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Abstract: Understanding how cells sense mechanical forces, and how respond biologically to them
is an interesting and quickly-progressing area. Cells within their microenvironment are subjected to
various physical forces such as mechanical loads and shear stress. Cells respond and adjust to these
forces by mechanotransduction mechanism in which deformation and mechanical forces are converted
into biomechanical signals. To quantify mechanotransduction responses and to correctly interpret
the behavior of cell under in vitro stimulation, magnitude and distribution of the stresses on the cell
membrane should be characterized. In this study, a 2D Finite Element Model is introduced to simulate
the deformation of individual benign (MCF10A) and malignant (MCF7) human breast cancer cells
under hydrodynamic forces. A fluid-structure interaction method is implemented to model fluid flow
and the adherent single cells inside a microchannel to study the nature of mechanical forces (viscous
and pressure) and to determine their contribution to the deformation of cells. Due to the different
mechanical properties, cells respond differently to the forces exerted by the fluid flow. It was found
that the maximum stress and strain take place at the interface of the adherent cell and channel wall.
Also, under the same boundary conditions, nucleolus and cytoplasm of an individual malignant cell
undergo more deformation comparing a single benign cell. Furthermore, it was observed that both two
cell lines experience much more stress when their attached area to the substrate is reduced.

Keywords: fluid structure interaction; cellular deformation; human breast cancer cells; biophysical
characterization; fluid flow simulation

1. Introduction

Living cells the basic unit of our body have specific biomechanical, bioelectrical, and biochemical
properties, allowing them to adopt themselves with their dynamic microenvironment. With the aid of
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these biophysical properties, cells are able to preserve their biological functions [1, 2, 3]. In a human
body, living cells are constantly subjected to diverse types of biomechanical stimuli particularly fluid
dynamic stimuli such as shear and hydrostatic stress. Cells in the human body either are directly
exposed to flowing flows or are under a load of interstitial fluid flow arising from the movement of
fluid through extracellular matrix of tissue. For example, in the blood vessels, cells such as leukocyte,
and epithelial cells are in direct contact with fluid flow and shear stress. However, other types of cells
such as bone cells, fibroblasts, muscle cells, human breast cell and articular chondrocytes experience
fluid flowing due to deformation of tissues [4, 5, 6]. The shear flow-induced mechanical stress has
significant effects on cellular functions of both healthy and cancerous cells such as cell proliferation,
transport, gene expression, and apoptosis. For instant, mechanical forces caused by blood flow can
affect remodeling and function of vascular endothelial cells, or shear flow can alter viability and
proliferation of cancer cells [7, 8]. Mechanotransduction is a mechanism by which cells are able to
sense and respond to such bio-mechanical environments by changing their morphology of membrane
or their rigidities. With the help of this mechanism, cells convert deformation caused by mechanical
forces into biological signals in order to adjust themselves to the changes. The reaction of cells in the
form of morphological and functional responses not only help cells to maintain their physiological
functions but also play a significant role in development and progresion of diseases such as cancer and
metastasis [9, 10]. How cells respond to the mechanical stress is conditional to both specific
molecular sensors, and their internal mechanical properties. Mechanical properties of single living
cells change in accordance with their healthy level. For example, many studies have substantiated that
metastasis cancer cells are less stiff comparing to normal or benign cells [11, 12]. Due to different
mechanical properties of normal and cancerous cells, they respond differently to the fluid flows in the
body. So, further research on such different cellular responses of healthy and unhealthy cells could
provide a possible method for diagnosis of diseases.

Due to the difficulty of controlling hydrodynamic conditions under in vivo studies, an isolated
cultured cells under well-defined conditions need to be studied to investigate the responses of cells to
the hydrodynamic stimuli. Owing to the complex geometry of cells, complex boundary conditions,
and inhomogeneous nature of cells, with cell experimentations alone, the response of single cells to
fluid flow cannot be interpreted clearly [3]. Computational models not only enable us to interpret the
experimental results but also provide us ability to predict the response of cells to their biomechanical
environment. Many experimental and computational analyses have been made to understand how
living cells respond to the fluid flow inside a human body. McGarry et al. [13] computationally and
experimentally studied the deformation of bone cells under shear stress using solid mechanic model.
Aleksey Ni et al. [14] developed a 2D model to study the motion and deformation of a single red
blood cell (RBC) under different flow conditions in a micro-capillary filled with plasma alcohol using
finite element method (FEM). Michael C et al. [15] applied computational method to estimate
heterogeneous displacement and stress-strain field in sheared and focally adherent endothelial cells.
Moreover, it has been substantiated that surface tension can affect the mechanical responses of the
biological cells [16], and its effect has been studied computationally. For instant, Ding et al. [17] used
FEM to study the effects of surface tension on the mechanical responses of the living cells. They
showed that by considering the surface tension effects, the elastic modules of living cells can be
interpreted with higher accuracy when they are probed by Atomic Force Microscopy (AFM).

In this study, we developed a fluid-structure interaction model in order to characterize the
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deformation of adherent benign human breast cancer cell (MCF 10A) and malignant human breast
cancer cell (MCF7) under the action of hydrodynamic fluid flow. Cells experience different stress,
strain and deformation when they are subjected to hydrodynamic forces with respect to their
mechanical properties. It is well-known that elastic properties of cancerous and normal are different,
and cancerous cells are softer comparing their counterpart [10]. Therefore, when they are subjected to
the hydrodynamic stimuli, they exhibit different deformations. To the best of our knowledge, cellular
deformation comparison between cancerous and healthy cells exposing to hydrodynamic stimuli have
not been studied computationally. This study is presented to compare deformations and responses of
both cell lines under the same conditions. This study not only could help us to fully understand
mechanotransduction mechanisms of healthy and cancerous cells, but also enable us to characterize
the behavior of human breast cells in various healthy levels under in vitro mechanical stimuli.

2. Materials and Methods

2.1. Fluid structure interaction model

The main objective of this project is to characterize fluid flow parameters within a microchannel and
quantify mechanical stresses acting on the healthy and cancerous cells due to the hydrodynamic forces.
With the aid of this numerical study, the cellular deformation of normal and cancerous human breast
cancer cells is also computed under the applied fluid flow regime. A schematic of the channel under
the investigation in this computational study and the adherent cells are shown in Figure 1 . The channel
includes two parallel plates, and the target cell is attached on the bottom plate. This parallel-plate flow
chamber is used to incite the attached cells by creating a pressure gradient across the microchannel
[18]. Fluid flow within channel imposes both shear and normal mechanical stresses at the interface of
cell surfaces and surrounding fluid flow. Cellular deformations and the presence of cells themselves
affect fluid flow within the channel. The interaction of cells and surrounding fluid flow either can
be weakly coupled in one-way method or strongly coupled in two-way method [19]. In the one-way
method, it is assumed that the deformation of cells is relatively low, so the effects of changes in the solid
domain on the fluid domain are ignorable. However, in two-way coupling, the fluid flow parameters
are influenced by changes in solid domain or deformation of cells.
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Figure 1. Schematic of an adherent cell within a channel (d: diameter of the cell).
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2.2. Case study and governing equations

The system includes a main microchannel with one inlet, one outlet and an adherent cell on the
bottom plate of the main channel. A 2D numerical analysis is carried out in order to estimate the flow
parameters within the main microchannel as well as characterize deformation of cells under various
inlet flow rates. The strongly coupled method is used to numerically solve the interactions between
the surrounding fluid and the cell domain. The fluid flow in the microfluidic system is assumed to be
Newtonian, laminar, viscous and incompressible flow. The motion of an incompressible Newtonian
flow is expressed by Navier-Stokes and continuity equations as follows [20]:

p% —V(=pl + u(Vu + (Vu)") + p(u.V).u) = F (1)

V.(u)=0 2)

Where p is the density of fluid, p is the fluid pressure, u is the velocity field inside the microchannel,
t the time, V() the divergence operator, / is unit diagonal matrix, u the fluid dynamic viscosity and F
is the affecting force on the fluid. For a fluid flow without gravitation and other volume forces, the
volume body force can be ignored (F' = 0). The total hydrodynamic loads acting on the surface of cells
are defined as forces per area as follow [21]:

F' = —n. A (=pl+u(au+ (auw)h)) 3)

Where 7 is the outward normal unit vector of the boundary, u is the velocity field on the surface of cells
pointing out from fluid. F " is the fluid loading including pressure and viscous forces. The first term in
equation (3) is the pressure gradient which is extracted from the fluidic simulation results. The second
term is the viscous component of the force which is a function of velocity and dynamic viscosity of
the fluid. On the fluid-cell interface the fluid velocity equals the rate of change of the cell, and this
interface is considered as no-slip wall for the fluid domain. In order to have laminar fully developed
flow at the local area of the adherent cell, the test section in our simulation were designed to be longer
than expected hydrodynamic entry length. Entry length correlating with Reynold number(Re) can be
obtained by Le = 0.006Re.D. Reynold number within microchannel region for all flow regime is
defined as follow:

_pvD
i

Where v is the mean velocity, D is the hydraulic diameter of the channel, and y is dynamic viscosity of
the fluid.

Re “)

2.3. Material properties

In the present work, the cell is modeled as an oblate-shape body having cytoplasm and nucleus,
and the cell is separated from the surrounding environment by a membrane. An ellipsoidal shape is
assumed for the nucleus of the cells to estimate their behavior and deformation. Both cytoplasm and
nucleus of the cell are modeled as hyperelastic material, and it is assumed that the adherent cell has
isotropic and homogeneous material properties. Table 1 shows dimensions and material properties of
human breast cell lines which were used in the finite element modeling [12, 22, 23]. As mentioned
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above, the mechanical properties of the two cells lines are different, and the Young module of MCF7
is smaller comparing benign human breast cells. Hence, these differences were taken into account in
our simulation by using different values for both cells. Young module values available in literature for
MCFI10A and MCF7 vary from 0.25 the kPa to 0.7 kPa, and from 0.15 kPa to 0.47 kPa respectively;
0.47 kPa and 0.7 kPa were chosen for MCF10A and MCF7 cells, respectively as the maximum values
to perform simulation. Nucleus stiffness is greater than cytoplasm region, and based on the information
available in the literature, the stiffness of nucleus was considered ten times greater than the stiffness
of cytoplasm [24, 25]. The fluid medium is assumed to be an incompressible Newtonian fluid having
properties as same as water. Dynamic viscosity of 0.001 pa.s and density of 997 kg/m> were used as
the properties of water in our analysis, and no-slip condition was considered for both top and bottom
plates.

Table 1. Dimensions and material properties of human breast cell lines.

Parameters (unit) MCF 7 MCF 10 A
Average diameter (um) [12, 23] d=12 d=14
Nucleus size-ellipsoidal shape (um) [12] a=32b=1(*) a=28,b=1
Height of profile (um) [12] 3.15 33
Elasticity of cytoplasm (kPa) [25] 0.47 0.7
Elasticity of Nucleus (kPa) [24, 25] 4.7 7.0
Density of Cytoplasm (gr/cm?) [25] 1.05 1.05
Density of Nucleus (gr/cm?) [25] 1.3 1.3
Poisson’s ratio [22, 25] 0.49 0.49

(*) a: half of major diameter, b: half of minor diameter.

2.4. Numerical Simulation

In order to solve governing equation as well as modeling microchannel, cell and fluid flow within
microchannel, a commercial software for finite element analysis known as COMOSL Multiphysics 5.2
was used. To have fully coupled solver, a 2D model with moving mesh modules was utilized to model
the interaction between fluid and the cell. The fluid flow domain changes considerably by deformation
of the solid domain (cell), so in order to couple the solid and fluid domain together, a direct two-way
coupling formulation was implemented. Simulation with different velocities and boundary conditions
were performed to induce various external shear stresses on the surface of the cell, and to distinguish
the different behaviors of normal and cancerous cells. An iterative, segregated solution method was
used to carry out all simulations. In order to obtain a converged solution, the variables were solved
repeatedly and sequentially. Mesh element of the system including cell and surrounding fluid flow is
shown in Figure 2A. The size of elements inside the cell and at the interface of cell and fluid flow are
smaller than other parts of the domain to have reasonable accuracy for very small changes. Figure 2B
presents streamlines and magnitude of velocity neighboring the cells. From this figure, it is evident
that streamlines closing to the cells are influenced by the body of the attached cells.
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Figure 2. (A) Mesh network and elements sizes for system of an adherent cell (MCF10A)

and fluid flow; (B) Stream lines around the cell (arrows illustrates the direction and magnitude
of velocity within the channel).

3. Results and Discussion

Using the design in Figure 1, dimensions and material properties shown in Tablel, fluid flow were
simulated within the microchannel to characterize flow parameters. Before deriving the results, a mesh
independence test was performed to choose an appropriate mesh size in accordance with the size of
the channel and the adherent cell. The pressure along the length of microchannel at the local area
of the cells was computed by decreasing mesh size and increasing degree of freedom. Properties of
various mesh element sizes used in the simulation are shown in Table 2. This process performed
until reaching ignorable differences between the results for two successive mesh size. The pressure
along microchannel is plotted in Figure 3 under various mesh elements sizes. Based on the result, the

difference between mesh 3 and 4 is very small, so in order to have efficient computation, the mesh 3
was used for the following simulation.

Membrane surface

Pressure (Pa)

480 490 500 510
X (Um)

Figure 3. Pressure along length of bottom wall and membrane surface of an adherent cell
under various mesh sizes.
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Table 2. Properties of elements in various mesh types.

Mesh Maximum Minimum Grow Curvature Resolution Number
number element size (um) element size (um) rate factor of curvature of elements
Mesh 1 37 0.125 1.26 0.3 1 1604
Mesh 2 20 0.075 1.2 0.26 1 2413
Mesh 3 5 0.02 1.12 0.24 1 10822
Mesh 4 3 0.01 1.08 0.2 1 21359

Figure 4 compares pressure fields within the microchannel for two different conditions: when the
channel is free (without cell), and when it is occupied by either MCF7 or MCFI10A cell lines. This
figure clearly demonstrates the effect of solid domain (the adherent cell) on the pressure field at the zone
of a single cell. For the free channel, pressure along the length of the channel is linearly decreased,
while for a channel with the cell, a variation in pressure near the cell is observable. Similarly, any
changes at the boundary of the cell such as membrane deformation can alter flow parameters such
as velocity and pressure within the channel. The deformable structure of the cell deforms when it is
subjected to a pressure, and as a return, this deformation changes the flow field.

Cell Zone

T T T T i T
Channel with MCF7 i
o Channel with MCF10A 4

485 490 495 500 505 510 515
x (pm)

===

Pressure (Pa)
LOVLOVLVYVYVY, 00O
ORNWPARUIONOOOOHHNW

=N
(o]
o

Figure 4. Pressure along channel for three various conditions: free channel, channel with
cancer cell and channel with healthy cell.

Figure 5 indicates the contour of Von Mises stresses for two different cell lines and corresponding
shear stress along the channel and in the vicinity of cells. As mentioned in Section 2.2 and Equation
3, forces acting on the membrane of the cells include both viscous and pressure forces. For a steady,
laminar and fully developed flow between two infinite stationary plates, the shear stress within flow
field can be obtained using the following expression [20]:

_ 6uUge y
Ty = 2 {1 2h} 5)

Where p is dynamic viscosity of fluid, U,,. presents average velocity, / is height of channel and y is
distance from bottom plate. For an inlet average velocity of 4 mm/s, imposing shear stress on the wall
of bottom plate (y = 0) of the system is 7o = 0.48 Pa using Equation 5. Figure 5 shows that shear
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stress on the bottom wall is constant along the channel and is matched with the analytical solution
(using Equation 5) except in the inlet, outlet of the channel and the local area of cell. In the vicinity of
the cell, the shear stress on the membrane of the cell is significantly increased due to the existence of
the cells. The results indicate that the shear stresses on the membrane of the cells are almost two times
greater than shear stress on the wall. From the contours, it is evident that maximum stress takes place
at the interface of cell and substrate, the minimum stress is at the interface of cytoplasm and nucleus.
Since the cancerous cells are softer, cytoplasm and nucleolus of them undergo more deformation under
same hydrodynamic loading compared to MCF10A cell lines.The effect of hydrodynamic load on the
nucleus of MCFI10A is less in comparison to MCF7, it means that greater force is transferred from
membrane of MCF7 to its nucleus.
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Figure 5. Von Mises stresses (A) over two cell types and corresponding shear stress along
length of the channel; (B) and membrane surface; (C) of the adherent cells under inlet average
velocity of 4 mm/s.

To study the effect of fluid flow on the cell lines and quantify their deformation, cellular deformation
of the cells under various inlet velocities were computed using equivalent elastic strain (EQS). Von
Mises equation can be used to define EQS for elastic material as follows [26, 27]:

1

EQS {(gxx - Syy)z + (&, — Syy)z + (8 — SZZ)Z}i ©)

B 1
V2(1 +v)
Where v is Possion’s ratio, &, , &y, and &, are principal strains in direction of x, y and z respectively.

Figure 6 shows contours of equivalent elastic strains for the two cell lines when they are subjected to

various hydrodynamic forces due to different average inlet velocities. It was assumed that the cell is

completely attached to the bottom plate, so that no displacement happens at substrate-cell interface. It
can be seen in this figure that greater values of EQS occur in regions between substrate-cell interface
and nucleus of each cell types. As it was observed from Figure 5, cells experience maximum value of
shear stress at the top of membrane, and hence the EQS values are greater comparing other parts of the
cell at these regions. Moreover, these results show the effect of hydrodynamic force on the deformation
of nucleus under various inlet velocities. Even though nucleus of cells are stiffer, by increasing the
inlet velocity, more deformation is experienced by nucleus of each cell lines. As expected, nucleus of
MCFT7 lines are deformed much more at the same inlet velocity when compared to MCF10A lines due
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to its lower stiffness. It means that nucleolus of malignant cells senses more deformation under same
mechanical forces within channel.To characterize the deformation values for cytoplasm and nucleus of
the two cell types, the average equivalent elastic strain (AEQS) for nucleus and cytoplasm of each cell
lines were computed by averaging EQS over nucleus and cytoplasm surfaces of the both cells. The
average equivalent elastic strains are shown in Figure 7 for different inlet average velocities. The result
shows that average EQSs for MCF7 are approximately 1.4 and 1.5 times greater than MCF10A for
cytoplasm and nucleus respectively. Hence, hydrodynamic forces which are transmitted through the
cells of MCF7 are much more at the same conditions in comparison to another cell line. It can been
seen from this figure that average equivalent elastic strain is increased with respect to inlet average
velocities.

MCF10A MCF7
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Figure 6. Distribution of equivalent elastic strain (EQS) for both MCF10A and MCF7 under
various average inlet velocities: 4 mm/s,8 mm/s and 12 mm/s.
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Figure 7. Average equivalent elastic strain (EQS) over nucleus and cytoplasm of the cells
under different average inlet velocities.

As mentioned in Equation 3, total forces acting on the membrane of the cell is a combination of
viscous and pressure forces. Due to different pressure between the surfaces of fluid flow, the pressure
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gradient force is produced, while due to friction between layers of fluid flow, the viscous forces is
produced in the opposite direction of flow. Deformation of cells does not determine the contribution of
each forces to the total force, so it would be useful if we can quantify the contribution of each forces
to the total forces acting on the cells. Figure 8 illustrates the amplitude and direction of pressure and
viscous forces applying to the adherent cell under fluid flow inside microchannel. Viscous forces are
tangent to the fluid-cell interface boundary, and it is clear that the maximum forces due to viscosity
is applied at the top of cell, and its values are decreased significantly by moving toward the sides
of the cells. The length of the arrows at different points express the amplitude of forces at those
points. Pressure forces are normal to the fluid- cell interface boundary, and its values are more uniform
comparing with the viscous forces. Figure 9 compares the values of total viscous and pressure forces
along both MCF7 and MCF10A cells. It is evident that pressure forces are much greater in comparison
with viscous forces, so their contribution to the deformation of cells would be more significant. For the
setting boundary conditions and the geometry of channel, the pressure forces are more than ten times
than viscous forces. These results emphasize the significant role of pressure on the deformation of
cells compared to viscous forces. Figure 9 also highlights the different magnitude of loads arising from
pressure forces acting on the membrane of the cells compared to the viscous forces under different
inlet velocities. By increasing the average inlet velocity, both total pressure and total viscous forces
are increased, but due to more contact area between MCF10A and surrounding fluid flow, they are
subjected to more forces in comparison to the MCF7 cells.

A) B)

B —— |

Figure 8. Pressure and viscous forces (arrows are proportional to the magnitude of forces at
the indicated points). (A) Pressure force acting on the membrane of cell; (B) Viscous force
acting on the membrane of cell (the scales of arrows for pressure and viscous forces are not
identical).
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Figure 9. Total pressure and total viscous forces acting on the membrane of two cell lines
under various average inlet velocities.
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Figure 10. Schematic of fixation of cell to the substrate.

Due to reduced cell surface adhesion molecules in cancerous cells, most of them are less adhesive
compared to their normal counterparts. As a result, cancer cells are not restrained completely by
interaction with tissue components or their substrate, giving them the ability to invade and
metastasize. Reduced adhesiveness to the substrate causes morphological and cytoskeletal changes of
cancerous cells, so they are rounder than normal cells [28, 29]. For previously obtained results, it was
assumed that cell attaches to the substrate completely, so there is no deflection at the interface of cell
and substrate. In order to study the effects of adhesion on the deformation of cells and mimic their
microenvironment, the simulation were performed assuming that cells partially adhere to the substrate
so that cells are free to deform at the two sides in x- direction only while still they are fixed in
y-direction. Figure 10 illustrate how cells were constrained on their cell-substrate interface for the
simulation by considering various attached areas. As this figure shows, there is no deflection for the
center of cell. However, at x, distance away from two ends, it can be deformed only in x direction.
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Figure 11. EQS contours when cells are adhered partially (x, = 3 um). (A) MCF10A, (B)
MCFT7 (inlet average velocity: 4 mm/s).

To study the effect of x,, the average equivalent elastic strains of the two cell lines were computed
for different values of x,, and the results are shown in Figure 11 and Figure 12. The average EQS
increases by increasing the x,, but the increase in deformation is not similar for both cytoplasm and
nucleolus of two cell lines. Figure 12B compares the increased percentage in EQS with respect to the
x,. This figure clearly demonstrates that the nucleolus EQS of the cell under constant inlet average
velocity is influenced more by increasing x, compared to the cytoplasms. Due to shorter attached area
of cells to the bottom plate, more stresses are experienced by them under same boundary conditions. It
was shown that the maximum stresses occurs on the cell-substrate interface, and the maximum value
of stress were measured to understand the effect of various attached areas on it. Figure 13 shows the
maximum stress estimated in two cell lines when x, changes from O to 4 um. The maximum stress can
be increased from 5 Pa when x, = 0 to 15 Pa when x, = 4 for MCF7 cells.
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Figure 12. (A) Average EQS for cytoplasm and nuclues of both cell lines versus different x,,
as shown in (C); (B) Increased percentage of EQS versus different x, compared with EQS of
two cell lines when x, = 0 (inlet average velocity: 4 mm/s).
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Figure 13. Maximum stress estimated in the two cell lines for different x, (inlet average
velocity: 4 mm/s).

4. Conclusions

Biological function of cells and their behavior are affected by biomechanical forces such as shear
stress in their environmentt. These mechanical stimulations can also alter phenotype of those cells.
Cells respond to fluid shear stresses by mechanotransduction mechanism, and they exhibit various
deformations with respect to their mechanical properties such as elasticity and density. In this study, a
fluid-structure interaction model was developed to quantify deformation of both normal and cancerous
cells under flow-induced hydrodynamic loads including viscous and pressure forces. It was observed
that the maximum stresses take place at cell-substrate and the minimum at cytoplasm- nucleolus
interface. The obtained results show that nucleus and cytoplasm of MCF7 cancer cells undergo almost
one and half times more deformation than MCF10A benign cells under the same conditions. To
differentiate the effects of viscous and pressure forces individually on the deformation of cells, the
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contribution of each forces was estimated numerically. The adherent cells undergo the hydrodynamic
force which is a combination of pressure and viscous forces, but our numerical study reveals that the
imposing total pressure on the membrane of the cells due to flow field, is much more (ten times
greater) than total viscous forces within channel. It suggests that the pressure field provides a major
contribution to the deformation of the adherent cells. Moreover, the FSI model was used to study the
effect of partial adhesion of the cells on the their deformation. By the reducing the cell adhesion, the
deformations of both MCF10A and MCF7 increased under the constant inlet velocity, but the amount
of increase is not identical for both cytoplasm and nucleus. When the cell adhesion was reduced, the
physical deformation of cell increased considerably in response to forces. This study can provide a
useful insight on the behavior of individual cancerous and normal cells under flow conditions.
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