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ABSTRACT

The reliable separation of circulating tumor cells from blood cells is crucial for early cancer analysis and
prediction. The aim of this research is the separation of circulating tumor cells and subtypes of white blood
cells (Granulocytes and F-lymphocytes),by employing dielectrophoretic force. Dielectrophoresis refers to the
movement of a neutral but polarizable particle, such as a cell, virus, or hanoparticle, in a non-uniform electric
field. Dielectrophoresis is a powerful tool in ‘microfluidics and lab-on-a-chip devices for cell sorting, such as
separating cancer cells from blood_ cells or different types of bacteria. In this study, an innovative microfluidic
device equipped with circular electrodes operating at a low voltage of 1 V for the main channel and 0.8 V for
the second channel is proposed, which functions at a frequency of 100 kHz. The use of low voltage ensures the
survival and health of biological cells, which is akey factor in medical applications. Plots of electrical potential,
velocity, pressure, and the dielectrophoretic force applied to-the three studied cell types were presented through
simulations. The efficiency of the proposed microseparator for cancer cells was calculated to be approximately
94%. Subsequently, using the Finite Element Method as a.comparative approach, the impact of changing the

voltage of the main channel electrodes on the efficient separation of particles was investigated and analyzed.
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1. Introduction

Separating circulating tumor cells (CTCs) inside the
blood, have attracted considerable interest due to their
important role in early cancer diagnosis and prognosis,
allocating, for minimally invasive methods and
providing fundamental information about metastasis at
the cellular level [1, 2]. Cancer metastasis is a difficult
series ofssteps@in which cancer cells travel from the
initial /fumor site ‘to nearby organs [3]. This process
begins with the appearance of the primary tumor, where
cancer cells increasingly grow and infect the nearby
tissues, including the blood and lymphatic arteries.

The label-free, dielectrophoresis methodology, which
involves the manipulation of cells via non-uniform
electric fields, has emerged as a promising technique for
the separation of circulating tumor<cells [4].

The aim of this study is 10 develop_strategies for the
segregation of human glioblastoma. (hGBM) tumor
cells, and subtypes of WBCs. “An innhovative
microfluidic apparatus featuring circular electrodes that
operate at a low voltage of 1 volt functioning at a
frequency of 100 kHz through the, mechanism of
dielectrophoresis  force, was introduced. The
implementation of low-voltage conditions is imperative
to maintain the viability of biological cells, which issan
essential consideration in the realm of medical
applications.

2. Materials and methods

Fig. 1(b) shows Schematic representation of a
singular shell model. When particles that exhibit
polarization characteristics are placed within a
suspension medium and subsequently subjected to the
influence of an inhomogeneous electric field, they
experience a directional motion as a direct response to
the dielectrophoretic forces acting upon them (Fig. 1b).
In the case of spherical particles, a comprehensive and
quantitative expression delineating the magnitude of the
dielectrophoretic force can be articulated through the
mathematical formulation presented in Equation (1):[5]
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Figure 1. (a) Schematic representation of a
singular shell model. (b) dynamics of particle motion
by dielectrophoretic (DEP) response

Three modules are used for simulation of the
microseparator; an electrical current, creeping flow,
particle tracing in a fluid flow and transport of species.
The electric current module was used to supply the non-
uniform electric current fields. The creeping flow was
used to simulate fluid flow at very low Reynolds
numbers where the inertia term in the Navier-Stokes
equation can be ignored.

The illustration represented as Fig. 2(a) provides a
comprehensive schematic depiction of the microfluidic
device. The suggested microseparator encompasses a
two-stage system, featuring two distinct inlets. The
upper inlet is used as the blood sample of length 200
pm and width of 40 pm, and the other one is used as the
buffer inlet of the same length and width. There are
three cell separation outlets, each has a length of 200
pm and a width of 40 um. In the initial stage, there
exists a total of eight uniform circular electrodes, while
in the second stage, four circular electrodes are
positioned on the lower aspect of the microchannel. The
velocity of inflow at the buffer inlet is sustained at a
specific rate (953[um/s]) in contrast to the inflow
velocity at the blood sample inlet (180[um/s]). In this
arrangement, the separation of WBCs, and CTCs was
conducted. Fig. 2(b) shows the real part of CM factor
for the cells. In the selected frequency (100 kHz) for
separation of the cells, the negative DEP is exerted on
the cells.
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Figure 2. (a) A schematic representation of the
microfluidic device (b) the real part of CM factor vs
frequency.

3. Results and disscution

Figure 3 shows the DEP force for each cell species
through the first stage of the microchannel evaluated
across thesvertical cut line. Based on the figure, hGBMs
are the'most influenced cell species by the DEP force
because of the higher DEP force in the range of 40 x 10
11 [N].In a similarfashion, T-lymphocytes are the less
affected by theweakest DEP at the range of 65 x 10 *°

[N].
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Figure 3. DEP force for each cell species through
the first stage.

Figure 4 illustrates the separation of the cells within
the proposed microseparator. The hGBMs (depicted
within white circles) and Granulocytes (depicted within
pink circles), owing to their larger diameters, experience
the most substantial dielectrophoretic force generated
by the electrodes operating at 1V, thereby being
deflected towards the lower outlet within the main
channel. The T-lymphocytes (depicted within blue
circles) progress to the upper outlet. All cellular types
undergo negative dielectrophoresis at a frequency of
100 kHz, then they move away from high electric field
near the electrodes.
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Figure 4. Simulation of particles trajectories in
the proposed microseparator.

4, Conclusions

In this study, a microfluidic device featuring circular
electrodes operating at low voltages and frequency of
100 kHz was modeled and simulated. This design uses
DEP force to separate hGBM cancer cells, and WBCs
sub types. Low-voltage operation that is critical for
maintaining cell viability, which is a key consideration
in biomedical applications.
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Fig. 3. The physics and boundary conditionsin the simulation of the proposed microseparator.
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Table 1. The dielectric properties of blood cells, carrier fluid,"and operatingseconditions
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Fig. 5. (a) Mesh set-up of the microseparator (b) mesh independence study.
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Fig. 6. Validation of the numerical model showing simulated cell trajectories of the PLTs and RBCs with the
experimental results of Piacentini et al.
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Fig. 7. Simulation of (a) electric potential, (b) velocity field, and (c) pressure in the proposed microseparator.
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Fig. 9. Dielectrophoretic force for each cell species through the first stage of the microchannel evaluated over the
simulation time across the herizontal cut line.
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Fig. 10. Simulation of particles trajectories in the proposed microseparator.
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Fig. 11. Dielectrophoretic force acting on Granulocytes and CTCs, through the second stage of microseparator.
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Table 2. The comparison between the proposed DEP device with recently reported papers.
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Fig. 12. Simulation of cellular trajectories in response to variations in the voltage applied to the primary channel
electrodes, specifically within the range of (a) 0.8V, (b) 1.2 V, and (c) 1.5 V.

&35 aomii -F
S wadisla o kS sladisS 15 g o Slb e sladshe silulaz lp iluane lad pal; anng asllhas (nl 5l o
JUS elyr dg) ol @lasls 5o (slopls sloog Sl lls a5 55 o ail,) &ilyglys ¥y, oKt Sy o plool axllias
5o Stbe QIR o T899 2SIl (63 59 5l (AL cnl il Fiagl ST Ve LB L 4gl JUS sln Sy /A g Lo
ay S SIS olss 5 o5l 51 o s clo Jpbos S o 00litl i clo J5ulS (sloisS 5 3 NGBM Sl yus (sl Jskus
Ly il oo DERSAGlaee (2l po VL s g conlis winsls 5 wiin plete Jsone (S5 s she 5l (2ly 55k
ol Jo sl Pl sk @ gl ol S b s SldelS 5 D3 Gl e SIS 5 (Sesd ple e SO
sl oo )5 sl ) o aS el gty ol iy D58 Al (mly Sl SL5 005 Sl 0nd (pwiipe S,k Al
Al Se Jeke rpdiian; i Gl B8 @ sk iluba lp a5 Gl 5y 0 8 See Lol 5 ab] S8l
6> Sy 9 )lad e o S S el 5| I Sl 35 (siludnd @l adoe Cae (Shp slo ) e Sl
e ol 5l Loy xSl ead Jlesl 5ty ol o8 olowl 1 ams ge @)l 1) Jolo g5 a2 oas Jlael 585,55
A gy Sl 1 Ao el o o gize ol (g, 51 olial b el dshas (s3lulaz sl 3Y 5895801 (55 (59505
Slp Bl polie a5 ol lis gile 4l mls ol oadh bl @S gilulas leasly o Lol JUKS 09 ,uSTl 5Ly s

Syl 1) S Sl 5 dig g 2SI
o108
5 585 o Slaniy 5 (VF Y10 ojlads Jbo SS) Jlo culom bl DLy dBzils faghy Cisles 5| aloras alie ol G aiss
S e Slo,u8
ke Caw o 5-0

Sl e
lle ‘o)S él.x..» r

Wm . s, o) e E
N F

i cwd Re
SywsallosisW  CM
ilolas SBul, #SE
Silolegosls 6P

m . Jsb sl &ge



m/s. Jbwce,e U

o K
Pa . L P
M ¢aing Cwubs d
g ol
B8NS &

SIm . xS wile, O

kg/m* Js=  p

slagly W55 @

&=l

[1] N.T.A. Othman, F.S.A. Kalam;:Bloed Cell Tracing in a Microchannel by Using
Dielectrophoresis Force, Jurnal Kejuruteraan, 33(1) (2021) 55-61.

[2] N.T.A. Othman, H. Obara, A. Sapkota, M« Takei, Measurement of particle migration in micro-
channel by multi-capacitance sensing method, Flow Measurement and Instrumentation, 45 (2015)
162-1609.

[3] J.K. Leal, M.J. Adjobo-Hermans, G.J. Bosmany/Red blood cell homeostasis: mechanisms and
effects of microvesicle generation in health and disease; Frontiers in physiology, 9(8) (2018) 703.
[4] G.J. Kato, F.B. Piel, C.D. Reid, M.H. Gaston, K. Ohene-Frempong, L. Krishnamurti, W.R.
Smith, J.A. Panepinto, D.J. Weatherall, F.F. Costa, Sickle cell disease, Nature reviews Disease
primers, 4(1) (2018) 1-22.

[5] M.A. Mansor, C. Yang, K.L. Chong, M.A. Jamrus, K. Liu, M. Yu, M.R. Ahmad, X. Ren, Label-
free and rapid microfluidic design rules for circulating tumor cellenrichment and isolation: a review
and simulation analysis, ACS omega, 10(7) (2025) 6306-6322.

[6] W. Tang, D. Jiang, Z. Li, L. Zhu, J. Shi, J. Yang, N. Xiang, Recent advances in microfluidic cell
sorting techniques based on both physical and biochemical principles, Electrophoresis, 40(6) (2019)
930-954.

[7] S.M. Zareei, M. Jamshidian, S. Sepehrirahnama, S. Ziaei-Rad, A Review of Studies on the
Motion of Particles Under the Influence of Acoustic Waves in Microfluidie'Systems, Amirkabir
Journal of Mechanical Engineering, 52(7) (2019) 1905-1924.

[8] M. Mehdipoor, H. Badri Ghavifekr, Design and simulation of a biosensor based on a
microelectromechanical resonator array, Amirkabir Journal of Mechanical Engineering; 53(6
(Special Issue)) (2021) 3841-3854.

[9] B. Techaumnat, N. Panklang, A. Wisitsoraat, Y. Suzuki, Study on the discrete dielectrophoresis
for particle—cell separation, Electrophoresis, 41(10-11) (2020) 991-1001.

[10] F. Shiri, H. Feng, B.K. Gale, Passive and active microfluidic separation methods, Particle
Separation Techniques, (2022) 449-484.

[11] S. Chakraborty, Electrokinetics with blood, Electrophoresis, 40(1) (2019) 180-189.

AR



[12] A.A. Ayash, H.H. Al-Moameri, A.A. Salman, A.A. Lubguban, R.M. Malaluan, Analysis and
Simulation of Blood Cells Separation in a Polymeric Serpentine Microchannel under
Dielectrophoresis Effect, Sustainability, 15(4) (2023) 3444,

[43] J. Niu, S. Lin, Y. Xu, S. Tong, Z. Wang, S. Cui, Y. Liu, D. Chen, D. Cui, A stepwise multi-
stage continuous dielectrophoresis separation microfluidic chip with microfilter structures, Talanta,
279 (2024) 126585.

[14] MiLan, FiYang, Applications of dielectrophoresis in microfluidic-based exosome separation
and detection, Chemical Engineering Journal, 491(10) (2024) 152067.

[15] S.M. Tabarhoseini, A.S. Kale, P.M. Koniers, A.C. Boone, J. Bentor, A. Boies, H. Zhao, X.
Xuan, Charge-Based Separation of Microparticles Using AC Insulator-Based Dielectrophoresis,
AnalyticalFlChemistry, «96(33) (2024) 13672-13678.

[16] T. Zhou,J. HeyZ. Wu, Q. Bian, X. He, S. Zhou, J. Zhao, T. Wu, L. Shi, H. Yan,
Dielectrophoretic—inertial microfluidics for Symbiodinium separation and enrichment, Physics of
Fluids, 36(3) (2024) 032018.

[17] V. Kordzadeh-Kermani, S.N. Ashrafizadeh, M. Madadelahi, Dielectrophoretic
separation/classification/focusing‘of.microparticles using electrified lab-on-a-disc platforms,
Analytica Chimica Acta, 1310°(2024)342719.

[18] S.H. Lin, T.C. Su, S.J: Huang, C.P<Jen, Enhancing the efficiency of lung cancer cell capture
using microfluidic dielectrophoresis‘and aptamer-based surface modification, Electrophoresis,
45(11-12) (2024) 1088-1098.

[19] M. Aghaamoo, A. Aghilinejad, X. Chen, J. Xu, On the design of deterministic
dielectrophoresis for continuous separation of circulating tumor cells from peripheral blood cells,
Electrophoresis, 40(10) (2019) 1486-1493.

[20] P.R. Gascoyne, S. Shim, Isolation of eirculating tumor cells by dielectrophoresis, Cancers, 6(1)
(2014) 545-579.

[21] S. Shim, K. Stemke-Hale, J. Noshari, F.F. Becker, P.R. Gascoyne, Dielectrophoresis has broad
applicability to marker-free isolation of tumor cells from.bleod by microfluidic systems,
Biomicrofluidics, 7(1) (2013) 011808.

[22] K.A. Hyun, H.1. Jung, Microfluidic devices for the isolation’of circulating rare cells: A focus
on affinity-based, dielectrophoresis, and hydrophoresisy Electrophoresis, 34(7) (2013) 1028-1041.
[23] E. Poorreza, An Electrokinetic-Based Microfluidic Separator Having Focuser Electrodes for
Blood Cells Separation, Transactions on Electrical and Electronic.Materials, 26 (4) (2025) 1-11.
[24] L. Qin, X. Liu, F. Fei, CFD-Based Optimization of a Dielectrophoretic Device to Isolate CTCs,
Electrophoresis, 46(7-8) (2025) 433-451.

[25] C. Yang, Z.-a. Zhou, J. Chen, A.S. Miandoab, M.R. Ahmad, K. Liu,2Y. Qin, X. Liu, M. Yu, X.
Ren, Circulating Tumor Cells Isolation by a Novel Hybrid Dielectrophoresis-Spiral Microchannel,
in: 2025 IEEE 20th International Conference on Nano/Micro Engineered and Molecular Systems
(NEMS), IEEE, 2025, pp. 259-264.

[26] X. Ou, P. Chen, B.-F. Liu, Liquid Biopsy on Microfluidics: From Existing Endogenous to
Emerging Exogenous Biomarkers Analysis, Analytical Chemistry, 97(16) (2025) 8625-8640.

[27] V. Varmazyari, H. Habibiyan, H. Ghafoorifard, M. Ebrahimi, S. Ghafouri-Fard, A
dielectrophoresis-based microfluidic system having double-sided optimized 3D electrodes.for label-
free cancer cell separation with preserving cell viability, Scientific reports, 12(1) (2022)/12100.
[28] M.R. Uddin, X. Chen, DESIGN OF A HYBRID-INERTIAL DEVICE FOR THE
SEPARATION OF CIRCULATING TUMOR CELLS, in: Frontiers in Biomedical Devices,
American Society of Mechanical Engineers, 2023, pp. V001T002A002.

[29] M.T. Sarowar, M.S. Islam, X. Chen, Separation of CTCs From Blood Cells Using Curved
Contraction-Expansion Microchannel Equipped With DEP Force, in. ASME International

Yy



Mechanical Engineering Congress and Exposition, American Society of Mechanical Engineers,
2023, pp. V012T013A026.

[30] T.H. Nguyen, H.T. Nguyen, M.C. Nguyen, L. Do Quang, J. Ducrée, T.C. Duc, T.T. Bui,
Circulating Tumor Cell (CTC) Separation from Blood Constituents Using A Dielectrophoresis-
Based Microdevice, in: 2024 Tenth International Conference on Communications and Electronics
(ICCE), IEEE, 2024, pp. 167-171.

[81] R«#Agashe, R. Kurzrock, Circulating tumor cells: from the laboratory to the cancer clinic,
Cancers, 12(9) (2020) 2361.

[32] L. Tivig, L. Vallet, M.G. Moisescu, R. Fernandes, F.M. Andre, L.M. Mir, T. Savopol, Early
differentiation of mesenchymal stem cells is reflected in their dielectrophoretic behavior, Scientific
Reports, 14(1) (2024).4330.

[33] E. Poorreza, Computer-assisted modeling and simulation of a dielectrophoresis-based
microseparator for blood cells separation applications, Chromatographia, 88(3) (2025) 225-242.
[34] Y. Zhang, X. Chen, Blood:cells separation microfluidic chip based on dielectrophoretic force,
Journal of the Brazilian Society of Mechanical Sciences and Engineering, 42 (2020) 1-11.

[35] W. Pakhira, R. Kumar, F.C..Panwala, K.M. Ibrahimi, Microfluidic Design for Continuous
Separation of Blood Particlesiand Plasma Using Dielectrophoretic Force Principle, Computer
Assisted Methods in Engineeringand Science, 30(3) (2023) 323-345.

[36] M.S. Bakhshi, M. Rizwan, G.Js’Khan, H. Duan, K. Zhai, Design of a novel integrated
microfluidic chip for continuous‘separation of circulating tumor cells from peripheral blood cells,
Scientific Reports, 12(1) (2022) 17016.

[37] N. Piacentini, G. Mernier, R. Tornay, P. Renaud, Separation of platelets from other blood cells
in continuous-flow by dielectrophoresis field-flow-fractionation, Biomicrofluidics, 5(3) (2011)
34122.

[38] A.M. Alkhaiyat, M. Badran, Numerical simulation of a lab-on-chip for dielectrophoretic
separation of circulating tumor cells, Micromachines, 14(9) (2023) 1769.

[39] N.-V. Nguyen, T. Le Manh, T.S. Nguyen, V..T. Le, N«*Van Hieu, Applied electric field analysis
and numerical investigations of the continuous cell*separation in a dielectrophoresis-based
microfluidic channel, Journal of Science: Advanced Materials and Devices, 6(1) (2021) 11-18.

Yy



Design and Modeling of a Novel Two-stage
Dielectrophoresis-Based Microfluidic Microseparator
for Efficient Circulating Tumor Cell Separation

Reza Hadjieaghaie Vafaie®, Elnaz Poorreza”,

" Faculty of Electrical Engineering, University of Bonab, Bonab, Iran

ABSTRACT

The reliable separation of circulating tumor cells from blood cells is crucial for early cancer analysis and
prediction. The aim of this research is the separation of circulating tumor cells and subtypes of white blood cells
(Granulocytes and T-lymphocytes) by employing’ dielectrophoretic force. Dielectrophoresis refers to the
movement of a neutral but polarizable particle, such as a gell, virus, or nanoparticle, in a non-uniform electric
field. Dielectrophoresis is a powerful tool in microfluidics and.lab-on-a-chip devices for cell sorting, such as
separating cancer cells from blood cells or different types of bacteria. In this study, an innovative microfluidic
device equipped with circular electrodes operating at a low voltage of 2°\/ for the main channel and 0.8 V for the
second channel is proposed, which functions at a frequency of«100 kHz. The use of low voltage ensures the
survival and health of biological cells, which is a key factor in medical applications. Plots of electrical potential,
velocity, pressure, and the dielectrophoretic force applied to the three studied cell types were presented through
simulations. The efficiency of the proposed microseparator for cancer cells was calculated to be approximately
94%. Subsequently, using the Finite Element Method as a comparative approach, the impact of changing the

voltage of the main channel electrodes on the efficient separation of particles wasinvestigated and analyzed.
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