Chapter 3 ®)
Nanosystems and Devices for Advanced oo
Targeted Nanomedical Applications

3.1 Introduction

In the previous chapters, we discussed the relationship between communication engi-
neering and medicine/healthcare delivery. We have espoused the view that commu-
nication between cells is vital to their health and to the effective working of the
human body. Hence, breakdown in communication results in diseases, and to treat
the diseases implies normalising the communication breakdown among the impli-
cated cells, tissues and organs. The application of the ATN solutions is proposed
to normalise the breakdown in communication within the cellular/organ network,
and hence treat diseases. The ATN solution is a very complex one that involves the
assembly and operation of materials, techniques, components, devices and networks
whose dimensions range from the nanoscale to the macroscale.

A great deal of literature has presented discussions on the various types of
nanomedical materials, systems, components and devices. However, for ATN appli-
cation, there is the added requirement that some or all of the systems, components
and devices must have communication functionality. This functionality enables the
ATN nanosystems and devices to transmit, receive, process and respond to infor-
mation signals. Different sets of these systems and components form networks that
are interconnected to provide the ATN solutions. The networks that form the ATN
solutions are the in-body nanonetwork, the body area network (on-body/intra-body)
and the off-body or ex vivo networks (inclusive of LAN, MAN and the Internet). We
shall discuss the ATN systems and components under these three networks.

3.2 Nanosystems for ATN In-body Nanonetworks

Figure 3.1 presents a schematic diagram of an ATN nanonetwork zoomed to indi-
cate that the network includes artificially synthesised nanosystems and the natural
cells in the body. There are many nanosystem models and fabrication methods that

© Springer Nature Switzerland AG 2019 39
U. Chude-Okonkwo et al., Advanced Targeted Nanomedicine, Nanomedicine
and Nanotoxicology, https://doi.org/10.1007/978-3-030-11003-1_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11003-1_3&domain=pdf
https://doi.org/10.1007/978-3-030-11003-1_3

40 3 Nanosystems and Devices for Advanced Targeted Nanomedical ...

Fig. 3.1 Schematic of ATN in-body nanonetwork of nanosystems

are proposed for use in nanomedicine. Examples of typical nanomedical nanosys-
tems include those artificially synthesised from biomolecules [1] such as liposome,
nanosphere, nanocapsule, micelle, dendrimer, fullerene and deoxyribonucleic (DNA)
capsule. Another category of nanosystems is those that are genetically engineered
by the modification of natural biological systems [2, 3], such as cells [4], viruses
[5, 6], bacteria [7], bacteriophage [8], erythrocytes, leukocytes and stem cells [9,
10]. There are possibilities for many more nanomedical nanosystems that can be
conceived and designed based on bio-inspiration, or by sparks from the realms of
fantasy and science fiction [11].

3.2.1 Fundamental Design Requirements of ATN
Nanosystems

Ideally, to reach the targeted nanonetwork sites (cell surfaces) and be positioned on
them, the nanosystems have to be introduced into the bloodstream from where they
propagate through the blood vessels (interact with the blood and vessel constituents)
before getting to the desired nanonetwork location. This journey is a complex one and
can be influenced by multiple factors, which include the size, shape, surface chem-
istry, porosity, stability, sterility and biodegradability of the nanosystem. Therefore,
these and other related factors that will be discussed in the next chapter have to be
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taken into consideration in the design and development of the nanosystems. These
factors are influenced by the characteristic of the nanosystems’ route (channel), such
as blood vessel geometry, adhesion, reaction, absorption, elimination, extracellular
space (ECS) charge and ECS viscosity [12]. For instance, the smallest blood vessel
is the capillary, which is about 5-10 pm in diameter [13]. Hence, the capillary size
sets the upper size limit for every nanosystem that will traverse the blood vessel to
the targeted site. If the nanosystem is to extravasate the blood vessel into the extra-
cellular space where some cells are located, then the diameter of the fenestrae on the
endothelial further influences the choice of its size. A fenestration diameter of 60 nm
is typical for normal vessels and 240—400 nm for tumour vessels [14, 15].

Moreover, the adhesion, elimination, absorption and reaction of the nanosystems
to the blood vessels and other constituents of the media through which they traverse
are crucially influenced by the choice of their size, shape and surface chemistry [12].
For instance, large nanosystems with diameters greater than 2 jum readily accumulate
within the capillaries of the lungs, liver and spleen. It is known that nanosystems
whose diameters are within the range of about 100-200 nm extravasate through
vascular fenestrations of tumours and escape filtration by the liver and spleen. As
the dimensions of the nanoparticles increase beyond 150 nm, more nanoparticles are
entrapped within the liver and spleen [16, 17]. Nanosystems that are smaller than
5 nm are easily filtered out by the kidneys [18]. Additionally, after the extravasation
of the nanosystems into the ECS, the ECS properties influence the behaviour and
characteristics of the nanosystem. For example, the composition and biophysical
properties of the ECS differ between organs and in tissue development pathogenesis,
inflammation and remodelling [19]. This implies that a nanoparticle of a specific
size and shape will usually experience different ECS viscosities in different organs
and tissues with varying physiological conditions. Therefore, as the viscosities of
the ECSs vary across the route to the targeted cells, the dependence of ATN on the
nanoparticle’s diffusion characteristics becomes spread.

Finally, there are the toxicity and biocompatibility requirements [20, 21], which
necessitate that the nanosystems be sterile and biodegradable. Properties such as the
nanosystem’s material, size/shape, surface chemistry and charge, which define the
reactivity and eliminability of the nanosystems inside particles, influence its toxicity
and biocompatibility.

3.2.2 Transmitting Nanosystems for ATN Nanonetworks

Transmitting nanosystems are those capable of emitting/releasing information
molecules or other information conveying functions in the nanonetwork. Existing
systems that can function as transmitting nanosystems in ATN nanonetworks include
artificially synthesised nanosystems, genetically modified biological systems and
artificial cells. We shall place the nanotransmitter architectures into two categories,
namely, the generic nanotransmitter and the pre-encoded nanotransmitter architec-
tures. The term generic is used here to categorise transmitters that have the capability
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Fig. 3.2 Generalised block diagram of an ATN pre-encoded nanotransmitter

to synthesise one or more types of information molecules in response to trigger sig-
nals. On the other hand, the term pre-encoded is used here to categorise transmitters
that cannot synthesise information molecules but have them stored in an in-built
compartment at the time of fabrication.

3.2.2.1 Pre-Encoded Nanotransmitter

The generalised pre-encoded nanotransmitter architecture is depicted in Fig. 3.2.
The trigger signal represents the biochemical signal that starts the transmission
operation. The trigger could be a change in the concentration of signalling bio-
chemical substances (such as glucose, potassium ion or calcium ion, hormones and
pheromones), temperature, lighting, osmotic pressure, pH and magnetic/electric field
in the nanonetwork microenvironment. Typically, the trigger signal initiates the exe-
cution of a predefined biochemical algorithm in the biocircuit, which triggers the
release of the stored information molecules into the environment. Examples of con-
temporary nanosystems with the capability to function as pre-encoded nanotrans-
mitters include lipid-based vesicles like liposome (and its different versions, namely,
niosomes and ethosomes); polymer-based particles such as nanosphere and nanocap-
sules; and polymer-based self-assembly vesicles such as micelles, DNA-origami cap-
sules and dendrimer. The schematic of some nanocarriers as well as some information
on them is shown in Fig. 3.3.

Let us consider the scenario where the liposome or any of the lipid-based and
polymer-based information molecule-encapsulating nanosystems shown in Fig. 3.3 is
used as a nanotransmitter. We can encapsulate information molecules in the liposome
during its preparation. The process of liposome preparation can be found in [22-24].
When the information-carrying liposome is triggered by stimuli such as pH, enzymes
and temperature/light variation, a biochemical reaction is activated (execution of
predefined biochemical algorithm), which subsequently initiates the degradation of
the liposome membrane, thereby releasing the encapsulated information molecules.
This mechanism is illustrated in Fig. 3.4.

The information molecules release profiles or patterns, which are also important
and depend on the mechanical, chemical and biological structures of the liposome
[25]. The release profile is related to the ability of the nanotransmitter to modulate
molecular information. Typical examples of the release profiles, depicted as Profile
A, B, C and D, are shown in Fig. 3.5. Profile A depicts instantaneous release of the
molecules, and Profile B indicates gradual release of molecules. Profile C shows a
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Fig. 3.3 Examples of ATN nanotransmitter structures: a liposome, b nanocapsule, ¢ nanosphere,
d micelle, e dendrimer, f DNA capsules Reprint from [12]. Copyright (c) 2017, with permission
from IEEE

multiple release profile. Profile D also shows a multiple release profile but with a
different molecule type. For a given pulse width, some of the profiles in Fig. 3.5, such
as Profile A, B and C, can be modelled as an ON/OFF modulation technique. On the
other hand, we can regard Profile D as the representation of a multilevel modulation
scheme [26] with two sources for different molecular types.

One might well want to know how these modulation sequences can practically
be produced using a liposome or other pre-encoded nanotransmitter. The release
profile, Profile A, is achieved by the spontaneous disintegration of the membrane or
bond holding the molecules in/on the nanosystem. For Profile B, the disintegration
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Fig. 3.4 Tllustration of liposome information molecule release mechanism indicating, a liposome
encapsulating information molecules, and b liposome rupture and release of information molecules
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Fig. 3.5 Typical examples of the release profiles depicted as a instantaneous release, b gradual
release, ¢ multiple releases of one molecular species, and d multiple release of two molecular
species
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Fig. 3.6 Illustration of multilayer liposome release mechanism indicating, a liposome encapsulat-
ing information molecules in two layers, b rupture and release of information molecules at first
layer, and ¢ rupture and release of information molecules at the second layer

of membrane or bond, and the eventual release of molecules, is gradual. However,
achieving Profile C and D requires that release can be paused and continued after
a given period. This can be practically achieved in multilayer nanosystems such as
multilayer liposomes and DNA capsules (as well as in multilayer fullerene). In this
case, we may have two or more information molecule storage units, each enclosing
a particular type or concentration of message molecules, as depicted in Fig. 3.6.
For nanosystems with no capability for multilayer architecture, such as nanosphere,
nanocapsule, micelle and dendrimer, distributed modulation capability is possible.
The term distributed modulation is used here to imply that more than one transmitter
works collaboratively to transmit the desired sequence. In this case, a set of unilayer
nanosystems release molecules at different specified times to achieve modulation, as
shown in Fig. 3.7.
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Fig. 3.7 Illustration of two single-layer liposome release mechanisms indicating, a the two single-
layer liposome encapsulating different information molecules, b rupture and release of information
molecules by one liposome, ¢ release molecules diffuse away over a certain period, and d the rupture
and release of information molecules by the second single-layer liposome
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Fig. 3.8 Generalised block diagram of an ATN generic nanotransmitter

3.2.2.2 Generic Nanotransmitter

The generalised generic nanotransmitter architecture is depicted in Fig. 3.8. This
architecture generally mimics typical biological systems such as natural cells, viruses,
bacteria and bacteriophage. And just like in the pre-encoded nanotransmitter archi-
tecture, a trigger signal is required to make the generic transmitting nanosystem
synthesise information molecules, encode the message, modulate it and transmit the
corresponding set of molecular information. However, unlike pre-encoded nanotrans-
mitters that do not become expendable as a transmitter after transmitting all stored
information molecules, the generic nanotransmitter can be reused as a transmitter
as often as necessary. If the information to be transmitted is a protein molecule,
specialised DNA-ribosome units can be used to encode (transcript and translate)
and modulate the information signal before transmission. Hence, the information
molecule that is synthesised depends on the trigger signal that drives different algo-
rithms in a given biocircuit. The biocircuit processes the trigger signal and initiates the
synthesis of the information molecules. In natural cells, this biochemical algorithm
is commonly referred to as cellular signalling pathways. Natural cellular signalling
pathways can also be re-engineered/modified [27] to respond as desired. This is very
crucial to making the transmitter generic, since it defines the number of unique algo-
rithms in the biocircuit for initiating the synthesis of different information molecules.
The possibility of developing artificial cells that can synthesise protein has been con-
sidered in [28]. In the case of applications like gene therapy, the transmission of DNA
is required. Hence, the generic nanotransmitter will have the capability to synthesise
DNA molecules by some in vivo oligonucleotide synthesis method. Such nanotrans-
mitters include natural cells that are part of a given nanonetwork (such as cells that
excrete hormones/biomolecules); and those that can be realised by artificially mod-
ifying the subcellular composition of a natural cell [29], bacteria [30, 31] and other
unicellular organisms.

As in the case of the pre-encoded nanotransmitters, one may want to know how
generic nanotransmitters can be programmed to modulate molecular signals into the
desired information sequence. Typically, the ability of cells to regulate the type and
concentration of synthesised molecules can also be employed in designing mod-
ulation techniques for the generic architecture. The modulation of the transmitted
signal requires the nanosystem to oscillate between an ON state (emit) and an OFF
state (do not emit). This oscillatory behaviour can be implemented by making the
system automatically respond to variations in the concentration of the trigger signal,
or the synthesised information molecules. Periodic or oscillatory phenomena are
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Fig. 3.9 Generalised block diagram of an ATN generic nanoreceiver

widespread in biology and are crucial to the operation of many biological systems
[32]. For instance, bacteria use the ON/OFF mechanism to slow down or promote
protein synthesis during the phases of nutrient starvation and nutrient plenty [33]. In
another example, let us assume that the synthesised molecules are emitted through
gated channels on the nanotransmitter membrane; patterned release of the informa-
tion molecules can be achieved by regulating the presence/absence of specific ions
[34] that invariably open or close the gate at given time instants.

3.2.3 Nanoreceiver for ATN Nanonetworks

A nanoreceiver is a nanosystem that can sense the information embedded in the
type/concentration of transmitted molecules or electric pulses (in the case of neuronal
activities) and further processes the information to initiate a response. The generalised
architecture of a nanoreceiver is shown in Fig. 3.9. The biocircuit picks up the
transmitted information, processes it using a defined biochemical algorithm and
produces an output that is fed to the decoder to initiate an appropriate response. The
response can be biochemical/mechanical/control actions such as to stop/initiate a
nanosystem’s movement, initiate internal reconfiguration, execute a self-annihilation
algorithm (apoptosis) or synthesise and release some desired molecules (in this case
as a transceiver). It is important to note that most of the nanotransmitters that operate
in an ATN nanonetwork function as nanoreceivers in the sense that they pick up an
extracellular signal (the trigger signal), process it and respond to it (emit signal).

Typical examples of nanoreceivers in an ATN nanonetwork include natural cells
such as the targeted disease cells and other body cells that form part of a given network
and synthetic nanosystems. The diseased cells are often the primary therapeutic infor-
mation destination nanosystems. Nanosystems that can function as synthetic nanore-
ceivers include artificially synthesised nanosystems, genetically modified biological
systems and artificial cells. An example of an artificially synthesised nanosystem is
the enzymatic receiver introduced in [35, 36] for the activation of prodrug molecules.
The liposome can also function as a nanoreceiver, in which case it can be fabricated
to act as a micro-reactor system [37, 38].
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Fig. 3.10 Generalised block diagram of an ATN nanorobot

3.2.4 Nanorobots for ATN Nanonetworks

Nanorobots are nanosize machines designed to perform specific tasks with nanoscale
precision. Just like macrorobots are designed to go far into the macroworld where
man cannot go, nanorobots are being developed to go far into the nanoworld. Such
nanomachines can be used for precise delivery of therapeutic molecules to diseased
cells [39, 40], in vivo search of protein overexpression signals in order to recognise
initial stages of brain aneurysm [41], in vivo imaging and many other applications.
The generalised architecture of a nanorobot is shown in Fig. 3.10.

Components in nanorobot design may include an on-board nanosensor unit,
nanomotors (that are powered by a nano power source when actuated) and a nanopro-
cessing unit. The nanosensor unit has biochemical sensors, which detect specific
stimuli. The corresponding molecular signals processed by a programmed nanopro-
cessor are used to control the response of the nanorobot. The response may be to
change direction or velocity of movement, synthesise and transmit information sig-
nals, release a pre-loaded payload, grab an identified pathogen molecule, etc.

3.2.5 Nanosensors for ATN Nanonetworks

A nanosensor is an ATN network nanodevice that employs nanomaterials and their
characteristic properties to detect the presence of biochemical molecules and other
signalling functions such as changes in electric fields, light, heat and pH in a nanonet-
work. It is an example of a network nanodevice, which are logical systems that
connect one nanonetwork or nanosystem to another to achieve coordinated flow of
information. For example, a change in the luminescence of the nanonetwork microen-
vironment may be set to imply that a certain reaction has taken place, which calls for
the execution of a specific task. Nanosensors can be used to coordinate these activi-
ties by sensing the change in light condition and subsequently respond by emitting
specific signalling molecules to trigger the execution of the desired task.

Such a nanosensor can be designed by using a whole-cell [42-44] and sensor
molecules entrapped in a chemically inert matrix [45]. Nanosensors can also be devel-
oped using aptamers and enzymes [46], where it has been shown that glucose level
can be measured by virtue of the change in colour of some enzymes in the presence
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of glucose [47]. In [48], the feasibility of designing nanosensors in a physical domain
other than synthetic biology is presented based on electrical biosensor technology.

3.2.6 Nanoswitches for ATN Nanonetworks

A nanoswitch or molecular switch is an ATN network nanodevice that connects two
or more nanosystems together within the same nanonetwork [12]. The activities of a
nanoswitch basically depend on the change in ‘state’ of the respective pathways that
form its bio-circuitry [49]. The change in state will usually be in response to con-
ditional variation in its microenvironment [50]. The biochemical activities that have
been reported as having great potential in achieving molecular switching are enzy-
matic reactions [51-54] and DNA conformation [55]. Both covalent and noncovalent
enzyme-catalysed switching reactions of biomolecules have been considered in the
literature and can be significantly employed to achieve desired molecular switch-
ing actions. For instance, the model of linear framework for timescale separation
is exploited in [56] to characterise covalent enzymatic switching. And an allosteric
protein switching action that is a form of noncovalent enzymatic reaction has been
considered in [57].

3.3 Devices for ATN Body Area Network

To enhance our understanding of the dynamics of the biological processes underlying
both normal biology and disease require robust, sensitive and specific sensors of the
molecular events essential to biology and pathology. Over the past few years, various
biosensors have been advanced for the understanding of diseases and the associated
pathological conditions. These biosensors come in different types [58] depending
on the biosignals (measurable body variables) associated to them. In this book, the
term biosignal includes molecular signals such as hormonal signals, blood glucose
variation, etc.; neuronal signals; electric biosignals such as electroencephalogram
(EEG), electrocardiogram (ECG), electromyogram (EMG), etc.; and other closely
related signals such as bioluminescence, biofluorescence and pressure variation in
blood flow. Recently, design and deployment has been conducted by the networks
of some of these biosensors on or around the human body for unobtrusive ambula-
tory continuous health monitoring. Such networks, often termed body area networks
(BAN5), offer real-time updates of the patient’s status to the physician via standard
communication networks over a long period of time [59]. Typically, the primary
network of these biosensors can be on the human body (on-body network) or as
implants in the human body (intra-body network), which are connected to sensors
and systems that are off the body (off-body or ex vivo network).
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3.3.1 On-body ATN Nanosensors

As was discussed in Chap. 2, the on-body network defines communication among
BAN biosensors through the on-body channel. Various research works on this type
of BAN can be found in [60-62]. The communication among sensors in the on-body
network is through RF. Hence, channel modelling challenges [63, 64], electromag-
netic compatibility issues and power constraints are fundamental challenges that
require attention. Examples of on-body biosignal sensors are given below.

3.3.1.1 Electroencephalographic (EEG) Sensor

This is an on-body (non-invasive) sensor that records electrical signals along the scalp
to measure brain activity. It can be used to monitor and analyse the patient’s overall
physiological condition, especially in nanomedical procedures for the treatment of
neurodegenerative diseases like Alzheimer’s disease [65]. A schematic diagram of
EEG sensors on a human body is shown in Fig. 3.11.

3.3.1.2 Electrocardiographic (ECG) Sensor

The ECG sensor is an on-body (non-invasive) sensor placed on the skin as shown in
Fig. 3.12 to record electrical activities of the heart over a period of time. It has been
reported in [66] that ECG sensors are able to detect the use of some drugs like cocaine;
hence, continuous monitoring of the effects of nanoparticle pharmacodynamics is
worthwhile in an ATN process. A schematic diagram of ECG sensors on a human
body is shown in Fig. 3.12.
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3.3.1.3 Electromyographic (EMG) Sensor

EMG sensors can be used to detect changes in the skeletal muscle activities of a
patient. The sensor readings can be in a biofeedback mode to aid in increasing
activities in weak or paretic muscle or facilitate a reduction in tone in a spastic one
[67]. The EMG biofeedback can also be used in the treatment of neurogenic orofacial
disorders [68]. A schematic diagram of EMG sensors on a human body is shown in
Fig. 3.13.

3.3.1.4 Blood Pressure Sensor

The blood pressure sensor is part of a continuous blood pressure monitoring system,
often called sphygmomanometer, that measures pressure levels in the blood. The
effect the introduction of nanosystems into the blood vessel has on the cardiovascular
system [69, 70] can be verified using a blood pressure measurement system in an
ATN solution. A schematic diagram of a blood pressure sensor on a human body is
shown in Fig. 3.14.

3.3.1.5 Blood Sugar Sensor

The blood sugar sensor is part of a continuous glucose monitoring system that
is inserted under the skin and measures glucose level in the blood. Recently, a
more advanced, patch-based, wearable/strip-type, disposable system for non-invasive
sweat glucose monitoring and a microneedle-based point-of-care therapy have been
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developed [71]. Some nanoparticles may be sensitive to glucose [72], and the intro-
duction of some nanoparticles, just like some drugs [73, 74], may increase blood
sugar level. Hence, it is important to monitor the level of glucose in the body in the
course of the ATN process.

3.3.2 Intra-body ATN Solution Sensors and Simulators

Over the years, the growth of the ageing population and the associated increase in the
number of older people with neurological and cardiovascular conditions has brought
about the need to cater to this class of people. This implies the development of a
system with remote and continuous monitoring of patient’s biosignals, remote diag-
nosis and therapeutic capabilities. For continuous health monitoring, such a system
requires sensors that are accurate in measurement, devices that have low power and
communication links that are robust against time variation. Examples of such devices
are implantable medical systems for both biosignal monitoring and drug delivery.
The possibility of using implantable systems is driven by the tremendous progress
in micro/nanotechnologies and wireless technology. The ability of the implants to
sense biosignals or simulate tissues from the inside of the body offers the opportu-
nity for early disease diagnosis and therapy. Implantable systems can act as sensors,
simulators or interface units.

3.3.2.1 Implantable Biosignal Sensors

Implantable biosignal sensors can be used for in vivo measurement of parameters
such as pressure, concentration, force and torque. In the typical ATN setup, the
implantable sensors, just like the on-body sensors, acquire physiological data of the
patient during the ATN process. Examples of implantable biosignal sensors include
temperature, blood sugar, blood pressure, ECG and EEG sensors.
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Fig. 3.15 Schematic of a typical bio-cyber interface unit Reprint from [75]. Copyright (c) 2016,
with permission from IEEE

3.3.2.2 Implantable Simulators

Examples of implantable simulators include cardiac pacemakers, cardioverter defib-
rillators, deep brain neurostimulator, gastric simulators, bone simulators, insulin
pumps, retina prostheses and cochlear stimulators. In the typical ATN setup, the
simulators use information generated by the ATN sensors to stimulate nerves or
deliver drug molecules to influence therapy. For instance, the gastric simulator can
use information from ingestible sensors on the uptake of gastrointestinally intro-
duced nanoparticles to stimulate gastric nerves in order to increase the uptake of
nanosystems through the gastrointestinal system.

3.3.2.3 Bio-Cyber Interface Unit

The bio-cyber interface unit connects the in vivo nanonetwork to the body area net-
work/the Internet. It literally processes and translates information from the in vivo
nanonetwork to the electromagnetic-based (or other function) networks and vice
versa. The architecture for a bio-cyber interface will depend on the nature of the sig-
nal, the channel through which the signal is propagated and the task at hand. While it
is possible to have on-body-type bio-cyber interfaces implemented, the recent devel-
opments and design seem to favour implantable systems or systems with minimal
invasion. The architecture and model of a bio-cyber interface for connecting the
conventional electromagnetic-based networks to the biochemical signalling-based
in vivo nanonetwork is presented in [75]. The schematic of the bio-cyber interface
unit in [75] is shown in Fig. 3.15.

The model in Fig. 3.15 comprises a sensor part and a transduction part. The
sensor part consists of a synthesised or genetically modified cellular structure whose
membrane receptors or nanopores act as probes into the cardiovascular system. The
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membrane receptors (probes) or nanopores detect information molecules circulating
in the cardiovascular system and trigger a bioluminescence reaction in the device. The
emitted light signal is then detected by a nano-photodetector, which converts the light
to electrical pulses needed to start information transmission in a microtransmitter.
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