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Abstract—Molecular communication (MC) is an emerging
framework enabling communication among biological cells and
bio-nanomachines at nano and micro scales through biochemical
molecules. Recent studies have identified exosomal transfer RNA-
derived small RNAs (tsRNAs) as potential biomarkers for epilepsy.
Consequently, researchers are exploring innovative methods to
predict epileptic seizures through tsRNA measurements, using
implantable micro/nanoscale biosensors. This paper presents a
propagation model for biomarkers in a heterogeneous fluidic
environment, composed of the brain extracellular space (ECS),
a polyethersulfone (PES) hollow fiber tube, and a hydrogel (e.g.
collagen) containing bioengineered sensing cells for biomarker
detection. Our proposed model aims to support the design of
biosensing devices for epileptic seizure prediction by characterizing
the propagation of biomarkers released from neuronal cells in
the brain ECS to the implant. We analyse the communication
performance of the proposed system by evaluating propagation loss
under varying conditions—brain ECS tortuosity, fiber membrane
thickness, permeability, and bioengineered sensing cell density. Fur-
thermore, we develop an MC link budget to assess communication
between exosomal tsRNA biomarkers and bioengineered sensing
cells, based on received biomarkers. We observed an approximate
8-fold loss in received signal strength, highlighting the impact
of MC communication media physicochemical characteristics for
accurately designing devices to predict epileptic seizures.

Index Terms—heterogenous channel, loss budget, epilepsy
biomarker, bioengineered implants, neuronal communications,
neuroengineering

I. INTRODUCTION

EPILEPSY is a chronic neurological disorder that affects
more than 50 million people worldwide [1, 2]. This disorder

is characterized by recurring seizures resulting from abnormal
and synchronous firing of neurons within the brain, which
can severely affect people’s lives [3]. During the onset of an
epileptic seizure, various biomarkers are released from brain
cells, such as miRNAs and IL-1β [4]. From those, transfer
RNAs (tRNA) fragments (tsRNA), have emerged as a novel
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type of biomarker associated with epilepsy [5]. They have
also been identified in exosomes [6] released from neurons
and other cell types such as human glioma stem cells [7, 8].
Exosomal tsRNAs are released during epilepsy as part of the
neuronal stress response, often triggered by hypoxia, oxidative
damage, or other adverse conditions. This stress leads to the
cleavage of tRNAs into smaller fragments, mediated primarily
by ribonucleases such as angiogenin and Dicer [6, 9, 10].
Once released into the extracellular environment, these tsRNA
fragments can contribute to the general pathophysiology of
epilepsy. Specifically, researchers have observed elevated tsRNA
levels in individuals with epilepsy compared to healthy controls,
suggesting their potential as diagnostic and prognostic biomarkers
[5]. Hence, micro and nanoscale biosensors are targeting these
biomarkers as early indicators of the occurrence of epileptic
seizures.

Recent advancements in material engineering and nanotech-
nology have facilitated the development of micro/nanoscale
implantable biosensors. These sensors are capable of detecting
biomarkers associated with neurological diseases, such as α-
synuclein for Parkinson’s disease and tsRNA biomarkers for
epilepsy [11, 12]. Despite that, the complex brain microenvi-
ronment during pathological and physiological processes still
poses a challenge for the design of implantable biosensors.
These challenges include requirements for molecular selectivity,
sensitivity, and biocompatibility, all of which can significantly
impact the effectiveness of implantable biosensors. To further
advance this field (including the early prediction of diseases,
such as epilepsy), novel and innovative solutions are fundamental
to overcome such challenges. This includes optimizing both the
physical and logical design of bioengineered implants. For in-
stance, incorporating biological materials into implant designs can
enhance biocompatibility. Additionally, integrating biomolecule
detection capabilities—such as graphene-based sensors to detect
neurotransmitters like dopamine can be crucial for diagnosis
and monitoring neurological disorders, such as Parkinson’s
disease [13–15]. Furthermore, when these novel implants are
capable of detecting disease related biomarkers, they can be
applied to predict chronic illnesses [13]. Therefore, the further
understanding on the bioavailability of these biomarkers and how
they are transported within biological spaces (e.g., human body) is
essential for the development of effective implantable biosensors.
In this paper, we utilise a MC system to investigate the transport
of exosomal tsRNA from neuron cells towards an implantable
biosensor. Molecular communication (MC) is an interdisciplinary
communication paradigm that investigates the exchange of
molecules among micro/nanoscale entities (either natural or
artificial) [16]. We applied this framework to characterize the
molecular propagation through heterogeneous media and the
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Fig. 1: Schematic illustration of MC between cells in a
heterogeneous fluidic environment.

effects on the bioavailability of exosomal tsRNA inside of
the implantable biosensor. In this study, the heterogeneous
communication channels are composed of three fluids used for
the transport of exosomal tsRNA, while the implantable biosensor
is composed of bioengineered sensing cells encapsulated inside
the PES hollow fiber tube. The primary challenges associated
with the efficacy of an implantable biosensor in the brain is the
complexity of the biological environment where it sits and
its physicochemical properties, which can impact molecule
propagation and consequently reduce the bioavailability of
exosomal tsRNA at the bioengineered sensing cells. Therefore,
this paper aims to provide a further understanding on the
molecular channel properties affecting the exosomal tsRNA
propagation towards the implantable biosensor, and provide a
simple method to assess the molecular concentration losses
that can reduce the sensing performance of the system. By
investigating the interplay between epileptic biomarkers diffusion
and device characteristics, our model may offer valuable insights
into optimizing biosensor design and improving the accuracy
and reliability of micro/nanoscale epileptic seizures prediction
systems.

Previous research in similar topics (i.e., molecular propagation
in the brain) have been conducted using MC channels. However,
many of them simplify the molecular channel as a single
uniform channel characterized by a constant diffusion coefficient
[17–19]. In other studies [20, 21], the multi-layer molecular
medium has been investigated primarily to determine the average
effective diffusion coefficient. These studies substituted the
individual layers’ diffusion coefficients with the calculated
average, which is then incorporated into expression for molecular
concentration of a single-layer medium. In addition to their
simplified approach, these models lack accuracy in represent-
ing real multi-layer biological environments, especially under
transient conditions. To address the limitation of the approach,
a recent modeling approach was presented in [22], where a
composite diffusive molecular channel was developed with
distinct diffusion properties. While in that work the authors
have considered the physicochemical properties of individual
channels to some extent to evaluate their system performance, we
introduce a novel application involving the diffusion of epileptic

biomarkers towards bioengineered cells for epileptic seizures
prediction, which has not been explored in prior literature. We
also introduce a concept of heterogeneous molecular channel
which comprises of three channels including brain ECS, fiber
membrane (referred to as the membrane in subsequent sections)
and scaffold (hydrogel) as shown in Fig. 1. Additionally, we
delve deeper into the impact of these physicochemical properties
on propagation loss, thereby impacting the sensitivity of epileptic
seizures prediction, offering a more comprehensive understanding
of their effects on communication performance compared to
existing studies. Furthermore, we propose a link budget equation
to assess the performance of our MC system, in terms of
biomarkers received by the bioengineered sensing cells. Our
main contributions to this research work are as follows:

� Modeling and characterizing epileptic biomarker prop-
agation as a MC system: The tsRNA propagation in a
heterogeneous media is represented using MC concepts, and
a propagation loss metric is utilised to assess the performance
of the proposed system.

� Analyse the impact of physicochemical characteristics on
tsRNA bioavailability: We analyse the impact of various
physicochemical properties of brain ECS and the implantable
biosensor to observe their influence on the exosomal tsRNA
bioavailability reduction, which induces losses to the proposed
MC system. Our numerical analysis is based on the data
collected from an experimental setup we have devised.

� Development of MC Link Budget: We propose a link budget
equation to evaluate the communication performance of the
system, in terms of received exosomal tsRNA concentration
by the implantable biosensor. This budget provides insights
into optimizing the design of bioengineered devices to ensure
efficient propagation and bioavailability of epileptic biomarker
signals.

The rest of the paper is organized as follows. In Section II,
we detail the MC model and implantable biosensor physical
design. We describe the heterogeneous media in Section III,
the link budget formulation in Section IV-D. Our results are
presented in Section IV and our conclusions in Section V.

II. SYSTEM MODEL

The proposed system model composed of three biological
fluidic propagation regions namely, Brain ECS, Membrane and
the Scaffold region utilising target molecules (i.e. exosomal
tsRNA biomarkers) as illustrated in Fig. 1. Each region, depicted
in Fig. 1 is connected through MC links based on free
diffusion. In the proposed model, the whole process starts with
the release and propagation of exosomal tsRNA biomarkers
from the neuronal cells, under epileptic seizures, through the
fluidic environment to the bioengineered sensing cells. These
bioengineered sensing cells are encapsulated inside the hollow
fiber tube and entrapped in the scaffold region to detect the
incoming molecules from the brain ECS. Both regions (brain
ECS and scaffold) communicate with each other through a porous
membrane wall. This membrane wall is built with an organic
compound (e.g. PES) that allows the molecules to flow from the
brain ECS to the scaffold region. In this paper, we consider that
the interface between different regions is permeable, allowing
molecules to pass through without undergoing any physical or
chemical reactions [23]. Also, we assume that scaffold boundary
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Fig. 2: Molecular Communication (MC) propagation model for
biological heterogeneous fluidic environment.

is impermeable to the cells and the cells are firmly adhered to
the scaffold.

From the perspective of MC as depicted in Fig. 2, we define
the neuronal cells as the point-source MC transmitter (Tx )
positioned at the point r = r 0 in the Brain ECS, which emits
the exosomal tsRNA biomarkers (Q) (i.e., the molecular signal)
instantaneously at the time t = 0 s. The MC channel through
which this signal propagates is a heterogeneous fluidic medium
composed of three different regions: brain ECS, the membrane of
a PES hollow fiber tube, and the scaffold (hydrogel) containing
the bioengineered sensing cells (i.e., the molecular receiver -
Rx ) responsible for the detection of the incoming exosomal
tsRNAs biomarkers. Each of these regions have well-defined
physicochemical properties that directly affect the propagation
of the molecular signal, which follows a Brownian motion (a
comprehensive overview for each region is provided in Section
III).

The hollow fiber tube is made of PES, which is known to
provide tissue biocompatibility, cytocompatibility, and perme-
ability for the influx and efflux of biomolecules (see Fig. 3).
The tube selected for the wet lab experiments has a 300� m
inner diameter and a 470� m outer diameter resulting in a wall
thickness of 85� m with a pore size of 200nm. Using a 31G
syringe needle, the tube is filled with a suspension containing
bioengineered sensing receiver cells and 1.5 mg/mL Collagen
Type I hydrogel. The ends of the tube are closed using heat-
sealing, where a sharp heated tip (approximately 200� C) is
used to simultaneously cut and seal the tube. The PES tubes
are placed between a polydimethylsiloxane sheet (PDMS) and a
polyvinylidene fluoride (PVDF) sheet during heat-sealing. The
PDMS sheet is soft to keep the tube in place whereas the PVDF
sheet protects the tube from a direct contact of the heated tip.

III. HETEROGENEOUS MC CHANNELS

Epileptic biomarkers (i.e., exosomal tsRNAs) released from the
neuronal cells travel through a complex biological environment
including brain ECS, the membrane and scaffold of the hollow
fiber tube to reach the targeted bioengineered sensing cells.
Here we defined each one of these diffusion media as a MC
channel, and this propagation process is influenced by the
various physicochemical characteristics of the heterogeneous
MC channels. For instance, the molecular diffusion through the
brain ECS is affected by the tortuosity and volume fraction,
which represents the percentage of the total brain tissue volume
that is accessible to the exosomal tsRNAs. The hindrance to the
molecular propagation leads to an effective diffusion coefficient,
which is lower that the free diffusion coefficient (D ) for the

(a)
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Fig. 3: (a) Cross-section of hollow fiber tubes. (b) Cross-section
from a hollow fiber membrane wall. (c) Expanded view of the
hollow fiber wall.

exosomal tsRNA biomarkers. In the context of neurobiology,
the tortuosity is calculated as [27],

� =

r
D
D � ; (1)

where D � represents the effective diffusivity of exosomes within
the extracellular matrix of the brain. The tortuosity of this matrix
remains relatively consistent, typically � � 1:6 [24, 27].

When the exosomal tsRNAs enter the membrane of the hollow
fiber tube from the brain ECS, their movement is influenced by
the morphological structure of the membrane such as thickness,
permeability and diffusion coefficient [25, 28]. Additionally,
interactions between biomarkers and the porous network in
the membrane, with the amount of void spaces (porosity) and
the tortuous path length (tortuosity), significantly impact this
molecular transport. Finally, to continue their movement to the
targeted site, the exosomal tsRNAs must escape the membrane
into the cell culture medium compartment (i.e scaffold) through
pores on the hollow fiber tube membrane. The bioavailability
of exosomal tsRNAs in the scaffold region is influenced by
factors such as the diffusion coefficient in the hydrogel-medium
suspension (e.g., collagen), bioengineered cell density and the rate
at which they are taken up by the bioengineered sensing cells (i.e.,
the uptake rate). Consequently, these factors collectively dictate
the complex dynamics of exosomal tsRNA transport through the
heterogeneous MC channel, highlighting the interplay between
structural elements and their effects on the MC link.

The following sections detail our proposed mathematical
model for the overall exosomal tsRNA transport through the
heterogeneous MC channels, where we consider their various
physicochemical features and their effects on the bioavailability
of exosomal tsRNA. Therefore, we consider that each region of
the MC channel is finite with a defined length: ECS starts at the
point zero and finishes at length Re, from Re to Rm for the
membrane and from Rm to Rs for the scaffold. Additionally, we
adopt a cylindrical coordinate system to derive a mathematical
solution for the hollow fiber tube, while employing a spherically
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