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Untethered robots in the size range of micro/nano-scale offer unprecedented access to hard-to-reach

areas of the body. In these challenging environments, autonomous task completion capabilities of micro/

nanorobots have been the subject of research in recent years. However, most of the studies have pre-

sented preliminary in vitro results that can significantly differ under in vivo settings. Here, we focus on the
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1. Introduction

In 1966, as an early demonstration of tiny machines in bioengi-
neering, a science fiction movie (Fantastic Voyage) depicted the
idea of shrinking a submarine and its expedition team for
blood clot removal in a nearly dying scientist’s carotid artery.
Although this revolutionary idea was out of reach until recently,
developments in small-scale fabrication techniques and wireless
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studies conducted with animal models to reveal the current status of micro/nanorobotic applications in
real-world conditions. By a categorization based on target locations, we highlight the main strategies
employed in organs and other body parts. We also discuss key challenges that require interest before the
successful translation of micro/nanorobots to the clinic.

actuation methods have enabled implementation of the concept
-swallowing a surgeon- in real-world conditions.” Nowadays, the
tiny surgeons are known as “micro/nanorobots”.

As small-scale objects (ranging from hundreds of
micrometers to tens of nanometers), micro/nanorobots hold capa-
bilities to conduct functional operations with semi or full auton-
omy in hard-to-reach areas of the body.>* In this regard, loco-
motion of micro/nanorobots represents a significant advantage
compared to traditional systems.>® For instance, previously inac-
cessible routes in the body can be utilized for active reach to
target locations by utilizing various propulsion sources.” " In
addition to locomotion features, micro/nanorobots enable
modification possibilities, e.g, cargo loading, coating, and/or
functionalization, depending on the intended application."®>°
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In this review, biomedical applications of micro/nanorobots
are discussed by focusing on the preclinical studies conducted
with animal models. To this end, actuation methods of micro/
nanorobots are introduced initially to reveal the potential
sources of locomotion in vivo. Then, the preclinical studies are
discussed based on the suggested application areas to provide
a comprehensive overview of the current approaches utilized
in organs and other body parts (Fig. 1). Lastly, key challenges
and future directions are highlighted toward the translation of
micro/nanorobots from bench to bedside.

2. Actuation of micro/nanorobots

As a challenging operating environment, the body can readily
restrict the locomotion of micro/nanorobots with biological
barriers, confined spaces, and non-Newtonian fluids.*!
Additionally, the scale of micro/nanorobots further leads to
challenges since traditional power components are not con-
venient for incorporation in their structures, which indicates
the requirement of effective strategies to harvest energy for
propulsion. To overcome these obstacles, various actuation
methods have been proposed (Table 1). In general, the sources
of active propulsion can be classified into two categories: (i)
on-board and (ii) off-board methods. For the micro/nanorobots
actuated with an on-board method, the power source can be
local  (chemical reactions) or biological (motile
microorganisms).”>>° Chemical reactions were widely utilized
as the locomotion source in the early studies conducted with
animal models.>® For instance, microrobots based on mag-
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nesium (Mg) and zinc (Zn) hold the ability to react with water-
and/or acid-based biofluids.?**"*> Due to these reactions, Mg-
and Zn-based microrobots can produce hydrogen (H,)
bubbles, leading to propulsion in the stomach and/or
intestine.**” An asymmetric platinum coating or deposition
can also provide bubble-propelled motion upon contact with
fuel, i.e., hydrogen peroxide (H,0,).***° Although it is a con-
venient approach to obtain self-propelled micro/nanorobots,
the toxicity of H,O, constrains practical biomedical appli-
cations. In contrast to Pt-based structures, enzymes can be
exploited as a biocompatible alternative. With enzymes
immobilized on the surface of particles, enzymatic conversion
of fuels (urea, glucose, etc.) may produce sufficient force to
propel micro/nanorobots in vivo.****

Biological swimmers also act as a potent source of propul-
sion for microrobots. In this on-board actuation approach,
motile organisms, e.g., algae,* sperm,” and bacteria,*® are
coupled with nonmotile objects to constitute biohybrid micro-
robots that can have inherent actuation capabilities, even in
harsh environments.”” Compared to synthetic microrobots,
biohybrid counterparts can provide a higher level of autonomy
by sensing the changes in the local environment and demon-
strating active response.*®

Off-board actuation methods significantly differ from on-
board methods with the requirement of utilizing external
power sources (magnetic fields, acoustic waves, and light
irradiation) for propulsion.*” Among these sources, magnetic
actuation is the leading way to precisely manipulate micro/
nanorobots with high degrees of freedom (DoF).”*”" Given the
high penetration ability of magnetic fields, this approach is
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Fig. 1 Target locations of the body treated with micro/nanorobots having different actuation methods.
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Table 1 Overview of micro/nanorobots utilized for various treatments in vivo

Active
Micro/nanorobot structure component Motion source Target location Treatment Approach Ref.
TiO,/PLGA/Fe-Se@chitosan- Mg Chemical reactions  Intestine Iron deficiency ~ Mineral delivery 71
coated Mg microspheres anemia
Mo-Pt-Pd-coated Janus Mo-Pt-Pd Chemical reactions  Brain Traumatic brain  ROS scavenging 72
carbon nanospheres injury
Nanoparticle-coupled Microalgae Self-propulsion Lung Pneumonia Drug delivery 73
microalgae (C. reinhardtii)
Fe;0,@PDA-coupled micro- Microalgae/ Self-propulsion/ Subcutaneous Tumor Photodynamic and 74
algae (V. aureus) Fe;0, magnetic fields tissue photothermal therapy
PDA/Fe;04-coated microalgae  Fe;O0, Magnetic fields Subcutaneous Bacterial Photothermal therapy 75
(S. platensis) tissue infection
CaO, nanoparticle-loaded CaO, Acoustic waves Blood vessel Thrombus Sonodynamic therapy 76
Janus microrods
Pt nanoparticle-containing Pt NIR irradiation Subcutaneous Tumor Photothermal therapy and 77
silica nanospheres tissue drug delivery

especially attractive for biomedical applications requiring pre-
cisely controlled motion in deep tissues.’>° Additionally,
acoustic waves can produce robust propulsion even in dynamic
fluids by generating resonance or complex acoustic
patterns.>>"® Similar to magnetic fields, acoustic waves are
appealing for applications in deep tissues while minimally
affecting the surrounding environment.®"®* The use of light
may also be considered as an effective stimulus for powering
micro/nanorobots.">® On the other hand, ultraviolet (UV)
light can cause severe side effects, while visible (Vis) light has
poor penetration depth into the tissue.®®®” In general, near-
infrared (NIR) light can provide both safety and considerable
penetration depth to enable the configurable locomotion of
micro/nanorobots in vivo.**7°

3. Digestive system

Oral and intravenous routes are the most common ways for
micro/nanorobot administration to the body. The former was
widely preferred in the early studies on artificial microrobots
since it enables straightforward access to several organs in the
digestive system, such as the stomach and intestine.

3.1. Stomach

In 2015, Wang and co-workers utilized bilayer poly(3,4-ethyle-
nedioxythiophene)/Zn (PEDOT/Zn) microrobots for the delivery
of gold (Au) nanoparticles to the stomach tissue.”® The micro-
robots demonstrated gradual dissolution in the gastric acid
due to the presence of Zn, leading to self-propulsion by gener-
ating H, bubbles (Fig. 2a). Furthermore, this self-destruction
property enabled autonomous cargo delivery in vivo without
leaving anything toxic behind. In another study, the same
research group presented tubular microrobots having two
different compartments (Zn-based propellant engine and
cargo-loaded gelatin segment), as shown in Fig. 2b.”® The
microrobots displayed a tunable lifetime during their self-pro-
pulsion in the gastric acid depending on the Zn engine’s
length. Additionally, a pH-responsive cap protected the cargo-

This journal is © The Royal Society of Chemistry 2023

loaded gelatin segment. Once the microrobots penetrated the
gastric mucosa (pH > 6), the pH-responsive cap dissolved and
promoted a localized cargo release to the stomach wall.

In addition to Zn-based microrobots, the stomach’s acidic
environment enabled the use of Mg as the active component for
microrobot locomotion. For instance, self-propelled Mg-based
microrobots were investigated to treat H. pylori infection as a
model disease.’® To obtain an antibacterial drug delivery plat-
form, spherical Mg particles were successively coated with tita-
nium dioxide (TiO,), antibiotic-loaded poly(lactic-co-glycolic acid)
(PLGA), and chitosan layers while keeping a small part of the
surface uncoated. With this asymmetric coating approach, the
release of H, bubbles could lead to an efficient self-propulsion
upon contact with gastric acid (Fig. 2c). Thanks to the active
motion in a mouse stomach model, the microrobots could effec-
tively deliver the antibiotic (clarithromycin), which could signifi-
cantly reduce the bacterial burden compared to the condition
involving drug-loaded passive particles.

To deliver payloads in the stomach, oral administration of
microrobot suspensions is a straightforward way. However,
existing robotic systems are prone to have limited applicability
in vivo due to short propulsion times in body fluids. Related to
this limitation, the utilization of pills was proposed to over-
come microrobots’ premature loss before reaching target
locations.®" The pills consisted of Mg/TiO,/PLGA microrobots
uniformly dispersed in the matrix having inactive excipients
(lactose and maltose) and disintegration-aiding additives (cell-
ulose and starch). When the pills encountered the acidic
stomach environment, the sugar matrix dissolved quickly to
release the microrobots (Fig. 2d). Afterward, the microrobots
could demonstrate locomotion in the gastric fluid by generat-
ing H, bubbles owing to the Mg cores. In vivo gastric retention
studies showed that microrobot-containing pills could provide
a more concentrated release of the microrobots compared to
the control groups where the microrobots were administered
in a solution or with pills containing nonmotile particles.
With these results, microrobot-containing pills indicated a
promising way of carrying microrobots with utmost protection
to facilitate delivery at targeted locations.

Nanoscale, 2023,15, 8491-8507 | 8493
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Fig. 2 Bubble-propelled microrobots in the stomach. (a) Zn-based tubular microrobots for tissue penetration in vivo. Reproduced with per-

mission.”®

Copyright 2015, American Chemical Society. (b) SEM images of (I) tubular multicompartment microrobots having (Il) Zn-based propellant

compartment, (Ill) cargo-loaded gelatin compartment, and (IV) protective enteric cap. Reproduced with permission.”® Copyright 2020, Wiley-VCH.
(c) Motion mechanism of Mg-based microrobots in a mouse stomach. Images show bubble-propelled propulsion of the microrobots in the gastric

fluid. Reproduced with permission.&°

Copyright 2017, Springer Nature. (d) Disk-shaped pills and their dissolution in the gastric fluid to release the

encapsulated microrobots. Reproduced with permission.8! Copyright 2018, American Chemical Society.

3.2. Intestine

Micro/nanorobots administered via the oral route can reach
the intestine from the stomach; however, proper measures may
be needed on their structures to preserve an inactive stage in
the stomach. For instance, to precisely position the microro-
bots for site-specific delivery applications, an enteric polymer
coating was utilized on PEDOT/Au microrobots loaded with
Mg microspheres.®” This coating shielded the microrobots
from the acidic gastric fluid (pH 1-3), whereas it enabled dis-
solution in the intestinal fluid (pH 6-7) to initiate the self-pro-
pelled microrobot motion in the intestine (Fig. 3a).
Additionally, tunable thickness of the pH-sensitive enteric
polymer coating led to selective activation of the microrobots
in desired regions of the intestine. With this way, the microro-
bots demonstrated promising results to enable localized tissue
penetration and enhanced retention.

In another study, Mg-based microrobots were proposed for
Thanks to the self-propulsion of
microrobots in gastrointestinal (GI) fluid, active delivery of

the treatment of anemia.””

iron (Fe) and selenium (Se) was obtained in the intestine. In
vivo experiments showed that the hematological parameters of
an anemic mouse could be normalized after 30 days of treat-
ment with the microrobots, while showing no toxic effect. An

8494 | Nanoscale, 2023, 15, 8491-8507

oral vaccination platform was also obtained using Mg-based
microrobots.®? Upon delivery via the oral route, microrobots’
self-propulsion could significantly improve retention and
uptake of the antigens in the intestine, leading to a signifi-
cantly higher generation of antibody titers compared to the
conditions involving nonmotile particles.

Light irradiation has also been utilized in the intestine
toward different purposes. For instance, microrobot-contain-
ing microcapsules were designed to have disintegration ability
on demand upon NIR irradiation.®* Since this platform was
imaged with photoacoustic computed tomography (PACT) in
real-time, self-propelled Mg-based microrobots could be
released from the microcapsules precisely at target locations to
deliver drugs (Fig. 3b). Another type of application was treating
colorectal cancer via NIR light-driven nanorobots.®> The nanor-
obots consisted of Pt-coated mesoporous silica having a
specific camouflage (S. aureus membrane) and a chemothera-
peutic drug (cisplatin). While NIR light provided the stimulus
for the motion, the biomimetic camouflage guided the nanoro-
bots toward the intestinal site of colorectal cancer, as demon-
strated in Fig. 3c. This chemotactic property provided 4.3-fold
higher anchoring at the tumor site compared to the nanoro-
bots lacking this property. Considering also 14.6-fold higher
penetration to mucus, a significant tumor inhibition rate

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Micro/nanorobots in the intestine. (a) Preparation of PEDOT/Au microrobots via an electrodeposition method and their coating with an
enteric polymer. Schematic illustration of the mouse demonstrates localized microrobot propulsion upon pH-sensitive dissolution of the enteric
coating. Adapted with permission.®2 Copyright 2016, American Chemical Society. (b) Microrobot-containing capsules having disintegration ability

with NIR light irradiation and their real-time imaging principle via PACT.

Reproduced with permission.8* Copyright 2019, American Association for

the Advancement of Science. (c) NIR light-driven nanorobots with mucus penetration ability to deliver a chemotherapeutic drug for the treatment of
colorectal cancer. Reproduced with permission.2> Copyright 2022, American Association for the Advancement of Science. (d) Protective capsules
loaded with algae-based microrobots as self-motile drug delivery platforms. The inset shows bright-field (top) and fluorescent (bottom) images of
algae-loaded capsules. Adapted with permission.®® Copyright 2022, American Association for the Advancement of Science.

(99.1%) was observed with the help of NIR light-driven
nanorobots.

More recently, self-motile microorganisms were investigated
for enhancing cargo delivery in the intestine.®® Toward this
purpose, a microalgae species (C. reinhardtii) was functiona-
lized with drug-containing polymeric nanoparticles, and then
they were embedded inside a protective capsule for safe
passage through the stomach’s harsh acidic environment
(Fig. 3d). Upon release from the capsule, algae could display
long-lasting swimming behavior significantly higher than Mg-
based microrobots. The results of in vivo experiments demon-
strated that intestinal distribution and drug retention could
improve thanks to the prolonged motility of the microrobots,
which highlights the potential of motile microorganisms as
autonomous cargo carriers in vivo.

This journal is © The Royal Society of Chemistry 2023

3.3. Liver

The liver may contain solid tumors that are challenging to
penetrate due to the high interstitial fluid pressure.’” As a
promising approach, magnetic microrobots were proposed to
deliver drugs/cells into tumors with their robust locomotion
strategies.®*®®*® For example, mesenchymal stem cells were deli-
vered to the liver using microrobots under the guidance of
photoacoustic (PA) imaging.>* The microrobots were designed
to be burr-like porous spheres with a structure consisting of
poly(ethylene glycol) diacrylate and pentaerythritol triacrylate
to ensure mechanical stability and degradability concurrently.
Additionally, Fe;O, nanoparticles were incorporated into the
structure for magnetic navigability during PA imaging of the
microrobots in vivo. In this study, the delivery experiments

Nanoscale, 2023, 15, 8491-8507 | 8495
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were performed using mice having orthotopic liver tumors.
The results showed that tumor growth could be inhibited with
the successful delivery of the stem cells and their migration
into the tumor tissue.

In addition to the treatments for solid tumors, microrobots
were used for hemorrhage treatment in the liver.’® For this
application, self-propelled starch-based Janus microrobots
were used because of the microporous starch’s ability to lead
hemostasis by concentrating blood coagulation factors with its
sieve-like porosity.”’ Additionally, calcium carbonate (CaCO;)
was grown on the other half of the Janus structure as the
engine producing strong bubbles against blood flow, which
can facilitate the reach to the deep bleeding sites. In the
experiments conducted using liver bleeding models, standard
gauze was found inadequate for controlling the bleeding,
whereas the self-propelled microrobots successfully halted the
bleeding in the minimum time (48 + 5 s). This effective treat-
ment also led to the lowest blood loss for rabbits, resulting in
the highest survival rate after surgery (100%).

3.4. Bile duct

The bile duct consists of thin tubes that carry bile from the
liver and gallbladder to the small intestine. In an early attempt
to investigate microrobots through in vivo experiments, micro-
grippers were used as autonomous robotic tools to collect
tissue samples in this hard-to-reach body part.®> The micro-
grippers had a star-like shape, consisting of a thermo-sensitive
polymeric trigger and multicomponent layers. Their responsive
design could enable modification of this shape upon exposure
to the body temperature, while nickel’s presence led collect-
ability of the microgrippers with an applied magnetic field. In
a porcine model, the microgrippers were injected into the
biliary orifice and retrieved after 10 min using a magnetic cath-
eter. Then, these microgrippers were investigated in terms of
the tissue they collected. Further analysis showed that the
tissue samples were sufficient to allow the identification of
genetic markers for various diseases, indicating the possibility
of precise diagnostics in hard-to-reach areas of the body via
autonomous microrobots.

4. Urinary system

The urinary system is responsible for filtering blood to remove
toxins and waste through urine, which contains urea as a
potent fuel for micro/nanorobot motion. This section covers
the studies conducted with bladder models for cancer therapy
and imaging applications.

4.1. Bladder

Bladder cancer is the 9™ most common cancer globally, and it
has a substantial recurrence rate (~50%).”* Although intravesi-
cal chemotherapy can be utilized as a standard treatment for
bladder cancer, urination significantly decreases drug resi-
dence time in the bladder.”®°* Therefore, to enhance efficacy
of treatments, high penetrability into cancerous sites is highly

8496 | Nanoscale, 2023, 15, 8491-8507
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required. In a recent study, a microrobotic approach was devel-
oped using cells as active “Trojan horse” for the sustainable
delivery of adenovirus (a type of oncolytic virus for cancer vir-
otherapy) as shown in Fig. 4a.°> The microrobots were based
on human embryonic kidney cells (293T) modified with cyclic
arginine—glycine-aspartic acid tripeptide (cRGD) to ensure
specific binding with bladder cancer cells. Besides, asymmetri-
cally immobilized Fe;O, nanoparticles on the surface of 293T
cells led to microrobot motion via external rotating magnetic
fields. According to the results of experiments conducted with
tumor-bearing mice, magnetic control led to a 4.6-fold
decrease in bioluminescence intensity as an indicator of
bladder tumor growth. This effective decrease was associated
with prolonged retention and improved tissue penetration rea-
lized by the robust microrobot motion via external magnetic
fields. Additionally, the observation of tumor inhibition was
supported by an analysis of the overall survival rate, where
mouse death occurred in all groups except the condition
having the microrobots under magnetic control.

The bladder has also been a model organ to investigate
imaging modalities for microrobots’ real-time tracking in the
body. As an example, PA imaging was recently combined with
high-frequency ultrasound (HFUS) to obtain molecular and
anatomical feedback from the mouse bladder.’® This dual
imaging technique demonstrated competence to provide real-
time images with its ability to discriminate endogenous
signals from motile microrobots. In another study, positron
emission tomography (PET) was combined with computed
tomography (CT) to track the swarm behavior of self-propelled
nanorobots.”” The nanorobots were based on mesoporous
silica nanoparticles having urease enzyme and gold nano-
particles at their surfaces (Fig. 4b). The presence of urease
enzyme enabled decomposition of the fuel (urea) into carbon
dioxide and ammonia, resulting in a self-propelled motion.
Additionally, the nanorobots were radiolabeled with iodine-
124 or fluorine-18 isotopes for imaging purposes. This multi-
functional design allowed tracking of nanorobot motion in the
mouse bladder. Together with the imaging possibility, this
study indicated that swarming behavior of the nanorobots
could be beneficial for drug delivery purposes toward the treat-
ment of bladder diseases.

5. Nervous system

The nervous system controls various aspects of body functions.
Since it enables communication and coordination between the
systems, any disease in the nervous system can pose a serious
threat to the body. In this section, micro/nanorobotic treat-
ments are explicitly discussed for the brain.

5.1. Brain

The blood-brain barrier (BBB) represents a significant chal-
lenge for treatments in the brain due to its ability to block
foreign substances’ entry from blood.”®*® As a noteworthy
approach to cross the BBB, researchers utilized a natural

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Micro/nanorobots in the bladder. (a) Preparation of virus-loaded cell-based magnetic microrobots having targeting capabilities for bladder
cancer cells. After the release of virus from the microrobots, oncolytic virotherapy can be obtained by infection of the surrounding tumor site.
Reproduced with permission.®®> Copyright 2022, Wiley-VCH (b) Urease and gold-functionalized silica nanorobots and their radiolabeling for in vivo
imaging applications. Adapted with permission.®” Copyright 2021, American Association for the Advancement of Science.

phenomenon, the high flow of glucose from blood to the
brain. To this end, nanometer-sized polymersomes (vesicles
formed by the self-assembly of amphiphilic copolymers) were
prepared with chemotaxis behavior (directed motion toward or
away from specific chemicals) in the presence of a glucose gra-
dient (Fig. 5a)."°° The nanorobot motion was obtained with
p-glucono-5-lactone and H,0, formed by the encapsulated
glucose oxidase, while encapsulated catalase decomposed
H,0, to enhance the chemotactic behavior further. As a sig-
nificant advantage, using these enzymes in tandem led to loco-
motion without releasing gaseous oxygen and H,0,. Moreover,
in vivo experiments demonstrated that a 4-fold increase in
penetration to the brain could be achieved using chemotactic
nanorobots having protein targeting compared to non-active
polymersomes.

As a disease impacting the brain significantly, acute
ischemic stroke may cause permanent damage and dysfunc-
tion by blocking blood flow. Recent studies reported that the
pathogenesis of ischemic stroke could be related to the exces-
sive production of reactive oxygen species (ROS) and the up-
regulation of inflammatory factors. Since H, therapy can sca-
venge ROS and down-regulate inflammatory factors, research-
ers investigated asymmetrically coated Mg microrobots in the
middle cerebral artery (MCA) occlusion of rats.>* With their
considerable speed (51.1 pm s™' in artificial cerebrospinal
fluid), the microrobots enhanced the permeation of H, into
the deep brain tissue, which led to a significant decrease in

This journal is © The Royal Society of Chemistry 2023

infarct volume and improved spatial learning capacity. As an
additional advantage, the utilization of PLGA-coated Mg par-
ticles allowed gradual depletion with complete disappearance
ability after the therapy.

For the treatment of neurological disorders, e.g., brain
tumors, Alzheimer’s disease, and Parkinson’s disease, stem
cells can provide an efficient therapeutic effect thanks to their
ability to differentiate a variety of cell types. However, their
delivery to specific parts of the brain is a significant challenge
while having minimal invasion. To overcome this challenge,
stem cell-based magnetic microrobots were developed.'®" Stem
cells were collected from the nasal turbinate tissue of patients,
and they were magnetized by the internalization of superpara-
magnetic iron oxide nanoparticles (SPIONs). Then, these
microrobots were administered to a mouse via the intranasal
pathway to bypass the BBB. The results of in vivo experiments
showed that the microrobots could be guided to the target
area in brain tissue under the influence of a magnetic field,
whereas the microrobots remained near the olfactory bulb
when there was no applied magnetic field. Although these
results are promising, for such targeted delivery applications,
real-time imaging plays an essential role in enhancing the per-
formance of externally driven microrobots. Recently, optoa-
coustic tomography (OAT) was proposed for real-time detection
and tracking of microrobots circulating in the brain vascula-
ture.’® As shown in Fig. 5b, researchers prepared silica micro-
robots having nickel (Ni) coating to enable magnetic manipu-
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Fig. 5 Micro/nanorobots in the brain. (a) Enzyme-containing asymmetric polymersomes with chemotaxis behavior for crossing the BBB.
Reproduced with permission.'°® Copyright 2017, American Association for the Advancement of Science. (b) Schematic of magnetic microrobots
having Au and liposome ICG coatings for OAT of the microrobots inside the mouse brain vasculature. The magnet indicates the microrobots’
manipulation capability in vivo. Adapted with permission.'°? Copyright 2022, American Association for the Advancement of Science.

lation in vivo. Additionally, the microrobots were designed to
have ICG-entrapped nanoliposome and Au coatings to
enhance the OAT contrast. Thanks to the specific design, these
microrobots could be tracked with three-dimensional (3D)
real-time images in the circle of Willis. Manipulation of the
microrobots was also demonstrated inside the brain vascula-
ture with a permanent magnet, which indicates their potential
use for site-specific applications in intravascular
environments.

6. Cardiovascular system

As part of the cardiovascular system, blood vessels supply
oxygen and nutrients throughout the body. Due to the signifi-
cance of this task for healthy tissue, obstructions in the blood
vessels require targeted and delicate treatments. In other
respects, controlled blocking of the blood flow can also be part
of site-specific treatments, such as tumor therapy. In this
section, micro/nanorobotic strategies are discussed for restor-
ing or blocking blood flow.

6.1. Blood vessels

Among cardiovascular diseases, obstruction of blood vessels is
a widespread health problem with the possibility of causing
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catastrophic events, such as stroke, infarction, and
embolism.”>'%*7'%® The Food and Drug Administration (FDA)
approved the use of tissue plasminogen activator (tPA) as a
potential approach to attain rapid thrombus clearance.
However, the short time window for therapy and toxic side
effects at high application doses represent the main challenges
of this approach. As a noteworthy way of enhancing the deliv-
ery of tPA at target sites, researchers used a swarm of Fe;O,
nanorobots.'®” For in vivo experiments, they also developed a
C-shaped magnetic system and combined it with an ultra-
sound imaging device to monitor the nanorobots (Fig. 6a).
Guiding tPA toward thrombus with the help of magnetic
swarm led to rapid recanalization at the embolic site of a
rabbit model. On the contrary, drug treatment without the
swarm provided only a stepwise dissolution of the thrombus.
The measurements demonstrated that the combined treatment
could decrease the thrombus area by =53.5%, whereas this
value was ~10.0% for drug treatment alone.

Other approaches were also proposed for thrombolysis
using distinct micro/nanorobots. For example, inspired by a
natural phenomenon -endothelial cells’ nitric oxide (NO) pro-
duction to prevent thrombosis-, researchers presented light-
driven nanorobots that can produce NO gas bubbles.'*® In this
way, they aimed mechanical and photothermal treatment by
deep penetration into the thrombus (Fig. 6b). The nanorobots
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consisted of hollow polydopamine (PDA) particles modified
with Cys-Arg-Glu-Lys-Ala (CREKA) peptide. Additionally, a
donor for NO was loaded to these nanorobots, leading to an
efficient bubble-driven motion under NIR light irradiation.
After observing the motion behavior, the nanorobots were
further evaluated with mice having thrombus in their tails.
According to the histological analysis, there was no clear indi-
cation of blood clots for the group treated with nanorobots
and NIR light irradiation. As a noteworthy observation, this
treatment also prevented the reoccurrence of thrombus in vivo.
In another study, a combined treatment for atherosclerosis
was proposed to prevent its severe consequences in the
body.'% This treatment involved a balloon having a coating of
drug-loaded NIR-driven nanorobots. Initially, Fe;O, nano-
particles were used as sacrificial templates to obtain meso-
porous silica nanoparticles, and then Pt was sputtered on one
side of the nanorobots. Anti-proliferative paclitaxel (PTX) drug
and anti-vascular cell adhesion molecule-1 (anti-VCAM-1) tar-
geting antibody were additionally incorporated into the struc-
ture, and platelet membrane was used as a coating. In the
carotid artery of rabbits, the combined effect of drug-loaded
nanorobots and photothermal therapy led to a significantly
lower plaque area.

This journal is © The Royal Society of Chemistry 2023

For the studies discussed above, the main concept was to
utilize micro/nanorobots to maintain the flow in blood vessels.
In a more recent study, the opposite of this approach -blocking
the blood flow- was proposed via magnetic swarms as a poten-
tial treatment for tumors and arteriovenous malformations."*°
The swarm consisted of magnetic particles coated with throm-
bin due to its ability to convert soluble fibrinogen into fibrin
meshes. With this way, the trapping of red blood cells was
aimed to form a clotting swarm that could block the blood
flow, as demonstrated in Fig. 6c. This approach was tested in
the blood vessels of porcine kidneys in vivo. When selected
areas were exposed to dynamic magnetic fields for 10 min,
embolization was successfully obtained only in these areas.
Although obstructions in blood vessels are mostly harmful to
the body, this study successfully demonstrated that they could
also be part of an effective tumor treatment thanks to the
precise control of magnetic microrobots.

7. Other systems

Micro/nanorobots have also been utilized in challenging
locations of the body in terms of locomotion. In this section,
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micro/nanorobotic treatments are summarized for compli-
cations related to the eye, skin, muscle, bone, and lung.

7.1. Eye

The eye is mainly divided into anterior (front) and posterior
(back) segments. For the treatment of ocular diseases, drugs
can be administered via eye drops or operations can be per-
formed surgically. However, these treatments may be insuffi-
cient for the diseases in the posterior segment, highlighting
the need for active systems to access all eye segments.®®'"!
Magnetic microrobots hold great promise within this context
thanks to  their robust motion and  external
controllability."""** For instance, cylindrical magnetic micro-
robots were tested in the eye of rabbits for minimally invasive
intraocular surgery.'’® Despite the challenges of the operating
environment (viscoelasticity of the vitreous and the presence
of collagen fiber bundles), the microrobots could be steered in
the eye with an electromagnetic control system. When the
microsurgery is completed, they could also enable removal
from the vitreous cavity by a magnetic tool. Upon further devel-
opment in the design, such magnetic microrobots can hold
significant potential for future applications in the eye requir-
ing localized mechanical manipulations or targeted drug deliv-
ery with minimal invasion.

7.2. Skin

In the microrobotics field, an early study aimed infrared laser-
assisted tissue welding in vivo."*® The microrobots consisted of
silica particles having polyelectrolyte multilayers and Fe;O,
nanoparticles. One side of the microrobots was also coated
with Au to create a Janus structure. Then, the microrobots
were inserted into deep cuts on the mouse skin, followed by
the wound’s closure with a laser. Thanks to thermophoretic
motion and magnetic attraction abilities, the microrobots
could provide a sealing effect for bleeding wounds in vivo.

More recently, self-propelled nanorobots were utilized to
treat diabetic foot ulcers."’” For this application, researchers
prepared calcium peroxide (CaO,) nanoparticles capped with
PDA layers. The nanorobots could release NO due to their
specific surface design with the aim of eliminating bacterial
infections in the skin wounds of diabetic mice. Enzyme-
powered microrobots were also used to treat abscess infec-
tions.'*® In order to obtain self-propelled microrobot motion
in the presence of fuel (urea), urease enzyme was attached to
silica particles. Additionally, the microrobots were functiona-
lized with a cationic antimicrobial peptide (LL-37), which can
lyse bacterial cells by disrupting the membranes. After indu-
cing skin infection with a Gram-negative bacterial strain (A.
baumannii), the microrobots and a urea solution were applied
to the infected area (Fig. 7a). While free peptides could lead to
only a localized effect around the initial administration site,
the microrobots reduced the bacterial load by two orders of
magnitude, indicating efficacy of the self-propelled microrobo-
tic treatment.

Apart from the studies conducted on animal skin, sub-
cutaneous tumor models have been a widely preferred way of
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related complications. (a) Enzyme-powered antimicrobial microrobots
toward the treatment of bacterial infections on the skin. Adapted with
permission.'*® Copyright 2022, American Chemical Society. (b) Magnetic
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irradiation. Reproduced with permission.*?® Copyright 2022, American
Chemical Society. (c) Functionalization of algae with drug-loaded nano-
particles using click chemistry and their intratracheal administration for
the treatment of lung infections. Adapted with permission.”> Copyright
2022, Springer Nature.

investigating micro/nanorobots in vive.''*™*” In general,

different cancer cell lines, e.g., breast and cervical, were subcu-
taneously injected into animals to establish tumors. When the
tumor models reached a considerable size, micro/nanorobots
were injected into the blood or directly into the tumor site.
This approach enables the investigation of various robotic
treatments through real-world conditions; however, more
studies are required to analyze the locomotion performance of
micro/nanorobots when the tumors are located in other parts
of the body.

This journal is © The Royal Society of Chemistry 2023
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7.3. Muscle

Stimulation of muscle contraction has been considered as a
practical approach to maintain muscle quality. On the other
hand, most of the current strategies lack positioning capability
for photothermal stimulation of specific locations. To over-
come this limitation, researchers proposed the use of mag-
netic microrobots."*® The microrobots were prepared by dip-
coating a microalgae species (C. pyrenoidosa) with Fe;0, nano-
particles. In addition to enabling magnetic navigability under
the guidance of rotating magnetic fields, Fe;O, nanoparticles
could increase the local temperature upon NIR irradiation. By
this temperature change, contraction in myotubes could be
aimed (Fig. 7b). When manipulation capabilities of the micro-
robots were observed in the exposed muscle of a rat’s leg, NIR
light stimulus was applied to analyze contraction frequency of
the muscle fibers. According to the results, the microrobots’
presence led to a significant increase in intracellular tempera-
ture (from 0.8 + 0.3 °C to 4.9 + 0.6 °C), inducing a higher con-
traction frequency that can be beneficial for repairment
without causing damage to the surrounding tissue. Although
microrobot locomotion can be readily restricted in muscle
tissue, this study presented a noteworthy application area for
microrobots requiring further investigation.

7.4. Bone

The concept of utilizing Mg-based microrobots for ROS scaven-
ging was also investigated to treat inflammation-related dis-
eases in bone tissue. An example of such diseases is rheuma-
toid arthritis, an autoimmune disorder causing lifelong
suffering and pain. Since active H, delivery can lead to ROS
scavenging and down-regulation of inflammatory cytokines,
PLGA- and hyaluronic acid-coated Mg microrobots were devel-
oped to treat this autoimmune disorder."*® The sustained
generation of H, bubbles could provide another advantage by
enabling precise in vivo positioning of the microrobots under
ultrasound guidance. For a rat model having collagen-induced
arthritis, the use of Mg-based microrobots led to the slowest
disease progression compared to the cases having Mg particles
with passive H, release or a commercial anti-inflammatory
drug (dexamethasone). Later, ROS scavenging was realized
using Fe;O, nanorobots that can be manipulated as swarms
with a magnetic control system."*® This swarming behavior
eased real-time ultrasound imaging, allowing accurate target-
ing and positioning of the nanorobots to treat osteoarthritis.
The experiments conducted in the knee joints of rats showed
that magnetically controlled nanorobots could significantly
suppress ROS expression more than their static counterparts.
Moreover, magnetic microrobots were used to deliver
human adipose-derived mesenchymal stem cells for knee carti-
lage regeneration.”*® To this end, spherical PLGA micro-
scaffolds were combined with magnetic microclusters consist-
ing of ferumoxytol and chitosan. Afterward, the cells were
loaded by seeding into each microrobot and incubating for
24 h. This loading caused only a 4.4% decrease in the average
speed of the microrobots in the motion experiments con-

This journal is © The Royal Society of Chemistry 2023
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ducted under a constant magnetic field (30 mT) and gradient
(0.6 T m™"). This study further explored the possibility of
wearing a permanent magnet as a fixation tool after position-
ing the microrobots at the damaged cartilage. All these con-
cepts were combined in a defect model of rabbit knee carti-
lage, where the results demonstrated an enhanced cartilage
regeneration. Furthermore, the microrobots’ design provided
degradability in approximately 3 weeks under in vivo con-
ditions without inflammation reactions or causing damage to
the tissue.

7.5. Lung

In a recent study, biohybrid microrobots were proposed for the
treatment of acute bacterial infections in the lungs.”® For this
treatment, a microalgae species (C. reinhardtii) was modified
with neutrophil membrane-coated polymeric nanoparticles
having antibiotic loading (ciprofloxacin). After establishing the
drug-loaded self-motile platform (Fig. 7c), mice were intratra-
cheally inoculated with P. aeruginosa, and then efficacy of the
microrobotic treatment was analyzed. The results demon-
strated that bacterial burden could be reduced up to three
orders of magnitude thanks to biohybrid microrobots’ active
drug delivery performance. As an important observation, the
mice treated with the microrobots resulted in 100% survival
rate during the 14-day study, while all the untreated mice died
in 3 days. These findings indicated biohybrid microrobots’
superior drug delivery performance without requiring external
guidance or specific fuel. With further development, such bio-
hybrid platforms can pave the way for various treatments with
a higher degree of autonomy in vivo.

8. Key challenges and future
directions

The studies discussed in this review have demonstrated prom-
ising results for a variety of applications under in vivo con-
ditions. However, considering the infancy of micro/nanorobo-
tic treatments, there are still challenges to overcome. In this
section, we discuss the challenges and potential remedies for
the successful translation of micro/nanorobots from bench to
bedside.

8.1. Safety

Ensuring safety is of utmost importance for micro/nanorobots
in the biomedical field. To not cause any side effects in the
short- and long-term, micro/nanorobots must be assessed in
accordance with comprehensive regulations. At the initial
stages of safety evaluation, the design and fabrication of
micro/nanorobots should be considered. According to the
international standard for “biological evaluation of medical
devices (ISO 10993-1)”, all components of a device are required
to be biocompatible."**> However, toxic materials have been
used for various purposes in the micro/nanorobotic field.
Nickel- and cobalt-based coatings are examples of such
materials preferred due to their magnetic properties.'*?
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Instead, alternative materials, such as FePt coatings or Fe;O,
nanoparticles, can be utilized in the structure of micro/
nanorobots."*****> Construction of micro/nanorobots using
materials derived from patients (blood and cells) also appears
as an ideal strategy to mitigate the immune response.'**3%137

In the stage of micro/nanorobot administration, motion
sources require assessment in terms of safety. While toxic
H,0, was a standard fuel at the beginning of research, fuel-
free external fields have been the primary source of motion as
the research progressed in this area. Still, there can be limitations
particular to each external field. For example, static magnetic
fields up to 8 Tesla (T) are considered safe for medical use."*®
Although the required magnetic field strength for micro/nanoro-
bot locomotion is negligible compared to the safe limit, the rate
of change in gradient fields needs optimization due to the possi-
bility of causing damage by heating the tissue."** As another
promising external field, acoustic waves are generally considered
to have limited damage to the tissue.®® For light-driven micro/
nanorobots, wavelength of the light source is the most determin-
ing factor in terms of safety. This limitation prevents the use of
UV light in biomedical applications since it can induce severe
complications. NIR light seems as the most promising light
source; however, proper measures should be taken regarding
power and exposure time.

Moreover, the post-treatment stage should not be over-
looked since the long-term presence of non-degradable micro/
nanorobots may lead to acute and chronic toxicity, potentially
requiring surgical revisions.> To minimize long-term risks,
micro/nanorobots should provide a reliable clearance strategy
after completing the intended task. A safe clearance strategy
can be based on degradability into non-toxic products by pH-,
temperature-, and/or enzyme-triggered reactions.®” On the
other hand, this strategy does not apply to all types of micro/
nanorobots given the widespread usage of non-degradable par-
ticles and coatings. As an alternative strategy, micro/nanoro-
bots can be retrieved via external forces, like utilizing magnetic
catheters to collect magnetically responsive microrobots."*°

8.2. Fabrication

The current design of micro/nanorobots generally allows fabri-
cation that can only be adequate for testing in laboratory con-
ditions. This situation can be mainly related to the require-
ment of successive treatments and/or specific coatings
attained with physical deposition methods.'*' To provide
reliable solutions in daily medical treatments, large-scale fabri-
cation techniques are highly needed. While providing high
production rates, these techniques should also ensure reprodu-
cibility and cost-effectiveness. In this regard, one-step chemical
synthesis techniques can be appealing for micro/nanorobots
having a simple design. In other respects, intricate structures
require more advanced fabrication techniques since even small
alterations can cause malfunction and/or poor performance,
eventually decreasing efficacy of the treatment.?” 3D printing can
be a valuable option since it ensures high resolution and uni-
formity for complex structures."**'** As significant drawbacks,
the low production speed and the limited number of inks still

8502 | Nanoscale, 2023, 15, 8491-8507

View Article Online

Nanoscale

necessitate improvements. Overall, by considering pros and cons,
fabrication techniques should be an integral part of the design
process to provide the most advanced micro/nanorobots in a
cost-effective and reliable way.

8.3. Size

Micro/nanorobot size is a significant consideration due to the
risk of causing occlusions in the access route before reaching
the target locations. Additionally, penetrability into specific
tissues can be needed for some biomedical applications, e.g.,
targeted drug delivery to tumors. These requirements can
highlight nanorobots as more effective candidates for bio-
medical applications rather than microrobots. On the other
hand, miniaturization does not necessarily mean advanced
performance regarding other functions of robots under in vivo
conditions. For instance, blood can hinder the locomotion of
robots, especially when they possess a small size (<10 pm)
and/or require chemical fuels.®® External power sources -like
magnetic fields- can provide a more powerful force for loco-
motion. However, the miniaturization of robots also means
lower magnetization due to the volume, which leads to the
requirement for stronger magnetic fields.”” Moreover, the
inadequacy of imaging modalities for real-time tracking of
nanorobots is a significant challenge. Related to these limit-
ations, collective behavior of nanorobots can provide a poten-
tial remedy. With more research on this topic, nanorobotic
applications can be facilitated in real-world conditions.

8.4. Actuation methods

A variety of physical, chemical, and biological barriers are
naturally present in the body.’>"** Although these barriers can
ensure effective protection from harmful agents, they can also
restrict or block micro/nanorobot locomotion. Generally, pro-
viding sufficient propulsive force and ensuring compatibility
with the body can be considered as the compulsory require-
ments for motion sources of micro/nanorobots. In addition,
every motion source can have specific pros and cons that vary
with conditions of the application area. For chemically
powered micro/nanorobots, self-propulsion is a significant
advantage compared to externally controlled counterparts. On
the other hand, they can be inadequate for applications requir-
ing long-range locomotion, and degradation by-products can
pose risks to the surrounding tissue. Also, considering the
limited controllability of chemically powered micro/nanoro-
bots, most of the recent studies utilized external power sources
for locomotion. As the most widely used actuation method,
magnetic fields enable robust and precisely controllable
motion without a compromise even in high penetration
depths."®'** However, the need for tracking and manipulation
causes a lesser degree of autonomy in vivo. Related to these
drawbacks, magnetically controllable biohybrid micro/nanoro-
bots can be considered as attractive self-motile
platforms."*®*% In this approach, it is possible to enhance the
availability of micro/nanorobots at target locations without
requiring continuous manipulation and/or real-time tracking
during the application. The need for bulky custom-built equip-

This journal is © The Royal Society of Chemistry 2023
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ment can also be considered as a vital issue complicating the
translation of magnetic microrobots to the clinic. The cur-
rently used systems in hospitals, such as magnetic resonance
imaging (MRI) scanners, can be modified to overcome this
limitation.">® By doing so, magnetic micro/nanorobots can be
more widely available for medical interventions with a cost-
effective approach.

Acoustic manipulation is another noteworthy actuation
method for micro/nanorobots."”" Like magnetic fields, acoustic
waves enable high-precision external motion control with
minimal damage to the surrounding tissue. However, recent
studies have not utilized this method adequately, which can be
related to the limited number of materials responsive to acoustic
waves.'””> In order to exploit the high-precision manipulation
capability in deep tissues, more efforts should be devoted to the
construction of acoustically actuated micro/nanorobots. Light
irradiation can also be considered as a potent motion source in
the micro/nanorobotic field. On the other hand, the low pene-
tration depth is the limiting factor for this stimulus’ application
in the body. As a potential remedy, light sources can be com-
bined with catheters for transmitting light to the target locations,
which can pave the way for locomotion without depending on
light’s penetrability in the tissue.”*"**

8.5. Imaging

In vivo imaging requires particular attention given that the
recent studies mostly utilized externally driven micro/nanoro-
bots for biomedical applications. Since these micro/nanoro-
bots reach the target locations via external manipulation, con-
venient imaging modalities need to be incorporated during
the application to receive feedback for real-time location and
potential locomotion routes.*>'** In this regard, some of the
micro/nanorobots can provide advantages thanks to substrate
materials’ intrinsic properties. For example, different micro-
algae species emit fluorescence signals as an inherent func-
tionality, and this autofluorescence property can enable in vivo
microrobot tracking without requiring any modifications.">*
However, most of the micro/nanorobots do not hold this func-
tionality, and this situation can lead to the need of specific
contrast agents, e.g., iodine- and barium-based compounds,
and/or swarming behavior to more easily discriminate them
from the surrounding environment."*>™"*” Additionally, com-
bining different imaging modalities can be an attractive
approach to overcome limitations of the currently used modal-
ities, e.g., CT, MRI, US, PET, and SPECT."**'*® Considering
that most of the externally driven micro/nanorobots would be
“blind” in the body without convenient imaging modalities,
an effective approach for in vivo tracking should be an integral
part of the micro/nanorobot design to enable the successful
completion of their intended use.

9. Conclusion

In this review, we presented the current status of micro/nanor-
obotic treatments by focusing on the preclinical studies con-
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ducted with animal models. The pioneering studies discussed
throughout the review have indicated promising results for
different biomedical applications thanks to the active loco-
motion of micro/nanorobots. In various organs and body
parts, micro/nanorobots have enabled localized therapies and
minimally invasive operations with semi or full autonomy.
Although there are significant challenges to overcome, the
promise of micro/nanorobots is evident toward enhancing the
efficacy of passive treatment platforms. With unique
approaches provided by interdisciplinary collaborative efforts,
we envision a bright future for “tiny surgeons” in a wide range
of applications in daily medical use.
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