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A Molecular Communications System for the

Detection of Inflammatory Levels Related
to COVID-19 Disease
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Abstract—A recent and extensive research activity highlighted
the process behind the attack and spread of COVID-19 in the
human body. What emerged is that the SARS-CoV-2 virus makes
use of both the ACE2 receptor, expressed by pneumocytes in
the ephitelial alveolar lining, and by the endothelium to spread
the disease and to replicate itself. Since the endothelium is an
extended tissue lying in the circulatory system, this may lead to a
large state of diffuse endothelial inflammation with serious clini-
cal consequences. This situation may be further compromised
by the immune system, that may generate pro-inflammatory
cytokines (IL-6) as a consequence of the infection. In this paper
we propose and analyze a molecular communication system,
designed for the detection of excessive IL-6 level, that allows mon-
itoring its evolution in the blood vessels. The proposed analysis
was performed by using the BiNS2 simulator, which is suitable for
the numerical analysis of flow-based molecular communications
in blood vessels, as well as Markov models of the endothelium.

Index Terms—SARS-CoV-2, COVID-19, cytokine storm, flow-
based molecular communications, blood vessel simulations, mon-
itoring system.

I. INTRODUCTION

N EXTENSIVE research activity recently carried out

highlighted the process behind the attack and spread of
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) in the human body [1], [2], [3], leading to the so-called
COVID-19 disease. The SARS-CoV-2 virus makes use of the
ACE2 receptor expressed by pneumocytes in the epithelial
alveolar lining to penetrate the host and replicate itself. This is
the process behind significant lung lesions observed. In addi-
tion, the ACE2 receptor is also present on endothelial cells,
present in other organs such as kidneys and heart, thus making
the situation even more complex. The endothelium is essential
for the regulation of vascular tone and the maintenance of vas-
cular homoeostasis. Therefore, the process could end with a
large state of diffuse endothelial inflammation, which includes
impaired microcirculatory function in different vascular beds,
with serious clinical consequences. The observed situation is
further compromised by the immune response and the related
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generation of pro-inflammatory cytokines. Observations in
cases of critical infections led to the identification of the so-
called “cytokine storm,” that is, a violent immune response due
to the massive generation of Interleukin-6 (IL-6) [2]. Precisely,
high levels of IL-6 have been linked to the emergence of the
worst consequences of the infection.

Starting from these experimental observations, the purpose
of the research that was conducted is twofold. On the one hand,
it prefigures a system for monitoring the presence and evolu-
tion of the IL-6 level in blood vessels, which makes use of
the vascular molecular communication mechanisms, recently
studied in different case studies [4], [5], [6]. The second objec-
tive is to evaluate the expected effect of clinical attempts to
contain the state of inflammation by making use of antibod-
ies which are intended to occupy IL-6 receptors (IL-6R) and
therefore contain the violence of inflammation.

The research approach followed in this paper leverages
flow-based molecular communications in blood vessels. This
communication environment was recently considered for some
purposes having common features with the present research.
In particular, communications based in the vascular environ-
ment were proposed for monitoring biological parameters and
controlling specific processes, such as hyperviscosity [6]. In
this paper we propose and analyze a molecular communica-
tion system designed for the detection of excessive IL-6 levels.
This approach is expected to reduce the time needed to detect
the dangerous evolution of the infection and allows a timely
treatment of it. After having defined the entities involved in
the communication chain, we analyzed the resulting system
through numerical simulations and theoretical models. For this
purpose, we used BiNS2 [4], [7], which is a well assessed
simulator for molecular communications, as well as queuing
theory, which is a theoretical tool frequently used in molecular
communications.

The emulated communication environment analyzes a por-
tion of a blood vessel. The presence of IL-6 particles is
emulated though an emission of a bursts of particles, modeling
the intrinsic discrete emission of cytokines, which combines at
reception site as a continuous flow of particles. This emulates
the cytokine storm mentioned above, having the potential of
hitting the endothelium at the reception section. Hence, the
emulated receiving process consists of particle absorption by
the vessel wall. The simulation of this phenomenon, together
with a theoretical analysis of absorption process based on
Markov models, allows dimensioning the detection process
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through receptors having the properties to bind with IL-6
cytokines. Examples of synthetic receptors able to absorb
cytokines and further transmit biological signals are shown
in [8] and [9]. Furthermore, having the possibility to numer-
ically evaluate the reception process at the receiver site, it is
also possible to evaluate the concentration of antibodies nec-
essary to effectively counteract the inflammatory process by
occupying IL-6R receptors exposed by the endothelium. This
approach is the basis for designing external devices used for
monitoring purposes. We emphasize that, due to the increas-
ing diffusion of personalized medicine, patients should be
constantly monitored, especially during prophylaxis adminis-
tration as well as during randomized, controlled trials to assess
efficacy and safety [10].

To sum up, the main contribution of this paper consists
of the definition of a monitoring system for cytokines storm
detection in patients affected by the COVID-19 disease. Its
pillars are the analysis of the mechanisms underlying the
absorption of cytokines at molecular level, and the identifi-
cations of key enabling technologies that could be used in the
future to implement such devices.

The paper is organized as follows. Section II includes some
background on molecular communications in the cardiovas-
cular system and some details about the COVID-19 disease.
In Section III, we present a monitoring system leveraging
on mathematical models as well as some enabling technolo-
gies in the medical field. Numerical results are presented in
Section IV, using both simulations and analytical models for
estimating of the assimilation levels. Conclusions and future
outlooks are presented in Section V.

II. BIOLOGICAL BACKGROUND

The SARS-CoV-2 outbreak highlighted the need for fast
methods to detect infections and track their evolution continu-
ously. To this aim, it is urgent to provide any clinical support
to professionals working to slow down the rapid spread of this
infectious disease. The most accurate known methods for exe-
cuting diagnostic tests for SARS-CoV-2 are based on direct
analysis of diagnostic specimens. They can be taken from the
upper or lower respiratory tract. However, some issues exist,
such as the latency for obtaining accurate results, also due to
the need of repeating tests several times when the reliability
of results is not satisfactory.

Furthermore, some experimental results show that the accu-
racy of Reverse transcriptase-polymerase chain reaction (RT-
PCR) may vary by specimen type [11] revealing that some test
results were discordant for some specimen pairs taken from
the same patient [12], [13], thus the infectiousness cannot be
clearly detected.

From the current studies on SARS-CoV-2 emerged that
this infection is a systemic disease. It affects some impor-
tant organs, such as heart, lung, liver and kidney, due to the
ACE2 receptor which is commonly exposed by organs and
tissues. This is an entry receptor for the virus and makes it
possible the spreading of the infection. Indeed, the infection
drives and develops the inflammation, triggering the cytokine
storm, which causes both significant consequences in disease

progression [14] and damage to organs and tissues [15], thus
it is a major cause of deaths in COVID-19 [16].

The mechanism underneath the internalization of the SARS-
CoV-2 inside the host cells exploits the high affinity between
the ACE2 receptor and the virus spike glycoprotein (S). The
glycoprotein (S) consists of two subunits: S1 attaches on
ACE2, and S2 leads to the virus internalization via their
membranes fusion [17]. The virus internalization results in
the release of its RNA, which is translated and processed by
the infected cell to assemble virus progeny promoting viral
replication [18].

The second relevant consequence concerns the binding
to ACE2 receptor. Its internalization triggers a cascade of
effects, from the down-regulation of both ACE?2 receptors and
angiotensin-(1-7) levels, up to the increase of angiotensin-II
(Angll), causing free Angll accumulation in plasma. Angll
interacts on both immune cells and tissue-resident cells. The
activated synthesis of Angll from tissue-resident cells pro-
motes the productions of proinflammatory factors. In more
detail, the combination of the above effects activates NF-xB
pathway, triggering the transcription of interleukin-6 (IL-6)
cytokine on both infected and immune cells [19]. As a conse-
quence, the IL-6 concentration is upregulated towards abnor-
mal levels by the virus itself [20] while the anti-inflammatory
cytokines, such as IL-10, are downregulated, thus enforcing
the cytokine storm [21].

In the early stage of infections (not just the viral ones), dif-
ferent types of cytokines are synthesized in order to activate
a rapid immune response. The IL-6 is one of the principal
pro-inflammatory cytokines, which plays an important role in
cytokine storm [10]. Indeed, high levels of IL-6 both acti-
vate the coagulation system and increase vascular permeability,
promoting the rapid spread of inflammation [22], [23].

Moreover, in normal inflammatory responses IL-6 stimu-
lates the immune response towards the classic-signaling path-
way, exploiting the IL-6 membrane receptor (IL-6R) exposed
by immune cells only, whereas the majority of cells do
not expose it. The membrane-bound IL-6R does not possess
intracellular signaling capabilities, but signals instead through
interaction with membrane-bound glycoprotein 130 (gp130).
The complex IL-6-IL-6R binds to gp130, which then initiates
signaling through its intracellular domain. However, IL-6R can
be found also in its soluble form (sIL-6R). Its concentration
during infections and inflammations increases considerably
due to Angll accumulation in plasma, caused by ACE2 down-
regulation due to SARS-CoV-2 binding, thus facilitating the
formation of IL-6/sIL-6R compound [1]. This enables the acti-
vation of the pro-inflammatory trans-signaling pathway that
allows the binding of IL-6/sIL-6R compound with gp130,
which acts as another type of IL-6R and it is exposed by a
wide range of cells, thus expanding its range towards cells
that normally are not its target (including the endothelial
ones) [19], [24], [25]. When the IL-6/IL-6R/gp130 complex is
formed, the IL-6 signal is transmitted via multiple intracellular
signaling pathways. This results in systemic hyperinflamma-
tion involving the production of additional cytokines, including
IL-6, as well as increased vascular endothelial growth fac-
tor, which contribute to vascular hyperpermeability, leakiness,
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hypotension, and pulmonary dysfunction, as reported in [10].
In more detail, lung tissue damages may be worsen by high
levels of IL-6, which are induced by the SARS-CoV-2 infec-
tion [26], [27]. Severe viral damages were observed also in
blood vessels, where the inflammatory progression hurts the
endothelial cells, increasing the cardiac load and promoting
the coagulation activation, which may also lead to thrombosis
on thin vessels [28].

Although an inflammatory response is usually a useful effect
to counteract harmful stimuli (i.e., pathogens, cell injuries,
etc.) [29], an overproduction of a wide range of inflamma-
tory cytokines by the infected cells, due to the cytokine storm,
causes the continuous recruitment of immune cells on the sites
of inflammation, thus amplifying the inflammatory response.
This exponential growth is due to the loss of the negative
feedback on the immune system, leading to repeated attacks
of the autoimmune system which could cause multiple organs
failure [21].

What emerges from the current biomedical research
approaches and results is that the clinical activities can highly
benefit from the ICT research results. Such contribution is
not aimed at replacing the usage of diagnostic specimens, but
rather to contribute in order to obtain more accurate diagnoses.

The proposal shown in this paper supports the approaches
presented above with the aim of contributing to the detection
of COVID-19 infection. The approach consists of detecting
the biomarkers in blood vessels associated with COVID-19.
Thus, the proposal leverages the research activities aiming to
identify such biomarkers, even those able to correctly iden-
tify both convalescent COVID-19 patients and those who
could not survive. For example, [30] shows the identifica-
tion of a number of biomarkers including the immunological
interleukin (IL-6). The identification of effective laboratory
biomarkers capable of classifying patients according to their
risk is essential to ensure timely treatment. Our proposal con-
tributes to pursue this objective through an approach that can
be included in the family of detection techniques based on
molecular communication systems [5], [6], along with all
others defined for monitoring body parameters (i.e., blood
pressure, blood viscosity, glucose level, inflammation level and
so on) [31], [32], [33].

III. SYSTEM MODEL

The analyzed scenario focuses on the signal detection
in a short section of a blood vessel, that we call moni-
tored section, which is covered by a number of receptors.
Essentially, receptors are distributed over the endothelial
cells, which cover the inner surface of blood vessels. Those
receptors are compliant with IL-6 molecules and, upon the
absorption of such molecules, may trigger a cascade of sec-
ondary events, such as the increase in STAT3 phosphorylation
and the upregulation of intercellular adhesion molecule-1
(ICAM-1) [34], [35], [36], [37], which are involved in mono-
cyte recruitment to the endothelium [38]. Basically, the idea
is to exploit the IL-6-induced ICAM-1 expression medi-
ated via the JAK/Stat3 signaling pathway, monitoring the
exposition of such adhesion molecules in order to estimate

the level of absorbed IL-6 molecules in the monitored
section.

A. Enabling Technologies for the Monitoring System

The complete design of the monitoring system is beyond
the scope of this paper. However, we refer to some recent
papers that illustrate the enabling technologies that can be
used for injecting and detecting specific molecules across the
endothelium, making it possible to monitor some sections.

For example, a graphene patch for diabetics is proposed
in [39]. It can be used to both analyze the body sweat (for
glucose and pH values monitoring) and to trigger the release
of drugs through an array of microneedles. In [40], [41] a
lot of flexible and noninvasive chemical sensors for health
monitoring are presented. Those sensors use some electrodes
for driving the propagation of ions and glucose by means of
iontophoresis. The epidermal device presented in [42] allows
performing a continuous mapping of the blood flow by means
of thermal sensors. In [43], [44], [45], the microneedles array
for both sensing chemicals and releasing drugs and vaccines
through the skin are presented.

The available technologies summarized so far allow imple-
menting of a monitoring system capable of injecting molecules
and monitoring their binding along a short section of a blood
vessel.

In fact, the injection of molecules can be realized by the
well known transdermal drug delivery processes, based on
microneedles or iontophoresis [46]. The molecules released
in this way activate the portion of the blood vessel that should
be monitored.

The candidate molecules to be used for this purpose are
aptamers [47]. Due to their similarity with antibodies, they
expose an innate targeted recognition capability, and can eas-
ily bind to specific molecules [48], [49], [50]. Moreover,
aptamers can be engineered in labs and quickly produced
by chemical synthesis [49], [50]. Their binding capability
makes the dynamic tracking of cellular molecules possible,
where one arm binds to a fluorescent protein and the oth-
ers to the desired targets [48]. After the injection/release, the
aptamer-fluorescent protein compound perfuses towards the
blood vessel in order to bind to the target molecules (i.e.,
the ICAM-1 as introduced above).

Finally, fluorophores and green fluorescent proteins (GFP)
can emit light signals of specific wavelengths that can be easily
detected [51].

To sum up, the in-vivo fluorescent imaging techniques based
on GFP allow detecting the level of fluorescence emitted by
the overall aptamer-GFP compounds, effectively hooked to
the exposed ICAM-1 in the monitored section. The larger the
intensity of the fluorescence, the larger the amount of ICAM-1
expressed, which is in turn related to the amount of absorbed
IL-6 cytokines. This fluorescence should be detected by an
external optical sensor.

B. Endothelium Absorption Dynamics

The considered monitoring system includes fixed receivers,
represented by the endothelial cells, as sketched at the
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beginning of Section III-A. In this scenario, we do not consider
a canonical transmitter for a localized molecule release. We
assume that the ligands (IL-6 cytokines) compliant with the
surface receptors (IL-6R), exposed on specific cells or with its
soluble version in the plasma (sIL-6R), are already circulating
in the blood circulatory system. The secondary IL-6 recep-
tors (i.e., gp130) are commonly exposed on endothelial cells.
The goal of the monitoring system is to discriminate between
normal and abnormal concentration values of these molecules,
in order to trigger a timely reaction, thus limiting the spread
of infection. This can be done by the systemic release of a
number of antibodies compliant with secondary IL-6 recep-
tors, which can limit the absorption of IL-6 cytokines and thus
the overall progress of the inflammatory disease. Thus, in the
considered environment, the following chemical reactions can
take place:

[IL-6/(s)IL-6R] 4 [gp130] Z: [C] (1)
off ,c
knn,a,

[A] + [gp130] —= [B] 2
koﬁ,u

where kon,c and koy, o denote the on-rate constant of cytokines
and antibodies, respectively, whereas the k. . and kop
denote the relevant off-rates. C is the complex obtained by the
reaction between cytokines and compliant receptor, whereas B
is that obtained by the antibody reaction.

The on-rates depends on the frequency of collision between
a ligand and a free compliant receptor. In more detail, in [52]
the constant ko, ;, 7 = a,c, is defined as the product of Z,
which represents the hitting rate of a ligand on an unbound
receptor, and Fo(E,), which is the fraction of collisions hav-
ing an energy large enough to form a bond, that is higher than
the threshold E,. Thus, Z depends in some way on the num-
ber of receptors. In our model, we assume that each collision
between a ligand and a receptor generates an assimilation, that
is Fo(E,) = 1.

Instead, the off-rates depend on the average lifetime of
obtained complex [53] 7;, i = a, c, that is

o 1

K k‘oﬁ',i )
The value of off-rates were estimated by means of lab experi-
ments and can be found in literature. As for the IL-6 reaction,
a typical value of 2 x 107351 was found in [54], although
the authors of [55] point out that this value can be either
increased or decreased by about one order of magnitude (from
4.5%x1072to 2x10~*s~1, depending on the presence of other
substances.

In order to describe our system, we consider the main
drivers leading to molecules movement and the consequent
absorption. In particular, being the bloodstream the considered
environment, we have to consider three main forces moving
molecules and contributing to hitting the vessel walls and
potentially compliant receptors:

1) The Brownian motion of the particles [56], which is

characterized by the diffusion coefficient, given by

kT
C 6mnry

1=a,c. 3)

“4)

m

where kp is the Boltzmann constant, 7 is the
temperature expressed in kelvins, 7 is the viscosity of
the medium, and ry, is the radius of the considered
molecules;

2) The drag force of the blood, which in real vessels is
known to assume the so-called Casson profile [57], with
a nearly constant velocity in the center of the vessel
and velocity values vanishing when approaching to the
vessel walls;

3) Collisions with blood cells, mainly red blood cells
(RBCs), which cause bounces and, as stated in [58],
marginalization towards endothelium.

We follow an approach similar to that already adopted
in [59], where the analysis is done by considering first a single
receptor modeled as a pure loss system with a single server,
and then it is extended to the whole receiver. In this case it is
the set of endothelial cells in the monitored region. According
to general model presented in [52], the status of the receiver at
any time ¢ can be represented by the value of a random vari-
able 71(t), which denotes the number of ligand-receptor bonds
at time t. Thus, the receiver behavior is modeled by the ran-
dom process {[7(t)],t > 0}. In general, f1(¢) increases when
new ligand-receptor bonds are created, and decreases due to
the internalization of these bonds [60], or upon their rupture,
which makes the receptors available again. Our model inherits
some concepts from both [52] and [59], but extends the lat-
ter with a multi-service approach [61]. In fact, in the model
considered in this paper, each receptor can create bonds with
two types of ligands, that is the IL-6 and an agonist antibody,
with the constraint that each receptor can create only a single
bond at a time. Thus, our receptor can be modeled as a vec-
tor of random processes {i(t) = [fic(t), 7 (t)], ¢ > 0}, that
is a bi-dimensional, birth-death, discrete-valued, continuous-
time Markov process, with 7;(t) € {0,1}, for i = ¢, a.
At any time ¢, a state f(t) of this process is acceptable
only if n.(t) + na(t) < 1, since the receptor can form a
bond with the IL-6 or its antagonist antibody. Hence, in this
system the following states are the only acceptable at any
time:

o State (0,0): The receptor if free. The probability that the
Markov chain is in this state at time ¢ is denoted as
moo(t) = P{n.(t) = 0,74(t) = 0}.

o State (1,0): The receptor formed a bond with the
cytokine IL-6. The probability that the Markov chain
is in this state at time ¢ is denoted as mig(t) =
P{fic(t) = 1,74(t) = 0}.

o State (0,1): The receptor formed a bond with the antag-
onist antibody of cytokine IL-6. The probability that the
Markov chain is in this state at time ¢ is denoted as
To1(t) = P{iie(t) = 0, 7ia(t) = 1}.

The relevant state transition diagram is depicted in Fig. 1,
where \; indicates the bond formation rate for each ligand
i = ¢, a, whereas p,; indicates the release rate for each bond,
that is p; = ko ; = 1/7;. Then the dynamical equations
governing the state probabilities are the following:

{ 4 r10(t) = Aemoo(t) — pemio(t),

5
armo1(t) = Aamoo(t) — pamor (1), ©)
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Fig. 1. State transition diagram for the reception process at each receptor.
State variables are indicated inside the oval, whereas state probability are
indicated in red close to it.

In the steady state, considering also that mgg+m19+mo1 = 1,
the probability of having a bond with an IL-6 molecule results

_ )\C/Nc
1+)\c/,uc+)\a/,ua'

A quantity of high interest to be estimated is the arrival
rate, that is the rate at which a ligand can form a bond with a
compliant receptor. In [52], the arrival rate A; can be expressed
as the product of k,y ; and the concentration of ligands of
type i close to the considered receptor, ¢;(t). We assume that
this concentration is uniform in the region close to the vessel
wall, thus it is not dependent on the specific endothelial cell
or receptor. Taking into account what mentioned above about
the definition of £y, ;, then it follows that

(6)

10

i = kon,i X ¢i(t) = Ap i X pr, (7

where \j, ; is the rate at which a molecule of type i hits the
endothelium in the monitored area, whereas p; is the proba-
bility that a molecule will hit a receptor when a collision with
the endhotelium happens. The value of p, can be estimated as

Nrﬂ'(rm,i + TEC)2
Pr =

®)
Lo
where N is the number of receptors per endothelial cell, 7, ;
is the radius of the ligand i, rg¢ is the radius of the receptor,
and Lpc is the side of the endothelial cell, which we model
as a square. This means that p, is the fraction of the surface
of each endothelial cell covered by receptors. It also depends
on the radius of the molecule (7, ;), since we assume that the
reception process occurs also upon a minimal contact between
the receptor and the ligand.

At the cell level, the number of receptors n, . that estab-
lished a bond with an IL-6 molecule can be modeled through
a Binomial distribution B(N,m1g), since each cell has N,
receptors and each of them is occupied by an IL-6 molecules
with probability 71g. Thus, the average number of receptors
busy with a IL-6 bond (R. = E[n, |) in each endothelial cell
is simply equal to

Rc = N,« X T10- (9)

TABLE I
SIMULATION PARAMETERS

Symbols | Value Description

ts 100 ps Simulation time step

T 310°K Plasma temperature

n 1 mPa-s Plasma viscosity

Um 0.5 mm/s Blood flow velocity

L 6.5 mm Blood vessel length

R 30 pm Blood vessel radius

Tm,i 3.5 nm Molecule radius

B [5, 10, 25, 50]-103 Molecules released

Lrc 14.5 um Endothelial cell (EC) size
N, [2000, 1500, 1000, 500] | Number of receptors/EC
Ngc 897 Number of ECs

rEC 4 nm EC receptor radius

Dprx 5 mm TX-Monitored section distance
Lrx 1 mm Monitored section length

In order to keep the value of R, below a safety threshold
value f., so that the resulting inflammatory process due to
cytokines’ storm may be controlled, it is necessary to vary
the concentration of antagonist antibodies ¢, (¢) and to select
antibodies with a suitable value of 7,. We analyze the effect
of concentration and average bond lifetime of antibodies in
the performance evaluation section.

IV. PERFORMANCE EVALUATION
A. Simulation Setup

The analysis of the proposed system is based on an exten-
sive simulation campaign performed by the experimentally
assessed simulator BiNS2. It is a particle-based simulator
developed in Java [4], [5], able to leverage NVIDIA CUDA
libraries to significantly reduce the computational time by par-
titioning the collision detection workload over several GPU
devices [7]. Its main features are:

o Definition of the internal state of each simulated
object in order to perform specific functions/behaviors
(i.e., emission of molecules according to specific pat-
tern/modulation schemes, reception schemes by expos-
ing different type of receptors with different properties,
computational/pre-processing features, etc.);

o Tracking the position of the simulated objects (i.e., cells
and molecules released in the simulated scenario) which
are mapped by spherical shapes;

o Fine grained algorithm for detecting and managing any
interaction between cells/molecules by means of colli-
sions or absorption with surface receptors;

¢ Customized 3D environment composed of a set of simple
containers (i.e., spheres, cylinders, cubes);

o Customizable propagation rules for both the whole sim-
ulated space (i.e., free diffusion, flow-based diffusion)
and for each moving object (i.e., an active or passive
propulsion system).

The simulated blood vessel section is modelled as a cylindri-
cal object filled by spherical elements of different sizes, which
emulate the behavior of the blood cells (i.e., RBC, white blood
cells, and platelets), as detailed in [4].

The simulated scenario is characterized by the following
parameters: plasma viscosity, blood flow velocity, number of
released molecules, release points, reception areas, number and
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size of receptors. For the purposes of this analysis we have
set their values in the range of healthy conditions, as reported
in Table I. The simulated blood vessel portion was filled by
proper concentration of blood cells [4].

Since we consider small blood vessels, the correspond-
ing velocity profile exhibits a laminar profile (see [4] and
references therein). This condition can be modeled by the
Poiseuille’s equation:

2
v(r) = iﬁ(}z? — 7«2) = 20y, (1 - ;2> (10)

where AP is the pressure drop along a vessel section of length
L, R is the vessel radius, r is the distance from the longitudi-
nal axis of the vessel, and vy, is average flow velocity. This
equation shows that the flow velocity assumes a parabolic pro-
file, with its maximum on the longitudinal axis, decreasing
to zero close to the vessel walls. This profile is important
in order to maintain blood physical integrity and carry out
cardiovascular functions, such as margination. It consists of
blood cells that, in small vessels, where the mean velocity is
low, adhere to the endothelium and migrate outside the vessel
passing between endothelial cells. In our simulator, we imple-
mented a drag force enforcing the velocity profile in (10) for
all moving objects. However, as it happens in real setting,
also in the simulation RBCs tend to occupy the central por-
tion of the vessel. Thus, they aggregate into the Rouleaux
form [62], and form a plug flow region along the center of the
vessel causing a flattened parabolic velocity profile rather than
the expected parabolic velocity profile typical of a Newtonian
fluid [57], [62]. This effect, known as Casson profile, is mod-
eled also in our simulations. In addition to the advection
mechanism described above, all moving objects in the sim-
ulator are subject to diffusion, with a diffusion coefficient
Dy, computed as in (4). The effect of diffusion is negligi-
ble for large cells (RBCs, white blood cells, and platelets),
but it is important for molecules, on both radial and longitudi-
nal directions. For each dimension in a 3D environment, it is
implemented by a Gaussian displacement with zero mean and
variance equal to /2D, At, modeling the Brownian motion.
Finally, the simulator also models collisions between moving
objects. This phenomenon is particularly important since it is
responsible for pushing small objects (i.e., molecules) towards
vessel walls, and it is correctly represented by our simulations.

The molecules are emitted on a point position along the
longitudinal axis of the vessel (as shown in Fig. 2), with
different burst values B, as reported in Table I. Molecules
propagate along the bloodstream without any absorption or
reaction (except for collisions among themselves, with vessel
walls, or with RBCs) until they reach the monitored section of
the vessel, located at distance Drx = Smm from the emission
point with a length Lgx = 1mm.

In general, the inner surface of blood vessels are covered by
endothelial cells that expose a few thousand receptors on their
surface compliant with a subset of cytokines produced by the
body. From a simulation point of view, although the simulator
can model all surface receptors, the large number of elements
to be instantiated as software objects in the simulations (i.e.,
cells, molecules, receptors) for this analysis may generate a

Red Blood cells Molecules Monitored section

Fig. 2. Simulated scenario in BiNS2 framework. The molecules are released
on a pointwise location along the vessel axis. The monitored section is located
to the right end of the blood vessel section, at a distance Dp x from the
release point.

huge volume of interactions among them, which reduces the
simulation speed. For this reason we have decided to model
the surface receptors of the vessel walls through a probability
pr of absorbing the colliding molecules, evaluated according
to (8), without any appreciable loss in the simulation accu-
racy, limiting at the same time both computational load and
processing time.

In this specific set of simulations, only the inner surface
of the monitored section (see Fig. 2) is covered by endothe-
lial cells, modeled as squares of side Lgc. This means that
for each collision of the released molecules with these cells a
probability of absorption p,., given by (8), exists. In this anal-
ysis we have considered different values of p,., related to the
amount of available receptors N, for each endothelial cell,
ranging from 500 to 2000. This allows obtaining a prelimi-
nary insight about what happens when not all receptors are
available to form an IL-6/(s)IL-6R/gp130 complex, because
receptors have already formed a ligand-receptor binding with
other compatible compounds. It means that the antibodies
compliant with the secondary IL-6R can lead to a reduction
of IL-6 transcription at cellular level which finally contributes
to a reduction of the inflammation level due to the abnormal
IL-6 upregulation induced by the SARS-CoV-2 [10], [14]. In
fact, therapies with antibodies are still being tested for the
treatment of patients [10].

Our analysis assumes that the molecules displacement is
already in a steady state when they cross the monitored region.
This means that their radial positions does not depend on
either the distance from the emission point or its position
in the vessel section. To this aim, we resorted to literature
results [63], [64]. It results that in microfluidic systems the
movement of a burst of emitted particles can be governed by
two regimes. The first one is the dispersion regime, where the
movement is mainly due to diffusion and the particle distribu-
tion is independent of the point or uniform release. The second
one is the flow-dominated regime, when advection dominates
on diffusion. In our simulation setting, since it results that

4DRrx

vm R
< R

D,

Y
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then we can assume to be in the dispersion regime, thus with-
out any dependency on the emission point. In addition, the
presence of RBCs helps the system to converge to the steady
state condition and push molecules towards vessel walls, as
discussed in [58].

B. Numerical Results

The simulation results allowed collecting the number of
absorptions carried out by surface receptors on the endothe-
lium for each discrete time step .

Howeyver, in order to estimate the arrival rate A of molecules
to any single receptor on the endothelium, we preliminary
run a number of simulations while disabling the absorp-
tion from the surface receptors (N, = 0). During these
simulations, we recorded the number of collisions between
molecules and endothelium H., and monitored the average
time s needed by molecules to cross the monitored region,
whose length Lpx equals 1 mm. The estimated value s is
slightly higher than the average time needed by the blood
flow to cross the monitored section (s = 2.3 s), which is
Lrx/vm = 2 s. This can be explained by the fact that the
RBCs tend to push the smaller particles towards the regions
of the vessel close to the walls [58], the so-called cell-free
layer (CFL) [65], where the presence of RBCs is lower.
This behavior is particularly evident in small vessels, which
are those of greatest interest for the phenomena we investi-
gate. In this region the flow velocity is significantly reduced
due to the parabolic/Casson profile of the flow velocity [57].
Nevertheless, the drag effect of the flow is still present, and
it is exerted also by means of collisions between RBCs and
molecules, which are both pushed forward and/or towards the
vessels wall, thus causing collisions and, potentially, absorp-
tion. This is particularly significant in small vessels where the
size of CFL tends to vanish. Consequently, it is expected that
molecules, which are mainly concentrated in the CFL, have
an average velocity slightly smaller than the flow velocity.

By using the H, value it is possible to estimate the average
number of collisions experienced by a single molecule, which
is simply h, = H./B. Then, the collision rate in the monitored
area for each molecule is obtained by dividing the average
number of collisions per molecule by the average crossing
time s:

he  He
Thi = T Bs

Finally, the average rate of collisions close to the area occu-
pied by each receptor A, ; can be estimated by the sum of the
collision rates o, ; of the molecules simultaneously present in
the monitored area, which is a number B’ slightly lower than
the burst size due to dispersion dynamics (B’ < B), scaled by
the total number of receptors, that is:

H.B’
i = BeNpo N,
SINEC Ny

Thus, the average arrival rate \; at each receptor on
the endothelium of the monitored area can be obtained by
using (7).

We assessed these assumptions by running a number of sim-
ulations with different values of B and NN, in order to evaluate
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Fig. 3. Number of absorbed molecules in numerical simulations for different
numbers or surface receptors N (a) and size of the emitted burst B (b).
Asterisks indicated theoretical predictions.

the behavior of the system for different concentration values.
In these simulations, we used the following widely used model
of absorbing receptors. Essentially, a molecule can occupy a
receptor for a single discrete simulation time step ¢s;. After
this, the molecule is removed from simulation and the recep-
tor returns available. Although this model does not fit well
the system described in Section III-B, it allowed us to vali-
date some of our assumptions, such as the fact that molecules
are close to the vessel walls, as well as the existence of a
linear relationship between A and molecule concentration. In
fact, although it is possible to simulate the model described in
Section III-B, the usage of realistic value for p; would make
this type of simulations incredibly time consuming, since the
simulation time step, evaluating collision dynamics, is equal
to t; = 100us.

Fig. 3 shows a comparison of the results of our simula-
tions with the theoretical predictions determined as follows.
By recalling that h. is the average number of collisions
experienced by a molecule with vessels walls, it could be
absorbed only in case of collision with a receptor, as stated in
Section III-B. This event can happen after a maximum of %,
attempts, thus giving the following absorbing probability ps
in the monitored region:

he _
ps =Y pr(l—pr). (14)
j=1

The number of absorbed molecules can be estimated as
P; = B X ps. An excellent match between theory and
simulations can be observed. The lesson learned from these
simulations is that results in Fig. 3 also confirms our previous
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Fig. 4. Average number of bonds with IL-6 (R) as a function of the arrival
rate of antibody molecules, for different values of the average lifetime of
antibodies bonds with IL-6R.

assumptions done in the system model. In particular, we
assumed that the massive presence of RBCs pushes much
smaller molecules towards the vessels wall, thus favoring their
absorption. This was confirmed for both small and large con-
centration of molecules, thus proving the correctness of our
model. In fact, when the number of available receptors is large
enough (N, = 2000), all molecules have a chance of being
assimilated by receptors on the endothelium. This stimulates
a further consideration, which is central for our approach: if
there are enough free receptors, also large concentrations of
molecules can be absorbed. When this number decreases, also
modest concentrations of molecules could not be completely
absorbed. Thus, the next step is to include in the model the
presence of antagonist antibodies to better model this phe-
nomenon. Clearly, in order to consider a realistic duration of
bond lifetime 7;, simulations modeling particle collisions are
not the most suitable approach. Thus, we resort to our theo-
retical model, that is based on the same assumptions of the
simulations.

Let us consider a scenario in which the arrival rate of
cytokines, that was obtained by simulations, is A, = 7.8 X
10735~ 1, whereas the average bond lifetime 7. is 500s [54].
As for antibodies, we used the following values: A\, =
0.001 — 0.058_1, and 7, = 100 — 10000s. The number of
surface receptors is N, = 2000.

Fig. 4 shows the average number of bonds (R, see (9))
with IL-6 cytokines as a function of the arrival rate of antag-
onist antibodies, for different values of their bond lifetimes
with IL-6R receptors. It emerges that the factor of major
impact is the average lifetime of antibody bonds, whereas their
concentration is important but less significant. In fact, large
values of )\, are necessary for enforcing the same response to
cytokines for lower values of 7. In order deepen the analysis,
we also give the R. values for a halved value of \.. From
the analysis of the results we can infer that, for the same
value of 74, approximately a half dose of antibodies should
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Fig. 5. Probability of having a number of bonds between the IL-6/sIL-6R
complex and the gpl30 receptor at least equal to the activation threshold,
that is Prob{ns ¢ < fc X Nr}, for fc = 0.1 and 0.2, as a function of the
arrival rate of antibody molecules A . Different values of average lifetime of
antibody’s bonds are considered.

be administered to achieve the same effect, which confirm our
expectations.

Finally, we analyze the probability to keep the fraction of
receptors engaged with IL-6 bonds (n, ./N;) below the acti-
vation threshold f.. We considered two threshold values, equal
to 10% and 20%, respectively. In fact, larger numbers of IL-
6-IL-6R bonds can trigger the immunity response we want
to avoid. In the figure it emerges a sort of threshold behavior
with respect to the concentration of antibodies, which depends
on the lifetime of antibody bonds. This phenomenon is less
evident for lower values of f,, when the problem is more chal-
lenging. In fact, the lower the value of f, the easier the system
can enter an active state triggered by the cytokines storm. As
discussed in [66], low values of the fraction of busy recep-
tors are often enough to trigger a specific response. It is also
interesting to see that, for small values of the bonds lifetime
of antibodies, also large values of antibody concentration can-
not counteract the cytokines storm, since for 7, = 100s the
probability of not overcoming the threshold is always 0.

V. CONCLUSION

In this paper we show a proposal aiming to support the clini-
cal activities in the detection of SARS-Cov-2 infection and the
relevant monitoring of the disease evolution. Our solution is
not an alternative to currently used detection approach based
on diagnostic specimens, but it is rather to be considered a
contribution aiming to obtain more accurate diagnoses. The
proposal is based on a molecular communication system in
blood vessels, designed for the detection of excessive con-
centration of IL-6 levels through an absorption process by
receptors located on the inner surface of vessels. An extensive
numerical analysis based on simulation allowed dimensioning
the detection process through receptors having the properties
to bind with IL-6 cytokines and to determine the possibil-
ity to counteract the resulting inflammatory process through
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antagonist antibodies. For this purpose we modeled each
receptor with twofold bond capabilities, with two types of lig-
ands, that is the IL-6 and an agonist antibody and analyzed the
effect of concentration and average bond lifetime of antibodies
by simulation. The bonding process of receptors with an IL-6
molecules was modeled through a Binomial distribution at the
endothelial cell level, used to find the conditions for control-
ling the resulting inflammatory process due to IL-6 cytokine
storm by a suitable concentration of antagonist antibodies. One
of the main lessons learned is that the average lifetime of their
bonds with IL-6R receptors has a very significant impact on
the action of antibodies. Only for suitable values of this param-
eter the cytokines storm can be counteracted with a reasonable
concentration (dose) of antibodies.

The future research activities on this subject consist of the
usage of machine learning algorithm to combine the outcome
of different detection systems in order to improve the degree
of confidence of the combined detection process.
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