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ABSTRACT

Cancer metastasis leads to the transport and widespread of
malignant cells from the primary tumor to other parts of the body
by exploiting body fluids (lymphatic fluid, bloodstream, and
interstitial fluid). While the transport of a single cancer cell in
fluid flow has been studied in the past, it is unclear how a group
of cancer cells (tumor) migrate under the impact of
hydrodynamic force in vasculature. In this work, we address this
knowledge gap by investigating the migration process of a
cancer spheroid tumor in a micro-channel with a constriction
using both experimental and computational methods. The
Dissipative Particle Dynamics method was employed to simulate
the mechanical components of the spheroid tumor and immersed
boundary method is used for interaction of spheroid with the
surrounding fluid. Our results suggest that the mechanical
response of the spheroid tumor differs from a single cell. Our
computational framework provides new capabilities for
designing bioengineering devices for cell manipulation.

Keywords: metastasis, transport, cancer cells, micro-channel,
Dissipative Particle Dynamics, immersed boundary method.

1 INTRODUCTION

Cancer metastasis leads to the transport and widespread of
malignant cells from the primary tumor to other parts of the body
by exploiting body fluids (lymphatic fluid, bloodstream, and
interstitial fluid) [1]. The metastasis process consists of a series
of successive actions beginning by: (i) invasion of the primary
tumor in the surrounding tissue; (ii) intravasation into the
surrounding vasculature or lymphatic system; (iii) survival in the
circulation ; and (iv) arrest at the new location. Finally, the
cancer cell extravases and colonizes to the secondary tumor site
[2]. While this process has been known in general, the detailed
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mechanism of cancer metastasis is not known, especially the
impact of hydrodynamic force on the metastasis. For example,
Byrd et al. [3] generated three-dimensional tumor models based
on MRI images obtained from various breast cancer patients.
Their results showed that breast cancers were categorized into
four main distinct tumor shapes: discoidal, segmental, spherical
and irregular. These shapes are important as they are the building
blocks for the creation of 3D tumors in microvasculature
environments.

The physical characteristics of circulating tumor cells
(CTCs) that allow them to migrate in different directions and
survive under the physiological blood flow is still poorly
understood. Numerical methods are found to precisely model the
high deformability of CTCs, cell-cell interaction, and interaction
with the fluid flow in the microcapillaries [4—7]. These models
can be used to find the locations where the next tumor is most
likely to form [8].

In most previous literatures the CTCs were modelled as
immersed boundaries and the elastic property of the membrane
were modelled using Hookean springs [9]. Furthermore,
previous models in the literature rely only on particle-based
methods to simulate cell and plasma dynamics, which do not
report the extracellular flow patterns [2,10,11], as well as the
loading condition on the cellular membrane. Lattice-base
methods is suitable to model the governing equations of cell-cell
interaction, cell-fluid interaction, cell-wall interactions, cell
deformation and reaction to microenvironment stimuli [12]. But
large length scale variation ranging from cellular scale to organ
scale, these methods are not suitable to simulate large complex
biological systems. Dissipative Particle Dynamics (DPD)
methods are suitable for modelling systems at mesoscale [13].
Both continuum and discrete models play an important role in
cancer metastasis. Therefore, hybrid methods are more suitable
for modelling such processes. Hybrid methods use both discrete
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representation for cellular scale phenomena and continuum
methods for tumor or tissue scale phenomena [14].

In the present research the cancer tumor is represented by a
sphere. The surface of sphere is modeled as a viscoelastic shell
composed of DPD particles connected by viscoelastic springs
and the resistance offered by the cancer cells inside the tumor are
modelled by free DPD particles [15]. The effect of surrounding
fluid on the tumor has not been modelled in the present study.
Our future goal is to use immersed boundary-based continuum
method to include the effect of surrounding fluid on the tumor.
Our method demonstrates its applicability in simulating transport
of tumors in capillary channels.

2 MATERIALS AND METHODS

21 GEOMETRY

Figure la shows the dimensions of the micro channel
with constriction. All the dimensions are in microns. Figure 1b
shows the three-dimensional view of the micro channel. The
micro channel is modelled as a rigid wall and no slip boundary
condition has been applied on the inner wall surface. A sphere
has been used to represent the tumor, as shown in Figure 1c. The
diameter of the sphere is 286.0 microns.
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Figure 1. (a) Design dimensions (microns) of the microchannel with
constriction, (b) three-dimensional view of the micro channel, (c) the
spherical model of the lump of cancer cell.

2.2 EXPERIMENTAL SETUP

Figure 2 shows the experimental apparatus at the
Department of Chemical Engineering, Delft University of
Technology. The details of the experimental apparatus are
adapted from [16]. The sphere consisting of cancer cells is forced
to pass through a constricted micro channel with the help of fluid
flowing in the channel, as shown in Figure 2. The cross section
of the channel is usually made rectangular to accommodate the
irregular shape of tumor. A high-speed camera is used to capture
the displacement and deformation of the sphere while it passes
through the channel. With the help of image processing

capability of MATLAB, the boundary of the lump of cancer cells
were extracted and the engineering strain, which is the ratio of
instantaneous length after deformation to the initial length, in the
outer surface of the sphere is calculated. This strain is then used
to calibrate the DPD model parameters.

Microchannel

Outflow
— = T,

- 1] p—
o —

p— =5

p— pu—

Spherical lump of cancer cells
Figure 2. The snapshot of the experimental setup [16].

2.3 DISSIPATIVE PARTICLE DYNAMICS METHOD

Dissipative Particle Dynamics (DPD) is a particle-based
model similar to a coarse-grained molecular dynamics model.
The DPD method utilizes the interaction of particles through
pairwise forces in order to predict the dynamics of membrane as
well as the interacting fluid surrounding the membrane. In DPD
method, the particle i can interact with the surrounding particle ;
within cutoff radius r. by: (a) conservative force Fg, (b) the
dissipative force Fl-l]?, (c) the random force Fi’;- and the penalty

force FL-F}. The total force f; on particle i is given by

— C D R P

Jj#i

The outer surface of the sphere is modelled as a viscoelastic
membrane and the resistance offered by the cancer cells inside
the sphere is modelled using dissipative particles.

2.3.1 CONSERVATIVE FORCE

The conservative force Fﬁ is given by:
C _ pC ~
Fjj = F*(rj)T,

rij) 2)
a--(l—— for r; <r,
o) =\ ySTe

for r; >,

Where a;; = 20 is the conservative force coefficient between
particles i and j, and 7, = 1 is the cut off radius.

2.3.2 THE DISSIPATIVE FORCE

The dissipative force Fil]? for the membrane particles is
given by:
F = —TTv;=T¢(vy; - 7)), (3)
Superscripts C and T denote the central and translational
components. I'C is equal to one third of I'". Therefore, large
portion of viscosity depends on I'T. v; j = v; — v is the relative
velocity between particles i and ;.
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The physical viscosity of the membrane 7,,, is related to
the translational and central viscosity component as following:

V3r¢ @)
4

Nm = V3IT +

2.3.3 THE RANDOM FORCE

General Fluid particle model [2,15] and membrane
viscosity models are used to define the random force Fl-’;-.

V3
FRdt = \[2ksT | 2 ;andl/l/g ANC)

Where dt is the physical time step. dW_lf = de - tr(dWii)/3,
where tr(dWi‘]q-) is the trace of the random matrix of independent
Wiener increments dW;;.

2.3.4 PENALTY FORCE

The penalty force is used to reflect the particles back
whenever they come close to the membrane. The inside or
outside the membrane position of the particle can be checked by
the following condition:

nr = {< 0 inside the cell 6)
Ly >0 outside the cell

Where n; is the normal vector at the membrane and 7;; is the
relative position vector of the particle.

2.4 SHELL MODELING

The cancer tumor is assumed to consist of a thin shell
structure in the outer layer and a viscoelastic core. The shell’s
physical characteristics, such as viscosity, elasticity, and bending
stiffness, are derived fundamentally from these biological
components. The shell structure is modeled as a spring-network
structure. The surface of the shell is discretized using triangular
elements. The edges of these triangles are modelled as non-linear
viscoelastic springs, while the nodes of the triangles are
modelled as DPD particles (Figure 3). The forces between the
membrane DPD particles are calculated from potential energy
V(r;) as follows:

v (ry)
ari

Fmembrane _
i

O]

Where 7; is the position vector of the particle. The
potential energy of the membrane is a combination of the in-
plane (Vin—piane) bending (Vbending), area (V,,04), and volume

(Vvorume) €nergy, given by:

V(ri) = Vin—plane + VbendingﬂL Varea + Vvolume (8)

Where r: is the position vector of the vertices where the potential
energy is defined.

-100 -50 0 50 100

<100 -50 0 50 100

Figure 3. Triangulated surface of the shell. The red circles are
DPD particles, and the edges of the triangles are nonlinear
viscoelastic springs as shown in triangle abc.

The in-plane potential energy term accounts for the elastic
energy stored in the shell. Here, the nonlinear wormlike-power
(WLC—POW) model is used:

Z Uwic(l) + Z Upow (1)) )

jEL..Ng kel..N¢

Vin—plane =

The Wormlike Chain (WLC) attractive potentials (UWLC(l]-)) for
individual links (lj) is expressed as:

kpTlyay 3% — 2x3

UWLC(lj) = 4p 1—x (10)

where [; is the length of the spring j, and x = ll—’ represents the
m

spring deformation. 4, and p is the maximum length of the
links and the persistence length, respectively. kg and T are the
Boltzmann’s constant and the temperature, respectively.

The energy potential, Upow, which defines a repulsive
force in the form of a power function (POW). Upow depends on
the separation distance /; as:

k
Upow(;) = :

_—, >0, *+1
am—gr—i ™7 OM an

The bending energy Viending is defined as,

Vbending = Z ky [1 - COS(HJ' - 90)] (12)

j€EL..Ng

Here k, and 6o are the bending constant and the
spontaneous angle, respectively. 0; is the instantaneous angle
between two adjacent triangles, which share the common edge
(link) j as shown in Figure 4.
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Figure 4. Pi, P2, P3, P4 are the nodes of the triangle and Ax is the area
of the triangle. A1 and Az are the area of the two adjacent triangles. azi,
asz, ais, as4, a42 are the position vectors along the edges of the triangle.
& and { are the unit normal vectors to the area of the triangles. 0 is the
angle between the unit normal vectors & and {.

The area and volume conservation constraints account for the
incompressibility of the shell and the core, respectively. They are
defined as:

ka(A—AG)? kq(Ar — Ao)
Varea = — 7wt Y S C )
0 KET.N; 0
k (V _ Vtot)z
Viootume = T (14)

2 Votot

Where A and Ay are the instantaneous areas of the &
triangle (element) and the average area per element. k,, k4, and &,
are the global area, local area, and volume constraint
coefficients, respectively. 4 and V are the instantaneous total area
and total volume of the lump. The A§°*= N4y and V{°" are the
specified total area and volume, respectively.

2.5 CELL VISCOSITY

The cancer cell is viscoelastic in nature. The membrane
viscosity contribution is expressed as an additionally dissipative
force as given in equation 3. The nodes of the triangular elements
used to discretize the membrane are modelled as DPD particles.
There are 1940 DPD particles used to model the membrane of
the lump.

2.6 SCALING OF MODEL AND PHYSICAL UNITS

One challenge in DPD modeling is the relationship
between the modeled quantities and the physical value since this
relationship is not explicit. It is necessary to use a scaling
argument to recover this relationship. Here, the superscript M
and P correspond to the model and physical units (SI units),
respectively.

The length scale (r™) is defined as:

Dg

Dy

.,,,M

(15)

M is the model unit of length. Explicitly, D} is the cell diameter
in the model unit and D is the physical cell diameter in meters.
The energy per unit mass(ks7) and the force N scaling values are
given by:

w_ Y (Do 2 P (16)
(kgT) =—<—) (kgT) 1
B YM D(])\/[ B
Y? D?
M _ 0 NP
=——N a7
YMD(’)V’

Where Y is the membrane Young’s modulus. The timescale t is
defined as follows.

DP nP yM a
= 0 77m (18)
DY niE ¥

27 COMPUTATIONAL SETUP
Table 1. Parameters for DPD model.

Parameter Value Parame Value
ter
kB 1.38 X 10~3[J /K] Uy 6.3X 107°[N/m]
T 23 +273.15[K] X 1/2.2
D, 286X 10~°[m)] m 2
Mo 1.2x 1073[N.s/m?] | k, 2k /V3
n; 51, o » <(\/§(Nv —2)-57
cosTH———F
V3N, —2) -3
Nm 5.1 X 1072[N.s/m?] | D! 286.07
M 4001, M 400
N, 2N, —4 kg, 6.17x 1075
k. 3.6x 10715(]] ky 1.26x 1075
k, 836.18
N, 3N,/2 ™ D,/D¥
Aq 4nD§ /(4N)[m?] (kB (Y /Y") (Do/Dg)?
eff M M /..M
G N T A
Uy, 2u, K uy/(4u, —Y)
Y 3.92453u,

The surface of the sphere was discretized using 3876
triangular elements and 1940 nodes or vertices. The nodes are
treated as DPD particles, and the edges of the triangles are treated
as nonlinear viscoelastic springs. A constant compressive force
of 2000 pico-Newton [16] is applied from X and Y directions,
While the sphere is free to elongate in the Z direction. In this
preliminary study the parameters given in Table 1 have been used
for DPD modelling.

3 RESULTS AND DISCUSSION

The images of the experiment were used to calculate the
engineering strain in the shell (outer surface of the tumor) as it
passes through the micro channel. The boundary of the tumor is
extracted from the images and ten equidistant points are placed
on the boundary of the sphere as shown in Figure 5. As the sphere
deforms, the distance between these points also changes
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uniformly. Which is then used to calculate the strain in the shell
as shown in Figure 6. Note that the shell reaches its terminal
shape inside the constriction after 5 seconds.

(a) 300 Length b/w points = 86.9929 um ( )30 Length b/w points = 118.2037 um
min-thickness = 265.8748 micron min-thickness = 68.6856 micron

200! - 200
g 8
100 ! 100
3 10 §100 g g 7,
0 1 { 0 o 34 &
-100 -100
-200 I 200!
-200 0 200 -200 0 200
um um

(C) 30 Length b/w points = 119.0518 um
min-thickness = 63.8837 micron

200
E 100 1 1 9
S
0
-100
-200
-200 0 200
um

Figure 5. (a) Equidistant points att = 0s, (b) t = 3.0 s, and (c) t

= 5.5 5. Units are in microns (um).

In the beginning of the flow (0 s to 1.0 s) there is a slight
decrease in the strain of the shell. After 1 s to 4.8 s the strain
increases linearly. After 4.8 s the strain becomes constant. In the
beginning of the entry of the tumor into the microchannel (1 s to
1.8 s), the rate of increase of strain is higher than after complete
entry of the tumor into the microchannel (1.8 s to 4.3 s).
Similarly, when the tumor starts to exit (4.8 s) from the
microchannel, the rate of increase of the strain again becomes
greater than that during complete entry into the channel.

(]
0417 e  Strain ® o
0.0.” b
0.3 o
[ ]
[ T .Q
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3 "5
N © 0%
0.11 FLECEN
iy :
00{ ee ¢ o.o ® °
e e ®
“01] "
0 1 2 3 4 5
Time [s]

Figure 6. Variation of circumferential strain in the boundary of
the sphere with time.

Figure 7 shows the comparison of the shapes of the tumor at
different times between the experimental and simulation results.
It can be observed that the shapes are quite similar in both cases.
In the present simulation a constant compressive force has been
applied from two directions (X and Y axes) and is left to elongate
in the third direction (Z-axis). While in the case of the
experiment the force is due to Fluid-Solid-Interaction between
the fluid plasma and the tumor as well as the force applied by the
wall of the channel. Therefore, the deformed shapes are slightly
different in the simulation results as compared to the
experimental results.

Therefore, the preliminary results show the potential of
the present model to mimic the deformation of the tumor in
physiological flow conditions.

Experiment
65um
T s ta ]
& oy
425.4um
384 um
286 um Simulation
70um
s
420um 390 um
t=0s t=335s t=535s

Figure 7. Comparison of the shapes of the tumor at different
time, between experiment and simulation results.

4 CONCLUSION

A computational model using DPD method has been
developed to accurately model the response of the tumor of
cancer cells subjected to fluid forces. In the current work,
constant forces are applied on the surface of tumor to mimic the
impact of fluid forces. The mechanics of the tumor is modelled
using a separate set of DPD particles. The simulation result show
that the deformed shape of the tumor at different times agrees
well with one obtained in the corresponding experiment.
Therefore, our model is able to mimic the behavior of cancel
tumors during their migration through small capillaries.

In this preliminary study, we have not included the fluid
solid interaction (FSI) to simulate effect of the surrounding fluid.
Our future work is to include the FSI simulation of the tumor,
which is essential in understanding hemodynamic loads on
tumors during their deformations in capillary vessels.
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NOMENCLATURE
Symbol Name Symbol Name
kB Boltzmann’s constant | u, Observed linear elastic
shear modulus

T Absolute temperature | x, Ratio of spectrin lengths

Dy Diameter m Exponent of WLC

kq Global area ky Model bending
coefficient coefficient

1, Blood viscosity 6, Spontaneous angle

n; Cytoplasm viscosity DY Model diameter

N Membrane viscosity M Model Young's modulus

M Model membrane kq Local area coefficient
viscosity

N, Number of triangles k, Volume coefficient

k. Macroscopic ™ Length scale factor
membrane bending
rigidity

N, Number of sides

A, Surface area (kBYM Model Boltzmann’s

constant

L’ Effective equilibrium | N™ Force scaling parameter
length

Uy Actual elastic shear K Bulk modulus
modulus

Y Young's modulus
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