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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The blood-brain barrier (BBB) is a core bottleneck for drug delivery in brain diseases.

■   Nanocarriers mediate BBB crossing of traditional Chinese medicine (TCM) monomers.

■   This review summarizes nanocarrier delivery of TCM monomers to the brain.

■   Nanotechnology offers a new direction for TCM-based treatment of brain diseases.
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The blood-brain barrier (BBB) represents a major physiological barrier that
severely  restricts the delivery of  therapeutic  agents to the central  nervous
system (CNS), posing a persistent challenge for the treatment of neurologi-
cal  disorders.  A  number  of  bioactive  ingredients  isolated  from  traditional
Chinese medicine (TCM) have exhibited favorable pharmacological proper-
ties  in  preclinical  investigations.  However,  their  therapeutic  translation  is
greatly  limited  by  poor  aqueous  solubility,  low  bioavailability,  elimination
and  inadequate  BBB  permeability.  Nanoscale  drug  delivery  systems  have
emerged as a promising strategy to overcome these limitations by improv-
ing  drug  stability,  prolonging  circulation,  enhancing  BBB  interaction,
increasing  brain  accumulation,  enabling  controlled  and  targeted  delivery.
This  review  systematically  summarizes  recent  advances  in  nanocarrier-
mediated  delivery  of  TCM-derived  compounds  for  neurological  disorders,
covering  lipid-based  nanoparticles,  polymeric  nanoparticles,  inorganic
nanomaterials  and  natural  biogenic  carriers.  It  further  discusses  design
strategies  for  brain-targeted  delivery,  including  surface  functionalization,
biomimetic  modification,  stimulus-responsive  release  and  multifunctional
integration.  In  addition,  the  review  evaluates  current  preclinical  evidence
regarding BBB traversal,  intracerebral biodistribution, neurological function
improvement  and  modulation  of  disease-related  pathways,  while  also
examining  the  present  status  of  clinical  translation  and  the  gap  between
experimental  success  and  clinical  application.  Despite  considerable
promise,  major  challenges  remain,  including  insufficient  mechanistic
understanding of brain delivery, limited long-term safety data, difficulties in
scalable manufacturing,  formulation  reproducibility  and  regulatory  stan-
dardization.  Overall,  TCM-derived  nanomedicine  systems offer  substantial
potential  for  the  development  of  precise  and  effective  therapies  for  CNS
diseases,  but  future  progress  will  depend  on  more  translation-oriented
design  and  closer  integration  of  pharmaceutical,  materials  and  clinical
sciences.

 INTRODUCTION
In  recent  years,  central  nervous system (CNS) diseases have imposed an

increasing global health burden, encompassing neurodegenerative disorders,
stroke, brain tumors and immune-mediated.1-5 Despite this urgent need, only
about  10%  of  new  drugs  approved  by  the  U.S.  FDA  over  the  past  decade
targeted  CNS  disorders.6 A  major  barrier  to  effective  therapy  is  the  blood-
brain  barrier  (BBB),  a  highly  regulated  neurovascular  interface  formed  by
endothelial  cells,  pericytes,  astrocytic  end-feet.7-12 By  integrating  physical,
transport  and  enzymatic  barriers,  the  BBB  maintains  CNS  homeostasis  but
also prevents more than 98% of  therapeutic  agents from entering the brain,
making drug delivery a central challenge in CNS treatment (Figure 1).13

Traditional  Chinese medicine (TCM) constitutes a rich source of  bioactive
molecules  for  neurological  disorders.13-17 Among  its  diverse  therapeutic
forms, TCM-derived compounds are particularly valuable because their rela-
tively  defined  chemical  structures  facilitate  mechanistic  interrogation.
Increasing  evidence  indicates  that  these  compounds  exert  neuroprotective
effects  through multi-target and  often  complementary  actions.  Representa-
tive compounds include curcumin and resveratrol, which target Aβ aggrega-
tion,  neuroinflammation,  oxidative  stress,  SIRT1-related signaling  and  mito-
chondrial  dysfunction.  Ginsenosides,  baicalin  and  tanshinone  IIA  likewise

exhibit broad anti-apoptotic, anti-inflammatory, antioxidant and neuroprotec-
tive  activities  across  multiple  CNS  disease  models.18-22 Collectively,  these
findings  highlight  the  capacity  of  TCM-derived  compounds  to  concurrently
modulate several core pathological processes, including protein aggregation,
oxidative stress, neuroinflammation, mitochondrial dysfunction, and neuronal
apoptosis,  thereby  supporting  their  potential  for  the  treatment  of  complex
CNS diseases.

However, despite  these  pharmacological  advantages,  the  clinical  transla-
tion  of  many  TCM-derived  compounds  remains  limited  by  major  delivery-
related  barriers,  including  poor  water  solubility,  low  chemical  stability,  short
biological  half-life, rapid  metabolism and elimination and insufficient  target-
ing  specificity.23-26 More  importantly,  many  TCM-derived  compounds  show
extremely low brain bioavailability because they are poorly permeable across
BBB  and  may  also  be  subjected  to  transporter-mediated  efflux.27,28 As  a
result, TCM in vivo efficacy often does not fully reflect their promising in vitro
pharmacological  activities  in  brain  disorders.  To  address  this  bottleneck,
nanocarrier-based  delivery  systems  have  been  increasingly  introduced.29

Lipid-based nanoparticles, polymeric nanoparticles and inorganic nanomate-
rials,  especially  when  combined  with  surface  targeting  modifications,  may
enhance BBB interaction,  prolong circulation,  improve lesion-site accumula-
tion and thereby provide a technical basis for the modernization of TCM and
its more precise application in brain diseases.

Nanocarriers  are  defined as 1-100 nm materials  designed for  therapeutic
or diagnostic applications.30-32 Leveraging unique physicochemical properties,
they offer innovative strategies to overcome the BBB, enabling efficient deliv-
ery  of  small-molecule  drugs,  nucleic  acids  and even large biomolecules  like
antibodies.33-35 Their  small  size facilitates transit  through the dense capillary
networks of the brain.36,37 Furthermore, by precisely engineering surface prop-
erties  like  polyethylene  glycol  (PEG)  modification,  incorporating  targeting
ligands  like  transferrin  receptor  antibodies,  or  utilizing  environmentally
responsive  materials  like  pH-sensitive polymers,  nanocarriers  can  signifi-
cantly  enhance  drug  biodistribution  and  achieve  targeted  accumulation  in
brain tissues.36,38

The  therapeutic  performance  of  nanomedicines  in  brain  disorders  is
fundamentally  determined  by  their  capacity  to  negotiate  the  BBB  through
complementary  delivery  mechanisms  (Figure  2).39 These  include  limited
passive entry under pathological BBB disruption, ligand-directed transcytosis
and  stimulus-responsive  release  triggered  by  endogenous  or  external  cues.
Among  emerging  approaches,  focused  ultrasound  (FUS)  combined  with
microbubbles  (MBs)  enables  non-invasive,  spatially  confined  and  reversible
BBB  opening.40,41 Acoustic  activations  of  MBs  generates  mechanical  forces
that  transiently  loosen  endothelial  tight  junctions,  thereby  facilitating
nanocarrier extravasation into brain tissue. This strategy is particularly valu-
able for larger or non-targeted nanocarrier and has been shown to enhance
the delivery and efficacy of liposomal and polymeric systems in brain tumor
models.42 However, elevated brain-associated accumulation does not neces-
sarily equate to true parenchymal penetration. Precise mechanistic validation,
together with  rigorous  safety  assessment,  reproducibility  control,  and  scal-
able manufacturing, remains essential for clinical translation.41,43

The  potential  biosafety  issues  of  nanomaterials  used  for  brain-targeted
delivery must be thoroughly addressed. First, prolonged in vivo retention may
result  from slow biodegradation,  insufficient  renal  clearance and inadequate
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systemic excretion, leading to long-term accumulation in the brain,  liver and
spleen.44 Second, many synthetic  nanomaterials  possess  inherent  immuno-
genicity,  which  may  trigger  inflammatory  responses,  activate  immune  cells
and induce chronic immune reactions, thereby compromising biocompatibil-
ity  and  hindering  clinical  translation.45 Third,  the  long-term  impact  on  BBB
integrity  warrants  particular  emphasis.  Chronic  exposure  to  nanomaterials
may  disrupt  tight  junction  proteins,  alter  BBB  permeability  and  disturb  the
homeostasis  of  the  brain  microenvironment,  potentially  posing  neurotoxic
risks.46

This  review  systematically  summarizes  recent  advances  in  TCM-derived
nanomdeicine for brain disease treatment. It outlines key nanocarrier design
strategies  to  enhance  brain  distribution,  improve  targeting  precision,  enable
controlled  release  and  reduce  off-site  toxicity.  Additionally,  it  evaluates
preclinical evidence  supporting  BBB traversal,  neurological  function  restora-
tion and disease pathway modulation. Despite promising potential, key chal-
lenges  persist,  including  drug  loading  stability,  scalable  manufacturing,
unclear  in  vivo  metabolism  and  long-term  safety  evaluation  needs.  Future
directions  highlight  the  clinical  potential  of  TCM-based  nano-delivery
systems integrated with advanced technologies to develop precise, effective
and clinically translatable neurological disorder therapies.

 LIPID BASED NANOPARTICLES
Lipid-based nanoparticles  are  spherical  nanocarriers  with  unique  struc-

tures,  consisting  of  concentric  phospholipid  bilayers  enclosing  an  aqueous
core.47 Their  hydrophobic  membrane  layers  effectively  encapsulate
hydrophobic drugs, while the hydrophilic internal cavity accommodates water-
soluble  compounds,  enabling  dual  delivery  of  both  drug  types.48 These
nanoparticles use lipid bilayers or solid lipid matrices for drug encapsulation,
enhancing  solubility  and  targeting  specificity.  Surface  modification  with
specific  proteins  allows  binding  to  target  cells,  serving  as  anti-apoptotic
agents  for  neurodegenerative  disease  treatment.49 Due  to  excellent  non-
immunogenicity,  low  toxicity,  biodegradability  and  biocompatibility,  they
represent  an  ideal  drug  delivery  platform.50,51 Liposomes  can  cross  the  BBB
via  lipid-mediated  passive  diffusion  or  receptor-mediated  endocytosis  or
bypass the BBB directly through intranasal administration, underscoring their
significant potential in CNS disorder treatment.52 53

 Liposome
Liposomes  are  versatile  lipid-bilayer  vesicles  widely  explored  for  brain-

targeted delivery owing to their biocompatibility, membrane affinity, ability to
encapsulate  both  hydrophilic  and  hydrophobic  agents.54-58 These  features
make them attractive carriers for TCM-derived compounds with poor stabil-
ity  or  limited BBB permeability.  A  representative  example  is  rosmarinic  acid,

whose antioxidant and iron-chelating activities are constrained by weak brain
delivery; liposomal encapsulation enhanced its stability, improved BBB trans-
port,  preserved  tight  junction  integrity  and  afforded  superior  protection
against  ischemic  stroke-induced  behavioral  and  pathological  damage
compared  with  the  free  compound.59 Beyond intrinsic  biodegradability,  lipo-
somes  can  be  rationally  engineered  through  surface  modification  and
compositional  tuning  to  prolong  circulation,  improve  targeting,  optimize
biodistribution and reduce off-target effects.60-63 Such design flexibility under-
scores  their  value  as  a  clinically  relevant  platform  for  enhancing  the  CNS
delivery and therapeutic performance of TCM-derived compounds.

 Solid lipid nanoparticles
Solid lipid nanoparticles (SLNs) are lipid-based nanocarriers widely investi-

gated for  CNS delivery  because  of  their  biocompatibility,  ability  to  encapsu-
late  hydrophobic  agents,  and  potential  to  improve  BBB  transport  and
systemic  retention.64 These  properties  make  them  particularly  attractive  for
TCM-derived compounds with poor solubility, limited bioavailability or insuffi-
cient  brain  exposure.  Representative  examples  include  α-bisabolol-loaded
SLNs, which attenuate oxidative damage while also exerting anti-amyloid and
anti-apoptotic effects and OX26 antibody-modified PEGylated cationic SLNs
for baicalin, which enhance formulation stability and enable transferrin recep-
tor-mediated BBB targeting. Such engineering strategies have been shown to
increase brain accumulation and improve therapeutic outcomes in models of
Alzheimer's  disease (AD) and cerebral  ischemia-reperfusion injury.65 Beyond
these examples,  SLNs  offer  compositional  tunability,  favorable  biodegrad-
ability, low immunogenicity and relative manufacturing scalability, supporting
their  broad  utility  in  CNS  drug  delivery.66-68 However,  their  application  is
constrained by  limited  drug loading and drug expulsion  during  storage as  a
result of lipid crystallization.69-72 This limitation has driven the development of
nanostructured  lipid  carriers  (NLCs),  in  which  partial  incorporation  of  liquid
lipids disrupts crystal packing and improves both loading capacity and stor-
age stability.

 Nanostructured lipid carriers
As  second-generation lipid  nanocarriers,  NLCs  have  attracted  consider-

able interest for brain-targeted delivery.73 Their less ordered matrix, formed by
blending  solid  and  liquid  lipids,  enhances  the  loading  and  retention  of
hydrophobic  drugs  while  improving  storage  stability  relative  to  SLNs.74,75

NLCs also  offer  good  biocompatibility,  low  toxicity  risk,  facile  surface  func-
tionalization  for  receptor-mediated  BBB  transport  and  sustained-release
capacity.76,77 These features make them particularly suitable for TCM-derived
compounds  such  as  curcumin,  whose  anti-inflammatory,  antioxidant  and
anti-amyloid  activities  are  constrained  by  poor  solubility,  low  bioavailability
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Figure 1.  The blood–brain barrier as a major obstacle in central nervous system drug delivery
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and  limited  BBB  penetration.78-81 Consistent  with  this  rationale,  comparative
studies have shown that NLCs outperform SLNs in improving curcumin solu-
bility,  stability,  circulation  time,  BBB  penetration  and  brain  accumulation.82

Collectively,  these  findings  highlight  NLCs  as  an  optimized  lipid-based plat-
form  for  enhancing  the  CNS  delivery  of  poorly  bioavailable  TCM-derived
compounds, with potential applicability beyond neurological disorders.83

 POLYMERIC NANOPARTICLES
Polymeric  nanoparticles  typically  range  in  size  from  10  nm  to 1000 nm,

which  can  be  categorized  into  natural  and  synthetic  types  based  on  their
origin.84,85 Natural polymeric nanoparticles are derived from natural biological
macromolecules  via  physical  or  chemical  processing,  exhibiting  favorable
biocompatibility  and  biodegradability  for  wide  drug  delivery  applications.86,87

In contrast, synthetic polymeric nanoparticles are precisely prepared via labo-
ratory chemical synthesis, enabling systematic structure and chemical prop-
erty  control  to  meet  specific  requirements.88 This  system can  act  as  a  BBB
self-catalytic  regulatory  module,  enabling  controlled  release  and  targeted
delivery of poorly soluble drugs, significantly reducing in vivo toxicity and side
effects (Figure 3).

Nanoparticles  constructed  from  natural  polymers  serve  as  one  of  the
important carriers for drug delivery across the BBB. Typical examples include
chitosan,  gelatin  and  sodium  alginate  nanoparticles.89 These  biopolymers
exhibit favourable biocompatibility, biodegradability and low immunogenicity,
offering considerable advantages in terms of in vivo safety.90 Synthetic poly-
mer nanoparticles primarily include poly (lactic-co-glycolic acid) (PLGA), poly
(lactic acid) (PLA) and similar materials, which transport pharmaceuticals via
adsorption, encapsulation, or covalent conjugation.91

 Polylactic-co-glycolic acid nanoparticles
As a biodegradable material  approved by the FDA,  PLGA has been exten-

sively  studied  as  a  nanocarrier  for  CNS  drug  delivery  owing  to  its  excellent

biocompatibility,  stable  in  vivo  performance  and  controllable  drug  release
profile.92,93 Their  nanoscale properties facilitate BBB transport,  while polymer
composition and molecular weight can be adjusted to precisely regulate drug
release,  making  PLGA  an  attractive  platform  for  both  hydrophilic  and
hydrophobic agents.

These features are particularly relevant for TCM-derived compounds such
as quercetin, a bioactive polyphenol with broad neuroprotective potential but
poor water solubility and low oral bioavailability.94-98 In AD models, quercetin-
loaded  PLGA  nanoparticles  effectively  inhibited  Aβ42 fibrillation,  promoted
fibril  disassembly,  alleviated  amyloid-induced  neurotoxicity  and  improved
neuronal survival as well  as cognitive performance, while maintaining favor-
able biosafety.99

PLGA nanoparticles undergo gradual degradation via ester bond hydrolysis,
yielding  lactic  acid  and  glycolic  acid  as  final  metabolites.  This  degradation
pathway gives rise to a typical  biphasic release pattern,  characterized by an
initial  rapid  burst  release  followed  by  a  prolonged  and  sustained  release
phase. This controllable behavior has also been exploited in brain metastasis
therapy, where embelin-loaded PLGA nanoparticles achieved rapid local drug
exposure  and  prolonged  antitumor  activity  (Figure  4).100 Although  PLGA  is
generally  considered  safe,  nanoparticle  size,  concentration,  and morphology
may influence cytotoxicity and oxidative stress responses.101,102 Further clari-
fication of  long-term toxicity and in vivo metabolic behavior remains impor-
tant for clinical translation.

 Polylactic acid nanoparticles
PLA is a biodegradable polyester widely used in brain-targeted nanocarrier

design  because  of  its  biocompatibility,  low  long-term  toxicity  and  flexible
physicochemical  tunability.103-107 Its  ester-linked  structure  enables  versatile
nanoparticle fabrication and supports the encapsulation of both hydrophobic
TCM-derived  compounds  and  hydrophilic  small  molecules,  while  allowing
controlled  and sustained drug  release.108 These features  make PLA particu-
larly attractive for improving brain delivery efficiency and reducing off-target
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Figure 2.  Major pathways for nanocarrier drugs to cross the blood-brain barrier
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distribution.  A  representative  example  is  lactoferrin-modified  mPEG-PLA
nanoparticles for intranasal delivery of α-asarone, which enhanced drug solu-
bility  and  stability,  increased  brain  accumulation  through  the  nose-to-brain
pathway,  and  reduced  systemic  exposure  relative  to  non-targeted adminis-
tration.109 Collectively,  these  findings  support  PLA-based  nanocarriers  as  a
promising strategy for targeted CNS delivery of TCM-derived compounds.

 Chitosan nanoparticles
Chitosan  (CS)  is  a  natural  cationic  polysaccharide  widely  used  in  drug

delivery because of its biocompatibility, biodegradability, low immunogenicity
and facile chemical modification.110-116 These features, together with its abun-
dant  amino  and  hydroxyl  groups,  support  versatile  nanoparticle  fabrication
and  efficient  encapsulation  of  small  molecules,  proteins  and  nucleic
acids.110,117 Owing to its favorable mucoadhesion and ability to reversibly open
epithelial tight junctions, CS is highly suitable for CNS delivery, as it markedly
improves nasal and mucosal drug transport.118

These  advantages  are  especially  relevant  for  TCM-derived  compounds
with  poor  solubility  and  limited  bioavailability,  such  as  scutellarin  (SCU),  a
flavonoid with antioxidant, anti-inflammatory, anti-apoptotic and vasoprotec-
tive activities.110,119-127 A representative example is the HP-β-CD/CS nanocar-
rier  developed  for  intranasal  SCU  delivery,  which  combines  cyclodextrin-
mediated  solubilization  with  CS-based  mucoadhesion.  This  formulation
enhanced  brain  accumulation  by  bypassing  the  BBB  and  showed  superior
brain-targeting  efficiency  compared  with  oral  administration  or  intranasal
SCU solution.128

Beyond  this  example,  CS-based  nanoparticles  can  be  further  optimized
through  PEGylation,  ligand  conjugation  and  stimulus-responsive  design  to
improve targeting and controlled release.129-131 Although challenges remain in
large-scale  production,  loading stability  and long-term safety  evaluation,  CS
nanoparticles  remain  a  highly  promising  platform for  CNS delivery  of  TCM-
derived compounds.132,133

 Gelatin nanoparticles
Gelatin  is  a  highly  adaptable  natural  protein  carrier  whose  drug-loading

capacity and release behavior can be tuned through physicochemical modifi-
cations  such  as  pH  adjustment,  molecular-weight  control  and  crosslinking
optimization.134-136 Derived  from  collagen  hydrolysis,  it  exhibits  favorable
biocompatibility,  biodegradability,  low immunogenicity,  nontoxic  degradation
products,  and  has  been  widely  used  in  pharmaceutical  formulations  with
GRAS status.137,138 These properties make gelatin a versatile platform for the
delivery of charged and bioactive molecules.139

Its potential for CNS delivery has also been demonstrated for TCM-derived
compounds  such  as  curcumin.  In  an  ischemic  stroke  model,  curcumin-
loaded  gelatin  nanoparticles  efficiently  crossed  the  BBB,  reduced  oxidative
stress  and  neuroinflammation,  while  consequently  decreased  ischemic

damage  and  neurological  deficits.140 Collectively,  these  findings  support
gelatin  nanoparticles  as  a  practical  natural-polymer  platform  for  brain-
targeted delivery of TCM-derived compounds.

 INORGANIC NANOMATERIALS
Inorganic  nanocarriers  have  garnered  extensive  interest  owing  to  their

outstanding stability,  simple  preparation  process  and  distinctive  physico-
chemical features, including magnetic, electrical, optical and thermal proper-
ties.141,142 Constructed  from  inorganic  and  metallic  substances,  these
nanocarriers  serve  vital  roles  in  molecular  labeling,  detection,  bioimaging,
targeted drug delivery and disease treatment. (Figure 5).143

 Metallic nanoparticles
 Gold  nanoparticles. Gold nanoparticles  (AuNPs)  are  inorganic  nanocarri-

ers of  increasing interest for  CNS delivery because of  their  controllable size,
facile  synthesis,  biocompatibility  and  readily  functionalized  surfaces.144,145

Their  surface  chemistry  supports  efficient  loading  of  small  molecules  and
biomacromolecules,  while  their  unique  plasmonic  properties  further  expand
their  utility  in  theranostics.146-150 These  features  make  AuNPs  attractive  for
TCM-derived compounds requiring improved brain delivery.

A  representative  example  is  L-cysteine-modified  AuNPs  for  resveratrol,
which significantly  enhanced  BBB  penetration  and  brain  accumulation  rela-
tive to the free drug. This formulation also inhibited Aβ fibrillation and reduced
oxidative stress, resulting in improved therapeutic efficacy in AD models with
favorable biosafety.151

Beyond drug  delivery,  AuNPs  offer  additional  value  in  photothermal  ther-
apy and real-time biomolecular sensing owing to their surface plasmon reso-
nance  properties.147-150 However,  their  application  to  TCM-derived
compounds remains  constrained  by  challenges  in  formulation  standardiza-
tion,  potential  size  or  surface-dependent  toxicity,  and  possible  alterations  in
pharmacokinetics after drug-nanoparticle integration.29,152,153 Further rigorous
preclinical  evaluation  will  therefore  be  essential  to  support  their  safe  and
effective clinical translation.

 Silver  nanoparticles. Silver  nanoparticles  (AgNPs)  have  emerged  as  a
promising  inorganic  nanoplatform  for  CNS  applications  because  of  their
facile synthesis, large surface area, surface functionalizability, and potential to
cross the BBB.154-159 In addition to their well-recognized antimicrobial and anti-
inflammatory activities,  AgNPs  have  attracted  growing  interest  in  neurode-
generative  disease  therapy  owing  to  their  antioxidant  and  neuroprotective
potential.

A  representative  example  is  the  green  synthesis  of  AgNPs  using Acacia
auriculiformis leaf  extract  as  both  reducing  and  capping  agents.160 These
plant-derived  AgNPs  showed  favorable  stability,  inhibited  protein  misfolding
and  aggregation,  and  exhibited  strong  radical-scavenging activity,  suggest-
ing therapeutic relevance for disorders such as Parkinson’s disease (PD). By
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Figure 3.  Schematic illustration of drug encapsulation by synthetic (A) and natural (B) polymer nanoparticles
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suppressing pathogenic aggregation and oxidative stress, this strategy high-
lights the potential of biosynthesized AgNPs in the development of nanofor-
mulations for protein-misfolding diseases.

More  broadly,  AgNPs  offer  opportunities  for  targeted  delivery  and
controlled  release  that  may  improve  drug  bioavailability  while  reducing
systemic adverse effects.157 However, their clinical translation remains limited
by the  need  for  deeper  mechanistic  understanding,  rigorous  safety  evalua-
tion and further validation in vivo and in clinical settings.

 Mesoporous silica nanoparticles
Mesoporous silica nanoparticles (MSNs) are nano-silica materials charac-

terized  by  uniform  narrow  pore  size  distribution  and  well-ordered  porous
structures.161,162 Highly ordered mesopores, excellent physicochemical stabil-
ity  and  good  biocompatibility  enable  efficient  drug  encapsulation  and
controlled  release.163 Furthermore,  pore  size,  channel  structure,  and  surface
properties  can  be  precisely  tailored  by  adjusting  synthesis  conditions.164

MSNs  have  been  demonstrated  to  cross  the  BBB  and  are  frequently
employed for brain tumor targeted therapy and drug release regulation.165,166

Berberine  (BB)  is  an  isoquinoline  alkaloid  with  diverse  therapeutic
activities,167 including  antibacterial,  antidiarrheal  and  antitumor  effects.168-170

However,  low  water  solubility,  poor  absorption  efficiency,  first-pass
metabolism, lack  of  targeting  ability  and  low  bioavailability  are  key  bottle-

necks  restricting  therapeutic  application.171 Researchers  are  committed  to
encapsulating BB  in  nanodelivery  systems  to  enhance  biological  and  phar-
macological activities and overcome these limitations.172 Recent studies indi-
cate MSN-based drug delivery systems show promising AD treatment poten-
tial.173 Researchers successfully synthesized MCM-41-type MSNs, loaded BB
and  coated  with  a  lipid  layer  via  thin-film  hydration  to  construct  a  brain-
targeted  composite  nano-system  (MSNs-BB-L).  The  resulting  formulation
exhibited  a  uniform  particle  size  distribution  within  the  range  of  80-100
nanometers.  In  the  AD  model,  treatment  with  MSNs-BB-L  notably  reduced
amyloid plaque deposition and the level of malondialdehyde, a marker of lipid
peroxidation. Furthermore, both MSNs-BB-L and free BB significantly down-
regulated beta-site amyloid precursor protein cleaving enzyme 1 expression
compared to scopolamine-induced cognitive impairment model groups, with
MSNs-BB-L  showing  a  more  pronounced  therapeutic  trend.  These  results
strongly suggest lipid-coated mesoporous silica nanoparticles can markedly
enhance BB’s neuroprotective effects, demonstrating considerable AD trans-
lation potential.

Currently,  MSN-based drug  delivery  systems have  demonstrated  remark-
able  advantages  in  multiple  aspects,  including  high  loading  capacity,
sustained/controllable release profiles, enhanced mucoadhesion and perme-
ability,  promoted  cellular  uptake  and  endosomal  escape,  precise  regional
targeting and significantly improved bioavailability, gaining widespread scien-
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Figure 4.  Inspired  by  E.  coli's  BBB  penetration  via  GRP94  binding,  GRP94-targeting  biomimetic  nanocapsules  were  constructed They  cross  the  BBB,  target  breast  cancer
brain metastases and deliver EMB to initiate anti-vascular cooption therapy by reducing neuroserpin, restoring plasmin and inactivating L1CAM.100 (Copyright 2023, Wiley Online
Library)
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tific  community  recognition.174 Extensive  studies  confirm  drug  loading  and
release  behaviors  can  be  effectively  modulated  by  adjusting  MSN  pore
volume,  pore  size,  channel  structure  and  surface  chemical  modifications.175

For  instance,  Horcajada  et  al.  found  reducing  MCM-41-type  MSN  pore  size
from  3.6  nm  to  2.5  nm  significantly  delayed  ibuprofen  release.176 Therefore,
precise control  over MSN physicochemical  properties has become a central
strategy for optimizing loading/release performance and enhancing targeted
delivery efficiency. With deeper understanding of structure-function relation-
ships and advances in precision synthesis techniques, MSNs are expected to
play  an  increasingly  critical  role  in  disease  treatment,  particularly  in  cancer
and refractory disease nanomedicine.162

 Carbon nanotubes
Building on the above mechanistic considerations of BBB transport, carbon

nanotubes (CNTs) have been explored as a distinctive nanoplatform for brain
delivery  because  of  their  high  aspect  ratio,  large  specific  surface  area  and
versatile surface chemistry.177 These structural characteristics allow CNTs to
load  or  conjugate  a  broad  range  of  therapeutic  cargos,  including  small
molecules,  peptides,  nucleic  acids  and other  bioactive  agents.178 In  addition,
CNTs possess unique physicochemical  features,  such as  electrical  conduc-
tivity,  near-infrared  absorption,  photoluminescence-related  behavior  and
strong  Raman  signals,  which  support  their  application  in  imaging-assisted
delivery  and  externally  triggered  therapeutic  systems.179-182 However,  their
relevance  to  CNS  therapy  depends  not  simply  on  these  material  properties,
but  on  whether  they  can  achieve  effective  BBB  interaction,  intracerebral
transport and controlled cargo release in vivo.

Mechanistically, CNTs transport across the BBB is generally considered to
rely  mainly  on  energy-dependent  cellular  uptake  rather  than  unrestricted
passive  diffusion  under  physiological  conditions.183 After appropriate  func-
tionalization, CNTs may interact with brain endothelial cells through endocy-
tosis and transcytosis-related pathways, including clathrin-mediated, caveo-

lae-mediated  or  adsorptive  uptake,  while  ligand
modification  may  further  enhance  receptor-
associated  transport.  In  pathological  states
characterized  by  BBB  impairment,  such  as
neuroinflammation  or  brain  tumors,  increased
vascular  permeability  may  also  contribute  to
their  apparent  brain  accumulation.  Importantly,
however,  brain-associated  signal  does  not
necessarily  indicate  efficient  penetration  of
intact  CNTs  into  the  brain  parenchyma,  since
endothelial  adhesion,  perivascular  retention  or
partial  drug  release  near  the  BBB  may  also
account  for  the  observed  therapeutic  effects.
Thus, mechanistic  verification  remains  essen-
tial  when  evaluating  CNTs-based  brain  delivery
systems.

As  drug  carriers,  CNTs  can  associate  with
therapeutic  molecules  through  π-π  stacking,
hydrophobic interaction, covalent attachment or
polymer-assisted  functionalization,  making
them  particularly  useful  for  poorly  water-solu-
ble  compounds.184 Their  release  behavior  may
be regulated by pH, redox conditions, enzymatic
cleavage,  thermal  stimulation  or  near-infrared-
triggered  photothermal  effects,  depending  on
the  mode  of  cargo  attachment  and  carrier
design.  For  TCM-derived  compounds,  these
properties  may  improve  solubility,  protect
unstable  ingredients  and  support  combination
therapy.  Reported  studies  include  CNTs-based

systems  carrying  tanshinone  IIA  and  curcumin  for  AD-related  intervention,
with the aim of reducing neuroinflammation and inhibiting Aβ aggregation, as
well  as  systems  delivering  camptothecin  and  ginsenoside  Rg3  for  brain
tumor treatment.185 These findings suggest that CNTs may function as high-
capacity  carriers  for  combined  therapeutic  strategies,  although  it  remains
necessary  to  clarify  whether  them  in  vivo  efficacy  results  from  true  BBB
translocation, improved local retention or altered systemic pharmacokinetics.

Despite these advantages, CNTs still face major translational limitations in
brain  applications.  Their  biological  behavior  is  strongly  influenced  by  tube
length, diameter, purity, aggregation state and surface functionalization, all of
which  affect  cellular  uptake,  biodistribution,  inflammatory  response  and
clearance.186 Concerns remain regarding long-term retention, immune activa-
tion,  neurotoxicity  and  insufficient  biodegradation,  particularly  for  poorly
dispersed  or  non-uniform  preparations.186-188 In  addition,  reproducible  large-
scale  manufacturing  remains  difficult  and  both  precise  brain  targeting  and
efficient  metabolic  elimination  require  further  optimization.187,188 Taken
together,  CNTs  provide  a  useful  model  for  studying  high-capacity nanocar-
rier  design  for  TCM brain  delivery,  while  also  highlighting  the  importance  of
balancing  BBB  transport  efficiency  with  release  control  and  biosafety.  In
comparison, other  nanosystems  such  as  quantum  dots  (QDs)  offer  addi-
tional advantages in real-time imaging and theranostic integration, but simi-
larly require careful mechanistic evaluation.

 Quantum Dots
QDs  are  nanoscale  semiconductors  or  carbon-based nanocrystals,  typi-

cally  in  the  range  of  1.5  to  10  nm,  characterized  by  size-dependent  optical
and electronic properties.189-193 Owing to their ultrasmall dimensions, tunable
fluorescence  and  modifiable  surface  chemistry,  QDs  have  been  extensively
investigated as  imaging  probes,  biosensing  tools  and  theranostic  nanoplat-
forms.194 Their potential relevance to brain delivery lies not only in their small
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Figure 5.  Inorganic  nanocarriers  for  brain  delivery
of  TCM-derived  active  compounds:  structural
features and translational challenges
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size,  but  also  in  their  ability  to  be  functionalized  with  ligands,  polymers,  or
biomimetic coatings that influence their interaction with the BBB.195,196

From a mechanistic perspective, QDs transport across the BBB is thought
to  occur  mainly  through  endocytosis  and  transcytosis-related  pathways
rather than simple passive diffusion under physiological conditions. Depend-
ing on surface composition and functionalization, QDs may undergo receptor-
mediated transcytosis after conjugation with targeting ligands, or adsorptive-
mediated  uptake  when  positively  charged  or  membrane-interactive  groups
are introduced.195,196 In pathological settings such as AD, local BBB dysfunc-
tion may further facilitate their brain-associated accumulation. However, it is
important  to  distinguish  true  translocation  of  intact  QDs  into  the  brain
parenchyma  from  endothelial  binding,  perivascular  retention  or  secondary
distribution after  cargo release near the BBB. Therefore,  mechanistic valida-
tion using  quantitative  biodistribution  and  imaging  analysis  remains  essen-
tial for interpreting their actual delivery behavior.196,197

For  TCM-derived  compounds,  QDs  may  serve  as  multifunctional  carriers
by combining drug loading with real-time imaging capability. Payloads can be
associated with QDs through surface adsorption, π-π stacking, covalent link-
age  or  polymer-assisted encapsulation,  whereas  drug  release  may  be  trig-
gered by pH changes, redox conditions, enzymatic cleavage or microenviron-
ment-responsive  bond  dissociation.  Such  designs  are  particularly  attractive
for neurodegenerative  diseases,  where  simultaneous  monitoring  and  inter-
vention may be advantageous. Nevertheless, the therapeutic effect observed
in  vivo  may  depend  not  only  on  BBB  passage  of  the  intact  nanocarrier,  but
also  on  whether  the  loaded drug  can  be  released  in  a  controlled  manner  at
the target site.

Several studies have explored QDs-based delivery systems for AD-related
intervention  using  TCM-derived  components  or  related  neuroprotective
agents. For example, graphene quantum dots (GQDs) loaded with rosmarinic
acid were reported to inhibit  Aβ1-42 aggregation while enabling optical moni-
toring  of  the  aggregation  process.197 Selenium-doped  carbon  QDs  carrying
antioxidant cargos have also been shown to reduce oxidative stress, attenu-
ate  Aβ  deposition  and  improve  cognitive  performance  in  AD  models.197 In
addition,  carbon  nitride  QDs  have  been  investigated  as  nanocarriers  for
agents  targeting  tau  aggregation.  These  studies  suggest  that  QDs  may
support multi-functional intervention in AD by integrating diagnostic readout
with  anti-amyloid,  antioxidant  or  anti-tau effects.  Despite  these advantages,
the  translational  value  of  QDs  for  brain  delivery  remains  constrained  by
several  unresolved  issues.  Although  core  composition,  size,  surface  charge
and  coating  materials  strongly  determine  their  in  vivo  fate,  especially  those
containing  heavy  metals  QDs,  raise  concerns  about  long-term  retention,
neurotoxicity  and  limited  biodegradability.193,196,197 Although  carbon  or
graphene-based  QDs  may  show  improved  biocompatibility  compared  with
conventional semiconductor QDs, standardized evidence on long-term safety,
brain  clearance and scalable  manufacturing  is  still  insufficient.  Therefore,  in
the context of TCM-derived nanomedicine, QDs may currently be more real-
istic as imaging-guided or mechanistic research tools than as leading candi-
dates for near-term clinical translation.

 NATURAL BIOGENIC CARRIER
Natural  biogenic  carriers  are  nanoscale  delivery  systems  of  biological

origin,  exhibiting  excellent  biocompatibility,  low  immunogenicity  and
biodegradability, with considerable drug delivery potential, particularly for CNS
disease  treatment.198 For  example,  exosomes  leverage  endogenous
membrane  proteins  for  efficient  cellular  targeting  and  cargo  delivery;
microvesicles,  with  substantial  loading  capacity  and  ease  of  engineered
modification,  demonstrate  unique  advantages  in  delivering  neurotrophic
factors  and  anti-inflammatory  drugs;  virus-like  particles  (VLPs)  retain  high
viral  invasive  ability  without  replicative  capacity,  enabling  safe  and  effective
genetic drug delivery.199

 Extracellular vesicles
Extracellular  vesicles  (EVs)  are  a  heterogeneous  group  of  lipid-bilayer-

enclosed  nanoscale  vesicles  released  by  various  cell  types,  with  diameters
ranging from approximately 40 to 1000 nanometers.200 Based on biogenesis
pathways,  size  and  specific  marker  protein  expression,  EVs  can  be  further

classified into distinct subtypes, with the most widely recognized and studied
including  exosomes,  microvesicles  and  apoptotic  bodies.201,202 As  field
research  advances,  additional  EVs  subpopulations  continue  to  be  identified.
However,  high  dependency  of  EVs  composition  on  parental  cell  type  and
physiological state, combined with complex and overlapping subtype forma-
tion  mechanisms,  makes  clear  distinctions  challenging.  Thus,  current
research primarily focuses on exosomes, microvesicles and apoptotic bodies.
(Figure 6).203

Exosomes are extracellular vesicles of approximately 50-150 nm that have
attracted substantial interest as natural nanocarriers because of their central
role in intercellular communication.204,205 Their lipid bilayer protects therapeu-
tic cargo, while parent-cell-derived surface proteins confer favorable biocom-
patibility, low  immunogenicity  and  intrinsic  targeting  capacity,  helping  over-
come limitations of many synthetic nanocarriers.206-208 These properties make
exosomes  particularly  attractive  for  CNS  delivery.  For  example,  exosome-
mediated  quercetin  delivery  improved  cognitive  performance  in  AD  models,
while reducing tau hyperphosphorylation, neurofibrillary tangle formation and
caspase expression, highlighting the potential of exosome-based systems to
enhance  the  brain  delivery  and  therapeutic  efficacy  of  TCM-derived
compounds.209 Exosomes are generated through the endosomal pathway, in
which intraluminal vesicles form within multi-vesicular bodies and are subse-
quently released into the extracellular space upon membrane fusion.

In  addition  to  mammalian  exosomes,  plant-derived  extracellular  vesicles
(PEVs) have emerged as a natural delivery platform for CNS disorders. These
phospholipid-bilayer vesicles are enriched in proteins, microRNAs and bioac-
tive lipids and combine high biocompatibility,  low immunogenicity  and envi-
ronmental  sustainability.210 PEVs  can  cross  the  BBB  through  mechanisms
such  as  receptor-mediated  endocytosis  and  membrane  fusion,  enabling
delivery  of  intrinsic  or  loaded  therapeutics  to  lesion  sites.  Representative
examples  include  ginseng  PEVs  for  glioma  targeting,  Panax  notoginseng-
derived  vesicles  for  ischemic  stroke  via  PI3K/AKT  regulation  and  Lycium
barbarum  vesicles  for  alleviating  AD-related  pathology  through  antioxidant
and  anti-apoptotic  effects.  Collectively,  these  findings  support  a  distinctive
“delivery–therapy” paradigm  in  which  the  carrier  itself  may  also  contribute
bioactivity.

With  a  typical  diameter  of  100-1000 nm,  microvesicles  are  bigger  than
exosomes and arise from direct outward budding of the plasma membrane,
not via the endosomal route.202,211 In CNS research, they have attracted atten-
tion as natural carriers because their bilayer membrane protects therapeutic
cargo and their surface adhesion molecules can facilitate BBB interaction and
transport.212-214 Engineered  microvesicles  have  been  used  to  deliver
neurotrophic  factors,  anti-inflammatory  cytokines  and  specific  miRNAs  to
brain  lesions.  In  models  of  hypoxic-ischemic  injury  and  cerebral  ischemia,
such  systems  have  been  shown  to  regulate  microglial  activity,  inhibit
neuronal  apoptosis,  preserve  BBB  integrity,  reduce  cerebral  edema  and
promote neurological recovery, underscoring their promise for precise brain-
targeted therapy.

Apoptotic bodies are larger extracellular vesicles, generally 1-5 μm in diam-
eter,  that  are  released  during  programmed  cell  death.215-217 Owing  to  their
distinct caspase-dependent biogenesis, they are often considered separately
from  other  EVs  subtypes.218 Although  traditionally  viewed  as  byproducts  of
apoptosis,  increasing  evidence  indicates  that  apoptotic  bodies  participate
actively in intercellular communication, immunomodulation and tissue home-
ostasis.219,220 They have therefore emerged as potential biomarkers and ther-
apeutic  targets  in  disorders  including  cancer,  autoimmune  disease,  and
neurodegeneration.221,222

 Virus-like particles
VLPs  are  nanoscale  assemblies  of  viral  structural  proteins  that  have

emerged  as  promising  delivery  systems  beyond  their  established  role  in
vaccines.223,224 By  mimicking  viral  architecture  without  containing  infectious
genetic material, VLPs can protect therapeutic cargo from degradation while
retaining  the  efficient  cellular  entry  and  intracellular  delivery  properties  of
viruses.225-227 Their nanoscale size, biocompatibility and engineering flexibility
make them particularly attractive for CNS-targeted delivery.228,229

This potential has been demonstrated in glioma-oriented designs such as
hepatitis  B  core  antigen-based  VLPs  displaying  the  glioma  antigen  EphA2
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and mineralized with calcium phosphate. Such nanovaccines enhanced nasal
mucosal  uptake  and  brain-targeted  accumulation,  activated  anti-tumor
immunity and produced durable therapeutic responses in glioma models.230

More  broadly,  although  viral  vectors  such  as  lentiviruses,  adenoviruses,
retroviruses, and AAVs remain important tools for CNS delivery, examples of
using  VLPs  to  encapsulate  TCM-derived  compounds  for  the  treatment  of
CNS  diseases  remain  very  limited.231-234 VLPs  offer  a  safer  alternative  by
combining  efficient  delivery  with  the  absence  of  replicative  genetic
material.235 This favorable balance between delivery efficiency and biosafety
highlights  their  translational  potential  for  brain-targeted  therapeutics.  To
facilitate  rational  carrier  selection,  the  nanocarriers  discussed  in  this  review
are systematically compared in Table 1 with respect to BBB penetration, drug
release  behavior,  targeting  strategies,  advantages,  limitations  and  safety
profiles.

 FUNCTIONALIZING  NANOPLATFORMS  WITH  TCM  DERIVED
COMPOUNDS
 Integrated metabolic regulation and treatment

Gallic acid, a naturally occurring phenolic acid and a key active component
in TCM such as Galla chinensis and Terminalia chebula, possesses inherent
antioxidant and antitumor properties. However, its clinical application for CNS
diseases is limited by poor bioavailability and inadequate BBB penetration.236

To address these challenges, gallic acid-metformin-derived carbon quantum
dots (MGA-CDs) were synthesized via a hydrothermal method, establishing a
novel integrated glioma therapy strategy that combines metabolic regulation
and treatment. Without requiring external targeting ligands, this nanomaterial
leverages  its  ultrasmall  size  of  approximately  2  nm  and  surface  positive
charge characteristics to efficiently cross the BBB through passive diffusion
mechanisms  and  selectively  accumulate  within  the  mitochondria  of  glioma
cells.

Core mechanisms involve targeted inhibition of PLPP4, a key glycerophos-
pholipid metabolism  enzyme,  promoting  phosphatidic  acid  (PA)  accumula-
tion while  reducing phospholipid  (PL)  synthesis,  thereby inducing tumor  cell
ferroptosis, manifested as mitochondrial shrinkage, reduced cristae numbers
and elevated lipid peroxidation and divalent iron ion levels. Furthermore, MGA-
CDs exhibit excellent fluorescent properties, enabling potential in vitro and in

vivo  imaging  for  tumor  localization  and  therapeutic  efficacy  monitoring.  In
human-origin  orthotopic  glioma  mouse  models,  MGA-CDs  significantly
suppressed  intracranial  tumor  growth  and  prolonged  tumor-bearing  mouse
survival.  Their  integrated  characteristics,  encompassing  BBB  penetration,
mitochondrial targeting, ferroptosis induction and imaging capabilities, estab-
lish a novel strategy for the precise treatment of CNS tumors.237

 A  novel  brain-targeted  co-delivery  system  overcomes  the  BBB  for
enhanced anti-AD therapy

Long-term experiments confirm Huanglian Jiedu Decoction exerts definite
AD therapeutic effects. BB and palmatine (Pal),  major bioactive components
in  this  compound  formula,  synergistically  regulate  microglial  phenotypic
polarization.  By  inhibiting  key  neuroinflammation  signaling  pathways,  both
components  significantly  ameliorate  AD  pathological  progression.  However,
BBB  physiological  barrier  function  severely  limits  BB  and  Pal  brain  delivery
efficiency, hindering full anti-AD efficacy exertion.

To  break  through  this  key  bottleneck,  researchers  constructed  a  hybrid
nanocapsular  system  combining  BBB  crossing  and  microglial  targeting  by
fusing microglia-derived exosomes and liposomes with transferrin modifica-
tion.  This  hybrid  system  integrates  efficient  BBB  penetration  and  microglial
targeting specificity, significantly enhancing BB and Pal brain enrichment effi-
ciency,  specifically  regulating  microglial  function,  and  effectively  reversing
cognitive dysfunction and related behavioral abnormalities in AD model mice.
This  research  provides  a  novel  strategy  for  synergistic  brain-targeted deliv-
ery of TCM active ingredients.238

 Targeted nano-immunotherapy from molecular self-assembly
Aloe  vera,  a  traditional  medicinal  plant,  is  widely  used  clinically  due  to

significant  anti-inflammatory and  antioxidant  activities  of  its  dried  concen-
trated  sap.  Research  reveals  its  core  active  component  aloin  possesses
unique  molecular  self-assembly capabilities,  spontaneously  forming  struc-
turally stable nano-scale self-assemblies (Aloin NPs) in vitro. Further mecha-
nistic investigations demonstrate Aloin NPs can effectively inhibit  pathologi-
cal microglial overactivation. Utilizing chemical proteomics, studies precisely
identified  specific  Aloin  NP  target  proteins  and  elucidated  downstream
signaling networks.  This  work  systematically  unveils  the  molecular  mecha-
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Figure 6.  The formation and release of exosomes, microvesicles and apoptotic bodies
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nism  underlying  aloin  nanoscale  self-assembly  anti-neuroinflammatory
effects,  establishing  a  crucial  theoretical  foundation  for  developing  novel
neuroinflammation related disease targeted therapeutic strategies.

Employing  Aloin  NPs  as  molecular  probes  combined  with  chemical
proteomics,  this  study  successfully  identified  and  characterized  myotrophin
(MTPN)  as  a  key  microglial  target.  In-depth  mechanistic  analysis  revealed
Aloin  NPs  specifically  bind  to  MTPN  via  non-covalent  interactions,  inducing
functional conformational changes that initiate and activate the downstream
cGAS-STING  innate  immune  signaling  pathway,  ultimately  effectively
suppressing pathological microglial activation. In PD mouse models, Aloin NP
therapeutic  intervention  significantly  reduced  cerebral  neuroinflammation,
improved  motor  coordination  deficits  at  the  behavioral  level  and  enhanced
midbrain dopaminergic neuron survival at the histological level. This research
not only unveils the unique mode of action of TCM-derived components from
a novel  "nano-self-assembled" material  perspective but also establishes the
central  role  of  the  MTPN-cGAS/STING  signaling  axis  in  neuroinflammation
regulation for the first time, providing a new paradigm and research direction
for designing  nanomedicines  for  immunomodulatory  treatment  of  neurode-
generative  diseases such as  PD,  rooted in  TCM theory  with  clear  molecular
foundations.239

 Metallic  TCM  components  act  as  in  vivo-synthesized  nanocarriers  for

brain delivery
Cinnabar has been used for over two millennia to treat CNS disorders, with

primary  component  mercury  sulfide  (HgS)  long  remaining  mechanistically
unclear.  Zuotai,  a  Tibetan  medicine  formulation  centered  on  β-HgS,  further
underscores  HgS  synergistic  potential  within  herbal  combinations.  Recent
studies reveal TCM-derived HgS does not act directly in conventional chemi-
cal form  but  undergoes  in  vivo  biosynthesis  to  spontaneously  form  struc-
turally stable nanoparticles (HgS NPs), serving as critical BBB-crossing carri-
ers.

HgS NPs can modulate BBB function to enhance intracerebral  drug deliv-
ery  without  compromising  barrier  integrity,  achieving  this  by  upregulating
BBB endothelial cell  endocytosis-related proteins and downregulating the P-
glycoprotein drug  efflux  pump,  thereby  enhancing  transcytosis  while  reduc-
ing drug  efflux  via  this  dual  mechanism.  This  nanocarrier  system  demon-
strates broad applicability, significantly promoting brain accumulation of vari-
ous structurally distinct drugs such as oxiracetam, memantine hydrochloride
and  entinostat.  In  APP/PS1  transgenic  mouse  models,  the  system  further
enhanced  MS-275 beneficial  effects  on  spatial  learning  and  memory  func-
tions.

This finding reveals a new mechanism by which metallic components from
TCM enhance drug delivery through in situ nanoparticle biosynthesis. It offers
a novel perspective for interpreting the scientific basis of TCM-based formu-
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Table 1.  Comparative overview of nano-strategies for TCM-derived compounds crossing the blood–brain barrier: mechanisms, release modes, targeting approaches, advan-
tages, disadvantages and safety profiles

Nanoization
strategies of
Chinese
Medicine

Lipid-based
nanoparticles

Polymer nanoparticles Inorganic nanocarriers Natural biogenic carriers
(Exosomes/Microvesicles/
Apoptotic bodies)

Natural biogenic
carriers (Virus-like
particles)

Penetration
mechanism

Passive diffusion;
Receptor-mediated
endocytosis

Passive diffusion;
Receptor-mediated
endocytosis;
Reversibly opening
endothelial tight
junctions

Size-dependent passive
penetration;
Receptor-mediated
endocytosis;
External field assistance

Endogenous membrane
protein-mediated
recognition;
Direct intercellular
communication;
BBB immune evasion

Neurotropism-mediated
penetration;
Receptor-mediated
endocytosis

Drug release
mode

Passive release;
Stimulation response
release;
Lysosome degradation
and release

Bulk degradation
controlled release;
Biphasic release;
PH-sensitive release

Pore-controlled release;
External field triggered
release;
Degradation-responsive
enzymatic release

Intracellular release;
Stimulation response
release

Lysosomal degradation
and release;
Capsid
depolymerization-
triggered release

Targeting
realization
approach

Surface ligand
modification;
Mixing lipid matrix
boosts lesion
enrichment

Ligand modification;
Adhesion targeting;
Bionic modification

Surface conjugating of
ligands/antibodies;
Enhanced lesion
enrichment via targeted
peptide modification

Cell-derived targeting;
Ligand modification-
enhanced specificity

Surface-antigen
modification;
Intranasal-brain delivery

Advantages Biocompatible;
Amphiphilic dual-loaded
herbal monomers;
Minimal
immunogenicity;
Clinically-proven mature
manufacturing

Elevated drug loading;
Sustained release;
Facile surfaces
modification
Protects unstable TCM

High stability;
Superior drug loading;
Theranostics;
Unique
optical/magnetic/therm
al properties

Low immunogenicity;
Biocompatible;
Bioactive monomer-
loadable;
Natural BBB crossing
ability;
Natural targeting ability

Potent cell penetration;
High stability;
Non-replicative;
Prevents cargo
degradation;
Engineerable, targeting-
enhanced

Disadvantages Poor long-term stability;
Limited drug loading
Prone to lipid
crystallization;
Easy drug leakage;
Batch-to-batch
variation

Degradation-induced
microenvironment
acidification;
Poor aqueous solubility;
Complex preparation
process;
Poor scalability for
some natural polymers

Low biodegradability;
Potential cumulative
toxicity;
Batch variability;
Complex surface
modification

Scalability;
Production constraint;
Elevated purification cost;
Activity loss on storage

Intricate synthesis;
Mild immunogenicity;
Early clinical translation

Security High biological safety;
Noncumulative toxicity;
Minimizing off-target
toxicity from drug
leakage

Biocompatible;
Low long-term toxicity;
Immune reactivity
slicitation

Moderate
biocompatibility;
Size controlled;
Immunogenicity
concern

Optimal biocompatibility;
Non-accumulative

No-infectious;
Biocompatible

Refs 47, 50, 52, 62, 65, 64, 69, 82 85, 89, 90, 103, 107, 110, 115, 137 143, 151, 157, 162, 173, 176, 186, 195 199, 206, 209, 210, 215, 221 223, 225, 230, 235
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lations  and  provides  naturally  derived,  highly  biocompatible  brain-targeted
nanocarriers for CNS disorders that do not require ex vivo modification.240

 CONCLUSIONS AND FUTURE OUTLOOK
Natural  compound  monomers  derived  from  TCM  demonstrate  great

potential  in treating brain disorders due to their  multi-target mechanisms of
action, while nanotechnology offers powerful tools to overcome delivery chal-
lenges. Rational design of nanocarriers in terms of type, particle size, surface
charge,  and  surface  functionalization,  including  targeting  ligand  conjugation
and  stimulus-responsive  strategies,  can  markedly  boost  the  brain  delivery
efficiency  of  TCM-derived  compounds,  thus  strengthening  therapeutic
outcomes and lowering systemic side effects. Currently, nanoformulations of
representative  TCM-derived  compounds,  including  SCU,  resveratrol  and  BB,
have demonstrated efficacy in improving neurological function and inhibiting
tumor  proliferation  in  cellular  and  animal  models,  providing  preliminary
evidence for the feasibility and advantages of the “TCM-derived compounds
nanocarrier” synergistic strategy  in  brain  disease  treatment.  Although  chal-
lenges  remain  in  scalable  production,  long-term safety  evaluation  and  clini-
cal  translation,  advances  in  the  understanding  of  BBB  biology  and  brain
disease pathophysiology,  coupled  with  ongoing  integration  of  nanotechnol-
ogy, materials science and biotechnology, hold promise for the development
of intelligent and personalized brain-targeted nanomedicines based on TCM-
derived compounds. These innovations may offer new hope for patients with
major brain disorders such as AD, PD, stroke and glioma.

 Current status of clinical translation and respresentative clinical studies
Although  nanoformulations  of  TCM-derived  compounds  have  shown

promising  therapeutic  effects  in  preclinical  models  of  glioma,  ischemic
stroke, neuroinflammation and neurodegenerative disorders, successful clini-
cal  translation  requires  a  broader  evaluation  framework  beyond  efficacy
alone.2,52,55 For nanomedicines intended for brain delivery, translational poten-
tial should be assessed through multiple interconnected dimensions, includ-
ing BBB transport  capability,  pharmacokinetic  behavior,  intracerebral  biodis-
tribution,  therapeutic  reproducibility  in  disease-relevant  models,  long-term
biosafety  and  in  vivo  metabolism  and  clearance.52,54,55 In addition,  pharma-
ceutical considerations such as formulation stability, sterilization compatibil-
ity, scalable manufacturing, batch-to-batch consistency and quality control of
critical  attributes  are  essential  for  further  clinical  development.50,58 These
requirements  are  particularly  important  for  TCM-derived  nanomedicine,  as
many  natural  active  compounds  are  associated  with  complex  structures,
poor physicochemical stability and potential variability in source materials, all
of which may increase the difficulty of formulation standardization and regu-
latory  evaluation.2,43,59 Therefore,  advancing  TCM  nanomedicine  for  brain
diseases requires a transition from efficacy-oriented proof-of-concept stud-
ies  toward  a  more  integrated  translational  strategy  that  simultaneously
considers therapeutic  performance,  pharmaceutical  developability,  and clini-
cal feasibility.

At  present,  the  clinical  translation  of  nanomedicines  for  brain  diseases
remains considerably behind that of other therapeutic areas, such as oncol-
ogy and  vaccine  delivery.  Although  several  nanoplatforms,  particularly  lipo-
somes  and  lipid  nanoparticles,  have  demonstrated  substantial  translational
advantages  in  terms  of  scalable  production,  formulation  optimization  and
regulatory adaptability, their application in CNS diseases is still limited by the
complexity  of  BBB  transport  and  the  heterogeneity  of  neurological
disorders.50,52,55,58,235 Existing  clinical  evidence  in  the  brain  delivery  field  is
mainly concentrated  on  platform  feasibility,  safety  and  peripheral  pharma-
cokinetic  improvement,  whereas  relatively  few  systems  have  advanced  to
late-stage clinical validation specifically for efficient brain parenchymal deliv-
ery.2,3,54,56 This gap is even more pronounced for TCM-derived nanomedicine.
Despite extensive preclinical evidence supporting improved BBB penetration,
enhanced  neuroprotection  and  regulation  of  pathological  pathways,  most
currently reported systems remain at the stage of experimental animal stud-
ies and direct clinical data are still lacking.43,59 Therefore, the clinical develop-
ment  of  TCM  nanomedicine  for  CNS  disorders  may  need  to  draw  on  the
translational experience of established nanocarrier systems while simultane-
ously strengthening standardization in  efficacy evaluation,  formulation qual-
ity control, and regulatory documentation.2,50,52,55

Another major  challenge lies in the insufficient  depth of  safety evaluation,
particularly  with  respect  to  long-term  toxicity,  targeting  efficiency  and  the
metabolic fate of nanocarriers after systemic administration. Current studies
often  focus  on  short-term  therapeutic  outcomes,  whereas  repeated-dose
safety, chronic tissue accumulation, immunogenicity, and potential effects on
BBB  integrity  are  less  comprehensively  examined.50,55,57 For many  intra-
venously administered nanocarriers, substantial off-target uptake by the liver,
spleen  and  mononuclear  phagocyte  system  may  not  only  reduce  effective
brain  delivery  but  also  increase  systemic  exposure  and  long-term  safety
concerns. In addition, improved brain accumulation does not necessarily indi-
cate  effective  delivery  to  pathological  cells  within  the  brain  parenchyma,
because  successful  targeting  requires  sequential  completion  of  vascular
circulation,  endothelial  interaction,  BBB transcytosis,  interstitial  diffusion and
cellular  internalization  at  the  lesion  site.7,12,52,54 The  in  vivo  fate  of  different
nanocarriers  also  varies  substantially  according  to  their  composition  and
structure. Lipid-based systems are generally more biodegradable but remain
susceptible  to  hepatic  sequestration  and  formulation-dependent  clearance;
polymeric  nanoparticles  may  generate  degradation  products  that  alter  the
local microenvironment; inorganic nanomaterials may face greater concerns
regarding  incomplete  metabolism  and  long-term  retention;  and  biologically
derived  carriers,  although  relatively  biocompatible,  still  require  rigorous
assessment  of  source  safety,  batch  consistency  and  immunological
effects.50,55,57,58,235,237,238 Therefore, future studies should place greater empha-
sis  on  systematic  biosafety  profiling  and  quantitative  evaluation  of  in  vivo
transport and clearance, so as to provide a more reliable basis for the clinical
translation of TCM-derived nanomedicines for brain diseases.

 Challenges for clinical translation
Although  TCM-derived  nanomedicine  have  demonstrated  considerable

therapeutic  potential  in  preclinical  studies,  their  progression  toward  clinical
application remains constrained by several  unresolved translational barriers.
A  central  challenge  is  that  many  current  studies  still  emphasize  short-term
efficacy  while  providing  limited  evidence  regarding  long-term  performance,
reproducibility  and  clinical  feasibility.  For  brain-targeted  delivery  systems,
therapeutic  success  in  experimental  models  does  not  necessarily  predict
translational value, because clinically relevant evaluation should also include
quantitative assessment of BBB transport, intracerebral biodistribution, phar-
macokinetics,  metabolic  fate  and  therapeutic  durability  in  disease-relevant
settings. In addition,  the mechanistic basis of  brain delivery remains insuffi-
ciently  understood  for  many  nanocarriers.  It  is  often  unclear  whether  the
observed benefits arise from intact carrier-mediated translocation across the
BBB, enhanced vascular retention, modulation of BBB permeability or periph-
eral drug release followed by secondary redistribution. Such uncertainty limits
rational platform optimization and complicates the interpretation of targeting
efficiency.  The  challenge  is  further  amplified  by  the  limitations  of  existing
animal models, which often fail to fully capture the pathological heterogene-
ity,  temporal  evolution  and  patient-to-patient  variability  of  human  CNS
diseases.  Therefore,  future translational  studies should move beyond proof-
of-concept  efficacy  and  adopt  a  more  systematic  framework  integrating
mechanistic validation, quantitative in vivo tracking, disease-relevant model-
ing and clinically meaningful endpoints.

From  a  translational  perspective,  the  current  clinical  experience  with
nanomedicine in neurological disorders remains far more limited than that in
oncology,  where  liposomal  formulations,  albumin-based  systems  and  lipid
nanoparticles have already established pathways for scalable manufacturing,
quality  control  and  regulatory  review.50,58,241 This  accumulated  experience
provides  an  important  reference  for  the  development  of  nanocarrier-based
therapies  for  brain  diseases,  but  direct  translation  remains  challenging
because CNS  delivery  must  additionally  overcome  the  BBB,  achieve  suffi-
cient parenchymal  penetration,  and  address  the  marked  biological  hetero-
geneity  of  neurological  disorders.241,242 For  TCM-derived  compounds,
nanocarrier  engineering  offers  clear  theoretical  advantages,  particularly  in
improving  solubility,  prolonging  circulation,  protecting  unstable  molecules
and  enhancing  brain  exposure.  Preclinical  studies  have  indeed  shown  that
surface  modification,  biomimetic  coating  and  stimulus-responsive  design
can  improve  brain  accumulation  and  therapeutic  efficacy.  However,  most
TCM-derived  nanomedicine  are  still  at  an  early  experimental  stage  and
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robust clinical  evidence is lacking.  To advance this field,  it  will  be necessary
not only  to  learn  from  the  translational  pathways  of  established  nanoplat-
forms, but  also  to  strengthen  formulation  standardization,  quantitative  effi-
cacy evaluation,  and  documentation  compatible  with  regulatory  require-
ments. More importantly, interdisciplinary strategies combining nanotechnol-
ogy  with  imaging,  omics  analysis  and  precision  medicine  may  facilitate  the
development  of  more  rational  and  disease-adaptive  delivery  systems  for
complex brain disorders.

 Safety and regulatory considerations
Safety  and  regulatory  considerations  represent  another  critical  dimension

that  will  determine  whether  TCM-derived  nanomedicine  can  move  beyond
laboratory  research.  Long-term biosafety  remains  insufficiently  character-
ized for many nanocarriers, especially under repeated administration. Poten-
tial concerns include chronic tissue accumulation,  immunogenicity,  comple-
ment activation,  unexpected effects on BBB integrity and toxicity associated
with carrier degradation or excipients. For example,  although materials such
as PLGA  are  generally  regarded  as  biocompatible,  acidic  degradation  prod-
ucts  may  alter  the  local  microenvironment  and  influence  tissue  responses
under  certain  conditions.  In  addition,  substantial  uptake  by  the  liver,  spleen
and mononuclear phagocyte system can reduce effective brain delivery while
increasing systemic  exposure  and  safety  burden.  These  issues  are  particu-
larly  important  for  complex  nanocarriers,  including  biomimetic  and  hybrid
systems,  in  which  source  control,  structural  heterogeneity,  sterilization,
stability  and  batch-to-batch  consistency  present  additional  manufacturing
challenges.  From  a  regulatory  perspective,  successful  clinical  translation
requires  not  only  demonstration  of  efficacy  and  safety,  but  also  robust
control  of  critical  quality  attributes such as particle  size distribution,  surface
properties,  drug loading,  release behavior,  storage stability  and scalability  of
production.  TCM-derived  compounds  regulatory  evaluation  may  be  further
complicated  by  variability  in  raw  material  sources,  structural  complexity  of
natural  products and difficulties in  standardizing multi-component systems.
Accordingly,  future  studies  should  place  greater  emphasis  on  integrated

safety  profiling,  pharmacokinetic,  clearance  analysis  and  pharmaceutical
development  under  quality-by-design  principles,  so  as  to  establish  a  more
reliable foundation for clinical and regulatory advancement.

To  better  contextualize  the  translational  status  of  TCM-derived nanofor-
mulations  for  brain  diseases,  representative  nanomedicine  platforms  with
clinical or advanced translational relevance are summarized in Table 2. These
examples  illustrate  that,  although  several  nanocarriers  have  established
precedents in formulation engineering, manufacturing and regulatory review,
effective CNS  translation  still  requires  additional  optimization  in  BBB  trans-
port,  intracerebral  distribution,  long-term safety,  and  platform  standardiza-
tion.

Taken together,  nano-drug delivery systems for  TCM-derived compounds
offer  a  promising  strategy  to  improve  brain-targeted  therapy  by  enhancing
drug stability, bioavailability and site-specific delivery. However, the future of
this field  will  depend  less  on  the  continued  accumulation  of  preclinical  effi-
cacy  data  alone  and  more  on  whether  researchers  can  systematically
address translational bottlenecks related to mechanism, safety, manufactur-
ing  and  regulation.  With  deeper  interdisciplinary  collaboration  and  more
translation-oriented design, TCM-derived nanomedicine may gradually evolve
from experimental  exploration into a clinically meaningful  therapeutic option
for CNS diseases.
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