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Abstract—A closer look at nature has recently brought more
interest in exploring and utilizing intra-body communication
networks composed of cells as intrinsic, perfectly biocompatible
infrastructures to deliver therapeutics. Naturally occurring cell-
to-cell communication systems are being manipulated to release,
navigate, and take-up soluble cell-derived messengers that are
either therapeutic by nature or carry therapeutic molecular
cargo. One example of such structures is extracellular vesicles
(EVs) which have been recently proven to have pharmacoki-
netic properties, opening new avenues for developing the next
generation biotherapeutics. In this paper, we study theoretical
aspects of the EV transfer within heart tissue as a case study
by utilizing an information and communication technology-like
approach in analyzing molecular communication systems. Qur
modeling implies the abstraction of the EV releasing cells as
transmitters, the extracellular matrix as the channel, and the
EV receiving cells as receivers. Our results, derived from the
developed analytical models, indicate that the release can be
modulated using external forces such as electrical signals, and the
transfer and reception can be affected by the extracellular matrix
and plasma membrane properties, respectively. The presented
modeling provides initial results for the EV biodistributions and
contribute to avoiding unplanned administration, often resulting
in side- and adverse effects.

Index Terms—Extracellular vesicles, molecular communica-
tion, extracellular matrix, cardiovascular disease, endocytosis.

I. INTRODUCTION

XTRACELLULAR vesicles (EVs) are natural, cell-

derived messengers that act as vehicles of different
biomolecules such as proteins, nucleic acids, and lipids, thus
serving as potential candidates for treating different disor-
ders [1]. EVs can be engineered for carrying drugs and
targeting diseased cells under the control of targeted drug
delivery systems for different types of disorders [2], [3].
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However, unplanned, systematic administration of nanoparti-
cles and EVs may accumulate in sites beyond the tissues of
therapeutic interest, resulting in off-target and adverse effects.
Therefore, a required step towards optimizing therapeutic
efficacy is to study their propagation and biodistribution after
the administration. Such studies comprise both theoretical and
experimental approaches; the former are the subject of our
interest.

The propagation and transport of different types of micro-
and nanoparticles in the human body have been theoretically
studied. Sykova et al. mathematically modeled the diffusion
of molecules/drugs in the brain extracellular space [4]. The
diffusion was derived utilizing structural descriptions, includ-
ing the volume fraction and tortuosity, which are the physical
parameters discussed later in this paper whose values were
derived from experiments. The diffusion model was simplified
under the spherically symmetric coordinate system without
considering the degradation of molecules/drugs by different
factors, such as enzymatic reactions and binding to various
receptors in the brain extracellular space or degradation due to
the natural half-life of the considered molecules [5]]. Leedale et
al. performed spatiotemporal modeling of the drug transport in
liver spheroids [6], by importing the geometry of hepatocytes
into a Voronoi diagram comprised of partitions, each of which
introduces one cell with nuclei. Although the model considered
the metabolism of drugs in the hepatocytes as part of the
degradation, it was simplified by assuming that the diffusion
problem was radially symmetric. Also, the volume fraction as
part of the organ’s structural properties was not considered.
Furthermore, the release rate in this model was constant while
its dynamics could change the results significantly [7]. Mok
et al. modeled the spatiotemporal propagation of the herpes
simplex virus in the interstitial tumor micro-environment [8].
They also specified boundary conditions based on the assumed
radial symmetry of the tumor micro-environment, and con-
sidered a constant virus release rate according to intratumor
injection method. They also modeled the internalization of
viruses into the tumor cells with no limit on the number of
internalized particles. The proposed model can be enhanced
by limiting the number of available bounding sites, which
changes the number of internalized particles. Finally, Ebrahimi
et al. studied effects of the bloodstream and drug carrier types
in a vesicle-based drug delivery system in patient-specific
geometry of abdominal aortic aneurysm [9]]. Their model was
based on using computed tomography (CT) scan and they
evaluated the surface density of adhered nanoparticles to inner
wall of abdominal aortic aneurysm.
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Fig. 1. A graphical representation of the proposed end-to-end drug delivery for cardiovascular disease. A) The therapeutic transmitters as human induced
pluripotent stem cells (HiPSCs) release engineered therapeutic extracellular vesicles (EVs) based on the control signal from an external device which modulates
the EV release rates by changing the cytosolic Ca®* levels. B) The cardiac space is comprised of different cell types such as cardiomyocytes, fibroblasts,
lymphocytes and macrophages [[10]. The extracellular matrix (ECM) in the cardiac tissue has an important role in cellular and architectural functions and is
made up of filamentous proteins and different types of collagens such as collagen type-I and type-III. In this paper, we model the biodistribution of EVs in
the cardiac ECM by considering the hindrance sources as tortuosity, the volume fraction of the ECM, and degradation of EVs by their natural half-life and
extracellular binding to non-target matrix cells. C) The sick target cells can be reprogrammed by internalizing the therapeutic EVs. The illustration is created

using BioRender.com.

In this paper, we aim to study the EV biodistribution. The
heart is the selected organ for our analyses, wherein EVs
indicate having positive therapeutic effects on cardiovascular
diseases (CVDs) [11f], [12]. The presented available compu-
tational and analytical methods, cannot be readily used in
the EV biodistibution analyses because they are unable to
address the critical challenges in the modeling of the propa-
gation and transport of micro-and nanoparticles in the cardiac
extracellular space, which is hindered by complex interstitial
matrix between cells. A potential strategy to avoid this issue
is to use the molecular communications (MC) paradigm [13]-
[15]], which utilizes mathematical tools widely applied in com-
munications engineering to provide a systems approach for
measuring information exchange in biological communication
networks. The MC paradigm has been utilized in proposing
an initial pharmacokinetic model of therapeutic nanoparticles’
propagation considering advection and diffusion in the blood
vessel [[16]. We also proposed a MC-based drug delivery sys-
tem comprising engineered human induced pluripotent stem
cells (HiPSCs) differentiated into ventricular [7|] and atrial
cardiomyocytes [17]. We now present the MC-based analysis
of an end-to-end drug delivery system comprising engineered
HiPSC-cardiomyocytes, the cardiac extracellular space and
sick cardiac cells. Specifically, we build the spatiotemporal
model considering i) the release of EVs from HiPSC-derived
cardiomyocytes, ii) the propagation of EVs in a 3-dimensional
(3D) cardiac extracellular space, and iii) the internalization
of EVs into the sick cardiac cells through different reception
processes. A graphical representation of the considered system
for the treatment of CVDs is presented in Fig. [I}

The contributions of this paper can be summarized as

follows:

1) We model the stochastic EV release, which has not been
studied before. The modeling is inspired by our recent
work [7]], and is now extended by considering a Poisson
process to assess the distribution of release events from
various cellular compartments in predefined time frames.

2) We model the propagation of EVs in the cardiac extra-
cellular matrix (ECM) by considering the unique prop-
erties of ECM - fortuosity and volume fraction — that
describe the hindrance sources slowing down the free
diffusion and propagation of EVs. The spatiotemporal
modeling is formulated based on an advection-diffusion
problem, including a 3D partial differential equation
(PDE) and considering the EV release rate as a source.
We model the injection of EVs into the ECM by a
Gaussian function, unlike most works that consider a
point source for the release scheme. We also consider
degradation of EVs in the ECM as part of their natural
half-life, extracellular binding to non-target cells and the
advection of EVs [18], [19], without considering any
symmetrical simplifications.

3) We derive an analytical solution of the 3D-PDE model
for EV propagation based on a Green’s function. The
proposed analytical solution is verified through numeri-
cal analysis using the finite element method (FEM). The
proposed analytical solution is the first analytical solu-
tion for the advection-diffusion of EVs by considering
unique ECM properties and a spatiotemporal modeling
for the injection function of the release of EVs into the
cardiac ECM. The analytical solution can be applied to
other tissues by updating the required parameters.



4) We model the internalization of EVs using systems of or-
dinary differential equations (ODEs) with two reception
mechanisms, i.e., ligand-receptor interaction and endo-
cytosis, which are the primary means of internalization
and docking to the target cells [20].

The rest of the paper is organized as follows. In Section [II}
we explain the biological background information necessary
for understanding the analyzed mechanisms in the considered
end-to-end EV-based drug delivery system. In Section [[TI} we
study the stochastic process behind the release events of EVs.
In Section we model the propagation of EVs by proposing
a 3D advection-diffusion PDE. In this section, we also derive
an analytical solution to the 3D-PDE model by the Green’s
function. In Section [Vl we model the internalization of EVs
through endocytosis mechanisms. In Section we provide
the numerical analysis of the spatiotemporal modeling of the
end-to-end drug delivery system and conclude the paper in
Section

II. BIOLOGICAL BACKGROUND

In this section, we explain the biological aspects necessary
to understand the considered end-to-end drug delivery system.

A. Therapeutic Transmitters

The therapeutic transmitters shown in Fig. [TFA are assumed
as HiPSCs. An external device controls the release rate of
modulated EVs from HiPSC-derived cardiomyocytes by ma-
nipulating the calcium ion (Ca®") influx [7]. Modulating the
cytosolic Ca®* levels in the HiPSC-derived cardiomyocytes
lead to changing the positions of phospholipids in the cells’
membrane [21]], and finally result in a controlled manner of EV
release. In this paper, we consider small EVs (often referred
to as exosomes) as a type of EVs for a statistical release
modeling. A graphical representation of biological underlying
of exosome release is presented in Fig. 2. Exosomes are
created within a membranous compartment, called endosomal
network, that sorts various intraluminal vesicles and administer
them to appropriate destinations such as cell surface mem-
brane and lysosomes. In the endosomal network, endosomes
can target some molecules inside a cell for exocytosis aims
which are called early endosomes. The early endosomes go
through a series of transformation to become late endosomes,
called multivesicular bodies (MVBs) and by fusing with cell
membrane can release their contents which are exosomes [22]].
Exocytosis in the engineered HiPSC-derived cardiomyocytes,
the biological transport of EVs from inside to outside of
the cell membrane, occurs in two main microdomains as
submembrane and L-type Ca®* channels (LTCCs). This is
because the exocytosis sites are close to the LTCCs, and Ca?t-
mediated exocytosis happens in these nanodomains [23[|—[25].

One example of controlling cellular functions in cells is
using novel methods in nanotechnology such as employing
magnetic nanoparticles at the voltage-gated Ca?* channels
[26]. The nanoparticles can bind to the surface of the cells
and control Ca?* influx from Ca?* channels such as transient
receptor potential (TRP) channels into the cells to manipulate
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Fig. 2. A graphical representation for the release of exosomes from a cell.
The illustration is created using BioRender.com.

the cytosolic (the internal environment of the cell embed-
ding different organelles and sub-cellular compartments) Ca**
levels [27], [28]]. We assume that the control signal affects
the magnetic nanoparticle-coated cells while minimizing the
impact of the control signal on the surrounding and off-target
tissues [29]. It is experimentally demonstrated that energy-
based stimulation as ultrasound [30]] and localized magnetic
fields [29] can control nanoparticle-based manipulation of
cellular functions.

B. Cardiac Extracellular Matrix (ECM)

The extracellular space of a tissue is made up of ECM
components which are non-cellular compartments of the tissue
actively involved in the cellular functions. The ECM also has
regulatory roles in establishing architectural tissue functions
[10]. Cardiac ECM affects cell migration, tissue growth, fi-
brosis, progenitor cell self-renewal, and morphogenesis, which
are active and dynamic regulatory functions [31]-[33]. ECM is
formed with filamentous proteins, chains of proteins bundled
together to increase strength and rigidity. ECM is also formed
with other proteins such as proteoglycans and long linear
polysaccharides such as glycosaminoglycans. Different types
of collagens are found in cardiac ECM where collagen type I
contributes to tensile strength, which is resistant to the length-
wise stress, and collagen type III contributes toward the elastic
features of cardiac ECM [34]. We represent cardiac ECM in
our study in Fig. [l| where different components of the ECM
are shown.

EVs can interact with ECM components such as matrix
molecules. The interaction of EVs and the ECM components—
extracellular binding—is mainly mediated by the integrins (a
type of receptor proteins) on the surface of EVs [[19]. One
of the complexes that leads to extracellular binding is the
fibronectin-integrin complexes [35]]. Fibronectins are matrix
molecules and an insoluble network that play an essential
role in organizing the tissue structure. It is believed that the
inhibition of specific integrins can result in less binding of
EVs to ECM and specific cells, which has been proposed as
a novel type of cancer treatment [36].



Another feature that results in degradation of EVs in the
ECM is their half-life. EVs have a half-life between 2 min
to 30 min depending on the three factors such as the location
where they are administered, their cell-type origins, and the
presence of target cells for their internalization [[18§].

C. EV Internalization

EVs interact with recipient cells by targeting and docking to
the cells’ surface. It is believed that EVs can precisely target
specific cells through their membrane proteins while crossing
biological barriers such as the blood brain barrier [37]], [38].
We show a representation of EVs membrane proteins in Fig.
Once EVs attach to the target cell’s surface, they either interact
with the cell using the membrane proteins through ligand-
receptor interactions and activate the cell’s receptor [39]-[41]
or undergo the process called endocytosis [20], [42].

EVs stimulate cell signaling pathways by their membrane
proteins and target receptors on the plasma membrane surface
of the cells. This type of interaction enables EVs to address
specific cells where it is possible to engineer the EVs’ mem-
brane proteins to address the target cells [43]. The ligand-
receptor interaction of EVs can lead to internalization of their
cargo or other biological effects that are originated from EV-
transported growth factors, ECM proteins, and angiogenic
factors [39].

EV uptake can happen by an endocytic mechanism at
the target cell. This mechanism begins with forming a pit
resulting from membrane invagination, and is then coated
with a protein called clathrin. An enzyme family in the target
cell called dynamin un-coat the clathrin-coated pits, which
results in releasing the pits to the cytosolic environment of
the cell and finally leads to internalization of EVs [44]. Other
types of endocytosis, such as caveolin-mediated and lipid raft-
mediated, as well as phagocytosis and macropinocytosis, are
other possible mechanisms of EV’s internalization which are
out of the scope of this paper [20].

III. EXTRACELLULAR VESICLE RELEASE MODELING

The Poisson process is widely used to model counting
processes that have specific rates for event occurrences, but in
uncertain timing of events [45]]. For the stochastic modeling,
the release events presumably occur in time intervals (¢, ¢+ At]
in a Poisson process with a rate of [46]
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where 7(t) is the EV release rate and E[Cyyg] is the average
of concentration of EVs in MVBs which are cargoes of EVs
that fuse to the cell membrane and ultimately result in the
release of EVs. We previously derived the EV release rates

from the submembrane and LTCC microdomains respectively
as [7]]
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where [Ca®*], [Ca2+}0pen, and [Ca®*].jos are the Ca* concen-
tration in the submembrane space, the Ca?* concentration in
LTCC microdomain in case of opening and closing the LTCCs,
respectively. In (2), [Ca'];, [Ca2+]open, and [Ca®*) o5 are given
based on ODEs for modeling Ca?* dynamics in ventricular
cardiomyocytes. The Ca®* concentrations are modulated by
a control signal Jeonwor from the external device and the
membrane voltage which are based on pacing rate T' for the
excitation-contraction coupling [[7], [47]. In @]) A, I, and I,
are the gating variables in the Ca®* dynamics modeling, and
by, My, £y, and M, are parameters for exocytosis modeling
[48]]. The cumulative release rate is defined as [7]]

Y(t) = 9s(t) + e (t)- 3)

We consider an average of E[Nyyg] EVs in the membrane-
enclosed lumen of each MVB and assume the MVBs’ and
EVs’ shape are spherical with diameters of dyvg and dgy,
respectively. Then, we approximate the average number of
EVs in each MVB with E[Nyvg] &~ dj;yp/diy. Following
the molar concentration rule [49], the average concentration
of EVs inside a MVB is
B 6E[Nmvs]

E[CMVB} - M7 (4)

where N, is the Avogadro constant. The number of release

events denoted by k in the Poisson process then follows a
Poisson distribution in each time interval (t,t¢ 4+ At] as

ko~ P (B(t) - AL). 5)

It is worth noting that the underlying intracellular Ca®* dy-
namics are assumed to be deterministic and accordingly the
Poisson process has no changes based on the Ca** dynamics.

IV. EXTRACELLULAR VESICLE PROPAGATION MODELING

In what follows, we propose the spatiotemporal model-
ing of the cardiac ECM considered as the EV propagation
medium/channel.

A. 3D-PDE Problem for the Diffusion and Advection of EVs

The advection-diffusion PDE problem for the propagation
of EVs in cardiac ECM, with the boundary condition (BC)
and the initial condition (IC) is

aC (x,t) ; ;
==V (K-VC(x,t)) —v VO (x,1)

— P(t)+T'(x,t,Xp), in QxT (6a)
BC: i - (KﬁC(m)) —0, on Ay x T (6b)
IC: C(x,tL) =0, in Q (6¢)



where x = (,y, z) is a point in the spatial domain {2, wherein
the boundary is denoted as 9Qy, T = (¢, tR) is the temporal
domain and 7 is the outward unit normal. We study (6a)-(6c)
in what follows.

1) PDE (62): Eq. (6a) consists of four parts. The first
part models the concentration dynamics over the diffusion by
taking the divergence of the gradient of the EV concentration
where the diffusivity tensor K models the diffusion in z-
, Y-, and z-direction. Due to an anisotropic nature of the
cardiac ECM [50], we consider different values of tortuosity
in the three directions; tortuosity denoted by A models how
a convoluted pathway of a porous medium differs from an
obstacle-free medium. Then, the effective diffusion coefficient
in the medium is D* = D/\? [4]. By considering the cardiac
ECM as a non-isotropic micro-environment, the diffusivity

tensor K is
D D D

K:|:)\325 )\712/ /\E]XI’ (7)
where D is the diffusion coefficient of EVs in the cardiac
ECM and )., Ay, and A, are respectively the tortuosity of the
ECM in the three directions. It is worth noting that we model
an effective hindrance for the cardiac ECM which considers
different hindrance sources through the ECM [51]. Also, I in
is the 3 x 3 identity matrix. We also note that the channel
modeling by the 3D-PDE does not incorporate the boundary
condition imposed by the target cell. This assumption is valid
since the distance between the receiver and transmitter is large
enough.

The second term in (6a) models the concentration dynamics
over EV advection. Due to viscoelastic properties of cardiac
ECM [52], the EVs can affected by advection. In this regard,
v = (v, Uy, ;) is the velocity of ECM in the three directions.
The velocity profile is multiplied by the gradient of the EV
concentration, thus changing the gradient vector’s elements
in the three directions. Also, the velocity distribution for the
advection of EVs in the cardiac ECM is based on laminar flow
since the ECM is made up mostly of Collagen type I and type
IIT which shows low viscosity features [53]], [54]. Hence, we
consider an average v velocity vector for the biodistribution
modeling of EVs.

The third term of (6a) formulates the degradation of EVs
over their half-life and extracellular binding to the ECM. We
consider a part of the degradation over time to account for
the half-life of EVs and model the extracellular binding to
the ECM as a first-order degradation reaction. The overall
degradation of EVs is modeled as

1 C(x,t C(x,t
Pt)=—- (x,t) + ke (1) , (8a)
g « «
~—_—— ———
Half-life Extracellular binding
o= iy (8b)
- In(2)’

where A; s2 is the half-life of EVs and a@ = Vgem / Votal
is the volume fraction of the ECM, where Vgcym is the
volume of ECM and V7o is the total volume of heart tissue.
Volume fraction models the relative volume accessible to EVs
compared to the total volume of the cardiac space [4]. In @,

o is the decay rate for the degradation of EVs with respect to
the half-life A; /5. Also, k. is the extracellular binding rate of
the EVs.

The fourth term in (6a) models the source of EVs in-
jected into the ECM. In the proposed end-to-end drug de-
livery model, the therapeutic transmitters release EVs from
Xo = (zr,yr, 21) point in the ECM micro-environment. We
propose to consider a Gaussian function for the EVs injection
into the ECM based on the release rate () as

t _ _ 2 _ _ 2
I(x,t,Xo) = %) exp ( (xQU;L) + (y202yL)
z Y
—(z—z1)?
+ %‘g); &)

where o; for i € {z,y,z} can specify the injection function
of EVs from the transmitters. The EV injection function could
be replaced by any other spatial function such as exponential
or Sigmoid functions, for the release of EVs which does not
limit the generality of the model. Based on some evidence
[55]], the release of EVs from a mass of cells follows Fick’s
law equation and the proliferation model of the cells in a
body tissue could follow a Gaussian law function which
we considered in the modeling. However, the EV injection
function modeling depends on the cells mobility and the
movement of the tissue which can be determined through
empirical data. Considering the injection function given in (9),
then, the 3D-PDE for the diffusion-advection of EVs in
becomes

oC (x,t) > -
==V (K-VC(x,t)) —v -V (x,1)
— kqC (x,1)
ﬂ —(r—21)*  —(y—yr)’
+ a P < 202 207
—(2 —21)? .
+ T , in QxT,

(10)

1/1
where kg = — [ — + ke) is the effective degradation.
«Q ag

2) Boundary condition (BC) (6b): We consider the BC in
(6b) as a homogeneous Neumann boundary condition where
we assume that the rate of the concentration of EVs at the
boundary faces has no changes. It is worth noting that the
assumption of a homogeneous Neumann BC for our purpose
is practical because the dynamics of the concentration of EVs
degrade over time and space and would be static at the faces of
3D space for the diffusion and advection [56]. It is possible
to consider any topology for the diffusion and advection of
EVs in which the considered space has F; faces where i €
{1,3,4, ..., Np}.

3) Initial condition (IC) (6¢): We consider the IC in as
the initial condition that determines the concentration of EVs
at the initial time of the computation. To find the propagation
of the released EVs from therapeutic transmitter, we assume
there no EVs are present in the medium at the initial time ¢7,.



B. An Analytical Solution to the 3D-PDE

We obtain an analytical solution to (6)) which enhances the
reproducibility of our modeling. Considering the boundaries of
structure far from the release source, the solution is assumed
for an unbounded environment. The validity of this assumption
is verified via the numerical results presented at Section

In the 3D-PDE (6), C(x,t) is obtained based on a 4D
convolution of the anisotropic diffusion Green’s function and
the spatiotemporal EV injection function. For a diagonal
diffusion matrix, the Green’s function is given by

G (x,1) = G"(2,1)GY(y,1)G* (2, t) exp (—kat), (A1)
where

1 (I/Uut)2>

GY (v, t = — —— ), (12

v )Ve{wg} J/AriD, eXp( AD,1 (12)

D . .

where D, = = Here, the 4D convolution is

ve{x,y,z} )\V

implemented as
C(x,t)
= % x [exp (—kqt) (G (z,t) * S* (x))

< (GY (3,) = 5V (1)) (GF (=11) % 57 (z))} ,
(13)
—(v—vyg)

where S” (v) 5o 2) which is in line

= exp (
ve{z,y,z}
with (@). It is worth noting that (IT) models an exponential
degradation over time for EVs’ half-life and extracellular bind-
ing. Eq. (I3) yields a computationally effective formulation
for the spatially separable source functions. In (T3), the first
(*) at the right-hand side of the equation denotes the time
convolution whereas other (*) denote the spatial convolution.
To make the computation more effective, we consider @])
in the frequency domain using the time and spatial Fourier
transform given by

cot) =7 (T Fwy s th), ab
«
where F~1(-) is the inverse Fourier function and
+oo
T = [ 0o (gt dr, (150
0
F (x,w) :/ F (x,t) exp (—jwt) dt. (15b)
0
In (T4), we have
F(x,t) = F*(z,t)FY(y, t)F*(z,t), (16a)
F¥ (1) —Fl (é”(ﬁy,t)g”(ﬁy)> . (16b)
ve{z,y,z}

In (T4), w indicates the time frequency, and in (I6), 5., 8y, 5=
indicate the spatial frequencies in x,y, z directions, respec-
tively, and

~ +OO
G" (By,t) = G" (v, t)exp (—jvp,) dv,
ve{z,y,z} —0
(17a)
~ +OO
SY(By) = / SY(v)exp (—jvB,)dv. (17b)
ve{z,y,z} —o©
V. EXTRACELLULAR VESICLE INTERNALIZATION

MODELING

We model the internalization of EVs through ligand-receptor
interactions with the target cells and clathrin-mediated endo-
cytosis. In this way, we finalize the end-to-end model for EV-
based drug delivery system for cardiovascular disorders.

A. Ligand-Receptor Interactions of EVs with Target Cells

We consider target cells as sick cardiomyocytes. We as-
sume the target cell regenerates the binding sites at the cell
membrane because of its continuous turnover, which makes
us consider a constant number of binding sites as . The
dynamics of ligand-receptor interaction of EVs and the target
cell is given by the following system of ODEs [57]

dndbt(i) = RaMs(t)C (Ro, t) — Kamp(t) — Kinetp(t),  (18a)
s (t) = X — mo (1), (18b)
dnim(t) o
a =~ Fnw(t), (18¢)

where 7,(t), ns(t) and 7 (t) are respectively the number
of bound EVs to target cell surface, the number of available
binding sites, and the number of internalized EVs. Also, k,, Kq
and k;, are respectively the rate of association, dissociation,
and internalization of EVs. We also consider the location of
target cell at Rg in the space, and therefore, C' (Ryg, ) is the
concentration of EVs at target cell which is obtained from
(@). To find the concentration of bound (ci®) and internalized
EVs (ck®) by ligand-receptor interactions, we use the molar
concentration rule as ¢;®|, (bing} = 4773)’\#32 where R, is an
average radius of the target cell.

B. Clathrin-Mediated Endocytosis of EVs at Target Cells

The clathrin-mediated endocytosis is described by the fol-
lowing system of ODEs [58]

9670 _ 40 (Rt Nroi(t) — M (¢ ey (t
T =a ( 0, ) (pTot Tot( ) — 6 ( )) — RintCy ( )7
(19a)
dcM(t
H(lltt( ) _ KintCy " () — KaeaCin (1), (19b)
where ¢ and M are respectively the concentration of

bound and internalized EVs through the clathrin-mediated
endocytosis. Also, pr, and Ny are the total number of EVs
that can be coated with clathrin leading to building clathrin-
coated pits, and the sum of total number of occupied and total
number of unoccupied pits, respectively. In (192), a = ag/prot
where g is the maximal binding rate of EVs. g, in is
the degradation rate of EVs in the cell.
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Fig. 3. The EV release rates are shown in (a) and (c) as functions of time for two different control signals and for two heart rates of 80 bpm and 120 bpm,
respectively. The number of EV release events as a function of time according to Poisson distribution are shown in (b) and (d) based on the given EV release

rates respectively shown in (a) and (c).
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Fig. 4. (a) The 3D geometry model for the cardiac ECM for solving the
proposed 3D-PDE. The cube in (a) comprises six 40 x 40 pum faces in a
Cartesian coordinated system. (b) The mesh of the 3D geometry model given
in (a) by 3D quadratic tetrahedra with a maximum edge of 4 pm.

VI. NUMERICAL RESULTS AND DISCUSSION

This section presents the numerical results of the proposed
end-to-end EV-based drug delivery system by studying the EV
release process, propagation, and internalization. We mainly
use the parameters from [7] for the simulation of the EV
release process. Other values relevant for the simulations and
reproducibility of the results are given in Appendix

Fig. 3 shows the EV release rates and processes modulated

by external control device which induces current in the EV
releasing cells by Jeontrol- Also, the release rates v and o
in this figure are based on the heart rate which is given
by the pacing rate 7' and the heart rate in beat per minute
(bpm) equals to 60/T. Fig shows the EV release rate
by considering the heart rate as 80 bpm while the external
device depolarizes the cell and affects Ca>* dynamics by a
pulse signal with an amplitude of 15 M/s and 1 s duration.
This accordingly modulates the cumulative EV release rate
around 0.1 uM/s in the given time window. We consider an
average of 1000 EVs, according to the diameters of MVB
and EVs, in each MVB [59] and At = 4 ms. The number of
release events (k) follows a Poisson distribution in each time
interval of (¢,¢+ At] as shown in Fig. According to Fig
[3(b)] the therapeutic transmitters presumably have a maximum
number of 15 release events in each time interval in the time
frame of modulated Ca®* levels. With a greater amplitude of
control signal of 25 ;M/s, Fig. shows that the therapeutic
transmitters can have the EV release rate of 1 yM/s. The heart
rate in Fig. is 120 bpm which shows that the frequency
of release rate is higher than in Fig. 3(a)] According to Fig.
[3(d)] the therapeutic transmitters presumably have a maximum
of 60 release events in each (t,t+ At] time interval. Thereby,
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Fig. 5. The comparison between the simulation results obtained by FEM with
the setting given in Fig. [4] and the analytical solution proposed in Section
IV-B|is given by considering the EV concentration as a function of time at
different values of x while y = 0 and z = 20 pm in the spatial domain.
We set the therapeutic transmitter location at Xo = (0,0, 20) um and the
half-life of EVs as Ay /5 = 2 min. We compare the results based on different
velocity vectors v and different extracellular binding degradation rates k.
The analytical and simulation results show similar outcomes which verifies
the assumptions made to derive the analytical solution.

we conclude that a higher amplitude of control signal leads to
a greater number of release events by considering a Poisson
process for the EV release. We also infer that the maximum
number of release events most likely happens concurrently
with the EV release rate’s peaks.

We present a numerical simulation of the 3D-PDE proposed
in (6) using the Partial Differential Equation Toolbox in
MATLAB [60]. We first create a 3D geometry of a cube
displayed in Fig. (a)| with six 40 x 40 pm square faces and its
center located in (0,0,20) um. The cube faces created for the
3D geometry are far from the source considering the diffusion
coefficient which resembles an approximate unbounded media
to validate our analytical solution. The mesh elements in the
geometry of the cardiac ECM are 3D quadratic tetrahedra with
a maximum edge length of 4 xm as shown in Fig. @(b)l We
can reach a more detailed solution by decreasing the maximum
edge length of the mesh elements; however, the simulation
time increases greatly. Nevertheless, we select the maximum
mesh size which gives a balance between the approximate
solution and simulation time and enhances the reproducibility
of this modeling. The PDE Toolbox in MATLAB solves the
PDEs using FEM; to understand the underlying principle
of this numerical method, we give a basic introduction in
Appendix [B| to solve the proposed 3D-PDE using FEM.

In Fig. 0] we compare the simulation results obtained
by FEM and the analytical solution given in Section
The setting for the simulation results is the same as the
setting displayed in Fig. 4] We consider the unbounded ECM
for studying the analytical solution. We set the therapeutic
transmitters at Xo = (0,0,20) um and show the simulation
and analytical results for the EV concentration as a function of
time by considering different velocity vectors and degradation

rates k.. Also, we consider the EV source as 75 (t) which is
given in Fig. when the heart rate is 120 bpm and the
control signal has an amplitude of 25 uM/s. Fig. [5| shows
the EV concentration with different « as a function of time
when y = 0 and z = 20 pm. The EV concentration for closer
view points is higher than for far located view points. Fig. [5]
demonstrates that the increase in the extracellular binding
degradation rate k. decreases the EV concentration at different
locations. Fig. [5] also demonstrates that the analytical solution
correctly predicts the EV concentration considering ~2(t) as
the EV release rate and the EV concentration peaks follow
the EV release rate’s peaks in the time period of [1.5 2.5]s.
It is worth noting that the analytical solution can successfully
predict the EV concentration using any type of the injection
model (not only a Gaussian function as used in the presented
analysis). Fig. [5] thus verifies the assumption of having an
unbounded environment for the analytical solution when the
therapeutic transmitters are located far from the boundaries
of the structure given in Fig. Also, Fig. ] verifies the
assumption that the half-life of EVs have a negligible effect
on their propagation.

We present the EV concentration dynamics in Fig. [ with
deflections shown in each dimension of the Cartesian coordi-
nate system for both FEM simulation and analytical solution.
We consider the model geometry given in Fig. @] and the EV
release rate v, given in Fig. We place the therapeutic
transmitters at point Xo = (0,0,20) um and A; /o = 2 min,
considering three scenarios based on different values of the
velocity vector v, extracellular binding degradation rate k.,
and diffusivity tensor K, as follows

e Scenario A: v = (5,0,0) um/s, k. = 02s7!, K =
[D/1.1* D/1.4 D/1.7°] xL,
e Scenario B: v = (5,-5,5) um/s, k. = 0.5s7!, K =

[D/1.1> D/1.1> D/1.1°] x1L,
e Scenario C: v = (0,0,0) um/s, k. = 0.8s7!, K =

[D/14* D/14* D/1.4] x L

It is worth noting that we set the values of v for testing our
modeling and the scenarios for the velocity vector v are not
based on experimental results and can be updated through in
vitro and in vivo experiments.

Figs. [6(a)li6(c)| show the results of Scenario A. In this
scenario, there is a diagonal shape at the peak of the EV
concentration which is because of the velocity in the x
direction. There are two peaks in the EV concentration because
of the EV release rate 7,. Figs. [6(b)| and show the
deflections of the EV concentration respectively in y and z
directions. The concentrations’ peaks and overall values of
the EV concentration in y and z directions are similar in
Scenario A because of the zero bulk flow in these directions,
and the symmetrical transmitters’ location for these directions
compared to the geometry model. Another reason for similar
EV concentration deflections in y and z directions is the equal
values of 0., oy, and o, making a 3D Gaussian form of
concentration around the center of the cube. The distribution
of the EV concentration in Fig. is also different from Figs.
and [6(c)| because the bulk flow in the z direction is higher
than in other directions, which results in higher concentrations
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Fig. 6. The deflections of the concentration of EVs based on analytical and simulation results are given in z, y, and z directions as a function of time, bulk flow
in the ECM (v), diffusivity tensor (K) and the extracellular binding degradation rate (k). We set the therapeutic transmitter location at Xo = (0, 0, 20) um
and the half-life of EVs as Ay /o = 2 min. (a)-(c) Scenario A: The deflections of EV concentration in the three directions by considering v = (5,0,0) pm/s,
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Fig. 7. The concentration of bound and internalized EVs by considering
two internalization methods, i.e., ligand-receptor interaction and clathrin-
mediated endocytosis as functions of time when the therapeutic transmitters
are located at Xg = (0,0,20) pm and the target cells are located at
Ro = (10,0,20) pm.

of EVs. Also, although the tortuosity of the ECM is different
in each direction in Scenario A, Figs. and indicate
that it has less impact on the overall EV concentration. It
is because of the small value of the diffusion coefficient of
EVs in the cardiac ECM; however, the anisotropic behavior of
the ECM is considered in the modeling and can be assessed
through required setting. It is worth noting that we do not
consider any noise sources in our modeling and simulations.
However, it is possible to consider the natural release of
EVs from cardiomyocytes as a noise source. This kind of
EV release which occurs even with no external stimulating
signal causes some fluctuations in the uptake response of
target cells. Also, those EVs which are absorbed from the
circulatory system could be assumed as another origin of
noise. These EVs mainly initiated by cells in other organs are
secreted into the blood and may diffuse to the cardiac ECM.
The number of EVs that are released naturally or absorbed
from the circulatory system is a stochastic parameter which
characterizes the statistical properties of the corresponding
noise source.

The results of Scenario B are shown in Figs. [6(d)6(F)] There
are diagonal shapes for the EV concentration in z, y, and z
directions because of the bulk flow in these directions. The
deflections of the EV concentration in the three directions in
Scenario B are less than Scenario A because of the higher
extracellular binding degradation rate. Finally, the results of
Scenario C are shown in Figs. In this scenario,
there is no bulk flow in any direction and hence there is no
diagonal shape of the EV concentration in Figs. [6(2){6(1)
The EV concentration in Scenario C is smaller than other
scenarios which stems from the higher extracellular binding
degradation rate. We also present an animation showing the
EV concentration in the cardiac ECM in Fig. S1 as the
supplementary file. The simulation for the animation is created
using COMSOL Multiphysics.

Fig. [] provides preliminary results for further testing of the
cardiac drug delivery system. The geometry model for the
ECM can also be enhanced considering more complex and
practical geometries derived using CT scan imaging. In this
regard, the CT scan image can be converted to a geometry
model and imported to the PDE proposed in (). The proposed
ECM modeling and propagation of EVs can be used with any
geometry and release scheme models; nevertheless, the main
3D-PDE and BC need to be revised based on the application
and experimental inputs.

We present the simulation results of the EV internalization
in Fig. for two internalization mechanisms, i.e., ligand-
receptor interactions and clathrin-mediated endocytosis, when
the therapeutic transmitters are located at Xo = (0,0,20) pm
and target cells are located at Rg = (10,0,20) pum. As Fig.
shows, the internalization of EVs at the target cells takes
long time and leads to the maximum level of 107 M EVs
after 3 x10° s. Fig. [7| also demonstrates that the target cells
can internalize more EVs through ligand-receptor interactions
rather than clathrin-mediated endocytosis. Fig. [/] also reveals
that the concentration of bound EVs via both internalization
methods is higher than the concentration of internalized EVs
until a specific time around 500 s. This implies that the
concentration of bound EVs should reach a threshold until
the EVs internalize with higher concentration at target cells.

VII. CONCLUSION

Mathematical modeling helps scientists test and develop
novel treatment approaches for different types of disorders.
Here, we have modeled an end-to-end drug delivery system
based on extracellular vesicles (EVs), to treat cardiovascular
diseases (CVDs). The results from our analyzed end-to-end
drug delivery system can be applied to other carriers such
as liposomes and utilized for treatment. We have utilized the
molecular communication (MC) theory as the methodology
for the EV release, propagation and internalization modeling.
We have modeled the stochastic nature of the EV release
from human induced pluripotent stem cell (HiPSC)-derived
cardiomyocytes at the release part using the Poisson process.
Our findings show a strong correlation between the number
of the EV release events and the control signal peaks. We
have modeled the propagation of EVs through the cardiac
extracellular matrix (ECM) using 3-dimensional (3D) partial
differential equations (PDEs), and obtained an analytical so-
lution to the 3D-PDE by a Green’s function. The analytical
solution is verified through finite element method simulations.
Our findings reveal that the EVs’ concentration dynamics
depends on the modeling parameters of the cardiac ECM,
such as volume fraction and tortuosity. In more convoluted
pathways, EVs diffuse more slowly; however, bulk flow in
the ECM can mediate EVs to reach distant target cells with
higher concentrations. Ultimately, we have modeled the in-
ternalization of EVs based on two methods (ligand-receptor
interactions and clathrin-mediated endocytosis) by systems of
ordinary differential equations (ODEs). By comparing the two
internalization methods, our findings show that although the
internalization process at target cells slowly occurs, ligand-
receptor interactions can lead to more internalized EVs rather



TABLE I

VALUES AND PARAMETERS FOR THE SIMULATIONS OF END-TO-END

EV-BASED DRUG DELIVERY

Parameter Value Reference
dey 100 nm [59]
Na 6.02214086 x 1023 mol’!

dMVB 1000 nm [59]
At 5 ms

Azy Ays Az {1.1,1.4,1.7} (510, [61)

D 1 um?/s [61]
a 0.6 [62]
A1/ 2 min [63]]
ke [0.0008, 0.8] s—! [35)

Oy, Oy, Oz 7 x 100
tr, 0
tn [3, 5000] s
Ka 10* M1 ! 1571, [64]
Kd 10710 g1 [64]
Kint 0.0027 s’ 1581
Kdeg 0.0002 s™! 1581

% 53 x 10* [65]
R, 82.5 um (66
a 6.64 x 1017 158
Dot 200 [58]
Nrot 180 [58]

than clathrin-mediated endocytosis. Furthermore, our results
indicate that when the concentration of bound EVs reaches
a threshold, the concentration of internalized EVs increases
over the bound EVs. The proposed mathematical modeling of
the EV-mediated end-to-end drug delivery can be used for ex-
amining novel treatment approaches of CVDs and potentially
other types of disorders in future health applications.

Although our modeling provide preliminary results, it can
be further developed by importing computational tomography
(CT) scan imaging methods to the geometry model of the
cardiac ECM for more accurately designed EV-mediated de-
livery systems of heart applications. Also, biological systems
have naturally complex structures, which can affect the overall
results. Hence, we aim to validate the proposed mathematical
modeling through experimental studies on cells (in vitro)
and further on animal experiments (in vivo) in future works.
Furthermore, the contraction of the heart will modify the
shape and characteristics of the ECM which will require
further sophistication of the modeling. Also, we aim to analyze
different hindrance sources in the cardiac ECM by particle
based simulations (PBS) in our future works.

APPENDIX A
VALUES AND PARAMETERS FOR THE SIMULATIONS

We list the parameters for the simulations in Table [I]

APPENDIX B
AN INTRODUCTION TO FINITE ELEMENT METHOD
SOLUTION OF THE 3D-PDE

We study a basic introduction to FEM to understand the
underlying principles of numerical analysis for the computer
simulations of the propagation of EVs in the ECM. FEM is
a numerical solution to differential equations such as PDEs
based on a subdivision of large space variables into smaller
and simpler parts called finite elements. The subdivision is

achieved by discretization of space using mesh construction
of the object [[67].

To numerically solve the advection-diffusion 3D-PDE, we
first convert the strong form of the 3D-PDE problem of () to
a weak form by multiplying the equation with a test function
denoted by ?) and integrating over the spatial domain as

oC (x,t)

a0 /Q (Kw - v) VO (x,1)dQ

- / - (Kﬁc (x, t)) dQy
QN

= / 9 (P(t) — T'(x,t,X0)) dQ, V9. (20)
Q

The Neumann BC in (6b) nullifies the last term from the left-
hand side of (Z0). Next, we discretize the weak form in (20) by
subdividing the spatial domain into smaller subdomains of 2¢
where €2 = UQ°. Then, we represent the finite-dimensional
equivalent of admissible and trial functions respectively de-
noted by c¢; and ¥, where the discretized form of the weak
function is

aCh (X, t)
Qe L

- / 9 (P(t) — T(x,1, Xo)) O,

Finally, we utilize piece-wise polynomial basis functions of O
where j € {1,2, ..., N.} so that any approximated solution ¢y,
can be considered as a linear combination of basis functions
as

dQe + /e (Kﬁﬂh - v) Ven (x, 1) dQe

V5. 1)

Nc
o (x,8) =Y cj () O5(x). (22)
j=1

Hence, we have a system of N. ODEs to solve where c;
functions are undetermined. FEM makes an approximation to
the solution by minimizing an associated error function.
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