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Abstract: The integration of the Internet of Bio Nano Things (IoBNT) with artificial intelligence (AI) 

and molecular communications technology is now required to achieve eHealth, specifically in the 

targeted drug delivery system (TDDS). In this work, we investigate an analytical framework for 

IoBNT with Forster resonance energy transfer (FRET) nanocommunication to enable intelligent bio 

nano thing (BNT) machine to accurately deliver therapeutic drug to the diseased cells. The FRET 

nanocommunication is accomplished by using the well-known pair of fluorescent proteins, EYFP 

and ECFP. Furthermore, the proposed IoBNT monitors drug transmission by using the quenching 

process in order to reduce side effects in healthy cells. We investigate the IoBNT framework by 

driving diffusional rate models in the presence of a quenching process. We evaluate the performance 

of the proposed framework in terms of the energy transfer efficiency, diffusion-controlled rate and 

drug loss rate. According to the simulation results, the proposed IoBNT with the intelligent bio nano 

thing for monitoring the quenching process can significantly achieve high energy transfer efficiency 

and low drug delivery loss rate, i.e., accurately delivering the desired therapeutic drugs to the 

diseased cell. 

Keywords: Internet of Bio Nano Things (IoBNT); artificial intelligence (AI); forster resonance 

energy transfer (FRET); nanocommunication; eHealth 
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1. Introduction  

Recently, the Internet of Things (IoTs) and biological nano scale technologies have merged to 

form a promising paradigm, known as the Internet of Bio Nano Things (IoBNT). The IoBNT 

paradigm, which is based on synthetic biology and nanotechnology, enables the development of a 

biological embedded computing device, known as bio nano thing (BNT) [1]. Furthermore, these 

BNTs are intelligent machines that are capable of actuation, sensing, processing, and communication. 

Therefore, the IoBNT is intended to be a paradigm shift for many related disciplines, such as bio 

nanosensors-based fluorescence inside intra-body area network (IBAN), and control/manage the 

interconnection among embedded BNTs via biocyber interface with an external macro network, such 

as the Internet. In a consequence, various artificial intelligence (AI) algorithms can be used in 

conjunction with the IoBNT for processing and decision making. As a result, the IoBNT and AI have 

emerged as promising tools in the field of advanced targeted nanomedicine (ATN), wherein the 

human body is considered an infrastructure [2]. As a result, IoBNT and AI aid in the design of 

treatment plans by assisting with drug management or drug discovery. 

Additionally, the promising IoBNT paradigm, in conjunction with AI, can be used in ehealth 

monitoring, detection and diagnostics/treatment of diseases. The term “molecular communications” 

describes the procedure of encoding/decoding and exchanging data in the form of molecules over 

short distances [3,4]. The information can be encoded on the concentration, on the frequency and/or 

on the type of released molecules. Forster Resonance Energy Transfer (FRET) is a well-known type 

of molecular communication. FRET is a non-radiative energy transfer observed between fluorophore 

molecules in the 10nm communication range. It should be highlighted that, when compared with 

other molecular communication systems, FRET is clearly a reliable short-range communication 

system. The information is encoded in the energy (exciton) transferred between molecules, with no 

photons or chemical signals emitted. As a result, FRET provides highly reliable communication with 

fascinating metrics, such as high transmission rates “around 1 Gbit/s,” short transmission delays 

“around 20 ps,” and low bit error rate “around 10-3” at the molecular level [3,4].  

As a consequence, FRET has discovered numerous successful applications in studying the 

interaction of medicine nanoparticle drugs with biological systems, such as protein-protein 

interactions. FRET has recently been used as a biosensor in mechanobiology screening [5,6]. 

Readers interested in an overview of end-to-end communication-based FRET should refer to [7–10]. 

Fluorophores, such as fluorescent proteins, quantum dots (QDs) and organic dyes, can be used to 

label BNTs in the context of preparation nano-systems based on FRET phenomena. Functionalized 

fluorescent nanodiamonds (FNDs), for example, have recently emerged as superior intracellular 

thermometry probes with nanometer-scale spatial resolution [11]. Furthermore, under ambient 

conditions, FND is a highly competitive biomarker and ultrasensitive biosensor. Broad examples of 

this application, in which medical systems using AI aided in the discovery of the best contents of a 

multiple types of drugs carried by FNDs for the treatment of human breast cancer are presented in [12]. 

However, the temperature and magnetic field are defected in diamonds, are key to high-sensitivity bio 

sensing, as well as may harm the healthy cell that is close to the diseased cell applications [13]. 

Furthermore, BNTs can be excited by laser/optical, electrical, chemical, or biological energies and then 

individually relax to the ground state after some time, i.e., excitation lifetime, by fluorescing, i.e., 

releasing a single photon with a wavelength in their emission spectrum [9]. In terms of drug-target 

affinity  (DTA), the authors [14] have presented an interactive learning mechanism for intramolecular 
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and intermolecular. The experimental results demonstrated that the probability distribution between 

the actual and predicted values of DTA can be improved over other methods. On the other hand, the 

machine learning and convolutional neural network (CNN) for molecular communication in the form 

of MRI can be embedded in the BNTs, in order to utilize multimodal information in clinical 

diagnosis and treatment, as proposed in [15]. Furthermore, molecular communications-based FRET 

can be used in the context of targeted drug delivery systems (TDDS); however, the problem with this 

model is that continuing to release therapeutic drugs “with high transmission rates around 1 Gbit/s” 

to diseased cells, may harm healthy cells or cause saturation (congestion) at the RNT. Therefore, we 

can prevent the potential side effects in TDDS scenario by using FRET quenching processes. 

There are numerous quenching mechanisms that can prevent the fluorescence of the excited-state 

donor [16,17]. Quenching can be caused by a number of processes, including FRET, complex 

formation, collisional quenching and excited state reactions. As a result, quenching is frequently, 

highly dependent on physical parameters (temperature and pressure), which are included in the 

diffusion coefficient of the medium. The interaction of a specific, molecular biological target with 

quenching and dequenching is the basis for activatable optical contrast agents for molecular imaging 

and high-sensitivity bio sensing applications [18]. 

Recent advances in small-molecule quenchers used in FRET-based probes in future biomedical 

applications were presented by the authors [19]. FRET’s progress and promising future are aided by 

interdisciplinary collaboration in materials science, optical physics, and biomedicine. They proposed 

developing small-molecule quenchers with broader and deeper quenching regions, as well as 

improved bioavailability for novel biomedical applications. FRET and BRET-based biosensors are 

widely used in biological, medical, and environmental research [20]. However, designing FRET and 

BRET-based biosensors with superior performance for application remains difficult; they presented 

some solutions, such as determining signal-to-noise ratio, insufficient fluorescence resolution, and 

photobleaching of reagents. The use of nanomaterials with FP-based biosensors for early-stage 

diagnosis has been covered by the authors [21]. They came to the conclusion that the size of the 

fluorescent element affects biosensors. Nanomaterials, which have a high surface area to volume 

ratio, have the potential to immobilize multiple receptors for multiplexed detection, in addition to 

reducing the size of the biosensor. 

The above recent studies in the field of targeted drug delivery systems have used molecular 

communication technology to deliver the drug to diseased cells. The Forster Resonance Energy 

Transfer is one of the most important methods of molecular communication. As a result, the 

motivation for this work stems from the use of FRET nanocommunication with the quenching 

process to efficiently deliver therapeutic drugs to diseased cells using intelligent bio nano machines 

controlled by Internet of Things (IoT) technology. In this work, we make use of FRET quenching 

phenomenon to enable the IoBNT for monitoring the intermolecular interactions between 

fluorophore molecules, and, thus, control delivery of the therapeutic drug to the targeted cell. We use 

the famous pair of fluorescent proteins, EYFP and ECFP, as a pair of the FRET to accomplish the 

molecular communication. Additionally, we use pulse excitation to control the 

quenching/dequenching operation by sending a command via biocyber interface to add the effect of 

intelligent quencher nano thing (QBNT) in the IBAN. We investigate an analytical framework for 

IoBNT-based nanocommunication in the presence of fluorescence quenching in order to detect the 

binding of therapeutic drug “ligand” to the target (diseased) cell “receptor”. We also look into how 

the concentration of quenchers affects the diffusion-controlled reaction rate. Additionally, we study 
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the effect of the proposed system parameters in the performance of energy transfer efficiency and the 

drug loss rate. The contribution of this work can be summarized as follows: 

• Proposing a method for integrating IoBNT and AI technologies for TTDS 

• Using FRET nanocommunication to accomplish the molecular communications 

• Employing the FRET quenching process 

• Presenting analytical framework FRET quenching 

• Deriving the energy transfer rate and diffusion-controlled reactions 

• Providing the quenching concentration to control the transmission rate 

• Evaluating the efficiency of drug transmission and drug loss rate with and without the 

proposed IoBNT.  

The rest of this paper is structured as follows: Section 2 describes the FRET principle. Section 3 

describes the operational steps of artificial intelligent bio nano things based on the FRET 

nanocommunication system. Section 4 discusses the different types of quenching processes, and 

Section 5 describes the proposed system model for the IoBNT and molecular quenching. Section 6 

introduces the proposed IoBNT framework based on FRET quenching. Section 7 discusses the 

numerical results. Section 8 represents the work's conclusion. 

2. FRET principles 

FRET nanocommunications consists of a nano thing transmitter and a nano thing receiver, 

which are labeled by fluorescent molecules, that can absorb/emit energy in the visible part of the EM 

spectrum e.g., light-sensitive proteins and bioluminescent/Fluorescent proteins [22]. For example, 

two fluorophore molecules are attached to proteins as follows: donor (enhanced yellow fluorescent 

protein) “EYFP” and acceptor (enhanced cyan fluorescent protein) “ECFP” should be within 10 nm 

of each other, as shown in Figure 1(a). The emission spectrum, fD() and the absorption spectrum, 

 A() should be significantly overlapped [9]. The critical role in FRET deployment is to ensure 

sufficient overlap between the fD() spectrum of the D, and the  A() spectrum of the A, as shown in 

Figure 1(b). Energy always takes the form of an energy “exciton”, so we consider that the exciton 

contains the therapeutic drugs (i.e., nano scale information). Thanks to developments in 

nanotechnology, it is possible to load therapeutic drugs as nanoparticles (NP) into bio nano thing 

machines [23]. Therefore, the information is encoded in the energy transfer between fluorophore 

molecules, with no photons or chemical signals emitted. The rate of energy transfer, kT(r) from one D 

to A, is inverse sixth power of the intermolecular distance between them; r. kT(r) can be solely 

expressed as [22]: 

𝑘𝑇(𝑟) =
1

𝜏𝐷
(

𝑅0

𝑟
)

6
                               (1) 

where R0 denotes the Forster radius, which is defined as the distance at which half of the D’s energy 

is transferred to the A. D is the decay rate of the D in the absence of an A. Basically, the Forster 

radius, R0, is determined when the rate of energy transfer is equal to the decay rate of the D 
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fluorophore. Numerically, the energy “exciton” transfer efficiency η can be computed as follows: 

𝜂(𝑟) =
𝑅0

6

𝑅0
6+𝑟6 = [1 + (

𝑟

𝑅0
)

6
]

−1

                       (2) 

Clearly, efficiency decreases as intermolecular distance, r, increases, and efficiency increases as 

R0 increases. On the other hand, fluorescence quenching takes place when the quencher quenched 

fluorescence emission. The activation of proteins or genes can be determined by fluorescence 

quenching, wherein the diffusion quencher rate may be added or removed in response to a biological 

process [24]. Various methods produce quenching as explained in the next section. 

 

 

(a) 

 

(b) 

Figure 1. FRET nanocommunication. 
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Figure 2 depicts the operational steps for AI-based FRET nanocommunication, which is 

analogous to traditional digital communication. Thanks to emerging nanotechnology and biological 

science, the development of novel intelligent bio nano thing machines capable of performing all 
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and receiver bio nano things, which are based on artificial intelligence described as follows [25]: The 

time-varying response, x1(t), denotes the source information and source encoder, which allow 

transmission for stream of binary bits from the intelligent TBNT to RBNT. The time-varying response, 

x2(t), is an optical modulator of electrical signal supplied by laser with the wavelength of the 

emission photon. Actually, this method offers an On-Off Keying (OOK) for modulating laser signal 

in accordance with the binary data provided by nano component 1. The time-varying response, x3(t), 

is the processing of polarization alignment of laser pulses. Then, the microscope step is performed by 

condensing the signal with a filter, and then transmits it to the nano-communication channel, which 

is denoted by time-varying response, x4(t). As a result, the photo detector performs the demodulation 

process, which is amplified by a low-noise amplifier (LNA). The OOK modulation scheme 

determines bit “1” if the received signal is greater than a threshold level; otherwise, bit “0”. The 

output binary sequence of the demodulated signal is serially passed to the destination for source 

decoding using the nano-units x1(t) to x4(t). 

TBNT

 Molecular diffusion channel   

h3(t)

h4(t)

TBNT RBNT

 FRET 

Transmitter 

Artificial Intelligent 
Receiver

 Artificial Intelligent 

x1(t)

x2(t)

x3(t)

x4(t)

RBNT

1 1 1 10 0 0

x5(t)

x6(t)

x7(t)

x8(t)

exciton
No

exciton  

Figure 2. Block diagram of AI-FRET Nanocommunications. 

Instead of requiring an extensive clinical data set for AI analysis and training in order to provide 

accurate diagnosis and prognosis, the proposed model relies on signals acquired from Bio nano 

thing-based AI technology, which serve as sensors, sending electrical and biological signals via a 

biocyber interface [26,27]. These sensors aid in detecting biological changes in the IBAN (diseased 

site), and sending it to Internet via the biocyber interface. The accuracy of such a model is 

determined by the goodness of fit between the experimental and predicted curves. As a consequence, 

various AI algorithms can be used in conjunction with the IoBNT for processing and decision 

making in the prediction of biological signal process [28], and an example of such algorithm is 

illustrated in Figure 3. The objective of AI is to use a smart decision making system to assist the 

IoBNT in monitoring the drug delivery to the target cell. The bio nano thing-based AI system here is 

a highly effective tool for calculating the efficiency of energy transfer between two fluorophores, 

whether in ensembles or attached to individual molecules, where fluorophores can be distributed 

uniformly or randomly on the surface of RBNT. It is challenging to describe, assuming that the 

fluorophores’ diffusion rate is much slower than their transfer rate. In order to calculate FRET 

between constrained fluorophores, we characterise the TBTN “donor” intensity decay and quantum 

yield for fluorophores. From there, we calculate transfer efficiencies directly from the proportion of 

absorbed photons that are transferred to RBTN “acceptors”. 
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Figure 3. Illustration example of an AI for detecting bio signal. 

4. Quenching types   

Fluorescence quenching takes place when the quencher quenched fluorescence emission. 

Subsequently, quenching depends usually on environmental and intrinsic conditions, such as pressure 

and temperature, and there are many types of chemical quenchers such as molecular oxygen, iodide 

ions and acrylamide [29–31]. The activation of proteins or genes can be determined by fluorescence 

quenching wherein the quencher may be added or removed in response to biological actions. Various 

methods produce quenching, such as collisional quenching, fluorescence resonance energy transfer, 

complex-formation and excited state reactions. We illustrated in Figure 4 the mechanism of different 

quenching methods. The FRET quenchers function as FRET acceptors; they are able to accept 

energy in a similar manner, but they return to the ground state from the excited state via 

non-radiative decay pathways rather than by emitting light. Quenchers have a high extinction 

coefficient and a broad absorption spectrum [29]. The intercellular signaling in living cells, based on 

protein-protein interplay, is studied by computing the FRET sensitized-quenching transition factor (G 

factor) and optical system in a particular structure of 3-cube FRET [30]. 
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When a fluorophore forms a complex with a quenching molecule before being excited, this 

process is known as contact quenching. Because the fluorophore is in direct contact with the 

quenching molecule, the energy from the excitation is immediately transferred to the contact 

molecule, where it is then lost as heat. Collisional quenching happens when an excited fluorophore 

reacts with a quencher molecule in solution, which right away results in the energy being transferred 

to the contact molecule, and the excited fluorophore relaxing [31]. The collisional or dynamic 

quenching mechanism is considered as one of the bimolecular interactions between fluorophores and 

quenchers, which results in reducing the fluorescence emission (or intensity), as well as a lifetime of 

excited state. In this mechanism, the quencher (such as oxygen, which is one of the well-known 

collisional quenchers) diffuses in aqueous medium and then collides with the excited fluorophore 

molecule during its lifetime. As long as the collision happens between the quencher and fluorophore 

molecule, the fluorophore goes back to the ground state without emitting a photon. This phenomenon 

of collisional quenching is experienced in distance and time expansion medium provided by 

fluorescence lifetime. The diffusive distance of oxygen quencher during the lifetime of the excited 

state (τa) is expressed by ∆x2 = 2D τa, where D is the diffusion coefficient of the quencher. For instant, 

when an oxygen quencher with D = 2.5  10-5 cm2/sec in water medium at 25C, there will be 7 nm 

or 70 A movement within 10 ns, which is comparable to the diameter of protein. In the case of 

rapid-diffusion limit, some fluorophores have lifetimes reach 400 ns, and, hence, the diffusion of 

oxygen quencher can be observed at distance over 45 nm or 450 A, thereby, with employing 

longer-lived probes with micro second lifetimes, the diffusion over larger distance is still 

observed [32]. To lessen fluorescence bleed-through between the donor and acceptor, FRET 

quenchers have been developed. FRET quenchers function as FRET acceptors in a manner similar to 

that of conventional FRET-based fluorophores; they are capable of accepting energy, but unlike 

conventional FRET-based fluorophores, they do not emit light upon returning from the excited state 

to the ground state [32]. 
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Figure 4. Types of molecular quenching. 



9254 

Mathematical Biosciences and Engineering  Volume 20, Issue 5, 9246–9267. 

In a similar way of [32], we consider there are multiple quenchers in the medium; therefore, we 

can apply a natural modification of the Eq (2), which accounts for multiple quenchers as follows: 

𝜂𝑞(𝑟𝑞 , 𝑛) =
𝑛𝑞𝑅0

6

𝑛𝑞𝑅0
6+𝑟𝑞

6                          (3) 

where nq is the mean number of quenchers. This accounts for multiple energy transfer channels (each 

having the same transfer rate) between the donor and closer quencher (Q). We can rearrange the 

above Eq (3) to obtain the required distance of quencher position as follows: 

𝑟𝑞 = 𝑅0 [
𝑛𝑞(1−𝜂𝑞(𝑟𝑞,𝑛𝑞))

𝜂𝑞(𝑟𝑞,𝑛𝑞)
]

1/6

                                (4) 

Equation (4) refers to the position distance of a quencher that can be monitored via IoBNT, in 

order to control/manage the transmission of therapeutic drugs. 

5. System model 

We consider a scenario of a molecular communications system with AI bio nano thing working 

by fluorescent to perform FRET communication inside a human intra-body area nanonetwork 

(IBAN). We envision that the system is controlled by the IoBNT paradigm, as illustrated in Figure 5. 

The main element in the IoBNT paradigm is the biocyber interface, which converts an 

electromagnetic (EM) signal into a biological signal or vice versa, as described in [33]. As a 

consequence, the biocyber interface is considered as the seamless interconnection of different 

technologies in diverse application environments “human body and medical personnel through 

Internet”. The emerging biocyber interface in [34] can be used in the proposed system model. 

Furthermore, the estimation of the biocyber with CNN for the IoBNT can be computed as presented 

in [35], and the privacy and security of the IoBNT-based biocyber interfaces is introduced in [36].  

The IBAN can be strategically implanted near the diseased site using nanotechnology tools [22]. 

The proposed IBAN is made up of three intelligent bio nano thing machines: TBNT, QBNT and RBNT, 

which stand for transmitter, quencher, and receiver, respectively. All BNTs are considered 

bionanosensors-based fluorescence, and have the capacity to convert signals into different formats, 

including accepting photons, interacting via FRET and releasing electrons. In other words, the aim of 

the bio nano things machine is to collect sensory information from outside/inside the Internet/human 

body via the biocyber interface. Furthermore, the incorporation of bio nano thing machines with AI 

will enable real-time monitoring for any non-linearity in the biosensor response under unavoidable 

internal conditions or infection [21,22]. The proposed system's complete design is beyond the scope 

of this paper. However, some recent studies that investigated the enabling technology, which 

performed the injection of nano thing machine inside the human body and detection of specific 

molecules across the diseased cell [3]. According to FRET phenomena, the three bio nano thing 

machines are envisioned in the proposed targeted drug delivery system, based on fluorophore 

labeled ligand, and FRET quencher is used to reduce side effects in healthy cells.  
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Figure 5. Proposed IoBNT paradigm-based AI with FRET nanocommunication. 

As a result, the main elements of the proposed system are the transmitter nano thing, TBNT, i.e., 

the donor, and the acceptor is the receiver bio nano thing, RBNT, with the ability of IoBNT technology 

to add or remove the effect of the quencher bio nano thing, QBNT. The TBNT is equipped with a light 

sensitive molecule (i.e., fluorophore), in order to adjust the bio-molecular activities when illuminated 

with light/laser of different wavelengths ( ) via the biocyber interface. The FRET discipline states 

that, when the TBNT receives light, it releases the drug molecules in the form of energy “exciton” 

information, which propagates and is eventually received by RBNT (i.e., diseased cell). The IoBNT 

controls the quenching/dequenching operation by sending a command via biocyber interface to add 

the effect of the quencher nano thing (QBNT) in IBAN, and thus QBNT receives the overwhelm drug 

transmission instead of RBTN, preventing an overflow of drug transmission at RBNT that may harm 

healthy cells. 

6. Proposed framework of IoBNT-based FRET quenching 

The IoBNT is a cutting-edge paradigm for managing embedded computing of biological nano 

things in various nanomedical applications that originates from synthetic biology and advancements 

in nanotechnology [1,9]. The need for biological nanomachines to communicate with one another 

based on the transfer of information via the Internet gave rise to the idea of IoBNT [37]. The 

proposed IoBNT aims to control and manage the bio nano thing machines in the implanted IBAN, in 
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order to precisely deliver the desired therapeutic drugs to the diseased cell. Further, quenching 

reduces the side effects in the healthy cell, as shown schematically in Figure 6. After labelling the 

fluorophores and attaching them to the bio nano thing machines, TBNT, QBNT, and RBNT. The IoBNT 

monitors the configurations and positions of QBNT and RBNT. According to the FRET principle, the 

energy or exciton transfer rate, the IoBNT, computes the distance between the bio nano thing 

machines and allows the exciton transfer.  

As a result, the availability of receptors on the surface of RBNT is calculated. The rate of exciton 

transfer, k(t), is then calculated. The IoBNT manages and controls drug delivery to the diseased cell 

by monitoring drug overflow at the RBNT. If there is overflow, the IoBNT activates the quenching 

process by adding QBNT effects, becoming the acceptor and, thus, receiving the drug instead of RBNT. 

This mechanism avoids side effects, and, thus, the drug delivery efficiency is estimated using FRET 

efficiency. In the proposed model, the goal of IoBNT is to manage/control the function of the 

quencher nano thing (QBNT) machine. It is difficult to describe because it is assumed that the 

fluorophores' diffusion rate is much slower than their transfer rate. As a result, we should be able to 

determine the time-dependent rate constant of QBNT in the medium of the implanted IBAN. Typically, 

quenching is determined by the environment and intrinsic conditions in terms of the diffusion 

coefficient of the medium. 
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Figure 6. Proposed IoBNT paradigm-based FRET nanocommunication. 
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Furthermore, the possibility of quenching is highly sensitive to molecular factors and distance, 

which affect the energy transfer rate and the likelihood of contact. These factors produce transient 

effects, causing the decay of TBNT emission (or intensity) to be non-exponential. To calculate the 

quencher concentration, we use well-known models, such as the Smoluchowski and radiation 

boundary condition (RBC) models [31]. The Smoluchowski model has solved Fick’s second law for 

the quenching phenomenon in medium between two nano things machines, the quencher (QBNT) and 

transmitter (TBNT). The deduced concentration of the diffusion quenchers, Cq(r, t) (in molecules/cm3) 

is given by [31]: 

𝐶𝑞(𝑟𝑞, 𝑡) = 𝐶0 [1 −
𝑅𝑠

𝑟𝑞
erfc (

𝑟𝑞−𝑅𝑠

√4𝐷𝑠 𝑡
)]                               (5) 

where, C0 is the initial concentration of the diffusion quenchers, and rq is the distance from origin to 

the quencher. Ds denote the sum of diffusion coefficients of the QBNT and TBNT machines. Rs is 

always taken as the sum of the radii of two molecules. It is informative to consider the concentration 

according to the distance and the size of the quencher. Intuitively, it is necessary to study the 

fluorescence phenomenon in the present quenching by investigating the interaction between QBNT 

and TBNT machines in close proximity. According to the bimolecular interactions between the 

electron clouds of the two molecules, QBNT and TBNT machines, the mean flux () at time t in a 

sphere of radius Rs can be derived as follows: 

𝜙 = 4𝜋(𝑅𝑠)2 𝐷𝑠
𝜕𝐶𝑞(𝑟𝑞,𝑡)

𝜕𝑟
|𝑟=𝑅𝑠

= 4𝜋𝑅𝑠𝐷𝑠𝐶0 [1 +
𝑅𝑠

√𝜋𝐷𝑠 𝑡
]             (6) 

In reality, the diffusional rate constant is time-dependent, k(t), which is known by 

Smoluchowski diffusion-controlled reactions, and can be given by 

𝑘(𝑡) =
𝜙

𝐶0
= 4𝜋𝑅𝑠𝐷𝑠𝑁𝐴 [1 +

𝑅𝑠

√𝜋𝐷𝑠 𝑡
]         (in L mol−1sec−1)                   (7) 

In Eq (7), C0 with unit moles per liter and NA is Avogadro’s number per mole. Ds in (cm2.sec-1) 

and Rs in (cm). However, the authors in [30] reported that the probability of every quencher may not 

collide with fluorophore molecules at distance Rs from the origin. They derived a more realistic 

expression of the flux, as follows: 

𝜙 = 𝜅𝑞 × [4πRs
2Cq(Rs, t)]                        (8) 

where, q (in cm.sec-1) is the bimolecular quenching constant that measures the efficiency of the 

collisional quenching. The concentration of quencher in Eq (8) refers to the RBC model; the flux can 

be given by [31] 

𝜙 =
4𝜋𝐷𝑠𝑅𝑠𝐶0

1+𝐷𝑠/𝑅𝑠𝜅𝑞
[1 +

𝑅𝑠𝜅𝑞

𝐷𝑠
 𝑒𝑥2

erfc(𝑥)]                        (9) 

where, 𝑥 =
√𝐷𝑠𝑡

𝑅𝑠
[1 +

𝑅𝑠𝜅𝑞

𝐷𝑠
] 

Equation (9) can be exemplified by asymptotic expression of erfc(x) as follows: 
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𝜙 = 4𝜋𝑅𝑠
́ 𝐷𝑠𝐶0  [1 +

𝑅𝑠́

√𝜋𝐷𝑠𝑡
]                              (10) 

where, 𝑅𝑠
́ =

𝑅𝑠

1+ 𝐷𝑠/𝑅𝑠𝜅𝑞
 

Therefore, we can obtain the time-dependent rate constant, k(t), as in Eq (11) by exchanging the 

parameter Rs by (𝑅𝑠
́ ) as follows: 

𝑘(𝑡) = 4𝜋𝑅𝑠
́ 𝐷𝑠𝑁𝐴 [1 +

𝑅𝑠́

√𝜋𝐷𝑠 𝑡
]                        (11) 

7. Numerical results 

In this section, we analyze the performance evaluation of the proposed IoBNT with bio nano 

thing using FRET nanocommunication in terms of energy transfer efficiency in the presence of the 

quenching concentration. We used EYFP and ECFP as the FRET pair to accomplish the 

nanocommunication between TBNT, and RBNT while the fluorescent is attached to intelligent QBNT. In 

the implanted IBAN, the position of nano machines (TBNT, RBNT and QBNT) are randomly distributed, 

and increment at each time step according to the normal distribution N(0,√2𝐷∆𝑡) [38]. We assumed 

the On-Off Keying (OOK) modulation scheme by encoding 1-bit information into the presence or 

absence of a single exciton. We consider that the Forster distance, R0, is changed from 1-5nm, and 

the diffusion coefficient range is changed from 10-5 to 10-7 cm2/s, depending on the molecule type. 

We conduct the Monte Carlo technique in order to simulate the drug transmission in the molecular 

channel by varying the concentration [39]. Assuming that an exciton realizes only one activity, such 

as FRET or fluorescence, during a simulation time step, the simulations are carried out in MATLAB 

by breaking down the entire process into small time intervals.  

Then, we performed extensive simulations to compute the impact of the system parameters on 

the proposed IoBNT with the intelligent bio nano thing machines and FRET nanocommunication, as 

described in the next subsections. We assumed that the waveform of the laser excitation composed of 

very short pluses (its range from pico to nano second) which comparable with the lifetimes of the 

florescent molecules, and therefore, we consider the excitation period, τH, between two successive 

pluses should be greater than the maximum of the lifetime of TBNT and QBNT as follows: τH = 

max{τD, Q }, where Q is the excited lifetime of QBNT. As we mentioned in the proposed system 

model, the pair of FRET communication is ECFP-EYFP, and their lifetime is approximately 2.68 

and 2.88 ns [40]. As a consequence, the excitation of the TBNT by the laser source at the starting 

moment, τH, relates to bit 1, otherwise bit 0 at no excitation. 

7.1. Impact of quenching in IoBNT 

Figure 7 shows the concentration of the diffusion quenchers with varying time, t, for different 

distance, rq. As we can see the concentration of quenching, Cq decreases as the time increases for all 

curves. On the other hand, when the separation distance between QBNT and TBNT machines is large, 

Cq decreases rapidly. Intuitively, it is necessary to study the fluorescence phenomenon in the 

presence of quenching by investigating the interaction between QBNT and TBNT machines in close 
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proximity. Additionally, this plot will make the decision of IoBNT to monitor the locations of 

quencher and its concentration. 

 

Figure 7. Cq(r, t) versus t with varying separation distance rq. 

As mentioned previously, the quencher insides the proposed intra body area nanonetwork 

(IBAN) is influenced by the pressure and temperature that included in the form of the diffusion of 

nano things machine in the medium. Wherein Ds = kBT/6πRs, where kB is Boltzmann’s constant,  is 

the medium viscosity at the temperature, T, in kelvin, and Rs is the molecular radius. Additionally, 

the efficiency of quenching can be computed from the observed value of kq, if the diffusion 

coefficients and molecular radii are known. Subsequently, we compute the diffusion rate according to 

Smoluchowski and RBC models. In Figure 8, we plot the diffusion-controlled reaction rate constant, 

k(t), for the Smoluchowski and RBC models to compare the two theoretical models. The medium’s 

characteristic is indicated within the plot. The main distinction between the Smoluchowski and RBC 

models is the point of contact. The fluorophore molecule is rapidly deactivated upon contact with the 

quencher in Smoluchowski, resulting in an infinite quencher concentration gradient around the 

fluorophore. When TBNT and QBNT come into contact, the quenching concentration occurs at a finite 

rate constant, kq. As we can see for both models, the value of k(t) decreases as the time increases 

from nano second (ns) range to pico second (ps) range. On the other hand, we observe that, the value 

of k(t) for RBC model is high at short times over 1 ns compared to the predicted value of kq, while 

for Smoluchowski model the value of k(t) diverges to infinity at short times. This is due to the rapid 

quenching of closely distant TBNT and QBNT pairs. Additionally, the transient effects are 

approximately complete at 10 ps and do not exist at 1 ns. 
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Figure 8. k(t) versus t for Smoluchowski and RBC model. 

The efficiency of the quenchers as a function of the separation distance between the TBNT 

and QBNT is shown in Figure 9, while the number of quenchers, nq, is varied. In reality, we have 

calculated the likelihood of finding nq quencher in the volume of IBAN using the Poisson 

distribution as shown below: 

𝑃(𝑛𝑞) =
𝜇𝑛𝑞

𝑛𝑞!
𝑒−𝜇                            (12) 

where µ is the mean number of quencher bio nano thing-based AI in the implanted IBAN. In order to 

deliver the desired therapeutic drug to the target cell, the IoBNT, therefore, keeps track of the 

quantity of quenchers, nq, in the IBAN. Evidently, based on Eq (12), the IoBNT determines the 

likelihood that no quencher is close to the IBAN as 

𝑃(0) = 𝑒−𝜇                                (13) 

As we can see in Figure 9, the efficiency of the quenching is very high when the distance 

between TBNT and QBNT is very small, and then decreases dramatically by increasing the 

intermolecular distance to approach zero. On the other hand, the influence of the number of the 

quencher, nq has significantly affected the performance of the quenching process. Obviously, when, 

nq, is small, the efficiency of quenching is low compared with the large number of nq, because of 

increasing the number of quenchers i.e., increasing the quenching concentration results in ensuring 

the quenching process by receiving all the drugs transmitted from TBNT before reaching the RBNT. We 

validate this observation, by plotting the transfer energy rate versus quencher distance with varying 

the number of quenchers, nq, as depicted in Figure 10. As we can see, the energy transfer rate 

decreases with increasing the distance. However when the number of quenchers is high, the energy 

transfer rate is kept at high level.  
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Figure 9. Quenching efficiency versus distance with varying nq. 

 

Figure 10. Energy transfer rate versus distance with varying nq. 

7.2. Impact of diffusion coefficient in IoBNT 

According to the observed results in the above subsection, we study the performance of energy 

transfer efficiency in terms of diffusion coefficient, as illustrated in Figure 11. The figure shows the 

Forester efficiency as a function of sum diffusion coefficient, Ds, for different values of Forester 

distance (R0) when the lifetime of florescent attached to TBNT is D = 1µsec. Generally, the efficiency 

of energy transfer increases as diffusion coefficient increases. Obviously, when the value of R0 is 

large, the efficiency of energy transfer increases significantly. We repeated the same simulation 

results but with changing the lifetime of florescent attached to TBNT. We run this simulation at R0 = 5 
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nm and for three values of  D = 1msec, 1µsec and 1nsec depicted in Figure 12. Obviously, it is better 

to use fluorescence with a small lifetime to guarantee high efficiency of energy transfer. We also 

observe when D = 1sec, the efficiency of energy transfer is high when the diffusion coefficient is 

small; however it vanishes when diffusion coefficient is high. 

 

Figure 11. Energy transfer efficiency versus diffusion coefficient with varying R0. 

 

Figure 12. Energy transfer efficiency versus diffusion coefficient with varying D. 

7.3. Performance comparison with and without proposed IoBNT  

Figure 13 shows the simulation results of the efficiency of energy transfer versus the 

transmission rate of sending the therapeutic drugs via IoBNT with varying the number of the 
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quenchers inside the implanted IBAN. Here, we consider the transmission rate, the amount of drug 

concentration per unit time. In other words, every time step or slot in the interval of excitation shows 

that TBNT is sending amounts of drug concentration, i.e., refers to the transmission rate. Generally, we 

can observe that the efficiency of energy transfer reaches to peak point at the starting of the 

transmission, and, thus, reduces dramatically when the transmission rate increased. In fact, this plot 

or outcome refers to the channel impulse response of the proposed system. Additionally, it is clear 

that when the number of quenchers is high, the IoBNT can guarantee the high efficiency of energy 

transfer in comparison with the small number of quenchers. 

Figure 14 shows the simulation and analytical results of the efficiency of energy transfer versus 

the intermolecular separation distance, r, between TBNT and RBNT in the case of employing proposed 

IoBNT and without employing it. As we can observe, the efficiency of energy transfer of the two 

cases are the same when the separation distance between TBNT and RBNT is small. However, when the 

separation distance between TBNT and RBNT increases, the case with the proposed IoBNT is superior. 

This is because the presence of a quencher nano machine allows the IoBNT to monitor the diseased 

cell, and, thus, control the drug transmission rate. For example, if the intermolecular separation 

distance between TBNT and RBNT is 8nm, the efficiency gain is approximately 12%. 

Figure 15 depicts the drug lost rate versus the excitation period with and without the proposed 

IoBNT. The drug lost rate is defined as the ratio of the drug absorbed by the QBNT to the total amount 

of drug concentration transmitted by the TBNT during the excitation period. It is the amount of data 

that the destination cannot receive during the transmission period or the amount of data that 

overflows at the destination, according to network theory. This mechanism protects healthy cells 

from damage, thereby reducing side effects. For example, at a 100ns excitation time, the improved 

percent of drug loss rate is about 15.5%.  

 

Figure 13. Energy transfer efficiency versus transmission rate with varying nq. 
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Figure 14. Performance comparison of efficiency with and w/o proposed IoBNT. 

 

Figure 15. Drug loss rate with and w/o the proposed IoBNT. 

8. Conclusions 

An analytical framework for IoBNT that enabled the interconnection of group intelligent bio 

nano thing via FRET nanocommunications in the presence of quenching, in order to deliver a 

therapeutic drug to the targeted cell, is presented in this paper. The aim of the proposed IoBNT is to 

monitor the delivery of drugs to the diseased cell by using the quenching process to avoid the side 

effects. The effect of diffusion quencher concentration on energy transfer efficiency performance was 

investigated. The numerical results revealed that, in order to realize sophisticated applications of bio 

nano things in promising targeted drug delivery systems via IoBNT, quenching concentration and 

diffusion-controlled reaction rate must be considered. Further investigation of the drug transmission 
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in the IoBNT environment, as well as studying the diffusion of drug to the membrane of the cell, will 

be our future work. 
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