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ABSTRACT

During the last decade, extracellular vesicles (EVs) have
emerged in the scientific community because of their poten-
tial as natural drug nanocarriers and biomarkers in disease
diagnosis, especially for cancer. While a few studies have
focused on the propagation and biodistribution of tumor-
derived EVs within the extracellular space or the blood-
stream, there is a lack of simultaneous consideration of the
transport of EVs within the blood vessels, surrounding tis-
sue and tumor microenvironment. Here, we introduce an in
silico model that simulates the release of EVs from cancer
cells, their transport within the surrounding tissues, uptake
into the bloodstream, and circulation within the segment of
the blood vessels network comprising the arterial, capillary
and venous vessels. By examining the obtained simulation
results, we also propose a novel diagnostic procedure for
sub-millimeter tumors based on the EV penetration rate into
the circulatory system. Our simulations demonstrate the sen-
sitivity of the approach to tumor size, whereas our findings
further demonstrate that EVs offer a promising avenue for
non-invasive disease diagnosis.
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1 INTRODUCTION

Extracellular vesicles (EVs) are lipid-bound particles ranging
in size from 30 nm to 5 pm, which are typically released by
cells into the extracellular space [9]. EVs are attracting more
and more attention from scientists as they play an impor-
tant role in intercellular communication. By encapsulating
their cargo, typically lipids, nucleic acids, and proteins, they
protect them from enzymes and can even overcome some of
the stringent extracellular and intracellular barriers [1]. By
combining their biological durability, natural targeting prop-
erty, and phagocytosis-inhibition factors with their specific
cargo [19], EVs offer a promising pathway towards diagnosis
as biomarkers, and therapy as natural drug nanocarriers of
diseases, especially for cancer [9].

In addition to propagating within tissues, EVs can also en-
ter the bloodstream and be further transported into tissues.
This bears great potential for non-invasive disease diagnosis
and drug delivery which also prompted the establishment of
mathematical models for the EV propagation in the blood-
stream [12]. Understanding the propagation of EVs within
tissues and the bloodstream is essential for developing and
optimizing diagnostic and drug delivery systems. Besides
costly and invasive in vivo and unrealistic in vitro experi-
ments, mathematical models and simulations offer a cost-
effective in silico alternative to bring light into the darkness
while reducing the need for experiments.
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An overview of the main propagation mechanisms of
particles in extracellular space is given in [22]. A three-
dimensional model for the in silico determination of intersti-
tial fluid flow and intratumorally-injected nanoparticle dis-
tribution is developed in [16]. The authors realize the model
in COMSOL Multiphysics software and investigate the influ-
ence of nanoparticle size, transvascular transport, vascular
normalization, and the presence of a necrotic core. When
it comes to the propagation of EVs, there is only a limited
amount of work involving mathematical modeling. A math-
ematical model for the propagation of tumor-derived EVs
in the bloodstream is established in [12], which is fitted to
experimental data. The transport of EVs in a tumor microen-
vironment governed by the interstitial flow and diffusion is
simulated in [15]. To validate the simulation, the experimen-
tal determination of the breast cancer-derived EVs transport
in the tumor microenvironment built of macrophages and T
cells is investigated. Other relevant works consider the prop-
agation of EVs in extracellular space taking into account the
effects such as volume fraction, tortuosity, and anomalous
diffusion [21, 25].

There are numerous works on blood flow simulation in
the literature. For example, BloodVoyagerS [13] provides a
simulation platform for the entire cardiovascular system of
the human body. Other works focus on the simulation of the
arterial tree [3], the systemic circulation [6], the pulmonary
and systemic circulation [4, 10], or the blood flow in the
heart, brain, or lungs [23]. Another approach pursues the
interpretation and mathematical description of drug delivery
systems using the molecular communication paradigm. The
examples include a communication model between platelets
and endothelial cells in a blood vessel [11], a particle propa-
gation model in a blood vessel accounting for transcytosis
across single-layered endothelial cells [2], and a pharmacoki-
netic model for the biodistribution of a drug-loaded particle
through the blood stream within the body [5].

However, in all these works, there is a lack of detailed si-
multaneous consideration of the propagation of particles/EVs
within the blood vessel, the surrounding tissue, and the tran-
sition between these two. In our work, we observe the EV
biodistribution in a tumor and surrounding tissue, their up-
take into the bloodstream, and their transport within the
blood circulatory system. For this purpose, we model the
bloodstream through a capillary network consisting of ar-
teriole, capillaries, and venules surrounding the tissues. We
focus on the simulation of the EVs released from cancer cells
for the purpose of a novel, non-invasive diagnostic proce-
dure for sub-millimeter tumors. This is done based on the
temporal behavior of the penetration rate of tumor-derived
EVs into the circulatory system, which we find to be different
for different tumor sizes. The sensitivity of this approach to
the tumor size is evaluated through the simulations.
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Figure 1: Schematic of blood vessels and the tumor and
healthy cells. The illustration is created using BioRen-
der.com

The remainder of this paper is structured as follows. In
Section 2, we define a system model for the structure includ-
ing a blood vessel network and partially cancerous tissue
to which expedient boundary conditions and the reaction
rates are assigned. In the end, we present in Section 3 re-
sults addressing the biodistribution and penetration rate of
EVs in the predefined structure and within the bloodstream,
respectively, and conclude the paper in Section 4.

2 SYSTEM MODEL

A schematic representation that can reproduce a real sce-
nario in great detail can be found in Fig. 1. In this figure,
the sections are distinguished referring to the artery, the
vein, the capillary network (€.), the tumor area (Q), and the
healthy tissue (Qy,). Considering the fact that cancer cells
need to exchange oxygen and nutrients to survive, the capil-
lary network is expanded throughout the tumor area. EVs
produced in the tumor area may pass through the capillary
wall into the bloodstream or enter the healthy part of the
tissue within the organ. The rate of release of EVs into the
blood depends on the permeability of the vessel wall, which
is modeled by the permeability coefficient given by

1)

where Dy, denotes the diffusion coefficient of EVs inside the
capillary wall and dy, stands for capillary wall thickness.
Due to its thinner wall and higher permeability coefficient
compared to the other vessel types, the capillary is more
likely to transfer the EVs from the tumor or healthy area into
the bloodstream. Here, we set a diffusion barrier boundary
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Table 1: Default simulation parameters, which are applied throughout the numerical results, if not stated otherwise.

Parameters Symbol Value Unit Ref.
Arteriole diameter d, 30 pum  [26]
Capillary diameter d. 8 pm  [26]
Venule diameter dy 20 pum  [26]
Arteriole wall thickness dwa 20 pm  [18]
Capillary wall thickness dy 1 pm  [18]
Venule wall thickness dw.y 2 pm  [18]
Inlet blood velocity in arteriole Uy 1000 pm/s  [26]
Inlet blood velocity in venule Uy 200 um/s  [26]
Blood viscosity u 45 cP  [24]
Blood density p 1060 Kg/m® [24]
Average diameter of tumor mass dim 300 pm  [17]
No. tumor cells N; 25000 [8]
Permeability coefficient of capillary wall kp 4 pum/s  [7]
Diffusion coefficient inside the tumor Dy 1072 pum?/s  [14]
Diffusion coefficient inside the healthy tissue Dy, 16 X 1072 pum?/s  [14]
Release rate of tumor-derived EVs R 2x 107 mol/m3/s [20]
Release rate of healthy tissue-derived EVs R 10710 mol/m®/s  [20]

condition to the capillary wall in which k;, relates the flow of
EVs in the tumor (healthy tissue), J t(h)» and the bloodstream,
J ., to the difference of EVs concentration inside the tumor
(healthy tissue), cymn) (7, ¢, and inside the capillary, c.(r,t).
This condition is given by

i Jomy (1) = kp(crny (r,t) = ce(r, 1)),

and

readQ., (2

i Jo(rt) = kp(ec(r,t) = cny (1, 1)), (3)
respectively, where r € 9Q, denotes the position vector of
a point in the capillary wall for which 7 is defined as a unit
outward directed normal vector. Please note that J, . here
shows the rates of the particles perpendicularly crossing a
unit area. On the other hand, the penetration rate of EVs from
the tumor into the healthy area results from the following
partition condition:

Ch(rs t) = ktCt(r, t)5

r € 0Q,,

re aQt, (4)

where 0Q; indicates the boundary region of the tumor and
k; stands for the partition condition coefficient given by

Dy
ke = \/D:h’ (5)

In (5), Dy and Dy, are the diffusion coefficient of EVs within the
tumor and healthy area, respectively. As a matter of fact, kj
and k; should be determined empirically through in vitro or in
vivo experiments. However, as we will show in the numerical
results, the values given by (1) and (5) could be exploited for
the homogeneously modeled diffusive environments (i.e. Q,
Q; and Qy,) considered for the current in silico simulation.
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We also assign a partially absorbing condition to the healthy
tissue boundary, 9Qy,, expressed as

A Ju(rt) = keen(r,t), redQp,

(6)

where k¢ indicates the forward reaction coefficient on 9Qy,
and J(r,t) is the EVs flux in the healthy tissue. After the
EVs enter the blood, the drift of EVs (which is the dominant
factor of particle movement inside the vessel) is acquired
by the blood flow velocity within the capillary, uy, (r, t). The
advection-diffusion equation which describes the flow of EVs
inside the capillaries network is given by

aCC (ra t)
dt

+uy(r,t) - Veo(r,t) =DV - J (r,t)

+kgcee(r,t) = Re(r, 1), (7)

where D, is the diffusion coefficient of EVs inside the capil-
lary, kq, is the degradation coefficient of EVs in the blood,
and R (r, t) is the rate of EVs released into the blood by a
separate source. Here we assume that EVs in the blood are
only originated from the tissue, thus R.(r, t) = 0. We know
that the red blood cells (RBCs) may shed EVs including both
endosome-derived exosomes and plasma-membrane-derived
microvesicles (MVs) into the blood resulting in non-zero
R.(r, t) that could be incorporated in the future models. We
also have similar equations for the advection-diffusion of
EVs in the tumor and healthy areas given by
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act((l';’ 2 +u(r,t) - Veu(r, 1) = DIV - J (r, 1)
+kqicc(r,t) = Re(r, 1), (8)
and
% +up(r,t) - Vep(r,t) —DnV - J (r,t)
+kqnce(r,t) = Ru(r,t), (9)

respectively. In (8) and (9), u;(r,t) and u;(r,t) stand for
the interstitial flow and kg and kg, indicate the degradation
of EVs in the tumor and healthy areas, respectively.

Here we assume that the flow of blood in the capillary
network is in the laminar incompressible flow regime where
the blood velocity vector is solenoidal (divergenceless). This
is the case that we usually observe in the middle of a vessel.
Any disruption at vessel walls (e.g. due to atherosclerosis,
thrombosis, and emboli) can magnify the turbulent flow rep-
resenting the underlying pathology. In order to calculate the
blood velocity in the vessels, we exploit the Navier-Stokes
equation for the conservation of momentum and the conti-
nuity equation for the conservation of mass given by

ouy(r, t)

g TP (nt) Vu(r.t)

=Vp+V- (qub(r, t) + pVuy(r, t)T) ., (10)

where p, p, p denote the blood density, pressure, and dynamic
viscosity, respectively, and g7 stands for the transpose of a
vector q. The vessel walls are assumed to have a no-slip
condition with zero blood flow velocity. Moreover, to model
the flow of the circulatory system into the capillary network,
we set an inlet velocity (i.e. u, for the arteriole and u, for the
venule) and an outlet condition (i.e. zero-pressure condition),
respectively, to the entry and exit of the arteriole and venule.
Penetration rate R of the EVs into the circulatory system
given in mol/s could be derived as a surface integration over
the venule cross section (VCS) given by

R = [/vcs c(r, t)un(r,t) ds,

where u, (r, t) denotes the component of the blood velocity
perpendicular to the VCS calculated from (10). In the next
section, we will investigate the effect of various parameters
including the tumor size, blood velocity, and the permeability
coefficient on R;.

(11)

3 NUMERICAL RESULTS

In this paper, we recruit the COMSOL Multiphysics soft-
ware to solve (7)-(10) subject to the boundary conditions we
discussed in the previous section using the finite element
method. We exploit Transport of Diluted Species (TDS) and
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Figure 2: (a) x- and (b) y-component of blood velocity
in the arteriole, capillaries, and venule. The blood inlet
is considered at the lower part of the artery and at the
higher part of the vein.

Single-phase Flow (SPF) toolboxes to simulate the advection-
diffusion of EVs in three aforementioned regions and the
laminar flow of blood in the capillary network, respectively.
The blood velocity obtained from SPF is employed in TDS to
calculate the concentration of EVs secreted into the venule.
The parameter values for these simulations are listed in Ta-
ble 1.

Fig. 2 shows the blood velocity at arteriole, capillaries,
and venule given by (10). Here we illustrate the velocity’s x
and y components separately, in which the negative values
stand for the blood velocity flowing in the negative direction
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of the x- or y-axis. As expected, the blood flow is slow in
the capillaries because of the large total cross-sectional area
which provides proper EVs exchange at this site.

Here, we assume uniform EV sizes to avoid diffusion dis-
persion in the current scenario. We address a diagnostic
approach for the sub-millimeter tumor sizes. In this scale, we
classify small, moderate, and large tumors as illustrated in
Fig. 3. The distribution of EVs within the tumor and healthy
tissue and capillary network at different time points is shown
in Fig. 4 for the small tumor. We see in this figure that EVs
accumulate mainly in the tumor parts, as they hardly diffuse
there to reach the capillaries. Once the EVs cross the vessel
walls, they are immediately transferred into the vein and
their concentration in the capillaries decreases rapidly. In
this figure, we also show the flux streamlines of EVs from
the tissue toward the vein outlet, which, as expected, are
magnified as they approach the vein.

In Fig. 5, we also plot R versus time for the healthy tissue
and various tumor sizes. The cross area is considered some-
where around the venule outlet at y = 625 pm to measure R
given by (11). However, this point is not that critical as we
expect to have approximately the same flux at different cross
areas. It is clear in the figures that R; initially rises up to a
specified value and almost flattens out after a certain point
in time. Obviously, the temporal behavior of the EVs penetra-
tion rate within the bloodstream is well distinct for different
tumor sizes. The larger tumors decrease the effective dif-
fusion coeflicient of the environment resulting in lower R;.
Some other simulation results demonstrate that the thicker
capillaries cause the EVs to take longer to cross the vessel
wall and the R; is lower. These modeling results provide a
new diagnostic platform to track the tumor progress based
on the number of EVs penetrating the circulatory system at
a specified time course.

4 CONCLUSION

In this conference paper, we examine in silico modeling of
the transfer of extracellular vesicles from a cancer tissue
to the circulatory system. We used COMSOL Multiphysics
to simulate the temporal and spatial biodistribution of EVs
in the tissue and their translocation into blood circulation.
We divided the considered structure into three regions: the
healthy tissue, the tumor tissue, and the capillary network,
for which a suitable condition was established at the bound-
ary between the different parts. The obtained results show
that the penetration of EVs into the blood vessels is signifi-
cantly affected by the tumor size. This could be taken into
account in the early-stage EV-based cancer diagnosis when
tumors are in the sub-millimeter range. In future work, this
research should be improved by using three-dimensional
models of the tissue capillary structure. The numerically
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obtained biodistribution results should be validated by ex-
perimental data.
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Figure 4: Concentration of EVs inside the tissue and the bloodstream for the small tumor given by Fig. 3b at (a)

t=0h, (b) t=8 h, (c) t=16 h, and (d) t=24 h.
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