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Intra-Body Molecular Communication via Blood-
Tissue Barrier for Internet of Bio-Nano Things

Muneer M. Al-Zubi

Abstract—Molecular communication is an emerging
communication paradigm that allows bio-nanomachines to
communicate using biochemical molecules as information
carriers. It can be used in many promising biomedical applications
such as the Internet of Bio-Nano Things (Io0BNT) for targeted drug
delivery and healthcare applications. In particular, the blood-
tissue barrier inside the body forms the main communication
pathway for molecular information exchange between the
nanomachines as well as between the intra-body nanonetwork and
the Bio-Cyber interface in the I10BNT network. However,
overcoming this barrier by the molecules is one of the main
challenges for molecular communication in the body. Therefore,
spatiotemporal modeling of molecular communication across the
blood-tissue barrier is of particular interest. In this paper, we
develop a mathematical model and stochastic particle-based
simulator for molecular communication over high spatiotemporal
resolution between mobile bio-nanomachines in the blood
capillary and the surrounding tissue. The transmitting bio-
nanomachine is modeled as a moving sphere with a continuous
emission pattern over a specific duration. In this work, the blood
capillary characteristics including the blood-tissue barrier and
blood flow are modelled and their effect is examined on the
molecular received signal. In addition, we examined the impact of
the emission duration, the elimination rate, and the separation
distance on the molecular received signal. The numerical results
are verified using the developed particle-based simulator. This
work can help in the optimum design and development of the
10BNT systems based on molecular communication for biomedical
applications such as smart drug delivery and health monitoring
systems.

Index Terms—Bio-cyber interface, bio-nano things, blood-
tissue barrier, molecular communication, nanomachine,
nanonetwork.

I. INTRODUCTION

he recent advances in bio-nanotechnology help in designing

synthetic nanoscale computing and actuation devices (aka,
nanomachines, nanorobots, or Bio-Nano Things), that contain
tiny components usually made of either biological or bio-
compatible materials [1]. The bio-nanomachines (NMs) are
small devices that have sizes ranging from a macromolecule size
to biological cell size. These NMs can perform simple tasks such
as computation, actuation, and sensing. The researchers aim to
make these NMs capable of performing more complex tasks
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such as targeted drug delivery, health monitoring, cancer
detection, etc [2, 3]. This goal can be achieved through
communications and mutual coordination between a group of
NMs in a nanonetwork.

Molecular communication (MC) has a great potential to
implement the communication between the NMs inside the
body, i.e., Intra-body nanonetwork, to provide advanced medical
applications such as targeted drug delivery and disease detection
[4]. Molecular communication is a communication mechanism
that is biologically inspired by cellular communication via
biochemical molecules between the cells inside the body [5, 6].
In recent years, MC has received great attention from several
researchers around the world. Compared to wireless
communication using electromagnetic (EM) waves, MC is a
more realistic and efficient communication technique between
NMs inside the body due to its powerful features such as
biocompatibility, low energy requirements, small size, and it is
not subject to the requirements of antenna size and frequency [7,
8]. The capability of nanorobots to perform controlled tasks,
e.g., drug release, has been established at a laboratory scale, e.g.,
DNA-based nanorobots [2].
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Fig. 1. Typical
Architecture.

A group of bio-nanomachines, moving in the blood and the
surrounding tissues, forms the intra-body nanonetwork where
they communicate collaboratively to perform specific tasks
such as sensing the biological and chemical changes in the
human body. In addition, the intra-body nanonetworks can be
used to perform medical actuation based on commands sent
remotely from an external device. In the future, it is expected
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that MC will provide the communication capability between the
NMs to perform different complex sensing and actuation tasks
cooperatively. The communicating NMs through Intra-body
nanonetwork can be further connected to an external network
(e.g., the internet) via a Bio-Cyber interface to extend their
capability and efficiency to support more complex real-world
biomedical applications. The Bio-Cyber interface is used to
convert molecular signals of the intra-body nanonetworks into
an electrical signal for the cyber domain of the Internet (and vice
versa) [9, 10]. Thus, the communication between the NMs and
the external internet network via the Bio-Cyber interface will
form the Internet of Bio-Nano Things (Io0BNT) framework as
shown in Fig. 1. The IoBNT can enable the NMs inside the body
to send the collected biosensor data over the Internet to an
external monitoring device for further processing. Moreover, the
NMs can receive an external command remotely to perform a
specific task such as medical actuation and drug release. In this
scenario, the bio-cyber interface is assumed to be capable to
communicate with a nearby gateway device (e.g., a smartphone)
over relatively short distances using low-power communication
technology such as Bluetooth Low Energy (BLE) or Radio
Frequency lIdentification (RFID) [9]. Then, the smartphone can
send and receive the data through a remote access point
connected to the internet network. Alternatively, the bio-cyber
interface could be designed to present the biochemical
information as a visualized output via flexible skin-attachable
displays, e.g., light-emitting diodes and capacitors [11]. Then,
the obtained visual information can be read out using a
smartphone before sending it to the internet network via the
remote access point.

In the Intra-body nanonetworks, the bio-nanomachines enter
the body through injection into the blood and then navigate
autonomously throughout the body to reach the blood capillary
network. The capillary is a tiny blood microvessel with a
diameter in a micrometer scale and has a very thin wall of
endothelial cells i.e., the endothelium layer. This layer forms
the blood-tissue barrier (BTB) that hinders the transport of
certain molecules between blood and the surrounding tissue,
e.g., the blood-brain barrier (BBB) [12]. This barrier represents
the main MC pathway for molecular transport between NMs as
well as between the intra-body nanonetwork and the bio-cyber
interface in the I0BNT network. Thus, overcoming this
biological barrier is one of the main challenges for MC between
nanomachines. In this scenario, mobile NMs located inside the
blood communicate with other NMs or bio-cyber interfaces in
the surrounding tissue across the BTB. The MC channel
through which information molecules are transported and
interacted between blood capillary and the surrounding tissue
across the BTB has a significant impact on the molecular
signals received by the NMs and bio-cyber interface. Thus,
modelling of MC in such complex biological propagation
channel over high spatial-temporal nanoscale for different
transmitted molecular patterns is of particular interest for
optimum design and development of the IoBNT infrastructure
including bio-nanomachines and Bio-Cyber interfaces.
Mathematical and stochastic modelling of MC provides a clear
understanding of molecule transport and interaction over a wide
range of spatial-temporal scales in a flexible and

comprehensive manner. Moreover, it plays an essential role in
reducing the number of experiments to save time and cost.

Molecular communication enables promising medical
applications inside the body, particularly through the blood
vessels and capillaries. In [13], a blood viscosity monitoring
system is proposed using MC by simulating the molecular
received signal through a set of receptors located on the inner
surface of a blood vessel. In [14], the authors proposed a flow-
based MC model to detect the deformability of the red blood
cells based on measuring the nanoparticle concentration inside
blood vessels. Abnormality detection inside the blood vessels is
modelled using multiple cooperative nanomachines in [15]. A
simulation-based MC system is developed for the detection and
monitoring of inflammatory levels of COVID-19 disease in the
blood vessels [16]. In [17, 18], targeted drug delivery systems
are developed based on the MC paradigm by modelling the drug
transport through the blood vessels and capillary network. In
addition, other MC models had been addressed from the
perspective of data communication inside cylindrical vessel-
like channels. In [19], an underlay cognitive MC model is
developed inside a cylindrical channel with anomalous
diffusion. The performance of MC systems inside vessel-like
channels with drift has been evaluated in terms of bit error rate,
achievable data rates, inter-symbol interference, etc, e.g., [20-
23]. In [24], we proposed a biosensing platform, attached to a
vascular stent, for the detection of atherosclerotic biomarkers
inside the artery. In [25], the authors developed a two-
compartment model for loBNT architecture including the MC
between the bio-cyber interface and the nanonetwork.
However, the classic compartmental approach is limited to
studying the volume averaging of molecules distribution over
large temporal scales under the assumption that the molecules
are homogeneously distributed in the compartments. Therefore,
this approach is inappropriate for modelling the MC systems
where the molecular distribution and the physicochemical
interactions are highly varied over a very small spatiotemporal
scale depending on the locations of the NMs and the emission
patterns. This can also be seen from our results in this paper.
However, none of the works in the literature considered
studying the MC across the BTB between the NMs or between
the nanonetwork and the bio-cyber interface over high
spatiotemporal resolution. In addition, no stochastic particle-
based simulator has been proposed for this system in the
literature.

In this paper, we develop a mathematical model and
stochastic particle-based simulator over high spatial-temporal
resolution for MC between mobile bio-nanomachines, located
in the blood capillary and the surrounding tissues. The
developed models can also be used for modeling the MC
between the NMs and the Bio-Cyber interface in 10BNT
infrastructure. The proposed work provides important insights
in modelling the intra-body nanonetworks in which the mobile
NMs, within the capillaries, communicate with the surrounding
bio-cyber interface and other NMs across the BTB. In this
work, we obtain the molecular received signal by the NMs
considering the impact of the BTB. The emission process of
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transmitting nanomachine (TN) is modelled using a continuous
emission pulse. It is important to understand how the blood,
tissue, and BTB affect the distribution and interaction of the
molecules to accurately predict the molecular received signal
by the NMs or the Bio-Cyber interface. To the best of our
knowledge, this is the first work in the literature that addresses
the MC between NMs across the BTB over a high spatial-
temporal resolution to characterize the MC channels and
molecular received signal.

This paper is organized as follows. Firstly, we introduce the
proposed system and the mathematical formulation in section
Il. The particle-based simulation framework is presented in
section I1. In section 1V, the numerical and simulation results
are discussed. Finally, the paper is concluded in section V.

Il. SYSTEM MODEL

In this system, a spherical TN, located inside the blood
capillary, communicates across the BTB with another
nanomachine (NM) or Bio-Cyber interface in the surrounding
tissue as a part of the loBNT network, see Fig. 2. After injection
of the NMs into the blood, they navigate autonomously to reach
the target capillary. Then, the TN will enter the capillary at the
initial position wo = (Xo, Yo, Zo), and then it moves with the blood
flow inside the capillary. In this work, the initial position is
chosen at the capillary inlet, i.e., the origin point (0,0,0).

The TN is assumed to be loaded with a specific amount of
information molecules and it can release the molecules in
response to an external stimulus, e.g., magnetic field,
ultrasound, etc. Here, we assume that the external trigger
(stimulus) is applied to the target capillary for a specific
duration after the TN enters the capillary. Thus, this will allow
the TN to release the molecules continuously over an emission
duration (Ton). After that, the remaining amount of molecules
inside the TN will depend on the emission duration and the
initially loaded molecules.

In the real world, the emission process takes a period of time
even for the ideal impulsive release which can be obtained by
choosing a very short emission period. The continuous release
pattern over a specific duration is a more general emission
profile that is suitable for various modulation technigques such
as M-ary concentration shift keying (CSK). Moreover, this
emission pattern is suitable for targeted drug delivery
applications where a specific amount of drug is required to be
delivered by the NMs to the target location over a specific
period. The emitted molecules diffuse independently in all
directions (3-D diffusion) following random Brownian motion
and they are also driven by the blood flow along the axial
direction. Finally, a portion of the emitted molecules will reach
the receiver in the tissue surrounding the blood capillary. In this
paper, the receiver represents either a receiving nanomachine
(RN) or a bio-cyber interface. The receiver is a passive sphere
that is assumed to have the capability of counting the molecules
without either impeding the diffusion or creating any reactions.
The biological environment (i.e., the propagation channel) is
assumed to be composed of two regions, namely, blood and
tissue, separated by the BTB (i.e., a semipermeable interface

consisting of endothelial cells). The blood and tissue regions
have distinct diffusivities and thicknesses. A portion of the
transmitted molecules can move across this barrier and
therefore it is modelled as a semipermeable layer with a
permeability coefficient (Pm). Compared to the larger blood
vessels such as arteries, the velocity of blood flow is very small
in the capillaries which provides enough time for molecules
(e.g., gases and nutrients) to exchange between blood and the
tissue. The blood velocity may vary due to changes in blood
pressure, vessel resistance, blood viscosity, etc. Here, we
assume the velocity of blood flow is uniform with velocity v in
the axial direction and is equal to the average velocity of the
Poiseuille model over the radial direction [15, 20].
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Fig. 2. Graphical representation of MC between NMs in the
blood capillary and the surrounding tissue across the BTB.

The molecular transport is driven by both advection (i.e.,
flow) and diffusion (i.e., Brownian motion). Thus, the transport
of information molecules is mathematically described using the
following advection-diffusion equation [19].

% = DVC(w,t) —v.VC(w,t)
—yC(w, t) + S(w, t) @)

where C is the molecular concentration in (mol/md) at the
position w = (x, y, z) at time t, Vis the Laplacian operator, V is
the gradient operator, and D is the diffusion coefficient
(diffusivity) of the medium in (m?s). The diffusivity is a
physical constant that describes how fast the random
movements of the molecules within the medium which depends
on molecule size, temperature, and the medium viscosity. The
parameter v is the blood flow velocity inside the capillary in
(m/s) and y is the apparent first-order elimination rate constant
in (s%). This elimination constant accounts for the combined
effect of the various physical and chemical reaction processes
on the molecules such as clearance into the capillaries, binding
or uptake to cells, or enzymatic degradation. This process is
fundamental in pharmacokinetics and it is usually modelled
using a first-order reaction mechanism [26]. The function S(w,t)
is the molecular source term as a function of time and location
in the unit of mol/(s.m3).

The blood capillary can be considered as a cylindrical tube;
thus, we will transform the advection-diffusion equation to the
cylindrical coordinate system. Thus, assuming the diffusion to
be symmetrical around the capillary axis (z-axis), (1) can be
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expressed for the blood and the surrounding tissue regions as

6Cb(r,z,t)_D 0%Cy(r,z,t) 10C,(r,z,1t)
ot b or? r or

0%C,(r,z,t
%} —v.VCy(r,z,1t)
- yb Cb (rl z, t) + S(r! Z, t) (2)
aCt(r,z,t):D 0%C(r,z,t) laCt(r,z,t)
ot t or? r or
0%C.(r,z,t)
——| —y.C (1,2t
622 ]/t t(rZ ) (3)

Here, Cy(r,z,t) and Cy(r,z,t) represent the concentration of the
molecules at the radial position r and the axial location z in
blood and tissue, respectively. The parameters (Dy, Dy) and (yp,
y) are the diffusivities and effective elimination constants in
blood and tissue, respectively. The radial distance from the

capillary axis is given as r = \/x2 + y2 . Here, the molecular
transport in the extracellular space of the surrounding tissue is
assumed to be dominated by diffusion rather than bulk flow [27,
28]. The source term S(r,z,t) appears only in (2), i.e., the blood
region, because the TN is located inside the capillary.

We assume the concentration of the information molecules is
uniformly distributed over the entire volume of the TN. In
addition, we assumed that the external stimulus is applied to the
target region when the TN enters the capillary and thus it starts
releasing the molecules immediately.

In order to make the model flexible and suitable for different
emission rate profiles, we have modelled the emission process
in the TN as a continuous pulse over a period (Ton). The
emission duration is controlled via varying the duration of the
applied external stimulus, e.g., magnetic field, ultrasound, etc.
Thus, the source term can be expressed as

t— Ton/2>

on

X6(z—vt—2y)8(r—ry) 4

S(t) = My x rect(

where My is the emission rate in (mol/s.m3), rect(.) is the
rectangular function, and 4(.) is the Dirac delta function.

Here, TN will move in the direction of the z-axis inside the
capillary at the same speed as the blood flow. Thus, the
effective flow velocity and the relative motion between the
released molecules and the mobile TN are negligible [15, 23].
To simplify the mathematical analysis and simulation process,
we assume that the TN does not change its location in the radial
direction and its movement is along the z-axis. Therefore, in
this work, it is assumed that the impact of the TN motion on the
release process is negligible and the TN does not collide with
the blood cells.

Zero flux boundary condition is applied at the outer surface

of the tissue as
—D,VC(r,z,t) =0, r=r (5)

where ry is the radius of the tissue region.

The BTB consists of a single endothelial cell layer that lines the
blood capillaries and regulates the exchange of molecules
between the bloodstream and the surrounding tissues [12]. The
information molecules can diffuse through the pores between
the endothelial cells of the capillary wall as well as through the
cell membranes as shown in Fig. 3. Here, we ignore active
transport across the capillary wall. There is a concentration
gradient at the capillary wall due to the concentration difference
on both surfaces which creates a diffusional flux from the
region of high concentration to the region of low concertation.

Endothelial d OMoIecuIe
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[} L] @ o
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Fig. 3. Transport of the molecules via the endothelial layer.

The interface between blood and tissue, i.e., the capillary
wall, can be considered as a thin semipermeable barrier with an
effective permeability Pn=Dmn/Lm, where L, and Dy, are the
thickness and effective diffusivity of the barrier. The flux
boundary conditions on each side of the barrier are defined as

DbVCb(T‘,Z, t) = Pm(Cb(T,Z, t) - Ct(T, Zz, t)) (6)

D.VC.(r,2,t) = B, (C.(1,2,t) — Cp(1,2,1)) @)

where Pp, is the effective permeability of the endothelial layer
in (M/s). It determines the ability of the molecules to pass and
diffuse through the endothelial layer [28]. As the permeability
increases, the interface becomes more permeable which makes
the molecules more likely to cross the layer to the surrounding
regions. The permeability depends on the intrinsic permeability
of the layer and the molecular characteristics such as the size
and shape of the molecules which are included in the diffusion
coefficient. Moreover, the permeability may be affected due to
inflammation or damage of the capillary [28]. Here, the
boundary conditions which are given by (6)-(7), allow for
possible changes in the concentration at the barrier in relation
to the permeability coefficients.

In addition, it is assumed that the red blood cells move at the
same velocity as the fluid medium (i.e., the bloodstream).
Moreover, the impact of the red blood cells on the propagation
of the molecules can be included via the apparent combined
effect of the blood diffusion coefficient (or viscosity), blood
clearance/elimination rate, and blood flow velocity. Therefore,
we assume that the impact of the movement of the blood cells
on the diffusive molecules is negligible and it can be included
in other system parameters.

The analytical solution of the molecular diffusion equations
in a composite multilayer cylindrical environment is
complicated and is not analytically tractable. In addition, the
BTB interface between the blood and the tissue is
semipermeable (i.e., with diffusion resistance) and thus it adds
further complexity. Therefore, we have modelled and solved
this system numerically using COMSOL Multiphysics®
software which is based on the finite element method. The
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numerical results are validated using our developed stochastic
particle-based simulator over high spatial-temporal resolution
as will be described in the next section.

I11. STOCHASTIC PARTICLE-BASED SIMULATION

Stochastic particle-based simulation provides a precise
prediction for the molecular received signal by tracking the
random position of each molecule individually within the
simulation environment. In this section, we develop a
comprehensive stochastic particle-based simulator for MC
across the BTB between spherical NMs located inside the
capillary and the surrounding tissue. Moreover, we build a
stochastic simulation framework for the continuous emission of
the information molecules from a spherical TN moving inside
the blood capillary. The simulation is developed using
MATLAB to validate the numerical results. The simulation
time T is divided into several time steps with a time width At.
The emission process from the TN, moving in the capillary
from an initial position (Xo, Yo, Z0), is modeled as a continuous
pulse with emission period Ton. The number of emission time-
steps Ne is equal to Ton/At. In each time step, a number of
molecules equal to Nw/Ne are uniformly distributed inside the
spherical TN as shown in Fig. 4.

The molecules move randomly in all directions under the
effect of the diffusion, i.e., Brownian motion. Moreover, the
movement of the molecules inside the capillary is derived by
the blood flow along the axial direction, i.e., the z-axis. The
locations of the information molecules are tracked and recorded
at each time step. The random location of each molecule at the
time instant r=i At is updated as [29],

(X0 Yi,z) = (Xi—1, Vi1, Zi—1) + (Ax;, Ay;, Az;) (8)

where i=1,....,N;, and N; is the number of time steps. The point
(Xi-1, Yi-1, Zi-1) is the molecule location at the time t=(i-1)At, and
(Axi, Ayi, Az;) is a random displacement over each spatial axis.

z (pm)

1

0 0
y(pm) 4 4 x(pm)

Fig. 4. The uniform distribution of molecules inside the
spherical TN captured from the particle-based simulator.

The random displacement due to diffusion follows normal
distribution N(0, c?) with zero-mean and variance o2 equal to
(2DpAt) and (2D:At) in blood and tissue, respectively. However,
along the axial axis, an additional displacement component
(vAt) is added when the molecules move inside the blood
capillary. When a molecule moves from the blood across the
BTB to the surrounding tissue, it will be influenced by the
diffusivity of the tissue and consequently, it will follow the
mean-squared displacement in the tissue (and vice versa). The
information molecule that reaches the receiver volume will be

counted and the counter increases by one at the end of the time
step.

Moreover, the TN will move along the z-axis inside the
capillary with a speed equal to the blood flow velocity
according to the following equation:

Zrni = Zrni—1 + VAL 9)

where Zzy ; is the current location of TN along the z-axis at the
i time step and Z .y ;_ is its previous location at the (i-1)™" time
step.

Transport of the molecules across the BTB is stochastically
modelled using the transmission probability. Some molecules
will succeed in crossing the BTB and other molecules will be
reflected into the capillary lumen, when hit the capillary
boundary, depending on the transmission probability, given by
[30] as

__ K T
gf_agiiﬁgk@f+n)—J;Mwﬂ (10)
Prb = Prf (kb/kf) (11)
where,
M(k) = 1 — e?®ro) erfe(V2(ks + ky)) (12)
ki = Pp+/At/2D, (13)
ky, = POt/ 2D, (14)

where k- and kp, are the dimensionless permeability
coefficients of the BTB in the forward and backward directions,
respectively.

The location of molecules is checked at the end of each time
step and the molecules that hit the capillary wall will be
assigned with uniformly distributed random numbers having
values between zero and one. If the transmission probability P,
is larger than the random number, then the molecule will
transport across the wall from the blood to the surrounding
tissue if the molecule was in the blood or from the tissue to the
blood if the molecule was in the tissue. Otherwise, the molecule
will be reflected back to its previous position.

The molecular degradation in the environment is modelled
using a first-order degradation reaction. At each time step, a
uniformly distributed random number with a value between
zero and one is assigned for each molecule. If the degradation
probability, given by (15) [26], is greater than the random
number then the molecule will be eliminated from the
simulation environment.

Pg=1-e¥At (15)

The molecular received signal represents the concentration of
the molecules inside the receiver volume over time. Assuming
the receiver is sufficiently far from the TN, the concentration
inside the receiver volume can be considered uniform. Thus, the
concentration is evaluated by dividing the total number of
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received molecules at each time-step N(At) over the receiver

volume (V). Then, we obtain the molecular received signal by

normalizing the concentration to the total number of released
molecules (N,,,) as follows

N(A¢)

M(At) = TonVix ———

mer

(16)

Equation (16) is multiplied by the term (TonVi) to convert the
molecular emission rate Mo, to the number of emitted molecules
in the simulator.

IVV. NUMERICAL AND SIMULATION RESULTS

In this work, the MC channel between the NMs consists of a

3-D cylindrical capillary and the surrounding tissue, separated
by the BTB. The mathematical model is numerically solved
using COMSOL Multiphysics® software. A time-dependent
solver is used to solve the advection-diffusion equations with
the boundary conditions and the source term. The TN is defined
as a spherical object using a variable expression that depends
on both the time and velocity that determines the strength and
current location of the TN inside the geometry. The mesh size
used to discretize the geometry is chosen as finer mesh based
on an independent mesh test which shows a negligible
improvement on the molecular received profile for an extra
reduction in the mesh size. In addition, we refine the mesh at
the interfaces between the blood and the surrounding tissue as
well as between the TN volume and the surrounding blood
region. This mesh refinement is applied at these interfaces to
handle the rapid change in the molecular concentration. The
numerical results are compared and verified with the stochastic
particle-based simulation.
The common system parameters used in our analysis are listed
in Table 1 (unless stated otherwise) with values chosen based
on the published works in the literature [28, 29]. However,
these parameters may have different values depending on the
characteristics of both the molecules and the environments in
which the molecules diffuse. The TN may have a range of sizes
that fit within the capillary lumen. For example, Liposome
nanocarriers and the nanorobots have a range of sizes as 0.025-
2.5um and 0.1-10um, respectively. Thus, the radius of the TN
is chosen within a realistic range, i.e., | um. Moreover, these
NCs can be designed with various emission durations that may
range from milliseconds to seconds. Thus, we examine the
model for a range of emission duration between 0.1 to 1s. The
radius of the small capillary in the human body normally ranges
between 3-5um, thus we chose the radius equal to 5um. The
permeability is chosen within a reasonable range given by [28],
i.e., 6x10®8-1um/s. The diffusivities of blood and tissue are
selected according to [28, 29]. For example, the diffusivity in
brain tissue may range between 10-1500 um?/s. The elimination
rate is chosen according to the experimental range found in the
literature, i.e., 1.1x10%-6.8x107 s, see [28]. The simulation
parameters, e.g., the time-step and the number of released
molecules, are chosen by performing a trial and error run with
different values to examine the variations in the output received
signal. We found that a time-step with values less than 0.1ms,
will not lead to significant variation in the simulation results.

In this work, the receiver is located at position (x, y, 500) pm
where the coordinates (x, y) determine the radial position from
the capillary axis (z-axis). In this paper, all simulation results
are obtained by averaging over 300 independent realizations.
Here, the terms molecular concentration profile and molecular
received signal are used interchangeably. Moreover, the
following terms are used to refer to the BTB: the capillary wall,
the barrier, and the endothelial layer.

TABLE |
MODEL PARAMETERS (UNLESS STATED OTHERWISE) [28, 29]
Parameter Value Unit Description
P 5x107 m/s Permeability of capillary wall
Lm 2 pum Thickness of capillary wall
Dm 1 um?/s Diffusivity of capillary wall
Lc 1 mm Capillary Length
I 5 pm Capillary radius
v 100 pum/s Velocity of blood flow
Db 37 um?/s Diffusivity of blood
Dt 131 um?/s Diffusivity of tissue
b 0 1/s Elimination rate in blood
Ve 0 1/s Elimination rate in tissue
I 250 pm Radial thickness of tissue
Ix 1 pm Transmitter radius
Ton 500 ms Emission duration
(Xo, Yo, 20) 0,0,0) pm Transmitter Location
Y, 2) (0,50,500) pum Receiver Location
Mo 1 mol/s.m® | Emission rate
At 0.1 ms Simulation Step time
Nm 10 Number of emitted molecules
- 300 - Iterations number

Figure 5 shows the molecular received signal as a function of
time for different emission periods at the TN. The numerical
results match very well with the stochastic results obtained from
the particle-based simulator. Indeed, when the emission
duration is extended, the received signal shows a higher
amplitude. This happens because the amount of the emitted
molecules increases with extending the emission time and thus
the number of the molecules that reach the receiver will
increase. An approximation for the channel impulse response
can be obtained when the emission time is made equal to a very
short duration, i.e., impulse function. The peak amplitude
shows an increase approximately by a factor of 4 when To, =
0.5s and by a factor of 8 when Ton = 1s. The impact of the
emission period on the peak time is not noticeable for this case,
but there is an increase in the peak time for the longer emission
periods. This happens because new molecules will continue
visiting the receiver for a longer period as the emission period
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increases. Moreover, we can observe that the received signal
shows zero value in the first few seconds (~6s) because the
molecules require time to reach the receiver which is relatively
located far from the TN.
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Fig. 5. Temporal molecular received signal for various
emission durations.

The molecular received signal versus the separation distance
between the capillary and the receiver is plotted for various
elimination rate constants in Fig. 6. We can observe a
significant reduction in the received signal (i.e., distribution of
the molecules) as the receiver is located far away from the
capillary and the TN. This happens because the probability of
visiting the receiver by the molecules becomes lower with
increasing the separation distance between the NMs. Moreover,
the molecular received signal is affected by the elimination rate
which is modelled as a first-order reaction process. The larger
elimination rate constant leads to a smaller concentration level
at the receiver and vice versa. This could happen due to an
increase in both the number of degraded molecules which will
not be recognized by the receiver thereafter and the number of
eliminated molecules that will not reach the receiver. As an
example, when the receiver is located at a distance of 50um, an
increase in the elimination rate to 1x102s* and 5x102s™* leads
to a decrease in the signal amplitude by a factor of 1.2 and 2.75,
respectively. However, as the separation between the NMs
increases, the impact of the elimination rate constant on the
molecular received signal decreases, i.e., all the curves
converge for various elimination rate constants. This could be
because the separation distance becomes the dominant factor on
the concentration profile instead of the elimination rate where
the number of molecules that reach the receiver will be very low
at a very far location.

The permeability of the blood capillary wall (i.e., the BTB)
has a direct influence on the molecular received signal by the
receiver which is located outside the capillary, i.e., in the
surrounding tissue, as shown in Fig. 7. This permeability
depends on the effective diffusivity and thickness of the
capillary wall. As the capillary wall (barrier) becomes more
permeable for the molecules, the number of molecules that can
pass through the barrier to the surrounding tissue increases.
Thus, the molecular received signal at the receiver will increase.

Accordingly, a larger number of molecules can visit the
receiver within a shorter time which leads to a decrease in the
signal peak time. We can observe that the peak amplitude
increases by a factor of 3 and 4 when Py, increases from 0.04
pm/s to 0.2 um/s and 1 pm/s, respectively.
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Fig. 6. The molecular received signal versus the separation
distance for various elimination rate constants, taken at t = 25s.
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Fig. 7. The molecular received signal as a function of time for
various permeability coefficients of the BTB.

The color map of the spatiotemporal distribution of the
information molecules in the tissue, surrounding the blood
capillary, is shown in Fig. 8. After emitting the molecules from
the TN, which is moving inside the blood capillary, the
molecules will diffuse to the surrounding tissue across the BTB.
As expected, the molecular concentration decreases as the
radial distance between the receiver and the capillary increases
with the highest concentration achieved when the receiver is
located near the capillary. Moreover, we can observe the
movements of the molecules in the axial direction with time due
to the effect of blood flow. Thus, the emitted molecules will
continue moving inside the capillary via the blood flow along
the axial direction and at the same time diffuse across the
capillary wall in the radial direction. Finally, the molecules will
be eliminated from the blood and the tissue as shown in Fig. 8
at t=50s as they will move to other parts of the body and/or be
removed by the various physicochemical processes as
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demonstrated before. In addition, the transport and distribution
of the molecules will be affected by the movement of the TN
inside the capillary. However, if the emission duration is very
short, the TN will release the molecules very fast within the first
few micrometers. Thus, the TN movement after that will not
have an impact on the molecule distribution. For example, if the
TN moves in a blood flow with a velocity of 100um/s, it will
stop releasing the molecules at a distance of 10pm assuming the

emission duration is 0.1s.
-8
x10 10
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t=5s
Fig. 8. Color map of the spatiotemporal molecular distribution
taken at different instants in the tissue surrounding the capillary
(i.e., the vertical centerline).
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Fig. 9. Temporal molecular received signal for different blood
flow velocities.

The temporal molecular received signal for various velocities
of the blood flow is plotted in Fig. 9. The blood flow has a
significant impact on the molecular signal received by the
receiver which is located in the surrounding tissue. We can
observe that the molecular received signal decreases as the
velocity of blood flow increases. In this case, this happens
because the molecules will move away faster from the receiver
location as the blood velocity increases and thus fewer
molecules will visit the receiver. When the flow velocity
increases from 100 pm/s to 200 pm/s and 400 pum/s, the peak
amplitude will be reduced by 25% and 50%, respectively.
However, for other scenarios, the reverse may be true
depending on the location of the NMs and the direction of the
flow. Therefore, it is important to choose the right time and
location to start emitting the information molecules by the NMs
inside the blood capillary to achieve a stronger received signal
by the receiver. Moreover, this figure shows the impact of the

blood velocity on the peak time of the received signal. An
increase in the blood velocity leads to a reduction in the peak
time because the molecules will reach faster the receiver.

V.CONCLUSION

In this paper, we propose a molecular communication system
between mobile bio-nanomachines located in the blood
capillary and the surrounded tissue across the BTB. The
spherical TN releases the information molecules continuously
over a period of time, i.e., the emission period. We developed a
mathematical model and stochastic particle-based simulator for
the proposed system. The molecules are exchanged across the
wall of the blood capillary which is modelled as a thin
semipermeable membrane. In this work, we examine the impact
of various parameters on the molecular received signal at the
receiver. The results show a significant impact for the blood
capillary wall, the blood flow, the elimination rate, the emission
duration, and the separation distance between TN and the
receiver, on the molecular received signal. The molecular
received signal shows higher amplitude when the emission
duration and the capillary permeability are increased (and vice
versa). However, the received signal is inversely proportional
to both the blood flow velocity and the separation distance
between the bio-nanomachines. The BTB represents the main
pathway for MC molecular either between NMs or between the
intra-body nanonetworks and bio-cyber interfaces. Thus, the
proposed system can help in designing and optimizing the
Io0BNT systems based on MC Intra-body nanonetworks for
biomedical applications such as disease detection, health
monitoring, and targeted drug delivery.
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