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a b s t r a c t
Application of microfluidic systems for the study of cellular behaviors has been a flourishing area of
research in the past decade. In the process of probing cell biomechanics the passage of a cell through a
narrow microchannel or a small pore has attracted much attention during the recent years. And the study
of cellular deformability and transportability using these systems with enhanced resolution and accuracy
has opened a new paradigm for high-throughput characterization of both healthy and diseased cell populations. Here we use the level-set method to explore the relationship between the transit time and
mechanical properties of normal white blood cells (WBCs) and breast cancer epithelial cells (MCF7) under
different microenvironmental parameters (i.e., pressure difference, cell size, effective cell surface tension,
constriction size and taper angle) in a 2-D computational domain by considering the cell as a viscous
drop. The novel biomechanical relations are obtained for each cell type by the Response Surface
Method (RSM), relating microenvironmental parameters to the dimensionless entry time of the normal
and cancer cells. Our results revealed that MCF7 cells show a significantly different behavior (a bifurcating behavior when the pressure difference of inlet/outlet increases) in regards to the dimensionless entry
time as a function of microchannel taper angle in comparison with the WBC. These results suggest that
the microenvironmental parameters have a significant effect on the transportability of the cells and different cells have different behaviors in response to a specific microenvironmental parameter. Finally, it
can be claimed that this method can be also utilized to distinguish between benign and cancerous cells
or even to probe tumor heterogeneity toward high throughput cell cytometry.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Cancer is one of the most pervasive diseases and major health
concern with an estimated 600,000 deaths which occurred in
2018 (Siegel et al., 2018). The estimation was based on the most
recent joinpoint-generated annual percent in the reported cancer
deaths from 2001 to 2015 at the state and national levels, as
reported to the NCHS. Metastasis, which is defined as the spread
of cancer to distant organs, is the primary cause of death in cancers
(Chambers et al., 2002; Fidler 2003; Yamaguchi et al., 2005). Cell
mechanics plays an important role in various biological processes,
including the detachment of cancerous cells from the primary site
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(intravasation), migration in the blood stream and lymph nodes,
and homing into a new site (extravasation). The mechanical properties of a cell are mainly determined by the membrane, the
cytoskeletal network, and its interaction with the nucleus which
can be measured by different tools such as micropipette aspiration,
optical tweezers (OT), and atomic force microscopy (AFM) (Dahl
et al., 2015; Kim et al., 2009; Darling et al., 2007).
Over the past decade, myriad microfluidic approaches have
been developed for the study of cancer cell mechanobiology
(Chaudhuri et al., 2016). Microfluidics has the potential to significantly change the way we perform cell mechanics studies
(Vanapalli et al., 2009). A large number of works have been carried
out on the microfluidic applications in assessing mechanical
behavior of different cancer cells such as breast cancer (Hou
et al., 2009; Lee and Liu 2015), cervical cancer (Hong et al.,
2012), brain cancer (Khan and Vanapalli 2013), and lung cancer
(Byun et al., 2013), all of which emphasize the reliability, applicability and efficiency of the microfluidic approach. Microfluidics has
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included variables in this study, Response Surface Method (RSM)
as a design of experiment (DOE) method is utilized to derive the
best correlation according to the involved parameters. For this
aim, the driving pressure difference, cell size, effective cell surface
tension, constriction size and taper angle are considered as the
involved microenvironmental parameters. These 5 parameters correspond to 3 non-dimensional parameters and response surfaces
with respect to those 3 non-dimensional parameters which are
constructed to help analyze cell motion.
The effective cell surface tension and viscosity do not correspond to easily measured quantities in vivo, but they are parameters representing the effects of several other physical properties.
Such models can be utilized to distinguish between benign and
cancerous cells or even to probe tumor heterogeneity toward high
throughput cell cytometry.

the capability to be combined with other methods. For instance,
Adamo et al. implemented the electric field across the constriction
channel to measure the deformability and the interaction of the
HeLa cells with the electric field (Adamo et al., 2012). Mak and
Erickson studied the breast cancer cells under a chain of microconstrictions to represent the functional attributes of the cell deformability (Mak and Erickson 2013). A Multi-parametric study of the
cancer cells in confining microchannels was carried out by Hu
et al. to characterize the cell size, cell deformability, and surface
receptors (Hu et al., 2016). In addition, passage and friction of
the cell in microconstriction were assessed by Khan et al. to understand the relation between cell confinement, velocity, friction
force, lubrication film thickness, and rheology (Khan et al., 2017).
In general, micro/nanostructure and continuum methods (Lim
et al., 2006) are the two approaches to cell modeling. And for
studying the cell deformation at the single cell level, without considering the contribution of cell compartments one by one, continuum method is more appropriate (Aghaamoo et al., 2015).
Continuum method considers each cell as an elastic solid or as a
viscous droplet with a defined membrane tension (Lim et al.,
2006). Newtonian and viscoelastic drop models, which are subdivisions of the continuum method, were utilized by Zhou et al. to
investigate the transit of neutrophil cells crossing through microconstrictions (Zhou et al., 2007). Considering neutrophil cells,
Guo et al. used liquid drop model to measure the deformability
of the cells through the microconstrictions (Guo et al., 2012). In a
further effort, Aubry et al. implemented another model of the continuum method known as Maxwell method to study the deformation process of the HeLa cell under different microconstriction
sizes (Aubry et al., 2015). Another approach in the continuum
method extent is Dissipative Particle Dynamics (DPD) which considers the cell as integrated particles with defined physical properties (Bow et al., 2011; Ye et al., 2018; Xiao et al., 2016; Lykov et al.,
2017). Considering solid models of the continuum method, Lou
et al. utilized a visco-hyperelastic model to analyze the deformability and Young’s modulus of A549 and 95C cells through their deformation in a microconstriction (Luo et al., 2014).
Previously, through a similar study, Lim and coworkers reported
that when the amount of deformation is high, viscous droplet
model is more suitable to be utilized (Lim et al., 2006). On the other
hand, recent reports on the flow of the cells demonstrated that the
behavior and equilibrium positions of a cell in a microchannel are
more similar to viscous droplets in comparison to solid elastic particles (Hur et al., 2011). Considering the cell as a viscous droplet,
simple and accurate methods like level-set and volume of fluid
(VOF) methods can be adopted for modeling. For instance, Luo
et al. employed the level-set method to study the transition of
leukocytes in a microchannel under different flow conditions, cortical tensions, intracellular viscosities and densities (Luo et al.,
2011). VOF method was also utilized in the simulation of the separation of circulating tumor cells (CTCs) using isopore microfilters
(Li et al., 2017; Zhang et al., 2014). In the present study, therefore,
due to higher accuracy of the level set method in the calculation of
the mean curvature of the cell-extracellular fluid interface and surface tension force (Bashir et al., 2011), this method is implemented.
The purpose of the present study is to analyze the effect of
microenvironmental parameters on the deformation and transport
of normal and cancerous cells within defined microchannels in
order to develop expressions for predicting the cell entry time.
Although similar type of modeling has been conducted in the past
(mainly for the red blood cell (RBC) and neutrophil), none of the
previous works have taken into account the effect of microenvironmental parameters (e.g., constriction size, effective cell surface tension, applied pressure) on the cell deformation, particularly for the
normal and cancer cells (Leong et al., 2011; Hou et al., 2009; Ye
et al., 2018; Gabriele et al., 2009; Bathe et al., 2002). Given the

2. Numerical method and governing equations
A schematic view of the microdevice is presented in Fig. 1. It
consists of a straight channel that guides the cell into the device
and then it is followed by a tapered section with a defined angle
that induces the mechanical force smoothly to the cell.
2.1. Level-set method
To model the cell deformation process, one of the interface
tracking methods known as the level-set method is employed. All
of the compartments of the cell consisting the nucleus, intermediate filaments, and microtubular are considered to be a viscous droplet with a high viscosity. This assumption has been used
previously in cell deformation modeling and showed a good match
between numerical and experimental results (Luo et al., 2011; Li
et al., 2017; Zhang et al., 2015b; Zhang et al., 2014). Although
the behavior of different compartments is not shown in this model,
their effects on the cell deformation are taken into account by
choosing a specified/relevant surface tension and viscosity in the
model. In order to model the deformation of nucleus, cytoplasm,
and cell membrane (i.e., to account for cellular heterogeneity), a
compound drop model should be chosen. But with more parameters, it was found that there could be an infinite number of combinations (cortical tensions and viscosities) to fit a particular
rheological behavior (Tran-Son-Tay et al., 1998). Thus, it is necessary to study the cortex, the cytoplasm, and the nucleus separately
to develop a more accurate model of the cell. Hence, the experimental techniques able to extract the given MCF7 or WBC compartments separately are needed. And to the best of our
knowledge, these data were not available for these specific cases
in the literature. The liquid drop model, although providing less
insight into the detailed interactions at the subcellular level, is
more straightforward to use in the modeling of cell-fluid-channel
interaction and studying the general deformation of the cell, if
the effective mechanical response at the cell level is all that is
needed; as in our case of deformation in a microconstriction
(Zhang et al., 2014). The detailed description about the level-set
method can be found in Supplementary Information-S2.
2.2. Governing equations
A set of equations that are discretized by a hybrid mesh (as
illustrated in Fig. 2) should be solved in a 2-D computational
domain. Since the microchannel depth is constant in its length,
the cell entry is insensitive to the depth, and the computational
costs matter, the effect of the third dimension is neglected
(Leong et al., 2011).
2
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Fig. 1. Schematic view of the microdevice employed for the cell mechanobiology study. Entrance length (60 lm) and constriction length are constant (150


width, entrance width and taper angle are changing 10 lm to 15 lm, 24:56 lm to 164:28 lm and 20 to 75 , respectively.

lm). Constriction

Fig. 2. Computational domain of the simulation and the specified boundary conditions.

mines the thickness of the interface where the level-set function
goes smoothly from zero to one. The other numerical parameter
is c that determines the amount of reinitialization or stabilization of the level-set function. The first term on the right hand
side of the level-set equation is the artificial diffusivity that prevents discontinuities at the interface and the second term is the
compressible flux.
The boundary conditions consist of the wetted wall for the walls
of the microchannel that are in contact with the cell membrane. A
constant pressure is implemented at the inlet to provide sufficient
pressure difference to drive the cell into the microconstriction
(Fig. 2).
The wetted wall boundary condition provides the interface
movement along the wall with the contact angle of h, by defining
a slip length (b). At this distance outside of the wall, the extrapolated tangential velocity component is zero and a frictional force
of the form below will be added (Bashir et al., 2011):

The continuity, Navier-Stokes, and level-set equations which
are shown by Eqs. (1)–(3) are the governing equations in the simulation that are coupled and solved together (Bashir et al., 2011).

ru¼0

q

ð1Þ
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where F denotes the surface tension force vector between the
cell membrane and the extracellular fluid i.e. phosphate buffered
saline (PBS), u ¼ uðx; y; tÞ is the velocity vector, p is the pressure,
I is the identity matrix, and q and l are the density and the
dynamic viscosity, respectively. The physical parameters are
listed in table S5 of Supplementary file. The parameter e deter3
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u:

ber and Weber number (EW), dimensionless constriction width
(W  ), and dimensionless taper angle (a ) which are shown by
Eqs. (5)–(7). The range of the variation of each of the nondimensional parameters are considered to be 0:714  W   1,
0:444  a  1:667, and 2  EW  4 for both WBC and MCF7 cells.

ð4Þ

2.3. Validation of the model
Validation of the proposed model was performed by comparing
the result of the simulation with the experimental work of Hou
et al. (Hou et al., 2009). In the experimental work, 490:5 Pa pressure difference was used to drive the MCF7 and MCF-10A cells
through the microchannel which is illustrated in Fig. 1. In that case
the MCF7 cell was inserted into the microconstriction with the
constriction width of 10lm and the entrance width of 24:56lm
in 0:85sec. The distance of the cell front from the first contact point
with the tapered section of the microchannel entry versus the time
it takes (entry time) was compared with the experiment. The origin
in Fig. 3 refers to the cell location in which it touches the tapered
walls. The result of our numerical simulation shows a good agreement with the experimental work as it is depicted in Fig. 3. Either
our numerical simulation or the experimental work demonstrates
a three-step entry of the MCF7 cell into the constricted microchannel. At the first stage, the cell has the rapid initial penetration into
the constriction due to its higher velocity. This stage corresponds
to the initial steep region of the plot. Then, its potential for penetration decreases because the implemented pressure forces have
to overcome the surface tension force of the cell that reaches a high
value due to the increase in its curvature. Thus, we have a linear
region at the second stage. The high viscosity of the cell prevents
its fluidity, and its high surface tension coefficient enables the cell
to maintain its sphere shape, firmly. At the third stage, where a significant upshift can be seen in the plot, nearly the whole volume of
the cell is penetrated into the constriction. The maximum value of

EW ¼
W ¼

a ¼

DPD

r

;

ð5Þ

W
;
D

a
45

ð6Þ
ð7Þ



In the formulas above, D is the initial cell diameter, W is the
constriction width, and a denotes the taper angle of the constriction. The Central Composite Design (CCD) uses axial points, factorial points and central point to define the levels of a factor or
parameter. Design-Expert software is employed to derive the relat ﬃ
tionship between the cell dimensionless entry time ðT ¼ prﬃﬃﬃﬃﬃ
Þ and
3
qd

the non-dimensional parameters by the well-known RSM. Designs
using RSM help to quantify relationships between one or more
measured responses and the vital input factors. The model that is
suggested by the Design-Expert software and further used to
derive expressions for the WBC and MCF7 are of the type 2FI and
quadratic, respectively. The R2 value of 0:9410 for the 2FI model
of WBC and 0:9893 for the quadratic model of MCF7 together with
the residual plots (see the supplementary information-s1) show
the efficiency of the models.
4. Results and discussion

3

Re number in this study is about 2:92  10 .

4.1. The whole process of the cell deformation
Qualitative comparison of the present numerical results with
the experimental result of Hou et al. (Hou et al., 2009) from the
beginning to the final stage at the constricted section is demonstrated in Fig. 4. Also the flow of surrounding medium is shown
by streamlines and the pressure distribution is demonstrated by
the corresponding contours, showing how these two factors affect
the cell shape in the cell deformation process. As the cell contacts
the tapered walls, the streamlines at its back side start to deviate
and small vortexes are being observed at this side due to the partial
obstruction of the surrounding medium by the cell (Fig. 4a). Measuring the time in order to calculate the entry time starts when
the cell touches the tapered walls. As the cell penetrates further,
the streamlines at the cell’s back side deviates remarkably and creates large vortexes that cover almost the whole remaining part of
the tapered section (Fig. 4b and c). Then, the cell goes into the faster entrance phase as most of its volume penetrates the constriction. Subsequently, the deviation of streamlines from the
horizontal centerline of the microchannel becomes smoother
(Fig. 4d and e). At the first stage, negligible differences of the location of the cell is observed between the numerical and experimental results (<3%) but it rises to about 20% (according to Fig. 3) at the
third stage.

3. Materials and methods
Initially, the effective microenvironmental parameters are
defined in order to derive a relation between entry time and the
parameters. The obtained non-dimensional parameters by pi Buckingham theorem (Yarin, 2012) are the multiplication of Euler num-

4.2. Biomechanical expressions
The obtained correlations for MCF7 and WBC are as follows,
respectively:

Fig. 3. Validation of the numerical simulation with experimental work of Hou
et al.11. Here, 490:5 Pa pressure difference is used to drive MCF7 cells through the
microconstriction with 10 lm constriction width and 24:56 lm entrance width.
The origin refers to the first place of the cell in the entrance region of the micro
channel (demonstrated in Fig. 2). Reproduced with permission from J. Biomedical
Microdevices. 11, 3 (2008). Copyright 2018 Springer Nature.

T MCF7 ¼ ðaMCF7  bMCF7 a  cMCF7 EW  dMCF7 W  þ eMCF7 a EW
þf MCF7 a W  þ g MCF7 EWW   hMCF7 a  iMCF7 EW 2 þ jMCF7 W  Þ2
ð8Þ
2

4

2
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Fig. 4. Pressure-streamline-volume of fluid contours of the process of MCF7 cell deformation in the microchannel compared with experimental results of Hou et al.
Reproduced with permission from J. Biomedical Microdevices. 11, 3 (2008). Copyright 2018 Springer Nature.

log10 T WBC ¼ aWBC  bWBC a  cWBC EW  dWBC W  þ eWBC a EW
þ f WBC a W þ g WBC EWW :






ð9Þ

Table 1
Coefficients of the biomechanical equations.

MCF7
WBC

.

It shows the interconnected relevance of the involved parameters
that highlight the MCF7 cell due to its different physical characteristics. The trends of Fig. 5 are independent of the value of the
dimensionless constriction width and to show this independency,
2D plots of T MCF7 and T WBC versus W  at different values of a and
EW are depicted (Fig. 6). It can be seen that the trend of the curves
remains the same and T MCF7 is still one order of magnitude higher
than T WBC . Overall, it can be concluded from these two figures that
changing the dimensionless constriction width only shifts the
curves in Fig. 5 up and down.
These difference in the dimensionless entry time profile of WBC
and MCF7 cells show their biomechanical difference that origins
from the difference of their constituents, specifically their
cytoskeleton (Alibert et al., 2017). The observed distinctions lead
to better cell classification and cytometry. The following deduction
can be made from the above mentioned result: the higher mechanical compliance of WBC as well as its different mechanical
responses to the microenvironmental parameters, are manifested
in the remarkable difference of entry time and its trend. The present research which emphasizes the cell rigidity subject, reveals
the higher stiffness of benign cancer cells in comparison to malignant ones as well as the lower stiffness of blood cells in comparison

The value of the coefficients in these equations are listed in
Table 1.
Consideration of the nucleus might increase the entry time of
the cells and a shift may be observed in the curve of Fig. 3; but
the trend of the plot would be the same (Leong et al., 2011; Zhou
et al., 2008). Accordingly, it is claimed that the extracted correlation is sufficiently reliable.
Fig. 5 illustrated the dimensionless entry time versus a and EW
for both WBC and MCF7 cells at a fixed dimensionless constriction
width of W  ¼ 0:75 based on the derived expressions. As shown in
Fig. 5, the behavior of the dimensionless entry time for MCF7 and
WBC are different. They have completely different profiles and are
at the same value of a and EW the value of the T MCF7 is about one
order of magnitude higher than T WBC . The observed bifurcating
behavior of the T MCF7 that occurred at EW  2:6, makes it significantly diverse from the T WBC . At high values of EW the maximum
of the T MCF7 curve corresponds to the maximum value of a , whilst
by decreasing the value of EW less than 2.6, the maximum value of
the T MCF7 shifts from the highest value of a to a lower one (Fig. 5c).

Cell type

11

Coeff.
a

b

c

d

e

f

g

h

i

j

92.6
5.22

1.82
1.26

9.28
0.06

135.6
4.17

1.89
0.26

0.62
1.1

6.84
0.18

1.19

0.08

52.2
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Fig. 5. (a) and (b) 3D plots demonstrating variation of dimensionless entry time with dimensionless EW number and dimensionless taper angle a ; and (c) 2D plot of variation
of T MCF7 versus a in W  of 0.75.

Fig. 6. (a) and (c): 2D plots demonstrating the variation of T MCF7 ; (b) and (d): and T WBC versus W  in different values of a (in EW ¼ 3) and EW number (in a ¼ 1:06).
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tionship with the dimensionless entry time. Although the effect of
changing constriction width and applied pressure have been
emphasized by the previous researchers (Guo et al., 2012; Preira
et al., 2013; Zhang et al., 2014), how the taper angle affects the cell
deformation process has not been fully clarified. With the reduction of the taper angle, the cell has to deform more immediately
to traverse the microconstriction for EW values greater that 2.6
(Fig. 7a and b). In fact, in this situation lower taper angles causes
both the MCF7 cell and WBC to enter into the constriction more

to malignant cancer cells which is also claimed by other researchers (Khan et al., 2018; Lin et al., 2013). For example, Darling et al.
showed that different cell lines of chondrosarcoma have different
rigidity and the more aggressive cell line have the lower stiffness
enabling the cell to metastasize to other organs in the human body
(Darling et al., 2007).
Fig. 7 depicts the direct relationship between the dimensionless
taper angle and the dimensionless entry time. The dimensionless
constriction width and EW number, however, have an inverse rela-

Fig. 7. (a) and (b): Variation of the dimensionless entry time and strain of the MCF7 and WBC with a (in EW ¼ 3, W  ¼ 0:86); (c) and (d): Variation of the dimensionless
entry time and strain of the MCF7 and WBC with EW (in W  ¼ 0:77, a ¼ 0:69); (e) and (f): Variation of the dimensionless entry time and strain of the MCF7 and WBC with W 
(in a ¼ 0:69, EW ¼ 3:59).
7
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tal parameters, (ii) to predict entry time of these two cell lines and
(iii) to distinguish them more easily.

smoothly. The increase of dimensionless EW number indicates the
relative strength of the pressure forces. The surface tension forces
are the main forces that constrain the cell to have its intact sphere
nature. The dominant effect of the pressure forces relative to the
surface tension causes the cell to have more deformation in the
process (Fig. 7c and d). The last parameter is the width of the
microconstriction and, as it is expected, it has an inverse relationship with the cell entry time due to the decrease in the wallinduced mechanical forces in wider microchannels (Fig. 7e and f).
As the strain (c) of the cell through mechanical deformation is
an important parameter from its viability point of view (Zhang
et al., 2015a), the effect of different factors on this parameter are
studied here. The strain is defined by:

c¼

Lf  L0
L0
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of EW ¼ 3. The cell strain decreases by increasing the dimensionless taper angle due to the lower effective pressure on its rear side.
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back side, being far from the ellipsoid shape. Increasing the EW
number intensifies the pressure forces to the cells; hence, the
strain of the cells increases gradually (Fig. 7c and d). Finally, it
was observed that as the non-dimensional constriction width
increases, the cell experiences less tension and the magnitude of
the cell strain decreases (Fig. 7e and f).
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