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Abstract – Molecular communication is transmitting and receiving chemical signals using molecules and is an interdisci‑
plinary ϔield between nanotechnology, biology, and communication. Molecular communication can be used for connecting
bio‑nano things. The connected nano‑things build a nano‑network. Transport mechanisms in molecular communication
include free diffusion, gap junction channels, molecular motors, self‑propelling microorganisms like bacteria and random
collision of mobile nano‑things. Free diffusion is the most widely used transport mechanism in the literature. Brownian mo‑
tion is always available and its energy consumption is zero. This paper explores the therapeutic applications of rate control
in the Internet of Bio‑Nano Things and reviews the recent trends and advancements in the ϔield of molecular communication.
Thesemethods aim to guarantee the desired rate of drugmolecules at the target site and overcome the side effects of excessive
emission.
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1. INTRODUCTION
Nanomachines are the most basic operational units with
dimensions of several hundred nanometers to a maxi‑
mum of a few micrometers and have limited capabilities.
They can perform simple tasks such as sensing, stimu‑
lating, calculating and storing information. In order to
increase the capabilities of nanomachines and use them
in real scenarios, a network must be formed between
them. In this way, nanomachines are able to collaborate,
combine or share information. The connection of these
nanomachines is called a nano‑network [1]. In fact, nano‑
networks are a new research branch that results from
the use of nanotechnology in the ϐield of digital commu‑
nications [2, 3]. The very small size of nanomachines
makes the physical telecommunication channels in nano‑
networks signiϐicantly different from traditional wireless
and wired channels. Currently, there are twomethods for
connecting nanomachines: nano‑electromagnetic com‑
munication and molecular communication [1].
Nano‑electromagnetic communication is the sending and
receiving of electromagnetic waves between nanoscale
components. There is ambiguity about how nano‑
antennas can be achieved by shrinking existing antennas.
The frequency released by the antenna comes from the
𝑓 ∝ 𝑣

𝐿 , in which 𝑣 is wave propagation speed and 𝐿 is
antenna length, so in the expected size of a nanomachine,
the frequency released by nano‑antennawill be in the op‑
tical range (hundreds of THz). Although this frequency
leads to a lot of bandwidth, it will also have a lot of loss,
which causes the range of these nano‑antennas to be al‑
most zero, so traditional electromagnetic telecommunica‑
tionmethodsmust be deeply revised before using them in
new scenarios [4].

To overcome these limitations, graphene‑based nano‑
antennas are provided. Graphene is a form of carbon
composed of ϐlat sheets with the thickness of an atom
in which atoms are placed as honeycomb lattices. Due
to its speciϐic properties, graphene‑based nano‑antennas
will radiate at a lower frequency than the Terahertz band,
and the channel attenuation will be much less at this fre‑
quency, therefore, graphene‑based nano‑antennas allow
for nanoscale electromagnetic communication [5, 6].
Molecular communication is a new method that is in‑
spired by the communication between living cells. In
molecular communication, information is transmitted
through message molecules [7]. The advantages of this
solution compared to nano‑electromagnetic communica‑
tion are inherent nanoscale, biocompatibility and low
energy consumption [8]. In molecular communication,
chemical signals or molecules are sent and received.
There are many differences between molecular commu‑
nication and traditional communication: In molecular
communication, the message is encoded in molecules,
whereas in traditional networks, information is encoded
in electromagnetic, audio and optical signals. The rate of
wave propagation in traditional networks is much faster
than the speed of the propagation of molecular messages.
In addition, in molecular communication, most of the en‑
ergy consumed is chemical and power consumption is
low, while electrical energy is used in traditional net‑
works.
Molecular communication can be effective in medical ap‑
plications due to their biocompatibility [9, 10, 11, 12].
The components of molecular communication are: trans‑
mitting nanomachine, receiving nanomachines, messen‑
ger molecules, interface molecules and transport mecha‑
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nisms [13]. There are ϐive transport mechanisms which
include free diffusion, gap junction channels, molecular
motors, self‑propelling microorganisms and random col‑
lision of nanomachines. Molecular communication sys‑
tems can be classiϐied with various criteria as shown in
Fig. 1:
a) Scale: Themolecular communication scale refers to the
distances at which bio‑nanomachines interact with each
other by releasingmolecules and is divided into three cat‑
egories: intracellular, intercellular and inter‑organ [14].
Similarly, bio‑nanomachines are divided into three cate‑
gories, short‑range such as molecular motors, medium‑
range such as ion signaling and transmission through dif‑
fusion, and ϐinally long‑range transmission such as trans‑
mission based on bacteria, neurons and pheromone sig‑
naling [7]. Pheromone is a chemical agent secreted or ex‑
creted, leading to the stimulation of a collective response
in members of a species.
b) Energy consumption: Molecules are either dispersed
in the environment or released directionally by chemi‑
cal energy consumption, which is called Passive Molecu‑
lar Communication (PMC) and Active Molecular Commu‑
nication (AMC) [15, 14], respectively.
c) Communication type: Molecular communications can
be divided into two categories: wired and wireless.
i) Wired: Refers to methods that require a physical link
to transmit signals [8] and they are also called Walkway‑
based methods [16]. For example, microtubules are
provided in micro‑dimensions to connect nanomachines.
Data transfer between nanomachines is done through
the movement of molecular motors that walk on micro‑
tubules. Another example of wired molecular communi‑
cation is neuronalmessaging that is placed in the category
of inactive molecular communication [17].
ii) Wireless: Wireless methods refer to methods that re‑
quire only a ϐluidic medium (such as air, water and blood)
without the need for electrical conductors or physical
links to transmit information [8]. Most current molecular
communication methods mimic wireless communication
samples. This is due to the similarity of natural biologi‑
cal communication systemswithwireless communication
systems. Of course, the fundamental difference is that the
distribution of molecules is slow compared to the propa‑
gation of radio waves. One example of this method is cal‑
cium signaling. In this method, the propagation of waves
between cell junctions is carried out in densely packed
cell tissue. Calcium waves are commonly used to trans‑
mit short‑range information between cells where infor‑
mation is coded in the concentration of calcium ions. An‑
other example of wireless data transmission is the use of
bacteria [17]. The wireless method can be divided into
two categories: A) Flow‑based: In thismethod, molecules
are released through diffusion in a ϐluidic medium such
as blood ϐlow. Intra‑body hormonal communication is
the most important example of this method [16]. B)
Diffusion‑based: In this method, molecules are propa‑
gated by diffusion in a ϐluidic medium andmolecules only
follow the rules of random walk. Pheromonal communi‑

cations, calcium signaling and quorum sensing in bacte‑
ria are examples of this method [16]. Quorum sensing is
a population‑proportional stimulation and response sys‑
tem that bacteria use to coordinate with each other.
Medical applications, such as Targeted Drug Delivery
(TDD), activation of the immune system and tissue engi‑
neering, are one of the most important application cat‑
egories of molecular communication. In such scenar‑
ios, rate control mechanisms play an essential role. In
TDD, rate control is indispensable to maintain the drug
concentration between the Least Effective Concentration
(LEC) and the Maximum Tolerated Concentration (MTC).
Moreover, bio‑nanomachines generally bear a limited re‑
source, therefore releasing the drugmolecules at the opti‑
mal rate is of signiϐicant importance. Controlling the rate
of activators or antagonists is also indispensable in the
immune system activity scenario i.e., to intensify or re‑
duce the activity of the immune system. The rate control
is required as well in tissue engineering scenarios to en‑
sure the prolonged exposure of the damaged tissue to the
growth factors. Considering the importance of rate con‑
trol in therapeutics applications, this paper aims to re‑
view the state‑of‑the‑art literature on rate control using
molecular communication.
The organization of this paper is as follows: Rate con‑
trol in molecular communication with a layer architec‑
ture perspective is investigated in Section 2. Section 3
presents the therapeutic applications of rate control. Sec‑
tion 4 reviews the recent advancements and current re‑
search on releasing rate control in DDS. Research oppor‑
tunities are presented in Section 5. Section 6 concludes
this paper.

2. RATECONTROL INMOLECULARCOMMU‑
NICATION

Molecular communication architecture can be examined
from the perspective of communication networks [18, 14,
19]: molecular physical layer, molecular link layer, molec‑
ular network layer, molecular transport layer and molec‑
ular application layer. Since our paper is focused on rate
control in molecular communication, we review the ex‑
isting works in the transport layer. This layer provides
the functions needed for end‑to‑end transmission and is
responsible for providing reliability, In‑sequence deliv‑
ery, congestion control and ϐlow control. Rate control
in molecular communication is carried out for two pur‑
poses: Flow control and congestion control.

2.1 Flow control
Flow control is a function in which the sender adjusts
the transmission rate of the molecular transmission layer
based on the receiver’s characteristics. Flow control can
be started by the sender or receiver [19]:
i) Transmitter initiated ϐlow control: The easiest form of
ϐlow control is that the sender uses a very low transmis‑
sion rate so that there are no losses. This requires prior
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Fig. 1 – Classiϐication of molecular communication based on scale, energy consumption and communication type

knowledge of the recipient’s processing capabilities. A
more complex shape requires the transmitter to be able
to detect the losses of molecular frames. The transmitter
may feel the existence or absence of expected chemical re‑
actions in the receiver in the environment and adjust the
sending rate accordingly.
ii) Receiver‑initiated ϐlow control: When the recipient’s
molecular storage is ϐilling up, the receiver informs the
transmitter by sending feedback. This form of ϐlow con‑
trol is commonly used in traditional communication. So
far, only one method of ϐlow control initiated by the re‑
ceiver has been studied in [20, 18]. In order to control the
ϐlow of information in traditional networks, the recipient
announces a window size to the sender, meaning that the
unacknowledged number of bytes of the sender should
not exceed that value at any given moment. If the recipi‑
ent reads the information as fast as it reaches, thewindow
will remain open, otherwise, the window size will be re‑
duced by reaching each segment to eventually reach zero.
In [18], 𝑁 senders and 𝑀 receivers are considered.
First, an optimization problem is proposed to ϐind the
maximum throughput and efϐiciency according to the
sender’s transmission rate. Throughput is the number
of molecules processed by receptors per unit time. Efϐi‑
ciency is throughput divided by the number of molecules
sent per unit time. For simplicity, it is assumed that all
transmitters are located at the origin and all receivers
are located at a similar location. With this assump‑
tion, a mathematical expression is obtained for the up‑
per bound of throughput and efϐiciency. Then, the op‑
timal transmission rate that maximizes them is calcu‑
lated numerically. It can be seen that there is a compro‑
mise between throughput and efϐiciency. In the follow‑
ing, [18] presents a method for controlling the transmis‑
sion rate using positive and negative feedback. In this
method, the receiver bio‑nanomachine releases feedback
molecules in the environment in response to the transmit‑
ter. The transmitter bio‑nanomachine then regulates its
transmission rate based on the concentration of feedback
molecules. In the Negative Feedback (NF) the transmit‑
ter bio‑nanomachine reduces the transmission rate by in‑
creasing the concentration of feedback molecules. In the
Positive Feedback (PF), the opposite is true. Simulation

results show that the negative feedback‑based method
provides maximin strategy by changing the number of
transmitters, number of receivers, molecule degradation
rate, diffusion coefϐicient and location, i.e. maximizes the
minimum throughput. The positive feedback method is
also a maximin strategy for efϐiciency by changing the
number of receivers, diffusion coefϐicient and degrada‑
tion rate of molecules, i.e. maximizes the minimum efϐi‑
ciency.
In [12], a TCP‑like protocol is proposed to ϐind the optimal
transmission rate between the transmitter and receiver
and prevent congestion in molecular communication. In
this method, the transmitter is assumed to be very simple
and the receiver acts as a control node and sends the con‑
nection signal to the transmitter. This triggers the trans‑
mitter to release molecules. The transmitted molecules
are released in the environment and are absorbed by the
receptors on the receiver surface. When the receiver ab‑
sorbs the desired amount of the transmitter molecules,
it releases a disconnection signal to prevent the trans‑
mitter from continuing the transmission. Similar to the
TCP transmitter, which is not already aware of the maxi‑
mumnetwork capacity, the transmitter ϐirst increases the
transmission rate. In TCP, this increase is done exponen‑
tially in the ϐirst step and in the stage of avoiding conges‑
tion linearly with the round trip time. In this scenario, for
simplicity, only a linear rate increase is considered. Then,
the receiver decides to halve or stop the transmission rate
according to the round trip time.

2.2 Congestion control
Congestion control is used to regulate the number of
molecular transfer data units in order to prevent conges‑
tion in the middle nodes. This can be done by setting
the sender’s transmission rate. By detecting an error, the
sender’s transmission rate can be reduced to a speciϐied
predetermined value. It is also possible to calculate the
new transmission rate according to the amount of conges‑
tion. Congestion can be detected from the error rate. Af‑
ter the rate decreases, the sendermay start to increase the
sending rate again so that it canuse themaximumchannel
capacity. The amount of this increase can be constant or
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depends on a network parameter (e.g. how long the error
hasn’t occurred), in which case remembering the history
is necessary.
In the past 30 years, the issue of congestion control
in packet networks has been considered by many re‑
searchers. However, little attention has been paid to this
issue in molecular networks [21]. In [21], congestion
is deϐined as the inability of the receiver to accept all
molecules in the receiver space and the congestion con‑
trol problem has been investigated in a drug delivery sce‑
nario. This limitation occurs for two reasons: limited
number of receptors at the receiver surface and signiϐi‑
cant trafϐicking time. Trafϐicking time is deϐined as the
time required for a ligand to bind a receptor plus the time
needed to internalize the complex. In [21], theoretical
analysis of congestion reasons in a diffusion‑basedmolec‑
ular communication is carried out and a receiving model
including a set of queue systems is presented.

3. THERAPEUTIC APPLICATIONS OF RATE
CONTROL

3.1 Targeted drug delivery
In drug delivery applications, if the transmitter sends
molecules at a higher rate thanwhat the receiver can pro‑
cess, these molecules will disperse in the environment
and can lead to adverse side effects in other areas. Also,
since drugmolecules are expensive in some cases, it is im‑
portant to prevent the loss of these molecules.
Molecular communication enables new methods of drug
delivery by creating cooperation between nanomachines.
For example, a large number of bio‑nanomachines can
be injected into a patient’s body to perform massively
parallel searches of the diseased site. When the bio‑
nanomachine detects the signal molecule secreted by the
disease site, it will amplify the signal molecule, thereby
increasing the concentration of the signal molecule in the
environment, causing more bio‑nanomachines to reach
the disease site. A group of bio‑nanomachines at the tar‑
get site can also communicate via quorum sensing to es‑
timate the number of bio‑nanomachines in the environ‑
ment and increase (or decrease) the rate of drug release if
the number of nanomachines is small (or large) to achieve
the continuous release of drug molecules into the envi‑
ronment. A group of bio‑nanomachines with different
functions can also beused todetect different environmen‑
tal conditions, communicate to aggregate sensed condi‑
tions, and perform complex calculations such as logic cal‑
culations to determine whether drug molecules are re‑
leased [14]. Another example of collaboration between
nanomachines using molecular communication is encap‑
sulated drug transmitters that help to increase the life‑
time of a drug delivery system and solve the problem of
limited reservoir capacity, as described in [22]. These
methods are designed tomaximize the therapeutic effects
of drug molecules; therefore, a group of nanomachines
must communicate with each other at the target site to

adjust the rate of release of drug molecules based on dif‑
ferent conditions, such as the spatial distribution of target
cells and bio‑nanomachines.
TDD enables local drug delivery, which is not possible
with systemic drug delivery. By placing the drug deliv‑
ery system near the tumor site, the drug is released only
at the site of the disease and the drug level is low in other
sensitive areas of the body [23]. On the other hand, other
drug delivery systems that are injected intravenouslymay
be rapidly excreted by cleansing organs such as the kid‑
neys, which can lead to healthy tissue being exposed to
toxic levels of the drug. To address these problems, local
methods such as intra‑tumor injection anddrug release in
the vicinity of unhealthy tissue have been studied, includ‑
ing [24, 25] to treat skin cancer and [26] for the treatment
of bladder cancer.

3.2 Immune system
Rate control can also be used to activate the immune sys‑
tem. The immune system is made up of different types
of cells that are able to perform speciϐic functions against
pathogens and threats. Each type of immune cell special‑
izes in ϐighting a speciϐic threat and is stimulated by a se‑
quence of messagemolecules that are released by the im‑
mune cells responsible for detecting pathogens. The im‑
mune system is stimulated to kill bacteria or viruses, heal
diseased cells, and eradicate cancerous tumors. Molecu‑
lar communication and artiϐicial nanomachines can stim‑
ulate the immune system and be used to intensify the re‑
sponse to a variety of threats [11]. In some cases, it is also
necessary to prevent the immune system from respond‑
ing by releasing molecules that can reduce the activity of
the immune system. Synthetic antagonists can also be
used to reduce the immune response. Therefore, similar
to TDD, there is a need to monitor and control the rate of
activators or antagonists.

3.3 Tissue engineering
Another application of molecular communications where
the rate control is required is tissue engineering [14, 11,
27]. Tissue engineering can lead to organ construction
and help patients with tissue or organ failure. By plac‑
ing nanomachines in engineered organs, intelligent or‑
gans can be produced that can diagnose diseases.
Tissue engineering has a role in regenerative medicine.
The goal of regenerative medicine is the replacement of
damaged tissues and organs by using transplanted cells
at the injured site. Cellular signaling plays an essential
role in development of the tissue. This signaling is often
based on diffusion and direct cell‑to‑cell interactions. Un‑
der such conditions, molecules such as peptides and pro‑
teins regulate the absorption of soluble growth factors,
and the adhesion, migration, proliferation and differen‑
tiation of a large number of cell types. All these factors
effectively control the response of the cells and ultimately
the formation of the new tissues.
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There is no doubt that growth factors are essential for the
control of a multitude of biological processes, such as tis‑
sue regeneration; but these factors have a short life; be‑
cause they are eliminated in the body immediately after
release. The success of tissue regeneration depends on
how long the tissuehasbeenexposed to these factors. The
highest rate of regeneration is achievedwhen the tissue is
exposed to these factors throughout thewhole repair pro‑
cess. For this purpose, a set of controlled delivery systems
is considered that is able to release growth factors so that
the tissue is continuously and for a long time exposed to
such factors with an almost constant concentration [11].
Coordination between the nanomachines responsible for
this operation can be done by molecular communication;
In this way, the release and control of the place and time
of growth factors can be done accurately. In this scenario,
we need rate control methods as well to control the rate
of growth factors.

4. CURRENT RESEARCH ON RELEASING
RATE CONTROL IN LOCAL DDS

When the goal of delivering a drug at a target site like a tu‑
mor is considered, the drug should be released at an ap‑
propriate rate in such a way that the level of the drug is
kept within the therapeutic limits during the duration of
treatment [28]. In a sustained drug release system, nano‑
transmitters release drugmolecules over a relatively long
period of time to ensure long‑term treatment of the target
area. In this treatment method, the concentration of the
drug should be placed between the two values of LEC and
the MTC.
If the concentration of the drug at the target site is lower
than the LEC, the drug is not effective enough, and if it is
higher than theMTC, the drug can have harmful effects on
healthy parts [29]. Rate control in this way can be used in
other applications as well, such as tissue engineering, to
control growth factors rates or to control the rate of acti‑
vators in activating the immune system.
In recent years a great deal of research has been devoted
to showing the application of molecular communication
in order to enhance the efϐiciency of a TDD systemby con‑
trolling the release rate of bio‑nanomachines. A compari‑
son of state‑of‑the‑art literature on releasing rate control
for TDD is shown in Table 1. The number of required type
of molecules, nanomachine mobility, nanomachines con‑
ϐiguration, receiver type and the transportmechanismare
represented in this table.
To achieve this goal, in [30], a localmulti‑nanotransmitter
drug delivery system at a constant rate is formulated as
an image processing problem, and the minimum density
required to get enough medicine to all parts of an arbi‑
trary tumor of a certain size is obtained. The effect of
distribution of nanomachines on system performance is
also investigated. In this case, only the nano‑transmitters
located at the target site are activated. Therefore, the
drug is conϐined to the target site and is not propagated
in healthy parts of the body.

In [31], a single and multiple transmitter local drug de‑
livery systemwith limited resources is designed at an op‑
timal release rate. In this case, the nearest transmitters
to a randomly located tumor are activated to provide the
least effective concentration at the target site. In this sce‑
nario, the optimal rate of transmitter nanomachines is de‑
termined in such a way that the total release rate is min‑
imized provided that the least effective concentration is
available at the target site. Drug nano‑transmitters have
limited resources in terms of energy and reservoir and
these limitations should be taken into account when de‑
signing a drug delivery system. Also, drug molecules may
be expensive, and releasing a large number of them can
lead to damage to healthy parts of the body.
A controlled‑release drug delivery system with mobile
drug carrier and absorbing receiver is proposed in [32,
33]. Mobile drug carriers are considered as mobile trans‑
mitters, the targeted disease cells as absorbing receiver
and the channel between the transmitter and receiver as
a time‑variant channel. This leads to a time‑dependent
release rate of drug molecules. Numerical results show
that themobile transmitter controlled‑release drug deliv‑
ery system outperforms constant‑release rate design.
In [34], the problem of joint optimization of molecules al‑
location and relay location is considered to minimize the
error probability. Molecule allocation is necessary be‑
causeof the ϐinite availability ofmolecule synthesizing en‑
ergy and limited storage capabilities of the reservoir.
Another release rate optimization problem is suggested
in [35]. In this paper, an optimization problem is formu‑
lated to optimize the number of transmitters and transmit
power such that the drug concentration at the receiver
site is kept above LEC, while the interference at other re‑
ceivers is maintained below the MTC threshold. The path
loss of the human circulatory system is also taken into ac‑
count.
Authors in [36] proposed a drug release rate optimization
based on M/M/c/c queue for the purpose of local drug
delivery. Drug reception model in this paper is based on
M/M/c/c queue to simulate the interactions between lig‑
ands and receptors. The optimal release rate is derived
from the LEC.
A drug release synchronization issue in a multiple trans‑
mitter local DDS is addressed in [37]. It is assumed that
a trigger source transmits a signal to the transmitting
nanomachines to initiate the drug release. However, the
propagation delay causes the nanomachines to release
molecules in a nonsimultaneous manner. The aim of this
work is to minimize the release‑time error considering
the propagation delay.
In [38], the impact of feedback control is investigated in
an Amplitude Shift Keying (ASK)‑based Molecular Com‑
munication (MC) system, which is of great importance in
DDS. In this paper, a one‑dimensional channel with drift
velocity caused by blood ϐlow is considered. The receiver
is assumed tobe absorbingwith a limit on ligand‑receptor
binding due to saturation. The input is limited by a tox‑
icity constraint of injected molecules. It is shown that,
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Table 1 – Comparison of state‑of‑the‑art research on releasing rate control for TDD

especially for higher values of toxicity constraint and se‑
quence length, feedback, in terms of causal knowledge
of the number of delivered molecules, improves perfor‑
mance of ASK‑based molecular communication.
In [22], a multiple transmitter local drug delivery sys‑
tem associatedwith encapsulated drug transmitters is in‑
vestigated in order to overcome one of the limitations of
drug delivery systems, the reservoir capacity. In order to
improve the lifetime of drug transmitting nanomachines,
and, hence, the longevity of a drug delivery scenario, the
system is associatedwith encapsulateddrug transmitters.
Encapsulated drugs are incapable of reactionwith the en‑
vironment unless they are unpacked in a drug transmit‑
ter nanomachine. Therefore, far‑reaching transmitters do
not have harmful effects on the healthy parts of the body.
The advantage of this protocol is to increase the time in‑
terval between consecutive administrations without in‑
creased toxicity. As a result, it improves themental health
of patients and reduces the costs of treatment. The life‑
time of this drug delivery system depends on the distri‑
bution and topology of encapsulated drug transmitters
rather than their rates. Finally, a lower bound is derived
on the expected lifetime of a Poisson distributed random
network of nanomachines. The performance of this life‑
time improvement protocol is compared with two other
protocols which are the direct extension of the drug de‑
livery system introduced in [31].
A TDD system with intelligent nanomachines which does
not only rely on blood vessel circulation, is presented
in [39]. A big intelligent nanomachine takes small intelli‑
gent nanomachines and drugs to the vicinity of the tumor
area to release drug molecules there. The nanomachines
are assumed to be resource constrained with simple in‑
telligence. They collaborate to ϐind the path between the
home and destination. They then go back to the home,
load the drug again and repeat the delivery process.
In[40], a single receptor ismodeled as anM/M/1/1queue
considering the complementary blocking probability and

the mean service time. Therefore, the stochastic nature
of ligand‑receptor binding, which comes from the incapa‑
bility of a receptor to receive all molecules in its space;
and also known as receptor occupancy is modeled. These
ϐindings can have a crucial role in designing drug deliv‑
ery systems in which determining the optimal rate of the
drug transmitting nanomachines is critical to avoid toxic‑
ity while maintaining effectiveness.

5. RESEARCH OPPORTUNITIES

Researchers are continuously exploring ideas to provide
enhanced healthcare delivery in ways that either comple‑
ments existing solutions or introduce entirely new tech‑
nological solutions. In recent years, considerable re‑
search in the area of molecular communication has been
devoted to design and implement a more effective drug
delivery system. Considering the current research and
advancements in the ϐield of TDD using molecular com‑
munication, a number of research opportunities are sug‑
gested as follows:
1. Considering the dynamic conditions of the environ‑
ment and the tumor in the TDD system so that the amount
of drug released can be controlled according to the envi‑
ronmental conditions, size and activity of the tumor. The
optimal drug delivery rate calculated in many works is
with the assumption of stable environmental conditions
and tumor characteristics. If the environmental condi‑
tions or characteristics of the tumor change, the drug de‑
livery rate of the transmitter nanomachines should be ad‑
justed accordingly automatically or by applying an exter‑
nal stimulus.
2. Investigating the rate control problem in similar ap‑
plications such as tissue engineering and rate control of
growth factors: Although the rate control problem in tis‑
sue engineering applications is very similar to rate con‑
trol in a TDD system, details of the new problem should
be considered in rate control system design.
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3. Considering reϐlective spherical nano‑transmitters in‑
stead of point nano‑transmitters for directional gain in
the TDD scenario: Having a directional gain can increase
the gain of the drug delivery system and prevent the
molecular dispersion in non‑target environments.

6. CONCLUSION
Molecular communications is a promisingparadigm to ex‑
change information among bio‑nanomachines and is re‑
alized through transmission, propagation and eventually
reception of molecules. It is known as a practical solu‑
tion for communication among nano‑networks. This idea
is inspired by nature and by observing successful molec‑
ular transmissions inside cells and between cells.
The transmissionmechanismwhich is widely assumed in
the related literature is free diffusion. Free diffusion is the
most basic transmission mechanism in molecular com‑
munication. The advantages of this mechanism are zero
energy consumption and no need for infrastructure. Of
course, this method requires a large number ofmolecules
and due to the random movement of molecules, the time
needed to reach the destination is high.
In this paper, releasing rate control for therapeutic ap‑
plications such as drug delivery using molecular commu‑
nication is considered. In stable drug delivery systems,
nano‑transmitters must release drug molecules over a
relatively long period of time to ensure target treatment.
Therefore, transmitter nanomachines should use contin‑
uous release instead of instantaneous release of drug
molecules. Also, the concentration of the drug at the tar‑
get site should be between two amounts of minimum ef‑
fective concentration and maximum tolerable concentra‑
tion. Rate control is used in other applications such as tis‑
sue engineering and the immune system.
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[8] Lluı́s Parcerisa Giné and Ian F Akyildiz. “Molecu‑
lar communication options for long range nanonet‑
works”. In: Computer Networks 53.16 (2009),
pp. 2753–2766.

[9] Ian F Akyildiz, Josep Miquel Jornet, and Massimil‑
iano Pierobon. “Nanonetworks: A new frontier in
communications”. In: Communications of the ACM
54.11 (2011), pp. 84–89.

[10] Nariman Farsad, HBirkan Yilmaz, AndrewEckford,
Chan‑Byoung Chae, and Weisi Guo. “A comprehen‑
sive survey of recent advancements in molecular
communication”. In: IEEE Communications Surveys
& Tutorials 18.3 (2016), pp. 1887–1919.

[11] L. Felicetti, M. Femminella, G. Reali, and P. Liò.
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uard Alarcón. “Releasing rate optimization in a sin‑
gle and multiple transmitter local drug delivery
system with limited resources”. In: Nano Commu‑
nication Networks 11 (2017), pp. 114–122.

[32] Trang Ngoc Cao, Arman Ahmadzadeh, Vahid Ja‑
mali, Wayan Wicke, Phee Lep Yeoh, Jamie Evans,
and Robert Schober. “Diffusive mobile MC for
controlled‑release drug delivery with absorbing
receiver”. In: ICC 2019‑2019 IEEE International
Conference on Communications (ICC). IEEE. 2019,
pp. 1–7.

[33] TrangNgoc Cao, ArmanAhmadzadeh, Vahid Jamali,
Wayan Wicke, Phee Lep Yeoh, Jamie Evans, and
Robert Schober. “Diffusive mobile MCwith absorb‑
ing receivers: Stochastic analysis and applications”.
In: IEEE Transactions on Molecular, Biological and
Multi‑Scale Communications 5.2 (2019), pp. 84–99.

[34] Satish K Tiwari, Tadi Ravi Teja Reddy, Prabhat K
Upadhyay, and Daniel Benevides Da Costa. “Joint
optimization of molecular resource allocation and
relay positioning in diffusive nanonetworks”. In:
IEEE Access 6 (2018), pp. 67681–67687.

[35] Keishla D Ortiz‑Lopez, Mahima Agumbe Suresh,
andRadu Stoleru. “Transmitters location optimiza‑
tion for drug delivery systems”. In: Proceedings of
the 5th ACM International Conference on Nanoscale
Computing and Communication. 2018, pp. 1–6.

[36] Qingying Zhao and Min Li. “Release Rate Op‑
timization Based on M/M/c/c Queue in Local
Nanomachine‑Based Targeted Drug Delivery”. In:
International Conference on Bio‑inspired Informa‑
tion and Communication Technologies. Springer.
2020, pp. 130–140.

[37] Tania Islam, Ethungshan Shitiri, and Ho‑Shin Cho.
“A SimultaneousDrugRelease Scheme for Targeted
Drug Delivery Using Molecular Communications”.
In: IEEE Access 8 (2020), pp. 91770–91778.

[38] Siavash Ghavami, Raviraj Adve, and Farshad La‑
houti. “Information rate analysis of ASK‑based
molecular communication systemswith feedback”.
In: Nano Communication Networks 28 (2021),
p. 100339.

ITU Journal on Future and Evolving Technologies, Volume 2 (2021), Issue 3, 21 July 2021

https://doi.org/10.1126/science.1095833
https://doi.org/10.1126/science.1095833


[39] Lin Lin, Fupeng Huang, Hao Yan, Fuqiang Liu,
and Weisi Guo. “Ant‑behavior inspired intelligent
nanonet for targeted drug delivery in cancer ther‑
apy”. In: IEEE transactions on nanobioscience 19.3
(2020), pp. 323–332.

[40] Shirin Salehi, Naghmeh S Moayedian, and Eduard
Alarcón. “Diffusion‑Based Molecular Communica‑
tion Channel in Presence of a Probabilistic Ab‑
sorber: Single Receptor Model and Congestion
Analysis”. In: IEEE transactions on nanobioscience
18.1 (2019), pp. 84–92.

AUTHORS
Shirin Salehi received a Ph.D.
degree in electrical engineer‑
ing, communication systems
from the Isfahan University of
Technology (IUT), Iran, in 2018.
She was a visiting scholar with
the NaNoNetworking Center
in Catalunya (N3Cat), Univer‑
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