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Abstract—Existing work in pharmacokinetics, the study of
the movement of drugs in the body, has largely focused on
multicompartmental models, based on ordinary first-order equa-
tions with constant flow. Nano-scale Particulate Drug Delivery
Systems (PDDS) require better computational models. PDDS has
been previously abstracted by the same authors as Molecular
Communication (MC) systems, by solving the advection-diffusion
problem with time-varying flow. In this paper, this framework
is extended to solve the nanoparticle-body interactions problem.
The delay and path loss of the system are expressed analyt-
ically. The results are validated by finite-element simulations.
This model will enable more thorough pharmacokinetics than
multicompartmental models.

I. INTRODUCTION

Particulate Drug Delivery Systems (PDDS) [11] are thera-
peutic methods at the cutting-edge of nanomedicine, and they
aim at providing a localized drug presence where the medi-
cation is needed while minimizing the effects of the drug on
healthy parts of the body. The physicochemical interactions of
a PDDS with the biological medium are important to capture
due to their considerable implications on the distribution of the
PDDS nanoparticles in the body [7][9]. These physicochemical
interactions can be accurately measured in vitro, but, in vivo
measurements are often not performed due to the ethical and
financial constraints they pose [2].

For classical drug delivery methods, the drug propagation
is computationally modeled using the multi-compartmental
approach [13], where large sections of the human body are
viewed as homogeneous compartments described by first-order
different equations, and the drug evolution is studied in a large
time scale, in the order of hours. Multi-compartmental models
are not sufficiently accurate to study advanced drug delivery
systems. Nanomedicine-enabled methods such as PDDS re-
quire new computational models where the drug interactions
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Figure 1. Scheme of the MC model of the physicochemical interactions of
PDDS with the body.

with the body are described with great precision at a much
smaller time and space resolution.

We propose to model the physicochemical interactions of
nanoparticles with the body at the level of each blood vessel
using the Molecular Communication (MC) model [1], which is
a communication paradigm where the information is conveyed
through the transport of molecules. By modeling the reaction
of nanoparticles in the blood, their adhesion and absorption by
tissues and biological fluids, separately for each blood vessel
in the body, we provide greater accuracy than classical multi-
compartmental methods. Also, in contrast to the constant blood
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flow approximation at the basis of the multi-compartmental
models, we model here the time-varying characteristics of the
blood flow, which significantly affects the drug propagation.
We have developed in [5] an MC model to calculate the
time-varying blood velocity everywhere in the cardiovascular
system and to predict the propagation of the drug due to
advection-diffusion in the blood flow. In this paper, build-
ing upon our previous work, we include in the model the
physicochemical interactions of nanoparticles with the human
body, such as absorption, reaction, and adhesion, through the
molecular communication paradigm. In this paper, we consider
several physicochemical interaction processes, namely:

o The advection-diffusion process, which is the com-
bination of two physical processes [10] [5]. First, the
advection process, which is the transport of nanoparticles
thanks to the blood velocity u;(r,t) in each blood vessel
i, where r is the radial coordinate and ¢ is a time variable.
Second, the diffusion process, which is the movement of
nanoparticles by Brownian motion, characterized by the
diffusion coefficient D.

o The absorption process, characterized by the absorption
rate p, which measures the absorption of nanoparticles
by the tissues surrounding the blood vessels [8].

o The reaction process, characterized by the reaction rate
1, which is caused by the degradation of nanoparticles in
the blood [3].

o The adhesion process, characterized by the adsorption
process with rate kT and the desorption process with
rate k~, which are the phenomena of having other
biomolecules stick to the nanoparticles. The adhesion
of biomolecules on nanoparticles can severely affect the
performance of the PDDS [14].

We focus on two important molecular communication met-
rics to evaluate the temporal and spatial distribution of the
nanoparticles, namely:

o The channel delay, which is the time required for the in-
jected nanoparticles to reach their maximal concentration
at the delivery site.

o The channel path loss, which is the ratio between
the number of nanoparticles that arrive at the delivery
site over the number of nanoparticles that were initially
emitted at the injection site.

The paper is organized is follows. In Sec. II, we describe
the MC model that takes into account all the physicochemical
interaction processes, namely, advection-diffusion, absorption,
reaction, and adhesion, and enables the prediction of the
delivery rate of the nanoparticles. In Sec. IIl, we provide a
performance analysis of a PDDS through the MC paradigm
by defining and expressing the channel delay and the chan-
nel path loss. In Sec. IV, we explain the validation with
multiphysics finite element simulation of the MC model for
PDDS. In Sec. V, the numerical results are presented for
the performance analysis and the validation of the model.
Finally, Sec. VI concludes the paper with comments about
the validity of the model and the effect of the parameters of

the physicochemical interaction processes on the performance
of a PDDS.

II. MOLECULAR COMMUNICATION SYSTEM MODEL

In this section, we describe the molecular communication
channel model of a PDDS which takes into account all the
physicochemical interactions that occur to the nanoparticles
from the injection site to the delivery site. We first describe
how one blood vessel is modeled as a molecular communi-
cation link in Sec. II-A. Second, in Sec. II-B, we describe
how the physicochemical interactions along the path from the
injection site to the delivery site can be modeled by combining
the molecular communication links.

The interconnection of blood vessels is here abstracted
as a blood network. Fig. 1 illustrates the physicochemical
interactions in a blood network consisting of three blood
vessels. The blood velocity in a blood vessel 7 is denoted
as u;(r,t), where r is the radial coordinate, and ¢ is the time
variable. The drug propagates in this blood network subject
to an absorption with rate p, reaction with rate p, adhesion
with adsorption rate k™ and desorption rate k~, diffusion
with coefficient D, and advection due to the blood velocity.
The drug propagation is viewed as an MC link channel,
and completely describes the relationship between the drug
injection rate, which is the MC transmitted signal, at the inlet
of the blood vessel and the drug delivery rate, which is the
MC received signal, at the outlet of the blood vessel with
a time-varying impulse response h(;)(t,7), according to the
time variable 7, for every blood vessel ¢ (: = 1,2,3). The
MC link channels ¢ are cascaded to form an MC path, which
relates the drug injection rate z(t) to the drug delivery rate
y(t) thanks to the time-varying impulse response for the path
channel, denoted, e.g. , by Ay 2) (t,7) for the cascade of the
MC link 1 and the MC link 2.

A. Molecular Communication Link Model

We found that the input-output expression in a blood vessel
i between the injection rate x;(¢) and the delivery rate y;(t)
is governed by the following expression [5]:

+o0
vi(t) :/ zi(T)he (L, 7)dr, (1
where h(;(t,7) is the time-varying impulse response of the
blood link ¢, and is a function of the time variables ¢ and 7. It
should be noted that the equation in (1) is not a convolution,
since h(;)(t,7) # h(;)(t —7) because of the time-variance. We
derived an analytical expression of the time-varying impulse
response of the blood link ¢ which is a function of all
the physicochemical interaction process parameters and the
dimensions of the blood vessel 7, as follows:

L 2
exp (—Lmdim — e — 1))

2rol(t, )

h(z) (tv T) - ) (2)

where:
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o m;(t,7) depends on the apparent velocity v (t), which
is the observed average velocity of an ensemble of drug
particles, in the link 7 as follows:

t
m;(t,T) = / oi(that' 3)

where p; is the physicochemical interaction process in
the blood vessel ¢, which can be either p; = reaction,
p; = absorption, p; = adhesion , or p; = none, and t
and 7 are time variables. We did not consider the case
where both absorption and adhesion are present at the
same time, because absorption is a special asymptotic
case of adhesion where the desorption rate is close zero.

o 02(t,7) depends on the effective diffusivity D?*(t) as
follows:

t
o3 (t,7) =2 / DYt @

where p; is defined above.
o 41 characterizes the reaction process, and represents the
reaction rate of the nanoparticles with the blood.
In the following, we express the apparent velocity 7 (¢) and
the effective diffusivity DY’ (¢) for the cases of advection-
diffusion (Sec. II-A1), absorption (Sec. II-A3), and adhesion
(Sec. II-A3).
1) No Reaction Case: When there is no reaction, and only
the advection-diffusion is considered, the apparent velocity
o€ (t) and the effective diffusivity D*°"¢(t) are

TR (t) = u,(t)
o 5)
D;’LOnC(t) — D _|’_ 7 1

192D >

which is a result we derived in [5].
2) Absorption Case: When there is absorption by the
tissues surrounding the blood vessels, the apparent veloc-
ity 02%°TPHOM (1) and the effective diffusivity DPSPTO™ (¢)
are [4]
{(t) = (1+ Zpi) wi(d)

D?bsorption(t) =D+ ﬂfé;)z;? (1 — %pz) )

(6)

where p; is the blood absorption rate in the blood vessel :.
This is derive (7), we used a method similar to the work in [4]
by stochastic methods, with the difference that we considered
circular instead of parallel plates geometry.

3) Adhesion Case: When there is adhesion to the proteins
in the blood plasma or to the blood vessel walls, the apparent
velocity v34M¢51°n (1) and the effective diffusivity D¢esion (t)
are [12]

~adhesion _ 1 =
v (t) = —Fui(t)
14—
' S kT
- 44r§( l_) 1272 43
quhesion (t) T (t) ky Ski
Y 48D ( k:r) (7)
ri+2—
k’L
Kt
2a; (1)r} -
+7I\_ﬁ3 9
k= (r,;+2k—i_)

where u;(t) is the cross-sectional average blood velocity and
k; and k; are the adsorption and the desorption coefficients
in the blood vessel ¢, respectively. The derivation is based on
expressing the mean and variance of the particle positions,
starting from the differential equation of the particle move-
ment, and the boundary conditions at the blood vessel wall.

We provide numerical values for the cross-sectional average
blood velocities of three blood vessels in Sec. IV-B, which are
used for the simulation in Sec. IV, and were obtained using
the transmission line method described in [5].

B. Molecular Communication Path Model

The molecular communication channel model of a path
(i1, .vin, ..., in) Where iy, is the index of a link 7, which gives
the input-output relationship between the drug injection rate
x(t) at the inlet of the link ¢; and the drug delivery rate
y(t) at the outlet of the link iy, is obtained by using the
Harmonic Transfer Matrix function HTM{-} and its inverse
HTM-1{} [5]

+o00
y(t) :/ (T) iy ip,in) (E T)AT (®)

— 00
where the time-varying impulse response of the path
hiy,...in,...in) 18 calculated as follows:

k=1

Rir i) = HTM ™ { I #TM {hm(t,r)}} . )
k=N

where h(;)(t,7) is the time-varying impulse response of the
blood link 7, defined in Sec. II-A, and it is a function of the
time variables ¢t and 7.

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of a PDDS by
using the MC paradigm through the definition of the channel
delay and the channel path loss. The channel delay is the time
required by nanoparticles at the injection site to reach their
maximal concentration at the delivery site. The channel path
loss measures how many of the nanoparticles are lost due to
the vessels branching, reaction, adhesion, and absorption.

A. Channel Delay

The channel delay ?4ciqy for the path (iy,...,0n,...,in) is
defined as
1 (T
tdelay = T/o arg 1%137?{ hiy,. i) (t 7, 7)dT (10)

where h, .0 (t,0) is the time-varying impulse re-
sponse of the path (i1,...,%p,...,4xn), defined in II-B with
injection starting at the time 7, and 7" is the heartbeat period.

The channel delay tgeqy is defined in (10) as the average
time required for the drug concentration to reach its maximum
level at the delivery site. Since the channel is time-varying,
because of the periodic blood flow changes, an injected drug
nanoparticle will arrive with a different delay at the delivery
site depending on the blood velocity that was in the body at
the time of the injection. We take into account the ambiguity
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Figure 2. Topology of the blood vessel network considered for the multi-

physics finite-element simulation validation.

in knowing the blood velocity at the time of injection by
averaging over the delay for all possible blood velocity states.

B. Channel Path Loss

The channel path loss for the path (i1,...,0n,...,in) is
defined as
+o0 i,
L = —10log;, Riy,..in) (L, 0)dt ) +201ogy,
0 i Tiy
(11)

where N, i....in)(t,0) is the time-varying impulse re-
sponse of the path (i1, ..., i, ..., i), defined in Sec. II-B with
injection starting at the time 7 = 0, r;, is the radius of the first
blood vessel in the path, and r;,, is the radius of the last blood
vessel in the path. This relationship comes from expressing the
ratio between the number of nanoparticles at the injection site
and the number of nanoparticles at the delivery site. We use the
log-scale because about 30% — 60% of the nanoparticles are
lost at every blood vessel bifurcation, making the particle loss
follow a geometric trend, therefore obtaining the expression
in (11).

IV. VALIDATION WITH MULTIPHYSICS FINITE-ELEMENT
SIMULATION

The validation is carried out using COMSOL Multi-
physics ® [6], a finite element simulation software pack-
age, which enables combining several physical phenomena
together. In the following we define a topology, boundary con-
ditions for computing the blood velocity, and initial conditions
for computing the drug propagation impulse response.

A. Topology

In the scope of the paper, we defined a blood network as
the interconnection of three blood vessels V;, where 7 is the
blood vessel index (¢ = 1...3). The parent blood vessel V1
bifurcates into two blood vessels, the daughter blood vessel
V5 and the daughter blood vessel V3. The blood vessel V; has a
radius 7; and a length [;, for ¢ = 1...3. We take 1 = 0.5 mm,
ro = 0.45 mm, r3 = 0.3 mm, l{ = 25 mm, ls = 22.5 mm,
I3 =15 mm.

Delivery

Injection Delive Injection Injection .
l l Y l l l Delivery
9 1 i ‘7Analytical 2 ]‘7Ana]ylical A 2 ! — Analytical
=] = =]
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Figure 3. Comparison between the impulse responses obtained by the

molecular communication model and the impulse responses obtained by the
multiphysics finite-element simulation technique for different delivery sites at
the outlet of the blood vessels V1, Va, and V3, respectively.

Table 1
BLOOD NETWORK BOUNDARY CONDITIONS NUMERICAL VALUES

k Pk,1 qk.,1 Pk,2 QK2 Pk,3 qk,3
1 116.457 116.457 104.699 104.699 | 87918 | 87.9180
2 -0.002 0.322 0.005 0.293 -0.021 0.2369
3 -0.202 0.079 -0.185 0.081 -0.146 0.0351
4 -0.106 -0.097 -0.105 -0.089 -0.057 -0.0714
5 0.028 -0.073 0.025 -0.072 0.021 -0.0407
6 0.016 -0.023 0.016 -0.023 0.009 -0.0124
7 0.036 -0.020 0.036 -0.020 0.019 -0.0119
8 0.027 0.022 0.026 0.023 0.016 0.0104
9 0.003 0.016 0.002 0.016 0.003 0.0088
10 0.001 0.013 0.000 0.013 0.002 0.0079

B. Blood Velocity Boundary Conditions

The multiphysics finite-element simulation allows to define
boundary conditions, which are values defined at the surfaces
of the blood network, and then searches for numerical solu-
tions that obey the physical equations. The boundary condi-
tions used are the blood velocities in the surface boundaries of
the network (u;(t);7 = 1,2, 3). Since the boundary conditions
{u;(t);i = 1...3} are time-varying and periodic, we express
them in terms of their Fourier series decomposition as follows:

k=N

u;(t) = Z Pr,isin(kwot) + gy, isin(kwot) ,
k=—N

(12)

where wg = 27 /T is the radial sampling frequency, 7" is the
heartbeat period, N is the number of Fourier components,
{pkuk = _Na —N + 17"'7N - 13N} and {qk,’uk =
—N,—-N +1,..,N — 1, N} are the even and odd Fourier
coefficients, respectively, and ¢ is the time variable.

C. Drug Propagation Initial Conditions

The drug propagation initial conditions describe the initial
values of the drug concentration in the blood network at
the time ¢ = 7. We express the initial drug concentration
c1(z,y,z,t = 7) in the blood vessel V; as a function of the
Cartesian coordinates, with the origin at the center of the inlet
of the blood vessel i, and the Z; axis along the longitude of the
blood vessel. We approximate the drug injection impulse [5]
with a Gaussian function with a low variance.
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the channel delay.
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path loss.

D. Impulse Response Evaluation

The impulse responses h;)(t,7) are evaluated at the outlets
of the blood vessels V; where ¢ = 1...3. We evaluate the
impulse response h;)(t,7) as:

1
h(i)(t,T):i/ ci(z,y, 2, t)dzdydz  (13)
SO,; M(z,y,2)€0;

where O; designates the surface at the outlet of the blood
vessel i, So, is the surface area of O;, M (z;,y;, ;) is a point
in Oy, and ¢;(x,y, z,t) is the concentration at the time instant
t and the point with the coordinates (x;, yi, 2;)-

V. NUMERICAL RESULTS
A. Molecular Communication Channel Delay and Path Loss

In Fig. 4, we observe the effect of the blood velocity, the
drug diffusion coefficient and the reaction rate on the delay
of the channel. In our evaluated scenario, the drug diffusion
coefficient increases the delay of the channel, while the effect
of the absorption rate is to reduce the delay. In Fig. 5. We
notice that reaction or absorption have almost similar effects
in terms of path loss. For the absorption, we notice that an
increased absorption rate reduces the delay, which may seem
counterintuitive. The reduction in delay for increased absorp-
tion can be explained by the fact that the absorption reduces
the number of particles in the flow that are in proximity to the
walls, which are the slowest moving particles, which increases
the average velocity of all the particles.

B. Multiphysics Finite-Element Simulation Results

In Fig. 3, we compare the impulse responses obtained
by multiphysics finite-element simulation, as described in
Sec. IV-D, with the analytical results obtained using the

molecular communication model described in Sec. II. We used
D =10"% m?/s and p = le — 5. We compare the results for
all three blood vessels Vi, V5, and V3, and we notice in the
three cases that there is good agreement between the values
generated through the simulation and the model.

VI. CONCLUSION

In this paper, we have extended the molecular communica-
tion model for particulate drug delivery systems to take into
account different physicochemical interaction processes such
as reaction, absorption, adhesion, in addition to the advection-
diffusion. The performance of the particulate drug delivery
systems has been evaluated in terms of communication metrics
such as delay and path loss, which are important criteria
to evaluate the performance of the PDDS. We computed
the performance metrics of the PDDS with the molecular
communication model, and we evaluated them through the
molecular communication model using the multiphysics finite-
element simulation. The molecular communication paradigm
has proven to be a well-adapted, accurate, and flexible
paradigm to model and analyze complex particulate drug
delivery systems.
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