations on the cell sample and buffer flow rates, different
channel outlet and height models are carried out to find the
highest separation efficiency. The obtained results indicate
that the developed microfluidic chip is reliable for isolating
and detecting tumor cells.

2 Materials and methods
2.1 Theoretical background
Ohm’s law, Gauss’s law, and continuity equations for the

current are used to model the electric field in the microflu-
idic chip, as follows:

J=0E +joD+17, (1)
V-Ji=0 2
E=-VV 3
D =eye, E )

where J is the current density (A/m?), o is the electrical
conductivity (S/m), &, = 8.85 x 107!2(F/m) is the vacuum
permittivity, £, is the relative permittivity of the medium, E
1s the electric field (V/m), o is the angular frequency (rad/s),
D is the electric displacement field (C/m?), J is the exter-
nally generated current density (A/m?), ¢ is the space charge
density (C/m?), and V is the electric potential (V).

To solve the fluid flow velocity field, the Navier—Stokes
continuity and momentum equations for the incompressible
fluid motion in the microchannel are given by

pV.ai, =0 (%)

o
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where i,, is the fluid velocity vector (m/s), ¢ is time, p is the
pressure (Pa), p is the fluid density (kg/m?), and n is the fluid
dynamic viscosity (Pa.s).

In the streamlines of the fluidic flow and the non-uniform
electric field around the electrodes, the movement of a cell par-
ticle in the microchannel is mainly impacted by the DEP force

(Fpgp), and the Stoke’s drag force (F_HD'). The cell motion can
be expressed by Newton’s second law:

F Fop = iy @)
pep T HD = My~

where ITP and m, are the velocity and mass of the cell,
respectively.

The DEP force m inducing on a particle with the spheri-
cal shape of d, diameter, in a suspension medium with the
relative permittivity €,, is described by
VIE, .

— ]
FDEP = Z”d;EO‘emRe( CM) rms
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where E,,m is the root mean square of the electric field.
Re(fy,) is the real part of the Clausius—Mossotti (CM) fac-
tor and given by

et —¢*
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with the subscripts, p and m are the represented characters
of the particle and the medium, respectively. The € is the
complex electrical permittivity, and expressed as

* __ .0 e
& =& st=pm (10)
where o is the electrical conductivity, € is the permittivity, j
is the imaginary unit and o is the angular frequency of the

electric field.
The CM factor of viable cells can be given by [23]
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are tlme constants of the suspension medlum, and the cell,
separately. c,, is the cell membrane capacitance. Therefore,
the DEP force acting on a cell is dependent upon the cell
size, the electric factors of cell and media, and the applied
electric field. A DEP factor can be defined by the formula:

DEP factor = %ndieoemRe( o) (12)
Flow in the microfluidic channel can be freely consid-
ered as creeping flow and the Reynolds number is too small

(Re < <1). Therefore, the hydrodynamic drag force m fora
cell particle can be defined by Stokes’s law:

Fyp = 37nd, (6, - u;) (13)
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where u, and Vp' are velocities of fluid and particle,
respectively.

2.2 Microfluidic chip design

The proposed microfluidic platform for the continuous flow
separation of biological particles based on the impact of
hydrodynamic drag and lateral nDEP forces is depicted
in Fig. 1. The primary slices of the microchip include an
array of slanted planar microelectrodes and a straight chan-
nel structure layer [13]. The polydimethylsiloxane (PDMS)
channel and gold electrode configuration patterned on the
glass substrate can be fabricated using a similar soft lithog-
raphy process in the laboratory [33, 34, 36]. These bio-com-
patible materials have been used extensively in assays for
manipulation of cells. The microfluidic inlets contain DEP
buffer and cell sample infusions. The main flow (different
cell particles dispersed in DEP buffer) is injected into the
In2 port, while the two DEP buffer flows are pumped into
the Inl and In3 ports, respectively. The width of the Inl
port is smaller than one of the In3 port to generate the weak
and robust streams on either side of the main sample flow.
With this sheath-assisted focusing mechanism [40], all the
cell particles are focused in a limited breadth towards the
main channel. Subsequently, the cells enter the DEP region,
where the interdigitated microelectrodes are located. The
electrodes employing AC non-uniform electric field are
driven to sort and separate cells continuously. The two other
outlet ports of Outl and Out2 are the cell enrichment exits
of the separation part. The width ratio between these two
outlet ports can be modified to create different flow rates
moving through the outlets. All the cells are manipulated
by nDEP at a low applied voltage and a proper frequency.
Under suitable conditions, the big particles are repelled to
go out at the Out2, while the small particles are collected
at the Outl. Because of the major distinction in the size of

cell types, there are high differences in the forces between
cancerous and blood cells. The trajectories of various cell
types and the forces acting on cells when they move passing
over the interdigitated electrodes area are also illustrated in
Fig. 1. Cancer cells or CTCs with large diameters have a big
lateral displacement, end down in the separation region, and
flow into Out2. The lateral displacement of smaller cells is
somewhat reduced in the separation region, and normal cells
are thus flow into Outl. As a result, the larger CTCs could
be well separated from the smaller blood cells [19, 21]. The
microfluidic platform can also be used to achieve continuous
separation of cells based on their size [22].

2.3 Simulation parameters and setup
Three-dimensional (3D) geometrical parameters of the plat-

form are given in Table 1. COMSOL Multiphysics (Ver5.2)
was used in this study to perform numerical simulations of

Table 1 Initial parameters for the simulation model of DEP-based
cell separation in the microfluidic chip [13]

Parameters Symbol Value
Height of the microchannel (pm) H 40
Length of the main straight channel (pm) L 14,000
Width of the main straight channel (pm) w 800
Width of the Inlet 1 (pm) Inl 100
Width of the Inlet 2 (pm) In2 300
Width of the Inlet 3 (pm) In3 400
Width of the Outlet 1 (pm) Outl 400
Width of the Outlet 2 (pm) Out2 400
Width of the electrodes (pm) we 60
Space between the two adjacent electrodes (pm) se 20
Angle between the electrodes and the straight o 10

channel (°)

Small particles:

Weak buffer flow PLTs, RBCs, WBCs{ .,
DEP ,/(
buffer ;
inpu In /
. = N ._SE‘ L R b ¢
Inlets 8 L T outl/ Outlets
HD )
Main flow containing the 9(‘ “We  F.. t2
different particles = e
In3 Microfluidic
channel
) L
DEP-based separation region °

Strong buffer flow

Big particles: CTCs

Fig. 1 Sketch the microfluidic channel with slanted planar microelectrodes for continuous particle separation based on hydrodynamic fluid flow

and DEP forces
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Table 2 Simulated size and electric parameters of cells: PLTs, RBCs,
WBCs [4], and CTCs [47]

Sample flow rate = 5.0 pL/min
Buffer flow rate = 5.0 pL/min

Properties PLT RBC WBC CTC (A549)

Particle diameter (pm) 2 7 12 17

Cytoplasm conductivity (S/m)  0.25 031 0.65 0.78

Cytoplasm relative permittiv- 50 59 60 52
ity (gg)

Membrane conductivity (uS/m) 1.0 1.0 274 25

Membrane relative permittiv- 68 444 6 11.75
ity (gp)

Membrane capacitance (uF/cm?) 0.5 0.9 1.5 2.1

Membrane thickness (pm) 0.008 0.009 0.007 0.015

the continuous flow separation of cells. A549 lung CTCs
[47], and PLTs, RBCs, WBCs [4] were chosen as simulated
objects. In studying the motion trace of particles, cells could
be simplified as spheres [39]. All cells were thus assumed
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Fig.2 a Calculated Clausius—Mossotti factors for different cell par-
ticles within the frequency range. The relative dielectric permittivity
coefficient and the conductivity of the DEP medium are 78 and 0.055
S/m, respectively. b DEP force factors for cell types within the fre-
quency range

x10° T / I ]
55 \ L ol

Electric field norm (V/m)

001 1

1.99 2.99 3.98 4.98 597 (Vim)
(b)

Fig.3 a Distribution of the velocity field in the central cross sections
of the channel, with the total fluid flow rate of 10 yL/min. b Simu-
lated contours of the electric field magnitude around the microelec-
trodes in the sucrose medium. The voltage applied to the electrode
pair is 10 Vpps at the frequency of 5 kHz. Electric field profile across
the section A—A’ at different heights, z, from the bottom surface of
the electrodes patterned on the substrate

as spherical particles with the single-shell dielectric model,
including a cytoplasm surrounded by a thin lipid membrane
layer. The sizes and electrical properties of these types of
cells were found in the literature and given in Table 2. In
this study, we aim to isolate CTCs from other blood cells
using nDEP manipulation. The DEP medium could be phos-
phate buffer saline (PBS) diluted in sucrose solution (its
density and viscosity as the same as water: p=1.0x 10’ kg/
m®, p=1.0x1073 N.s/m?), with the relative permittivity
about 78, and the conductivity of 0.055 S/m [35]. Figure 2a
shows the real part graphs of CM factors calculated by
Eq. (11) as functions of frequency for four kinds of cells.
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®

Fig.4 Cell trajectories in the microchannel a without DEP and b with DEP manipulation at the total input flow rate of 10 uL/min, and c—f with

DERP at different cell sample and buffer flow rates

In the simulations, we also assumed that the cell samples
were washed and diluted in the DEP solution before pump-
ing into the main channel. The density and viscosity of the
DEP medium in the separation region were thus almost
uniform. For a given media, all cell particles have similar
CM factor spectra. To achieve nDEP response onto all cells
(Re[fep <0), the frequency of 5 kHz was set. Too low fre-
quencies are not recommended, because cell survival can be
drastically reduced at the very low-frequency range due to
the high duration of electric impulses. Figure 2b shows the
DEP factors of the cell types by Eq. (12). The DEP factor
is proportional to the DEP force magnitude. In the applied
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frequency, the CM factor reals for all cells are — 0.5, but
DEP forces on CTCs are stronger several times than those
on the other cell lines due to the size difference. As a result,
most CTCs could be credibly separated from the other cells.

From the above theoretical analyses, the separation of
cells is governed by the balance between DEP and hydro-
dynamic drag forces. The strength of the DEP force is
mainly determined by the applied electric field, while the
drag force is influenced by the fluid flow field in the chan-
nel. The Stokes fluid flow and electric fields and move-
ment trajectories of cell particles in the microchannel
were solved. The flowchart of the solution algorithm was
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presented in our previous work [35]. After building the
3D geometrical model and creating its mesh, the boundary
conditions were set. A low AC potential excitation was
set on the surface of the electrodes. The inlets of the fluid
flow channel were set to flow rates, the boundary condi-
tion on the channel walls was set to slip mode, and the
atmospheric pressure was set at the channel outlets. The
particle trajectories were computed by the combination
of the DEP and Stoke’s drag forces. The time-dependent
solver of the particle tracing module was simulated for
10 s at a time step of 0.01 s. Tetrahedral elements were
used in the simulation model mesh. More grid points were
placed on the area around the electrodes due to the nec-
essary impacts of the force fields in this region. The fine
mesh was applied, consisting of 520,520 domain elements,
151,855 boundary elements, and 21,836 edge elements
(see in Fig. S7). All computations were performed on an
Intel Core 19-10980XE CPU @ 4.60 GHz processor with
a 32 GB RAM operating system.

3 Simulation results and discussion
3.1 Simulated model validation

A similar DEP-based microfluidic design for the DEP-based
manipulation of microparticles was found and verified in
recent publications [13, 15]. Computational models and
experimental investigations were performed to build sev-
eral optimal parameters of the platform. The chip model
was applied to separate 5, 10, and 15 pm polystyrene par-
ticles with a range of volumetric throughputs from 5 to 15
pL/min. The PDMS main channels of 7-14 mm length,
400-800 um width, and 20-40 pm height were suggested.
Other parameters of the width (60 um), the spacing (20 um),
and the deflection angle (10°) of the microelectrodes were
chosen. The width of the electrodes had a negligible effect
on DEP forces while decreasing the electrode spacing results
in higher DEP responses. However, these parameters were
proposed to fit the micro-fabrication technology limitations.
The microfluidic chip design was also tested for the separa-
tion of fibroblast cells. The electric frequency in kHz was
selected to keep the CM factor close to -0.5. Several micro-
fluidic chips that applied similar DEP techniques for the
separation of CTCs have also been summarized in our previ-
ous study [35]. Experimental data obtained in the researches
could be used to verify the simulation results. This revealed
that the advanced device in the current study could also be
effective for size-based cell separating and focusing applica-
tions with high aspects of recovery and purity.

The fluidic flow and the electric field distributions in
modeling were considered to reveal our approach and real-
istic results. It is assumed that the DEP buffer solution was
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::T 80 4 N
°T: X —o—2 5 (uL/min)
g N = 4=-5.0 (uL/min)
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sot NN
) L 3
2 \ RN
8 '
5 a0 ] AN
(8]
5 N,
\
20 + .
A
\ .
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0 t t : } e R
2 3 4 5 ] 7 8
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100 F B o o e o o o o e < ]
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= —e—2.5 (uLimin)
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o
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Fig.5 CTCs recovery and purity factors with DEP manipulation at
different input flow rates

injected into the channel with a total flow rate of 10 pL/min.
The channel was thus filled fully with the buffer medium. In
addition, the sinusoidal peak-to-peak voltage of 10 V at the
frequency of 5 kHz was applied on the electrode array. Sim-
ulated velocity magnitude and electric field intensity around
the separation region is expressed in Fig. 3a, b, respectively.
The average velocity of the streamlines is approximately
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6.0 mm/s at the cross section of the main straight channel.
Besides, the velocity contours at the central flow are smaller
than those of the side flows. This flow mechanism allows cell
particles to be concentrated into the mid-fluidic streams of
the channel as entering the DEP manipulation region. An
arrangement of non-uniform electric fields on the micro-
electrodes creates lateral DEP forces induced on cells. The
peaks of the electric field strength are nearly 6 x 103 V/m
around the edges of the electrodes. Moreover, the electric
field amplitude gradually decreases with increasing the
z-distance from the bottom surface to the top surface of the
channel. Besides, the electric field magnitudes are quite sta-
ble in the z-range from 20 to 40 um, with the mean value
approximately 1.5 10° V/m. Thus, the forces acting on the
nano-newton scale were exposed to have little effect on cell
survival and stress.

3.2 Effect of inlet throughputs

Figure 4 exhibits the motion trajectory of cells in the chan-
nel with different inlet total flow rates. The color legend
bars were used to express the cell diameters. Cells were
injected into the channel through the In2 port and moved
from the left to the right of the main channel. First, the trac-
ing response at which the model had no electric excitation
and the volumetric flow rate was 10 uL/min is examined

Number of CTCs deflected into the Out2

2.5, 5.0, and 7.5 yL/min so that the total flow rate in the main
channel altered in the range from 5 to 15 puL./min. Figure 4b,
d shows the cell trajectories with acting nDEP at the sample
flow rate of 5 uL/min and three different buffer flow rates.
At a low buffer flow rate of 2.5 uL/min, almost all the CTCs
were separated and moved to the Out2, but a little amount
of smaller cells also shifted through this port (see Fig. 4c).
When increasing the buffer flow equal to or higher than sam-
ple flow, all the smaller cells were focused on the top side
of the Outl. However, the displacement of the CTCs also
tended to shift upwards of the channel, causing some CTCs
to be collected in the Outl (see Fig. 4b). At even high flow
rates, all cells, including the CTCs, were concentrated in the
Outl port (see Fig. 4d). Figure 4e, f shows the cell trajecto-
ries with acting nDEP at the buffer flow rate of 5 uL/min and
two different cell sample flow rates. Similarly, the amount of
CTCs that moved upwards to the Outl output increased with
increasing the cell sample volumetric throughput.

The cell traces of the separator with different flow rates
of sample and buffer in the range from 2.5 to 7.5 yL/min
were investigated. In each survey, the number of each cell
type injected into the In2 port was 100. All cells were ran-
domly released within the first second of the simulation pro-
cess. After 10 s of running simulation, the cell numbers of
each type collected in both output ports were determined.
To evaluate the CTCs separation performance, the recovery
and purity factors in the cases were defined by

.100% (14)

CTCs recovery factor =

Total collected CTCs in the Outl and Out2

Number of CTCs deflected into the Out2

CTCs purity factor =

.100% 15)

Number of total cells collected in the Out2

and shown in Fig. 4a. Without acting electric field, the cells
were only shifted by flow force to both Outl and Out2 ports
in a disorderly way. Subsequently, the movement of cells
being manipulated by the lateral nDEP force was investi-
gated on a variety of inlet flow conditions. After applying
the voltage, the displacement of each cell was controlled by
the net force of the DEP and the flow forces acting on it. The
CTCs with the bigger size and the stronger DEP force were
pushed down to the bottom side of the channel. As a result,
the CTCs deflected towards the Out2 port. In comparison,
the cells of WBCs, RBCs, and PLTs with smaller diameters
were subjected to more drag force than DEP force. The small
cells were thus repelled up to the top side of the channel and
then exited in the Outl port.

The volumetric flow rate is a highly desirable coefficient
of influence on the separation of cells. Several different com-
binations of buffer (Inl and In3) and cell sample (In2) flow
rates were explored. Their values were, respectively, set at
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Figure 5a, b shows the CTCs recovery and purity fac-
tors versus the survey groups, separately. As can be seen
that the CTCs recovery factor decreased as any flow rates or
the total fluid stream increased. Whereas the CTCs purity
factor dropped down as increasing the sample flow rate, it
raised as increasing the buffer flow rate. The CTCs recovery
factor achieved 100% at the sample flow rates below 5 pL/
min and the buffer flow rate of 2.5 pL/min. The recovery
factor was down to about 90% when maintaining the buffer
flow but increasing the sample flow up 7.5 pL/min. In these
cases, the CTCs purity factors were all over 90%, but not
100%. In other cases, when the buffer stream was incre-
mented between 5.0 and 7.5 uL/min, all the separation purity
factors reached 100%. Nevertheless, all the recovery factors
were less than 75%, even equal to zero when both the sample
and buffer flow rates were 7.5 uL/min. Due to the demand
to enhance the cancer cell isolation, the flow configurations
that gave good CTCs separation factors at high sample flow
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rates should be recommended. While the buffer flow rates
could be maintained at a reasonable level of 2.5 pL/min.

3.3 Effect of outlet designs

In the subsequent investigation, the influence of changing the
outlet design on the separation performance was mentioned.
The width-based ratio between the Outl and Out2 ports was
examined. The variation was in the direction of decreasing
the dimension of the Out2 while increasing the size of the
Outl. This tendency corresponded to the ratio change of the
inlet flow rates to move through the outlet ports. Figure 6
shows the cell trajectories with the same DEP electric field
and inlet injection conditions, including the same sample
flow rate of 5.0 uL/min and the same buffer flow rate of 2.5
pL/min at several outlets structures (Outl/Out2). As a result,
the CTCs were recovered in the Out2 port with all these
cases. In a case with the width of the Outl smaller than that
of the Out2, there were still some non-target cells towards
the Out2, and the purity factor was thus below 100%. In the
opposite cases, with the width ratio of Outl/Out2 higher
than one, all the smaller cells were pushed to the Outl, and
then the separation purity could achieve a high value.

Sample flow rate: 5 uyL/min 4—‘

Buffer flow rate: 2.5 pL/min —
Out1/Out2: 200/600

Y/
Sample flow rate: 5 uyL/min %ﬁ;

Buffer flow rate: 2.5 pL/min =
Out1/Out2: 500/300 -

The CTCs recovery and purity factors with the same DEP
manipulation and the same buffer flow rate of 2.5 uL/min,
but different sample flow rates from 2.5 to 7.5 pL/min and
different output designs are shown in Fig. 7a, b. The results
of cell traces in all combinations are shown in Figs. S1-S5.
The output width-based ratios of Outl/Out2 were set at
200/600, 300/500, 400/400, 500/300, and 600/200, respec-
tively. In the descending trend of the Outl size, the CTCs
recovery factor dropped out, while the CTCs purity factor
went up. Depending on the application, the outlet structure
can be chosen to be expected efficient in terms of either
recovery or purity. From these graphs, the configurations
with the Outl width located from 500 to 600 pm were pref-
erable if the CTCs separation purity was preferred, and the
recovery still achieved high performance. Both CTCs recov-
ery and purity factors were 100% at the sample flow rate of
5.0 pL/min and the buffer flow rate of 2.5 pL/min (Movie 1
in the Supplementary material). Even with the Out1/Out2
ratio of 500/300, the recovery factor was still above 70%,
and the purity factor was 100% at the sample flow rate of
7.5 uL/min and the buffer flow rate of 2.5 uL/min. Hence, a
duly adjusted parametric configuration that the sample flow
rate is higher than the buffer flow rate; meanwhile, the more
significant amount of total volumetric throughput is moved

Sample flow rate: 5 yL/min
Buffer flow rate: 2.5 yL/min
Out1/Out2: 300/500

—

==

Sample flow rate: 5 pL/min =
Buffer flow rate: 2.5 pL/min E -
Out1/Out2: 600/200

Fig.6 Cell trajectories with being manipulated by the DEP at the sample flow rate of 5.0 uL/min, and the buffer flow rate of 2.5 pL/min; and
various outlet configurations of Out1/Out2: a 200/600; b 300/500; ¢ 500/300; d 600/200 (um/pum)
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Fig.7 CTCs recovery and purity factors at various output port
designs with the same buffer flow rate of 2.5 uL/min and different
sample flow rates from 2.5 to 7.5 uL/min

to the Outl port can achieve the highest separation efficiency
for the isolation of CTCs.

@ Springer

Fig.8 Cell trajectories with being manipulated by the DEP in the
three different channel height configurations from 20 to 40 um, with
the same 550/250 (um/um)-Out1/Out2 ratio, the same cell sample and
buffer flow rates of 10 and 2.5 uL/min, respectively

3.4 Effect of channel’s height

From Fig. 3b, it can be seen that the DEP force field
increases as the cells move closer to the electrode surface.
As the height of the channel goes down, both the effect of
the electric field on cells and the flow velocity in the separa-
tion region grow up. In the subsequent survey, the influence
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Fig.9 CTCs recovery and purity factors at various channel height
configurations (H=20, 30, 40 um) with the same buffer flow rate of
2.5 uL/min and different sample flow rates from 2.5 to 12.5 pL/min

of the channel's height was mentioned. Three microchannel
configurations with the same Out1/Out2 ratio of 550/250 and
different heights from 20 to 40 um, were considered. These
channel height dimensions are still larger than the diameters
of all cell types. The investigations were performed at the
same buffer flow rate of 2.5 uL/min with several sample flow
rates ranging from 2.5 to 12.5 pL/min. Figure 8a—c shows

the cell trajectory plots at the same cell sample flow rate of
10 pL/min for the three different channel height designs.
More detailed information for all the cases were given in
Fig. S6. The CTCs recovery and purity factors are calculated
and shown in Fig. 9. With the low channel height of 20 um,
DEP effects strongly acted on all cells. This results in not
only CTCs but also some other blood cells (usually WBCs)
being separated into the Out2 exit. Thus, the CTCs recovery
factors are high, but the CTCs purity factors are lower than
100%. On the contrary, the CTCs recovery factors decrease,
but the CTCs separation purity factors are high for the chan-
nel height size of 40 um. The microchannel configuration
with the height of 30 um is suggested to maintain good sepa-
ration performances. The results indicated that the proposed
design achieved both the CTCs recovery and purity factors
of 100% with the cell sample flow rate of 10 pL/min (see
Fig. 8b). This property creates an excellent possibility for
size-based cell separation applications (such as cancer cell
enrichment from other blood cells).

4 Conclusions

A continuous-flow and DEP-based microfluidic chip was
successfully developed and validated using the 3D compu-
tational model to separate lung CTCs from other blood cells,
including WBCs, RBCs, and PLTs. Various optimal param-
eters of the microfluidic channel, the electrode array, the
length of the DEP region, and the applied electric field were
chosen by the suggestions in the literature. In this paper,
the volumetric throughputs into the inlet and outlet ports
were examined to improve the recovery and purity factors
for the isolation of CTCs towards the below side outlet of
the channel. With the assumptions of fixed shape and size of
cells, the microchannel configuration with the dimensions of
30 um-height, 550 um-width for Outl and 250 pm-width for
Out2 could achieve the performance factors of 100% when
the cell sample flow rate is about 10 uL./min, and the buffer
flow rate is 2.5 pL/min. Though, the throughput of this
microfluidic flow-separating device is still limited to pro-
cessing an actual blood sample. The multi-parallel channel
structures may be considered to improve the robustness of its
operation. The findings and simulation results of this work
can help determine the optimal parameters for the develop-
ment of portable DEP-based platforms with a higher sample
throughput for CTCs detection as well as metastatic can-
cer diagnosis and prognosis. Changing the cell size range,
verifying the CTCs separation efficiency from the periph-
eral blood sample, and enhancing the cell sample throughput
could be explored in the proceeding works.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13367-022-00039-6.
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