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Abstract

The paper is concerned with Forster Resonance Energy Transfer (FRET) considered as a mechanism
for communication between nanodevices. Two solved issues are reported in the paper, namely: signal
generation and signal storage in FRET-based nanonetworks. First, luciferase molecules as FRET
transmitters which are able to generate FRET signals themselves, taking energy from chemical
reactions without any external light exposure, are proposed. Second, channelrhodopsins as FRET
receivers, as they can convert FRET signals into voltage, are suggested. Further, medical in-body
systems where both molecule types might be successfully applied, are discussed. Luciferase-
channelrhodopsin communication is modeled and its performance is numerically validated, reporting

on its throughput, bit error rate, propagation delay and energy consumption.

1. Introduction

With the current rapid development of technology, electronic and mechanical devices can be much
smaller than even a decade ago, at the same time gaining new operating functionalities. However,
when the device scale goes to the size of single molecules, cooperation between such devices and
contacting them from outside their networks become quite challenging issues. Forster Resonance

Energy Transfer (FRET), a phenomenon characterized by very small propagation delays and a good



throughput, has already been proposed for nanocommunications [1] and has been proved to be an
efficient mechanism for transferring data at nanodistances [2—4]. Research on FRET for
nanocommunication purposes and its integration with other elements on nanoworld is though at an

early stage.

The main contribution of the paper is solving two issues that, until now, were not solved for FRET-
based communications [5]. The first issue is concerned with FRET signal storage. A molecule
receiving a FRET signal cannot hold it and the signal must quickly be released, usually emitting a
photon. Here, we propose to use channelrhodopsins which are molecules that can be used as nano-
converters, changing FRET signals into a voltage which can be detected by other devices. The second
issue concerns FRET signal generation. In FRET nanocommunication experiments so far, a FRET
transmission was initiated by an external laser source, which is rather troublesome inside a human
body. Instead, we propose bioluminescent luciferase molecules as FRET transmitters, which are able
to generate FRET signals themselves, taking energy from chemical reactions. We further discuss
medical in-body systems where such FRET-based communication between luciferases and
channelrhodopsins might be applied. We consider a system of small vesicles, liposomes, circulating
through human vascular system and collecting data about body condition. The data gathered by
liposomes are delivered to a detector placed in a human vein. Data transmission is realized by a
luciferase-channelrhodopsin FRET interface. We model layers of luciferase and channelrhodopsin
molecules based on their molecular structures and then we use their spectral characteristics to assess
the efficiency of the FRET communication. Finally, we numerically validate the communication

performance, reporting the bit error rate, throughput, propagation delay and the energy consumption.

The rest of the paper is organized as follows. In Section 2, we review various mechanisms considered
for nanocommunications. In Section 3, the FRET phenomenon is explained. We present luciferase and
channelrhodopsin molecules in Section 4, discussing their properties and possible communication
between them. In Section 5, we discuss medical applications where such a communication might be
applied, focusing on data gathering systems based on liposomes. In Section 6, we provide a model for
communication between luciferases and channelrhodopsins, while in Section 7 we numerically
evaluate the communications performance. Finally, in Section 8, we conclude the paper, also

discussing some open issues.

2. Molecular communication mechanisms

So far, there has been a number of molecular communication techniques proposed that can be

categorized according to their propagation mechanisms. According to [6], the following ones can be



distinguished: free diffusion based propagation, flow assisted propagation, active transport and
bacteria assisted propagation. This classification can be supplemented with well investigated neural
communication. Transmission parameters, such as delay, throughput and bit error rate (BER), differ

for each of these propagation mechanisms.

Free diffusion based propagation systems usually consist of three main components: transmitter,
receiver and signaling molecules that carry information. Signaling molecules freely diffuse over the
liquid medium. In order to send bit ‘1’ the transmitter releases a substantial number of molecules,
while sending bit ‘0’ is done by releasing significantly fewer number of molecules or not releasing
them at all. The performance of this communication method depends on the number of factors such as:
diffusion coefficient, the ratio of signaling molecules representing single bits, size and concentration
of signaling molecules, rate of molecule release, transmitter—receiver distance and applied detection
rules. The capacity was estimated to be in the range between 1 kb/s and 3 kb/s [7] and BER was
reported as near-zero value for distances about few micrometers with energy consumption about 10™*
— 10 J per bit. Diffusion based propagation systems can be enhanced by a flow directed from the

transmitter to the receiver increasing communication range and maintaining BER on the order of 10~

8].

In active transport molecular communication a cargo conveying information molecules is attached on
a transmitter side to a polymer called molecular motor. The molecular motor is able to carry this cargo
and literally walk over a cylindrical molecule called microtubule. The molecular motor walks along a
microtubule until reaches a receiver. Such communication is characterized by a large delay — tens of
seconds and limited range — up to ten micrometers [9]. Near-zero BER can only be achieved for a
sufficiently long inter symbol duration time — more than a hundred seconds. A slightly different
approach to active transport is presented in [10, 11]: molecular motors are fixed next to each other to a
microtubule, connecting the transmitter and receiver sides. Another shorter microtubule carrying cargo
containing information particles is attached to the molecular motors and propagates along them. The
reported capacity for such a communication channel can reach up to 5 bit/s depending on the number

of information particles.

In bacteria assisted propagation, a bacterium is an information carrier [12]. Information is stored in
DNA strands that are enclosed in a flagellated bacterium which swims in a liquid environment or over
the tissue surface. By using few hundreds of bacteria an error-free transmission over few millimeters

can be achieved, but at the expense of huge delay, measured in hours.



Neurons communicate with each other by neurotransmitters. When a presynaptic nerve cell is
stimulated, an electrical impulse called a spike can be initiated. After the spike traverses the
presynaptic neuron’s axon and arrives at the axonal terminal, it triggers the release of
neurotransmitters that diffuse to postsynaptic nerve cell to stimulate it. Neural communication was
already studied on the subject of the nerve stimulation frequency, distance between nerve cells [13],
spike width and the number of axonal terminals [14]. It was shown that the neural communication
channel capacity can be up to 3000 bit/s (assuming one bit per spike) and the BER can be at level 10

at a distance of few hundreds of micrometers, with energy consumption about 107'° — 10" J per bit.

3. FRET phenomenon for nanocommunications

Forster Resonance Energy Transfer is a phenomenon where a signal may be passed between two
molecules irradiatively [15]. Application of this phenomenon to nanocommunications has been
already proposed and thoroughly investigated [1-3]. In FRET, there is an excited molecule, called
donor, at the transmitter side, and another molecule, called acceptor, at the receiver side of the
communication channel. If the emission spectrum of the donor matches the absorption spectrum of the
acceptor, the excitation energy may pass, without any radiation, from the transmitter, i.e., the donor
molecule, to the receiver, i.e., the acceptor molecule'. The donor and the acceptor must be located very
close to each other, usually of few nanometers, so this is a short range communication mechanism.
FRET has proved to have very small signal propagation delays, on the order of nanoseconds, and a
throughput of several Mbit/s [4], and, therefore, it is very suitable for future networks of
nanomachines when cooperating and exchanging information between each other. Recently, routing
techniques for FRET-based nanonetworks have also been proposed [5]. The FRET phenomenon
between a single donor and a single acceptor is not very efficient, as its efficiency decreases with the
sixth power of the donor-acceptor distance » [17]:

R
E=—
r +R06

; (1)

where R, is so called Forster distance, which is a value characterizing the spectral match of donor
emission and acceptor absorption spectra. Forster distance can be obtained experimentally or

calculated when the donor and acceptor spectral characteristics are known [17]:
Ru=0.2111n"* 0, [ Fpld)e, 1) 3 di. @)

where Fp(4) is the donor emission spectrum with the total intensity normalized to one and e4(4) is the

acceptor molar extinction coefficient in the function of wavelength, which can be directly derived

! In some cases, an energy transfer between molecules that are not matched spectrally is also possible;

see the phenomenon called Phonon-Assisted Energy Transfer [16].



from the acceptor emission spectrum. The integral of the product of these two spectra is called the
overlap integral. Op is the quantum yield of the donor molecule in absence of the acceptor molecule —
this value describes the ratio of emitted photons to absorbed photons, 7, is the refractive index which is
assumed to be 1.4 for biomolecules in aqueous solutions and #x’ is a parameter describing a relative
orientation of donor and acceptor dipoles which is assumed to be equal 0.476 [17], a value appropriate
for the situation when the relative donor-acceptor orientation does not change during the lifetime of

the excited state.

While FRET between single molecules is not efficient, it has been already shown that using multiple
donors and acceptors, in the so called MIMO-FRET communications, FRET efficiency may be quite
high and the transmission bit error rate below 10~ may be easily reached [3, 4]. Transmission of ‘0’
and ‘1’ bits can be realized with the ON-OFF modulation [18]. While sending bit ‘0’, donors are not
excited, resulting in no energy transfer to acceptors. It is assumed here that such a transmission is
always correct (no random excitations that could cause false detections), if only a proper
synchronization is kept between the transmitter and the receiver. When bit ‘1’ is going to be sent, all
donors are excited at the same time. If at least one of them passes its excitation energy to any of the

acceptors, the transmission is successful. With n donors and m acceptors, FRET efficiency is equal to

[4]:

m- R,
E, =1-[1-——— 3)
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And the respective bit error rate is given by:
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4. Luciferases and channelrhodopsins

The main contribution of this paper is the proposal of layers of luciferases, at the transmitter side, and
channelrhodopsins, at the receiver side, for FRET-based nanocommunications. Usage of luciferases
may solve the problem of FRET signal generation, as in this case no laser is needed. Instead, the signal
transmission may be initiated by a chemical reaction. On the other hand, application of
channelrhodopsins will help with the FRET signal storage. Channelrhodopsins are able to convert

FRET signals into the electrical voltage.



4.1. Luciferases

A FRET transmitter, i.e., a donor, in most cases is excited externally, e.g., via a laser beam. In an in-
body medical system, such an approach is yet questionable, as it is the transmitting molecule itself
which should be responsible for initiating the data transmission. In this situation, instead of typical
FRET donors, it is much better to use bioluminescent molecules [19, 20]. For bioluminescent donors,
the source of excitation energy is not external; instead it lies in a biochemical reaction occurring close
to such a molecule®. Thus, the transmitter may be excited by the transmitting nanomachine itself, and
after that, the signal passes to the receiver in the same manner as in typical FRET transmission, i.e.,

without any radiation.

The bioluminescent donors are, e.g., luciferase molecules [21]. A luciferase is an enzyme that converts
chemical energy to light or FRET signals requiring two other molecule types for the reaction: a)
luciferins (here, we used furimazine molecules which are a kind of luciferins, 1.5 nm in diameter), and
b) oxygen [22]. The main drawback of luciferases is their quite long time of relaxation, as, e.g.,
NanoLuc luciferase reaction turnover is ca. 3.8 s, assuming the ambient temperature about 36 degrees
Celsius [23, 24]. It is, however, not a crucial issue in the case of the considered medical system (see
Section 5), as the system requires sending short messages only, like few bytes of information, about

the human body condition gathered by a liposome particle.

4.2. Channelrhodopsins

Channelrhodopsins, containing a retinal complex inside (see Fig. 1b), are able to create naturally
occurring ion channels (pores). An important property of retinal is that, after an excitation, i.e.,
absorption of a photon or FRET, it opens itself, creating a pore where cations (positive ions present in
human blood, like Ca?*, K*, Na") may flow through. Such a pore remains open for at least 10 ms [25],
consequently, having in mind typical concentration of cations in human blood of 146 mmol/l, at least
3x10* cations per second flow through the channel in that time [25]. It can be measured with
electrodes, as it leads to the potential change behind the layer of channelrhodopsins by 50 mV or
more’ [27]. This channelrhodopsin property means that such a molecule can serve as an energy-

voltage nano-converter, which is extremely useful for the purpose of receiving FRET signals.

2 FRET with a bioluminescent donor is also called BRET (Bioluminescent Resonance Energy Transfer).

In general, the change of this potential depends on many factors, like cation type and concentration, the
pool volume, electrodes capacity, etc., and can be calculated with Nernst equation [26].
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a) b)
Fig. 1. Transmitter (donor) and receiver (acceptor) molecules structures derived from Protein Data Bank and
visualized with Matlab (toolbox Bioinformatics): a) NanoLuc structure SIBO [28] b) an example of
channelrhodopsin structure 3UG9 [29] with retinal marked in red.

4.3. Luciferase-channelrhodopsin communication

Excitation of a channelrhodopsin may be realized via a photon and via FRET as well. Thus, the
channelrhodopsins may work as acceptors and receive FRET signals from luciferase molecules
working as donors (see Fig. 2). The FRET efficiency between a single luciferase and a single
channelrhodopsin is not sufficient for telecommunication purposes and this is why it is proposed to
use large matrices of molecules to communicate, exploiting the MIMO-FRET concept. As explained
in Section 2, sending bit ‘0’ is assumed to be always correct, while successful sending bit ‘1’ requires
that at least one of channelrhodopsins receives the energy from a luciferase. When the energy is
properly received, channelrhodopsins open their pores, cations from the blood flow through them and
the voltage inside the detector increases. Channelrhodopsins are then inactive for the time of opening

the ion channels.

Bits ‘0’ may be distinguished from bits ‘1’ by measuring the voltage changes. The energy transfer
between luciferases and channelrhodopsins is realized via FRET, but it may also happen that the
channelrhodopsin layer catches a photon. These two events should be taken into account together and

the probabilities of both events are considered in the performance analysis reported in Section 6.
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Fig. 2. The luciferase excitation energy may be transmitted to a channelrhodopsin via FRET or a photon.

After being excited and sending a signal, the luciferase molecules have also a period of inactivity,
similarly as channelrhodopsins, but much longer. The luciferase turnover rate depends on the
environmental conditions like temperature and substrate concentration [30]. If the analyzed
communication system is located inside a human vein, we should take into account the blood
parameters and its temperature®. Here, we assume NanoLuc luciferases that may be excited once per
0.26 s [23, 24]. This creates a bottleneck for the data transmission and this is why we suggest exciting
simultaneously only a subgroup of all the luciferases when transmitting bit ‘1°. Other luciferases may
be used during the next ‘1’ transmission, increasing the transmission speed, i.e., the throughput of such

a communication channel.

5. Applications in medical in-body systems

The proposed luciferase-channelrhodopsin communication, based on FRET, looks very promising for
the purpose of future medical in-body systems. Inside a human body, it is rather questionable to use
laser for initiating a FRET transmission and luciferases fueled by a chemical reaction are much more
appropriate. Also, data collection is very straightforward if the FRET signal might be converted into
the electrical one. Numerous wired detectors [31, 32], which are already used in clinical practice,
might be successfully applied for measuring electrical signals. In this section, we describe an example
of a medical system for gathering local data about a human body state. The system is based on

liposomes circulating in human vascular system. First, we investigate the importance of liposomes in

¢ The luciferase turnover rate increases about 2 times per each 10 degrees Celcius of temperature increase
[22].



medical systems. Then, we present a medical system where liposomes collect the data inside human

body and further pass it, via FRET, to a data detector.

5.1. Medical importance of liposomes

Almost all medical laboratory tests measuring various parameters in human blood reveal the global
compound concentrations or enzyme activities in human body without spatial distribution or
differentiation. In most clinical situations, these parameters are even in the whole system and such
result is reliable and gives necessary information. However, in early stages of some disorders, e.g.,
neoplasia, due to its localized process, the global blood parameters are normal. Thus, measuring blood
parameters do not allow proper identification of the disease. Local pathologies are diagnosed in
medicine using various imaging techniques based on X-ray, ultrasound or radioactive nuclides (iodine,
technetium) used in diagnostic procedures. Modern imaging techniques are able to reveal objects
smaller than 1 cm in diameter, but are rather not used for screening patients. Also, standard X-ray or

ultrasound techniques are not enough to visualize small tumors.

The local condition important from the oncological point of view is hypoxia, i.e., insufficient supply
of oxygen — it may be a hallmark of tumor presence but is also extremely important in the neoplasia
prognosis, i.e., tumors with hypoxia are more aggressive and resistant to therapy [33]. Hypoxia is
caused by abnormalities in the vascular network and is present in majority of malignant tumors [34].
Although there is no correlation between tumor size and hypoxia [33], there are descriptions of highly
hypoxic tumors with less than 1 mm size [35]. Methods for tissue oxygen detection involves several
techniques and can be divided into three groups: direct measurements of oxygen in tissue, evaluation
of markers produced by cells in response to hypoxia, and observation of physiological processes
involved in oxygen supply [33]. It should be emphasized that only few of these techniques are
approved for clinical use [33], thus the development of new techniques for hypoxia assessment in

patients is required. One of the possibilities can be usage of biosensors based on liposomes.

A variety of methods for artificial lipid vesicles (liposomes) formation has been already described
[36]. These methods differ depending on desired properties of the liposomes, i.e., size, the number of

lipid membranes, etc.

The development of biosensors based on lipid membranes or liposome platforms has led to invention
of numerous tools for environment monitoring and clinical diagnostics [36]. The lipid bilayer is the
natural environment for many enzymes, antibodies, and receptors, thus it gives plenty of opportunities

to build a set up for detection of various compounds. Some systems rely only on a lipid membrane



without any incorporated bioelement, i.e., a measured molecule is adsorbed into a bilayer causing
biochemical changes followed by conversion to an electrochemical signal (increase the trans-

membrane ion current), which is simultaneously amplified [37].

Drugs acting inside cells in some point must go through the lipid membrane. This interaction with the
bilayer may substantially influence drug pharmacokinetics and efficacy [38]. Modern drug delivery
systems are based on polymeric coatings (chitosan or dextrans), which modify lipid-drug interactions
in various ways depending on desired properties and destination of the drug. The special attention is
paid to delivery of reactive plasma species into cancerous cells. High resolution structural studies
revealed that synergistic effect between electric field fluctuations and lipid oxidation leads to the
formation of pores. Through these structures the reactive species pass the lipid bilayer and enter into

the cancer cell [39].

The long term goal of lipid vesicles studies is the development of artificial cells able to substitute
function of damaged or destroyed parts of our organs. The incorporation of artificial components into
a cell-like structure may not only replace the functions of the natural cell [40], but also create features

not met in wild type cells, but desired from the clinical point of view.

5.2. Example of medical data gathering system

Here, we consider liposome particles circulating in human blood and gathering data about the human
body condition and tissues pathology, e.g., tumor occurrence. There is also a wired detector, located in
one of main veins, e.g., the vena cava (either of two main veins delivering deoxygenated blood to the

heart), collecting the data from liposomes (see Fig. 3).
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Liposomes

Fig. 3. The nanocommunication system located in a vein consists of a detector (a thin wire) and liposomes, tiny

vesicles circulating through the human vascular system.

The liposomes work as mobile nanosensors. These particles have size up to few micrometers in
diameter and they circulate in the human vascular system gathering specific data, depending on their
application. At the current level of biotechnology, liposomes may be designed from basic blocks in
laboratories and many components may be added inside and on their surface [41]. Liposomes can be
used for diagnostic and therapeutic applications containing various markers or drugs [42, 43]. Here,
we assume that a layer of luciferase molecules is attached to each liposome. A single luciferase
molecule is of oblong shape, less than 10 nm large, so the layer can be built by placing luciferase
molecules next to each other (Fig. 4). The whole layer, even consisting of hundreds of luciferases, is
very small compared with the liposome, the size of which is on the order of few micrometers. Vesicles
containing furimazine are located under the membrane with luciferase layer, to provide substrates for
luciferase molecule excitations. When a liposome flows through the inferior vena cava close to the
detector, an intermolecular (ligand-receptor, e.g. CD40/CD40L) bond might be created, linking the
luciferases with channelrhodopsin molecules located in the detector [44]. When the bond holds, the
luciferase and the channelrhodopsin layers may be fixed at a deterministic distance from each other,
we assume 4 nm here, thanks to the junction system based on Annexin-V molecules (actually
commercially available) [45, 46]. After establishing the bond, the data transmission via FRET is
initiated, what may be realized, for example, using specific proteins called TRAFs [44]. The bond is

kept as long as the data transmission occurs and is released after that via controlling the CD40/CD40L



system. The liposome then returns to circulate through the blood vessels gathering data again. We
assume here that there is a mechanism for attracting the liposome, floating in a vein, close to the
detector. This issue is out of the scope of this paper, but it gains much attention currently, with

mechanisms like magnetic field or dielectrophoresis (DEP) proposed and thoroughly studied in [47].

Channelrhodopsin
layer

Cations _ .
L] .

Liposome

Luciferase layer

Fig. 4. The layers of luciferases and channelrhodopsins are bind with intermolecular bonds.

FRET transmission is initiated, resulting in opening pores for cations.

The detector is a device that can be mechanically put into a human large vein, like inferior vena cava.
Many devices of this type exist and are popular on the medical market; the examples are vein filters
and catheters used for prevention of pulmonary embolism and drug delivery [48]. Here, we assume
that the top of the detector is covered with a layer of channelrhodopsin molecules, which are arranged
in a squared matrix and located on a lipid membrane, using so called black lipid membrane technique
[49, 50]. Above the channelrhodopsin layer (Fig. 4), there are two electrodes to measure the voltage

changes caused by ions entering through channelrhodopsins.

6. Luciferase-channelrhodopsin communication model

The communication between the luciferases attached to a liposome (transmitter side) and
channelrhodopsins at the detector (receiver side) was further modeled and validated. As explained in
Section 4, information signals may be passed from a luciferase to a channelrhodopsin via FRET or

photon. As both these phenomena are probabilistic ones, computer simulations were conducted.



First, we modeled both luciferase and channelrhodopsin layers using the molecular structures from
Protein Data Bank (see Fig. 1). A luciferase molecule is 4.6 nm high and its diameter is 2.5 nm; we
assumed having 900 luciferases arranged in a 30x30 square, therefore the size of the layer was 75x75
nm and its thickness was 4.6 nm. On the other hand, a channelrhodopsin molecule is a little larger,
5.35 nm high and 3.2 nm in diameter. The channelrhodopsin layer was planned to be wider than the
luciferase one, in order to catch as much FRET and photon signals coming from luciferases as
possible. Thus, we had 50%50, i.e. 2500 channelrhodopsins, so the size of this layer was 160x160 nm
and it was 5.35 nm thick. Both layers were very small comparing with the dimensions of a liposome
(1-10 pm) and the detector head (0.5 mm), so they could be easily mounted there. The ligand—receptor
(e.g., CD40/CD40L) connection between the liposome and the detector is needed in order to create a
close attachment between the luciferase and the channelrhodopsin layers; the CD40/CD40L

connection is responsible for creating and disrupting the attachment [44].

Second, we modeled FRET communication between the luciferases and channelrhodopsins layers. We
calculated the Forster distance R, for the luciferase—channelrhodopsin pair as 4.09 nm on the basis of
their spectral characteristics [22, 51] and Eq. (2); see also Fig. 5 for the spectra of luciferase emission
and channelrhodopsin absorption. Each FRET transmission was considered separately, i.e. we
calculated the probability of successful transmission from the donor molecule to the particular

acceptor molecule in the presence of other acceptors [3]:

6
_ "
1+R§Zi6
p

i=1 " ki

Ey (5)

where k and / indicate the particular donor and acceptor, respectively, and m is the number of
acceptors. Only acceptors and donors in ground state were taken into account in the formula. These
single probabilities can be summed over acceptors giving the total probability of successful

transmission from k-th donor to any acceptor.
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Fig. 5. Luciferase emission and channelrhodopsin absorption spectra.

Third, we also considered a possibility of the acceptor excitation via photon. The probability of hitting
the retinal by a photon was calculated based on simulation of 1 million photon emissions by a single
luciferase. The simulation was performed for each luciferase. We modeled retinal as a circle with the
diameter of 1.35 nm, positioned in the middle of every channelrhodopsin. Direction of the emitted
photon was the result of the composition of vertical and horizontal angles, which were assumed to be
uniformly distributed. Keeping in mind that it can happen only when no FRET occurred, the
probability of successful photon transmission between particular donor—acceptor pair can be described
as:
EI;I=O'5.(1_Ekn).pkl (6)

where py is the probability, obtained from the simulation, of the excitation of the /[-th
channelrhodopsin by photon emitted by the k-th luciferase. The value Ej, denotes the probability of
FRET transmission from the k-th luciferase to all » donors. The additional factor of 0.5 in Eq. (6)
results from the fact that about 50% of photons hitting the retinal lead to its excitation [52]. Having in
mind the chemical composition of blood, which was the assumed environment, no other quenching

mechanisms were considered.

Having modeled both probabilities, FRET and photon excitation and adding them to each other, we
finally could calculate the total probability of a successful signal transmission between the luciferase

and channelrhodopsin layers.



7. System evaluation

Having models of luciferase and channelrhodopsin molecules and knowing the probabilities of
successful transmissions, we can evaluate the performance of this communication system. We discuss
it in the following subsections in respect of the bit error rate, throughput, propagation delays and

energy consumption.

7.1. Bit error rate

The large layers of luciferases (FRET donors) and channelrhodopsins (FRET acceptors) may be used
to increase the throughput, via parallel transmissions, or reliability, via simultaneous transmissions of
the same bits. As a reference scenario, let us calculate the FRET efficiency in a single luciferase—
channelrhodopsin communication using Eq. (1). The shortest possible donor—acceptor distance is
equal to the half of the luciferase height plus the length of the ligand receptor bond plus the half of the
channelrhodopsin height, which is in total 8.98 nm. The Forster distance R, for the luciferase—
channelrhodopsin pair is 4.09 nm, so the FRET efficiency is only 0.89%. As explained previously,
there is also a probability that a photon emitted by the luciferase hits the retinal inside the
channelrhodopsin, but the probability of this event is quite minor and is equal to 0.28%. Thus, the total
probability of a successful signal transmission E;; equals to 1.17%. The resulting bit error rate can be
calculated as 0.5(1 — E1,) which is 49.42%. Such a value of BER is obviously not acceptable for
communication purposes, which is the reason to apply the MIMO-FRET approach here, using a
fraction of the total number of luciferases at the same time to transmit a single bit ‘1°. As the
luciferases are characterized by quite a long time of relaxation (remaining inactive 0.26 s after sending
a bit ‘1”), the next bit 1’ is transmitted using another, equally numerous group of luciferases. We have
assumed here that the number of luciferases excited when transmitting a bit ‘1’ is controlled via
regulation of furimazine (see Sections 4.1 and 5.2) admission, similarly to the mechanism present in
synapses [53]. The furimazine molecules, in a chosen amount, may be packed into small synaptic
vesicles (about 40 nm in size). The release of furimazine from these vesicles is triggered by calcium
ions flux that, in turn, is regulated by electrical impulses that may be generated from the liposome
[53]. Bits ‘0’ are sent just by transmitting nothing, i.e., keeping the luciferases in the ground state, as it

1s the ON-OFF modulation.

We have analyzed 14 scenarios: using 9, 10, 12, 15, 18, 20, 25, 30, 36, 45, 50, 60, 75 and 90 out of the
total number of 900 luciferases to transmit a single bit ‘1’. We have chosen the numbers so they are
divisors of 900; in that way we could use exactly all the luciferases after multiple ‘1’ transmissions.

For each scenario, we have run 100 Monte Carlo simulations with 10* bits (10° bits in total) using the



Matlab computing environment. The bit error rates and the respective 99% confidence intervals for all
the scenarios are shown in Fig. 6. We can see that using 75 luciferases (8.3%) for a single bit ‘1’

enables to achieve BER below 107, while using 90 luciferases (10%) results in BER about 10,

10°F
AL 7=
10 e
e
2L e
5 10 “_.._,,\.:\_
[11] “':;;:\
102 F S
I X -
| X
[ I I I I I I 1 I I o

1 2 3 4 5 6 7 8 9 10 1
Active luciferases [%]

Fig. 6. Bit error rate in the liposome-detector communication as a function of the percentage

of luciferases active per a single bit ‘1.

7.2. Throughput

Having more luciferases transmitting the same bit of information increases the diversity, but, at the
same time, decreases the possible communication throughput. As mentioned before, luciferases have
quite a long relaxation period. For the NanoLuc type of luciferases considered in this paper, the total
cycle of their activity may be approximated as 0.52 s in room temperature. Here, the value of 0.26 s is
accepted, as the temperature of human blood is about 10 degrees higher (see Section 4.3). Also, this
value is assumed to be constant, having in mind its very low measured variance [23]. Let us assume
now that 90 luciferases, which makes 10% of their total number, transmit the same bit of information.
After that transmission, these luciferases cannot be used again during 0.26 s, but we can use another
10% of luciferases for the transmission of another bit and so on, and so forth. In total, we can transmit
only 10 bits in 0.26 s, so the throughput is about 38 bit/s. The throughput may be higher when fewer

luciferases are involved in transmission of a single bit, i.e., the total number of 900 luciferases is



divided into more groups. In Table 1, the parameters for all 14 scenarios and the respective

communication throughput are given.

As mentioned before, decreasing the number of luciferases transmitting the same bit of information
results in a higher throughput, but a higher BER as well. The data from Fig. 6 and Table 1 are
combined together to provide Fig. 7, where the trade-off between the communication throughput and
the diversity is shown. We clearly see that if BER about 10°— 10 is required, we can achieve the data
transfer rate of 40 — 60 bit/s. This is quite a low value comparing with typical telecommunication
networks; it is also a few orders of magnitude lower throughput comparing with Mbit/s values
reported [4], when FRET is initiated with a laser. This throughput drop is mainly due to the long
relaxation period of luciferases and comes as a price of applying these chemically induced molecules.
However, it should be noted that this throughput is quite sufficient for the purpose of collecting data
from liposomes in the considered medical system. A liposome, performing as a mobile nanosensor,
spends about one minute to make a whole circle through the human vascular system. Spending just
few more seconds when being connected to the detector, the liposome may transmit about 20 bytes
which is enough to pass the gathered data. In case of specific system requirements, the sizes of

luciferase and channelrhodopsin layers may be adjusted, increased or decreased, if needed.

TABLE 1

THE 14 SCENARIOS CONSIDERED IN THE NUMERICAL EXPERIMENT

Scenario

# of luciferases
transmitting a single 9 10 12 15 18 20 25 30 36 45 50 60 75 90

bit
percentage of total
number of luciferases 1 1.1 1.3 1.7 2 22128 | 33 4 5 56 | 6.7 | 83 10
[%0]

# of luciferase groups | 100 90 75 60 50 45 36 30 25 20 18 15 12 10
respective throughput

[bits/s]

385 | 346 | 288 | 231 | 192 | 173 | 138 | 115 | 96 77 69 58 46 38
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Fig. 7. Bit error rate in the liposome-detector communication as a function of achieved throughput.

7.3. Propagation delay

In order to assess how fast the signal propagates from a luciferase to a channelrhodopsin, two factors
should be taken into account. The propagation time is very short in both cases of a photon emission
and a FRET. In the former, the photon travels with the speed of light, so the distance of a few
nanometers is reached in a fraction of a femtosecond. The photon absorption itself is a very fast
process as well, also taking less than 10"° [17]. In the latter, FRET is realized via a dipole-dipole
interaction of a donor and an acceptor, and it is assumed that its delay is insignificant. However,
before the energy transfer or the photon emission occurs, the luciferase keeps the energy for a certain
period of time called its excitation lifetime. Its average value is about 5-10 nanoseconds [54], but its

actual value might considerably vary, as this lifetime is given by the exponential distribution.

7.4. Energy consumption

Finally, we can calculate the energy transferred and dissipated during data transmission in the
considered system. The emission energy of a single NanoLuc luciferase (FRET or a photon) can be
assessed, according to the Planck—Einstein relation (energy = Planck constant x frequency, where all

frequencies are averaged over emission intensities), as 3.8 x 10" J. Transmitting bit ,,0° costs no



energy, while transmitting bit ,,1° (assuming 10% of luciferases are excited, BER = 10, see above)
means exciting 90 luciferases molecules, i.e., costs ca. 3.4 x 10" J. Assuming equal number of “0”
and ,,1°* bits, we may assess that, on average, during transmission of a single bit, we have 1.7 x 107 J
transmitted. Additionally, taking into account the efficiency of the luciferase reaction being about 28%
[23], we have 4.4 x 107 J dissipated, so the total energy related to the transmission of a single bit is
about 6.1 x 107 J. This energy is lower than in case of other molecular communication mechanisms,

where energy per bit is between 107 and 10 J (see Section 2).

8. Conclusions and open issues

In this paper, we propose application of two molecule types, luciferases and channelrhodopsins, to
solve the following two important issues in the FRET-based nanocommunications: signal generation
and its storage. Typically, FRET communication is initiated with a laser, but here, we suggest using a
chemical reaction when a luciferase initiates FRET with energy provided by ATP. On the receiver side
of the communication system, we propose channelrhodopsins which can convert FRET signals into
electrical potential. We discuss medical in-body systems designed for gathering data on human body
condition where such FRET-based communication might be very useful. We consider a system with
liposomes circulating in human vascular system and collecting data about local tissue pathologies,
e.g., tumor occurrence. The collected data is further forwarded to a detector, placed into a vein. As
there is a layer of luciferases on each liposome and the detector is covered with a layer of
channelrhodopsins, the data transmission is realized via FRET in the luciferase-channelrhodopsin
interface. The communication is validated with numerical calculations and we provide the

corresponding throughput, bit error rate, propagation delay and energy consumption.

Still, there are some aspects of the system which, at the current level of technology, are not solved and
require further studies. The first aspect concerns writing and reading the collected data in a liposome.
Storing data in DNA could be an option and it is currently quite a popular research topic [55]. Data
storage in DNA was recently presented [56]; the main advantage of this solution is its extremely high
efficiency in terms of the occupied space: 1.98 bits per nucleotide. The potential drawback is a
relatively low reading rate compared to commonly used computer systems. Additionally, reading
information stored in DNA needs special enzymes and reaction conditions in vitro. Thus, it is an open
problem how to organize data storage and reading in a simple way suitable for the
nanocommunication system presented above. Moreover, reading the collected data should be
associated with controlling and synchronizing the chemical reaction exciting luciferase molecules, as
it initiates data transmission. Another issue is a mechanism of attracting liposomes by the detector.

The electric field is rather not a solution, as it might influence other particles in human blood. Instead,



the magnetic field or dielectrophoresis effect might be used [47, 57, 58]. Finally, there is a question
regarding the throughput achievable in the liposome—channelrhodopsin communication. With
NanoLuc luciferases considered in the paper, the throughput is about 40 bit/s, which is sufficient for
systems focused on collecting medical data inside a human body. There are still few options to
increase the throughput, if needed. First, in some scenarios, the system temperature might be slightly
increased, what in turn improves the luciferase turnover rate [24]. Second, the luciferase and
channelrhodopsin molecules might be carefully positioned in their respective membranes, to keep the
orientations of their dipoles in parallel, increasing in that way the x’ parameter in Eq. (2) from 0.476
assumed here to even 4 (more than 8 times). Third, the layers of luciferases and channelrhodopsin
might be put even closer than 4 nm from each other; it depends on the Annexin-V molecules used to
mount luciferases on the liposome membrane [46]. If, however, an even higher throughput is required,
one can consider using fluorescent dyes (e.g., Alexa, Atto or DyLight) as donors at the liposome
excited by the light provided by an optical fiber inside the detector. Fluorescent dyes are able to emit
photons or FRET signals with much higher frequency, supporting data throughput of Mbit/s [4].
Nonetheless, in this case, reading the data collected in the liposome should be realized by modulation

of the light coming from the detector, which is a task still not solved.

Acknowledgements

This work was supported by the Polish Ministry of Science and Higher Education with the subvention
funds of the Faculty of Computer Science, Electronics and Telecommunications of AGH University of
Science and Technology. It is also a result of the research project DEC-2013/11/N/NZ6/02003
financed by the National Science Centre. It was also supported in part by the PLGrid Infrastructure.

References

[1] L. F. Akyildiz, F. Brunetti, and C. Blazquez, "Nanonetworks: A new communication paradigm," Computer Networks, vol.
52, no. 12, pp. 2260-2279, 2008/08/22/ 2008.

[2] M. Kuscu and O. B. Akan, "Multi-Step FRET-Based Long-Range Nanoscale Communication Channel," IEEE Journal on
Selected Areas in Communications, vol. 31, no. 12, pp. 715-725, 2013.

[3] K. Wojcik, K. Solarczyk, and P. Kulakowski, "Measurements on MIMO-FRET Nano-Networks Based on Alexa Fluor
Dyes," IEEE Transactions on Nanotechnology, vol. 14, no. 3, pp. 531-539, 2015.

[4] K. Solarczyk, K. Wojcik, and P. Kulakowski, "Nanocommunication via FRET With DyLight Dyes Using Multiple
Donors and Acceptors," IEEE Transactions on NanoBioscience, vol. 15, no. 3, pp. 275-283, 2016.

[5] P. Kulakowski, K. Solarczyk, K.Wojcik, "Routing in FRET-Based Nanonetworks", IEEE Communications Magazine,
vol. 55, no. 9, pp. 218-224, 2017.

[6] N. Farsad, H. B. Yilmaz, A. Eckford, C. Chae, and W. Guo, "A Comprehensive Survey of Recent Advancements in
Molecular Communication," IEEE Communications Surveys & Tutorials, vol. 18, no. 3, pp. 1887-1919, 2016.

[7] M. Pierobon and I. F. Akyildiz, "Capacity of a Diffusion-Based Molecular Communication System With Channel
Memory and Molecular Noise," IEEE Transactions on Information Theory, vol. 59, no. 2, pp. 942-954, 2013.



[8] K. V. Srinivas, A. W. Eckford, and R. S. Adve, "Molecular Communication in Fluid Media: The Additive Inverse
Gaussian Noise Channel," IEEE Transactions on Information Theory, vol. 58, no. 7, pp. 4678-4692, 2012.

[9] K. Darchinimaragheh and A. S. Alfa, "An Analytical Model for Molecular Propagation in Nanocommunication via
Filaments Using Relay-Enabled Nodes," IEEE Transactions on NanoBioscience, vol. 14, no. 8, pp. 870-881, 2015.

[10] N. Farsad, A. W. Eckford, and S. Hiyama, "A mathematical channel optimization formula for active transport molecular
communication," in 2012 IEEE International Conference on Communications (ICC), 2012, pp. 6137-6141.

[11] N. Farsad, A. W. Eckford, and S. Hiyama, "A Markov Chain Channel Model for Active Transport Molecular
Communication," [EEE Transactions on Signal Processing, vol. 62, no. 9, pp. 2424-2436, 2014.

[12] V. Petrov, D. Moltchanov, I. F. Akyildiz, and Y. Koucheryavy, "Propagation Delay and Loss Analysis for Bacteria-
Based Nanocommunications," IEEE Transactions on NanoBioscience, vol. 15, no. 7, pp. 627-638, 2016.

[13] J. Lee and D.-H. Cho, "Capacity Analysis of Neuro-spike Communication System for Nanonetworks," Procedia
Computer Science, vol. 37, pp. 428-433, 2014/01/01/ 2014.

[14] H. Ramezani and O. B. Akan, "Synaptic Channel Model Including Effects of Spike Width Variation," presented at the
Proceedings of the Second Annual International Conference on Nanoscale Computing and Communication, Boston, MA,

USA, 2015.

[15] T. Forster, "Zwischenmolekulare Energiewanderung und Fluoreszenz," Annalen der Physik, vol. 437, no. 1-2, pp. 55-75,
1948.

[16] V. Loscri, B. D. Unluturk and A. M. Vegni, "A Molecular Optical Channel Model based on Phonon-Assisted Energy
Transfer Phenomenon," in IEEE Transactions on Communications. doi: 10.1109/TCOMM.2018.2865895.

[17] J. R. Lakowicz, Principles of fluorescence spectroscopy. New York: Springer, 2006.

[18] M. Kuscu and O. B. Akan, “A physical channel model and analysis for nanoscale communications with forster
resonance energy transfer (FRET)” IEEE Transactions on Nanotechnology, vol. 11, no. 1, pp. 200-207, 2012.

[19] Kuscu, Murat, and Ozgur B. Akan. "A communication theoretical analysis of FRET-based mobile ad hoc molecular
nanonetworks." IEEE Transactions on Nanobioscience 13.3 (2014): 255-266.

[20] Kuscu, Murat, and Ozgur B. Akan. "The Internet of molecular things based on FRET." IEEE Internet of Things
Journal 3.1 (2016): 4-17.

[21] K. D. Pfleger and K. A. Eidne, "[lluminating insights into protein-protein interactions using bioluminescence resonance
energy transfer (BRET)," Nat Methods, vol. 3, no. 3, pp. 165-74, Mar 2006.

[22] M. P. Hall ef al., "Engineered Luciferase Reporter from a Deep Sea Shrimp Utilizing a Novel Imidazopyrazinone
Substrate," ACS Chemical Biology, vol. 7, no. 11, pp. 1848-1857, 2012/11/16 2012.

[23] Suzuki K, Kimura T, Shinoda H, et al. Five colour variants of bright luminescent protein for real-time multicolour
bioimaging. Nature Communications. 2016;7:13718.

[24]J. Kotz, P. Treichel, J. Townsend, Chemistry and Chemical Reactivity, Volume 2, Thomson Brooks/Cole, 2009.

[25] G. Nagel et al., "Channelrhodopsin-2, a directly light-gated cation-selective membrane channel," Proceedings of the
National Academy of Sciences, vol. 100, no. 24, pp. 13940-13945, 2003.

[26] Cynthia G. Zoski (Ed.), Handbook of Electrochemistry, Elsevier 2007.

[27] K. Deisseroth and P. Hegemann, "The form and function of channelrhodopsin," Science, 10.1126/science.aan5544 vol.
357, no. 6356, 2017.

[28] S. Lovell et al, "1.95A resolution structure of NanoLuc luciferase", http://www.rcsb.org/pdb/explore.do?
structureld=5ibo, February 2016, access date: 12/15/2017.

[29] H. E. Kato ef al., "Crystal structure of the channelrhodopsin light-gated cation channel," Nature, Article vol. 482, p. 369,
01/22/online 2012.



[30] K. A. Feeney, M. Putker, M. Brancaccio, and J. S. O'Neill, "In-depth Characterization of Firefly Luciferase as a Reporter
of Circadian Gene Expression in Mammalian Cells," J Biol Rhythms, vol. 31, no. 6, pp. 540-550, Dec 2016.

[31] LiJ, Chen Z (2015) Integrated intravascular ultrasound and optical coherence tomography technology: a promising tool
to identify vulnerable plaques. J Biomed Photonics Eng 1:. https://doi.org/10.18287/JBPE-2015-1-4-209

[32] Spelde A, Monahan C (2016) Invasive Arterial Blood Pressure Monitoring. In: Freeman BS, Berger JS (eds)
Anesthesiology Core Review: Part Two Advanced Exam. McGraw-Hill Education, New York, NY.

[33] Walsh JC, Lebedev A, Aten E, Madsen K, Marciano L, Kolb HC. The clinical importance of assessing tumor hypoxia:
relationship of tumor hypoxia to prognosis and therapeutic opportunities. Antioxidants & Redox Signaling (2014)
21(10):1516-54.10.1089/ars.2013.5378

[34] Muz B, De La Puente P, Azab F, Azab AK. The role of hypoxia in cancer progression, angiogenesis, metastasis, and
resistance to therapy. Hypoxia (2015) 3:83.10.2147/HP.S93413

[35] Li XF, Carlin S, Urano M, Russell J, Ling CC, O’donoghue JA. Visualization of hypoxia in microscopic tumors by
immunofluorescent microscopy. Cancer Res. 2007;67:7646-53.

[36] Siontorou CG, Nikoleli GP, Nikolelis DP, Karapetis SK. Artificial Lipid Membranes: Past, Present, and
Future. Membranes (Basel). 2017;7(3)Epub 2017/09/22. doi: 10.3390/membranes7030038

[37] Siontorou, C.G.; Nikolelis, D.P.; Krull, U.J.; Chiang, K.-L. A triazine herbicide minisensor based on surface-stabilized
bilayer lipid membranes. Anal. Chem. 1997, 69, 3109-3114

[38] Peetla, C.; Stine, A.; Labhasetwar, V. Biophysical interactions with model lipid membranes: Applications in drug
discovery and drug delivery. Mol. Pharm. 2009, 6, 1264-1276.

[39] Yusupov, M.; Van der Paal, J.; Neyts, E.C.; Bogaerts, A. Synergistic effect of electric field and lipid oxidation on the
permeability of cell membranes. Biochim. Biophys. Acta 2017, 1861, 839—847.

[40] Xu, C.; Hu, S.; Chen, X. Artificial cells: From basic science to applications. Mater. Today 2016, 19, 516-532.

[41] A. Akbarzadeh et al., "Liposome: classification, preparation, and applications," Nanoscale Res Lett, vol. 8, no. 1, p. 102,
Feb 2013.

[42] G. von Maltzahn et al., "Nanoparticles that communicate in vivo to amplify tumour targeting", Nature Materials, vol. 10,
pp. 545-552 (2011).

[43] L. L. Tayo, "Stimuli-responsive nanocarriers for intracellular delivery," Biophys Rev, vol. 9, no. 6, pp. 931-940, Dec
2017.

[44] R. Elgueta, M. J. Benson, V. C. de Vries, A. Wasiuk, Y. Guo, and R. J. Noelle, "Molecular mechanism and function of
CD40/CD40L engagement in the immune system," Immunol Rev, vol. 229, no. 1, pp. 152-72, May 2009.

[45] D. Alsteens et al., "Imaging G protein—coupled receptors while quantifying their ligand-binding free-energy landscape,"
Nature Methods, Article vol. 12, p. 845, 07/13/online 2015.

[46] Andrew L. Niles, Real-Time, Bioluminescent Apoptosis Assay, Genetic Engineering & Biotechnology News, vol. 37,
no. 18, October 15, 2017, available online: https://www.genengnews.com/magazine/302/real-time-bioluminescent-apoptosis-
assay/

[47] S. Ibsen et al., "Recovery of Drug Delivery Nanoparticles from Human Plasma Using an Electrokinetic Platform
Technology," Small, vol. 11, no. 38, pp. 5088-96, Oct 2015.

[48]J. A. Kaufman, "Inferior Vena Cava Filters: Current and Future Concepts", Interventional Cardiology Clinics, vol. 7, no.
1, pp. 129-135, 2018.

[49] Khan MS, Dosoky NS, Williams JD (2013) Engineering Lipid Bilayer Membranes for Protein Studies. Int J Mol Sci
14:21561-21597. https://doi.org/10.3390/ijms 141121561



[50] Khan MS, Dosoky NS, Berdiev BK, Williams JD (2016) Electrochemical impedance spectroscopy for black lipid
membranes fused with channel protein supported on solid-state nanopore. Eur Biophys J 45:843-852.
https://doi.org/10.1007/s00249-016-1156-8

[51] Bamann C, Kirsch T, Nagel G, Bamberg E. Spectral characteristics of the photocycle of channelrhodopsin-2 and its
implication for channel function. J Mol Biol. 2008; 375(3):686-694.

[52] Nikolic K, Grossman N, Grubb MS, Burrone J, Toumazou C, Degenaar P. Photocycles of Channelrhodopsin-2.
Photochemistry and Photobiology. 2009;85(1):400-411.

[53] Holz RW, Fisher SK (1999) Synaptic Transmission and Cellular Signaling: An Overview. In: G. J. Siegel et al (Eds.)
Basic Neurochemistry. Molecular, Cellular and Medical Aspects, 6th Ed. Philadelphia, Lippincott-Raven.

[54] T. Hirano, Y. Hasumi, K. Ohtsuka, S. Maki, H. Niwa, M. Yamaji and D. Hashizume, " Spectroscopic Studies of the
Light-Color Modulation Mechanism of Firefly (Beetle) Bioluminescence", J. Am. Chem. Soc., 2009, 131 (6), pp 2385-2396,
DOI: 10.1021/ja808836b.

[55] R.F. Service, “DNA could store all of the world's data in one room,” http://www.sciencemag.org/news/2017/03/dna-
could-store-all-worlds-data-one-room, March 2, 2017, doi:10.1126/science.aal0852, access date: November 3, 2018.

[56] Y. Erlich and D. Zielinski, "DNA Fountain enables a robust and efficient storage architecture," Science,
10.1126/science.aaj2038 vol. 355, no. 6328, p. 950, 2017.

[57] H. A. Pohl, Dielectrophoresis: the behavior of neutral matter in nonuniform electric fields. Cambridge, New York:
Cambridge University Press, 1978.

[58] A. Ramos, H. Morgan, N. G. Green, and A. Castellanos, "Ac electrokinetics: a review of forces in microelectrode
structures," Journal of Physics D: Applied Physics, vol. 31, p. 2338, 1998.



