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CREATION OF NANOROBOTS:
BOTH STATE-OF-THE-SCIENCE AND STATE-OF-THE-ART
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Tehran, Iran

Over the last decade, remarkable achievements in nanofabrication technology has led to the development of hybrid intelligent
systems including the nanomechanical devices powered by the chemical energy sources or biomolecular motors. In this context,
nanorobotics has emerged as a highly-advanced technology for designing the fully functional smart devices or robots at nano
scale. Development of these highly-controlled and functional nanostructures for sensing, information processing, signaling, and
actuation may provide remarkable breakthroughs in medicine such as the improved imaging or targeted therapeutic interventions.
Besides the detection and destroying the toxic materials and ecosystem restoration, the stimuli-responsive nanorobots may be
used for the diagnosis or treatment of cardiac disorders, traumatic injuries, diabetes, and bacterial or viral infections. These
molecular tools with nanoscale resolution facilitates early diagnosis in cancer and precise localization of anticancer agents
leading to the minimal side effects. Nanorobots may easily traverse the human body and repair the cells or assist an improper
functioning organ. These tiny devices integrated with wireless locomotion, external or internal power supply, artificial intelligence,
and smart sensors may also be used for targeted delivery of genes or drugs into the single cells or tissues, tele-operation, or
patient monitoring. Indeed, development of the medical nanorobots with a wide range of capabilities is a proof of concept and

art in modern science and a breakthrough in nanotechnology which has been highlighted in the present manuscript.
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INTRODUCTION

The promising advances in miniaturizing approaches including
the construction of microscopic biomechanical devices have
led to the development of highly sophisticated nanoscale
platforms which may revolutionize the current theranostic
strategies. The emerging technology of nanorobotics; creating
the robot nanomachines with innovative hardware architecture,
artificial intelligence and sensors (temperature, force, light,
or position sensors) and accurate targeting ability has been
one of the most important discoveries in nanotechnology
(1-3). Application of various scientific disciplines including
the nanotechnology, biomedical, chemical, and mechanical
engineering as well as physics, biology, and mathematics is
required for the development of these smart tiny machines
which provide the possibility of precise interactions with
nanoscale objects, onboard computation, power transmission,
sensing, or nanomanipulation (4). Integration of biomaterials,
nanoelectronics, and photolithography provides the possibility
to design the nanorobots for theranostic purposes, drug
delivery, advanced medical instrumentation, patch clamping,
or surgery on the individual cells.

Nanorobots may also be used for tissue repair. Following
the tissue injury, white blood cells are recruited to the affected
area. Because of its small size, a nanorobot is able to attach to
the surface of white blood cell and moves towards the site of
injury for being involved in the tissue repair process through
a complex mechanism which may involve the vasodilation
or activation of cell surface receptors (1, 2, 5, 6). Diffusion
and interaction of nanorobots as the artificially-fabricated
programmable objects with distributive intelligence and
evolutionary behavior in the human body may be controlled
by internal and/or external mechanisms (7). In order to better
understand the mechanism/s of the interaction of nanorobots
with an living organism, advanced simulation techniques
should be applied (8, 9). Indeed, nanorobotic treatment
associated with modeling approaches may revolutionize the
current treatment strategies in medicine.

The size of an assembled biorobot may be within the range
of 0.5-0.8 um. Based on the diameter of a capillary (5-10
um), these types of microrobots may be easily navigated in
the blood stream. It is worth mentioning that the macro- or
microrobots which move with nanoscale precision may also be
considered as nanorobots. The optimal shape of a nanorobot
usually depends on its task and the environment in which
it should operate (10, 11). Three-dimensional (3D) printing
at nanoscale using a laser etching machine may be used for
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manufacturing of nanorobots. 3D printing elevates the process
accuracy and improves the functionality of nanorobot segments
(10). The photoactive resins which are used in 3D printers,
may be hardened by a focused laser beam. Then, the laser
beam is guided through the resin and a hardened line of a
solid polymer at nanoscale is created leading to the production
of tiny (<100 nm) 3D objects (10). The body of a nanorobot
may be constructed from carbon-based materials such as
fullerene nanocomposites or carbon nanotubes because of their
unique properties such as high biocompatibility, strength, and
thermoelectrical conductivity as well as the biosensing ability,
absorbing near-infrared radiation, and providing sustained
therapeutic effects (12-16). Meanwhile, the chemically inert
diamond is usually preferred for exterior coating of the medical
nanorobots as the carbon atoms in diamondoid structures
provide super-smooth surfaces leading to the reduced risk of
immunological reactions (10, 17).

Regarding the movement of nanorobots, synthetic molecu-
lar motors may be attached to the surface of these nanoma-
chines to control their motion. Indeed, the mechanism of
movement of a nanorobot in a liquid environment remains as
a major concern in the design process. During the navigating
in blood stream, these high-performance nanoscale platforms
should face a smooth path. Furthermore, appropriate strategies
should take into account to prevent any damage to healthy
cells in the case of oncotherapy. Upon the disease detection,
nanorobots should be highly responsive and move their tenta-
cles towards the target cells. This, necessitates the embedding
of'a microcomputer including a miniature processor within the
architecture of nanorobot (5, 10, 11). In general, activities of
kinesin, dynein, and myosin protein families which are criti-
cally involved in the biological locomotion (18) are simulated
for the movement of nanorobots. In the biological or medical
nanorobots, the microorganisms such as Salmonella typhimu-
rium or Escherichia coli may be used in which the flagella (a
biological motor) facilitates the movement of bacteria in a
liquid environment by the energy obtained from the hydrolysis
of'adenosine triphosphate and overcomes the opposing forces
of viscous drag on the body of bacteria. The motion of these
nanorobots may be controlled by an electromagnetic field (19,
20). Besides the application of glucose biofuel in the creation
of bionanomachine, the moving parts of the synthetic nanoma-
chines may consist of the semiconductor nanowires, metal, or
carbon nanotubes which are driven by the electrical energy
(21). A nanorotor containing the suspended carbon nanotube
beams and an attached silicon nanoplate between the two
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electrodes converts the electrical energy into the rotary motion
of the plate. These tiny rotors may be utilized as the nanostir-
rers in order to agitate the liquids particularly in the confined
spaces (22). For the rotary or linear type of motion, a metal
nanowire may be applied which is suspended in a droplet of
water between the microelectrodes with particular geometry.
The degree of nanowire rotation, rotation speed, and velocity
are under the electrical control (23, 24). For nanolocomotion,
nanocrystal linear nanomotors have also been designed using
the indium nanocrystals and carbon nanotubes (25).

In order to perform the macroscopic or microscopic tasks,
a large number of nanorobots should work together because
of their microscopic size. In this respect, ultrasonic sensors are
usually attached around the body of a nanorobot to prevent the
possible collision with each other or other cells (26). Upon the
completion of nanorobot task in the human body, they may be
removed through the usual excretory channels or scavenger
systems (27, 28).

APPLICATIONS OF NANOROBOTS

Besides the detection or measurement of toxic chemicals in
the environment, nanorobots may be used for health care. In
this respect, robots at micro or nano scale have been designed
for the elimination or treatment of medical problems including
the blood clots, scare tissue, arteriosclerosis, tumors, kidney
stones, or different types of infections (5-7). Indeed, using the
complex nanomechanical systems facilitates the biomedical
instrumentation, tele-operation, targeted drug delivery, or
monitoring of the metabolic disorders such as diabetes (5,
29). In this respect, nanorobots have received a large number
of patents (30). Nanorobots may be programmed to perform
the biological tasks even at the cellular level. For instance,
they may be injected into the blood to attack the cancer cells
or viruses. In order to attract the nanorobots towards the
cancerous cells, folate materials may be attached on the body
of nanorobots which are powered by flagella motors; a set of
rotary motors which provide a movement speed of 25 pm/s (5,
31). A similar approach may be taken to deliver the medications
against the human immunodeficiency virus (32).

In the case of arteriosclerotic plaques, medical nanorobots
which swim in the bloodstream are able to widen the affected
blood vessels and prevent the heart attacks (33). In the stenotic
blood vessels specially the coronary arteries, these nanodevices
may be used for the treatment of atherosclerotic lesions
(34). Medical nanorobots may also be used for monitoring
the glucose levels in diabetic patients or other nutrient
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concentrations in the body (5). Recently, a smart nanomachine-
based mouthwash has been designed to detect and destroy
the pathogenic bacteria without affecting the harmless flora
of the mouth. This mouthwash is able to identify and remove
the plaques or food particles which are beyond the access
of the fibers of floss or toothbrush bristles (35). Moreover, a
cream containing the nanorobots has been produced for the
treatment of skin diseases through the removal of excess oils
or dead skin cells, deep pore cleaning, or applying natural
moisturizing compounds (36). In this sense, nanorobtos may
be able to prevent the aging (37).

As aforementioned, integration of the medical nanorobot
architecture into the living system might be of theranostic
significance. Magnetic resonance imaging (MRI)-guided
nanorobots or nanomotors operating in the living organism
may be applied for early disease diagnosis which is of critical
importance in cancer. These controllable nanomachines are
able to algorithmically respond to input forces and information
(38, 39). Indeed, the suitability of MRI approach is because of
the availability of MRI devices, non-invasiveness, capability to
provide accurate localization of the magnetic particles, or track
and actuate the nanoparticles simultaneously (40, 41). In MRI-
guided nanorobotic systems, MRI scanner is used to induce
an external driving force for guidance of the nanoparticles
towards their target. In this context, chemical modifications of
the nanoparticles and application of the navigation techniques
might result in a highly-controlled and targeted treatment (38-
41). Regarding the development of MRI-guided nanorobotic
drug delivery, the MRI-guided targeted drug delivery system
has been designed which is capable of simultaneous imaging
and propulsion leading to the real-time control of drug
targeting process (38). In general, the MRI-based nanorobotic
architecture includes; (i) a nanocapsule which is the most
important part of the system. The main body of the nanocapsule
is constituted of a nanocarrier which is used for drug loading.
Polymer chains or biomolecules are usually attached to the
nanocarrier to enhance the biocompatibility and solubility
and provide sustained circulation of the nanocapsule, (ii)
magnetic nanoparticles which induce propulsion forces, (iii)
drug molecules which may be chemically attached onto the
surface of the carrier or loaded within the nanocarrier, (iv)
sensing elements including the biomolecules which sense the
environmental conditions surrounding the nanocapsule, avoid
the immunogenic reactions, trigger drug release, or target the
specific molecules, (V) MRI propulsion and tracking units, vi)
high-level controller (real-time control algorithm), and (vii)
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a distributed computer system, 3D-visualization, and process
supervision tools including the software-based upgrading of
the MRI system. In this context, the endovascular navigation
may be performed via the integration of MRI tracking events
and propulsion system with real-time control algorithms (38-
45). Besides their therapeutic potential, some nanoparticles
exhibit optical properties which make them suitable candidates
for bio-imaging. These types of nanoparticles may be used
in MRI-guided nanorobotic systems. Quantum dots, gold
nanoparticles, polymer micelles, liposome nanoparticles,
metallic nanoshells, and carbon nanotubes may be used as
the carrier module in MRI-guided nanorobotic systems. The
surface of these nanomaterials may be chemically modified with
biomolecules or copolymers to improve their biocompatibility,
solubility, stability, and sensing ability (43-45). In general,
magnetic targeting is a multiscale process which involves
various physical domains including the fluid dynamics and
magnetic fields that necessitates the application of modeling
approaches (8, 9, 38-45). Furthermore, appropriate control
algorithms should be applied for stable and automatic control
of nanocarriers against the drag wall forces and blood flow
as the environment perturbations (6, 45). In cancer therapy,
nanorobotic capsules should be guided from the injection point
to the tumor area. In this respect, a 3D navigation path into the
blood vessels should be provided using 3D MRI imaging which
significantly elevates the targeting accuracy and therapeutic
efficiency of the anticancer agents because of the trajectory
tracking ability (11, 27).

NANOROBOTS: SMART DRUG CARRIERS

The incidence of adverse drug reactions due to the improper
delivery methods has remained as a major challenge in
medicine. Over the last decade, nanotechnology has provided
a wide range of novel approaches and techniques to optimize
drug delivery methods. In this respect, nanorobots have
been represented as promising devices for efficient targeted
drug delivery that might be of great significance particularly
in chemotherapy (5, 11, 27, 44). In the early stages of
development, the chemical biosensors-embedded nanorobots
may be used to detect the tumor cells. The integrated sensors
are able to detect the E-cadherin molecules or acoustic signals
(27, 44, 46, 47). Regarding the controlled drug delivery and
superior targeting ability, the wire-shaped magnetoelectric
nanorobots have been designed which may be wirelessly
steered towards the target by rotating the magnetic fields and
then release their cargo (e.g. an anti-cancer drug). In order to

Biomed Rev 27, 2016

fabricate magnetoelectrically-assisted nanodevices for drug
release, the hybrid magnetoelectric composite nanowires
including the piezoelectric shells and magnetostrictive cores
are used. Application of the biphasic core-shell configuration
provides more flexibility in the development process (48).
As an external power source, magnetic field is used because
of its high biocompatibility and accuracy to control the
locomotion of magnetic structures (49). Based on the numerous
adverse effects of anticancer agents, development of the
externally-controlled nanocarriers which are able to release
the chemotherapeutics on-site might be of great therapeutic
value. In this sense, magnetoelectric nanowire robots in
which the magnetic fields precisely control the locomotion
of these nanorobots have been represented as the valuable
biocompatible nanodevices for targeted drug delivery. For
enhancement of drug loading, nanowires are usually pretreated
with polydopamine in order to bond the hydroxyl and amine
groups on their surface (surface functionalization). This,
results in the adsorption of drug onto the surface of core-shell
nanorobot via the chemical interactions between polydopamine
and drug molecules (50, 51). Upon the exposure of drug
delivery vehicle to an alternating magnetic field, the chemical
bindings between polydopamine and drug are broken leading
to the drug release from the nanowire (52). In this respect,
application of different magnetic fields has been suggested
as a promising approach for the development of nanorobots
for controlled drug delivery (52). For targeted drug delivery
in the cardiovascular system, an integrated nanostructure
composed of nanosensors and nanoactuatros has been used
for the navigation of ferromagnetic microcapsules (6, 19, 40,
41, 43). This, might be of great theranostic significance due
to the improved propulsion and diagnostics in MRI which
facilitates the localized treatment.

A drug or biomolecule entrapped within a nanorobot
may be released at very precise points by manipulating the
physiological conditions. In these nanomamchines, the release
process at the target site is usually triggered by the alterations
of temperature or pH. Since the unexpected changes in the
physiological conditions may occur, therefore, development
of the externally-triggered nanorobots might provide more
suitable controlled delivery strategy (52).

In recent years, DNA nanorobots using a method called
DNA origami with capability of responding to the external
stimulus and delivery of cellular compatible message have
been produced. The switch actuator of this type of nanorobot
is triggered by the target external nucleic acid which interacts
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with the complementary nucleic on nanorobot. Besides the
biosensing, DNA nanorobots may be used for intelligent
delivery of biological activators (5, 53). For preparation of
DNA nanorobots, the sequence of DNA strands may be initially
defined using the software programs and after synthesis and
mixing together, the complex 3D shapes capable to entrap
the drugs such as the anticancer agent are obtained (54).
Furthermore, DNA nanorobots have been shown to trigger
apoptosis in leukemia cells in vitro (55).

Over the last decade, nerve growth factor (NGF) and
endocannabinoids have attracted a growing interest due their
metabotrophic or neurotrophic effects. They are implicated
in the neuroprotective processes and mechanisms of action of
a wide variety of therapeutic agents (56-62). However, poor
solubility, rapid degradation, or non-specific distribution of
endocannabinoids or NGF (63, 64) may limit the efficiency
of these modulators. Based on the unique properties of smart
nanorobots including their capability for controlled targeted
delivery of drugs or biomolecules, entrapment of NGF or
endocannabinoids into these nanomachines might provide
prolonged therapeutic effects.

LIMITATIONS AND HOPES IN NANOROBOT DESIGN

Navigation is a fundamental necessity for cell-specific actions
and communications of nanorobots. Meanwhile, navigation of
nanorobots through a fluid phase appears as a major challenge
due to the continuous collisions within the body fluids that may
result in the deviation of a nanorobot from its specific target (2,
4,5). In this respect, novel techniques have been developed to
assist these nanodevices to swim towards their destination. For
instance, novel generation of motors based on the nanoscale
building blocks have been introduced which are able to move
through a fluid environment and perform particular tasks (1,
18, 20). However, the swimming behavior of nanorobots
may be dramatically affected by the components, viscosity,
or temperature of the biological fluids (65). In this respect,
nanorobots have been designed which are magnetically guided
towards the injury site or their movement may be facilitated
using the micro-motors powered by the chemical reactions
within the body (19, 44, 45, 48). Using an oscillating magnetic
field, nanorobots containing the magnetic metal nanowires
with S-shaped motion have also been designed. Interestingly,
the magnetic field is able to dictate the direction of nanorobot
movement towards the target (39, 41, 43).

Providing an efficient energy source which is essential
for the mechanical movements or chemical transformations
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may be another challenge in nanorobot design. Nanorobot
should be able to metabolize the oxygen and glucose in
Vvivo or an external power should be supplied. Usually, the
same external power source is utilized for both delivery of
therapeutic agent and locomotion that may raise concerns
due to the possible interference between these two tasks of
nanorobots. The external control problems remain as further
concerns when multiple nanomachines are used (19, 20, 42).
Heat dissipation, specially in the case of the deployment of a
large number of nanorobots, and communication of nanorobots
which is necessary to perform the complex activities, monitor
the collective task progress, and receive or transmit the
messages, are other challenges which should be addressed
(1, 2). Altogether, special attention should be paid to the
precise fabrication and control strategies, advanced simulation
techniques, wireless communication, and size reduction in
order to obtain more efficient and fully functional nanorobots
for long-term benefits.

CONCLUSION

Over the last decade, nanotechnology-based treatment
strategies have shown enormous potential against the
ineffectiveness of some conventional therapeutic agents
due to their poor solubility or lack of target specificity.
Miniaturization through the nanotechnology has provided
the possibility to construct devices and materials at nanoscale
for being used in advanced theranostic settings. Medical
nanorobots are the beneficial proof-of-concept integrated
nanomachines with ability for early detection and destroying
the pathogens, smart drug delivery, and individual cell
surgery in vivo that might be of critical significance. As an
alternative to chemotherapy, application of nanorobots may
result in the detection and destroying of cancer cells without
affecting the healthy cells. Despite the potential limitations,
nanorobotic treatment appears to be a major part of the future
medicine. In fact, manipulation of materials at molecular
level and controlling their properties including the automation
are serious challenges in the development of bionanorobots.
Meanwhile, as Nikola Tesla said “The scientific man does
not aim at an immediate result. He does not expect that his
advanced ideas will be readily taken up. His work is like that
of the planter-for the future. His duty is to lay the foundation
for those who are to come, and point the way”.
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