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GRAPHICAL ABSTRACT

Miniature robots with real-time imaging-guided actuation and navigation enable precise thrombus treatment

[

A

Actuation

Catheter

Navigation

PUBLIC SUMMARY

m |schemic stroke is a leading cause of death, with thrombectomy and thrombolysis being common treatments.
m Limited catheter accessibility and the serious side effects of thrombolytic drugs are the main challenges.
= Untethered miniature robots (MRs) enable precise therapy with minimized side effects.

m This work explores the design principles, current challenges, and prospects of MRs for thrombus treatment.
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Untethered miniature robots (MRs) offer a minimally invasive way to
address adverse vascular blockages, such as cerebrovascular thromboem-
bolism, myocardial infarction, and pulmonary embolism. This review ex-
plores three key questions: what are the design principles of MRs from
both engineering and clinical perspectives? How can visible intervention
of MRs in three-dimensional (3D) branched vessels be achieved? What is
the clinical procedure for treating thrombus using designed MRs? Recent
progress in MRs for thrombus removal is summarized, and, more impor-
tantly, the pros and cons of MRs are discussed. We also evaluate the chal-
lenges that may hinder their clinical deployment and propose future
research directions, bridging the gap between the bench and the bedside.

INTRODUCTION

A blood clot is a mass of blood that has changed from a liquid to a gel-like
state. This physiological process is essential for preventing excessive blood
loss and facilitating wound healing."” However, blood clots may form undesir-
ably within blood vessels and lead to ischemia in downstream organs and tis-
sues. The clinical manifestations of intravascular thromboembolism depend
on the location and severity of the occlusion. When thromboembolism occurs
in an artery, it may trigger immediate symptoms such as severe pain (e.g., periph-
eral limb ischemia), dull chest pain, cardiac events (e.g., myocardial infarction),
paralysis of body parts (e.g., stroke), or even death. By comparison, venous
thromboembolism is generally less acute than arterial thromboembolism but
can still be life threatening, as thrombi or emboli may travel within the circulatory
system to various regions/organs, such as the legs, abdomen, lungs, heart, and
brain, obstructing blood flow.

Among the various arterial thromboembolic diseases, ischemic stroke is a
global health risk with high mortality rates and one of the most commonly
encountered emergencies.®>* According to the World Health Organization,
strokes affect 15 million people globally, leading to 5 million deaths and leaving
another 5 million with permanent disabilities each year. Moreover, strokes are
particularly prevalent among the elderly, especially those with hypertension, mak-
ing it one of the most fatal diseases. The effects of stroke are diverse, ranging
from mild limb weakness to permanent paralysis, speech impairment, or even
death, which depend on the infarct territories and treatment response.” The
definitive therapy should ideally be performed within the first few hours after
stroke onset to quickly restore cerebral perfusion and minimize neuronal cell
death. Previous therapies for the removal of thrombus can be classified into
two categories: (1) mechanical thrombectomy, which employs a catheter to
extract the occluding blood clot, and (2) thrombolysis, which relies on the diffu-
sion of thrombolytic agents to degrade the blood clot.® In recent years, endovas-
cular thrombectomy (EVT) has gained considerable attention due to encouraging
outcomes from clinical trials.” ' EVT involves using thrombectomy devices,
including caoil retrievers, aspiration devices, and stent retrievers, to remove the
clot under angiographic and fluoroscopic guidance, achieving reperfusion and
neurological recovery.'' ' However, the applicability of EVT is limited by several
challenges. First, cerebral large-vessel occlusion (LVO) accounts for 24%—46% of

total ischemic strokes,'* meaning that over half of ischemic strokes may not be
treatable with EVT. Second, anatomical and technical challenges may prevent
timely reperfusion. For instance, unfavorable aortic arch anatomy in cerebral ves-
sels may hinder the navigation of thrombectomy catheters, resulting in pro-
longed procedure time. Therefore, the success of EVT substantially depends
on the expertise and experience of specialized doctors. For example, many
thrombi are located in hard-to-reach regions (e.g., M3/M4 segments of cerebral
vascular), where skilled and experienced professionals are needed to manage the
situation; otherwise, it may result in device fracture, vessel perforation, or hemor-
rhage.'®'® Unfortunately, in many developing countries and underserved rural
areas, it is challenging to quickly access large hospitals and experienced doctors.
Additionally, distal emboli caused by clot fragmentation after the first pass of
thrombectomy may not be retrievable with current thrombectomy systems.

Apart from mechanical thrombectomy, thrombolysis is another efficient
method for thrombus treatment using thrombolytic agents such as recombinant
tissue plasminogen activators (tPA).'” tPAis a serine protease found on endothe-
lial cells that can catalyze the conversion of plasminogen (PLG) to plasmin (PLM),
which then binds to fibrin and breaks down blood clots to restore blood flow.
Thrombolysis is typically conducted via intravenous (i.v.) injection of thrombolytic
agents. Large-scale trials of tPA in acute ischemic stroke (AIS) treatment have
demonstrated convincing benefits in survival rate and functional status with
prompt treatment initiated within 6 h.'® However, tPA usage is associated with
an increased risk of symptomatic intracranial hemorrhages (SIH) due to sys-
temic fibrinolysis, which could be fatal. According to the guidelines for managing
patients with AIS published by the American Heart Association Stroke Council in
2007,'® the recommended dosing regimen of i.v. tPA treatment is 0.9 mg/kg,
with a maximum limit of 90 mg per treatment.”” To date, dose control remains
the primary strategy to minimize the risk of SIH associated with tPA administra-
tion. Balancing these risks and benefits, tPA is commmonly recommended for use
within 3—4.5 h of stroke onset.”'*? Rapid and efficient delivery of tPA to the
occlusive site is essential for treating AlS. To improve treatment efficacy and
safety, new strategies are urgently required to enhance thrombolysis while
reducing the risk of adverse effects.

Recently, with the rapid development of nanomaterials and nanotechnology,
miniature robots (MRs) have attracted significant attention and offer a promising
new drug-delivery strategy for thrombus treatment.?® 2’ Various MRs serve as
active carrier building blocks for loading drugs such as tPA to realize highly tar-
geted and controlled release, thereby enhancing local efficacy. Compared to
traditional methods, MR-based systems may require smaller drug dosages,
thereby substantially reducing the risk of side effects.”®*° To establish a plat-
form for vascular blockage treatment, three critical aspects should be consid-
ered: the rational design principles of MRs, the effective actuation system, and
the real-time localization/tracking method. Besides, many challenges still need
to be overcome to translate MRs from the bench to the bedside. In this review,
we summarize recent progress in vascular blockage treatment based on
emerging MR-based techniques. Design principles of MRs from both engineering
and clinical perspectives are introduced based on the complex endovascular
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Figure 1. Properties of the cerebral vascular environment (A) Schematic of cerebral blood vessels. (B) Real CT imaging of human cerebral blood vessels."® Copyright 2014, The

Authors.

environment. Additionally, we discuss existing problems, challenges, and future
development directions in this field to further leverage MR-based therapeutic
platforms for vascular recanalization across different organs in the human body.

THROMBUS PATHOPHYSIOLOGY AND ENDOVASCULAR ENVIRONMENT

The design of MRs is rooted in the thrombus pathophysiology and the unique
characteristics of the endovascular environment. This section provides a basic
introduction to both thrombus formation and the specific properties of the endo-
vascular lumen, facilitating the design and development of MRs tailored for
thrombus treatment.

Thrombus formation and consequences

Thrombus formation is governed by three interrelated factors, namely endo-
thelial injury, abnormal blood flow, and a hypercoagulable state.*” Fibrin cross-
links with fibronectin to form a fibrin network that stabilizes platelets and red
blood cells, resulting in thrombus formation.*® Thrombi can form in situ within
blood vessels, and fragments may detach from the embolus and travel through
the circulatory system, potentially blocking smaller vessels. The rupture of
atherosclerotic plaques and intraplaque hemorrhage is commonly associated
with arterial thrombosis, which can lead to severe conditions such as ischemic
stroke, acute coronary syndromes, and critical leg ischemia.®® Venous thrombo-
embolism can occur spontaneously or result from trauma, surgery, or prolonged
immobility. Venous thrombosis can arise in any part of the venous system, most
commonly in the deep veins of the leg. Ischemic stroke and myocardial infarction
share similar features, such as acute onset, a short therapeutic window, and high
morbidity and mortality rates, making them among the most perilous life-threat-
ening thrombolytic disorders. Pulmonary embolism is characterized by high
short-term mortality and recurrence rates, often presenting with symptoms
such as shortness of breath, chest pain, or fainting. Atherothrombosis and
deep vein thrombosis typically manifest with mild clinical symptoms but are
associated with complications such as swelling, inflammatory disorders, and pul-
monary embolism. Among these conditions, ischemic stroke treatment remains
a significant clinical challenge due to the fragile nature of brain tissue and the
complexities of the endovascular environment; thus, it has been selected as a
clinical model for discussion in the following sections.

Endovascular environment

MRs are expected to enter blood vessels and navigate within them for targeted
thrombus removal. The design of MRs for endovascular deployment necessi-
tates a comprehensive understanding of the properties of the endovascular envi-
ronment, such as vascular dimension, shear stress, and flow velocity, to identify
the challenges involved. This discussion mainly focuses on the cerebral vascular
segment, which represents the most complex and tortuous distribution of blood
vessels, posing significant obstacles to clinical stroke treatment. The diameter of
blood vessels varies from over 20 mm (e.g., main arteries) to under 10 um (e.g.,
capillaries) at different vascular segments.*®~** For cerebral vessels, the internal

carotid artery (ICA) has a relatively large diameter range of 3.5-5.0 mm, while the
vascular dimension gradually decreases in branched segments. For example, as
the branch number increases from M1 to M4, the diameter of the branches pro-
gressively reduces to a range of 1.0—1.5 mm. Furthermore, the vessel diameter
can be less than T mm in distal brain regions, such as the posterior cingulate,
anterior cingulate, parahippocampal gyrus, and temporal gyrus.*%“® Even more
challenging, these narrow vessels often have unfavorable 3D anatomical fea-
tures, such as sharp turns, as shown in Figures 1A and 1B, making it difficult
to remove thrombi via thrombectomy in these intricate regions. In comparison,
MRs, benefiting from their small body size, can flexibly navigate through narrow
and tortuous cerebral vessels under remote control, thus achieving effective
thrombus removal.

However, achieving precise motion control of MRs within cerebral vessels re-
mains a critical issue, primarily due to the high shear pressure associated with
strong blood flow. Shear stress, which increases significantly in stenotic vessels,
complicates the navigation of MRs, resulting in instability, uncontrollability, and
motion failure of MRs. The pulsatile blood flow in arteries varies from 100 to
400 mm/s, whereas venous blood flow is relatively low.” Although blood flow
slows decrease in the branches, the lowest velocity in capillaries can still be about
100 um/s, which significantly affects the motion behavior and controllability of
MRs.*® Moreover, with the thrombus formation, the blood vessel may become
stenotic, causing shear stress to increase dramatically up to 1,000 dyne/
cm?.244950 Designing MRs with enhanced propulsion and environmental adap-
tations is critical for overcoming these forces.*® For example, CaCOs-based mi-
cromachines can generate a large number of bubbles to generate sufficient
thrust force against the flow velocity of up to 1.8 mm/s.”" Navigating the MRs
along the blood vessel wall is another effective way to minimize the disturbing
effect of high blood flow. Microrobots can maintain controllable movability
because the flow velocity and fluid resistance near the boundary conditions
are much lower than in the vessel center. Inspired by the leukocyte, researchers
confirmed that microrollers could efficiently move against physiologically rele-
vant blood flow (1.2 dyne/cm?) along the vessel wall.”” This benefit reduced
the demand for large propulsion force, allowing them to better overcome the ob-
stacles posed by dynamic blood flow. Zhang et al. demonstrated active up-
stream locomotion of magnetic microswarms along the vessel wall with a
mean velocity of up to 35 mm/s under real-time ultrasound (US) imaging guid-
ance.®® More recently, they explored using a balloon catheter to temporally
mediate high blood flow, enabling active targeted delivery of therapeutic agents
across a wide range of flow velocities. These promising strategies underscored
the feasibility of employing MRs to tackle thrombi in cerebral vessels and poten-
tially enhance stroke treatment outcomes.®

DESIGN PRINCIPLES OF MRs
To effectively address thrombi within the complex and dynamic endovascular
environment, MRs must be engineered to align with the specific requirements
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Figure 2. Comparison between direct i.v. injection
and catheterization for long-distance delivery of MRs
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delivery efficiency. Moreover, the catheterization
process is guided by clinical imaging modalities,
enhancing the accuracy of the delivery process
and benefiting localized therapy. Therefore, the
precisely controlled intervention process via
catheterization is suitable for the long-distance
deployment of MRs, despite some disadvan-
tages such as minimal invasiveness and the
need for proficiency in surgical skills.
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Various power sources have been explored for
the actuation of MRs, including light, electricity,
US, and magnetic fields. Selecting the appro-
priate propulsion mechanism is crucial for
achieving active and dexterous motion of MRs
] in the complex and dynamic endovascular sys-

tem.”"5597%5 On the one hand, the propulsion
force should be sufficient for MRs to overcome
the drag force imposed by blood flow, especially
in the cerebral artery, where flow velocity can
vary significantly; on the other hand, the actua-
tion methods must be compatible with clinical
imaging tools, such as US imaging, X-ray imag-
ing, and MRI, to enable real-time navigation
feedback for safe and effective intervention pro-
cedures. Chemically driven MRs have demon-
strated the potential for active propulsion within

( Time-saving ]

Active delivery

imposed by real biophysical conditions. The key factors that determine the ther-
apeutic effect of MRs are discussed in the following sections.

Long-distance delivery of MRs

Thrombus treatment, especially for ischemic stroke, is a time-dependent pro-
cedure, necessitating the rapid deployment of MRs at a human scale. For long-
distance delivery of MRs (e.g., from the patient's leg to the brain), two strategies
can be employed, namely i.v. injection and catheterization. l.v. injection of MRs
offers advantages such as minimal invasiveness, quick administration, and oper-
ational simplicity. However, its lack of precision may lead to treatment failure.***°
This approach relies on the bloodstream for transporting the MRs, which is pas-
sive and inefficient, causing undesired accumulation in non-targeted organs.
Additionally, some MRs may be cleared by metabolism and cellular internaliza-
tion during circulation, further reducing their accessibility to the clotting region.
Although specific modifications to MRs could improve their targeting ability, their
efficiency remains low. Passive diffusion determines the transportation of MRs
once the blood vessel is completely occluded by the thrombus, which makes it
difficult for MRs to reach the thrombus with a nearly stagnant bloodstream, re-
sulting in prolonged treatment duration.*>®” In comparison, combining MRs with
catheter deployment is a promising strategy for effective and safe long-distance
delivery.>® Catheterization allows the rapid and precise delivery of MRs to specific
locations within the body (e.g., from the patient’s leg to the brain, for stroke treat-
ment; Figure 2). Before catheterization, angiography is conducted to verify the
location of the thrombus, and MRs are pre-deployed inside the catheter. Then,
an imaging-guided intervention procedure can be performed by surgical clini-
cians, allowing the catheter to rapidly access the targeted site near the thrombus.
Subsequently, MRs are released from the catheter and actuated toward the
thrombus with a short distance for highly precise treatment. Throughout the de-
livery process, the catheter serves as a protective conduit, significantly mini-
mizing the impact of dynamic blood flow on the MRs and avoiding unnecessary
biodistribution and accumulation in non-targeted locations, which ensures high

blood vessels by harvesting energy from the sur-
rounding environment.°®®” These MRs typically
feature a Janus structure, allowing asymmetric
reactions to achieve either self-diffusiophoresis, induced by an osmotic gradient
from the high molecular concentration of products on the catalyst side,°® or self-
electrophoresis, triggered by electroosmotic flow due to electron migration from
the catalyst to the metal side.%® However, both types of chemically driven MRs
are highly sensitive to ion concentrations, resulting in low propulsion efficiency
or even propulsion failure in the high-ion environment of blood.”® To mitigate
this limitation, bubble-driven MRs have been explored, utilizing the driving force
generated by bubble formation and detachment for propulsion.®’ However, their
non-directional motion deteriorates controllability in vascular environments, and
bubble generation poses safety concerns due to potential occlusions. Similar to
chemical propulsion, light-driven MRs can achieve active motion via self-diffusio-
phoresis and self-electrophoresis, while light serves as the energy source instead
of chemical fuels.”"""* Near-infrared (NIR)-triggered self-thermophoresis, driven
by thermal gradients, employs photothermal conversion materials (e.g., Au and
polydopamine) to construct MRs.”*’* However, limited tissue penetration re-
mains a significant obstacle for light-driven MRs, particularly for thrombus treat-
ment in intracranial areas shielded by the skull.”> Acoustic-driven MRs, utilizing
non-invasive and versatile acoustic fields as power sources, can achieve precise
and maneuverable actuation in endovascular environments.®>’%’" These MRs
are propelled by two types of acoustic wave-induced forces: acoustic streaming
and acoustic radiation (lower left part of Figure 3).”® Acoustic streaming results
from local oscillation at solid-liquid or air-liquid boundaries, as acoustic waves are
absorbed while transitioning from oscillating solids or gases to the liquid me-
dium. MRs designed with oscillating units, such as asymmetric structures or cav-
ities trapping with air bubbles, generate propulsion forces through surface
streaming stresses. Acoustic radiation force, exerted on MRs suspended in a
liquid medium, consists of gradient and scattering force. The dominance of these
two forces depends on the wavelength () of acoustic waves and the dimension
(d) of the MRs. Acoustic-driven MRs hold promise for thrombus treatment,
particularly when combined with synergistic sonodynamic therapy utilizing
acoustic forces in soft tissues; however, the acoustic shadowing effect makes
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them hard to adopt in regions with bones (e.g., the intracranial area), compli-
cating control over the MRs. Biohybrid-driven MRs, inspired by engineered living
organisms such as algae, paramecia, and sperm, represent an emerging drug-de-
livery platform for vascular disease treatments (e.g., pneumonia and cancer) *"
As shown in the lower right part of Figure 3, the flagellar beating of sperm gen-
erates propulsion by pushing fluid backward, while tangential drag friction is
lower than normal drag.®® However, the random motion of biohybrid-driven
MRs leads to compromised controllability. This issue could potentially be ad-
dressed by incorporating magnetic-responsive materials for external guidance,
and the application of biohybrid-driven MRs for occlusion therapy remains an
area that requires further exploration.

Precise remote actuation of MRs can be achieved through magnetic manipu-
lation, which features high safety, deep tissue penetration, and reliable intracra-
nial operation for stroke treatment.®' ®° Applied with a magnetic field, MRs are
subjected to magnetic torque and/or magnetic gradient forces.®* As shown in
the equations in the upper right part of Figure 3, the force exerted on a magnetic
object is zero under a uniform magnetic field. Therefore, to enable continuous
motion of MRs, the magnetic field must exhibit spatial and/or temporal changes.
Torque-driven MRs typically show helical or helical-ike structures, which offer su-
perior locomotion performance through a spiral propulsion mode when sub-
jected to external magnetic fields.2>%° With the direction of a uniform magnetic
field changing, the magnetized MR is deflected by magnetic torque due to the
misalignment between its magnetic dipole moment and the field direction.
Consequently, when a uniform magnetic field rotates around the long axis of
the helical MR, the robot rotates continuously, allowing for directional motion
along the axis. By contrast, specialized structures are not required for gradient-
driven MRs, as gradient magnetic fields inherently possess spatial changes.®”*®
These MRs can achieve continuous movement as long as the magnetic force ex-
ceeds the frictional and/or drag forces within the fluid medium. Beyond single
MRs, researchers have also explored applying magnetic fields to induce swarm-
ing behavior among numerous building blocks.®**°~°" Medium-induced swarms
can form under a rotating magnetic field, while magnetic field-induced swarms
arise under oscillating fields. These microswarms offer advantages such as
adaptive environmental transformation, batch delivery capability, and enhanced
imaging contrast, making them promising candidates for precise therapy within
the endovascular system. Given the complex structure and dynamic environ-
ment of the cerebral system, achieving precise 3D navigation of magnetically
driven MRs under high-blood-flow conditions is challenging. Several strategies
can potentially be adopted to address this issue: (1) proper structure design of
MRs is required for efficient locomotion, e.g., adopting helical structure for tor-
que-driven MRs; (2) using materials endowed with high magnetization, such
as Fe, Fe304, FePt, Ni, to construct the MRs, thus generating sufficient magnetic
forces to overcome bloodstream drag; (3) designing the magnetic actuation sys-
tem with high magnetic field strength to exert greater force outputs on the MRs;
(4) employing navigation approaches that allow MRs locomoting near the vessel
wall, where the blood flow is much lower than the center area; (5) implementing
surgical techniques to reduce or halt the blood flow, e.qg., via balloon-catheter
intervention, enabling flexible locomotion of MRs; (6) integrating the magnetic
actuation system with clinical imaging tools, e.g., fluoroscopy imaging, is neces-
sary for real-time tracking and navigation of MRs, ensuring safe and effective
manipulation.®® Taken together, magnetic-driven MRs show great potential for
thrombus removal in tiny and tortuous vascular sites, especially in cerebral re-
gions, with reliable and feasible actuation and navigation strategies.

Imaging of MRs

Real-time imaging and tracking of MRs can provide timely feedback to opera-
tors, ensuring safe, accurate, and reliable control strategies.”> °* Various tech-
niques have been used for the localization of MRs, as shown in Figure 4, including
fluorescence imaging (FI),°>'° photoacoustic computed tomography (PACT)
imaging,”® laser speckle contrast imaging (LSCI),®" US imaging,'®""'%?
MRI,'%%719® positron emission tomography (PET),' °° X-ray fluoroscopy imaging,®
and photoacoustic imaging (PAI).'®” These imaging modalities hold different
properties in terms of penetration ability, spatial resolution, temporal resolution,
and so on; thus, adopting proper tools for localization of MRs based on specific
endovascular environments is also critical for accurate navigation.

In an ideal scenario, medical imaging modalities for tracking MRs should offer
high spatiotemporal resolution and compatibility with actuation and navigation

systems. Detailed information on vascular distribution and structure should be
provided by imaging modalities, which is essential for the path planning of
MRs and ensuring successful access to the targeted site. Optical-based imaging
tools show high biosafety and relatively low cost, which have been adopted for
imaging of MRs with high spatial (tens of micrometers) and temporal (seconds
to minutes) resolutions (Figure 4G).'%'%° The working principles of optical imag-
ing modalities for tracking MRs can be categorized into fluorescence-based tech-
niques and reflection-based techniques. Fluorescence imaging relies on light
emitted from MRs upon excitation with incident light (Figure 4A), whereas reflec-
tion-based imaging depends on light reflected from the MRs. Wang et al. demon-
strated the use of LSCI to track and navigate an Fe;04-based microswarm in the
vascular environment in vivo, showing advantages including real-time feedback,
a large imaging field, and high spatial resolution (Figure 4C).°” However, limited
tissue penetration of light remains the primary obstacle for imaging of MRs in
blood vessels located in deep tissues, particularly within cerebral vasculature.
Although optical-based imaging tools can hardly be employed in a clinical sce-
nario, the exploration of the thrombolysis process in subcutaneous tissues
(e.g., pig ear and rat femoral vein) is feasible, enabling in vivo thrombolysis perfor-
mance evaluation of MRs and benefiting the design and optimization of MRs. In
comparison, US imaging has been widely used in clinical settings due to its non-
invasiveness, relatively high spatiotemporal resolution, and deep penetration ca-
pabilities in soft tissues, making it suitable for real-time tracking and localization
of MRs in blood vessels.'"® Both B-mode and Doppler-mode US imaging have
been investigated for imaging and tracking MRs. For example, real-time tracking
of a helical robot was realized by US feedback (B mode) with a spatial resolution
of submillimeter for targeted disruption of the blood clot. Except for single MRs,
Wang et al. demonstrated the application of US imaging to track microswarms in
complex and dynamic vascular environments with multi-viewing configurations,
providing insights into blood-flow conditions under Doppler mode.>® The imaging
signals generated by B mode and Doppler mode depend on the echogenicity (the
property of backscattering US waves) and the moving velocity of the objects,
respectively. Despite its potential for real-time imaging of MRs in biological envi-
ronments, US imaging faces challenges related to long-distance tracking and
navigation of MRs within the vascular system. On the one hand, the restricted
acoustic window of US imaging requires continuous manipulation of the US
probe for long-distance tracking, which may cause signal loss or even imaging
failure. On the other hand, the acoustic shadowing effect (strong acoustic
wave absorption by bones) limits its deployment in intracranial blood vessels.'"!
Moreover, body movements and breathing could generate strong noisy signals,
attenuating the imaging quality. Recently, PAl combining the high spatial resolu-
tion of light with the deep penetration ability of US has emerged as a promising
tool for the localization of MRs. Sitti et al. reported real-time optoacoustic tracking
of individual microrobots with a diameter of 5 um in the mouse brain vascula-
ture.”® Nonetheless, due to the limitations of light, the tissue penetration depth
is restricted to only a few centimeters, making it challenging to adopt this method
for tracking MRs in large animals or humans.

MRI can provide whole-body imaging due to its high penetration depth, which
is clinically used to acquire 3D anatomical images of soft tissues and organs for
diagnosis. Magnetic particles are commonly used as imaging contrast agents
due to their high relaxivity. Previous studies have demonstrated the use of MRI
for tracking both single and swarming magnetic MRs across various scales.''”
A unique advantage of MRl is its capacity for simultaneous actuation and imag-
ing of MRs via the strong magnetic field generated by the gradient coils. Howev-
er, the trade-off between spatial and temporal resolution leads to prolonged im-
aging processing times, which complicates the realtime tracking of MRs.
lonizing radiation-based imaging modalities, such as CT, PET, and fluoroscopy,
offer advantages of high spatial resolution and deep tissue penetration, which
are widely adopted in clinical settings.''® "'® However, realtime tracking of
MRs is difficult to achieve by CT imaging due to its low temporal resolution, while
PET imaging cannot provide morphological and anatomical features of the blood
vessel, attenuating the precise targeting ability of MRs in complex environments.
Among these imaging modalities, fluoroscopy imaging is commonly used for
guiding surgical interventions in stroke patients. Its high temporal and spatial res-
olution makes it suitable for imaging and localizing MRs in endovascular lumens,
particularly within cerebral vasculature. More importantly, its compatibility with
actuation systems facilitates effective and accurate control of MRs. Sukho
et al. demonstrated using the microrobot to treat arterial thromboembolism in
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field, magnetic torque, and magnetic gradient force, respectively. Part of the schematic was created using BioRender.com.

a pig with realtime guidance by a biplane X-ray imaging platform.''® Similarly,
our group reported employing tPA-modified nanorobots for targeted recanaliza-
tion in a rabbit model with fluoroscopy imaging.® These examples highlight the
great potential of using fluoroscopy to achieve real-time tracking and navigation
of MRs tailored for ischemic stroke treatment. To enhance the imaging contrast
of MRs under fluoroscopy, incorporating high-atomic-number elements, such as
Au, Fe, Ti, and Ta, into MRs is an effective approach that increases X-ray absorp-
tion.""? Additionally, inducing the swarming behavior of MRs can further improve
imaging contrast due to the increased area density of locally accumulated build-
ing blocks. The fluoroscopy imaging-guided approach allows for real-time visual-

ization and navigation of MRs, ensuring the precise deployment of MRs within
the intricate network of the cerebral system.

Biosafety of MRs

MRs are specifically engineered to navigate in blood vessels and remove
thrombi at targeted sites, while improper design and administration may pose
biosafety risks (e.g, vascular damage, toxicity, and undesired immune
response).”**" Therefore, selecting materials with inherent biocompatibility
and non-toxicity is crucial when designing MRs for thrombus treatment. Pre-
ferred biocompatible materials consisting of polymers like polylactic-co-glycolic
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acid (PLGA),"'" polylactic acid (PLA),''® and polycaprolactone (PCL)''®; biomate-
rials like alginate,'?° chitosan,'! and cell membranes'?% metals like Mg,'?° Ti,'?*
and Au'?® and oxide materials like TiO,,'?® Feg04,'%" and MnO,'%® have been

adopted for the development of MRs. Furthermore, altering the surface proper-
ties of the MRs is an important approach to minimize undesired interactions.
Common surface modifications such as polyethylene glycol (PEG) coatings,
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cell membrane camouflage, or bioinspired designs have been applied to reduce
protein adsorption, enhance circulation time, and prevent thrombosis or
hemolySiSlW’ZQ,]ﬁ(J

Following the removal of the thrombus, post-treatment of MRs becomes
imperative. Passive clearance mechanisms represent a basic approach for
ensuring the safe elimination of MRs, typically those with dimensions below
10 nm. These mechanisms capitalize on natural physiological processes to
metabolize or expel the MRs without requiring external interventions. Endocy-
tosis allows cells, particularly macrophages and other phagocytic cells, to inter-
nalize the MRs, followed by intracellular degradation via lysosomal activity or
enzymatic breakdown. This pathway ensures that the MRs are processed and
removed in a biocompatible manner, minimizing potential inflammatory or im-
mune responses. Additionally, urinary excretion relies on the renal filtration sys-
tem to eliminate MRs through the kidneys, provided their size and surface prop-
erties allow for efficient glomerular filtration. The effect of these passive
clearance pathways is highly dependent on the physicochemical properties of
the MRs, including their size, shape, material composition, and so on. These fac-
tors should be meticulously optimized during the design phase to align with the
body's clearance thresholds.

In scenarios where biodegradation is impractical, retrieval-focused designs
become necessary. For instance, modular microrobots with detachable thera-
peutic components have been developed to deliver payloads in situ while allow-
ing the magnetic navigation module to be retrieved safely after treatment.'®' As
the magnetic components are non-degradable, such designs ensure that thera-
peutic tasks are executed efficiently with degradable processes while minimizing
the risks of magnetic materials accumulating in the therapeutic region. Active
retrieval strategies are particularly vital in the cerebral vasculature to prevent
long-term complications. Magnetic actuation systems integrated with interven-
tional tools like catheters have been used to guide MRs back to accessible loca-
tions for removal. For example, balloon-catheter-mediated magnetic-driven MRs
have been successfully demonstrated for thrombolysis in submillimeter-scale
vessels, ensuring precise targeting and retrieval under imaging guidance.® The
"wait-and-capture" strategy, leveraging blood circulation and intravascular mag-
netic catheters, offers an effective solution for capturing magnetic MRs post
treatment, reducing the risk of their dispersion in non-target areas. For example,
amagnetic stent with trapping channels has been designed to capture MRs near
stented regions, allowing safe extraction in a minimally invasive manner."*? Dur-
ing the retrieval process, imaging modalities play a crucial role in real-time moni-
toring, which guarantees precise navigation and retrieval of MRs in delicate
environments.

Physical and surface properties of MRs

In addition to biological safety, several critical factors must be considered
when developing MRs to ensure their feasibility for clinical applications in intra-
vascular environments. One key consideration is size, as MRs should be small
enough to navigate through the intricate and narrow vascular network without
causing blockages, especially in tiny branches like arterioles and capillaries.
Moreover, the dimensional design must balance functionality, as excessively
small MRs may face difficulties related to controllability, propulsion efficiency,
and poor capability of therapeutic payloads.®® Apart from size, the mechanical
properties of MRs are also important for their intravascular applications. Unlike
traditional biomedical devices, which may require high stiffness for structural
integrity, MRs deployed in vascular environments prefer lower stiffness to mini-
mize the risk of vascular or tissue damage. High stiffness can result in mechan-
ical trauma to the delicate endothelial lining of blood vessels. Materials with lower
elastic moduli, such as hydrogels or soft elastomers, are therefore prioritized.'*
Furthermore, the mechanical adaptability of MRs, such as the ability to deform
reversibly under external forces, can enhance their ability to navigate through nar-
row or highly curved vessels without causing obstruction or injury.'** Recent ad-
vances in stimuli-responsive materials, such as shape-memory polymers or
magnetoelastic composites, have enabled the development of MRs with dy-
namic mechanical properties that adjust in response to environmental condi-
tions, thereby further improving their safety and functionality in vascular
applications.'*51%6

The surface properties of MRs are equally crucial, as their interaction with the
blood environment determines their circulation time, distribution, and therapeutic
efficacy. One prominent challenge is the formation of a protein corona, which oc-

curs when blood proteins adsorb onto MRs through dynamic and competitive in-
teractions. This protein corona can alter the physicochemical properties of MRs,
such as their size, surface charge, and hydrophobicity, potentially leading to
compromised targeting specificity, impaired propulsion, or accelerated clearance
by the immune system.'®’~"® The composition of the protein corona depends
on factors such as the MR's surface chemistry, size, and the local blood protein
profile. To avoid protein corona formation on MRs, one could use hydrophilic
coatings (e.g., PEGylation) to create a steric barrier that prevents protein adsorp-
tion, or one could alter the surface charge of MRs to reduce protein binding.'“°
Additionally, pre-coating MRs with specific proteins can create a "stealth" effect,
reducing direct exposure to undesired proteins.'*' Lastly, optimizing the route of
administration can minimize protein exposure, e.g., adopting a catheter for long-
distance delivery of MRs instead of whole-body circulation, reducing the odds of
protein corona formation in the blood environment. By combining these strate-
gies, it is feasible to significantly reduce protein corona formation, thereby
enhancing the stability and effectiveness of MRs for endovascular applications.

LABORATORY STUDY

Here, we summarize the MRs designed for thrombus treatment in Table 1,
including mechanisms, thrombus conditions, related devices, and other relevant
factors, which provides a foundational overview of the current state-of-the-art in
thrombus therapy.

Millimeter-scale robots

For thrombus treatment, MRs with relatively large sizes offer distinct advan-
tages, such as powerful thrust, high imaging contrast, and reliable motion con-
trol. Nelson et al."® first proposed a wirelessly magnetic-driven robot to treat
retinal vein occlusion (RVO). Direct injection of tPA at the occlusion site requires
exceptional surgical skills, and improper operation may damage the delicate and
fragile retinal vessels. In contrast, the designed robot enables minimally invasive
treatment of RVO with prolonged drug release via magnetic-controlled injection.
Generally, two therapeutic modes have been adopted for millimeter-scale robots
specifically tailored for thrombus treatment. In mode 1, force output generated
by millimeter-scale robots enables direct mechanical disruption of the thrombus.
To achieve this, millimeter-scale robots are commonly designed with helical
shapes that enhance force output by rotational motion,*®'°°~'% allowing effec-
tive mechanical grinding of blood clots. Leclerc et al.'*® demonstrated a helical
magnetic machine that achieved a high thrombus removal rate through efficient
mechanical abrasion; a blood clot with a 3-mm diameter and 5-mm length was
cleared after 161 s (Figure 5A). To further improve thrombus removal efficiency,
mode 2 combining mechanical disruption and drug degradation facilitates an
accelerated recanalization process. As shown in Figure 5B, a magnetic-driven
machine with a helical thread was developed, which was equipped with a cham-
ber for drug loading to enable both mechanical and chemical disruption of the
thrombus. Due to their small size, MRs can access hard-to-reach areas to clear
thrombus, while precise motion control within the 3D blood vessel network is
required. Therefore, a reliable and effective 3D navigation system is essential
for achieving targeted therapy.'®*'®° Despite significant progress in the use of
millimeter-scale robots for thrombus treatment, several challenges still limit their
clinical deployment. Safety concerns arise when these robots lose control, poten-
tially causing damage to fragile vessels or becoming lodged, resulting in occlu-
sion. Mechanical interactions may generate detached blood clot debris, which
travels downstream, leading to unpredictable clotting in distal vessels. In sum-
mary, millimeter-scale robots can be precisely and wirelessly manipulated to
clear blood clots; however, the aforementioned challenges must be addressed
before real clinical deployment.

Micro/nanometer-scale robots

Compared to millimeter-scale robots, micro/nano-scale robots possess a
unique advantage in navigating narrow and tortuous vasculature, particularly in
cerebral vessels. Additionally, their versatile and specific functionalization allows
for effective drug delivery and stimulus-responsive behavior, benefiting the
thrombolysis process. Cheng et al.'*® developed nickel-based micromachines
to accelerate tPA-mediated thrombolysis. The rotation motion of nickel rods un-
der a magnetic field promoted drug diffusion through hydrodynamic convection,
thereby accelerating the thrombolysis process (Figure 6A). Besides magnetic
fields, light can also be harnessed to power MRs for thrombus removal by
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Table 1. Summary of typical MRs for thrombus treatment
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Thrombus condition

Robot Mechanism Source Formation Environment Actuation Imaging Efficiency Property Reference
Helical robot mechanical human blood incubated in the in the PVC tube magnetic N/A reduced by rapid mechanical Hosney et al.'*?
(300 um in diameter) ablation vacutainer at 37°C for 1 h filled with PBS ~50% in 36 min removal, powerful
penetrating ability
p-Vibrator mechanical rat blood uncertain in the silicone tube magnetoelastic N/A recanalization in 1 h greater force Xue et al.'*®
(20 mm in length) ablation filled with output, high
physiological-saline clot-cleaning efficiency

Bullet-like robot mechanical porcine blood thrombin and vitamin in the external iliac magnetic X-ray penetrated in about stable locomotion, Jeong et al.''®
(2 mm in diameter, ablation K were added to the artery of pigs imaging 40.2 s (SD £15.11) real-time imaging,
15 mm in length) collected blood, then powerful penetrating ability

incubated at room

temperature for 30 min
Helical robot mechanical human blood incubated in the in the catheter magnetic N/A —0.885 mm?®/min high removal rate Khalil et al.'**
(364 um in diameter, ablation vacutainer at 37°C for 1 h with a flow rate compared with
4 mm in length) of 10 mL/h chemical lysis
Drilling actuator mechanical porcine blood incubated at 80°C in a 3D vascular magnetic N/A penetrated in ~10 s precise 3D navigation, Lee et al.'*®
(3 mm in diameter, ablation for 1h and cooled to 3°C phantom filled rapid recanalization
9 mm in length) with water
Helical robot mechanical human blood incubated in the in the catheter with a magnetic us —0.614 +0.303 real-time tracking, Khalil et al.'*®
(364 um in diameter, ablation vacutainer at 37°C for 1 h flow rate of 10 mL/h imaging mm?®/min high removal rate
4 mm in length) (saline) at 25°C
Helical robot mechanical human blood incubated in the in the catheter magnetic us 0.67 + 0.47 mm®/min  real-time tracking and Khalil et al.'*"
(1 mm in diameter, ablation vacutainer at 37°C for 1 h with a flow rate imaging imaging, high removal rate
5 mm in length) of 10 mL/h (PBS)
Helical swimmer mechanical human blood incubated in in a PDMS tube filled magnetic N/A 12.3 mm®/min precise 3D navigation, Leclerc et al.'*®
(2.5 mm in diameter, ablation polydimethylsiloxane (PDMS)  with PBS at 37°C faster thrombus removal
6 mm in length) tube at 37°C for 5 min
Helical robot mechanical porcine blood 1 mL of blood mixed in silicone tubes filled  magnetic us recanalization after autonomous navigation, Wang et al.®®
(2.15 mm in diameter, ablation with 20 pL CaCl, with porcine blood imaging 12.33 + 2.52 min imaging-guided therapy
7.30 in mm length) with chemical solution (0.5 mol/L)

lysis

Ni nanorod chemical lysis rat blood treated by a strip of filter in the right femoral magnetic N/A recanalization enhanced drug diffusion Cheng et al.'*°
(~1.5 um in length) paper soaked with 20% vessel of rats after 24 h

FeCl; solution for 5 min
Fe30,4 nanorod chemo-mechanical rat blood mixed 0.4 mL of arterial in a PE 50 catheter magnetic N/A decreased by low drug dose, Hu et al.'®®
(~1.5 um in length) lysis blood with 80 uL of filled with saline 70% in 60 min effective drug delivery

thrombin (50 U/mL)

and 8 pL of calcium

chloride solution (1 M)
Microwheel chemo-mechanical normal platelets and fibrin in a PDMS channel magnetic N/A penetrated the enhanced penetration Tasci et al.'®’!
(2-10 um in length) lysis pooled plasma accumulate in the injury with 2% BSA in HBS clot in 5 min in clots, faster fibrinolysis

channel, forming an

occlusive thrombus

in ~5 min
Microrod chemo-mechanical rat blood treated by a strip of filter in the distal middle magnetic N/A recanalization in enhanced drug transport,  Hu et al.'®”

(1.3 £ 0.2 um in length)

lysis

paper soaked with 10%
FeCl; solution for 1 min

cerebral artery of rats

25 min (for stroke)

rapid recanalization

(Continued on next page)
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Table 1. Continued

Thrombus condition

Robot Mechanism Source Formation Environment Actuation Imaging Efficiency Property Reference
Janus rod-shaped ultrasonication rat blood treated by a strip of filter the lower limb of the rat US N/A recanalization enhanced thrombus Cao et al.'*®
micromotors paper soaked with 10% after 24 h penetration without
(~900 nm in width and ~ FeCl3 solution for 10 min using any
1.3 um in length) thrombolytic agents
Microswarm (400 nm chemical lysis porcine blood 1 mL of blood mixed with PDMS channel magnetic us —0.1725 + 0.0612 enhanced thrombolysis Wang et al.'**
in diameter for a 20 plL CaCl, solution (0.5 mol/L) filled with PBS imaging mm?®/min by microswarm-induced
single particle) fluid convection,
imaging-guided therapy
Microswarm chemical lysis rabbit blood 100 pL of blood mixed with in the common carotid magnetic us after 90 min, the enhanced thrombolysis Wang et al.'*®
(156 + 13.9 nm 10 pL of thrombin artery of the rabbit imaging average thrombolysis by mass transportation,
in diameter for a (Solarbio, 1,000 U mL™") length was US imaging-guided
single particle) 0.47 £ 0.05 mm navigation
Microswarm chemo-mechanical rabbit blood the autologous whole blood in the common carotid magnetic us it takes ~19 min fast thrombolysis with Tang et al.'*®
(156 + 13.9 nm lysis (~0.1 mL) mixed with artery of the rabbit imaging to remove the clot low drug dosage in vivo,
in diameter for a thrombin of 100 units (diameter 1.42 mm, a synergy of enzymatic
single particle) height 4.20 mm) effect and swarming-
triggered fluid force
Microcapsule motors chemical lysis rat blood a filter paper soaked with lower limb vessels light N/A the blood perfusion extended terminal half-life  Xie et al.'®’
(2 um in length and FeCl; solution (10%) was of the rat rate recovered to about of drug, enhanced
1 um in diameter) placed on the surface 90.5% after 30 min penetration in thrombus
of a vein for 5 min
Biomotor chemical lysis rat blood filter paper soaked in 10% the carotid artery chemical N/A completed reduced hemorrhagic Zheng et al.*®
(~10 um in diameter) FeCl; solution was pasted of the rat thrombolysis side effects, promoted
onto the surface of the within ~30 min thrombolysis, and
carotid artery bypass vessel inhibited re-thrombosis
of the mice for 5 min
Magnetic nanorobot chemo-mechanical rat blood filter paper soaked in 10% the femoral vein magnetic us it exhibited an synergistic thrombolysis Yang et al.'*®
(760 nm in diameter) lysis FeCl; solution was pasted of the mice imaging obvious blood flow by chemo-mechanical
onto the surface of the femoral signal after 4 h lysis, low hemolysis,
vein of the mice for 90 with anti-bioadhesion, and
an extended 5 min for self-anticoagulation
thrombus formation
Microswarm chemo-mechanical rabbit blood 1 mL of blood mixed the carotid artery magnetic fluoroscopy recanalization better thrombolysis Wang et al.’®
(~300 nm in diameter) lysis with with 20 pL of CaCl, of the rabbit imaging within 2 h effect, fast delivery,
hydrodynamic solution (0.5 mol/L) with safe retrieval, and
convection incubation of 20 min clinical imaging-guided

therapy
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Figure 5. Thrombus removal using millimeter-scale robots Two typical examples of millimeter-scale robots for thrombus removal by mechanical disruption (A)'“® (Copyright 2020,
IEEE) and a combination of mechanical disruption and chemical degradation (B).'®® Copyright 2015, AIP.

thermal ablation (Figure 6B).”> However, overcoming the limited penetration of
light in biological tissues remains challenging. In comparison, sonodynamic ther-
apy that utilized ultrasonication of O, bubbles enabled the cavitation effect for
generating mechanical force, which effectively enhanced the deep penetration
of thrombolytic agents into thrombi (Figure 6C). Similar to millimeter-scale ro-
bots, microrods can damage blood clots via direct mechanical interaction
controlled by an external magnetic field (Figure 6D), although their thrombus
removal efficiency was constrained by its relatively weak force output. Chemical
lysis of blood clots was commonly achieved by designing robots for drug loading
and release. For instance, a platelet membrane (PM) medicated nanorobot was
designed for sequential drug release of the thrombolytic urokinase and anticoag-
ulant heparin (Figure 6E).°” Such nanorobots could target the thrombus site
enabled by special proteins on the PM, which was then ruptured by NIR irradia-
tion for sequential drug release. While localized drug accumulation can be
achieved using micro/nano-scale robots, the thrombolysis effect is limited
when it relies solely on chemical lysis. To overcome this limitation, Wang et al.
developed swarming tPA-nanorobots that effectively clear blood clots by
combining mechanical interaction, chemical lysis, and hydrodynamic convection
(Figure 6F). tPA-nanorobots were rapidly delivered to the site near the narrow

branch (submillimeter-scale segments) occluded by the blood clot. The swarm-
ing tPA-nanorobots were then released from the catheter and magnetically navi-
gated to the thrombus for targeted thrombolysis. The intervention procedure was
guided in real time using clinical fluoroscopy imaging, ensuring precise and safe
deployment of the tPA-nanorobots. After successful recanalization, tPA-nanoro-
bots returned to the catheter for retrieval, which may minimize potential side ef-
fects (e.g., secondary occlusion and long-term toxicity). This approach presents a
promising strategy for tackling thrombi in the M3/M4 segments using a nanoro-
botic-based therapeutic platform that integrates the actuation system with the
clinical imaging modality, potentially strengthening treatment outcomes of pa-
tients with AIS.

Based on the advancement of previous studies, here we summarize the three
modes of drug delivery, as well as the main mechanism of thrombus removal by
using MRs, to highlight potential approaches for improving treatment efficiency.
MRs can deliver drugs to the clotting region in three modes (Figure 7A). In mode
1, the drug is coated into the MRs via chemical binding, enabling them to directly
perform the thrombolysis once they arrive at the thrombus. Precise and robust
control over MRs is vital for ensuring the MRs remain anchored to the thrombus,
which allows sustained thrombolysis. This highly localized process can not only
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convection.® Copyright 2024, The Authors.

minimize drug dosage but also maximize treatment efficiency. In mode 2, MRs
serve as carriers for therapeutic agents, transporting drugs to the targeted clot-
ting region. Drug release can then be triggered by stimuli, such as NIR radiation,””
magnetic hyperthermia,'®* and reactive oxygen species (ROS).'®® However, a
great limitation of this strategy is the potential that the released drugs may

diffuse away from the clot, diminishing thrombolysis efficiency. Moreover, the
short therapeutic window of AIS requires quick drug release and access to the
clotting region. Mode 3 involves the systemic distribution of the drug through
the bloodstream, with MRs subsequently pumping the drug toward the clot un-
der external actuation (e.g., rotating magnetic fields). Although this approach
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allows for large-ranged drug distribution, high drug dosages are required to main-
tain sufficient concentration levels, which increases the risk of acute side effects
(e.g,, SIH). Among these modes, the first offers great potential for achieving rapid
recanalization while minimizing the drug dosage and reducing associated side
effects. Besides precise drug delivery, an in-depth understanding of the mecha-
nisms of thrombus removal is necessary to further improve therapeutic out-
comes. Enzyme catalysis (chemical lysis) plays a key role in thrombus degrada-
tion by converting PLG into PLM and enabling fibrinolysis. This process can be
activated by thrombolytic drugs (typically, tPA or urokinase) loaded onto MRs.
Two methods can potentially be adopted to boost the enzymic degradation of

thrombus. First, improving the local concentration of thrombolytic drugs could
accelerate plasmin conversion benefiting the fibrin degradation, which can be
achieved by precise actuation of MRs to the thrombus.'*° Second, incorporating
thrombolytic drugs with higher activity into MRs can also enhance the degrada-
tion efficiency. For example, the third-generation thrombolytic drug reteplase has
demonstrated a better recanalization effect in clinical practice'®’; thus, the
thrombolysis effect of MRs combined with newly developed drugs is worth inves-
tigating in the future. In addition to chemical degradation, MRs can disrupt
thrombi mechanically by generating frictional forces, as shown in the lower left
part of Figure 7B. This mechanism is commonly applied for magnetic-driven
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MRs, where rotation or corkscrew-like motion generates friction force upon direct
contact with the clot, contributing to mechanical damage.®®>'®" As thrombi
become denser and stiffer over time, the mechanical rubbing effect of MRs
may be constrained during long-term interaction. Consequently, combining me-
chanical disruption with enzymatic lysis can produce a synergistic effect, dramat-
ically improving thrombus removal efficiency. Previous studies have confirmed
that the thrombolysis rate of robots with a synergetic effect improved more
than 100 times compared to those utilizing only mechanical rubbing or enzyme
catalysis.” Beyond the aforementioned mechanisms, the motion-triggered hydro-
dynamic convection of MRs (the lower right part of Figure 7B) could enhance
drug diffusion into deeper regions of the clot and promote thrombus degradation.
For example, Zhao et al. reported that a 2-fold improvement in thrombolysis rate
was realized by the hydrodynamic convection using swarming nanorods under
an external magnetic field.'*® Similarly, ultrasound-induced bubble cavitation
has also been investigated to prompt drug diffusion and thrombus disruption,
although adverse effects associated with bubble generation should be pre-
vented. Altogether, the thrombolytic performance of MRs can be further
enhanced by combining enzyme catalysis, mechanical disruption, and hydrody-
namic convection along with precise actuation and motion control.

Moreover, the thrombus microenvironment presents several significant chal-
lenges, including elevated levels of ROS, acidic pH, high shear stress, increased
thrombin concentration, and the structure and composition of a clot. Each of
these factors profoundly impacts the design and performance of MRs, as out-
lined below.

(1) ROS concentration: elevated levels of ROS in thrombotic regions
contribute to oxidative stress, which can damage surrounding biolog-
ical tissues and cells, exacerbating neurological deficits.'®® ROS can
disrupt the neurovascular unit, increase blood-brain barrier (BBB)
permeability, and even lead to hemorrhagic transformation.'®® Excess
ROS can serve as an internal stimulus for triggering drug release. For
instance, Quan et al. demonstrated a system that combined cold-
shock platelets with ROS-responsive liposomes via host-guest interac-
tions, which selectively accumulated at thrombus sites and released
therapeutic drugs rapidly in response to high ROS levels.' "° In addition
to thrombolysis, MRs can also be employed to clear excess ROS.
Cheng et al. synthesized a multifunctional amphiphile combining
low-molecular-weight heparin, tempol, and linoleic acid (LA), which
self-assembled into nanoparticles. These nanoparticles can simulta-
neously dissolve thrombi and scavenge ROS, addressing inflammation
and oxidative stress.'”"

pH variations: in ischemic strokes caused by cerebral thrombosis,
acidosis can lower the pH in the ischemic region.' # The acidic pH typi-
cally observed in thrombotic regions can negatively affect the activity
of thrombolytic agents delivered by MRs, such as tPA, whose efficacy
diminishes in low-pH environments. To address this challenge, pH-
responsive systems have been developed using materials that activate
or stabilize thrombolytic agents under acidic conditions. For instance,
Nagasaki et al. encapsulated tPA in polyion complex nanoparticles
composed of polycation and polyanion. These nanoparticles rapidly
collapsed under acidic conditions, effectively releasing tPA to dissolve
thrombi.' "

High shear stress: one of the most significant physical changes in the
pathological microenvironment of a thrombus is the sharp increase in
blood shear force at the thrombus site. Normal arterial blood flow
shear stress ranges from 10 to 70 dyne/cm?, whereas, in stenotic re-
gions caused by thrombi, shear stress can exceed 1,000 dyne/cm.'”*
For example, when coronary artery obstruction exceeds 75%, the local
shear stress at the thrombus site increases by up to 53 times.' ™ On
the one hand, such high shear stress can hinder the MR's ability to
navigate and anchor effectively at the clot site. Magnetic-field-actuated
MRs have demonstrated the ability to counteract these forces,
enabling precise targeting and retention even under challenging condi-
tions; on the other hand, high shear stress has also been leveraged to
achieve localized release of thrombolytic drugs at the thrombus site,
enhancing thrombolysis efficacy and reducing the risk of systemic
bleeding. Netanel et al. firstly proposed that utilizing high shear stress
at thrombus sites for specific drug delivery. They developed shear-sen-

—
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sitive tPA-nanoparticle aggregates that disintegrated within 10 min un-
der high-shear conditions, effectively restoring hemodynamics in a
mesenteric injury model and improving survival rate in a fatal mouse
pulmonary embolism model. Similarly, Zhang et al. constructed
shear-responsive core-shell nanoparticles through B-cyclodextrin
host-guest interactions. The sharply increased shear stress at the
thrombus site disrupted the core-shell structure, triggering the rapid
release of urokinase and achieving site-specific thrombolysis.'’®

(4) Thrombin concentration: elevated thrombin levels within the thrombus
contribute significantly to its structural stability and resistance to lysis.
MRs designed to locally deliver thrombin inhibitors or modulate
thrombin activity can destabilize the clot, making it more susceptible
to thrombolysis. In addition, thrombin, as a key coagulation signal in
the pathological progression of thrombosis, can be utilized to design
“closed-loop” controlled release strategies. For example, Xu et al. devel-
oped a thrombin-cleavable peptide as a crosslinker to create a self-
regulating nano-scale polymeric hydrogel loaded with hirudin. This
system adaptively released encapsulated hirudin in response to
thrombin concentration changes during thrombosis, enhancing anti-
coagulant activity while reducing adverse effects.'”®

(5) The structure and composition of clot: the heterogeneous composition
of thrombi, including fibrin networks and blood cells, can significantly
impede MR penetration and movement. Newly formed thrombi typi-
cally have a loose fibrin network, making them easier to dissolve. How-
ever, as thrombi become “older," their structure hardens, the fibrin
network becomes denser, and platelet contraction within the cross-
linked clot causes thrombus retraction and stabilization. Additionally,
disk-shaped red blood cells compress into polyhedral cells, further
increasing thrombus density and resistance to thrombolysis. This
makes it more challenging for MRs to penetrate and exert their throm-
bolytic effect. This issue can potentially be addressed by combining
thrombolysis with physical interactions (e.g., mechanical rubbing
and sonodynamic cavitation).

As previously discussed, researchers have developed various methods to
enhance MR penetration into thrombi, including magnetic, US, and light-based
strategies. Furthermore, specific proteins within the thrombus structure can
serve as targets to improve MR penetration. For example, peptides that bind
to fibrin or activated platelets can effectively enhance MR adhesion and thera-
peutic efficacy, and common examples include CREKA,'”” cRGD,'*° and platelet
membranes.' "

CLINICAL TRIALS

Creighton's group conducted clinical trials using magnetic nanoparticles
(MNs) to improve tPA diffusion for treating acute stroke in patients.'”® Seven pa-
tients suffering from AIS were enrolled in a safety and feasibility study targeting
large-vessel intracranial occlusions. These AlS patients aged 63 to 91 years were
treated with an i.v. injection of tPA combined with MNs within 4.5 h of symptom
onset. A magnetically enhanced diffusion (MED) device was developed that en-
ables the assembly of magnetic chains, acting as micropumps to transport tPA
to the occlusive branch, thereby accelerating recanalization. Angiography indi-
cated that complete recanalization was realized in all patients. These clinical re-
sults, demonstrating complete recanalization in seven patients with AIS, highlight
the translational potential of MRs. However, larger-scale trials are needed to vali-
date their efficacy and long-term safety.

Integrating MRs into existing surgical procedures is essential for transitioning
them from the lab to the operating room. This approach can minimize opera-
tional difficulties for clinicians and facilitate rapid recanalization for patients.
The development of MRs should align with real clinical needs and aim to simplify
procedures for clinicians who perform surgical interventions. However, the work-
flow of intervention procedures combining MRs with designed actuation sys-
tems in a real clinical scenario remains unclear. Here, we use AIS as a typical
example to propose a potential workflow for integrating MRs and actuation sys-
tems to achieve precise and effective treatment, as depicted in Figure 8. When a
patient potentially suffering from AIS arrives at the hospital, diagnostic imaging is
performed to identify and localize the thrombus within the cerebral vasculature
by imaging test (e.g., fluoroscopic angiography). Digital subtraction angiography
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Figure 8. Schematic of detailed intervention procedures using MRs for ischemic stroke treatment Part of the schematic was created using BioRender.com.

(DSA) can generate 3D anatomical images of the cerebral vasculature, facilitating
smooth catheterization and precise actuation of MRs in subsequent proced-
ures.'”® In step 2, catheterization is conducted by clinicians to rapidly deliver
MRs over a long distance, typically from the patient's limb to the brain under fluo-
roscopy imaging guidance. After reaching the vicinity of the branched vessel
occluded by the thrombus, MRs are released from the catheter via injection.
To mitigate blood flow disturbance, a catheter balloon can be inflated to tempo-
rarily reduce or halt blood flow, ensuring highly reliable deployment of MRs.
Simultaneously, remote and precise actuation can be conducted, allowing
controllable locomotion of MRs toward the clot. As discussed elsewhere in
this article (actuation of MRs), magnetic actuation systems represent one of
the most suitable options for navigating MRs in narrow and complex environ-
ments. In this regard, the actuation system plays a crucial role in determining
the physical targeting ability of MRs and the treatment outcome, necessitating
proper integration with compatible imaging tools. The design of the actuation
system must ensure that its deployment does not interfere with the normal func-
tioning of imaging modalities. Some key parameters, such as working space, dis-
tance, size, and spatial position, require comprehensive technical consideration.
Safety is also a major concern, and the developed actuation system should pose
no risks to either the patient or the clinician. Electromagnetic systems generally
possess higher safety than permanent magnet-based systems, owing to their
programmable properties, instant “on-off” switch, and relatively low force output.
For example, Nelson et al. developed an electromagnetic system for dexterous
navigation of a catheter robot with improved endovascular access in live pigs,
showing great potential for AIS treatment in clinical settings.'®® When MRs

decrease to the micro/nano scale, reliable actuation becomes significantly chal-
lenging, as a large magnetic field strength is required to overcome the drag force
of blood flow. Although balloon catheters can reduce or halt blood flow tempo-
rally, long-term intervention is not feasible. Therefore, employing permanent
magnet-based systems may be inevitable to provide sufficient magnetic field
strengths for effective navigation of micro/nanorobots.'®' Balancing safety con-
cerns with the need for strong magnetic fields depends on the specific type of
MRs and their intended applications. Moreover, accurate algorithms are another
key component of the actuation system, enabling automatic control of MRs
without or with minimal manual manipulation.'®* ' Sophisticated manual oper-
ation may impose a heavy training burden on clinicians, compromising the popu-
larity of these systems for clinical deployment. MR-based therapeutic platforms
are designed to simplify surgical procedures and improve treatment outcomes,
rather than replace clinicians, as failure to consider this issue could lead to clinical
rejection.®® The algorithm should dynamically adjust the magnetic field genera-
tion and actuation modules to facilitate accurate locomotion of MRs within en-
dovascular lumens. Algorithm-guided navigation of MRs greatly relies on real-
time imaging feedback. Images of complex 3D vascular structures obtained
from imaging modalities can be transferred to an algorithm module for image
processing, environment registration, and path planning procedures, which facil-
itates robust localization and navigation of MRs.'®*'8 With the rapid develop-
ment of artificial intelligence (Al), such a capability is becoming progressively
attainable. For example, Choi et al. adopted reinforcement learning with a gradual
training approach to achieve autonomous 3D positional control of a magnetic mi-
crorobot in an ever-changing vascular environment, showing a sense of
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generality and adaptability.'®® Taken together, precise and effective actuation
and navigation of MRs in dynamic and complex 3D endovascular environments
require tight coordination between reliable actuation systems, imaging modal-
ities, and robust algorithms.

After arriving at the thrombus site, MRs will perform continuous thrombolysis
with magnetic actuation and imaging monitoring, as shown in step 4. Strategies
to improve efficiency have been discussed elsewhere in this article based on the
thrombus-removal mechanisms. Besides, the parameters of the magnetic field
can also impact treatment efficiency. For example, the thrombolysis rate of
tPA-nanorobot swarms varies with the frequency of the external magnetic field.
Improper input frequency setting may result in insufficient force output or an
overly vigorous swarming state, which attenuates both the mechanical interac-
tion and the hydrodynamic convection, consequently reducing the thrombolysis
rate.® Similarly, the magnetic field strength can also mediate the thrombolysis
process by influencing the motion behavior of MRs. Therefore, a well-developed
actuation system should ensure the precise and reliable navigation of MRs while
simultaneously enhancing thrombolysis efficiency through optimized parameter
management. Following successful recanalization, post-treatment of MRs
emerges as a critical concern. Two potential approaches are proposed as de-
picted in the lower right part of Figure 8. MRs can be cleared from the body
through circulation and metabolism, necessitating a comprehensive assess-
ment of the physicochemical properties of MRs. Meanwhile, technical standards,
such as operational procedures, applied external fields, retrieval mechanisms
(e.g., magnetic attraction or catheter suction), and monitoring and feedback stra-
tegies, should be established to enable the safe and active retrieval of MRs.

Although this review mainly focuses on using MRs for ischemic stroke treat-
ment, it should be emphasized that therapy strategies may vary depending on
the location of the clot. For example, MRs are not suitable for treating
thrombus-induced myocardial infarction due to the high blood flow, which can
lead to instability and uncontrollability of the MRs. In contrast, tethered robots
may offer viable solutions for thrombus removal in such larger endovascular Iu-
mens.' %1% For thrombi formed in soft tissues such as those associated with
deep vein thrombosis and atherothrombosis, portable US imaging can be em-
ployed for visualization and monitoring, eliminating the radiation risks of X-ray-
based imaging modalities. This approach could also benefit patients without
access to hospitals equipped with costly imaging technologies (e.g., fluoros-
copy). In some cases, clots in the deep veins of the leg or pelvis may fragment
into multiple pieces, potentially traveling to the lungs and causing pulmonary em-
bolism across various vessel branches. Therefore, simultaneous control of mul-
tiple MRs to remove the clots in various pulmonary vessels is crucial for fast
recanalization, requiring specialized design for both the actuation systems and
the MRs. Taken together, thrombosis could occur in various organs and tissues,
and, to achieve optimal therapeutic outcomes, the intervention strategy involving
MRs, actuation systems, and imaging methods must be customized to adapt to
various clinical scenarios.

It is also important to conduct a comparative analysis of MRs versus tradi-
tional methods in terms of accessibility, efficacy, and cost, highlighting the neces-
sity for clinical translation of MRs. MRs can navigate through the vascular sys-
tem with high precision, physically and specifically targeting thrombosis
regions. This unique capability offers MRs exceptional accessibility, especially
in small and tortuous vascular lumens, where thrombectomy devices often
struggle to reach. Moreover, the small size of MRs minimizes trauma to fragile
blood vessels, further reducing damage to surrounding tissues. Ensuring the
safety of the intervention procedure is challenging for thrombectomy-based ther-
apy when treating ischemic stroke in the human brain. Clinical reports indicate
that the risk of all-cause mortality associated with thrombectomy, including brain
damage, is approximately 17%.'%° MRs are potentially able to lower the mortality
rate associated with undesired surgical complications of thrombectomy, due to
their safety and dexterous accessibility. Compared with clinical drug-based
thrombolysis, the mobility of MRs offers an obvious benefit of localized therapeu-
tic capability, which can minimize drug dosage and lower the risk of SIH. Impor-
tantly, MRs can promote clot degradation through a combination of mechanical
interaction and chemical lysis, demonstrating superiority over traditional throm-
bolysis in terms of higher efficiency and reduced drug administration. Based on
the report from a clinical trial, nearly one-third of patients failed to achieve recan-
alization within 2 h using standard tPA-based thrombolysis.”® In comparison,
many MR-based therapeutic platforms have shown the potential to significantly

prompt the recanalization efficiency.>'%%'%25" However, most laboratory
research has been primarily conducted on animals, with limited attempts
involving clinical treatments.'”® More preclinical and clinical studies are required
to validate the thrombolytic effect and the treatment outcome of MRs in clinical
settings. Another important factor is the cost, which determines the commercial-
ization potential of MRs. The initial investment required for MR-based platforms,
including design, optimization, and upgrading, is relatively high. MR-based thera-
peutic platforms demonstrate considerable potential for long-term cost savings
by reducing hospital stays and complications, thereby alleviating financial bur-
dens on patients. Moreover, unlike traditional methods, MR-based platforms
enable remote and teleoperated procedures, which may significantly improve
their accessibility in underserved areas.'®'"'°° For example, Zhao et al. demon-
strated real-time teleoperation using a Joystick controller with fluoroscopy imag-
ing, showing effective and time-saving performance. In summary, MRs present a
promising alternative to traditional thrombus treatment methods, offering advan-
tages in precision, efficiency, and remote operation.

Furthermore, a potential pathway for the clinical translation of MRs designed
for endovascular recanalization is proposed (Figure 9) to provide an actionable
framework for researchers and related practitioners. The pathway begins with
basic research to establish fundamental groundwork. This phase involves devel-
oping and optimizing the design of MRs, including structure, imaging contrast,
functionality, biocompatibility, and other relevant factors. In this stage, an initial
prototype of the actuation system should be developed to assess the controlla-
bility and thrombolysis performance of the MRs. Next, the focus shifts to the
proof-of-concept verification phase, during which the integrated system is evalu-
ated through in vitro, ex vivo, and small-animal models. This phase aims to vali-
date the feasibility and functionality of MRs in laboratory settings. The progres-
sion then advances to the preclinical studies phase, where the performance
and workflow of MR-based thrombus treatment are rigorously tested in large-an-
imal models (e.g., pigs). This stage is crucial for optimizing the integrated system
and ensuring the safety and reliability of MR-based technology in human-like
environments. The clinical trial phase is a pivotal milestone. In this phase, the
MR-based platforms will undergo comprehensive testing and evaluation in hu-
man trials, solidifying their clinical viability. The ultimate goal is to achieve popu-
lation-level outcomes, where MR-based technology is transferred to industrial
manufacturing and adopted in hospitals, delivering tangible benefits to patients
and society. Throughout this multifaceted pathway, the development of MR-
based therapeutic platforms for endovascular recanalization is guided by a sys-
tematic and evidence-based approach, ensuring their safety, efficacy, and feasi-
bility for clinical translation.

CONCLUSION AND OUTLOOK

The concept of MRs that can navigate inside the human body to treat vascular
blockages has been envisioned for almost half a century, initially popularized in
the science fiction film Fantastic Voyage (1966). Significant advancements
have been made by the research community to bring this vision closer to reality.
Various types of MR have demonstrated their viability in thrombus removal,
ranging from laboratory studies to clinical trials. In this section, we summarize
the challenges and future directions for using MRs in thrombus treatment,
including performance optimization, delivery strategies, tracking and imaging ap-
proaches, and safety issues, to clarify the translational perspective of MRs.

Challenge 1 involves precise navigation of MRs in complex and dynamic 3D
vascular environments, which remains one of the fundamental challenges for
achieving effective recanalization outcomes, especially in cerebral regions. Major
obstacles include the strong disturbances induced by high blood flow, material se-
lection, real-time imaging feedback, robust actuation strategies, and reliable algo-
rithm support. Regarding future orientation, magnetic-driven MRs represent one
of the most promising options for thrombus treatment, owing to their remote
controllability, safety, programmability, deep tissue penetration, and so on. To
overcome the disturbances induced by high blood flow, it is essential to apply suf-
ficient magnetic field gradients that enable MRs to effectively resist drag forces.
This can potentially be achieved through well-designed permanent magnet-based
systems with larger dimensions or electromagnetic systems with enhanced mag-
netic induction intensity by integrating the iron core. Moreover, the development
of novel actuation strategies may offer enhanced navigation precision. For
instance, Li et al. demonstrated human-scale navigation of magnetic microrobots
in hepatic arteries by utilizing the alignment between the gravity of microrobots
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Figure 9. A proposed pathway toward clinical translation of MRs designed for endovascular recanalization Part of the schematic was created using BioRender.com.

and the orientation of the magnetic field.'' Additionally, employing existing inter-
vention techniques to temporarily reduce blood flow, such as catheter balloon
expansion, presents a feasible and effective approach to support MRs deploy-
ment. Constructing MRs from materials with high magnetic saturation, such as
Fe304, FePt, or carbonyl iron, is another straightforward method to ensure excel-
lent magnetic responsiveness and resistance to high drag forces. Meanwhile, im-
aging plays a critical role in guiding MRs to precisely accumulate at the blood clot
site with real-time feedback. The integration of actuation systems with clinical im-
aging modalities is therefore necessary. Currently, fluoroscopy imaging is one of
the optimal candidates for integrating with the magnetic actuation system due to
its high temporal and spatial resolution, flexible positioning capabilities, sufficient
working space, and adaptability in clinical environments. The design of magnetic
actuation systems should align with the deployment of fluoroscopy imaging to
ensure compatibility. At the same time, portable imaging tools such as US imag-
ing could serve as supplementary guidance systems, offering the advantage of
avoiding radiation risks. Last but not least, the advancement of Al-based algo-
rithms, such as machine-learning and deep-learning methods, has demonstrated
the ability to enhance the autonomous recognition and precise navigation of MRs
within endovascular environments.'®*'®® For example, machine learning can
analyze vast datasets derived from medical imaging and real-time inputs to
develop predictive models that anticipate changes in vascular landscapes,
benefiting flexible MR navigation. Combining intelligent algorithms with advanced
robotic systems is a pioneering step toward the future of using MRs for minimally
invasive endovascular interventions.

Challenge 2 is that treatment outcomes are significantly determined by the
thrombolysis performance of MRs, raising another challenge in improving
thrombus removal efficiency. Although many mechanisms have been explored
to accelerate thrombus removal, there is still a lack of solid verification from pre-
clinical or clinical trials, resulting in a huge gap between laboratory studies and

real-world adoptions. Regarding future orientation, strategies can be considered
to further boost the thrombolysis effect of MRs. (1) On the one hand, locally
improving the concentration of thrombolytic drugs would accelerate the enzyme
conversion for fibrinolysis; on the other hand, developing novel thrombolytic drugs
with higher activity and incorporating them into MRs may promote the degrada-
tion efficiency. (2) Strengthening the mechanical interaction between MRs and
thrombi contributes to a faster breakdown of the fibrin matrix. This can be
achieved through proper structure design of MRs (e.g., adopting helical structures
or creating coarse surfaces to improve force output or interface interactions) or by
inducing local swarming motion behavior of collective MRs.'** Moreover, the
parameter setting of the magnetic actuation system, e.g., magnetic field fre-
quency, strength, and orientation, plays a critical role in motion behavior regula-
tion, necessitating further investigation and optimization. (3) Enhancing drug
diffusion within the thrombus is another approach to facilitate a faster thrombol-
ysis process. Possible strategies include triggering hydrodynamic convection
through MR motion control or imposing external stimuli such as acoustic radia-
tion. (4) To bridge the gap between laboratory research and clinical deployment,
future studies should prioritize comprehensive preclinical evaluation of MR-based
platforms in large-animal models, including safety profiling, therapeutic efficacy,
and pharmacokinetic analysis. Subsequently, these findings must undergo valida-
tion in human trials through established clinical translation pathways rather than
relying on preliminary in vitro demonstrations.

Challenge 3 is that the blood circulation system spans a long distance over the
meter scale, whereas most previous studies have only demonstrated short-dis-
tance delivery. In this regard, proper long-distance delivery strategies for MRs
must be taken into consideration. For example, direct injection-enabled circula-
tion of MRs is an inefficient delivery method, considering the undesired loss or
accumulation in the non-targeted blood vessel branches, making it unsuitable
for effective MR delivery. Although MR techniques can perform high-precision
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navigation toward the thrombus region, the locomotion of MRs, particularly for
micro/nano-scale robots, over the human-body range is time consuming, which
may exacerbate the patient’'s condition due to delayed treatment. Regarding
future orientation, to overcome the time delay caused by long travel distances,
catheterization can be utilized to rapidly deliver MRs, which requires rational
design of both MRs and the catheter. For example, specialized coatings can
be applied to the catheter walls to reduce friction, facilitating the smooth trans-
portation of MRs and preventing potential adhesion.'®? '®* The physical and
chemical properties of MRs should be compatible with the catheterization pro-
cess. The physical properties of MRs mainly include size, shape, surface electro-
negativity, and mechanical strength. The dimensions of MRs must match the in-
ner diameter of the catheter; smaller MRs can move flexibly within the catheter,
reducing the risk of stacking or complete occlusion during transportation. The
shape of MRs can be optimized to enhance their stability within the catheter;
e.g., a streamlined design of MRs can minimize fluid resistance, improving trans-
port efficiency.'®® Surface electronegativity of MRs also affects their interactions
with the catheter wall and other components in the bloodstream.'?®~'% By ad-
justing electronegativity, static attraction can be minimized, reducing adhesion
to the catheter and facilitating the transport process. Mechanical strength and
flexibility of MRs are also important factors; using high-strength yet soft mate-
rials allows MRs to adapt to the twisted and narrow lumen of the catheter.'®%2%°
For the chemical properties of MRs, surface modification plays a key role in
improving delivery efficiency. For example, increasing hydrophobicity via chemi-
cal modifications may reduce interactions with catheter components and lower
adhesion risks.>® Additionally, the chemical stability of MRs in liquid environ-
ments (e.g. saline or blood) is essential to prevent undesired reactions that
may compromise delivery efficacy.””"

Challenge 4 is that the disposal and safety of MRs are critical issues after
treatment, as long-term circulation of those therapeutic agents inside ves-
sels may cause secondary blockages and other side effects. Ensuring the
biocompatibility of MRs alone is insufficient to meet the rigorous standards
for clinical use in vascular environments, especially in the cerebral regions.
Regarding future orientation, to remove MRs from vessels after recanaliza-
tion, the following strategies could be adopted: (1) Scaling MRs down to a
size smaller than 100 nm allows rapid clearance of MRs by renal pathways.
(2) Applying biodegradable materials to fabricate MRs enables their gradual
degradation after treatment, thus reducing the risk of long-term retention in
the body. Achieving this goal requires thorough investigations into how the
designed materials interact with the blood environment, including their
degradation kinetics, mechanisms, and biosafety of degradation byprod-
ucts. (3) Beyond passive removal methods, active retrieval of MRs post
treatment warrants exploration. Catheter-based techniques can directly
extract MRs from vasculature via suction, while magnetic stent-assisted
strategies may enable targeted capture at specific sites. These approaches
are critical for MRs with limited size-reduction capacity; for example, mag-
netic-driven MRs experience diminished controllability and propulsion
when scaled down due to reduced magnetic volume. Ultimately, safe and
effective post-treatment depends on MRs' size thresholds, material proper-
ties, and actuation types, necessitating comprehensive analysis and
evaluation.

Challenge 5 is that most previously reported MRs are actuated individually,
meaning that they operate in a dispersed state inside the vessel. Such a control
strategy often leads to a substantial number of MRs entering downstream ves-
sels without encountering blood clots, potentially compromising their targeting
ability. Regarding future orientation, compared to the delivery of individual agents,
swarming motion and control of active matter are promising for transporting
large doses of drugs, cargo materials, cells, and energy conversion with a single
delivery.?>?%® By enhancing the targeting capabilities of swarming MRs within
complex 3D branched vascular systems, it is possible to significantly decrease
the demanding dosages of therapeutic agents, thereby minimizing the associ-
ated side effects.”**?"° Moreover, the swarming motion of MRs is often accom-
panied by stronger mechanical interaction with targeted objects, leading to
enhanced drug diffusion and large force output. Lastly, inducing the swarming
behavior of MRs is an effective method to significantly enhance or enable imag-
ing contrast in physiological vasculatures, guaranteeing precise navigation and
targeting. Taken together, the swarming behavior of MRs can not only reduce
the drug dose but also facilitate recanalization, which needs future in-depth
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exploration in terms of swarming mechanisms, precise regulations, and multi-
interaction dynamics.

Besides, to promote the clinical use of MRs, proper standards should
be established to clarify the priority of MR-based therapeutic platforms over
conventional strategies that have already met clinical regulation. Such compar-
ative analyses can ensure the development of MRs well aligns with real clinical
needs and requirements, preventing translational failures. We envision that
fostering cross-collaboration—spanning clinicians defining clinical needs,
engineers developing actuation systems, materials scientists designing MRs,
biologists evaluating biosafety, and industry experts addressing scalable
manufacturing—will bring fantastic MRs to reality, thereby benefiting both pa-
tients and society in the future.
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