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2 Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

Abstract

Introduction: The article is the product of the research “Design and simulation of a microfiltration device for

the isolation of circulating tumor cells developed at the Universidad Industrial de Santander in the year 2022

Objective: To design a device to classify and separate circulating tumor cells in blood fluid by using a multi-
physics dynamics computational tool to achieve the isolation of (CTC) and achieve the highest efficiency of cell

capture and separation.

Methods: The behavior of cells in blood fluid, (RBC), (WBC), (CTC), was characterized by analyzing the critical
strain pressure. The design of the filtration device is carried out through a variation of the flow, geometry,
critical streamline analysis and vortex generation, selecting the best hydrodynamic condition generated due to
the favorable behavior of cell classification.

Results: A critical pressure for white cells of P_ = 33MPa was obtained; for the cancer cells, a critical pressure
of P_ = 20.2MPa for a viscosity of p = 100Pa.s, up to P, = 60.3MPa for a viscosity y = 200Pa.s. At hematocrit
Ht=2-4%, the microfilter device in the bifurcation separates cancer cells with diameters between (D=14-20pm)

and viscosities between (u=20-200Pa-s) with an efficiency of 99%.

Conclusions: The final geometry was evaluated and the efficiency of the device that performs the filtering
process was determined. In the first stage, cancer cells are captured with 99% efficiency. The designed filter

generates 99% purity by sorting CTCs without contamination from red blood cells or white blood cells.

Study limitations: Meshes with element size smaller than S=0.2pm were not implemented due to the compu-
tational cost.

Keywords: Microfilter, Cell Sorting, Droplet, (MEMS), (RBC), (CTC).

Resumen
Introduccidn: El articulo es producto de la investigacién “Disefio y simulacién de dispositivo de microfiltracion
para el aislamiento de células tumorales circulantes desarrollado en la Universidad Industrial de Santander en
el afo 2022"

Objetivo: Disefiar un dispositivo para clasificar y separar células tumorales circulantes en fluido sanguineo
mediante el uso de herramienta computacional de dinamica multifisica para lograr el aislamiento de (CTC) y

lograr la mayor eficiencia de captura y separacion celular.

Meétodos: Se caracteriz6 el comportamiento de las células en fluido sanguineo, (RBC), (WBC), (CTC), mediante
el andlisis de la presion critica de deformacion. El disefo del dispositivo de filtracion se realiza mediante una
variacion del flujo, geometria, analisis de linea de corriente critica y generacion de vértice, seleccionando la

mejor condicién hidrodindmica generada debido al comportamiento favorable de clasificacion celular.

Resultados: Se obtuvo una presion critica de la célula blanca de P_ = 33MPa, para las células cancerigenas una
presion critica P, = 20.2MPa para una viscosidad de py = 100Pa.s hasta P, = 60.3MPa, para una viscosidad p
= 200Pa.s, en hematocrito Ht=2-4% el dispositivo microfiltro en la bifurcacion separa las células cancerigenas

con diametros entre (D=14-20pm) y viscosidades entre (u=20-200Pa-s) con eficiencia de 99%.

Conclusiones: Se evalud la geometria final y se determind la eficiencia del dispositivo que realiza el proceso de
filtrado, en la primera etapa se capturan las células cancerigenas con un 99% de eficiencia. El filtro disefiado

genera una pureza del 99% al clasificar los CTC sin contaminacién de glébulos rojos o glébulos blancos.

Limitaciones de estudio: No se implementaron mallados con tamaio de elemento menores a S=0.2um por el

costo computacional.

Palabras clave: Microfiltro, Separacion celular, Gotas, (MEMS), (RBC), (CTC).
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Resumo

Introdugdo: O artigo é produto da pesquisa “Desenho e simulacéo de um dispositivo de microfiltragao para o
isolamento de células tumorais circulantes desenvolvido na Universidade Industrial de Santander no ano de
2022"

Objetivo: Projetar um dispositivo para classificar e separar células tumorais circulantes no fluido sanguineo
usando uma ferramenta computacional de dindmica multifisica para obter o isolamento de (CTC) e obter a

maior eficiéncia de captura e separagao de células.

Meétodos: O comportamento das células no fluido sanguineo (RBC), (WBC), (CTC) foi caracterizado pela analise
da pressao de deformagao critica. O dimensionamento do dispositivo de filtragao é realizado por meio da
variagao do fluxo, geometria, analise da linha de corrente critica e geracao de vortices, selecionando a melhor

condigao hidrodinamica gerada devido ao comportamento favoravel da triagem celular.

Resultados: Obteve-se uma presséo critica de P_ = 33MPa para os glébulos brancos, para células cancerige-
nas uma presséo critica de P, = 20.2MPa para uma viscosidade de y = 100Pa.s até P_ = 60.3MPa, para uma
viscosidade de p = 200Pa.s, em hematdcrito Ht=2-4% o dispositivo de microfiltro na bifurcagao separa células

cancerigenas com diametros entre (D=14-20um) e viscosidades entre (u=20-200Pa-s) com 99% de eficiéncia.

Conclusées: A geometria final foi avaliada e determinada a eficiéncia do dispositivo que realiza o processo de
filtragem.Na primeira etapa, as células cancerigenas sao capturadas com 99% de eficiéncia. O filtro projetado

gera 99% de pureza classificando os CTCs sem contaminagao de glébulos vermelhos ou glébulos brancos.
Limitagbes do estudo: Malhas com tamanhos de elemento menores que S=0,2pm nao foram implementadas

devido ao custo computacional.

Palavras-chave: Microfiltro, Separagao celular, Goticulas, (MEMS), (RBC), (CTC).

1. INTRODUCTION

The migration of circulating tumor cells (CTCs) in the bloodstream to other organisms
occurs when the cancer cell detaches from the primary tumor, filters into the blood
vessels (intravasation), and migrates in the bloodstream to other organisms in the
body (extravasation). This process is one of the deadly characteristics of cancer also
known as metastasis [1], [2], [3], [4], [5].

The computed tomography method [6] is a detection method that can deter-
mine the size of the tumor and determine its growth through follow-up images. The
treatment takes months between each shot and it is not always possible to know if
the tumor is proliferating or sleeping.

For the characterization of cancer cells and white and red blood cells, the me-
chanical properties of the cell membrane, diameter and the viscosity of each type are
defined according to the literature table I. Then we subject the cell to deformation by
measuring the critical pressure, which is then compared and validated with micropi-
pette models and simulations of cells through microfilters.
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4 Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

With the established cell models, we design the filtration device by a variation
of the flow and geometry, and the best hydrodynamic condition generated is selected.
For the favorable behavior of cell classification, in the first stage, CTCs with a diameter
between D =12 — 18 um are filtered, in the second output, white cells are captured with
a diameter between D = 14 um along with red blood cells (RBCs).

For the simulations, the mesh is generated in two dimensions using quadrilater-
al elements structured in a transient model and using the volume fraction VOF method
with the COUPLED algorithm using the ANSYS FLUENT solver.

For the capture efficiency, the percentage of CTCs captured in the outlet is
determined, established by their separation, concerning the total number evaluated.
The purity percentage measures the purity of the captured sample, determined by the
volume percentage of white cells and red cells that are not filtered.

Finally, the efficiency and purity data are compared with the designs available
in the literature, the data is plotted and the model is validated, demonstrating superior
capture efficiency by achieving a higher processing volume.

1.1. SIZE AND DEFORMABILITY OF CANCER CELLS

Cancer cells are larger compared to erythrocytes, but can be similar in size to white
blood cells with variable sizes depending on the type of leukocyte (monocyte, gran-
ulocyte). In examinations of tissue samples, epithelial cells (solid tumor cells) are
always larger than all blood cells including leukocytes based on primary tumor tissue
biopsies [7].

Cancer cells can be variable and present a challenge in modeling them. One
of the reasons is that the surface tension can be found in a range from 0.001 mNm'
to 1000 times this value. Some cells behave as a liquid drop within the fluid, so they
present a characteristic surface tension; the "'cortical tension'" or “the area expansion
modulus” with unit of measure in (pN/um). On the other hand, the deformations of
the lipid membrane require much larger tensions, which can also be expressed in the
following equivalent units (1 nN/um =1 mN/m = 1 dyne/cm); the latter is the most
common form when measuring the surface tension of cell membranes [8].

On the other hand, in the work developed by [9], they determined the critical
pressure necessary to generate the passage of a CTC through a microfilter, in which
viscosities of less than 1 Pa-s were conveniently selected. In order to validate the
results with theoretical models of critical, viscous and superficial pressure, for the de-
sign purposes of this project, the data of viscosities greater than 10 Pa-s are selected
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Alan Javier Gonzalez Diaz, Carlos Borras Pinilla 5

for cancer cells, with viscosities greater than 10 Pa-s, being real data of the nature of
the cancer cell.

The affectation of conditions such as the hematocrit level was evaluated in [10],
along with: the channel size and flow velocity on the behavior of a CTC in blood fluid,
the flow of red cells with hematocrit between Ht(0.1 — 0.3) in a straight channel with a
length of L = 47 um and channel diameters between D(10 — 20 um). After evaluating
the lateral migration of the CTC in the channel, it was determined that high levels of
hematocrit (Ht>0.3) prevent adhesion cells of the CTC to the wall. For a lower hema-
tocrit (Ht<0.1, Ht<0.2), the CTC adheres to the wall in a time of approximately (t=0.2s),
concluding that for hematocrit levels lower than (Ht<0.1 ) the cell adhesion of the CTC
is greater, with a rapid response of adhesion of the CTC to the walls as shown in Figure
1. In the investigation, two channels with diameter size D (15-20um) were evaluated.
For a lower hematocrit (Ht=0.1), the CTC adhesion response to the wall was faster in
the channel with the largest diameter D=20um according to the level of confinement,
in which if the confinement of the CTC cell is (D/D,)<2, where "D," is the diameter of
the CTC and "D" is the diameter of the channel, if the confinement level is less than 2,
the CTC can keep away from the wall and stay in the main flow, while for (D/D,)>2 the
CTC cell is displaced towards the walls [11].

Figure 1. Migration of the blood cell CTC in a micro channel towards the walls.
Source: Own work

Another important factor is the relative resistance to flow; with the increase in
the diameter of the channel, the relative resistance to flow is lower for CTC cells. In
the simulations, they found that for a specific flow rate (y = 17.72s™), the CTC detaches
from the wall due to the increasing lifting force, but after a short time, the red blood
cells flowing towards the center of the vessel expel the CTC from the red blood cell

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 19, no. 1 / january-april 2023 / Bogota D.C., Colombia
Universidad Cooperativa de Colombia



6 Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

center and further initiate adhesion of the CTC to the vessel wall, concluding that at
high flow rates, for microchannel diameters greater than the diameter of the cancer
cell and due to the effect of red blood cell aggregation in the center of the channel,
cancer cells move towards the walls. It is finally concluded that with low levels of he-
matocrit (Ht<0.1), channel diameters much larger than the size of cancer cells (CTCs),
and for high flow rates, they produce migration of the CTC towards the walls.

1.2. LEUKOCYTES (WHITE BLOOD CELLS).

Unlike erythrocytes (Red blood cells), leukocytes (White blood cells), WBC for its acro-
nym, are part of the immune system. They protect the body from diseases or external
agents and have the ability to travel to the tissues through the walls, by adhesion, to
reach the infection.

Leukocytes are characterized by having different types of cells within this group.
Initially, we have granulocytes with a diameter size between D(10 — 20um), lympho-
cytes with a size of D(5.2 — 10.1um), and monocytes with size between D(10 — 20um),
D(12 — 20um), being the largest immune cell type within leukocytes.

Neutrophils are the most abundant types of granulocytes in the entire human
body with a coverage between 40-70% of all white cells in the body with a size between
D=12 — 15um. The viscous difference between the inner nucleus and the viscosity of
the cell cytoplasm, along with a low surface tension compared to red cells or cancer
CTC cells, cause a non-Newtonian fluid behavior in the white cell. Due to their high
viscosity, white cells are rigid, but they have a low surface tension, which gives them
the ability to increase the surface area and deform (greater plasticity) to overcome
smaller diameter blood vessels. The viscosity of blood cells is measured in (1 poise =
0.1Pa-s = dyn-s/cm?) [12].

After subjecting neutrophils to a micropipette study with pressure differences
from (AP = 98 — 882 Pa), using pipettes with a diameter of (D=8-10um), a study [13]
showed that the white cell cytoplasmic viscosity is dependent on the applied suction
pressure, specifically dependent on the shear rate of the fluid. The study found that
as the suction pressure increases, the average cytoplasmic viscosity decreases in
an exponential decreasing, being initially a viscosity of (u=500Pa.s) for a pressure of
(P=98Pa) and average viscosity of (u=55Pa.s) for a suction of (P=882Pa), these data
indicate that the cytoplasm in the neutrophil is a non-Newtonian fluid. Finally, the
study concludes that the mechanical behavior of the neutrophil can be approximated
as a power-law fluid.
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Alan Javier Gonzalez Diaz, Carlos Borras Pinilla 7

Research [14] carried out on the radial distribution of white blood cells in mi-
crotubes, was aimed at measuring the radial distribution of white blood cells (WBC) in
blood flow in a channel of length 1=3.5cm and diameter (D=69um). The exit position
was evaluated for an interval of wall shear stress (z=0.1-2.0 Pa). The results obtained
concluded that for anincrease in the flow, the wall shear stress leads to a displacement
between (30-50%) of the cells towards the center of the channel, while the minimum
distance of the cells to the wall at high and low shear stress becomes a cell free layer
of approximately 5.8um.

1.3. ERYTHROCYTES (RED CELLS)

Erythrocytes are cells without a nucleus inside and their function is to transport the
hemoglobin protein for oxygen transport, made up of iron in its structure, (red blood
cell) (RBC) for its acronym, red in color and biconcave discoid shape, are characterized
by their high deformability and can move between capillaries with diameters smaller
than (D<3um). The red cell is differentiated by its characteristic of having a membrane
with a high modulus of deformation, which defines it as almost incompressible, there-
fore, it has a higher surface tension, low viscosity that allows the red cell to maintain
the mass surface area, and high plasticity due to low viscosity. Erythrocytes have an
average diameter between (D=6-8.5um) [15].

Fahraeus and Lindqvist [16] reported a change in blood composition (and con-
sequent change in blood viscosity) when blood flows through a capillary tube with di-
ameter less than D<0.3 mm, which is also known as the Fahraeus effect. They explain
that the blood cells are transported in the fast axial flow while the plasma moves in a
slow marginal current or cell free layer, see Figure 2. Then the average speed of the

}Cell Free Layer

Cellular Layer

.. ® - @2 o
“ !“ ‘ (@) ‘ , ‘ ‘ Axial region

}Cell Free Layer

Figure 2. Aggregation of erythrocytes in straight channels and cell free layer
Source: Own work

blood cells is greater than the plasma particles.
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g Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

Cécile [17] found that lateral confinement or channel flow induces another phe-
nomenon also associated with particle deformability: the migration of red blood cells
away from the wall. The associated lift force is enough to make an isolated RBC go to
the center in the D=30um wide channel, see Figure 3. The strong lateral confinement
in the D=30pm wide channel has a tremendous impact on the formation and stability
of the structure; the fluid velocities were between v(0.0008 — 0.004 m/s) for a straight
channel with a length of (.=6000um).

For low hematocrit and a channel width of D=30um, regular and stable bands
are formed since the effect of the lateral wall is felt throughout the width of the chan-
nel. As shown in Figure 3, for hematocrit between (2 and 4%), a single band of centered
red cells is formed; for hematocrit between (5% and 9%), more bands of blood cells
begin to be generated in the channel, preserving a cell free layer of Cfl = 10um.

Cell Free Layer
RED BLOOD CELLS Ht=2-4%

OO“OOQOO‘%MH

Cell Free Layer

Figure 3. Self-organization of red blood cell suspensions under confined 2D flows
Source: Own work

Research [18] has been carried out for the development of a microfilter device
for the separation of blood plasma from red cells, reaching high efficiency e>80% and
high purity. During development, they determined the effect produced by the applica-
tion of an obstruction in the width of the critical stream by placing it right in the place
of the bifurcation for the capture of the plasma. Using two-dimensional simulations
with ANSYS-Fluent software, it was determined that an obstruction with an inclination
reduces the width of the critical current and the shape of the ramp promotes the
formation of recirculation zones (vortices), which increases resistance to the passage
of red blood cells through the lateral channels.

1.4. CELL CHARACTERIZATION THEORETICAL MODEL

For a blood sample flowing through a device, the total pressure applied to the device
must overcome the two main components of the droplet: pressure due to the fluid
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of the medium, and the pressure of the droplet due to the surface tension of the cell
when they are in contact with the walls of the microfilter

APtotal = APflow + APsurface tension (1)

The pressure drop due to the flow of the medium consists mainly of the pressure
drop due to the viscosity of the droplet (AP},,4) and pressure drop due to expansion and
contraction in the microfilter.

APflow = APhyd + APcontract:ion—expansion (2)

Viscous dissipation of fluid mechanical energy due to internal precision results
in a pressure drop in the direction of flow. Pressure can then be calculated using the
Hagen-Poiseuille equation which relates viscous pressure drop and flow rate. Where
APy, 4 is the channel viscous pressure drop, Ry, is the hydraulic resistance, and Q,
is the fluid volume flow, Ry, is calculated using the equation developed by (Akbari
et al). Knowing that the volume flow can be established as Q,, = A X v, where A is the
cross-sectional area and v is the linear velocity of the flow, we have. [19], [20], [21].

8ulLv

APpyq = 7 (3)

Additionally, APcontraction - expansion 1S Caused by rapid contraction at the filter inlet
and rapid expansion at the filter outlet, which can be calculated using the following
relationship.

pU?  pU3Z
APcontra(:tion—expansion = Kl T + KZ T (4)

Where U, and U, are the flow velocities at the inlet and outlet of the filtration
chamber, K, and K, are the constriction and expansion coefficients, respectively.
These coefficients are set as 0.5 and 1 respectively. The viscous pressure is finally
expressed as:

8uLv U? U2
U +K'01 PU2
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10 Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

The pressure generated by the surface tension ally, APg face tension, CaN be de-
termined using the Young-Laplace equation. If the flow in a microfilter is very low,
the aspiration process of the cell in the filtration chamber can be approximated by a
quasi-static process. Assuming that the aspirated part and the part not staked have
circular shapes, then the surface pressure has the following expression.

1 1
APsurface tension = 20 ( - ) (6)
Tch Teell

Where o is the surface tension, ally, r,, is the radius of the aspiration chamber
and r,ey is the radius of the cell of the non-aspirated part during deformation [22].

I'chan

I'ch

Figure 4. Cell squeezing through a filter
Source: Own work

1.5. COMPUTATIONAL MODELING (VOLUME OF FLUID
METHOD “VOF”’)

Incompressible fluids in motion are described by the Navier-Stokes equations that
solve multiple fluid problems in behavior [23]. Any method for (CFD) of incompre-
hensible transient two-phase flows needs to solve the continuity and Navier-Stokes
equations together with the interfacial jump conditions

Vu=0 (7)
dpu aopP
v puu = ——+ V. (u(Vu + VTw)) + F, (8)
Jt 0x
Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 19, no. 1 / january-april 2023 / Bogota D.C., Colombia
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dpy 0P -
dpz aP -
W+V.pzu——a—z+v.(u(Vz+V Z))-l—FS (10)
oF
E+U'VF =0 (11)

Equations 8-10 represent Newton's second law in which the rate of momen-
tum is equal to the sum of forces on the fluid particle to represent the Navier-Stokes
equation for a Newtonian fluid [24]. Equation 7 represents the conservative form of
the transport equation for F. Where u is the flow velocity, P is the pressure shared
by the two phases, and F is the volume fraction in a cell that is rated between 0 and
1. For a filled cell with the second phase, the phase is F=1, while for a filled cell with
the primary phase F=0. For Equation 11, the motion of two immiscible interfaces of
different densities and viscosity is described using a discrete function.

2. MATERIALS AND METHODS

2.1. CELL MODEL DESCRIPTION

The geometry of the filter is shown in Figure 5, with dimensions at the entrance (Dj,jer)
and an obstruction (Dgpamper). The cell (CTC) is specified with the diameter (D). For
the characterization of cancer cells, the mechanical properties of the cell membrane
and the viscosity (ucrc) for cancer cells are defined according to the literature, with
a diameter of (Dq70), and surface tension of (oq7c). For white cells, the mechanical
properties of the cell membrane and the viscosity of each type of cell are defined;
for neutrophils with a viscosity between (u,c) diameter between (D) and surface
tension (ow7c), the mechanical behavior of the neutrophil can be approximated as a
power-law fluid.

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 19, no. 1 / january-april 2023 / Bogota D.C., Colombia
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12 Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

I}
iniet D chamber

€

Figure 5. Microfilter device for cell characterization.
Source: Own work

In the strain-based microfilter, the white cell and the CTC are displaced through
the filtration channel by the pressure imposed at the microfilter inlet called the system
pressure, and its variation for time is called the pressure profile. System pressure is
used to overcome resistance in the microfilter which is at maximum when the cell be-
gins to enter the filtration channel. The maximum pressure of the system is generally
called the critical pressure (P,,).

2.2. MICROFILTER DESIGN

The geometry of the channels of the filtration device is defined taking into account
the effect (Fahraeus-Lindqvist) is effective in channels of size between S = 40um —
300um and the effects are pronounced for smaller size channels. As shown in Figure
6, in the first stage, the separation of cancer cells from erythrocytes and leukocytes
is performed, and the definition of the geometry or domain is performed by defining a
fluid input water as the discrete phase and oil as the continuous phase. Qil is supplied
from the same source with an inlet flow rate (v;). We use individual droplets to simu-
late cancer cells, white and red cells.

The channel with the (Droplets) has a width of (Py) and a length of (/). This
distance generates the effect of migration of the erythrocytes towards the center of
the flow and the effect of diffusion that drives the more rigid bodies present in the
blood such as the cancer cell (CTC) to move towards the wall of the channel [25], [26].

The red blood cells in the channel, simulated by taking a hematocrit Ht = 2%
— 4%, accumulate in the center of the channel forming a single row or band of blood
cells for small width channels for a channel width A = 40 — 30um. The entrance of the
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Alan Javier Gonzalez Diaz, Carlos Borras Pinilla 13

cells in the microfilter bifurcation is simulated; according to previous estimations, the
cancer cells in low hematocrit enter in a position close to the wall, while the red cells
are positioned in a central band. The white cell is positioned within the group of red
cells at a distance from the wall (d = 6pum), the minimum distance that a white cell can
be found in straight channels.

D

outlet

Outlet
RBC - WBC

Outlet

D
CTC out

Inlet

D inlet

< ,l

Figure 6. Microfilter device.
Source: Own work

The microfilter design proposal is based on applying the cell capture properties
through the generation of vortices and analysis of fluid currents (critical stream anal-
ysis). A ramp-type constriction is used in the bifurcation, which allows us to generate
vortices at the exit for the CTC. The generation of vortices in the lateral channel pres-
ents resistance to the passage of white and red cells, which are forced to remain within
the main current by the action of drag. Cancer cells, on the other hand, the larger ones,
collide with the obstruction. This effect causes the cell to move towards the lateral exit.
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14 Microfiltration Device For Circulating Tumor Cells Isolation (MEMS)-(CTCS)

Table 1. Model parameters

Parameter Description Value Units Ref.

Dy Microfilter diameter 42 [Um]
Dout Outlet diameter 72 [Um]
e CTC viscosity 20-200 [Pa-s] [27] 28] [29]
Lec WBC viscosity 130 [Pa-s] [30][31]
Urec RBC viscosity 0,006 [Pa-s) [32][33]
Oere CTC surface tension 0,05 [N/m] [34] [35]
Owc WBC surface tension 0,000029 [N/m] [36]
Orsc RBC surface tension 0,005 [N/m] [37]

D Constriction diameter 30 [Um]

Le Constriction length 4 [Um]
Dere CTC diameter 14-20 (Um] (38] [39] [40]
Dese RBC diameter 4-8 [Um) [30] [35]
Dusc WBC diameter 12-14 [umi [34]
Deelt Characterized cell diameter 16 [Um]

V; Inlet velocity 0.03 m/s

Source: Own work

3. RESULTS

In the first place, simulations are carried out to determine the critical pressure for
viscosities between (u = 0.01 — 0.04 Pa.s); for a superficial surface tension which is
0 = 0.05N/m, the results are shown in Figure 7.
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Figure 7. Results comparison.
Source: Own work

Figure 7, represents the comparison of data obtained for the set of cancer cells
(CTC) with viscosities between (u = 0.01 — 0.04 Pa.s)). The critical pressure results
are compared with the results obtained by (M.A. Hashem, X. Chem. 2019): the error
obtained for the viscosity cell (u = 0.01 Pa.s) e = 39.2%, for the evaluated viscosity of
(u = 0.02 Pa.s) the error is e = 14.17%, while for the viscosity cell (u = 0.03 Pa.s), the
erroris (e = 7.7%). Finally, for the CTC evaluated with a viscosity of (1 = 0.04 Pa.s), the
error obtained is e = 3.53%, resulting in an average error percentage of €= 15.1%.
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Figure 8. WBC Cell squeezing through a filter, viscosity 1= 130 Pa.s (Power-law).
Source: Own work

Figure 8, represents the pressure profile on the neutrophil during the defor-
mation process. The filtering stages in the graph show the non-Newtonian behavior.
The critical pressure is quickly reached being P_ = 33MPa. Then a rapid decrease in
pressure is presented, due to the average viscosity of the cell being non-Newtonian
and according to what is described in the literature. The rate of linear deformation
increases during the filtration process. Finally, the cell behavior is governed by the
equation (Power-law) that simulates the WBC as a non-Newtonian fluid.
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Figure 9. CTC Cell squeezing through a filter, viscosity 200 Pa.s.
Source: Own work

For the CTC with a viscosity of u = 200 Pa-s, the maximum thrust presented
is P_ = 60.3 MPa according to the previous graph, with a greater time of deformation
or displacement of the cell through the filter channel. This indicates that the pressure
exerted is mainly viscous pressure given the high viscosity of the cell, to the extent
that the viscosity increases the resistance presented by the surface tension, becoming
negligible compared to the resistance produced due to cell viscosity.
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Figure 10. Critical pressure versus cell viscosity comparison.
Source: Own work

The critical pressure increases with the increase in viscosity. The increase in
the critical pressure is proportional to the viscosity and is mainly dominated by the
viscous pressure and not by the surface pressure, being from P_ = 20.2MPa for a
viscosity of u = 100Pa.s up to P_ = 60.3MPa for a viscosity of u = 200Pa.s.

Figure 11. Formation of vortices and current with hematocrit Ht =2 - 4%.
Source: Own work

Ingenieria Solidaria e-ISSN 2357-6014 / Vol. 19, no. 1/ january-april 2023 / Bogota D.C., Colombia
Universidad Cooperativa de Colombia



Alan Javier Gonzalez Diaz, Carlos Borras Pinilla 19

Blood flow simulation is performed with hematocrit between (Ht = 2 — 4%).
Figure 11 represents the red cells passing through the bifurcation; red cells with a
diameter of D=8um are simulated, a band centered in the channel is simulated for the
operation hematocrit.

Streamline vs. Outlet
25

20

Streamline 1 um
Streamline 5 um
Streamline 10 um
Streamline 20 pm

Stream position (um)
=

-5
-100 -80 -60 -40 -20 0 20 40

Outlet (pm)

Figure 12. Variation of the position of the currents of the channel vs filter length.
Source: Own work

Figure 12, presents an analysis of the main fluid currents in different positions
fromthe wall: x, =1 um, x, = 5 um, x, = 10 um, x, = 20 um. The first position represents
the closest distance to the channel wall, in which it shows that the current in the
bifurcation presents a curvature towards the center of the channel. This deformation
in the current is generated by the effect of the constriction, which projects the current
towards the center of the channel. Followed in the bifurcation, the current maintains
the curvature and is maintained in the main fluid, not moving towards the lateral out-
let. This is due to the formation of vortices that maintain the current x,, in the main
channel, made evident as the currents x,, x, tend to be positioned towards the center
of the channel. The current stabilizes until reaching a straight direction in the main
channel x,.
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Figure 13. Cell exit positions a. CTC+RBCs, b. WBC+RBCs, c. CTC+RBCs.

Source: Own work
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Figure 14. Classification of cells (CTC, WBC, RBC) in the microfilter.
Source: Own work

Figure 13 a-c and Figure 14, for the circulating tumor cell CTCs, the capture
occurs at the bifurcation. Cells with viscosities between p =1 — 200Pa.s were evalu-
ated. The constriction obstructs their passage and deviates their direction towards the
sides. The graph shows that all the CTCs evaluated near the wall are captured in the
lateral outlet, which demonstrates the high capture efficiency of the device. The white
cells are evaluated for the minimum distance with respect to the channel wall, being
located at a distance of d=6um, the minimum distance found in the literature. For said
position in the flow, white blood cells manage to overcome the bifurcation, projecting

towards the upper exit.
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Table 2. Particle isolation percentage.

Particle Isolation Percentage

Microfilter Efficiency Purification
CTC microfilter >90% >90%
Vortex microfluidic technology [41] 75%
spiral technology microfilter [42] 99.99%

Source: Own work

In the first bifurcation phase, cancer cells with diameters between 14-20um
and viscosity between (20-200Pa-s) are captured with the efficiency of >90%. The
vortex method maintains the purity of the separated sample by keeping the WBCs
and RBCs in the mainstream, generating >90% sample purity, being white cells and
red cells displaced towards the exit located at the end of the channel. The dissipative
is compared with other designs, such as spiral technology for cell classification. The
advantage of the designed microfilter is the ability to capture cells similar in size to
a (WBC) but with greater rigidity, something that spiral technology does not achieve.

4. CONCLUSION

Cell characterization for the white cell shows its low resistance to deformation, and
the ability to remain in the main current of the fluid, being affected by drag. The meth-
od (Power-law) reflects the real behavior of a white cell, which presents viscosities
lower than the nominal viscosity of 130Pa.s and a high rate of deformation at high
shear speeds. The cancer cells were taken as Newtonian because they had high vis-
cosity and high rigidity. By increasing the viscosity, the critical pressure increased
proportionally, reflecting that for higher the viscosities, the critical pressure is mainly
due to the viscous pressure in the cell.

The designed microfilter device was carried out by studying the dynamic analy-
sis of the fluid and the different types of blood cells (RBC, WBC) and circulating tumor
cells (CTC). The analysis of the critical current determined the optimal flow rate and
dimensions at the bifurcation channel diameter and size of constriction required to
keep white and red cells within the main channel, whilst displacing CTC cells to the
lateral outlet. In the bifurcation, the cancer cells evaluated with diameters between
(14-20pm) and viscosities established between (20-200Pa s) are separated from the
main fluid with an efficiency of 99.99%. The constriction takes advantage of the dif-
fusion of the rigid cells and greater size, managing to differentiate cancer cells with a
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similar size to white cells but with greater rigidity, as well as CTC cells with a larger size,
using constriction as an obstacle to generating the lateral displacement of the CTC.
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