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ARTICLE INFO ABSTRACT

Keywords: Pharmacotherapy is the core approach for treating various brain diseases. However, the intricate
Nanocarriers anatomical structure and the blood-brain barrier (BBB) of the brain present challenges for
Micro/Nanorobots

intracerebral drug delivery and therapeutic efficacy. Although systemic administration and sur-
gical interventions can alleviate symptoms, they are limited by low therapeutic effects and po-
tential adverse side effects. Moreover, due to their complex pathogenesis, insidious development,
and deep-seated lesions, brain diseases are difficult to diagnose accurately. To address these
challenges, there is an urgent need to develop intelligent nanocarriers that can efficiently load
drugs and penetrate the BBB for precise therapy of brain diseases. In this connection, micro/
nanorobots (MNRs) are multifunctional drug carriers at the micro-nano scale, which possess
exceptional penetration and targeting capabilities. Employing externally powered propulsion or
chemical self-propulsion, MNRs can navigate in the brain and cross the BBB. This review
comprehensively summarizes the recent advances and future outlook of smart MNR drug delivery
systems for brain disease treatment. It covers broad topics from nanocarriers to active smart
MNRs. Furthermore, it elucidates the therapeutic mechanisms of these smart MNR drug delivery
systems in brain diseases based on pathogenesis and pathology. Our aim is to provide a reference
for designing and developing novel smart MNRs for drug delivery in the brain, paving the way for
their clinical applications in treating brain diseases.

Brain Diseases
Targeted Delivery

1. Introduction

Pharmacotherapy serves as a cornerstone of disease intervention in modern medical practice, requiring comprehensive consid-
eration of pathological mechanisms, pharmacodynamic properties, and safety evaluations [1,2]. The brain, the most critical structure
in the central nervous system (CNS), exhibits high metabolic demands and vulnerability [3,4]. The cerebral intricate anatomical
structure and blood-brain barrier (BBB) pose severe challenges to the delivery and therapeutic efficacy of drugs [5-8]. Furthermore,
cerebral pathologies (such as brain tumors [9,10], neurodegenerative disorders [11,12], and ischemic stroke [13,14]) present complex
pathogenic mechanisms that severely threaten human health, presenting persistent difficulties in clinical treatment. These brain
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AD
AFM
AIF
Ang
APP
Arg

Ap
BACE1
BBB
bEnd.3
B-LNPs
BPNSs
BTO
CAR
CellBots
CD
CLSM
CN
CNS
CRT
CSF
Cur
DMs
DOX
DT
EDX
GBM
GLUT1
HNTSC
hPSCs
HSPG
ICG

IF
iNOS
LDL

LF

LFR
LMMRs
MB
MCA
MCAO
MCRs
MEA
MHC
MM
MNRs
MOHRs
MRI
mSiOz
NIR
NMDARs
NPs
OAT
OMV
PBS
PD
PD-L

Abbreviations

Abbreviation Full name

Alzheimer’s disease
atomic force microscopy
anti-inflammation
angiopep-2

amyloid precursor protein
arginine

f-amyloid

B-site amyloid precursor protein cleaving enzyme-1

blood-brain barrier
brain-derived Endothelial cells.3
bridging-lipid nanoparticles
black phosphorus nanosheets
barium titanate

chimeric antigen receptor
cell-based microrobots

cluster of differentiation
confocal laser scanning microscopy
carbonaceous nanosphere
central nervous system
calreticulin

cerebrospinal fluid

curcumin

diatom microrobots

doxorubicin

dihydrotanshinone I

energy dispersive X-ray
glioblastoma multiforme
glucose transporter 1

human nasal turbinate stem cell
human pluripotent stem cells
heparan sulfate proteoglycan
indocyanine green
inflammatory factor

inducible nitric oxide synthase
low-density lipoprotein
Lactoferrin

LF receptor

liquid metal microrobots
methylene blue

middle cerebral artery

middle cerebral artery occlusion
magnetic continuum robots
multi-electrode array

major histocompatibility complex
macrophage membrane
micro/nanorobots

manipulated optoelectronic hybrid microrobots
magnetic resonance imaging
mesoporous silica

near-infrared radiation
N-methyl-D-aspartate receptors
nanoparticles

optoacoustic tomography

outer membrane vesicle
phosphate-buffered saline
Parkinson’s disease
programmed cell death-ligand
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PDMS polydimethylsiloxane

PEG polyethylene glycol

PIF pro-inflammation

PLGA poly(lactic-co-glycolic acid)

PTX paclitaxel

RMF rotating magnetic field

ROS reactive oxygen species

RT radiation therapy

SAK staphylokinase

SDF-1 stromal cell-derived factor 1

SFH staphylokinase-hirudin fusion protein
siBACE1 f-site amyloid precursor protein cleaving enzyme-1 small interfering RNA
siRNA  small interfering RNA

siSNCA  a-synuclein small interfering RNA
STING  stimulator of interferon genes

TAMCs tumor-associated myeloid cells

TBI traumatic brain injury

TCR T cell receptor

TfR transferrin receptor

TLND triphenylphosphonium lonidamine
tPA tissue plasminogen activator

TPZ tirapazamine

WT wild-type

a-syn a-synuclein

diseases often develop insidiously, with deep-seated lesions that are hard to diagnose accurately. Although traditional cerebral
treatments (such as surgical resection or radiotherapy) can alleviate symptoms of brain diseases, they may cause irreversible neural
damage [15,16]. Therefore, due to its non-invasiveness and broad applicability, pharmacotherapy has become an important therapy
strategy. Current challenges in brain drug therapy include: (i) The BBB strictly limits drug permeation from the systemic circulation
into the brain parenchyma, rendering over 98 % of small-molecule agents and nearly all macromolecular therapeutics (such as an-
tibodies and gene-based medications) therapeutically ineffective [17-20]. (ii) Systemic administration may lead to off-target effects,
inducing severe systemic toxicities [21-24].

In this context, intelligent drug delivery systems have progressively become key solutions to address therapeutic challenges in brain
diseases. An ideal brain-targeted drug carrier should possess the following requirements: targeting specificity (precise lesion recog-
nition), barrier penetrability (BBB penetration), drug-loading stability (prevention of off-target drug leakage), superior controllability,
and biocompatibility. Although conventional carriers have partially improved drug delivery efficiency through passive targeting or
surface modification, they still exhibit significant limitations. For example, liposomes exhibit rapid immune clearance and lack
autonomous navigation to specific brain regions [25], while polymeric carriers rely on passive diffusion or material degradation for
drug release, which fails to enable precise control [26,27]. It is well known that conventional drug carriers show limited BBB pene-
tration efficiency, and typically require external physical fields, such as ultrasound [28-30] and near-infrared radiation (NIR) [31,32],
to transiently disrupt the BBB for high-dose administration, which may induce cerebral tissue damage or systemic toxicity [33-35]. To
overcome the challenges of brain drug therapy, there is an urgent requirement to develop multifunctional active drug delivery systems
that can cross (or circumvent) physiological barriers and enable precise and controlled drug delivery, thereby breaking through
current therapeutic bottlenecks in brain diseases.

Medical micro/nanorobots (MNRs) are microscopic mobile machines at the micrometer and nanometer scales designed to move to
hard-to-reach locations (such as cerebral vessels and biliary ducts) and perform specific tasks (such as drug delivery and microsurgery)
autonomously and/or driven by external power (such as magnetic field, ultrasound, light, heat, and electric field) [36-44]. As
emerging drug carriers, MNRs offer a promising therapeutic strategy for brain diseases through their excellent locomotion and nav-
igation [45-47], BBB penetration [48-50], and intelligent response capabilities [51-54]. Owing to their minuscule sizes and pro-
grammable designs, MNRs can simulate biological transport to cross BBB via versatile surface modification. For instance, MNRs can
exploit biomimetic coatings to imitate lipoprotein particles for BBB crossing via receptor-mediated transcytosis [48,49]. Alternatively,
they can travel along vascular pathways to reach deep-seated cerebral lesions (such as brain tumors and neuroinflammatory regions)
under external powering or chemical propulsion and achieve precise drug delivery [55-59]. These strategies can not only significantly
enhance localized drug concentrations but also minimize systemic drug dispersion, thereby substantially reducing adverse effects
associated with toxic therapies such as chemotherapy.

In recent years, the research on drug delivery systems for the therapy of brain diseases has intensified significantly. Among the very
few published reviews on the relevant topic of MNR-based drug delivery in the brain [60,61] (including a keynote review for cancer
therapy and a comment), we identified a gap in comprehensive analyses in this field, especially from the perspective of nanocarriers to
active MNR-based delivery systems, which is of great significance to deepen our understanding of and develop smart brain-targeted
MNRs for active drug delivery, thereby unleashing their huge potential for treating a variety of brain diseases. In this review, we first



Table 1

Classification of passive nanocarriers.

Passive nanocarriers

Case analysis

Classification Advantages Disadvantages Examples Drugs Brain Size Loading Encapsulation Zeta Polydispersity
diseases degrees efficiency potential
Organic Lipsomes Low toxicity Low drug- Oil/solid lipid/ Quercetin Neuron 74.61 +£4.23 17.98 + 8991 £6.41 % -89+ <0.3
nanocarriers [71,101,106,107] Controlled drug loading stability phospholipid damage nm 1.19% 0.5 mV
release Enzymatic liposomes [108]
Superior degradation
biocompatibility Low
and permeability
biodegradability
Micelles Low toxicity Low targeting Electro-responsive Phenytoin Epilepsy 24.4+1.3 Around 3.2 N/A Around 0.31 + 0.03
[90,102,109,110] Highly drug-loading and permeability micelles [111] nm % -13.54
efficiency Limited drug- mV
Good loading stability
biocompatibility Challenges in
and loading
biodegradability hydrophilic
drugs
Dendrimers High molecular Hemolytic Transferrin-bearing  Luciferase gene  Glioma N/A N/A N/A Around N/A
[91,100,112-114] uniformity and toxicity polypropylenimine 1.03 mV
monodispersity Long-term safety dendrimer [115]
Shielding drugs issues
from Unforeseeable
biodegradation drug release
Theranostic kinetics
integration
Nanogels Good bioadhesion ~ Premature or Nanocomposite Dexamethasone  Traumatic 167.6 +2.47 29.49% + N/A -36.69 + Around 0.004
[100,105,116-118] and burst release of  hydrogel [118] brain injury nm 0.28 % 0.98 mV
biocompatibility the drug (TBI)
Fluid-like transport ~Long-term safety
properties and concerns
excellent Low targeting
deformability efficiency
Controlled drug
release
Inorganic Metal-based Superior Interference Ultrasmall Au NPs Doxorubicin Glioblastoma 1.1 £ 0.1 nm 13 DOX N/A -30+2 0.30 £ 0.40
nanocarriers nanocarriers biocompatibility with cellular [122] (DOX) multiforme molecules/ mV
[15,92,119-121] Imaging capability  signaling (GBM) 1 AuNP
Small size effect pathway
Intracranial
accumulation
Metallic compound Low toxicity Intensify Superparamagnetic Curcumin (Cur) Alzheimer’s 94.0 +£ 2.1 8% (w/w)  99.00 +£0.69 % -0.01 + 0.14 £+ 0.02
nanocarriers Good oxidative stress  iron oxide NPs [125] disease (AD) nm 0.01 mV
[92,103,104,123,124]  biodegradability Challenges in
Photothermal functionalizing
properties targeting ligands
Nanozyme catalytic Suboptimal
activity drug-loading
stability

(continued on next page)
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Table 1 (continued)

Passive nanocarriers

Case analysis

Classification Advantages Disadvantages Examples Drugs Brain Size Loading Encapsulation Zeta Polydispersity
diseases degrees efficiency potential
Nonmetallic Highly colloidal Slow Cluster-like Arctigenin Spinal cord Around 1.56 £ 0.25 31.21 +£3.60 % N/A N/A
nanocarriers stable degradation mesoporous silica injury 60-120nm %
[15,93,126-128] Superior kinetics [129]
biocompatibility Heavy metal
High penetration leakage risks
efficiency (quantum dot)
Biomimetic Cell-based nanocarriers Natural BBB Limited drug- Mesenchymal stem Paclitaxel (PTX) Glioma Cells: 4.34 +0.18 86.87 +3.63% -28.6 + 0.18 + 0.02
nanocarriers [62,71,94,130-132] penetration and loading capacity cells [133] micrometer % 3.6 mV
targeting ability Neurotoxicity scaleNPs:
Immune and off-target 135.3 + 3.7
modulation effects nm
Lesion-specific Short cell
accumulation lifespan
Cytomembrane-based ~ Natural BBB Low drug- Glioma C6 cancer cell PTX Glioma Around N/A N/A Around Highly
nanocarriers penetration and loading stability membrane [138] nanosuspensions 169.2 nm —-29.80 monodisperse
[95,134-137] targeting ability Complex mV
Immune escape preparation
Superior Unclear
biocompatibility targeting
mechanisms
Extracellular vesicle- Low Challenges in Peptide-modified Methotrexate GBM 3183+155 51+05% 1.4+02% Around N/A
based nanocarriers immunogenicity isolation and extracellular vesicles nm -10 mv
[96,139-141] Intrinsic targeting purification [140]
capabilities Low drug-
Modulation of loading
tumor efficiency
microenvironment  Short half-life
Stimuli- Internal stimuli- No external Uneven pH-Responsive DOX GBM 55+ 12nm Around 10  Almost 100 % 0+15 N/A
responsive  responsive nanocarriers equipment therapeutic diblock polymer wt% mV
nanocarriers [98,105,142,143] Controlled drug responses [144]
release Off-target drug
High specific release tissues
biological signals Low
Ease of material penetrability
modification
External stimuli- High precision of Relies on Light-responsive Paeoniflorin Parkinson’s Around N/A N/A Around 0.152
responsive nanocarriers controlled drug external black phosphorus disease (PD) 203.1 nm —28.8mV
[97-99,145,146] release equipment [147]
Controllable Damage to
stimulus intensity ~ healthy tissue
Theranostic Limited depth of
integration stimulation
response
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Table 2
Comparison of MNRs for drug delivery in the brain.
Active propulsion Advantages Disadvantages References
Chemical Exogenous Propelled by local chemical reactions without external Reliance on external fuel, which can be toxic at high [49,87,159]
fuel equipment concentrations
Carried catalytic enzymes can effectively eliminate Random movement direction, making precise
excessive reactive oxygen species (ROS) at brain lesion ~ navigation challenging
sites
Fast diffusion
Endogenous Active propulsion Movement driven by chemical gradients, resulting [85,160,161]
fuel Uses natural substances within the body as fuel, in low control accuracy
ensuring high biocompatibility and biodegradability Poor penetration of brain tissues
Capacity of combine hydrogen therapy during
propulsion to actively scavenge ROS and alleviate
inflammation
External- Magnetic No fuel required High requirements for magnetic control equipment, [41,48,156]
field Highly controllable, capable of achieving sub- along with limited workspace
millimeter path planning Strong magnetic fields may cause brain tissue
Capacity of non-invasively penetrate the skull to heating
manipulate deep brain regions Magnetic particles are prone to aggregation,
complicating swarm control
Ultrasound No fuel required High demands on chamber geometry, with uneven [155,157,162]
Fast movement speed and able to tolerate high flow penetration depth
rates Moving against blood flow requires higher sound
Microbubble carriers (lipid/polymer) naturally pressure, potentially damaging the vascular
dissolve after completing tasks endothelium
Miniaturized equipment suitable for bedside operation  Difficulty in controlling multiple swarms, with
significant long-distance navigation loss
Light No fuel required Limited speed and reliance on exogenous [54,55,158]

NIR light can precisely trigger local photothermal/
photochemical reactions

NIR almost has no side effects on human organs and
tissues

photosensitizers

Poor penetration, making it hard to reach deep
brain regions

Overheating may damage normal neurons

introduce nanocarrier-based targeted brain drug delivery systems, encompassing organic nanocarriers, inorganic nanocarriers, bio-
mimetic nanocarriers, stimuli-responsive nanocarriers. Then, we elaborate on the active targeted brain drug delivery systems based on
MNRs, focus on the motion abilities of MNRs in the brain, and summarize strategies for MNRs to cross or circumvent the BBB to
facilitate effective drug delivery. Next, the material design of intracranial MNRs was taken into consideration. Subsequently, we
explore the applications of smart MNR delivery systems in brain diseases, including brain tumors, neuron recovery and regeneration,
ischemic strokes, traumatic brain injuries, and neurodegenerative diseases. We illustrate their therapeutic mechanisms from the
perspectives of pathogenesis and pathology. Finally, we propose an outlook on future directions and challenges in the emerging field of
smart MNR drug delivery systems in the brain.

2. From nanocarriers to micro/nanorobots

In the treatment of brain disorders, due to the highly selective nature of the blood-brain barrier [48,62,63], the complexity of brain
tissue microarchitecture [64-66], and limitations associated with passive diffusion mechanisms in nanocarriers [67-69], conventional
nanocarriers exhibit limited delivery efficiency [7,70,71]. MNRs, a new type of intelligent drug delivery system with sizes ranging from
several nanometers to several micrometers [39,59,72-78], demonstrate superior penetrability and targeting specificity [79,80]. Using
externally powered propulsion [81-84] or chemical self-propulsion [85-87], MNRs can achieve controlled directional motion in
biological environments, significantly enhancing transport efficiency and delivery precision for drug delivery.

2.1. Passive nanocarriers

Nanocarriers for drug delivery in the brain should possess the following fundamental functions: overcoming the BBB, loading and
releasing drugs, targeted movement, and biocompatibility [88,89]. Current nanocarriers for drug delivery in the brain primarily
include: (i) organic nanocarriers [71,90,91], (ii) inorganic nanocarriers [15,92,93], (iii) biomimetic nanocarriers [94-96], and (iv)
stimuli-responsive nanocarriers [97-99] (Table 1). However, these passive nanocarriers exhibit limited efficacy in enhancing drug
penetration and retention in the brain [71,100]. For instance, organic nanocarriers commonly exhibit low drug-loading stability and
permeability [101,102]. Furthermore, the movement of passive nanocarriers in the brain relies on the natural flow of bodily fluids and
passive diffusion driven by concentration gradients, which makes them unable to deliver drugs against countercurrent flow or con-
centration gradients. Although magnetic nanoparticle (NP)-based nanocarriers can be driven by external fields, they are easily
recognized and phagocytosed by the immune system, leading to their accumulation in the brain and causing damage to healthy tissue
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Fig. 1. (A) Schematic representation demonstrated magnetic MNRs rolling on a PDMS substrate under a rotating magnetic field. H. and @ represent
the critical magnetic field intensity and the critical frequency of the RMF, respectively. Reproduced with permission from ref [48]. Copyright 2021,
The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. (B) Schematic illustration of the
microrobot’s composition and its motion monitoring in the brain. The core of the microrobot was composed of nanoliposomes, with its surface
partially coated with a Ni layer, a Au layer, and ICG to form a Janus structure. The yellow arrow in OAT imaging represents the direction of blood
flow, while the blue arrow indicates the direction of the magnetic field. The scale bar is 1 mm. Reproduced with permission from ref [166].
Copyright 2022, The American Association for the Advancement of Science. Abbreviation: ICG, indocyanine green.

[103,104]. Moreover, while biomimetic nanocarriers employ cells or cellular components to modulate immunity [94,95], their
interference-prone targeted movement and high cost limit their clinical application in the brain. Stimuli-responsive nanocarriers face
challenges in achieving precise control, posing risks of unintended stimulation to healthy tissues [98,105]. Consequently, to obtain
superior targeted distribution and overcome physiological flow barriers, smart MNRs for drug delivery in the brain are urgently
required to develop actively controllable motion, rapid drug delivery capabilities, and high permeability.

2.2. Moving in the brain

Drug delivery to the brain mainly depends on vascular transport and transcranial administration [148-152]. While craniotomy may
cause infection and traumatic injury to healthy tissues [70,153,154], the minimally invasive nature of cerebrovascular transport
significantly reduces these risks. Nevertheless, the intricate architecture of the cerebrovascular network and the dynamic fluid
environment pose significant challenges for MNR precise navigation and propulsion in the brain [73,155,156]. Current MNRs for drug
delivery in the brain primarily include: (i) magnetic propelled MNRs [41], (ii) self-propelled MNRs [49], (iii) utrasound-propelled
MNRs [157], and (iv) light-propelled MNRs [158] (Table 2).

As a non-invasive manipulation strategy, magnetic actuation provides superior controllability and deep tissue penetration
[72,163-165]. Notably, researchers have demonstrated that magnetic MNRs can be remotely controlled in the brain [63,166,167]. The
translational mechanisms of magnetic MNR are fundamentally determined by the magnetic field category. Rotating magnetic field



D. Shi et al. Progress in Materials Science 155 (2026) 101533

Fig. 2. Magnetically driven and navigated marsupial robotic system for rapid cross-scale targeting of drug delivery in the brain. (A) Schematic
illustration of the use of a marsupial robotic system. (B) The marsupial robots based on MCR moved in the 3D-printed channel. (C) The macro-scale
delivery efficiency of the continuum robots in 3D-printed channels with different distances. (D) Schematic demonstration and (E) experimental
images of ultrasound imaging monitoring the targeted delivery of nanorobots assisted by MCR in a swine brain. The scale bar is 5 mm. (F) Schematic
illustration of the micro-scale targeting of nanorobots in the brain and fluorescence images of brain tissue slices from different regions. Region (i)
represented the area where nanorobots were transported solely by the MCRs, region (ii) represented the area where the marsupial robotic system
was used to deliver nanorobots, and region (iii) served as the control group without nanorobots. Rhodamine B stained the nanorobots red, while
4',6-diamidino-2-phenylindole (DAPI) stained the cell nuclei blue. Reproduced with permission from ref [156]. Copyright 2023, Wiley-VCH GmbH.
Abbreviation: MCR, magnetic continuum robot.

(RMF) enables structurally heterogeneous drug-loading MNRs to simultaneously execute rotational and translational motions
[41,168-171], enhancing their controllability in complex fluidic environments. Furthermore, RMF requires a lower amplitude under
comparable MNR velocities compared to gradient magnetic field [48,172,173], providing a superior capability for multi-MNR system
manipulation in the cerebral vasculature. As illustrated in Fig. 1A, Qiang He’s group [48] used RMFs to actuate heterogeneous
magnetic MNRs on a polydimethylsiloxane (PDMS) substrate, where the viscous PDMS was employed to simulate the resistance of
blood counterflow against the MNRs. The MNRs showed translational helical motion under the actuation of the RMF, with both their
rotation and translation directions aligned with the magnetic field, demonstrating excellent mobility and controllability. To enhance
the precision of MNRs navigation in cerebral blood vessels, real-time tracking of the MNR is essential. However, the micro-size of the
MNRs and the obstruction caused by deep tissues [166,174,175] make the detection and tracking of the MNR challenging. For this



D. Shi et al. Progress in Materials Science 155 (2026) 101533

Fig. 3. Biocompatible endogenous fuels-driven microrobots for brain therapy. (A) Schematic representation demonstrated Mg atoms in the notch of
the Mg@PLGA micromotor react with water to generate Hy bubbles, which propel the micromotors in cerebrospinal fluid. Simultaneously, Hy
bubbles scavenged ROS and alleviated inflammatory factor expression. Reproduced with permission from ref [160]. Copyright 2021, Wiley-VCH
GmbH. (B) Schematic illustration of the experimental setup and the microrobot. The evolution of microbubble (Mb) aggregation on vascular walls
against ultrasound time. The microbubble clusters were labeled with green fluorescence, while the individual microbubbles were labeled with red
fluorescence. The scale bar is 50 um. Reproduced with permission from ref [155]. Copyright 2023, The Authors. Abbreviations: ROS, reactive
oxygen species; IF, inflammatory factor; MCAO, middle cerebral artery occlusion.

purpose, Razansky’s group [166] designed a nickel (Ni)-based Janus microrobot capable of safely navigating in the mouse brain and
demonstrated its real-time three-dimensional tracking in cerebral blood vessels, as depicted in Fig. 1B. The introduction of the Ni
coating enabled the microrobot to be manipulated by RMF, while the incorporation of the Au coating and indocyanine green (ICG)
enhanced the optoacoustic tomography (OAT) contrast of the microrobot, allowing it to be imaged in deep tissues. Under the actuation
of the RMF, the microrobot moved along the blood vessel in an approximately linear trajectory. In the OAT imaging, the pulsed laser
responded to near-infrared light irradiation and emitted acoustic signals, enabling imaging and tracking of the microrobot’s movement
positions at different time points.

Although MNRs demonstrate remarkable mobility, their moving speed is limited, resulting in excessively long navigation distances
in macro-scale blood vessels [176-179]. Additionally, the complex fluidic and physicochemical environment of the brain inevitably
leads to the loss of carried drugs, limiting the therapeutic efficacy of nanorobots [156,180-182]. Consequently, there is an urgent need
to develop strategies for localized MNRs to rapidly transport in the human body to address the challenge of long-distance trans-
portation. Currently, numerous studies have employed endoscopes and catheters to transport MNRs into tubular tissues in the human
body (such as bile ducts [183,184], nasolacrimal ducts [185], and blood vessels [186,187]). However, the large size of endoscopes and
catheters makes it challenging to deliver MNRs to nearby disease sites in the brain. Magnetic continuum robots (MCRs) offer ad-
vantages such as small size [188,189], multi-degree-of-freedom motion [190,191], and biocompatibility [192], enabling precise
movement deep in human tissues through external magnetic fields, making them excellent carriers for the high-precision navigation of
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Table 3
Receptor-mediated transport for BBB crossing.
Receptors Ligands BBB crossing mechanism References
TfR Transferrin Transferrin and iron ions are endocytosed into cells [246-249]
Anti-TfR receptor antibody (0X26, 8D3, and RI7-217) under the TfR, and acidification occurs in endosomes to
TfR-binding peptides (TfR-T12) release transferrin and iron ions
Low-density Apolipoproteins (apoprotein B100 and apolipoprotein E) LDL binds to LDL receptors through apolipoproteins, [249-251]

lipoprotein (LDL)
receptor
Insulin receptor

Scavenger receptor

Angiopep-2

Insulin

Insulin-like growth factors

Anti-insulin receptor antibody (HIRMAb)

Scavenger receptor are multiligand receptors with ability to
bind a wide variety of endogenous and exogenous ligands,
such as LDL derivatives, proteoglycans, and residues from

and the complex is internalized by the cell via receptor-
mediated endocytosis

Insulin receptors on endothelial cells transport insulin
from the peripheral blood in the brain

Scavenger receptors play a role in LDL receptor-
mediated endocytosis by binding to and internalizing
modified LDL

apoptotic cells
Folic acid
Folate conjugates

Folate receptor Folate is released into the cerebrospinal fluid (CSF) via [258,259]
folate receptor exosome following receptor-mediated

internalization

Nicotinic Acetylcholine Receptor-mediated endocytosis is facilitated by the [260,261]
acetylcholine D-peptide (°CDX) specific expression of nicotinic acetylcholine receptors
receptor at the endothelium

Leptin receptor Leptin Leptin receptor-expressing pericytes facilitate [262,263]

Leptin-derived peptides (LP16, LP31) increased permeability of leptin across the BBB

Diphtheria toxin Corynebacterium diphtheria toxin CRM197 CRM197 upregulates Caveolin-1 expression mediated [264,265]

receptor by forkhead box protein O1 activity and enhances
caveolae-mediated transcytosis

Heparan sulfate Cationic cell-penetrating peptides The negatively charged heparan sulfate chains of HSPG ~ [266,267]
proteoglycan on the cell surface bind to cationic cell-penetrating
(HSPG) peptides to induce endocytosis

Neonatal Fc receptor Immunoglobulin G Fc receptor mediates the flow of Immunoglobulin G [268]

from the brain into the blood through the reverse
transcytosis process

nanorobots. Liu’s group [156,181] proposed a marsupial robotic system for rapid cross-scale targeting of drug delivery in the brain. As
shown in Fig. 2A, the system drove MCRs rapidly to localized transportation, followed by the release of nanorobots for micro-scale
targeting delivery. They initially employed a 3D-printed tube made of transparent resin, designed with a gradually narrowing
structure, to simulate the cross-scale (width: 10 mm to 1 mm) targeting drug delivery environment for MNRs. Fig. 2B depicts the 3D-
printed tube featuring three branches of similar length to simulate the MCRs delivery (yellow path), with each branch terminating in
two smaller branches to simulate the nanorobots delivery (red path). To quantify the delivery efficiency of the nanorobots, the average
velocity of the marsupial robotic system was calculated. Fig. 2C demonstrated that the marsupial robotic system maintained a stable
motion speed in each channel, with an average speed of 0.39 cm/s, showing the capability of nanorobots for macroscopic delivery.
Subsequently, they combine ultrasound imaging to monitor the cross-scale delivery of the marsupial robotic system in a swine brain, as
illustrated in Fig. 2D. The motion of the marsupial robotic system was visualized using ultrasound imaging (Fig. 2E). At the initial stage
(0 ~ 4 s), the continuum robot reached the branching blood vessels and turned its motor direction under magnetic guidance. In the
second phase (4 ~ 25 s), the nanorobots were released. Finally, fluorescence images of brain tissue slices (Fig. 2F) revealed that the
majority of nanorobots were distributed in the region (ii), indicating that cross-scale delivery significantly enhanced the delivery
efficiency of nanorobots in the brain. Although magnetic actuation enables non-invasive remote control of MNRs in the brain, scaling
laws [165,193,194] pose challenges for driving microscale magnetic MNRs in clinical treatments. Additionally, residual magnetic
materials from MNRs after drug delivery cannot be fully degraded [177,195,196]. Therefore, it is essential to develop and combine
alternative propulsion mechanisms for MNRs in brain applications to reduce dependence on magnetic particles.

Considering the excessive ROS [197,198] and pro-inflammatory microenvironment [199,200] in brain diseases, self-propelled
MNRs capable of changing local chemical environments have been employed in brain disease research [159,160]. Self-propelled
MNRs can convert chemical energy into mechanical motion through chemical reactions. Based on the source of the “chemical
fuels”, these MNRs are classified as exogenous fuel-driven (such as HyOy [87,201,202] and NaBH4 [165,203,204]) and endogenous
fuel-driven (such as glucose [205-207] and gastric acid [208-210], and water [85,211,212]) MNRs. However, most exogenous fuels
exhibit high cytotoxicity and low concentration gradient, making it difficult to maintain stable propulsion and thus limiting their
clinical application. Therefore, biocompatible endogenous fuels derived from physiological sources have gained significant attention
for precise therapy of brain diseases. As shown in Fig. 3A, Tu’s group [160] used water as the endogenous fuel, and Mg-based
(Mg@PLGA) micromotors were injected into the middle cerebral artery occlusion (MCAO) mouse brain model to investigate the
motion of micromotors in cerebral environments. The propulsion mechanism relies on Hy generation through Mg-water reactions in
the cerebrospinal fluid. These Mg@PLGA micromotors, composed of Mg microparticles and notched poly(lactic-co-glycolic acid)
(PLGA) shells, actively release Hy during their motion. The remarkable biological reducibility of Hy [213,214] effectively scavenged
excessive ROS and alleviated inflammatory factor (IF) expression, significantly reducing infarct volume in MCAO mice. Furthermore,
the PLGA shell demonstrates excellent biocompatibility without causing cellular toxicity. Therefore, through chemical reactions, self-
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Fig. 4. Strategies for nanodrugs/microrobots to cross the BBB for brain targeting and therapy. (A) Schematic demonstration of the mechanism of
glucose-regulated GLUT1-mediated transport of nanodrugs across the BBB. A 24-hour fasting in mice induced hypoglycemia, triggering GLUT1
overexpression on the luminal membrane of the BBB. Upon glucose supplementation, GLUT1 undergoes luminal membrane recycling, facilitating
the transport of nanodrugs into brain tissue. Reproduced with permission from ref [50]. Copyright 2020, The American Association for the
Advancement of Science. (B) (a) Schematic illustration of the BBB crossing process of magnetic LMMRs. (b) MRI images of the control group and
LMMR-treated with magnetic guidance for 1 h. (c¢) Immunostaining images of the control group and LMMR-treated. Neuronal activation was
assessed through c-Fos protein expression (red fluorescence). Experiments were conducted under a 10 Hz magnetic field, with a scale bar is 50 pm.
Reproduced with permission from ref [63]. Copyright 2024, American Chemical Society. Abbreviation: BBB, blood-brain barrier.

propelled MNRs showed significant potential for precise therapy in the brain.

Ultrasound propulsion can drive MNRs in deep tissues, characterized by aggregation effect with fast response [83,215,216], and is
easy to combine with imaging in practical applications. Furthermore, this propulsion exhibits minimal adverse effects on the human
body at appropriate acoustic frequencies. Although ultrasound-propelled MNRs have been successfully demonstrated in human tissues
and organs (such as ear vasculature [217], stomach [218], intestines [219], and cremaster muscle [220]), their application for
microscale cerebrovascular navigation remains challenging. Motivated by this challenge, Ahmed’s group [155] combined ultrasound
propulsion and two-photon microscopy for real-time monitoring of microrobot motion. As shown in Fig. 3B, the experimental setup
features a two-photon microscope positioned above a cranial window for microrobot visualization, along with piezoelectric
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Fig. 5. The biomimetic camouflage tactics can enhance the immune escape and BBB-crossing capabilities of MNRs. (A) (a) Schematic illustration of
the fabrication process of the MM@MnO,-Au-mSiO,@Cur. The fabrication process involved three steps: (i) Selective deposition of SiO, on Au
nanoparticles to create Janus-structured Au-mSiO», (ii) formation of MnO»-Au-mSiO,@Cur nanorobots through Au-mediated potassium perman-
ganate reduction and Cur loading, and (iii) coating with biomimetic MM to produce MM@MnO,-Au-mSiO,@Cur nanorobots. MM: macrophage
membrane. (b) Schematic representation demonstrated MM@MnO,-Au-mSiO,@Cur crossing the BBB. Reproduced with permission from ref [49].
Copyright 2024, The Authors. Advanced Science published by Wiley-VCH GmbH. (B) Schematic illustration of the in vitro BBB model. The BBB was
simulated using a bEnd.3 cell monolayer cultured on polycarbonate membranes, labeled with calcein-AM. A G422 cell layer was grown on the
bottom of the Transwell system and labeled with Hoechst 33342. The scale bar is 75 pm. Reproduced with permission from ref [48]. Copyright 2021,
The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. (C) CLSM images of the cancer cell
layer. MNRs crossed the BBB and were subsequently released into the cancer cell layer, with red fluorescence indicating MNRs and blue fluorescence
indicating cell nucleus. The scale bar is 100 pm. Reproduced with permission from ref [56]. Copyright 2023, The Authors. Abbreviations: MM,
macrophage membrane; Cur, curcumin; MM@MnO2-Au-mSiO2@Cur, biomimetic Cur-loaded self-propelled nanomotors; RMF, rotating magnetic
field; bEnd.3, brain-derived Endothelial cells.3; G422, a model glioma cell; Ang-PAMSe, Ang-modified nanomotors; PAMSe, unmodified nano-
motors, Ang-PMSe, Ang-modified NPs.
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Fig. 6. Tactics for MNRs to circumvent the BBB for brain-targeted therapy. (A) Schematic illustration of the intranasal administration and delivery
HNTSC in the brain of cell-based microrobots. Reproduced with permission from ref [297]. Copyright 2021, Wiley-VCH GmbH. (B) (a) Schematic
illustration and (b) experiment images demonstrated intracranial drug delivery via an Ommaya reservoir. (c) Magnetic fields propelled MCRs for
localized drug delivery in GBM. The scale bar is 3 cm. Reproduced with permission from ref [156]. Copyright 2023, Wiley-VCH GmbH. Abbre-
viations: CellBots, cell-based microrobots; MCR, Magnetic continuum robot.

transducers attached to the skull for ultrasound wave transmission. The microrobots were formed through microbubble aggregation,
wrapping a phospholipid shell with inner-surface adsorbed tracer fluorophores, and encapsulating perfluoro butane gas. It can be
found in Fig. 3B, microbubbles self-assembled to form microrobots (green fluorescence) on vascular walls under ultrasound stimu-
lation. As ultrasound time proceeded (32 ~ 213 s), the microrobots captured individual microbubbles, moving against blood flow,
while non-responsive microbubbles (red fluorescence) followed the bloodstream. Importantly, this approach demonstrated repro-
ducible in vivo, exhibiting remarkable moving capabilities in the cerebral complex vascular networks. However, the limitations of
ultrasound propulsion need to be resolved in the future: (i) Although microbubble cluster formation occurs rapidly, the probability of
microrobot assembly remains low, which decreases drug delivery efficiency. (ii) Localized temperature increases in deep tissues during
prolonged ultrasound transmission, presenting a potential security issue. In addition to the previous discussed MNRs for brain
treatment, light-propelled MNRs have been preliminarily explored for brain applications [55]. Tu’s group [55] employed polymeric
nanomotors loaded with DOX and incorporating ICG as a photothermal agent. Under NIR irradiation, ICG generates heat to propel the
nanomotors and provide photothermal ablation ability for tumor treatment, enhancing the synergistic treatment of GBM with DOX.
However, due to the limited tissue penetration of NIR light, the study has so far been confined to mouse brain models and have not yet
been extended to larger brain models.
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Fig. 7. Schematic representation demonstrated the fabrication process of neutrobots and they actively deliver PTX to malignant glioma. Fabrication
process: (i) PTX loading into Fe;04 NPs/gelatin complexes to form nanogels. (ii) Encapsulating the nanogels with E. coli membrane vesicles to form
EM@nanogels. (iii) Phagocytosis of EM@nanogels by neutrophils to obtain neutrobots. Delivery process: (i) Magnetic actuation and chemotaxis
along inflammatory factor gradients guide neutrobots toward the BBB. (ii) Neutrobots rely on the natural properties of neutrophils to cross the BBB.
(iii) Targeted accumulation in malignant glioma. H. and o, represent the critical magnetic field intensity and the critical frequency of the RMF,
respectively. The loading per milligram of nanogel was 57, 76, 86, 90, 118, and 183 g for PTX additions of 1, 2, 4, 6, 8, and 10 mg, respectively. The
EM@nanogels exhibited an average diameter of approximately 105 nm, with a Zeta potential measuring — 13.4 + 0.7 mV. The maximum velocity of
individual neutrobots reached 16.4 pm/s. Reproduced with permission from ref [48]. Copyright 2021, The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. Abbreviations: EM, Escherichia coli membrane; BBB, blood-brain barrier; neu-
trobots, neutrophil-encapsulated microrobots.

2.3. Crossing/circumventing the blood-brain barrier

The blood-brain barrier is a selective barrier composed of endothelial cells of the cerebral capillary wall, basement membrane,
astrocyte end-feet, and pericytes [221-223]. To maintain cerebral homeostasis, only a few small lipophilic molecules can cross this
barrier [7,17,18], significantly limiting drug delivery. Therefore, it is challenging to develop strategies for drug delivery that cross
[224-227] or circumvent [8,228-230] the BBB.

2.3.1. Crossing the blood-brain barrier

Current strategies to cross the BBB mainly include: (i) carrier-mediated transport, such as glucose transporter 1 (GLUT1) [231,232]
and L-type amino acid transporter 1 (Latl) [233,234]; (ii) receptor-mediated transport, such as transferrin receptor (TfR) [235,236]
and insulin receptor [237,238] (Table 3); (iii) chemical modifications, such as liposomes [239,240] and prodrug formulations
[241,242]; (iv) nanocarrier systems [243,244]; (v) external-field disruption, such as focused ultrasound [33,245] and near-infrared
radiation [31,93], which can effectively enhance drug diffusion into brain tissue.

As the center of the nervous system, the brain consumes nearly 20 % oxygen and glucose [50,269,270]. BBB regulates its channels
to allow substantial glucose transport from blood to brain tissue. As depicted in Fig. 4A, Shi’s group [50] controlled GLUT1-mediated
glucose recycling to facilitate glycosylated nanodrug cross the BBB. Upon glucose supplementation in mice, GLUT1 recycling was
triggered. The nanomedicine was injected into mice along with glucose, leading to GLUT1 overexpression on the luminal membrane as
glucose enters brain tissue. The glycosylated components of nanodrugs bind to GLUT1, allowing their transcytosis across the BBB and
transport into brain tissue. However, conventional methods struggle to maintain stable drug concentrations at disease sites, while high-
dose systemic administration potentially induces off-target effects.

As previously discussed in Section 2.2, MNRs have demonstrated extraordinary capabilities in precise navigation, tissue pene-
tration, and drug-loading stability in cerebral vasculature and cerebrospinal fluid, representing a promising strategy for BBB crossing.
Consequently, investigating BBB crossing remains a critical challenge in developing MNR-based therapeutic strategies for brain dis-
eases. As shown in Fig. 4B, Guan’s group [63] fabricated magnetic liquid metal microrobots (LMMRs) by embedding Fe nanoparticles
into liquid metal (gallium/indium (Ga/In) alloys) matrices. This innovative design combined the shape-adaptive properties of liquid
metal with the magnetic responsivity of Fe nanoparticles, enabling effective crossing of the BBB. Initially, RMFs propelled the LMMRs
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Fig. 8. Field-controlled locomotion and stimuli-responsive drug release of MNRs for brain targeting and therapy. (A) (a) Fluorescence images of the
control group and experimental group in dorsal and right side after two days. (b) Immunofluorescence staining of the brain sections with (c)
corresponding magnified local regions (i, ii, and iii). The HNTSCs were labeled with red fluorescence. Reproduced with permission from ref [297].
Copyright 2021, Wiley-VCH GmbH. (B) Schematic demonstration of the controlled drug release of MNRs in the brain. Under vacuum conditions, the
maximum drug loading efficiency of temozolomide reached 51.22%. Under magnetic field actuation, DMs were transported to nearby brain regions
via the MCR system, where ultrasonic vibration triggered drug release. The localized pH reduction further enhanced drug liberation. Reproduced
with permission from ref [181]. Copyright 2024, Wiley-VCH GmbH. Abbreviation: DM, diatom microrobot.

toward BBB channels. Subsequently, under static magnetic field actuation, the LMMRs crossed the BBB through controlled shape
transformation. In the brain tissue, the LMMR moves along cell membrane surfaces, inducing lipid bilayer stretching that triggers
calcium ion influx and subsequent neuronal activation. The presence of LMMRs in brain tissue was confirmed through magnetic
resonance imaging (MRI) characterization. Furthermore, immunostaining images of activated (c-Fos positive) cell expression
demonstrated that LMMRs effectively stimulated neuronal cells, indicating maintained mobility and functionality after crossing the
BBB.

As the brain inflammatory responses, the immune system actively clears foreign entities [271], and the exogenous MNRs make
them susceptible to recognition and elimination [49,272]. Therefore, biomimetic camouflage of MNRs is necessary for crossing the
BBB during brain inflammation. A few immune cells (such as macrophages [49,273] and neutrophils [48,274]) can cross the BBB
during brain inflammation. Consequently, the components of immune cells have become superior materials for MNR biomimetic
camouflage. Receptor proteins of the macrophage membrane (MM) capable of crossing the BBB and accumulating in inflammatory
regions have been investigated [274-276]. As illustrated in Fig. 5A, Ji’s group [49] designed MM-coated MNRs (MM@MnO-Au-
mSiO,@Cur) that successfully enter brain inflammatory regions while avoiding the disturbances of the immune system and BBB. These
biomimetic MNRs were fabricated by encapsulating MnO3-Au-mSiO,@Cur with macrophage membranes. The Janus mesoporous silica
(mSiOy) structure serves as a Cur carrier, while the internal MnO;, catalyzes endogenous H,O4 decomposition, propelling MNRs across
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Fig. 9. Applications of drug-loaded nanosystems for targeted brain tumor therapy. (A) Illustration of the antitumor mechanism of B-LNPs. B-LNPs
exhibited a uniform particle size distribution with an average diameter of approximately 90 nm and a Zeta potential of -4.41 mV. Reproduced with
permission from ref [10]. Copyright 2023, The Authors. (B) Schematic demonstration of the fabrication process and the antitumor mechanism of
CAR neutrophils. Fabrication process: (i) TPZ loading into mesoporous SiO,. (ii) Chemically-defined differentiation of hPSCs. (iii) Embedding TPZ-
SiO, NPs into hPSCs to obtian CAR neutrophils@TPZ-SiO, NPs. Hydrodynamic sizes of @TPZ-SiO, NPs was around 260.8 nm, and the maximum
drug loading efficiency of TPZ reached 11.2 %. Antitumor mechanism: (i) Phagocytosis of normoxic tumor cells by CAR neutrophils@TPZ-SiO2 NPs.
(ii) Release of TPZ-SiO, NPs. (iii) Re-uptake of TPZ-SiO, NPs by tumor cells. (iv) Intracellular TPZ release from TPZ-SiO, NPs, inducing hypoxic
tumor cell death, followed by degradation of residual SiO, NPs. BTZ represented benzotriazinyl. Reproduced with permission from ref [9].
Copyright 2023, The Authors. Abbreviations: GBM, glioblastoma multiforme; STING, stimulator of interferon genes; TAMC, tumor-associated
myeloid cell; RT, radiation therapy; B-LNP, bridging-lipid nanoparticle; CRT, calreticulin; diABZI, STING agonist; TCR, T cell receptor; CD28, T
cell activators; CD80/86, co-stimulatory factors of TAMCs; MHC, major histocompatibility complex; CTL, CD8 with T cell; TPZ, tirapazamine;
hPSCs, human pluripotent stem cells.
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Fig. 10. Applications of intelligent MNRs for active brain tumor therapy. (A) Schematic demonstration of the fabrication process and the antitumor
mechanism of Ang-PAMse/TLND. Fabrication process: (i) Polymerization of L-Arg derivatives to form PAMse, (ii) Ang functionalization of PAMse
polymers, and (iii) TLND loading to obtain Ang-PAMse/TLND. Ang-PAMse demonstrated a diameter of approximately 200 nm with a Zeta potential
of =34 £ 0.7 mV. The TLND achieved a loading degrees of 20.4 % and an encapsulation efficiency of 87.1 %. Antitumor mechanism: (i) Triggering
immunogenic cell death, (ii) NO-mediated enhancement of antigen presentation, (iii) and T cell activation. (iv) NO-facilitated T cell trafficking. (v)
NO-ROS reaction improving T cell infiltration. (vi) T cells recognized and the tumor cells. (vii) TLND targeted tumor cell mitochondria, inducing
tumor cell apoptosis. Reproduced with permission from ref [56]. Copyright 2023, The Authors. (B) Schematic demonstration of the antitumor
process of the JNP, and fluorescence images of sliced tumors treated with conventional drug-loaded NPs and drug-loaded JNPs under NIR irra-
diation. The red signals represented DOX and the blue represented DAPI. The scale bar is 100 pm. JNPs exhibited a diameter of 122.7 + 4.4 nm, a
polydispersity of 0.122 + 0.023, and a Zeta potential of —-26.8 + 2.5 mV. The DOX loading degree of JNPs was 79.8 + 2.6 pg/mg. Reproduced with
permission from ref [55]. Copyright 2023, Elsevier B.V. All rights reserved. Abbreviations: PAMse, a NO-driven nanomotor; TLND, triphenyl-
phosphonium lonidamine; Ang-SH, modified Angiopep-2; GBM, glioblastoma multiforme; BBB, blood-brain barrier; NIR, near-infrared radiation;
JNP, a light-driven nanomotor.
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the BBB. To evaluate the BBB-crossing capability of MNRs, an in vitro BBB model was established using a porous Transwell system
[48,56,277]. From Fig. 5B, MNRs crossed the BBB membrane which is composed of brain-derived Endothelial cells.3 (bEnd.3) cells,
and diffused into the lower chamber containing G422 cells (a model glioma cell) layer [48]. The number of MNRs crossing the BBB was
indirectly quantified using fluorescence viability indicators through confocal laser scanning microscopy (CLSM), which reflects the
activation level of lower chamber cells. As shown in Fig. 5C, Wan’s group [56] employed in vitro BBB model to assess the crossing
efficiency of angiopep-2 (Ang)-modified nanomotors (Ang-PAMSe). The CLSM imaging revealed that Ang-PAMSe exhibited higher
BBB-crossing capability than both unmodified nanomotors (PAMSe) and Ang-modified NPs (Ang-PMSe). The results demonstrated that
the combination of MNR motility and Ang-mediated targeting synergistically enhances BBB penetration.

2.3.2. Circumventing the blood-brain barrier

Because the BBB cannot distinguish between drugs and toxins, when drugs pass through the opened BBB, other detrimental
compounds may also cross the BBB and enter brain tissue [278-280]. Moreover, certain physical and chemical stimuli can cause
damage to healthy brain cells [35,281,282]. These limitations can be solved through direct drug delivery methods that circumvent the
BBB [283]. Current BBB-circumventing methods primarily transport drugs through brain parenchyma [284,285], CSF [286,287], and
cervical lymph nodes [288,289]. As a direct intracerebral delivery method, intraparenchymal administration effectively reduces drug
loss, thereby enhancing therapeutic efficacy [290,291]. Hanes’s group [292] developed brain-penetrating nanoparticles capable of
rapid diffusion through brain parenchyma, which is composed of NPs coated with low molecular weight polyethylene glycol (PEG).
The hydrophilicity and electrical neutrality of PEG significantly increase the number of freely diffusing NPs in brain parenchyma,
reducing drug loss due to NP adsorption. Furthermore, intrathecal drug delivery strategies through the CSF can achieve high-
concentration drug delivery and reduce off-target effects [293,294]. Perello’s group [295] demonstrated that ghrelin can be taken
up by the blood-CSF barrier cells. After injecting ghrelin, high concentrations of ghrelin were detected in the CSF, indicating that
ghrelin was delivered to the brain via the CSF.

Although these BBB-circumventing strategies have demonstrated superior drug transport capabilities, their drug diffusion remains
slow and uneven. The application of MNRs can effectively address these issues. Notably, the minimally invasive intranasal adminis-
tration route circumvents the BBB indirectly, enabling direct drug delivery to brain tissue [296,297]. As shown in Fig. 6A, Choi’s group
[297] developed a magnetically propelled microrobot system for human nasal turbinate stem cell (HNTSC) delivery in the brain.
Functionalized Fe304 NPs were integrated into HNTSCs to obtain cell-based microrobots (CellBots), which transported HNTSCs to the
brain via intranasal administration under magnetic guidance. The skull marrow connects to the CSF through the dura mater, allowing
intracranial injections to circumvent the BBB [298-300]. As shown in Fig. 6B, Liu’s group [156] used an Ommaya reservoir to deliver a
drug-loaded marsupial robotic system intracranially. The catheter of the Ommaya reservoir connects the intracranial cavity to the
external environment through a minimally invasive approach, with its upper reservoir implanted subcutaneously for long-term
intracranial injection. After injection into the reservoir, MCRs cross through the catheter to release drug-loaded nanorobots intra-
cranially (Fig. 2), effectively circumventing the BBB. From Fig. 6B, computed tomography imaging simulated the cavity following
GBM removal. In this cavity area, magnetically driven MCRs followed expected trajectories along the cavity edges, enabling localized
drug delivery in the complex GBM microenvironment. While MNRs enhance the targeting precision of intraosseous skull adminis-
tration, the safety of this strategy for cranial bone injuries remains unassessed.

2.4. Drug delivery to the brain

Compared to conventional nanocarrier-based drug delivery, MNRs with enough medication enable a shift from passive drug
resistance to active treatment in brain diseases. Moreover, MNRs targeting specific tissue sites exhibit superior drug-loading stability,
allowing local treatment with low drug concentrations, thereby reducing systemic toxicity and enhancing drug delivery efficiency.
Besides delivering traditional drugs (such as antibiotics [301-303], anticancer drugs [304,305], anti-inflammatory drugs
[49,306,307], and alkaloids [308]) to disease sites, MNRs can deliver specialized “drugs” including ions (such as Fe3t [309], Ga®t
[209], and Ca®* [3101), gases (such as NO [86,311], Hp [160,312], and O [313,3141]), stem cells [315,316], embryonic cells [317],
cytokines [86], and mitochondria [318]. For cerebral drug delivery, MNRs primarily move through the bloodstream to cross the BBB
and reach brain tissue. As depicted in Fig. 7, Qiang He’s group [48] developed neutrophil-encapsulated microrobots (neutrobots) for
targeted malignant glioma therapy. These dual-functional neutrobots exhibited both magnetically driven propulsion and inflamma-
tory factor gradient chemotaxis. Initially, under combined RMF actuation and inflammatory factor gradient chemotaxis, the neu-
trobots navigate through the bloodstream toward the BBB. Subsequently, they leverage inherent neutrophil properties to traverse the
BBB. Finally, the nanorobots deliver PTX directly to malignant glioma.

As previously discussed in Section 2.3, HNTSCs can circumvent the BBB through MNR-mediated delivery to brain tissue. As shown
in Fig. 8A, Choi’s group [297] used fluorescence imaging to show that non-magnetically actuated CellBots (control group) primarily
accumulated in nasal cavities, while magnetically actuated CellBots exhibited significant dispersion in brain tissue. Moreover,
immunofluorescence staining was performed on brain tissue sections at different times. The control group exhibited red fluorescence
signals localized in the nasal cavity, indicating failed HNTSC delivery. In contrast, the experimental group demonstrated red fluo-
rescence signals in brain regions, with signal intensity decreasing gradually from proximal to distal brain regions (i > ii > iii),
demonstrating successful HNTSC delivery to the brain. Consequently, this BBB-circumventing drug delivery strategy demonstrates
exceptional potential for clinical translation in precise therapy of brain diseases.

To reduce drug loss during delivery, strict requirements have been established for controlled drug release systems. Previous
research works have demonstrated that MNRs can achieve controlled drug release through various triggered mechanisms, including
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external triggers (such as magnetic fields [177,319,320], ultrasound [321,322], temperature [323-325], and light [326-328]), in-
ternal environmental triggers (such as pH [329-331] and enzymes [332-334]), and combined stimulus triggers [181,335]. As illus-
trated in Fig. 8B, Jiao’s group [181] developed diatom microrobots (DMs) for controlled drug release in brain therapy. They
implemented a dual-trigger strategy combining ultrasound and pH responsiveness: ultrasonic cavitation disrupted the DM outer
structure to initiate drug release, while the acidic microenvironment (pH = 5.5) further enhanced drug liberation. Given the
vulnerability of brain tissue, controlled drug release from MNRs requires attention to reduce adverse effects and develop trigger
mechanisms specifically adapted to the cerebral microenvironment.

Fig. 11. Applications of intelligent MNRs for active neuroinflammation therapy. (A) Schematic illustration of the neuron recovery process of the
MM@MnO2-Au-mSiO,@Cur. MM@MnO,-Au-mSiO,@Cur modulates macrophage phenotype switching through O, generation and Cur release.
MM@MnO,-Au-mSiO,@Cur exhibiedt a diameter of approximately 100 nm with a Zeta potential of -10.3 mV.Reproduced with permission from ref
[49]. Copyright 2024, The Authors. Advanced Science published by Wiley-VCH GmbH. (B) Schematic representation demonstrated that Pt@LF
regulated the inflammatory microenvironment and recovery neuron. Hydrodynamic sizes of Pt@LF was 62.85 + 1.12 nm, and its Zeta potential was
16.5 + 1.12 mV. Upon entering cerebral inflammatory microenvironments, Pt@LF protects M2 macrophages and promotes MO/M2 polarization,
restoring neurons through Fe ion/NHj; /ROS depletion, reducing glutamate release, and inhibiting NMDAR activation. Reproduced with permission
from ref [57]. Copyright 2024, Wiley-VCH GmbH. Abbreviations: MM, macrophage membrane; Cur, curcumin; ROS, reactive oxygen species; PIF,
Pro-inflammation; AIF, Anti-inflammation; MM@MnO2-Au-mSiO2@Cur, biomimetic Cur-loaded self-propelled nanomotors; LFRs, LF receptors;
NMDARs, N-methyl-D-aspartate receptors; Glu, glutamate.
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Overall, current MNRs for drug delivery in the brain face three main challenges: (i) Efficient and precise navigation: The macro-
scopic scale of the brain contrasts with the microscale movement of MNRs, which leads to long-term transportation for MNRs. For deep
brain tissue, such as brain tumors, MNR penetration depth directly determines drug delivery precision. Moreover, real-time monitoring
can effectively guide the movement trajectory of the MNR, directly affecting the navigation accuracy of the MNR. Due to the tiny size of
MNR, the existing imaging technologies lack enough temporal resolution for tracking MNRs [88]. (ii) Overcoming the resistance of
BBB: Current strategies primarily focus on enhancing BBB permeability or biomimetic traversal, with insufficient exploration of BBB
circumventing. Intranasal or transcranial delivery could circumvent the BBB entirely, preventing the entrance of harmful substances.

Fig. 12. Applications of intelligent MNRs for active brain stimulation and neuronal connection. (A) (a) Scanning electron microscopy images of
MOHRs (with a scale bar of 5 pm) and EDX mapping (with a scale bar of 0.5 pm). The MOHRs exhibited a rod-like morphology with an average
length of approximately 7 pm and a mean diameter of 0.8 pm. (b) Fluorescence images showing MOHR-induced Ca*" activation over increasing
laser irradiation time. Ca®" was labeled with green fluorescence. The scale bar is 20 pm. Reproduced with permission from ref [398]. Copyright
2023, Wiley-VCH GmbH. (B) Schematic of microrobot-mediated neuronal cluster repair on MEA chips (left). Bright-field and height-coded confocal
fluorescence microscopy images of hippocampal neurons (right). Neurites: green, neuron nucleus: blue. The Scale bar is 200 pm. Reproduced with
permission from ref [404]. Copyright 2020, The American Association for the Advancement of Science. Abbreviations: HAADF, highangle annular
dark field; MOHR, manipulated optoelectronic hybrid microrobots; MEA, multi-electrode array.
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However, intranasal administration faces diffusion barriers from mucosal layers, while transcranial approaches require further safety
validation. (iii) Drug delivery and controlled release: Drug-loading stability of MNRs directly affects the drug delivery efficiency, yet
the cerebral complex microenvironment can easily lead to drug leakage or inactivation. Additionally, limited drug loading capacity
due to the micro size of MNR necessitates advanced loading strategies. Crucially, achieving spatiotemporally controlled drug-releasing
remains necessary for lengthening the therapeutic effect and retention time of drugs in cerebral tissues.

2.5. Material design considerations for intracranial micro/nanorobots

According to the previous discussion, MNRs for brain drug delivery have characteristics such as controllable rapid movement, BBB
overcoming, and local drug delivery. Beyond these basic functions, clinical applications impose critical material design requirements

Fig. 13. Applications of intelligent MNRs for active thrombolysis and ischemic stroke therapy. (A) Schematic representation demonstrated that
magnetic NPs swarms deliver tPA for enhanced thrombolysis. Reproduced with permission from ref [411]. Copyright 2021, Wiley-VCH GmbH. (B)
Schematic diagram revealed that tPA-anchored nanorobots can generate retrievable magnetic colloidal microswarms and dissolve submillimeter
vascular thrombus. Reproduced with permission from ref [340]. Copyright 2024, The American Association for the Advancement of Science. Ab-
breviations: tPA, tissue plasminogen activator; MNRs, micro/nanorobots.
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for intracranial MNRs. The human immune system can recognize and eliminate antigenic foreign substances, which determines that
MNR needs to have good biocompatibility. Some liposomes can cross through BBB. They can control drug release after modification,
becoming excellent substrate material for MNR [108]. Moreover, the strategy of biological camouflage using cells or cellular com-
ponents enables the surface of MNR to have some of the functions of cells, allowing it to naturally cross BBB without external triggers
while avoiding immune clearance. Currently, the main disguises of camouflage MNRs in the brain are neutrophils [48] and macro-
phages [321], with future development potential for red blood cells [336], stem cells [337], and tumor cells [338]. However,
biocompatibility alone remains insufficient for intracranial MNRs. The accumulation of the nondegradable substrate materials of MNR
can cause toxicity and inflammation in the brain. For this reason, the main material of MNRs usually needs to be degradable. For
instance, Zn [329] or Mg-based [160] bubble-propelled MNRs, gradually decompose without being harmless in a liquid environment.
Furthermore, Stimuli-responsive hydrogel MNRs also show promise for controlled release. Xu’s group [339] developed a magnetic-
responsive hydrogel robot for the treatment of brain tumors. The hydrogel was decomposed through magnetic stimulation after
MNRs targeted brain tumors achieving precise local drug delivery. In addition to degradation, recycling is also a strategy to deal with
the accumulation of foreign particles. After using MNR to eliminate thrombosis, Zhang’s group [340] successfully recovered magnetic
MNR with a catheter under a magnetic field after thrombus dissolution, preventing the accumulation of magnetic NPs.

The size of MNRs must be small enough to move in the biological environment and to come into contact with molecules and cells
[320]. Nanoparticles larger than 200 nm generally fail to cross the BBB [100], limiting the size of larger MNRs. However, MNRs that
are too small (<10 nm) restrict their drug loading capacity [323] and are difficult to manipulate by the magnetic field and to visualize

Fig. 14. Applications of intelligent MNRs for active synergistic ischemic stroke treatment. (A) Schematic illustration of SFH-OMV-based micro-
robots for thrombus treatment. SFH-OMV@H comprised SFH-OMV and hydrogel, while SHF-OMV@M® consisted of SFH-OMV and macrophages.
These two types of SFH-OMV exhibited comparable size (approximately 86-89 nm) and Zeta potential (around -7mV). Reproduced with permission
from ref [321]. Copyright 2024, Wiley-VCH GmbH. (B) (a) MCAO rat model established by filament ligation of MCA ends. (b) Quantification of
infarct volume/ischemic brain hemisphere after seven days (n = 5) treatment. **p < 0.01. Sham: control group without arterial occlusion;
Si@PLGA: control group with incompletely PLGA-coated SiO,. Reproduced with permission from ref [160]. Copyright 2021, Wiley-VCH GmbH.
Abbreviation: SFH, staphylokinase-hirudin fusion protein; SFH-OMV, SFH-antithrombotic outer membrane vesicle; RMF, rotating magnetic field;
MCA, middle cerebral artery.
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[41]. Operating at micro/nanoscales, MNRs exhibit motion patterns fundamentally distinct from macroscopic movement, making
them difficult to move in low Reynolds numbers liquid environments [182,341]. The Reynolds number reflects the ratio of fluid inertia
to viscous force. Viscous friction dominates the movement of objects with negligible inertia at low Reynolds numbers. Once the MNRs
stop driving without energy input, they will stop moving [342]. Consequently, the material design of MNRs needs to enable them to
overcome the viscous resistance inherent to low Reynolds numbers. In brain applications, MNRs can adapt to specific environments
depending on their shapes. Most common nanoparticles are spherical, leading to a spherical MNR based on such nanoparticles
[166,343]. This shape gives MNRs the advantage of being easy to modify and combine with cell membrane components. Rod-shaped
NPs exhibit stronger brain endothelial adhesion and enhanced cerebral accumulation [344]. Moreover, the interaction between rod-
shaped MNR and the brain endothelium directly affects the absorption of particles by cells. Their high-curvature tips concentrate
positive charges [345], while positively charged particles are more easily absorbed by cells than negatively charged or neutral NP-
based MNRs [346]. However, positively charged particles can lead to potential ROS generation and cellular damage, necessitating
rigorous safety validation for rod-shaped MNR charge loading. Further, ciliary-type MNRs employ a hair-like extension pattern to
overcome the viscous resistance of the fluid environment in the brain [347]. For specific applications, such as stroke-induced vascular
occlusion, helical MNRs imitate the rotational movement of screws to penetrate thrombi efficiently, mechanically disrupting them
[348,349]. To reply to the hindrance of BBB, some MNRs with deformation capabilities have also attracted attention. As shown in
Fig. 4B, deformable MNRs (LMMRs) utilize the highly flexible deformation [350] and near-zero Young’s modulus [351] of liquid metal
to adaptively cross the BBB. Thus, the size and shape of MNRs can be specifically designed according to their intended applications.

3. Micro/nanorobotic therapy of brain diseases
3.1. Brain tumor

Current tumor therapies primarily include radiation therapy (RT) [352-354], chemotherapy [355-357], and immunotherapy
[358-360]. Among these, immunotherapy preserves normal cells while reducing systemic side effects [361]. In the GBM microen-
vironment, a majority of myeloid compartments exhibit immunosuppressive and tumor-supportive properties, significantly
compromising antitumor immune responses [10,362]. Furthermore, the BBB presents a selective barrier to drug delivery for GBM
therapy, posing major challenges for cerebral immunotherapy applications. As previously discussed, nanocarriers have demonstrated
remarkable capabilities in drug loading, reduced systemic toxicity, and BBB penetration, significantly enhancing targeted drug de-
livery to the brain. There are a large number of tumor-associated myeloid cells (TAMCs) with immunosuppressive effect in GBM, but
insufficient infiltrating effector T cells [363]. Therefore, therapeutic strategies for the treatment of brain tumors primarily are GBM-
related TAMCs. Activation of the stimulator of interferon genes (STING) pathway reprograms TAMCs, enhancing their antitumor
immune functions [364,365], which has shown promising trends in targeted tumor therapy. Lesniak’s group [10] developed dual-
targeting cluster of differentiation (CD)47/programmed cell death-ligand (PD-L)1 (checkpoint molecules) bridging-lipid nano-
particles (B-LNPs) that selectively activate STING while reducing T cell suppression. As shown in Fig. 9A, the antitumor mechanism of
B-LNPs can be described in four sequential steps: (i) Initially, RT induced upregulation of pro-phagocytic signals calreticulin (CRT) and
CDA47 in GBM. (ii) Next, B-LNPs connected GBM and TAMCs through CD47/PD-L1 binding, effectively blocking checkpoint molecules.
(iii) Subsequently, the diABZI (STING agonist) carried by B-LNPs acted on TAMCs, synergistically triggering T cell activation and
infiltration. (iv) Finally, T cell-mediated antitumor responses were accelerated by reprogrammed TAMCs, leading to the reduction of
GBM cells. As previously discussed in Section 2.3, neutrophils can cross the BBB due to their native properties. Fig. 7 demonstrates that
neutrophil-mediated drug delivery significantly enhances targeting specificity, offering substantial potential for GBM immunotherapy.
Bao’s group [9] engineered chimeric antigen receptor (CAR)-modified neutrophils to deliver nanodrugs for targeted GBM therapy. As
illustrated in Fig. 9B, they developed CAR neutrophils@TPZ-SiO5 NPs by embedding tirapazamine (TPZ)-loaded mesoporous SiO2 NPs
into chemically-defined differentiated human pluripotent stem cells (hPSCs). Upon injection into mice, CAR neutrophils@TPZ-SiO4
NPs initially attacked and phagocytosed normoxic tumor cells. Subsequently, TPZ-SiO, NPs were released and rea-uptaken by tumor
cells. Finally, TPZ was released in the hypoxic tumor microenvironment, inducing normoxic tumor cells to transform into hypoxic
states and apoptosis.

GBM formation in the brain creates a microenvironment characterized by high concentration ROS and inducible nitric oxide
synthase (iNOS) [56,366,367], presenting significant challenges for conventional nanocarrier-based drug delivery. As discussed in
Section 2.4, self-propelled MNRs capable of transporting gases (such as NO [311], Hy [160], and O [313]) offer an effective solution to
excessive ROS and iNOS. Under iNOS catalysis, arginine (Arg) can react with ROS to generate NO [83,368,369]. The concentration
gradients of ROS and iNOS allow MNRs to chemically respond to the GBM microenvironment for targeted drug delivery. As illustrated
in Fig. 10A, Wan’s group [56] developed a NO-driven nanomotor (PAMse) fueled by L-Arg derivatives. PAMse was synthesized
through L-Arg derivatives monomer polymerization and functionalized with Ang peptides, followed by loading with triphenylphos-
phonium lonidamine (TLND) to fabricate Ang-PAMse/TLND. Upon injection into mouse brains, Ang-PAMse/TLND crossed the BBB via
Ang recognition. Subsequently, as Ang-PAMse/TLND infiltrated tumor tissue, TLND targeted tumor cell mitochondria, inducing tumor
cell apoptosis. A high concentration of H,O; is another important feature of the GBM microenvironment [370]. Self-propelled MNRs
that use HyO5 as fuel can simultaneously eliminate high concentration of HyO» and excess ROS. Qiang He’s group [161] developed a
drug delivery system (Trojanbot) based on catalase-driven nanobots (CatNbot) and neutrobots for targeted GBM therapy. CatNbot was
fabricated by encapsulating DOX-loaded collagen nanoparticles in bacterial membrane vesicles. Under this biomimetic camouflage,
neutrophils internalize CatNbot to obtain the Trojanbot. Take advantage of neutrophil chemotaxis [48], Trojanbot crosses the BBB and
reaches the GBM. Subsequently, inflammatory stimuli trigger Trojanbot to release CatNbots. CatNbots catalyze the decomposition of
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H,0,, allowing them to penetrate the tumor and deliver DOX to the core of GBM.

As previously discussed in Section 2.2, magnetic propelled MNRs exhibit superior controllability and deep tissue penetration
[63,166,167]. However, inorganic magnetic propelled MNRs are easily recognized and phagocytized by immune cells [371], making it
necessary to modify their surface to avoid the immune response. Xu’s group [339] fabricated magnetic hydrogel microrobots by
encapsulating magnetic NPs in drug-loaded biohybrid blood hydrogel fibres. During in vivo experiments in porcine models, the
microrobots were navigated to intracranial tumor. Then, intensification of the applied magnetic field triggered biohybrid blood
hydrogel fibre structural disintegration, enabling localized DOX release for targeted tumor therapy. Furthermore, non-invasive pho-
tothermal therapy can synergistically enhance tumor treatment efficacy. NIR light can not only propel MNRs but also induce tumor cell
apoptosis [55,372,373]. Tu’s group [55] developed a light-driven nanomotor (JNP) co-loaded with photothermal agent ICG and
chemotherapeutic DOX for combined GBM therapy. As shown in Fig. 10B, JNPs crossed the BBB and accumulated in tumor tissue
under NIR irradiation. Additionally, the motility of JNP demonstrated a positive correlation with NIR irradiation power, showing
excellent controllability. As JNPs were uptaken by tumor cells, the combined photothermal effect and DOX’s pharmacological action
induced tumor cell death. Compared to the non-light-driven control group (NP + NIR), NIR-driven JNPs (JNP + NIR) exhibited deeper
DOX fluorescence signal (red) penetration in tumors, indicating better tissue infiltration.

Fig. 15. Applications of intelligent MNRs for active traumatic brain injury therapy. (A) Schematic illustration of the fabrication process and the
therapy mechanism of JCNs. (B) Immunofluorescence co-staining of TBI-model mice using CLSM after 1 day post injury with JCNs and control
group. Green: astrocytes were labeled by glial fibrillary acidic protein. Red: microglia were labeled by ionized calcium binding adaptor molecule 1
(Iba-1). The scale bar is 100 um. Reproduced with permission from ref [159]. Copyright 2022, Wiley-VCH GmbH. Abbreviations: CNs, carbonaceous
nanospheres; JCNs, self-propelled nanomotors; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium binding adaptor molecule 1; sTBI, severe
traumatic brain injury.
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3.2. Neuron recovery and regeneration

Neuronal damage and loss can lead to a series of severe physiological and pathological consequences, affecting the structure and
function of the nervous system [374,375]. Current neuronal therapeutic methods include pharmacological interventions [376-378],
stem cell transplantation [297,379], and brain stimulation [380-382]. Zhang’s group [383] developed a switchable gene-chemical co-
delivery system based on drug-loaded NPs for neurodegenerative disease treatment. The NPs crossed the BBB and escaped from ly-
sosomes/endosomes via protonation of the poly-(carboxybetaine), releasing a-synuclein (a-syn) siRNA (siSNCA), followed by Cur
release in the high-ROS microenvironment. The released Cur and siSNCA synergize to recover neuronal function. Axonal regeneration
in neurons occurs very slowly [384]. In the neuronal deficiency regions, distal axons have limited regenerative capacity exhibit limited
capacity, and this deficit may result in neuroma formation [385-387]. Kumbar’s group [388] developed a porous chitosan sponge
conduit scaffold to bridge injured neurons and facilitate drug delivery. The scaffold, composed of a composite structure of chitosan and
halloysite nanotubes, showed exceptional drug-loading capacity. The scaffold delivered 4-aminopyridine to accelerate neuronal
regeneration, while its aligned microtubular structure guided directional axon regeneration.

Conventional drug delivery faces limitations such as systemic administration and low BBB penetration, as previously discussed.
Therefore, intelligent nanocarrier systems are essential for targeted drug delivery. Neuroinflammation is typically accompanied by
excessive ROS production, while neurons are particularly vulnerable to hypoxic conditions exacerbated by ROS accumulation

Fig. 16. Applications of drug-loaded nanosystems for targeted neurodegenerative disease therapy. (A) Schematic representation demonstrated Gal-
NP@siRNA knockdown BACE1 mRNA. (B) Amyloid plaque burden in hippocampal (left) and cortical (right) regions. WT-PBS: healthy controls; AD-
PBS: untreated AD controls; AD-NP@siBACE1: unmodified NP controls; AD-Gal-NP@siScr: non-targeting siRNA controls. (C) CLSM images of
hippocampal (up) and cortical (down) sections. Nucleus was labeled with green fluorescence, while Ap was labeled with green fluorescence. The
scale bar is 100 pm. Reproduced with permission from ref [50]. Copyright 2020, The American Association for the Advancement of Science. Ab-
breviations: APP, amyloid precursor protein; siBACE1, p-site amyloid precursor protein cleaving enzyme-1 small interfering RNA; WT, wild-type;
PBS, phosphate-buffered saline.
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[389,390]. To resolve this, Ji’s group [49] designed MM@MnO,-Au-mSiO,@Cur (fabrication process illustrated in Fig. 5A) for tar-
geted neuroinflammation therapy. As shown in Fig. 11A, MM@MnO2-Au-mSiO,@Cur catalyzed endogenous HO2 decomposition,
generating O, bubbles that propelled it toward damaged neurons and alleviated local hypoxia. Subsequently, the O, bubbles and
released Cur synergistically promoted macrophage polarization from pro-inflammatory (M1) to anti-inflammatory (M2) phenotypes,
facilitating neuronal repair. Additionally, ferroptosis induced by ischemic stroke is another critical factor in neuronal damage
[391-393]. Reduced expression of ferroportin 1 leads to iron accumulation, indirectly causing overactivation of N-methyl-D-aspartate
receptors (NMDARs) and subsequent excitotoxic neuronal death [57,394]. Lactoferrin (LF) effectively chelates iron, significantly
inhibiting ferroptosis. Sha’s group [57] developed biomimetic MNRs (Pt@LF) by combining LF with platinum (Pt) nanoclusters. The Pt
nanozyme metabolized excess ROS into O, serving as the propulsion source for Pt@LF. From Fig. 11B, Pt@LF entered inflammatory
microenvironments, where LF consumed Fe ions and NHZ, reducing glutamate release and inhibiting NMDAR activation. Additionally,

Fig. 17. Applications of intelligent MNRs for active neurodegenerative disease therapy. (A) (a) Schematic illustration of the structure of PiezoBOT.
(b) Schematic representation demonstrated PiezoBOT dissociate Af. (c) The histogram demonstrated Ap aggregation size across different envi-
ronments. i: Ap + BTO; ii: Ap + BTO + ultrasound stimulation; iii: AB-only; iv: Ap + ultrasound stimulation; v: Ap + PiezoBOT; vi: Ap + PiezoBOT +
ultrasound stimulation. Reproduced with permission from ref [468]. Copyright 2023, The Authors. (B) (a) Schematic representation demonstrated
JNM-I dissociate Ap under the excitation of NIR. (b) AFM images of Ap (25 uM) incubated with JNM-I under NIR irradiation. Reproduced with
permission from ref [476]. Copyright 2020, American Chemical Society. Abbreviations: BTO, barium titanate; PiezoBOTs, NP-based microrobots;
NIR, near-infrared radiation; Ap, f-amyloid; JMN-I, a light-propelled nanomotor.
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Pt@LF scavenged excess ROS to generate oxygen, promoting M0/M2 macrophage polarization and alleviating local hypoxia. Overall,
this LF delivery strategy effectively restored neuronal function.

Brain stimulation lacks specificity and requires craniotomy, posing potential side effects. Photosensitive nanomaterials exhibit
multifunctionality and high biocompatibility, enabling targeted delivery through surface modifications [395-397]. Photosensitive-
based MNRs enable minimally invasive brain stimulation, circumventing the need for traditional craniotomy procedures. As shown
in Fig. 12A, Li’s group [398] synthesized magnetically driven manipulated optoelectronic hybrid microrobots (MOHRs) for precise
neuronal targeting. Energy dispersive X-ray (EDX) mapping revealed a Si base layer, followed by Ni and Au layers in MOHRs. The
MOHRs transformed optical signals into electrical signals under photostimulation, effectively stimulating neurons, with calcium flux
indicating neuronal excitation levels. As the laser irradiation proceeded, more Ca®" (green) were progressively activated, demon-
strating sustained neuronal stimulation by MOHRs. Consequently, MNR-mediated delivery holds significant promise for advancing
brain stimulation therapies.

Neuronal connectivity forms the foundation of nervous system function, crucial for information transmission, learning, memory,
and behavioral regulation [399,400]. A number of researchers have employed physical and chemical methods to guide neurite
outgrowth for neuronal connections in vitro neural network restoration [401-403]. However, these methods face limitations in spatial
resolution and precision at microscopic scales. As previously discussed in Section 2.4, magnetically driven MNRs have demonstrated
exceptional stem cell transport capabilities and precise brain targeting, showing potential for neural circuit repair. For this purpose,
Choi’s group [404] developed 3D magnetically driven microrobots as “bridges” for neural network repair. As illustrated in Fig. 12B,
microrobots carrying aligned neurites were magnetically guided between neuronal clusters, with neurite growth tracked via a multi-
electrode array (MEA) system. Confocal fluorescence microscopy bright-field images demonstrate that the microrobot formed a bridge
between the two neuronal clusters. Furthermore, immunofluorescence imaging revealed interconnected neurites (green) with
directional growth toward adjacent clusters. While this strategy successfully establishes neural network connections in vitro, further in
vivo studies are necessary for brain disease applications.

3.3. Ischemic stroke

Ischemic stroke results from cerebral blood flow interruption, leading to localized brain tissue ischemia and necrosis, representing a
prevalent cerebrovascular disorder [13,14,405]. Blood clotting-induced thrombus is the primary pathological event of ischemic stroke
[406-408]. Current therapeutic methods include mechanical thrombectomy [348,409,410], intravenous thrombolysis [411-413],
antiplatelet therapy [414,415], and anticoagulation therapy [416,417]. Tissue plasminogen activator (tPA), capable of effectively
dissolving thrombus, is limited by the low delivery efficiency of systemic administration and a short therapeutic time window of
thrombolysis [411,418]. Consequently, there is an urgent need to develop nanocarriers with high drug-loading stability and delivery
efficiency for local drug delivery. As shown in Fig. 13A, Zheng’s group [411] delivered tPA to thrombosed carotid arteries in a rabbit
model using magnetic NP swarms. Under RMF actuation, tPA-loaded Fe304 NPs assembled into magnetic NP swarms that penetrated
the thrombus, significantly enhancing tPA permeation and subsequent thrombolysis. Experimental results showed that these NP
swarms enhanced tPA diffusion, significantly improving thrombolytic efficacy without increasing the clinical tPA dosage. Further-
more, in addition to thrombolysis, preventing thrombus formation represents an effective strategy for thrombus therapy [419].
Argatroban, as an anticoagulant, directly restrains the formation of thrombus [420,421]. Gong’s group [422] employed platelet
membrane-coated NPs to deliver argatroban through the vasculature. The NPs have taken advantage of the thrombus-homing prop-
erties of platelet membranes to target thrombus regions, releasing argatroban to inhibit the formation of thrombus.

Owing to their small size and high-precision navigation, MNRs have been widely used as drug carriers for intravenous thrombolysis
in previous research works [423-425]. Notably, MNRs can convert external energy into mechanical motion, thereby breaking
thrombus mechanically [426,427]. Thus, the drug delivery strategy that uses the mechanical motion of MNRs to assist thrombolysis
can effectively enhance the therapeutic efficacy of thrombolytic agents. As depicted in Fig. 13B, Zhang’s group [340] developed tPA-
anchored nanorobots that form retrievable magnetic colloidal microswarms to dissolve submillimeter vascular thrombus. The
nanorobot is composed of a Fe304 NP core and a SiO5 shell, with tPA chemically adsorbed on the SiO, shell. The nanorobots were
delivered via a catheter and subsequently released near the thrombus under magnetic actuation, inducing localized thrombus frag-
mentation through their tumbling motion. Upon contacting the thrombus, the nanorobots release tPA to enhance chemical throm-
bolysis. The synergistic combination of physical disruption from nanorobot motion and tPA-mediated thrombolysis removed blood
vessel blockages. Crucially, the nanorobots can be retrieving via catheter under magnetic actuation, addressing potential biocom-
patibility concerns associated with incompletely degradable magnetic materials. In vitro experiment, compared to systemic tPA
administration, tPA-anchored nanorobots achieved a 20 times increase in thrombolytic efficiency.

However, some pharmacological treatments have narrow therapeutic windows and cause reocclusion post-reperfusion. Therefore,
adjunct anticoagulation therapy can significantly enhance therapeutic outcomes after thrombolysis. To address this, Wu’s group [321]
developed an antithrombotic outer membrane vesicle (OMV) composed of thrombolytic drug staphylokinase (SAK)-hirudin fusion
protein (SFH). SFH combines hirudin’s anticoagulant properties with SAK’s thrombolytic activity for synergistic ischemic stroke
treatment. As shown in Fig. 14A, SFH-OMV can combine with different substances to achieve various therapeutic effects. Both SFH-
OMV formulations incorporated FesO4 NPs for magnetic propulsion: (i) SFH-OMV and hydrogel were used to synthesize hydrogel
microrobots in emulsion (oil/CaCly solution). SFH-OMV@H can navigate against blood flow to directly target and dissolve the
thrombus. (ii) Macrophages phagocytosed SFH-OMV to form SHF-OMV@M®. Due to the adhesive properties of macrophages, SHF-
OMV@M® can counteract blood flow to eliminate thrombi and adhere to the vascular wall to protect the surrounding brain tissue.
Excessive ROS production is another primary mechanism underlying ischemic stroke formation [391,428]. As previously discussed in
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Section 2.4, self-propelled MNRs generate therapeutic hydrogen gas (Hy) during propulsion, effectively regulating ROS. As shown in
Fig. 14B, Tu’s group [160] employed Mg-based micromotors to treat MCAO. The MCAO rat model was created by proximally ligating
the left common carotid artery and external carotid artery. Mg-based micromotors react with water to generate Hy, which serves as
both a propulsion force and a ROS scavenger, while modulating inflammatory factor expression (Fig. 3A). The treatment efficacy was
indirectly assessed by calculating the infarct volume/ischemic hemisphere ratio. Experimental results demonstrated that Mg@PLGA
exhibited the second-lowest occlusion volume after the sham group, indicating that Hy transported by Mg@PLGA effectively mitigated
thrombotic occlusion. This research work provides the first conceptual validation of MNRs’ mechanism for active ROS scavenging and
inflammation mitigation in vivo, paving the way for their therapeutic application in ischemic stroke.

3.4. Traumatic brain injury

TBI, caused by external mechanical forces acting on brain tissue, is associated with high mortality rates [429-431]. The patho-
physiological progression of TBI involves primary injury (immediate damage from direct/indirect force impact) [432,433] and sec-
ondary injury. The secondary injury includes a series of complex pathophysiological alterations (such as inflammatory responses,
oxidative stress, and neuronal apoptosis) [159,434] that develop over time following the primary injury. Thus, rapidly enhancing
neuroprotection and halting secondary injury progression are critical for emergency rescue of TBI. Several neuroprotective agents with
anti-inflammatory and neuroprotective properties (such as methylene blue (MB) [435-437], edaravone [438-440], and minocycline
[441-443]) have been investigated for TBI treatment. Kim’s group [444] developed a biocompatible Pluronic surfactant-based sol-
ubilization system for MB delivery, which significantly improved its targeting efficiency. In this system, anionic sodium oleate forms
electrostatic complexes with cationic MB, which subsequently self-assemble with Pluronic surfactants via hydrophobic interactions to
form mixed micelles (Pluronic-surfaced nanocomplexes). The nanocomplexes reduced inflammatory cytokine expression in mice,
effectively mitigating TBI-induced neuroinflammation. However, the limited regenerative capacity of brain tissue presents tough
challenges for neural repair after TBI. To address this challenge, Negah’s group [445] first synthesized a nanoscaffold with a Young’s
modulus of 3.21 kPa to deliver stromal cell-derived factor 1 (SDF-1) in the brain, alleviating TBI-induced neural damage. The scaffold
was fabricated by combining self-assembling peptide RADA16 with SDF-1. Experimental results demonstrated that the functional
motif derived from SDF-1 enhanced stem cell regeneration and synaptogenesis at the injury site.

In addition to neuroprotection, rapid mitigation of neuroinflammation is crucial. As previously discussed in Section 2.4, self-
propelled MNRs generate therapeutic hydrogen gas during propulsion, demonstrating excellent anti-inflammatory and ROS-
scavenging abilities. As shown in Fig. 15A, Xue’s group [159] developed self-propelled nanomotors (JCNs) by asymmetrically
coating carbonaceous nanospheres (CNs) with ultrathin metal layers (Pt, Pd and Mo). The JCNs catalytically decompose H2O5 to: (i)
Generate oxygen, alleviating hypoxia. (ii) Scavenge ROS, reducing oxidative stress. (iii) Restrain pro-inflammatory cytokines, blocking
inflammatory cascades. Immunofluorescence co-staining (Fig. 15B) demonstrated significantly weaker fluorescence signals for both
microglia (red) and astrocytes (green) in the JCN-treated group compared to TBI controls, indicating that JCN therapy substantially
reduced glial activation in the hippocampal region. Therefore, JCNs effectively alleviate oxidative stress and neuroinflammation,
offering a feasible strategy for emergency TBI intervention.

3.5. Neurodegenerative diseases

Neurodegenerative diseases are characterized by progressive degeneration and death of neurons, typically accompanied by
pathological protein aggregation [446-448], oxidative stress [449-451], and neuroinflammation [452-454]. Common neurodegen-
erative diseases include PD and AD. The abnormal accumulation of a-syn serves as the primary pathological event of PD [11,455,456].
Zhang’s group [457] developed black phosphorus nanosheets (BPNSs) to scavenge a-syn aggregates. As multifunctional nano-
materials, BPNSs serve as both drug carriers and therapeutic agents, owing to their high reducibility, antioxidant properties, and
layered structure [458,459]. Experimental results demonstrated that BPNSs directly combined a-syn fibrils and activated autophagy to
restrain o-syn aggregation [457]. However, aggregated a-syn promotes ROS generation and activates microglia to secrete pro-
inflammatory factors, leading to the death of dopamine neurons. To address this, Wang’s group [460] designed extracellular
vesicle-based nanoformulations composed of extracellular vesicles and dihydrotanshinone I (DT)-loaded mSiO5, which modulated
inflammation and restrained immune overactivation. The released DT activated nuclear factor erythroid 2-related factor 2 expression,
scavenging ROS and alleviating inflammation, thereby modulating the PD microenvironment and enhancing therapeutic outcomes.
Moreover, the reduction of endogenous HaS is believed to have a crucial impact on the progression of PD, so the supplementation of
exogenous H,S is regarded as one of the key strategies for treating PD. Inspired by this, researchers have developed nanomotors with
the capabilities of releasing H,S and targeting mitochondria and demonstrated their favorable therapeutic effect on PD [461,462].

The deposition of p-amyloid (AB) serves as the primary pathological event of AD [12,463,464]. Small interfering RNA (siRNA),
which directly blocks aberrant protein gene expression, represents a promising gene therapy [50,465,466]. Wang’s group [467]
designed biomimetic nanovesicles carrying p-site amyloid precursor protein cleaving enzyme-1 (BACE1) siRNA (siBACE1) to syner-
gistically regulate microglial function and interfere with AB metabolism. These nanovesicles enhanced Af phagocytosis by triggering
receptor expressed on myeloid cell 2 expression, thereby inhibiting BACE1 from producing Ap. As previously discussed in Section 2.3,
the BBB imposes restrictions on macromolecular drug delivery to the brain. As shown in Fig. 16A, Shi’s group [50] employed a carrier-
mediated strategy to deliver glycosylated siRNA nanodrugs (Gal-NP@siBACE1) into the brain to restrain Af production. Gal-
NP@siBACE1 knocked down BACE1 mRNA expression after being internalized by brain cells, thereby preventing cleavage of amy-
loid precursor protein (APP) and reducing Ap production. Fig. 16B quantifies therapeutic efficacy in AD through the measurement of
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amyloid plaque burden. Compared to all AD control groups, the Gal-NP@siBACE1 group showed a significant reduction in amyloid
plaque deposition, approaching levels observed in the healthy control group of wild-type (WT) mice treated with phosphate-buffered
saline (PBS) (WT-PBS). Furthermore, the CLSM imaging of mice (Fig. 16C) showed a reduction in amyloid plaque areas in the Gal-
NP@siBACE1 group, demonstrating the therapeutic efficacy of siRNA delivery for AD treatment.

While the pathological mechanisms of neurodegenerative diseases have not been completely revealed, current therapies mainly
target pathological events. Notably, MNRs built from functional materials and biomaterials can be designed to dissociate or phago-
cytose AP aggregates [468-470], offering a promising non-invasive therapeutic strategy for neurodegenerative disorders. Piezoelectric
nanomaterials, characterized by high biocompatibility and piezocatalytic properties, are especially suitable for in vivo applications
[471-473]. Pané’s group [468] developed barium titanate (BTO) NP-based microrobots (PiezoBOTs) that use BTO’s strong piezo-
catalytic effect to disaggregate AB, as shown in Fig. 17A. The PiezoBOTs feature a helical Spirulina platensis template coated with an
Fe304 NP layer for magnetic actuation, followed by the loading of BTO NPs. The piezocatalytic activity of BTO NPs effectively catalyzes
Ap dissociation under combined magnetic and ultrasonic fields. To analyze the therapeutic effect of PiezoBOTs, the Af} aggregate size
were calculated in Fig. 17A. The control groups (Ap without ultrasound stimulation and Af-only) exhibited similar Ap aggregate sizes,
showing that ultrasound stimulation can cause the disaggregation of Ap aggregates. Although ultrasound-mediated mechanical effects
(iv group) reduced the Ap aggregate size, the catalytic effect of PiezoBOT (ii group) can further decrease Ap aggregate size. Moreover,
AP can be eliminated by cellular autophagy. However, since A} predominantly accumulates extracellularly, intracellular autophagy
mechanisms exhibit limited efficacy in its clearance [474,475]. For this purpose, Wang’s group [469] developed functional peptide-
polymer-based nanosweepers, which capture and clear Af peptides. The functional peptides on the nanosweepers can recognize Af and
deliver it to cells through self-assembly, where it is eliminated via cellular autophagy.

Previous research works have demonstrated that light-propelled MNRs under NIR irradiation, improve targeted delivery and local
photothermal therapy for Ap inhibition [476-478]. As high-energy external fields, NIR irradiation induces rapid movement of MNRs,
which greatly improves interactions with surrounding materials. For example, Sun’s group [476] developed A inhibitor-modified
light-propelled nanomotors (JMN-I) to restrain Af fibrillogenesis. As shown in Fig. 17B, JNM-I, collides with Ap in the microenvi-
ronment under the excitation of NIR, increasing the contact frequency among the inhibitor and A, thereby effectively inhibiting Ap
aggregation. To visualize the morphology of Ap aggregates, the atomic force microscopy (AFM) imaging were depicted in Fig. 17B.
AFM images showed distinct fibrillar morphologies of Af. After introducing JNM-I (without NIR), the inhibitor reduced Ap fibrillo-
genesis, with partial aggregated plaques observed. Under NIR activation, Ap aggregate morphology was nearly undetectable, aligning
with theoretical predictions. To further enhance therapeutic effects, Sun’s group [477] incorporated double carbon dots composite
materials into MNRs, employing their photooxygenation and photothermal properties to synergistically inhibit Ap fibrillogenesis. The
double carbon dots composite is composed of previously reported NIR-carbon dots [479] and carbonized polymer dots [480]. Their
MNRs can degrade mature Ap fibrils and inhibit Ap aggregation at an extremely low concentration (0.5 pg mL™1).

Because neurodegenerative diseases cause irreversible damage to neurons [481,482], neuronal repair has emerged as an auxiliary
therapeutic for neurodegenerative diseases. Additional research on MNRs in neurodegenerative diseases has focused on neuron re-
covery [398] and stem cell delivery [483]. Experimental results from Li’s group [398] demonstrated that neurons damaged by Af
could effectively restore activity under stimulation by MOHRs microrobots (Fig. 12A). Furthermore, Pané’s group [483] synthesized
biodegradable magnetically propelled microrobots capable of delivering neuronal cells under static magnetic field actuation, and
promoting cell differentiation under alternating magnetic field. As previously discussed in Section 2, MNRs exhibit extraordinary
mobility, BBB penetration, and drug-loading capability. Therefore, MNRs have significant potential to develop other therapies (such as
gene therapy) in neurodegenerative disease treatment.

Taken together, micro/nanorobots enable periodical and quantitative controlled drug release via environmental responsiveness or
external stimuli [177,321,329,334]. For example, ultrasound-induced cavitation can disrupt the shell of micro/nanorobots to trigger
drug release [181], while pH-responsive carriers selectively disassemble in acidic pathological microenvironments [329], preventing
premature drug leakage in healthy tissues. These “on-demand drug release” intelligent properties of micro/nanorobots extend the
effective action time of drugs and reduce the frequency and dosage of drug administration, significantly improving the utilization
efficiency of brain drugs. Notably, micro/nanorobots’ multifunctional integration capability expands their applications. Micro/
nanorobots can carry therapeutic drugs and radiographic contrast agents, enabling in vivo monitoring through X-ray imaging [484].
Additionally, incorporating materials such as a gold layer into micro/nanorobots enhances imaging and monitoring capabilities
[166,195,485], improves the precision of drug delivery, and promotes the integration of theranostics.

4. Conclusion and future outlook

This review summarizes recent advances in smart micro/nanorobots for drug delivery in the brain. Nanocarrier-based brain drug
delivery systems were reviewed and discussed in terms of their advantages, disadvantages, and physicochemical properties. The
precision, stability, and efficiency of drug delivery systems are the key to treating brain diseases. Due to the limitation of the BBB,
conventional nanocarriers primarily rely on passive targeting through the enhanced permeability and retention effect or surface
modifications for BBB penetration, resulting in imperfect drug-loading stability and delivery efficiency, which are insufficient for
clinical requirements. Furthermore, as a passive drug delivery strategy, conventional nanocarriers have limited control over the
targeting precision of lesions. Micro/nanorobots with capabilities for precise navigation, deep tissue penetration, and high drug
loading stability demonstrate significant potential to address these limitations. Therefore, the recent advancements in smart active
micro/nanorobots are summarized in detail, focusing on their motor abilities in cerebral environments, BBB-overcoming strategies,
drug delivery performance, and material design. The therapeutic applications of these intelligent drug delivery systems across
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representative brain diseases are systematically analyzed and discussed, elucidating their therapeutic efficacy and mechanism cor-
responding to distinct pathogenesis and pathology.

It should be noted that the design and development principles of traditional nanocarriers can lay a solid foundation for devising
functional micro/nanorobots and understanding their therapeutic effects. This review is set to comprehensively overview the rational
design and development of smart micro/nanorobot drug delivery systems, and bridge the gap between traditional nanosystems and
active micro/nanorobots for brain-targeted drug delivery, ultimately unleashing the potential of micro/nanorobots for precision
therapeutic applications in a variety of brain diseases. In recent years, researchers have made great efforts in this emerging research
field of micro/nanorobots-based intelligent drug delivery systems and have made significant progress. However, further investigation
and improvement are essential for their practical applications in brain disease therapy in a precise manner. To this end, the following
points can be taken into consideration in the design and development of novel micro/nanorobots for brain health in the future.

4.1. Driving and navigating micro/nanorobots in the brain

At present, micro/nanorobots face many challenges in driving and navigating in the complex environment of the brain. In the
future, it is expected that more efficient and precise drive mechanisms will be developed. For example, a driving method based on a
new energy conversion principle, such as using chemical energy in the body (such as energy generated by glucose oxidation) to directly
power micro/nanorobots, allowing them to move continuously and stably in the brain. In terms of navigation, multimodal fusion
navigation technology will become a research hotspot. Combining high-resolution anatomical information from MRI, real-time dy-
namic monitoring from ultrasound, and chemical navigation based on biomarkers, micro/nanorobots can reach the target lesion site
with submicron accuracy in the intricate cerebrovascular network and brain tissue gaps, and achieve precise drug delivery to subtle
lesion areas in the brain.

(1) Magnetically propelled micro/nanorobots will be widely used in the brain due to their non-invasiveness and high penetration
[41]. The small size of micro/nanorobots limits their transport speed and extends the targeting time to the lesion area, which is
not conducive to the treatment of stroke and traumatic brain injury. Therefore, it is necessary to use aids like catheters or
magnetic continuum robots for cross-scale transport. This also provides a way to recycle magnetic substances that cannot be
completely degraded in the human body.

(2) Self-propelled micro/nanorobots have shown excellent therapeutic effects in the brain and have minimal impact on the
physiological environment. However, their movement is difficult to control. A biomimetic strategy can enhance the targeting
and motion control of self-propelled micro/nanorobots in the brain [178]. Moreover, self-propelled micro/nanorobots have
limitations in “fuel” quantity, thereby requiring improved in vivo residence time and adaptability to the surrounding envi-
ronment conditions (such as local pH changes, enzyme catalysis, and ROS).
Ultrasound-propelled micro/nanorobots face challenges such as locomotion attenuation in complex media and potential bio-
logical damage from cavitation. The complicated microvasculature and anatomy of the brain also pose challenges for route
planning of externally propelled micro/nanorobots (under ultrasound and magnetic fields). Therefore, there is an urgent need
to enhance the imaging and real-time signal feedback of micro/nanorobots to monitor their position and adjust their trajectory
based on the pathological environment. In addition, micro/nanorobots with multimodal propulsion and/or multiple functions
can be developed for treating brain diseases. For example, light-propelled micro/nanorobots, though limited by low penetration
depth, exhibit excellent photothermal and photodynamic effects, showing potential for cerebral therapy.

@3

~

With the continuous development of artificial intelligence and machine learning algorithms, micro/nanorobots will have higher
intelligent response and autonomous control capabilities. They can sense changes in the brain microenvironment in real-time, such as
the pH value, temperature, and concentration of specific biomolecules at the lesion site, and autonomously adjust the movement
trajectory and drug release strategy based on this information. For example, when a high concentration of a specific protein is detected
in the tumor microenvironment, the micro/nanorobots can autonomously start the drug release program and dynamically adjust the
drug release rate according to the metabolic activity of the tumor cells to achieve the best therapeutic effect while reducing drug
exposure to normal brain tissue.

4.2. Overcoming the BBB for brain drug delivery

(1) In the research field of micro/nanorobots for brain drug delivery, current strategies mainly focus on crossing the BBB rather
than circumventing it. Circumventing the BBB may find its wide applications for micro/nanorobots in intelligent drug delivery
to the brain due to the unique advatages. For example, by circumventing the BBB through intranasal and intracranial ap-
proaches, micro/nanorobots can prevent harmful substances from entering the brain. In terms of the BBB-circumventing tactics,
greater efforts should be made in the future to fully address the current challenges faced by micro/nanorobots for brain drug
delivery. For instance, although micro/nanorobots-based intranasal drug delivery can directly target the brain tissue, the nasal
mucus layer may hamper drug diffusion and reduce absorption efficiency. Therefore, it is necessary to further enhance the
mucus-penetrating ability and drug-loading stability of micro/nanorobots by virtue of elaborate design of material composition,
geometrical structure, and functional properties. Furthermore, current transcranial micro/nanorobots can enhance the drug
targeting and loading stability, but the safety of this invasive strategy regarding skull injury needs further evaluation.
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There are several unique microchannels between the skull bone marrow and the brain surface [228,300,486]. We envision that
taking full advantage of these mysterious microchannels holds great promise for smart micro/nanorobots to actively circumvent
the BBB and deliver drugs to the brain, particularly to the brain parenchyma. For example, researchers have demonstrated the
existence of numerous skull bone marrow-dura microchannels to connect each other [298,487-489]. Therefore, the skull bone
marrow microenvironment near the brain can supply monocytes and neutrophils that pass through these skull bone marrow-
dura microchannels to the meninges and CNS parenchyma in homeostasis and upon injury. Inspired by this, biohybrid
microrobots based on living monocytes, macrophages, and neutrophils, especially skull bone marrow-derived immune cells, can
be developed to go through the skull bone marrow-dura microchannels and deliver various therapeutic agents to the brain
parenchyma. Alternatively, multifarious biohybrid micro/nanorobots camouflaged with cell membranes derived from diverse
immunocytes can be developed to pass through these skull bone marrow-dura microchannels for brain-targeted drug delivery.
There are also direct vascular channels that connect the skull bone marrow and the brain surface to enable myeloid cell
migration [490]. It has been found that leukaemia cells can path through these vessel channels to metastasize to the CNS [491].
Similarly, multifarious biohybrid micro/nanorobots can be created for brain-targeted drug delivery on the basis of living cancer
cells or cancer cell membranes. Theoretically, a variety of micro/nanorobots with the dimensions adaptable to the mysterious
microchannels can be designed and developed to pass through these natural microchannels, which is able to unleash the huge
potential of these mysterious microchannels for micro/nanorobots-based active brain drug delivery and disease treatment.
Taken together, the combination of smart micro/nanorobots and these mysterious microchannels will open up a new era of
developing active micro/nanorobots for precision brain targeting, drug delivery, and disease therapy.

The drug delivery efficiency of micro/nanorobots in the brain is closely related to their biocompatibility and controlled release.
Once micro/nanorobots overcome the BBB and enter inflammatory brain areas, they have the risk of phagocytosis by immune
cells, highlighting the importance of immune evasion for the development of micro/nanorobots in brain disease therapy. Innate
immune cells (such as macrophages, neutrophils, and dendritic cells) can phagocytose various foreign bodies, including micro/
nanorobots [371]. When performing medical tasks for which innate immune cells are not the target cells, microrobots should be
able to evade phagocytic uptake through rational design, or at least complete the medical task before phagocytosis. For this
purpose, a promising tactic is to design and create biohybrid micro/nanorobots from host cells (such as immune cells) or cell
components (such as cell membranes). Moreover, it is necessary to carry out in-depth research to understand the interaction
between medical micro/nanorobots and brain immune cells, which can finally optimize the rational designs of micro/nano-
robots and induce the desired immune responses for brain disease therapy.

4.3. The challenges of micro/nanorobot design for brain drug delivery

(€}

(2)

3)

(€))

It is of great importance to endow micro/nanorobots with active targeting ability upon design. Nanocarriers need to have a high
degree of targeting to accurately deliver drugs to the lesion site. However, the brain tissue structure is complex, and the
physiological characteristics and pathological states of different brain regions vary greatly. Existing targeting ligands often have
difficulty in achieving specific recognition of specific brain regions or cells. For example, nanocarriers for neurodegenerative
diseases need to accurately reach the diseased neurons or glial cells, but the commonly used targeting molecules, such as an-
tibodies and peptides, are limited in their targeting efficiency and stability in the complex brain microenvironment and are
prone to nonspecific binding, which affects the therapeutic effect and may cause side effects. To overcome this, more efforts
should be made in the future to design and create smart micro/nanorobots for brain drug delivery. For example, it will be a
promising strategy to modify or functionalize micro/nanorobots with various targeting molecules that are commonly adopted
for developing traditional nanocarriers.

The safety and biocompatibility of micro/nanorobots in vivo are crucial. Some nanomaterials themselves may be potentially
toxic. For example, metal nanoparticles may release metal ions, causing oxidative stress and cell damage; some polymers or
functional molecules modified on the surface of nanocarriers may also trigger immune responses. In addition, the metabolic
pathways and long-term accumulation effects of nanocarriers in the body are still unclear. They may accumulate in organs such
as the liver and spleen, causing damage to other tissues and organs, which makes the clinical application of nanocarriers have
greater risks. In particular, for micro/nanorobots as an emerging nanocarrier type, more attention should be paid to these
concerns, which will be discussed further later.

The microscale size of micro/nanorobots necessitates specialized material design strategies to overcome viscous resistance in
low Reynolds number environments. Furthermore, MNR geometry critically influences cerebral functionality. Spherical MNRs
offer advantages for facile surface modification and biomimetic design, while ciliary-type micro/nanorobots counteract fluidic
resistance in brain tissues. For specialized applications, MNRs of special shapes are required. For example, the spiral-shaped
MNRS can effectively destroy cerebral vascular blockage caused by stroke during the driving process. However, surface
charge loading requires cautious optimization for rod or needle-shaped MNRs, while positive charge concentration enhances
brain endothelial adhesion, it carries potential adverse effects. Consequently, MNR development for neurological applications
demands disease-specific and microenvironment-adapted material engineering.

Micro/nanorobots need to have sufficient drug-loading capacity to ensure that the drug reaches an effective therapeutic con-
centration in the brain. However, many nanocarriers have low drug-loading efficiency, especially for drugs with poor water
solubility or large molecular weight, it is difficult to achieve efficient loading. At the same time, achieving controlled release of
drugs is also a major challenge. After crossing the BBB, nanocarriers need to accurately control the release rate and time of the
drugs according to the needs of the lesion site to maintain a stable drug concentration. However, current nanocarriers often find
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it difficult to meet this requirement. Either the drugs are released too quickly, resulting in large fluctuations in drug concen-
tration and increased risk of side effects; or the drugs are released too slowly and cannot play a therapeutic role in time.

4.4. Clinical application expansion

(1) Micro/nanorobots represent a new dawn in the treatment of neurological diseases. For brain neurodegenerative diseases, such
as Alzheimer’s disease and Parkinson’s disease, micro/nanorobots are expected to carry neuroprotective drugs, neurotrophic
factors, or gene therapy vectors to directly act on diseased neurons or glial cells. Through precise delivery, the function of
damaged nerve cells can be repaired, neuroinflammatory response can be inhibited, and disease progression can be delayed. In
terms of cerebrovascular diseases, such as acute stroke, micro/nanorobots can quickly reach the site of a thrombus, release
thrombolytic drugs or perform physical thrombus removal, restore brain blood perfusion, reduce brain tissue damage caused by
ischemia, and greatly improve the patient’s chance of recovery.

(2) Micro/nanorobots can provide key support for personalized medicine. The physiological structure and disease characteristics of
each person’s brain are different. Micro/nanorobots can be customized according to the individual conditions of patients, such
as through the analysis of patients’ brain imaging data and genetic test results, to design the size, shape, surface functionali-
zation modification, and drug loading scheme of the robot. This personalized drug delivery system can maximize the thera-
peutic effect, reduce adverse drug reactions, and open up a new path for precision medicine for brain diseases. Moreover, MNRs
can be employed to deliver drugs to the brain in space in the future. Their propulsion and navigation become more complex due
to the extreme environmental conditions of space, such as microgravity or zero-gravity [492], radiation [493], cosmic magnetic
fields [494,495], and the truth that sound cannot travel through space. In this context, multi-field driving may find its way into
precise brain drug delivery in space and provide astronauts with promising healthcare solutions.

4.5. Ethical and safety considerations

(1) The long-term biosafety of micro/nanorobots is required to assess. With the increasing application of micro/nanorobots in
brain-targeted drug delivery, their long-term biosafety has become a key issue. It is necessary to conduct in-depth research on
the degradation products, metabolic pathways, and potential long-term effects of micro/nanorobots on brain tissue and neural
function in the brain environment. To this end, it is essential to establish a complete animal model and clinical trial system to
track and observe the behavior of micro/nanorobots in the body for months or even years to ensure that they do not cause
chronic inflammation, gene mutations, or other unforeseen health risks.

(2) Micro/nanorobots are concerned with ethical and privacy issues for brain-targeted drug delivery and disease therapy. The entry
of micro/nanorobots into the brain, the most sensitive and complex organ in the human body, will raise a series of ethical and
privacy issues. For example, how to ensure patients’ right to know and make their own choices about micro/nanorobots
treatment, and how to prevent micro/nanorobots technology from being abused to violate personal privacy or conduct inhu-
mane brain interventions. Formulating strict ethical guidelines and regulatory policies, regulating the research and application
of micro/nanorobots in the field of brain-targeted drug delivery, and protecting the rights and interests of patients and the
bottom line of social ethics are indispensable links in future development.
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