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Abstract

for future research in this burgeoning field.

Nanotechnology, particularly nanorobotics, has emerged as a transformative force in modern medicine. Nanorobots, designed at the molecular scale,
hold promise for a range of medical applications, including targeted drug delivery, early disease diagnostics, minimally invasive surgeries, and precise
infection control. Their unique ability to interact with biological systems at the cellular level opens avenues for significant advancements in treatment
protocols, potentially overcoming current limitations in traditional therapies. This review delves into the development, mechanisms, and diverse medical
applications of nanorobots, highlighting their structural components, energy sources, and propulsion methods. Additionally, we explore specific case
studies in cancer treatment, infection control, and surgical innovations, assessing both the advancements and challenges associated with nanorobotic
technologies. The goal is to present a comprehensive overview that underscores the potential of nanorobots to revolutionize patient care and set the stage

Email: vaibhavggn@yahoo.com

Introduction
Nanotechnology

The ability to produce vast structures with essentially novel
molecular organization by working atthe molecular scale,atom
by atom, is the very core of nanotechnology [1]. [t describes the
creation, manufacturing, and use of materials that fall within
the nanoscale (< 1 nm - 100 nm) range. Nanoparticles' distinct
physical and chemical characteristics, especially their small
dimensions and large surface-to-volume ratio, enable this
technology to get past obstacles and reach biological systems
and molecules [2]. Scientists anticipate gaining the benefits
of nanotechnology's use in nearly every aspect since they
believe it to be the science of the future [3,4]. By increasing the
precision, sensitiveness, and speed of medical examinations,
nanotechnology has the capability to completely transform the
diagnostics industry [5]. Many medical difficulties, including
illness diagnosis, drug discovery, tailored medical procedures,
cancer therapy, pharmaceutical discoveries, and the newest
medical equipment and procedures, are currently improving
the usage of nano-biotechnology, from diagnosis to treatment
[6]. In the field of delivery of drugs, new research approaches
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are growing because of the emergence of nanotechnology.
Chronic intracellular infections could gain benefit from the
use of drug delivery systems created with nanotechnology [7].

Nanorobotics

The field of nanorobotics, which is a subfield of
nanotechnology, studies the design, programming,
manufacture, and control of nanoscale robots [8]. A
multidisciplinary topic that is expanding quickly is
nanorobotics, which deals with the creation and application of
devices the size of molecules [9]. Fundamentally, nanorobots
are nanodevices that are used to treat or protect humans from
infections. The world's first nanorobot computing system
for single-cell study and manipulation was developed by
Professor Toshio Fukuda, who was the founding father of
micro/nanorobots around the early 2000s [10]. Carbon is the
primary element utilized in nanorobots due to its strength
and inertness in the form of fullerene and diamond. The
additional elements, which can be used on a nanoscale, are
silicon, fluorine, sulphur, nitrogen, oxygen, and hydrogen.
To prevent the human immune system from attacking them,
they often have an external passive diamond covering [11].
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They are created to precisely carry out specific functions or
tasks on nanoscale dimensions of 1 nm - 100 nm [12]. Target
identification, medication administration, and minimally
invasive surgery are some of the main medical uses for
nanorobots [13,14]. It is believed that the toxicity issue
caused by excessive medication usage would be resolved by
determining the exact delivery ability of micro/nanorobots
within the intended region [15]. The creation and application
of small robots, or nanorobots, capable of carrying out surgical
operations with extreme efficiency and precision is known as
surgical nanorobotics [16].

Scope and purpose

The goal of the review on nanorobots in medical
applications is usually to explore the new opportunities of
these tiny devices in the field of medicine. Designing and
building nanorobots, understanding their processes of action,
and using them for targeted medicine administration, illness
diagnostics, and therapy are all part of its goal. Through
tailored biosensing, the paper highlights how nanorobots
might improve imaging methods and facilitate early illness
identification in diagnostics. It looks at their capacity for
accurate medication administration, reducing adverse effects,
and optimizing therapeutic efficacy. The paper addresses the
prospectofnanorobots to carry out minimally invasive surgical
operations, enabling increased accuracy and quicker recovery
periods. Highlighting the developments in nanotechnology,
evaluating the present level of research, talking about the
difficulties and constraints in using nanorobots in practice,
and speculating about potential future routes for their
developmentare the goals of the review. The review's ultimate
goal is to inform and promote additional research in the area
by highlighting the revolutionary possibilities of nanorobots
in enhancing patient outcomes and transforming medical
procedures.

Development and mechanism of nanorobots
Design and fabrication of Nanorobots

Material used in designing a nanorobot: The
biocompatibility of components was the main factor taken
into account while designing nanorobots, which operate at
nanoscale sizes inside tumor tissues and cells. The majority
of materials used to make nanorobots are biocompatible
or biodegradable. When their functions are completed,
these biodegradable compounds can disintegrate or vanish.
Nanoparticles should be able to do avariety of precise functions
in the interim, such as detecting the existence of tumor cells
or tissues, delivering and releasing nanocargoes in response
to physical signals, identifying specific disease biomarkers,
detecting changes in local pH and temperature, and more [17-
20]. The nanorobot's body will be made of carbon nanotubes
because of their inherent ability to absorb near-infrared light
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waves, which are harmless when they pass through human
cells. To prevent collisions, the nanorobot's body is equipped
with ultrasonic sensors. Flagella motors, a type of rotary
motor with remarkable torque generation capabilities, power
a nanorobot by propelling an extended, slender, and helical
filament that extends multiple cellular structures into the
surrounding medium. These aid in the cell's decision-making
process based on changes in the proportion of vital nutrients
in the environment [21].

Components of nanorobots: A nanorobot's many parts
include its power source, fuel buffer tank, detectors, motors,
manipulative devices, computers onboard, pumps, pressure
tanks, and structural support. A nanorobot's substructures
include:

A. Payload: A little dosage of medication or substance is
contained in this empty space. The medication might
be delivered to the location of disease or injury by the
nanorobots moving through the blood.

B. Small camera: The nanorobot could have a small
camera. When moving the nanorobot through the body
by hand, the user may control its direction [22,23].

C. Electrodes: The electrode on the nanorobot might use
the blood's electrolytes to create a battery. By creating
an electric current and heating the cancer cells to death,
these projecting electrodes may also be able to destroy
the cells.

D. Lasers: These lasers have the potential to burn cancer
cells, blood clots, and arterial plaque [23].

E. Ultrasonic signal generators and microwave
emitters: These are used to Kkill cells, such as malignant
cells, without breaking them. A nanorobot might
destroy the malignant cell without rupturing the
cell wall by utilizing ultrasonic signals or precisely
calibrated microwaves to dissolve the chemical
connections within the cell. As an alternative, the robot
may heat the malignant cell sufficiently to kill it by
emitting microwaves or ultrasonic signals.

F. Swimming Tail: Nanorobots enter the body by
propulsion. Movement is accomplished by the motor,
and mobility is achieved via manipulating arms
or mechanical legs. The software used to simulate
nanorobots in a fluid environment where Brownian
motion predominates is called control design. To find
the target molecules, the nanorobots are equipped with
chemical sensors [24].

Types of nanorobots:

A. Pharmacyte: This nanorobot has dimensions ranging
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from one and two micrometers in size. Using the
transmembrane injector mechanism, the payload held
in onboard tanks of the nanorobotics system can be
injected straight into the cytosol or released into the
proximal extracellular fluid, depending on the needs of
the mission [25].

B. Microbivores: Often referred to as nanorobotic
phagocytes, microbivores are nanorobots that mimic
artificial white blood cells. The diamond and sapphire
microbivore is a spherical device with a main axis
diameter of 3.4 pm and a minor axis diameter of 2.0
um. It is composed of 610 billion structural atoms
that are properly aligned. It breaks down into smaller
molecules after trapping the bloodstream infections.
Microbivores' primary job is to use phagocytosis to
absorb and break down bloodstream infections. It
takes 30 seconds for a microbivore to complete a full
cycle of phagocytosis [26].

C. Respirocyte: This artificial red blood -cell-related
nanorobot is an oxygen carrier. Endogenous serum
glucose is used to generate the power. This artificial
cell can administer acidity and provide tissues with 236
times greater amounts of oxygen every unit volume
than red blood cells (RBCs) [27].

D. Clottocyte: According to theoretical design, a
mechanical platelet or clottocyte that is artificially
created should achieve hemostasis in around one
second [28]. It is a 2.5 pm-diameter, spherical, serum-
oxyglucose-powered nanorobot with a compactly
folded fiber mesh within. To effectively stop the
bleeding, every mesh would be positioned on the one
next to it and draw in the red blood cells. In comparison
to the normal hemostatic mechanism, clottocytes
respond 100-1000 times quicker [26].

Preparation method of micro/nanorobots: The two
primary manufacturing approaches for micro/nanorobots are
top-down and bottom-up. These include the roll-up process,
laser direct writing 3D printing technology, and physical
vapor deposition techniques (direct deposition and grazing
angle deposition). Wet chemical synthesis and template
electrochemical deposition technologies are part of the
bottom-up approach, and they will be discussed individually
below:

A. Physical vapor deposition technology: It is necessary
to do physical vapor deposition in a very clean vacuum
environment. The primary procedure involves
converting the large target into gaseous molecules and
atoms, which are then deposited to create nanofilms
on the sample surface. It encompasses electron
beam evaporation, vacuum thermal evaporation, and
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magnetron sputtering. Direct deposition and grazing
angle deposition are the two primary categories of
physical vapor deposition. The Janus microsphere
robot is typically processed using direct deposition,
which involves tiling the microsphere on the substrate
surface and directly depositing a functional film
material on the top layer of the microsphere. The
functional film is unable to be deposited on the bottom
half of the microsphere due to blockage, allowing
the formation of the Janus microsphere robot [29]. A
physical deposition method with a dynamic tilt angle is
the grazing angle deposition technique. Gaseous atoms
block their own surface diffusion because of the self-
shadowing effect, and real-time modification of the
deposition angles may be used to construct complex
nanostructures.

. Self-winding technology: This technique involves

progressively depositing multiple layers of distinct
materials. During this process, various stresses are
preset using the material's strain difference, and the
asymmetric stress is then released following the wet
etching of the sacrificial layer. Ultimately, the self-coiling
structure spontaneously coils into a spiral or tubular
shape when under stress. Mei, etal. [30] created arange
of tubular micro/nanorobots with distinct material
components by using self-coiling technology to achieve
the coiling of diverse inorganic compounds (Pd/Fe/
Pd, TiO,, ZnO, A1203, SiN/Ag, and C) films. Furthermore,
Zhang, et al. [31] used Reactive lon Etching (RIE), wet
etching, and multi-step photolithography to remove
prestress from InGaAs/GaAs/Cr composite microscrew
robots.

. Directwriting with laser technology for 3D printing:

Direct Writing with Laser The optical polymerization
effectis the foundation of 3D printing technology, which
is capable of processing any 3D microstructure with
high precision. Functional elements (Ni, Fe and Fe,0,)
may then be physically vapor-deposited or adsorbed
to successfully drive micro/nanorobots. By using
femtosecond laser polymerization, Li, et al. [32] were
able to create fishtail-like micro/nanorobots and use
physical vapor deposition of Pt to create bubbles that
drive themselves in hydrogen peroxide. In particular,
bubbles may jet in parallel thanks to the fishtail's
multichannel, significantly increasing the microrobot's
speed and thrust.

. Electrochemical template deposition technology:

Using a redox reaction, metal or alloy is deposited
from the matching salt solution using electrochemical
template deposition technology. Because of its low
cost and ease of use, electrochemical deposition is
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a great method for producing huge quantities of
micro/nanorobots. Different auxiliary templates may
be chosen to deposit different micro/nanorobots in
diverse forms, such as spiral, rod, and tubular. For
electrochemical deposition, the most used auxiliary
template is porous alumina membrane (AAO) For
the purpose of target metal accumulation, a metal
electrode layer was specifically sputtered onto the
surface of AAO prior to electrochemical deposition, and
it was thereafter placed into the electrolyte. Following
a redox reaction, the micro/nano structures that were
deposited were produced. After that, the deposited AAO
was placed in solutions of sodium hydroxide and nitric
acid, respectively, to eliminate the metal electrodes
as well as templates. The micro/nanorobots that had
been prepared were finally gathered. Gao, et al. [33]
created hollow cone-shaped micro/nanorobots using
porous aluminum film. The robots were self-driven and
created by breaking oxygen peroxide jet bubbles that
passed via metal Pt in the cone-shaped cavity.

E. Wet chemical synthesis: The primary goal of wet
chemical synthesis is to use chemical reactions to
reduce the target material's compound solution to
simple structures like spherical, rod-like, and peanut-
like. The management of the structure thus produced
is comparatively low. To create a magnetic peanut-like
micro/nanorobot, Lin, et al. Combined FeCl,, NaOH, and
Na,SO, using the hydrothermal synthesis technique
in an electric oven set at 100 - C for seven days. The
rolling and rolling motion modes were achieved by
the micro/nanorobots when they were powered by a
magnetic field that was external. Additionally, Janus (Si,
TiO,) rod-like self-electrophoresis micro/nanorobots
were made using the wet method by Dai, et al. [34].

Mechanism of action of nanorobots

Micro/nanorobots may move collectively as well as alone.
The driving mode will have an impact on the biocompatibility,
controllability, and speed of movement of micro/nanorobots,
which will impact their use in biological beings. The proactive
motion of micro/nanorobots primarily depends on converting
a local chemical (such as H,0,, urea, etc) Or physical
energy (such as light, ultrasound, magnetic fields, etc.) Or
by microorganisms or cells (such as sperm, etc.) Toward
mechanical propulsion in order to overcome the difficulties in
low Reynolds fluid [35].

A. Chemical propulsion: Myosin and other protein
biomotors in nature catalyze the breakdown of
adenosine triphosphate, also known as ATP to provide
intracellular propulsion. Motivated by them, during
the last ten years, a range of micro/nanorobots made
of catalysts have shown a high level of propulsion via
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chemical processes. Among them, the catalyst's job is
to react with the fuel on the robot's surface, and the
inert substance is employed to build the asymmetric
structure. The simplestand mostextensivelyresearched
fuelis H,0,. In addition to using materials like their own
platinum (Pt) to drive or employ self-electrophoresis
mechanisms, micro/nanorobots may also catalyze the
breakdown of H,0, to produce bubbles, which will help
themmove [36,37].High H,0, concentrations are potent
and inhospitable to living things. Thus, alternative
in-situ fuels other than H,0, must be developed in
order to achieve practical applications, particularly
when chemical driving is utilized for driving micro/
nanorobots in biological systems; that is, the raw
materials should be natural components in biological
fluids. For example, self-propulsion can be achieved by
combining biodegradable zinc or magnesium with the
stomach's acidic environment to produce hydrogen,
leaving behind a non-toxic byproduct [38]. And a
catalytic process by substituting an enzyme for Pt,
allowing a range of biomolecules, like glucose or urea,
to be used in lieu of the fuel [39].

. Physical propulsion: Since the majority of external

field-driven micro/nanorobots run on light, ultrasonic,
or magnetic fields rather than fuel, they are more
versatile in terms of control movement and are
biocompatible and sustainable. Setting up acoustic
settings is not that difficult. Without causing harm to
the human body, sonic waves may travel across solid,
liquid, and air media, or deep into biological tissue,
activating micro/nanorobots from the outside. The
photoreactive materials used to build the light-driven
micro/nanorobot primarily consist of photocatalytic,
photorated, and photothermal materials. These
photoactive materials are capable of absorbing light
energy to start photocatalytic, photopolymerization,
and photothermal conversion events when exposed to
light [40].

. Biological propulsion: Bio-driven micro/nanorobots

are mostly bio-mixed microbots composed of human
components and living microorganisms (cells). Sperm
and bacteria are examples of microbes that may
be employed as engines for propelling bio-mixed
microbots because they can merge with somatic cells,
which greatly increases the safety and biocompatibility
of micro/nanorobots [41]. This capacity allows sperm
to propel itself via whiplash. An example of a bio-
mixed microrobot system is a four-arm, printed in
3D magnetic tubular microstructure that uses motion
sperm cells as an energy source and medication carrier.
By encapsulating large quantities of medications in the
sperm membrane, this sperm hybrid micro/nanorobot
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can shield the pharmaceuticals from the effects of
enzyme breakdown and bodily fluid dilution, which is
not possible with purely synthetic micro/nanorobots
or other vectors [42]. E. coli, often known as Escherichia
coli, is another frequently utilized biological driving
source. To finish the loading and targeted release of
medications, Alapan, et al. Utilized E. coli as a power
source in conjunction with magnetically coded red
blood cells, which were controlled by the magnetic field
utilizing their regulated motion [43].

Energy sources for nanorobots

The two driving modes for nanorobots are passive drive
and active drive [44]. The driving components are what allow
a nanorobot to move and operate. The former is employed for
bodily entrance and nanorobot control, whereas active drive
powers the nanorobot using a membrane, pumps, electric
nanomotor, or onboard molecular motor [45]. The work
requires a sufficient energy source because energy is lost
during movement, running, and information transmission;
this runs counter to the nanorobot's size restriction. Energy
may be obtained internally from microchemical cells and
transformed forms like ATP motors, fuel cells, and so on. Two
types of external energies are further distinguished: one uses
contact to disperse energy as current or light, while the other
uses an onboard converter to transform external energy [44].

Applications of nanorobots in medicine

Numerous functions related to diagnosing, tracking,
and treating critical illnesses can be carried out by medical
nanorobots. The human body has precise places and targets
to which these nanorobots may deliver medications. The
following are some possible uses for nanorobots: Gene
therapy, drug administration, body monitoring, dentistry,
surgery, cancer diagnosis and treatment, delicate procedures,
diagnostics, and controlling infections [46].

Diagnostics

Micro/nanorobots have demonstrated strong capabilities
in the areas of sensing detection, detoxification, and
purification in recent research. Controllable driving features
allow microrobots to actively hunt for things to be cleaned,
resulting in a significant increase in the efficiency of detection
and removal [47-49].

A. Early disease detection: It is anticipated that
nanorobots would facilitate minimally invasive
surgery, medicinal treatments, and novel diagnoses
[50,51]. A novel computational and analytical method
was presented to support nanorobot research and
development [52,53]. Biomolecular computing, genetic
advancements, and nanoscience methods canallbe used
to improve medicine through biological nanorobots.
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Nanodevices for manufacturing and positioning
mechanosynthesis of rigid materials were introduced
[54,55]. The viability of biocomputers, a viable
precursorto future nanoprocessors and nanorobots, has
been proven by recent advancements in biomolecular
computing [56]. Given the ability of nanorobots to
move through blood vessels, they can aid in early illness
identification and medication administration [57].
When used as medication transporters for timely dose
regimens, nanorobots enable the chemical components
to remain in the bloodstream circulation for extended
periods of time as needed [58,59]. Target identification
and medication delivery can be aided by programming
nanorobots equipped with chemical nanobiosensors to
detect varying amounts of beta-catenin and E-cadherin
as medicinal targets in both primary and metastatic
stages [60-62]. For the identification and actuation
of medicinal targets by nanorobots in another type
of brain therapy, chemical signals can also be helpful.
With more effective neurotransmitter delivery, the
nanorobot may help guide potential immunotherapy
therapies and aid in the early detection of Alzheimer's
disease [63,64]. Early cancer detection and target-
specific drug/gene delivery are two of the top
research areas where nanomedicine will be essential.
Effective target treatments are among the most recent
developments in drug delivery that are utilized in pre-
sympathomimetic and diagnostic procedures [65].

. In vivo imaging: At a penetration depth of 2 mm, the

micro/nanorobot is easily identified in the in vivo
environment. Its position in a mouse vein is tracked
in real-time using the technique of optical coherence
tomography imaging, which gives feedback on the
micro/nanorobot's movement in vivo [66]. Numerous
methods, including radiography, fluoroscopy, and
CT scans, are based on X-ray imaging. Fluoroscopy
appears to be the most effective method among
these for localizing nanorobots. Navab, et al. have
utilized it for visual servoing techniques and needle
orientation control in animal investigations [67]. The
way acoustic waves interact with human tissue is the
basis for ultrasound imaging. Ultrasound imaging
finds extensive usage in medical settings due to its
non-invasive nature. It has little negative health
consequences and offers affordable real-time imaging.
Nanorobots may be manipulated via ultrasound
imaging. Among the difficulties and drawbacks of
ultrasonic imaging are its inability to pass through the
atmosphere and its propensity to scatter off bones.
Ultrasound imaging technologies can only penetrate a
few millimeters into the human body, which limits their
scanning area [68]. The micro/nanorobots were found
in the mouse's belly during a single-photon emission
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Tomography scanning that followed the epithelial
imaging. For micro/nanorobots, magnetic resonance
imaging is an alternative to photoacoustic imaging.
The spiral microcones robot, which is made using
spirulina microalgae in magnetite suspension, has
extremely smooth magnetism from a straightforward
immersion technique. Due to the benefits of in vivo
fluorescent imaging, the spiral robot demonstrated
magnetic resonance signals, intrinsic fluorescence,
natural deterioration, and optimal cytotoxicity without
modifying its surface. It can track noninvasively in deep
organs or superficial tissues using magnetic resonance
imaging and autologous fluorescence, and it can move
steadily in a variety of biological fluids. Mice were given
subcutaneous and abdominal injections, and magnetic
resonance imaging revealed a micro/nanorobot group
in their stomachs [69]. They possess microchips with
human molecules superimposed on them. When the
molecules identify an illness, an electrical signal is
transmitted from the chip. Additionally, they can be
utilized to track blood sugar levels [70]. Ultra-small,
ultra-paramagnetic iron oxide nanodevices coated with
biomolecules are employed in therapeutic settings.
Clinical Diagnosis Importance of Nanodiagnostics
Particles are utilized to identify cancer cells. Certain
antigens or target molecular indicators on the particles
attach to the positive cells and cause a particular
signal that can be picked up by Magnetic Resonance
Imaging (MRI). The microscopic particles are safe to
inject into the patient's bloodstream. A rising number
of people are interested in using nanomaterials for
biological imaging because of their diverse inherent
physical features [71,72]. In order to offer anatomical
details and to monitor the therapy response in real-
time, nanoparticles of magnetic iron oxide have
been employed extensively as MRI contrast agents
for tumor imaging [73,74]. The fluorescence for in
vitro research, imaging is the method of choice since
it is quick and offers real-time imaging. Although it
offers extremely high sensitivity and resolution in
2D, nanorobot localization in 3D might be difficult.
Nanorobots must typically have their surfaces
modified further for this technique to work, and it can
only penetrate to a certain extent into human tissue.
This technique has been widely applied to nanorobot
tracking in vivo. Applications in ophthalmology include
oxidative stress management, intraocular pressure
measurement, choroidal new vessel treatment using
nanoparticles, preventing scarring following glaucoma
surgery, treating retinal degenerative disease using
gene therapy, prosthetics, as well as regenerative
nanomedicine [75]. Due to their biodegradability,
biocompatibility, and ability to be precisely regulated
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by the base pairing of the nucleotides, multilayer films
and DNA-based capsules hold considerable promise
[76]. It is hoped that these DNA capsules will be used to
diagnose a number of illnesses with distinct recognized
biomarkers, including cancer.

Drug delivery

DNA is used to create the hexagonal barrel-shaped
nanorobot, which can carry a range of payloads. Two "locks"
made of short strands of DNA called aptamers, which may
attach to antigen targets, hold it together. The robot performs
its function when the locks are unlocked in response to
antigens on the outer layers of particular cells [77].

A.Targeted drugdelivery: Effective utilization in a variety
of biological applications depends on the micro/nano
vehicles' ability to carry out their assigned tasks. In
order to effectively project the nanorobot as an efficient
sensor or means of delivery for theranostics (a mix of
the words therapies and diagnostics) applications, it is
necessary to carefully evaluate its structure, shape, and
propulsion source [78]. Active distribution to the place
of interest is made possible by autonomous micro/
nanomotors because of their directed movement,
tissue retention, and penetration capabilities. For this
reason, the method usually entails encapsulating the
medication, gene, or protein inside micro/nanorobots,
launching them to the designated location, and utilizing
physiological or external criteria to trigger their release
[79]. Early-stage tumor cell identification within the
patient's body is possible with nanobots equipped with
biosensors [80]. According to Kumar, et al. scientists
have genetically altered salmonella bacteria that
carry tiny robots called bacteriobots (3 pm), which
are attracted to tumors by compounds released by
the malignant cells. These shield the patient from the
negative effects of chemotherapy by delivering the
medication straight to the tumor while sparing the
healthy cells [81]. Systemic circulation, as well as the
force plus navigation needed for targeted distribution
and tissue penetration, are essential for drug delivery
nanobots. Drug delivery vehicles should possess
special capabilities that include tissue penetration,
controlled navigation, and pushing power in order
to precisely deliver therapeutic payloads to specific
disease areas. The ability of motor-like nanobots to
swiftly move and deliver therapeutic payloads straight
to disease sites should increase therapeutic efficiency
and lessen systemic adverse effects of extremely
hazardous medications [82]. A multilayered tubular
polymeric nanomotor encased with the anticancer
drug doxorubicin was created by Wu et al. Using a
porous membrane template to aid in layer-by-layer
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assembly [83]. The loaded medication was successfully
delivered to the tumor cells by the nanomotor [84]. The
precise transfer of the plasmid DNA (pDNA) to human
embryonic kidney tissue has also been accomplished
using magnetic helical microswimmers. When they
came into touch with the cells, the pDNA-loaded motors
discharged their genetic payload [85].

B. Controlled release mechanisms: Combining
magnetically driven microswimmer mobility with
light-triggered drug delivery in light-triggered release
nanorobots was accomplished by creating a double-
helical, magnetically powered microswimmer that
releases DOX on-demand in response to an external
light stimulation [86]. The change in phase of the gelatin
hydrogel for a rapid release of DOX was made possible
by the NIR irradiation-controlled photothermal action
of the gold nps, which produced an effective biomedical
therapeutic drug distribution platform.

By using effective chemical propulsion into the stomach
fluid, magnesium (Mg)-based acidic-driven micromotors in
pH-responsive nanorobots have been shown to be able to
neutralize gastric acid both independently and over time [87].
When the stomach acid neutralizes the magnesium-coated
ph-responsive polymer layer of these micromotors, the
encapsulated payload—in this case, dye as a model payload—
is released on its own. These micromotors were tested in
mice and showed no discernible toxicity or disruption of
stomach function. All things considered, these micromotors
have the unusual twin functions of ph-responsive release of
drugs and acid neutralization, making them a very attractive
framework for pharmaceutical delivery to treat a range of
stomach disorders. Another experiment used a mouse model
to treat stomach infections caused by bacteria (Helicobacter
pylori) using identical synthetic catalytic magnesium-based
micromotors filled with the antibiotic clarithromycin [88].
When the medicine was released, the magnesium within the
micromotor neutralized the stomach acid locally, boosting the
drug's efficacy without appearing to be harmful. Drugs might
be effectively put into these magnesium-based micromotors
thatrun on acid to demonstrate a noticeable bactericidal effect.
A ph-responsive polymer-coated gold nanowire nanomotor
driven by ultrasonic (US) was assessed [89]. Before it reached
the intracellular area, the encapsulated caspase-3 (a model
enzyme) was shielded from release and inactivation by the
nanomotors. The eudragit polymer covering was broken down
by exposure to elevated intracellular pH, which released the
enzyme and resulted in cell death [90].

C. Surgery: Minimally invasive surgery: The robot system,
known as the Da Vinci surgical robot, has been used
extensively to help surgeons do surgeries in order
to increase performance and success rates. The
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aforementioned techniques will still cause severe harm
and need long-term recuperation for individuals. The
use of noninvasive and minimally invasive techniques
is crucial to reducing surgical pain and recovery. Micro/
nanorobots excel in noninvasive therapy because of
their tiny size. Furthermore, a micro/nanorobot can
operate by penetrating biological tissues with sufficient
force produced by a magnetic motor, allowing for local
surgical therapy [91]. In order to eliminate infections,
Chen, et al. controlled magnetic bacteria-microrobots
by directing magnetic fields toward their target [92].
In order to target and adhere to Staphylococcus aureus,
the researchers first maneuvered the magnetotactic
bacteria-microrobot within the microfluidic chip.
The oscillating magnetic field might drastically lower
Staphylococcus aureus's vitality when it is paired with
the microrobot. Simple mixes or solutions containing
solely Staphylococcus aureus cannot be eradicated,
despite the fact that magnetic targeting devices may
kill the bacteria. According to these findings, a potential
technique for targeted treatment of micro/nanorobots
is the employment of magnetic targeting devices [93].

Blood clot removal and artery cleaning: One nanobot
that is intended to function as artificial platelets is called
Clottocyte. Within a second, hemostasis would be fully
achieved. The normal hemostatic system takes 2-5 minutes
to finish the entire process, whereas the reaction time is
100-1000 times quicker [94]. Blood loss and clotting time
have decreased with the use of nanobots as clottocytes. Again,
it is discovered that certain individuals get unusual blood
clots. The use of corticosteroids to treat this anomaly is linked
to adverse consequences such as allergic reactions, lung
damage, and hormone secretion. Clottocytes are an alternate
therapy that doesn't have these negative effects [95]. It is
possible to identify and eliminate the plaque or blood vessel
obstructing elements that cause myocardial infarction using
nanobot molecules. While the traditional method of treating
myocardial infarction, such as angioplasty, is dependent on
surgical expertise and occasionally has adverse consequences,
the procedure that nanobots follow is impervious to these [96].
Heart bypass surgery is used to treat coronary artery disease
in patients. To improve blood flow to the cardiac muscles, this
is done. The procedure may bypass many arteries, however,
there are certain risks associated with this approach. An
alternative method of operation is to utilize a nanorobot. An
electric motor is coupled to the inner region of the nanorobot,
which is connected to the outside region for circulation. The
electric motor is integrated with a rotating needle, a camera,
a microcontroller, and an arterial thermometer. Everything
will be managed by the microprocessor [97,98]. To track the
motions of the nanorobot, radioactive material is injected into
the outside area. With a magnetic switch, this may be changed
atany moment. The induced nanorobot is capable of removing
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the plaque and pulverizing it into tiny bits. Upon completion
of the action, it is extracted by instructing the nanorobot to
attach itself to a blood artery that is readily accessible from
the exterior [99].

Cancer treatment

In the early stages of cancer growth, tumor cells are
detected usingnanorobots equipped with chemical biosensors,
or nanosensors. Malignant cells throughout the body will be
detected by this nanosensor. Nanorobots can assist with such
crucial parts of cancer treatment because of their ability to
travel as bloodborne gadgets. Early identification of tumor
cells within the patient's body can be accomplished using
nanorobots equipped with chemical biosensors [100-102].

A. Targeted cancer therapy: A nano bioelectronics-based
hardware architecture is presented for the use of
nanorobots in cancer treatment. Salmonella bacteria
that have undergone genetic modification are attracted
to tumors by substances released by cancerous
cells. Upon reaching the tumor, the bacteria's tiny
robots, which are roughly three micrometers in
size, autonomously release drug-filled capsules. By
delivering medications straight to the tumor, the
nanorobot—dubbed bacteriobot by the team—attacks
the tumor while protecting healthy cells, minimizing
the negative effects of chemotherapy on the patient
[101,102]. The transferrin protein, which can identify
tumor cells and a polymer combination are used to
create the nanorobots. A chemical biosensor that can
be utilized to identify tumors would be included in
the nanorobots. To help with target identification and
medication distribution, medical nanorobots equipped
with chemical biosensors may be configured to detect
varying concentrations of beta-catenin and E-cadherin.
Additionally, the nanorobot could transport the
treatment ingredients to the cancer location [103].

B. Photothermal therapy: Due to its benefits in deep
tissue penetration and tumor selectivity, photothermal
treatment has drawn a lot of interest [104-106]. Recent
years have seen the combination of photothermal
treatment and micro/nanorobots produce more
effective tumor therapy than passive photothermal
agent delivery. The on/off movement of stomatocyte
nanomotors during active photothermal treatment has
been shown for in vitro use. In order to Kkill cancer cells,
stomatocyte nanomotors were shown to travel in a
certain way toward cancer cells and have an impact on
them by photothermal ablation [107].

Infection control

Effective instruments for identifying biological dangers and
removing their powerful effects are the latest microrobotic
techniques.
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Fighting bacterial infections

Spores produced by certain bacteria can withstand
treatment and can persist for decades in the environment.
For instance, the electrodeposition approach was utilized to
develop (COOH-PPy): poly polystyrene sulfonate (PEDOT)/
Ni/Pt multilayer microrobots for the treatment of Bacillus
anthracis (B. anthracis), a hazardous spore that causes anthrax
in people and animals. Through covalent bonding, the anti-B
antibody has been altered to guarantee the spore's capture by
the carboxyl chains on the molecular robot's exterior. The Pt
layer of the molecular robot, which uses H,0, fuel to create
0, bubbles, supplies the propulsion mechanism, while the Ni
layer serves as a magnetic guide. 90% of the nanorobots were
able to drift in aqueous solutions at a speed of about 250 pm
s~ when 3% H,0, was present, according to the research. One
example of a dynamic multifunctional system that can quickly
identify, isolate, detect, and destroy biological threats is this
approach [108].

Clearing pathogens

The most frequent cause of pediatric UTIs is E. coli,
which also has an irreversible impact on water quality
[109]. Delezuk, et al. for instance, investigated the use of
self-propelled microrobots based on alginate and chitosan
to remove E. coli from tainted liquid. Magnesium (Mg) and
water first interacted to initiate propulsion. The constructed
molecular robots can move up to 36.5 pm/s in drinking water
and 72.6 pm/s in seawater, according to their findings. In ten
minutes, the molecular robot's bacterial killing effectiveness
was 96%. Another experiment in San Diego County found
that the eco-friendly micro-/nanorobots, which are likewise
based on chitosan, were able to kill over 90% of E. coli
[110]. The magnetic helix-based physiologically interfaced
platelets membrane-coated nanorobots (PL-nanorobots)
have the ability to attach to bacteria and other pathogens
via the human platelets' plasma membrane. One crucial
characteristic of platelet-mimicking nanorobots is their
resistance to biofouling, which enables them to be effectively
and permanently driven in biological fluids [111].

Challenges, limitations and future perspectives
Biocompatibility issues

Nanorobots must exhibit exceptional biocompatibility to
minimize immune rejection and toxicity in human systems.
Despite advancements in biomaterials, ensuring long-
term safety remains a critical challenge. The interaction of
nanorobots with complex biological environments often leads
to unpredictable immune responses, necessitating further
innovation in material engineering and coating technologies
to achieve greater physiological compatibility.
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Manufacturing complexity

The production of nanorobots involves intricate fabrication
processes requiring high precision and scalability. Techniques
such as self-assembly, microfabrication, and molecular
design are resource-intensive and present challenges in
reproducibility and cost-efficiency. Overcoming these barriers
requires integrating advanced manufacturing methods,
including 3D printing at the nanoscale and automated systems,
to streamline large-scale production.

Regulatory and ethical hurdles

The regulatorylandscape for nanomedicine is still evolving.
Establishing standardized guidelines for testing, clinical
trials, and commercialization is crucial. Additionally, ethical
concerns surrounding the use of autonomous nanomachines
in living systems demand rigorous oversight to prevent
misuse and ensure patient safety.

Authors’ perspectives on advancements

Nanorobots signify a revolutionary leap in precision
medicine, with the potential to overcome the limitations of
conventional therapies. Emerging advancements in propulsion
systems, energy efficiency, and sensor technologies may enable
nanorobots to navigate intricate biological environments with
precision. Future applications could extend to personalized
medicine, where nanorobots are programmed to target
patient-specific genetic and molecular profiles.

Furthermore, interdisciplinary collaborations between
materials scientists, biomedical engineers, and clinical
researchers are essential for addressing current limitations.
Integration of artificial intelligence and machine learning
in nanorobotics may also unlock innovative diagnostic and
therapeutic capabilities.

Conclusion

The integration of nanorobotics into medical practice
represents a frontier that blends engineering precision with
clinical efficacy. The application of nanorobots in targeted
drug delivery, diagnostics, and minimally invasive surgeries
has already demonstrated encouraging results, showcasing
their potential to enhance treatment specificity and
minimize systemic side effects. However, several challenges,
such as biocompatibility, manufacturing complexity, and
regulatory hurdles, must be addressed to translate laboratory
achievements into clinical reality. Continued interdisciplinary
research and collaboration are essential to overcoming these
obstacles. As technological innovations evolve, the horizon
for nanorobots expands, promising a future where precision
medicine becomes the norm, leading to better patient
outcomes and more personalized healthcare solutions.

IgMin Research in BIOLOGY

Declarations & author’s contributions

M.A. carried out all the literature searches. V.G. and M.A.
carried out the writing of the manuscript. All the authors have
read and approved the final version of the manuscript.

Acknowledgement

The authors are highly grateful to Gurugram Global College
of Pharmacy, Gurgaon (Haryana), and Jamia Hamdard, New
Delhi.

References

1. Bhushan B. Introduction to nanotechnology: history, status, and
importance of nanoscience and nanotechnology education. Global
Perspectives of Nanoscience and Engineering Education. 2016:1-31.

2. Kim BY, Rutka JT, Chan WC. Nanomedicine. N Engl ] Med. 2010 Dec
16;363(25):2434-43. doi: 10.1056/NEJMra0912273. PMID: 21158659.

3. Misra R, Acharya S, Sahoo SK. Cancer nanotechnology: application of
nanotechnology in cancer therapy. Drug Discov Today. 2010 Oct;15(19-
20):842-50. doi: 10.1016/j.drudis.2010.08.006. Epub 2010 Aug 18.
PMID: 20727417.

4. Bhushan B. Introduction to nanotechnology. Springer handbook of
nanotechnology. 2017:1-9.

5. Fox KE, Tran NL, Nguyen TA, Nguyen TT, Tran PA. Surface modification
of medical devices at nanoscale—Recent development and translational
perspectives. InBiomaterials in translational medicine. Academic Press.
2019;163-189.

6. Malik S, Muhammad K, Waheed Y. Emerging Applications of
Nanotechnology in Healthcare and Medicine. Molecules. 2023 Sep
14;28(18):6624. doi: 10.3390/molecules28186624. PMID: 37764400;
PMCID: PMC10536529.

7. Elegbede JA, Lateef A. Green nanotechnology in Nigeria: the research
landscape, challenges and prospects. Ann Sci Technol. 2019;4(2):6-38.

8. Ummat A, Dubey A, Mavroidis C. Bio-nanorobotics: a field inspired by
nature. InBiomimetics 2005 Nov 2 (pp. 219-246). CRC Press.

9. Kopperger E, List ], Madhira S, Rothfischer F, Lamb DC, Simmel FC. A self-
assembled nanoscale robotic arm controlled by electric fields. Science.
2018 Jan 19;359(6373):296-301. doi: 10.1126/science.aao4284. PMID:
29348232.

10. Fukuda T, Kajima H, Hasegawa Y. Intelligent robots as artificial living
creatures. Artif Life Robotics. 2004 Dec;8:101-10.

11. Mazumder S, Biswas GR, Majee SB. Applications of nanorobots in medical
techniques. IJPSR. 2020;11:3150

12. Bi C, Guix M, Johnson BV, Jing W, Cappelleri D]. Design of Microscale
Magnetic Tumbling Robots for Locomotion in Multiple Environments
and Complex Terrains. Micromachines (Basel). 2018 Feb 3;9(2):68. doi:
10.3390/mi9020068. PMID: 30393344; PMCID: PMC6187462.

13. Rothemund PW. Folding DNA to create nanoscale shapes and patterns.
Nature. 2006 Mar 16;440(7082):297-302. doi: 10.1038/nature04586.
PMID: 16541064.

14. Kay ER, Leigh DA, Zerbetto F. Synthetic molecular motors and mechanical
machines. Angew Chem Int Ed Engl. 2007;46(1-2):72-191. doi: 10.1002/
anie.200504313. PMID: 17133632.

15. Soto F, Wang ], Ahmed R, Demirci U. Medical Micro/Nanorobots in
Precision Medicine. Adv Sci (Weinh). 2020 Oct 4;7(21):2002203. doi:
10.1002/advs.202002203. PMID: 33173743; PMCID: PMC7610261.

I November 28, 2024 - Volume 2 Issue 11



ISSN 2995-8067

DOI: 10.61927/igmin271

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Yoon HJ, Kim SW. Nanogenerators to power implantable medical systems.
Joule. 2020;4(7):1398-407.

Chen C, Karshalev E, Li ], Soto F, Castillo R, Campos I, Mou F, Guan
J, Wang J. Transient Micromotors That Disappear When No Longer
Needed. ACS Nano. 2016 Nov 22;10(11):10389-10396. doi: 10.1021/
acsnano.6b06256. Epub 2016 Oct 28. PMID: 27783486.

Pijpers IAB, Cao S, Llopis-Lorente A, Zhu ], Song S, Joosten RRM, Meng
F, Friedrich H, Williams DS, Sanchez S, van Hest JCM, Abdelmohsen
LKEA. Hybrid Biodegradable Nanomotors through Compartmentalized
Synthesis. Nano Lett. 2020 Jun 10;20(6):4472-4480. doi: 10.1021/
acs.nanolett.0c01268. Epub 2020 May 22. PMID: 32427492; PMCID:
PMC7291354.

Wu Z, Chen Y, Mukasa D, Pak OS, Gao W . Medical micro/nanorobots
in complex media. Chem Soc Rev. 2020 Nov 21;49(22):8088-8112. doi:
10.1039/d0cs00309c. Epub 2020 Jun 29. PMID: 32596700.

Guimaraes CF, Gasperini L, Marques AP, Reis RL. The stiffness of living
tissues and its implications for tissue engineering. Nat Rev Mater.
2020;5(5):351-70.

Senanayake A, Sirisinghe RG, Mun PS. Nanorobot: Modelling and
Simulation. In: International Conference on Control, Instrumentation and
Mechatronics Engineering (CIM'07); 2007 May 28; Johor Bahru, Johor,
Malaysia.

Mehta ], Borkhataria C, Tejura MN. Nanorobot: A life-saving device for
the pharmaceutical and medical industries. Int ] Creat Res Thoughts.
2023;11(4).

Padshala R, Rajan V, Patani P. Nanobots: future and development. ] Pharm
Neg Results. 2022;1967-75.

Li ], Li X, Luo T, Wang R, Liu C, Chen S, Li D, Yue ], Cheng SH, Sun D.
Development of a magnetic microrobot for carrying and delivering
targeted cells. Sci Robot. 2018 Jun 27;3(19):eaat8829. doi: 10.1126/
scirobotics.aat8829. PMID: 33141689.

Genchi GG, Marino A, Tapeinos C, Ciofani G. Smart Materials Meet
Multifunctional Biomedical Devices: Currentand Prospective Implications
for Nanomedicine. Front Bioeng Biotechnol. 2017 Dec 18;5:80. doi:
10.3389/fbioe.2017.00080. PMID: 29326928; PMCID: PMC5741658.

Farsad N, Yilmaz HB, Eckford A, Chae CB, Guo W. A comprehensive survey
of recent advancements in molecular communication. [IEEE Commun
Surv Tutor. 2016;18(3):1887-919.

Kumar SS, Nasim BP, Abraham E. Nanorobots: a future device for
diagnosis and treatment. ] Pharm Pharmaceut. 2018;5(1):44-9.

Freitas Jr RA. Microbivores: artificial mechanical phagocytes using digest
and discharge protocol. ] Evol Technol. 2005;14(1):54-106.

Mujtaba ], Liu ], Dey KK, Li T, Chakraborty R, Xu K, Makarov D, Barmin RA,
Gorin DA, Tolstoy VP, Huang G. Micro-bio-chemo-mechanical-systems:
micromotors, microfluidics, and nanozymes for biomedical applications.
Adv Mater. 2021;33(22):2007465.

Mei Y, Huang G, Solovev AA, Urefia EB, Monch I, Ding F, Reindl T, Fu RK,
Chu PK, Schmidt OG. Versatile approach for integrative and functionalized
tubes by strain engineering of nanomembranes on polymers. Adv Mater.
2008;20(21):4085-90.

Zhang L, Abbott J], Dong L, Kratochvil BE, Bell D, Nelson BJ. Artificial
bacterial flagella: fabrication and magnetic control. Appl Phys Lett.
2009;94(6).

LiD,LiuY, YangY, Shen Y. A fast and powerful swimming microrobot
with a serrated tail enhanced propulsion interface. Nanoscale. 2018 Nov
1;10(42):19673-19677. doi: 10.1039/c8nr04907f. PMID: 30209454.

Gao W, Sattayasamitsathit S, Orozco ], Wang ]. Highly efficient catalytic
microengines: template electrosynthesis of polyaniline/platinum
microtubes.] Am Chem Soc. 2011 Aug 10;133(31):11862-4. doi: 10.1021/
ja203773g. Epub 2011 Jul 18. PMID: 21749138.

IgMin Research in BIOLOGY

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

. Dai B, Wang ], Xiong Z, Zhan X, Dai W, Li CC, Feng SP, Tang ]J.
Programmable artificial phototactic microswimmer. Nat Nanotechnol.
2016 Dec;11(12):1087-1092. doi: 10.1038/nnano.2016.187. Epub 2016
Oct 17. PMID: 27749832.

Joh H, Fan DE. Materials and Schemes of Multimodal Reconfigurable
Micro/Nanomachines and Robots: Review and Perspective. Adv Mater.
2021 Oct;33(39):e2101965. doi: 10.1002/adma.202101965. Epub 2021
Aug 19. PMID: 34410023.

Villa K, Viktorova ], Plutnar ], Ruml T, Hoang L, Pumera M. Chemical
microrobots as self-propelled microbrushes against dental biofilm. Cell
Rep Phys Sci. 2020;1(9).

Chen Y, Shi Y. Characterizing the autonomous motions of linear catalytic
nanomotors using molecular dynamics simulations. ] Phys Chem C.
2011;115(40):19588-97.

Gao W, Dong R, Thamphiwatana S, Li ], Gao W, Zhang L, Wang J. Artificial
micromotors in the mouse's stomach: a step toward in vivo use of
synthetic motors. ACS Nano. 2015 Jan 27;9(1):117-23. doi: 10.1021/
nn507097k. Epub 2015 Jan 8. PMID: 25549040; PMCID: PMC4310033.

Hermanova S, Pumera M. Biocatalytic Micro- and Nanomotors. Chemistry.
2020 Sep 1;26(49):11085-11092. doi: 10.1002/chem.202001244. Epub
2020 Jul 7. PMID: 32633441.

Xu L, Mou F, Gong H, Luo M, Guan J. Light-driven micro/nanomotors: from
fundamentals to applications. Chem Soc Rev. 2017 Nov 13;46(22):6905-
6926. doi: 10.1039/c7cs00516d. PMID: 28949354

Wang B, Kostarelos K, Nelson BJ, Zhang L. Trends in Micro-/Nanorobotics:
Materials Development, Actuation, Localization, and System Integration
for Biomedical Applications. Adv Mater. 2021 Jan;33(4):e2002047. doi:
10.1002/adma.202002047. Epub 2020 Dec 4. PMID: 33617105.

Xu H, Medina-Sanchez M, Magdanz V, Schwarz L, Hebenstreit F, Schmidt
OG. Sperm-Hybrid Micromotor for Targeted Drug Delivery. ACS Nano.
2018 Jan 23;12(1):327-337. doi: 10.1021/acsnano.7b06398. Epub 2017
Dec 13. PMID: 29202221.

Alapan Y, Yasa O, Schauer O, Giltinan ], Tabak AF, Sourjik V, Sitti M. Soft
erythrocyte-based bacterial microswimmers for cargo delivery. Sci
Robot. 2018 Apr 25;3(17):eaar4423. doi: 10.1126/scirobotics.aar4423.
PMID: 33141741.

Jiang HW, Wang SG, Xu W, Zhang ZZ, He L. Construction of medical
nanorobot. In: 2005 IEEE International Conference on Robotics and
Biomimetics (ROBIO); IEEE. 2005;151-154. x

Giri G, Maddahi Y, Zareinia K. A brief review on challenges in design
and development of nanorobots for medical applications. Appl Sci.
2021;11(21):10385.

Freitas Jr RA. Medical nanorobotics: the long-term goal for nanomedicine.
In: Nanomedicine: design of particles, sensors, motors, implants, robots,
and devices. Norwood, MA: Artech House; 2009;367-92.

Zhang Y, Zhang L, Yang L, Vong CI, Chan KF, Wu WKK, Kwong TNY, Lo
NWS, Ip M, Wong SH, Sung JJY, Chiu PWY, Zhang L. Real-time tracking
of fluorescent magnetic spore-based microrobots for remote detection
of C. diff toxins. Sci Adv. 2019 Jan 11;5(1):eaau9650. doi: 10.1126/sciadv.
aau9650. PMID: 30746470; PMCID: PMC6357761.

Wang Q, Li T, Fang D, Li X, Fang L, Wang X, Mao C, Wang F, Wan M.
Micromotor for removal/detection of blood copper ion. Microchem ]J.
2020;158:105125.

Molinero-Ferniandez A, Moreno-Guzman M, Arruza L, Lépez MA, Escarpa
A. Polymer-Based Micromotor Fluorescence Immunoassay for On-the-
Move Sensitive Procalcitonin Determination in Very Low Birth Weight
Infants' Plasma. ACS Sens. 2020 May 22;5(5):1336-1344. doi: 10.1021/
acssensors.9b02515. Epub 2020 May 5. PMID: 32204587.

Cavalcanti A. Assembly automation with evolutionary nanorobots and
sensor-based control applied to nanomedicine. IEEE Trans Nanotechnol.
2003;2(2):82-7.

[l November 28, 2024 - Volume 2 Issue 11



ISSN 2995-8067

DOI: 10.61927/igmin271

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Murphy D, Challacombe B, Khan MS, Dasgupta P. Robotic technology
in urology. Postgrad Med ]J. 2006 Nov;82(973):743-7. doi: 10.1136/
pgmj.2006.048140. PMID: 17099094; PMCID: PMC2660512.

Cavalcanti A, Freitas RA Jr. Nanorobotics control design: a collective
behavior approach for medicine. IEEE Trans Nanobioscience. 2005
Jun;4(2):133-40. doi: 10.1109/tnb.2005.850469. PMID: 16117021.

Hogg T, Kuekes PJ]. Mobile microscopic sensors for high resolution in
vivo diagnostics. Nanomedicine. 2006 Dec;2(4):239-47. doi: 10.1016/j.
nano.2006.10.004. PMID: 17292149.

Peng ], Freitas RA, Merkle RC. Theoretical analysis of diamond
mechanosynthesis. Part I. Stability of C2 mediated growth of
nanocrystalline diamond C (110) surface. ] Comput Theor Nanosci.
2004;1(1):62-70.

Freitas Jr RA. Meeting the challenge of building diamondoid medical
nanorobots. Int ] Robotics Res. 2009 Apr;28(4):548-57.

Braun-Sand SB, Wiest 0. Theoretical studies of mixed-valence
transition metal complexes for molecular computing. ] Phys Chem A.
2003;107(2):285-91.

Sharma G, Badescu M, Dubey A, Mavroidis C, Tomassone SM, Yarmush
ML. Kinematics and workspace analysis of protein based nano-actuators.
] Mech Des. 2005;127:718-727.

Makaliwe JH, Requicha AA. Automatic planning of nanoparticle assembly
tasks. In: Proceedings of the 2001 IEEE International Symposium on
Assembly and Task Planning (ISATP2001). IEEE. 2001;288-293.

Freitas RA Jr. Pharmacytes: an ideal vehicle for targeted drug delivery.
J Nanosci Nanotechnol. 2006 Sep-Oct;6(9-10):2769-75. doi: 10.1166/
jnn.2006.413. PMID: 17048481.

Chan T, inventor. Multithreaded, mixed hardware description languages
logic simulation on engineering workstations. United States patent US
6,466,898. 2002 Oct 15.

Cavalcanti A, Shirinzadeh B, Freitas RA, Hogg T. Nanorobot architecture
for medical target identification. Nanotechnology. 2007;19(1):015103.

Hamdi M, Ferreira A, Sharma G, Mavroidis C. Prototyping bio-nanorobots
using molecular dynamics simulation and virtual reality. Microelectronics
Journal. 2008;39(2):190-201.

Curtis AS, Dalby M, Gadegaard N. Cell signaling arising from
nanotopography: implications for nanomedical devices. Nanomedicine
(Lond). 2006 Jun;1(1):67-72. doi: 10.2217/17435889.1.1.67. PMID:
17716210.

Kubik T, Bogunia-Kubik K, Sugisaka M. Nanotechnology on duty in
medical applications. Curr Pharm Biotechnol. 2005 Feb;6(1):17-33. doi:
10.2174/1389201053167248. PMID: 15727553.

Suri SS, Fenniri H, Singh B. Nanotechnology-based drug delivery systems.
] Occup Med Toxicol. 2007 Dec 1;2:16. doi: 10.1186/1745-6673-2-16.
PMID: 18053152; PMCID: PM(C2222591.

Li D, Dong D, Lam W, Xing L, Wei T, Sun D. Automated In Vivo Navigation
of Magnetic-Driven Microrobots Using OCT Imaging Feedback.
IEEE Trans Biomed Eng. 2020 Aug;67(8):2349-2358. doi: 10.1109/
TBME.2019.2960530. Epub 2019 Dec 18. PMID: 31869776.

Navab N, Bascle B, Loser M, Geiger B, Taylor R. Visual servoing for automatic
and uncalibrated needle placement for percutaneous procedures.
In: Proceedings IEEE Conference on Computer Vision and Pattern
Recognition (CVPR); IEEE. 2000; 2:327-334.

Fliickiger M, Neild A, Nelson BJ. Optimization of receiver arrangements for
passive emitter localization methods. Ultrasonics. 2012 Mar 1;52(3):447-
55.

Yan X, Zhou Q, Vincent M, Deng Y, Yu ], Xu ], Xu T, Tang T, Bian L, Wang Y],
Kostarelos K, Zhang L. Multifunctional biohybrid magnetite microrobots
for imaging-guided therapy. Sci Robot. 2017 Nov 22;2(12):eaaq1155. doi:
10.1126/scirobotics.aaq1155. PMID: 33157904.

IgMin Research in BIOLOGY

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83

84.

85.

86.

87.

Ikemoto Y, Ito K, Sato K. Another Mechanism for Gait Generation:
Mechanical Stabilization Can Spontaneously Realize Walking in a Two-
Legged Robot.

Cho EC, Glaus C, Chen ], Welch M], Xia Y. Inorganic nanoparticle-
based contrast agents for molecular imaging. Trends Mol Med. 2010
Dec;16(12):561-73. doi: 10.1016/j.molmed.2010.09.004. Epub 2010 Nov
10. PMID: 21074494; PMCID: PMC3052982.

Lee S, Chan Kwon I, Kim K. Multifunctional nanoparticles for cancer
theragnosis. In: Nanoplatform-Based Molecular Imaging. 2011;541-63.

Kievit FM, Zhang M. Surface engineering of iron oxide nanoparticles for
targeted cancer therapy. Acc Chem Res. 2011 Oct 18;44(10):853-62.
doi: 10.1021/ar2000277. Epub 2011 Apr 29. PMID: 21528865; PMCID:
PM(C3192288.

Lee H, Shin TH, Cheon ], Weissleder R. Recent Developments in Magnetic
Diagnostic Systems. Chem Rev. 2015 Oct 14;115(19):10690-724. doi:
10.1021/cr500698d. Epub 2015 Aug 10. PMID: 26258867; PMCID:
PMC5791529.

Petrovic N, Petrovic M], Sreckovic S, Jovanovic S, Todorovic D,
Vulovic TS. Nanotechnology in ophthalmology. Commercialization of
Nanotechnologies-A Case Study Approach. 2018:275-97.

Johnston AP, Caruso F. Stabilization of DNA multilayer films through
oligonucleotide crosslinking. Small. 2008 May;4(5):612-8. doi: 10.1002/
smll.200700813. PMID: 18393261.

Guyer RA, Macara IG. Loss of the polarity protein PAR3 activates STAT3
signaling via an atypical protein kinase C (aPKC)/NF-kB/interleukin-6 (IL-
6) axis in mouse mammary cells. ] Biol Chem. 2015 Mar 27;290(13):8457-
68. doi: 10.1074/jbc.M114.621011. Epub 2015 Feb 5. PMID: 25657002;
PMCID: PM(C4375497.

Dutta D, Sailapu SK. Biomedical applications of nanobots. In: Intelligent
Nanomaterials for Drug Delivery Applications. Elsevier. 2020; 179-95.

Freitas RA. Nanotechnology, nanomedicine and nanosurgery. Int ] Surg.
2005;3(4):243-6. doi: 10.1016/j.ijsu.2005.10.007. Epub 2005 Nov 28.
PMID: 17462292.

Sivasankar M, Durairaj R. Brief review on nano robots in bio medical
applications. Adv Robot Autom. 2012;1(101):2.

Rifat T, Hossain MS, Alam MM, Rouf AS. A review on applications
of nanobots in combating complex diseases. Bangladesh Pharm ]J.
2019;22(1):99-108.

Li ], Esteban-Fernidndez de Avila B, Gao W, Zhang L, Wang ]. Micro/
Nanorobots for Biomedicine: Delivery, Surgery, Sensing, and Detoxification.
Sci Robot. 2017 Mar 15;2(4):eaam6431. doi: 10.1126/scirobotics.
aam6431. Epub 2017 Mar 1. PMID: 31552379; PMCID: PMC6759331.

. WuZzli], de Avila BE, Li T, Gao W, He Q, Zhang L, Wang ]. Water-powered

cell-mimicking Janus micromotor. Adv Funct Mater. 2015;25(48):7497-501.

Wu Z, Wu Y, He W, Lin X, Sun ], He Q. Self-propelled polymer-based
multilayer nanorockets for transportation and drug release. Angew Chem
Int Ed Engl. 2013 Jul 1;52(27):7000-3. doi: 10.1002/anie.201301643.
Epub 2013 May 23. PMID: 23703837.

Qiu F, Fujita S, Mhanna R, Zhang L, Simona BR, Nelson BJ. Magnetic
helical microswimmers functionalized with lipoplexes for targeted gene
delivery. Adv Funct Mater. 2015;25(11):1666-71.

Bozuyuk U, Yasa O, Yasa IC, Ceylan H, Kizilel S, Sitti M. Light-Triggered
Drug Release from 3D-Printed Magnetic Chitosan Microswimmers. ACS
Nano. 2018 Sep 25;12(9):9617-9625. doi: 10.1021/acsnano.8b05997.
Epub 2018 Sep 11. PMID: 30203963.

LiJ, Angsantikul P, Liu W, Esteban-Fernandez de Avila B, Thamphiwatana
S,XuM, Sandraz E, WangX, Delezuk ], Gao W, Zhang L, Wang . Micromotors
Spontaneously Neutralize Gastric Acid for pH-Responsive Payload

[l November 28, 2024 - Volume 2 Issue 11



ISSN 2995-8067

DOI: 10.61927/igmin271

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Release. Angew Chem Int Ed Engl. 2017 Feb 13;56(8):2156-2161. doi:
10.1002/anie.201611774. Epub 2017 Jan 20. PMID: 28105785; PMCID:
PMC5511515.

de Avila BE, Angsantikul P, Li ], Angel Lopez-Ramirez M, Ramirez-
Herrera DE, Thamphiwatana S, Chen C, Delezuk ], Samakapiruk R,
Ramez V, Obonyo M, Zhang L, Wang ]. Micromotor-enabled active drug
delivery for in vivo treatment of stomach infection. Nat Commun. 2017
Aug 16;8(1):272. doi: 10.1038/s41467-017-00309-w. Erratum in: Nat
Commun. 2017 Oct 31;8(1):1299. doi: 10.1038/s41467-017-01616-y.
PMID: 28814725; PMCID: PMC5559609.

Esteban-Fernidndez de Avila B, Ramirez-Herrera DE, Campuzano S,
Angsantikul P, Zhang L, Wang ]J. Nanomotor-Enabled pH-Responsive
Intracellular Delivery of Caspase-3: Toward Rapid Cell Apoptosis. ACS
Nano. 2017 Jun 27;11(6):5367-5374. doi: 10.1021/acsnano.7b01926.
Epub 2017 May 5. PMID: 28467853; PMCID: PMC5894870.

Liu D, Yang F, Xiong F, Gu N. The Smart Drug Delivery System and Its
Clinical Potential. Theranostics. 2016 Jun 7;6(9):1306-23. doi: 10.7150/
thno.14858. PMID: 27375781; PMCID: PMC4924501.

Singh AV, Ansari MHD, Laux P, Luch A. Micro-nanorobots: important
considerations when developing novel drug delivery platforms.
Expert Opin Drug Deliv. 2019 Nov;16(11):1259-1275. doi:
10.1080/17425247.2019.1676228. Epub 2019 Oct 14. PMID: 31580731.

Chen C, Chen L, Wang P, Wu LF, Song T. Steering of magnetotactic
bacterial microrobots by focusing magnetic field for targeted pathogen
killing. ] Magn Magn Mater. 2019;479:74-83.

Lin Z, Gao C, Wang D, He Q. Bubble-Propelled Janus Gallium/Zinc
Micromotors for the Active Treatment of Bacterial Infections. Angew
Chem Int Ed Engl. 2021 Apr 12;60(16):8750-8754. doi: 10.1002/
anie.202016260. Epub 2021 Mar 9. PMID: 33481280.

Farahani A, Farahani A. An adaptive controller for motion control of
nanorobots inside human blood vessels. Biosci Biotechnol Res Commun.
2016 Jul 1;9(3):546-52.

Manjunath A, Kishore V. The promising future in medicine: nanorobots.
Biomed Sci Eng. 2014;2(2):42-7.

Biswas O, Sen A. Nanorobot the expected ever reliable future asset in
diagnosis, treatment and therapy. In: Foundations and Frontiers in
Computer, Communication and Electrical Engineering: Proceedings of the
3rd International Conference C2E2; 2016; 451.

Belachew GT. Disease fighting machines inside the body—A review.
Biomed | Sci Tech Res. 2023;49(2):40454-62.

Kwan JJ, Myers R, Coviello CM, Graham SM, Shah AR, Stride E, Carlisle RC,
Coussios CC. Ultrasound-Propelled Nanocups for Drug Delivery. Small.
2015 Oct 21;11(39):5305-14. doi: 10.1002/smll.201501322. Epub 2015
Aug 21. PMID: 26296985; PMCID: PMC4660885.

Pokki ], Ergeneman O, Chatzipirpiridis G, Lihmann T, Sort ], Pellicer E,
Pot SA, Spiess BM, Pané S, Nelson BJ. Protective coatings for intraocular
wirelessly controlled microrobots for implantation: Corrosion, cell
culture, and in vivo animal tests. ] Biomed Mater Res B Appl Biomater.
2017 May;105(4):836-845. doi: 10.1002/jbm.b.33618. Epub 2016 Jan 24.
PMID: 26804771.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Tripathi PA, Singh AD. Natural resources from plants in the treatment of
cancer: an update. Asian ] Pharm Clin Res. 2017;10(7):13-22.

Preethi R, Padma PR. Anticancer activity of silver nanobioconjugates
synthesized from Piper betle leaves extract and its active compound
eugenol. Int ] Pharm Pharm Sci. 2016;8(9):201-5.

Safdar MH, Hussain Z, Abourehab MAS, Hasan H, Afzal S, Thu HE.
New developments and clinical transition of hyaluronic acid-based
nanotherapeutics for treatment of cancer: reversing multidrug
resistance, tumour-specific targetability and improved anticancer
efficacy. Artif Cells Nanomed Biotechnol. 2018 Dec;46(8):1967-1980. doi:
10.1080/21691401.2017.1397001. Epub 2017 Oct 30. PMID: 29082766.

da Silva Luz GV, Barros KV, de Araujo FV, da Silva GB, da Silva PA, Condori
RC, Mattos L. Nanorobotics in drug delivery systems for treatment of
cancer: a review. ] Mat Sci Eng A. 2016;6:167-80.

Yu J, Yang C, Li ], Ding Y, Zhang L, Yousaf MZ, Lin ], Pang R, Wei L, Xu L,
Sheng F, Li C, Li G, Zhao L, Hou Y. Multifunctional Fe5 C2 nanoparticles:
a targeted theranostic platform for magnetic resonance imaging and
photoacoustic tomography-guided photothermal therapy. Adv Mater.
2014 Jun 25;26(24):4114-20. doi: 10.1002/adma.201305811. Epub
2014 Mar 26. PMID: 24677251.

Yu],ChenF,GaoW,JuY, ChuX, CheS, Sheng F, HouY . Iron carbide
nanoparticles: an innovative nanoplatform for biomedical applications.
Nanoscale Horiz. 2017 Mar 1;2(2):81-88. doi: 10.1039/c6nh00173d.
Epub 2016 Dec 1. PMID: 32260669.

Sun Z, Wang T, Wang ], Xu ], Shen T, Zhang T, Zhang B, Gao S, Zhao C, Yang
M, Sheng F, Yu ], Hou Y. Self-Propelled Janus Nanocatalytic Robots Guided
by Magnetic Resonance Imaging for Enhanced Tumor Penetration and
Therapy. ] Am Chem Soc. 2023 May 24;145(20):11019-11032. doi:
10.1021/jacs.2¢12219. Epub 2023 May 16. PMID: 37190936.

Choi H, Lee GH, Kim KS, Hahn SK. Light-Guided Nanomotor Systems for
Autonomous Photothermal Cancer Therapy. ACS Appl Mater Interfaces.
2018 Jan 24;10(3):2338-2346. doi: 10.1021/acsami.7b16595. Epub
2018 Jan 12. PMID: 29280612.

Orozco ], Pan G, Sattayasamitsathit S, Galarnyk M, Wang ]. Micromotors
to capture and destroy anthrax simulant spores. Analyst. 2015 Mar
7;140(5):1421-7. doi: 10.1039/c4an02169j. Epub 2015 Jan 27. PMID:
25622851.

Mellata M. Human and avian extraintestinal pathogenic Escherichia coli:
infections, zoonotic risks, and antibiotic resistance trends. Foodborne
Pathog Dis. 2013 Nov;10(11):916-32. doi: 10.1089/fpd.2013.1533.
Epub 2013 Aug 20. PMID: 23962019; PMCID: PMC3865812.

Delezuk JA, Ramirez-Herrera DE, Esteban-Fernandez de Avila B, Wang J.
Chitosan-based water-propelled micromotors with strong antibacterial
activity. Nanoscale. 2017 Feb 9;9(6):2195-2200. doi: 10.1039/
c6nr09799e. PMID: 28134392.

Li J, Angsantikul P, Liu W, Esteban-Fernandez de Avila B, Chang X,
Sandraz E, Liang Y, Zhu S, Zhang Y, Chen C, Gao W, Zhang L, Wang ].
Biomimetic Platelet-Camouflaged Nanorobots for Binding and Isolation
of Biological Threats. Adv Mater. 2018 Jan;30(2). doi: 10.1002/
adma.201704800. Epub 2017 Nov 28. PMID: 29193346.

How to cite this article: Antil M, Gupta V. Nanorobots in Medicine: Advancing Healthcare through Molecular Engineering: A Comprehensive Review.
IgMin Res. November 28, 2024; 2(11): 938-949. IgMin ID: igmin271; DOI: 10.61927 /igmin271; Available at: igmin.link/p271

IgMin Research in BIOLOGY

[l November 28, 2024 - Volume 2 Issue 11



INSTRUCTIONS FOR AUTHORS

IgMin Research | STEM, a Multidisciplinary Open Access Journal, welcomes original contributions
from researchers in Science, Technology, Engineering, and edicine (STEM). Submission
guidelines are available at www.igminresearch.com, emphasizing adherence to ethical
standards and comprehensive author guidelines. Manuscripts should be submitted online to
submission@igminresearch.us.

For book and educational material reviews, send them to STEM, IgMin Research, at
support@igminresearch.us. The Copyright Clearance Centre’s Rights link program manages article
permission requests via the journal's website (https://www.igminresearch.com). Inquiries about

Rights link can be directed to info@igminresearch.us or by calling +1 (860) 967-3839.

https://www.igminresearch.com/pages/publish-now/author-guidelines

APC

In addressing Article Processing Charges (APCs), IgMin Research: STEM recognizes their significance
in facilitating open access and global collaboration. The APC structure is designed for affordability and
transparency, reflecting the commitment to breaking financial barriers and making scientific research
accessible to all.

IgMin Research - STEM | A Multidisciplinary Open Access Journal fosters cross-disciplinary
communication and collaboration, aiming to address global challenges. Authors gain increased exposure
and readership, connecting with researchers from various disciplines. The commitment to open access
ensures global availability of published research. Join IgMin Research - STEM at the forefront of scientific
progress.

https://www.igminresearch.com/pages/publish-now/apc

WHY WITH US

IgMin Research | STEM employs a rigorous peer-review process, ensuring the publication of high-quality research spanning STEM disciplines. The journal offers a global platform for researchers to share

groundbreaking findings, promoting scientific advancement.

JOURNAL INFORMATION

Journal Full Title: IgMin Research-STEM | A Multidisciplinary Open Access Journal
Journal NLM Abbreviation: [gMin Res

Journal Website Link: https://www.igminresearch.com
Category: Multidisciplinary

Subject Areas: Science, Technology, Engineering, and
Topics Summation: 173

Organized by: IgMin Publications Inc.

edicine

Regularity: Monthly

Review Type: Double Blind

Publication Time: 14 Days

GoogleScholar: https://www.igminresearch.com/gs
Plagiarism software: iThenticate

Language: English

Collecting capability: Worldwide

License: Open Access by IgMin Research is

licensed under a Creative Commons Attribution 4.0
International License. Based on a work at IgMin
Publications Inc.

Online Manuscript Submission:
https://www.igminresearch.com/submission or can be
mailed to submission@igminresearch.us




