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Progress in the Treatment of Central Nervous System
Diseases Based on Nanosized Traditional Chinese Medicine

Jing Li, Qingyin Long, Huang Ding, Yang Wang, Dan Luo,* Zhou Li,* and Wei Zhang*

Traditional Chinese Medicine (TCM) is widely used in clinical practice to treat
diseases related to central nervous system (CNS) damage. However, the
blood-brain barrier (BBB) constitutes a significant impediment to the effective
delivery of TCM, thus substantially diminishing its efficacy. Advances in
nanotechnology and its applications in TCM (also known as nano-TCM) can
deliver active ingredients or components of TCM across the BBB to the
targeted brain region. This review provides an overview of the physiological

1. Introduction

The incidence of diseases associated with
central nervous system (CNS) impairment
is annually increasing. In particular, neu-
rodegenerative diseases, such as Parkin-
son’s disease (PD), Huntington’s disease,
multiple sclerosis, amyotrophic lateral scle-
rosis, and Alzheimer’s disease (AD), as well

and pathological mechanisms of the BBB and systematically classifies the
common TCM used to treat CNS diseases and types of nanocarriers that
effectively deliver TCM to the brain. Additionally, drug delivery strategies for
nano-TCMs that utilize in vivo physiological properties or in vitro devices to
bypass or cross the BBB are discussed. This review further focuses on the
application of nano-TCMs in the treatment of various CNS diseases. Finally,
this article anticipates a design strategy for nano-TCMs with higher delivery
efficiency and probes their application potential in treating a wider range of

CNS diseases.
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as cerebrovascular diseases such as stroke
and brain tumors, have become common
in geriatric patients.'! These diseases im-
pose an increasing economic burden on pa-
tients and society and require timely in-
tervention and treatment. Traditional Chi-
nese Medicine (TCM) was first used thou-
sands of years ago to treat cerebral diseases.
For example, cerebrovascular diseases are
treated with the “Treatise on Cold Dam-
age (Shang Han Lun)” and “Synopsis of
the Golden Chamber (Jin Kui Yao Lue)”.l
To date, TCM and the active ingredients
contained in these classical prescriptions
have been used for the clinical treatment of diseases related to
CNS damage, such as stroke, Parkinson’s disease, or Alzheimer’s
disease.’~%] Modern research has also confirmed that TCM and
the effective components contained in the compound prepara-
tions can improve cerebral microcirculation disorders against
damage to the nervous system and neurons.l?) However, con-
ventional water-soluble TCM decoctions have insufficient mem-
brane permeability and low bioavailability owing to insufficient
lipid solubility and inappropriate molecular size,/”®! and thus
cannot effectively penetrate the blood-brain barrier (BBB) and
reach effective concentrations in the brain tissue. These issues
have limited the widespread use of TCM preparations for the
treatment of CNS impairment.

The BBB is a unique physiological barrier to the brain struc-
ture. As the primary protective mechanism of the CNS, the BBB
forms an interface between blood in the capillaries and intersti-
tial fluid in the brain ventricles.”] This barrier maintains and
regulates CNS homeostasis by strictly controlling the movement
of substances between the blood and brain, including the ex-
change and transport of molecules, ions, or cells. Notably, more
than 98% of small-molecule drugs and almost 100% of large-
molecule drugs cannot reach the brain through the circulatory
system.l% Among them, the number of liposoluble molecules
that can ultimately enter the brain is reduced by related enzymes
or efflux pumps in the BBB, whereas water-soluble molecules in
the blood are blocked from entering the CNS.['!] This selective
transport protects the CNS from blood-borne pathogens, toxins,
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Figure 1. Structure of the blood-brain barrier. The three main components of the BBB include A) the arachnoid barrier, B) the blood-brain barrier, and
C) the blood-cerebrospinal fluid barrier, all of which, as well as the pathways of CSF flow, can be identified in D) the median sagittal section of the brain.

inflammation, and diseases.['?! The demanding “filtering” func-
tion of the BBB makes the CNS a delicate and complex tissue
for the human microcirculation to penetrate, which brings
significant challenges to the development of drugs delivered to
the CNS.

Recently, nanotechnology has attracted considerable atten-
tion and is widely used in the diagnosis and treatment of
diseases.['*"77] Nano-TCM is an emerging research field that com-
bines cutting-edge nanotechnology and TCM. This approach
refers to the use of nanotechnology to prepare extracts, active
ingredients, and compound formulations of TCM with particle
sizes of approximately 100 nm.["®! Loading or modifying TCMs
and their active ingredients on nanocarriers can effectively over-
come problems in the delivery of TCM, enhance solubility, im-
prove stability and bioavailability, and prolong in vivo circula-
tion time.[*l Importantly, nano-TCM can provide a more effective
therapeutic platform for treating CNS diseases, targeting drug
delivery into cells and tissues within the CNS and achieving a
slow and controlled release of drugs in the brain by improving
BBB penetration.2)] The application of nano-TCM has acceler-
ated the modernization of TCM and shows great potential for
the treatment of CNS diseases. In this review, we provide a brief
overview of the physiological and pathological properties of the
BBB, which determine the delivery targeting strategy of nano-
TCM. We then discuss the chemical compositions, structures,
and advantages of various nanocarriers with the potential to cross
the BBB. In addition, the transport mechanism of nano-TCMs
across the BBB and their application in the treatment of various
CNS diseases are systematically summarized. Finally, we assess
the challenges and development prospects of nano-TCMs in the
clinical treatment of CNS diseases.

Adv. Sci. 2024, 2308677

2. The Structure and Characteristics of the BBB
Under Physiological and Pathological Conditions

2.1. Physiological Structure of BBB

The BBB primarily comprises three parts: the arachnoid bar-
rier, blood-cerebrospinal fluid barrier (BCSFB), and BBB proper
(Figure 1).2!] The arachnoid barrier consists of arachnoid sub-
dural epithelial cells that segregate the extracellular fluid of the
CNS (cerebrospinal fluid, CSF) from the systemic extracellular
fluid (blood).!?”] Arachnoid villi only allow CSF to flow from the
brain to the blood. Because of its relatively small total surface
area and avascular nature, the arachnoid barrier seals the brain
well and blocks drug delivery.[?] Second, the BCSFB is composed
of epithelial cells of the choroid plexus surrounding the lateral
ventricle and the third and fourth ventricles of the brain.[2425]
CSF flows from the ventricles of the brain into the subarach-
noid space, is absorbed into the superior sagittal sinus through a
transvalvular pathway in the arachnoid villi, and finally returns to
the systemic venous circulatory system.?°! During this process,
substances such as drugs or solutes enter the CNS via the choroid
plexus and are swept back into the bloodstream, thereby hinder-
ing penetration into the brain. Third, the BBB is composed of the
foot processes of brain capillary endothelial cells (BMECs), peri-
cytes, astrocytes, and the complete basement membrane.[?’! The
tight junctions formed by the arrangement of BMECs provide the
barrier with high transendothelial electrical resistance,”! pre-
venting paracellular transport and passive diffusion of most ions
and molecules from the blood to the brain,!?*3!] thereby main-
taining the integrity of the BBB. Tight junction proteins pre-
dominantly include occludin, claudin-5, and zonula occludens
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proteins (ZO-1 and Z0-2), with claudin-5 being the principal
protein in endothelial cells.??] Additionally, adherent junctions
are present between BMECs and play a crucial role in sustain-
ing BBB integrity. Adherent junctions are composed of trans-
membrane glycoproteins that regulate paracellular permeability
by coordinating interactions primarily through the connection of
actin filaments between cells. The most representative of them
is vascular endothelial cadherin (VE-cadherin), which has been
shown to be associated with cell proliferation, migration, and
permeability.*3] Endothelial cells rely on tight junctions and ad-
hesive junctions to ensure the structural and functional integrity
of the BBB. Pericytes are located outside BMECs and are en-
capsulated in the basement membrane. They participate in pro-
tein regulation through N-cadherin and linker proteins between
BMECs, maintain CNS homeostasis and BBB integrity by regu-
lating capillary diameter to control cerebral blood flow, and reg-
ulate macrophage activity to phagocytize toxic metabolites.[33]
Astrocytic endfeet are wrapped around the periphery of the peri-
cyte layer and cover neuronal processes and blood vessels, form-
ing a signaling network between neurons and blood vessels.*°]
The basement membrane is formed by the deposition of proteins
secreted by these cells and is mainly involved in maintaining the
stability of the microvasculature.l?’] The aforementioned cells in-
tegral to the regulation of BBB function are collectively termed
the neurovascular unit (NVU). The NVU also includes neurons,
microglia, vascular smooth muscle cells, oligodendrocytes, mast
cells, and white blood cells, which regulate BBB permeability and
stability.1238#0] For example, under normal conditions, leukocyte
adhesion is minimized and their passage across the brain en-
dothelium is tightly regulated. However, under pathological con-
ditions, leukocytes can enter the BBB through certain blood ves-
sels in the meninges and play an immunoprotective role in the
CNS.[*142] Notably, the BBB possesses the most extensive surface
area conducive to substance exchangel*}! within the human body,
with an average total area available for such an exchange ranging
from 12 to 18 m?. At the same time, the size of substances that
can across the BBB by passive diffusion is <25 pm.[**l Moreover,
there are multiple transporters, receptors, and carrier-mediated
transporters of compounds on their surfaces.[*>*%] However, the
BBB is a highly selective barrier and restricts the free entry of
most substances into the CNS. TCMs and their active ingredi-
ents that do not meet the criteria for size and physicochemical
properties are generally excluded. This limitation makes it chal-
lenging to achieve the expected therapeutic effects in the clinical
treatment of CNS diseases. Therefore, designing drug delivery
systems that can effectively cross the BBB is crucial for the suc-
cessful delivery of TCM to the brain.

2.2. Pathological Changes of the BBB

CNS diseases, such as AD, PD, stroke, and brain tumors, are the
second leading cause of death worldwide and are the main cause
of disability, seriously endangering people’s health and increas-
ing economic burden.l*”] With the growing understanding of the
physiological structure, function, and transport mechanism of
the BBB, the relationship between impaired BBB function and
CNS diseases has gradually become more widely studied. The
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physiology of the BBB undergoes various pathological changes
during different CNS disease processes.

2.2.1. Alzheimer’s Disease

AD is the most common chronic degenerative disease of the
nervous system. The number of AD patients aged >65 years
is expected to reach 12.7 million by 2050,* according to an
Alzheimer’s Association 2022 report. The clinical manifesta-
tions of AD include dementia, progressive neurocognitive dys-
function, and altered memory impairment. The patients’ inde-
pendent memory, cognition, and behavior are impaired, and
their quality of daily life gradually declines until death.[*’! Stud-
ies have shown that the major pathologic features of AD in-
volve amyloid plaques that accumulate f-amyloid (Af) peptides
in blood vessels and neurofibrillary tangles of hyperphospho-
rylated microtubule-bound tau.>%!] The Af peptide is a natu-
ral metabolite comprising 36-43 amino acids formed by prote-
olysis of amyloid precursors.>?l With the long-term increase in
Ap peptide production and delayed clearance, Af aggregates to
form both soluble oligomers (comprising 2-6 peptides) and in-
termediate neurotoxic amyloids; >3~ the aggregated fibers are
arranged into f-sheets that participate in the formation of late
amyloid plaques.’!) A increases BBB permeability by inhibit-
ing and disrupting the expression of tight junction proteins.>*>]
At the same time, the deposition of Af and the formation of amy-
loid plaques lead to cerebral amyloid angiopathy (CAA) and the
degeneration of pericytes, endothelial cells, and smooth mus-
cle cells in the brain of patients with CAA, which disrupts the
integrity of the BBB.I®®] Tau protein is a soluble substance in-
volved in vesicular transport and microtubule stabilization in ax-
ons. After tau is hyperphosphorylated, it dissociates from micro-
tubules and self-aggregates to form a paired helical filamentous
structurel® ] that further changes into the main component of
nerve fiber tangles in pyramidal neurons.[®!] Its structure dam-
ages the neurons, causes synaptic dysfunction, promotes local
inflammatory responses, induces cell death, and increases brain
atrophy.[®?] Experimental studies have shown that pathological
deposition of tau disrupts BBB integrity.l%}] In addition, periph-
eral cells, astrocytes, and the extracellular matrix of the basement
membrane involved in the BBB are altered to various degrees
in patients with AD, and these abnormal changes induce BBB
dysfunction.[6+-68]

2.2.2. Parkinson’s Disease

PD is the second most common chronic and progressive neu-
rodegenerative disease worldwide.[®®) The Parkinson’s Founda-
tion reports that men are 1.5 times more likely to develop PD than
women, with over 10 million individuals affected globally.l”"]

In addition to typical motor dysfunction characterized by mus-
cle rigidity, rest tremors, bradykinesia, and disturbances in pos-
ture and gait, such as the inability to maintain balance and shuf-
fling gait,!”!] non-motor symptoms such as dementia, hyposmia,
orthostatic hypotension, constipation, memory loss, pain, de-
pression, anxiety, urinary dysfunction, and sleep disorders may
also occur.l’?l The progressive nature of these clinical symptoms
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results in increased motor disability, which significantly impairs
the quality of life of patients with PD. Despite extensive re-
search, the exact etiology and pathogenesis of the disease remain
elusive.[?’] Pathological studies of PD suggest that their develop-
ment is associated with progressive loss of dopaminergic neu-
rons in the substantia nigra, deposition of neurotoxic oligomers
composed of misfolded a-synuclein (a-syn), excessive reactive
oxygen species (ROS) production, and neuroinflammation.”37]
Inflammatory mediators released during pathological processes
alter BBB permeability by affecting the arrangement and expres-
sion of tight junction proteins on BMECs.I””] At the same time, P-
glycoprotein-mediated active transport is downregulated, which
inhibits the CNS efflux function that transports toxic substances
from the intracellular space to the extracellular space.’l The
dysfunction of the BBB leads to the degeneration of dopamin-
ergic neurons in the substantia nigra and disrupts dopamine
production.[’”*# Dopamine, as a neurotransmitter that trans-
mits chemicals, is involved in the regulation of various func-
tions of the CNS, especially in coordination and control of motor
function.®!] Decreased dopamine secretion is closely associated
with motor dysfunction in PD.

2.2.3. Stroke

Stroke is the second most common cause of death globally and
the primary cause of prolonged disability.®?#* The American
Stroke Association reported that stroke is the leading cause of
disability in the United States.!®"] Moreover, the Global Burden
of Disease Study revealed that, in 2019, there were 12.2 mil-
lion new cases of stroke and 6.55 million fatalities associated
with stroke.® Strokes are classified into hemorrhagic and is-
chemic types, based on their distinct etiologies. Hemorrhagic
stroke is caused by cerebral blood vessel rupture and bleeding,
whereas ischemic stroke is caused by vascular obstruction.[®!
Among these, ischemic strokes account for 80-85% of cases,
where the occlusion of blood vessels compromises cerebral blood
supply, leading to brain tissue damage.®®! Clinical symptoms
vary from localized to widespread neurological dysfunction, in-
cluding dizziness, hemianopia, hemiplegia, aphasia, sensory dis-
turbances, and consciousness disorders, depending on the ex-
tent of ischemia.l®”] Recent studies have identified the patho-
physiological mechanisms of ischemic stroke.[®®] Neurons in the
brain lack the ability to store energy independently and often
rely on cerebrovascular transport to provide energy. When vas-
cular occlusion causes a decrease in cerebral blood flow to down-
stream regions, the corresponding supply of glucose and oxygen
in the cerebral blood vessels is also reduced, thereby affecting
neurons and initiating an ischemic cascade of inflammation and
cell death.[88-90]

Research has demonstrated that the integrity of the BBB is
disrupted and its permeability is significantly increased during
cerebral ischemia, both in humans and animal models.®* The
two most relevant factors involved in the disruption of BBB
are tissue plasminogen activators (tPAs) and matrix metallopro-
teinases (MMPs). tPAs are serine proteases that activate the con-
version of plasminogen to active plasmin.[®! In the ischemic
brain parenchyma, vascular and parenchymal tPAs interact with
various components in the NVU to cause dysfunction of tight
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junctions, shedding of astrocytic endfeet, and degradation of
basement membranes, which not only increases the risk of hem-
orrhagic transformation and angiogenic edema but also destroys
the integrity and permeability of the BBB.[*-8] MMPs are pro-
teases that cleave components of the extracellular matrix.*®! Ex-
pression of MMPs is often difficult to detect under physiologi-
cal conditions, but several overexpressed MMPs, such as MMP-
2, MMP-3, MMP-7, and MMP-9, can be detected in ischemic
stroke.!1%0-1051 MMP-2 and MMP-9 have been shown to affect the
permeability of BBB by cleaving claudin-5 to disable the tight
junctions of the BMECs.['%] Additionally, many studies have
shown that MMP-9 is involved not only in the process of is-
chemia but also in the destruction of the BBB.!'%19] MMP-9 can
cleave the tight junction protein, ZO-1, and also participates in
the degradation of basement membrane proteins.!®8]

2.2.4. Brain Tumors

Cancer is widely recognized as a leading cause of death world-
wide and poses a significant threat to individual health and so-
cietal stability. Brain tumors are associated with high morbid-
ity and mortality due to their location and aggressive growth
characteristics.'®! Data from the National Cancer Institute in-
dicate that there are 4.5 deaths per 100,000 individuals annu-
ally attributed to brain and other nervous system cancers, com-
prising an estimated 3% of all cancer fatalities in 2022.11%1 The
development of brain tumors is typically linked to intrinsic ge-
netic factors and extrinsic environmental influences!''%! and can
be divided into two main types: primary brain tumors that oc-
cur in the brain parenchyma and secondary brain tumors that
metastasize to the cranium.l''!l Headaches (30%) and seizures
(50-80%) are common symptoms in the majority of brain tumor
patients.[''>113] Moreover, rapidly growing tumors in the brain
tend to cause symptoms of increased intracranial pressure (15%)
such as persistent nocturnal aggravation of headaches, morning
nausea and vomiting, and papilledema, among others.[''*] In ad-
dition to the aforementioned systemic clinical manifestations, tu-
mors located in the brain can cause significant regional neurolog-
ical damage, affecting the corresponding anatomical locations in
the body and resulting in local clinical manifestations. For ex-
ample, tumors located in the corpus callosum and prefrontal or
temporal lobes can cause cognitive deficits such as short-term
memory impairment and/or personality and mood changes. Sub-
tentorial tumors can cause ataxia, balance disorders, long tract
signs, or cranial nerve palsy. Tumors located in the parietal lobe
may cause hemiplegia, sensory disturbances, and spatial disori-
entation. Tumors located in the frontal lobe can cause dysphagia.
Visual disturbances can be caused by tumors located in the pari-
etal, temporal, and occipital lobes or those that compress the optic
nerve.14]

Owing to the confined internal space of the brain, the progres-
sive invasion of primary brain tumors or secondary brain metas-
tases directly disrupts neuronal function through the growth
and compression of blood vessels, leading to vascular dysfunc-
tion and structural impairment.l''>] However, this does not af-
fect the nutritional supply of tumor cells, and in addition to the
existing blood vessels, there are newly generated tumor vessels
and other vascular supply mechanisms that meet their nutri-
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tional requirements.[?$110117] Although tumors compromise the
integrity and permeability of the BBB, specialized endothelial
cells situated between tumor cells and vessels form an alterna-
tive barrier known as the blood-brain tumor barrier (BBTB).['!#]
This BBTB has functions similar to those of the BBB, such as
the expression of active efflux transporters in tumor cells, which
prevent the entry of certain foreign substances.l'"?] In light of the
presence of the BBB and BBTB, TCM agents used for the treat-
ment of the abovementioned CNS damage-related diseases can-
not enter the brain and reach effective concentrations.

2.3. Impact of BBB Changes on TCM Delivery

Under physiological conditions, the stability and integrity of the
BBB are guaranteed by the NVU and intercellular connections,
which create a formidable obstacle to the effective delivery of
TCM. First, tight junctions between endothelial cells restrict the
free diffusion of TCM. Second, even TCM molecules that enter
endothelial cells may have active exclusion mechanisms, such as
drug efflux mediated by P-glycoprotein. Moreover, the physical
and chemical properties of most TCM molecules may pose limi-
tations, such as size, charge, and solubility, which may not meet
BBB permeation standards. In particular, it is difficult for large
TCM molecules and hydrophobic compounds to cross the BBB.

Under pathological conditions, alterations in the physiological
structure and function of the BBB have varying effects on drug
delivery. Disruptions in tight junctions and integrity, as men-
tioned in various CNS diseases in Section 2.2, lead to changes
in permeability, with higher permeability in the BBTB than in
the BBB.[12] Nevertheless, large TCM molecules still face chal-
lenges in overcoming this barrier. Additionally, the lack of tar-
geting specificity and low bioavailability of TCM makes it diffi-
cult, even upon entry into the brain, to accumulate and maintain
effective therapeutic concentrations in diseased areas. However,
pathological changes in BBB transporters have diverse effects
on drug delivery. For example, brain tumor blood vessels often
overexpress certain receptors, allowing active transport for tar-
geted delivery to brain tumor tissues.[?!l Conversely, the absence
of ANKS1A in AD reduces the levels of low-density lipoprotein
receptor-related protein 1, complicating the strategies for active
transport.[122]

The emergence of nano-TCMs provides an opportunity to over-
come this obstacle. The combination of nanotechnology and
TCM can improve the targeting and therapeutic effects of TCM,
bringing hope for the cure of CNS diseases.

3. TCM for CNS Diseases

Since 200 AD, TCM has appeared in reports of medical cases
and ancient books for the treatment of CNS-related disorders.
Many of the prescriptions and herbal formulations mentioned
in these records have persisted through the ages, playing a cru-
cial and indispensable role in the clinical healthcare systems
in China and Chinese communities. In addition to its clini-
cal applications, TCM is also an important source of modern
drug development.[?>124] Drawing on ancient TCM theories and
combining them with advanced modern technologies, numer-
ous active compounds extracted from traditional herbs have been
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shown to possess neuroprotective effects.>!?] The pharmacolog-

ical mechanisms of these active compounds against CNS dis-
eases have been continuously studied and verified, and have been
applied in clinical treatments.['26-128] In the following sections,
we have selected several representative TCM natural compounds
widely used in both clinical treatments and scientific research of
CNS diseases. This summary includes their sources, therapeutic
effects, mechanisms of action, and existing delivery challenges.

3.1. Active Ingredients of TCM for CNS Diseases
3.1.1. Curcumin

Curcumin (CUR) is a natural phenolic compound extracted from
plants belonging to the Araceae family, such as Acorus tatari-
nowii, or those belonging to the Zingiberaceae family, including
turmeric, zedoary, and Curcuma. It is a diketone with a chem-
ical formula of C, H,,0, (chemical name 1,7-bis[4-hydroxy-
3methoxyphenyl]-1,6-heptadiene-3,5-dione).'?*! Curcumin pos-
sesses a wide range of pharmacological activities, including anti-
inflammatory, antioxidant, antiviral, anti-infective, antitumor,
anti-liver fibrosis, and lipid-lowering effects.['?] It can be used
to treat various CNS-related disorders.

CUR exerts anti-AD effects through various mechanisms. It
can inhibit the generation of Af, reduce plaque deposition, al-
leviate Af-induced damage to nerve cells (such as PC12 cells),
regulate tau protein phosphorylation, promote clearance, and di-
minish the formation of neurofibrillary tangles.['**-134] Addition-
ally, CUR can bind with Ap, not only inhibiting fibril formation
by disrupting Ap peptide aggregation but also serving as an early
diagnostic reagent for the detection of plaque deposition in the
brain due to its fluorescent properties.!!3>13]

CUR effectively alleviates PD progression. It primarily im-
proves the motor and behavioral impairments in PD mice by re-
ducing the deposition of phosphorylated a-syn and the death of
dopaminergic neurons in the substantia nigra.['3138] In terms
of antioxidation, it not only reduces the generation of mitochon-
drial ROS but also through the phenolic hydroxyl and alkyl CH,
groups in its structure, binds with ROS to neutralize and elimi-
nate them by capturing hydrogen atoms, thereby reducing oxida-
tive stress in the brain.[13%140]

CUR has also significantly contributed to the prevention and
treatment of ischemic stroke. It exerts anti-inflammatory effects
by promoting the polarization of M2 microglial cells and inhibit-
ing the activation of the nuclear factor kappa-B (NF-xB) signal-
ing pathway."*1142] Tt plays an anti-apoptotic role by regulating
the secretion of apoptosis-related proteins and blocking endo-
plasmic reticulum stress-related apoptotic pathways.['*-14] Ad-
ditionally, it provides neuroprotection during cerebral ischemia-
reperfusion injury (CIRI) by modulating autophagy, protecting
astrocytes, and maintaining the structure and function of the
BRB.[146-148]

CUR also possesses antitumor properties. First, by inhibiting
the Janus kinase (JAK)/signal transducer and activator of tran-
scription 3 (STAT3) signaling pathway, CUR effectively impedes
the migration and invasion of glioblastoma (GBM) cells and in-
hibits the survival and proliferation of tumor cells.[***1%] Second,
CUR induces cell cycle arrest in the G2/M phase through various
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mechanisms that disrupt the growth and proliferation of glioma
cells.'>7153] Furthermore, CUR exerts its anticancer effects by
inhibiting the mammalian target of rapamycin (mTOR) signal-
ing pathway, activating autophagy, and simultaneously eliminat-
ing the tumorigenicity of GBM stem cells, reducing the risk of
recurrence.['>*1%%] Finally, CUR induces apoptosis in GBM cells
by upregulating the expression of pro-apoptotic proteins, such as
caspase-7, caspase-8, caspase-3, and caspase-9.[1°°] These multi-
ple mechanisms collectively demonstrate the multifaceted effects
of CUR in combating tumors.

3.1.2. Quercetin

Quercetin (QCT) is widely distributed and is mainly found
in plants and human foods such as apples, onions, tomatoes,
red-leaf lettuce, asparagus, and herbs.’™”] It is a flavonoid
with the chemical formula C;sH,,0, name (3,3',4',5,7-
pentahydroxyflavone).['>8] QCT exhibits diverse pharmacological
properties including anti-allergic, anti-inflammatory, antimi-
crobial, anticancer, antiviral, antioxidant, and neuroprotective
activities.['*1%0] Tt is Delieved to be beneficial for combating
various CNS disorders.

QCT primarily exerts its anti-AD effects through anti-
cholinergic, anti-inflammatory, antioxidant, and anti-neurotoxic
protein aggregation activities. QCT improves cognitive function
by inhibiting the activity of acetylcholinesterase and protects as-
trocytes by modulating the release of neuroinflammatory cy-
tokines, such as IL-1§ and TNF-.['61-163] QCT can directly neu-
tralize highly reactive oxygen species and reduce oxidative stress
levels by activating the antioxidant pathway, nuclear factor-like
2 (Nrf-2), or regulating the transcription of antioxidant factors,
such as paraoxonase-2.11%4-166] Additionally, QCT can slow down
the progression of AD by inhibiting tau protein phosphorylation
and the aggregation of Af peptides.[166:167]

QCT also has potentially beneficial effects on PD by prevent-
ing neuronal damage and death through multiple mechanisms.
Specifically, QCT can improve neural inflammation by inhibit-
ing the secretion of inflammatory factors such as TNF-a, IL-18,
and IL-6.'%] Moreover, it plays a neuroprotective role by reg-
ulating the levels of antioxidant enzymes, such as glutathione
peroxidase and superoxide dismutase (SOD).['%] Additionally,
QCT enhances both motor and cognitive functions by mod-
ulating dopamine metabolism in the striatum.['7%71] Further-
more, it can inhibit a-syn fibrillation, effectively slowing disease
progression.['’?! Through these diverse mechanisms of action,
QCT provides extensive and comprehensive support for the treat-
ment of PD.

In the treatment of ischemic stroke, QCT primarily exerts neu-
roprotective effects through anti-inflammatory and antioxidant
stress responses. In terms of anti-inflammatory action, QCT can
upregulate the secretion of anti-inflammatory cytokines (such
as IL-4, IL-10) and downregulate the release of proinflamma-
tory cytokines (such as IL-6, IL-1).1'73] QCT also facilitates the
phenotypic transition of microglial cells from proinflammatory
M1 to anti-inflammatory M2.['74] Regarding antioxidant effects,
QCT can alleviate reperfusion-induced neurotoxicity by downreg-
ulating extracellular signal-regulated kinase (ERK) and protein
kinase B (PKB, also known as AKT) phosphorylation.['*] QCT
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also downregulates thioredoxin expression during focal cerebral
ischemia and glutamate-induced neuronal cell death.['7®! Addi-
tionally, QCT enhances neuronal activity in the prefrontal cor-
tex, amygdala, and hippocampus by inhibiting astrocytic and mi-
croglial reactivation.”’]

QCT exerts its anticancer effects through various tumor-
related mechanisms, including oxidative stress, cell prolifer-
ation, apoptosis, cell cycle, and metastasis.'’8] Through the
AKT/ERK/Caspase-3 signaling pathway, QCT induces autophagy
and apoptosis in glioma cells.'”! In GBM cells, QCT induces
mitochondria-mediated apoptosis and protective autophagy and
inhibits proliferation by inducing cell cycle arrest.['®] Addition-
ally, QCT downregulates phospholipase D1, indirectly inhibiting
the activation of MMP-2, thereby impeding the proliferation, mi-
gration, and invasion of GBM cells.['®! Importantly, QCT not
only enhances the sensitivity of brain tumor cells to radiotherapy
and chemotherapy but also prevents the efflux of transport pro-
teins, providing a synergistic effect for the subsequent treatment
of drug-resistant brain cancer.!182-184]

3.1.3. Resveratrol

Resveratrol (RES), first discovered in Veratrum grandiflorum,
is produced by plants such as grapes, Japanese knotweed,
cassia, Dblueberries, and peanuts and is an antitoxin when
stimulated.l'®-1%7] Its chemical formula is C,H;,0; and its
chemical structure is 3,5,4’-trihydroxybenzene, belonging to the
category of non-flavonoid polyphenol compounds.!'% RES has
been proven to possess various pharmacological activities ben-
eficial to health, including anti-inflammatory, antioxidant, anti-
cancer, cardiovascular, and neuroprotective effects.!18%1%]

RES exerts neuroprotective effects against the pathological
processes of AD through various mechanisms.["!) For instance,
as a SIRT1 activator, RES can mitigate the impact of microglia-
dependent Ap toxicity on neurons by inhibiting the NF-« B signal-
ing pathway.[192] Additionally, RES effectively reduces the gener-
ation of ROS through various antioxidant mechanisms and re-
pairs mitochondrial dysfunction, thereby lowering Ap-induced
lipid peroxidation and neurotoxicity levels.'*>1%] Furthermore,
RES plays a crucial role in alleviating the cytotoxic effects of ni-
tric oxide (NO) and inhibiting inflammatory cascades, thereby
producing neuroprotective effects.”! RES also prevents nerve
cells from taking up extracellular tau oligomers, thereby improv-
ing cognitive impairments in mice by halting tau phosphoryla-
tion, preventing synaptic loss, and inhibiting the progression of
neuroinflammation.[*”)

The impact of RES in the prevention and treatment of PD is
profound.!'*81%] Research suggests that RES plays a crucial role
in neuroprotection by activating the Nuclear factor erythroid2-
related factor 2 (Nrf2) signaling pathway and counteracting ox-
idative stress. Its antioxidant mechanisms include not only di-
rect scavenging of ROS but also augmentation of endogenous
antioxidant levels.?] Moreover, RES can decelerate neurob-
last apoptosis and mitigate motor dysfunction induced by 6-
hydroxydopamine in PD rats through activation of the phospho-
inositide 3-kinase (PI3K)/AKT signaling pathway.?’!l In addition
to these mechanisms, RES demonstrates anti-inflammatory and
antioxidant properties, contributing to the amelioration of mo-
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tor and cognitive dysfunctions in mice with PD. This is achieved
through the reduction of a-syn and oligomer levels, inhibition of
a-syn aggregation, and alleviation of cellular toxicity.[2%!

RES also exhibits protective activity against ischemic
stroke.l188203] For instance, RES can reduce inflammation
by downregulating the Toll-like receptor 4 (TLR4) signaling
pathway, thereby decreasing brain damage and repairing the
damaged BBB in focal cerebral ischemia in rats.**l RES en-
hances the survival of hypoxic neurons in stroke rats by restoring
mitochondrial metabolism, promoting neuronal differentiation,
and improving neurological function.’! Furthermore, in
neonatal rats with hypoxic-ischemic brain injury, RES effectively
mitigated inflammation and oxidative stress levels by upregu-
lating the Nrf2/Heme Oxygenase-1 (HO-1) signaling pathway,
demonstrating its neuroprotective effects.[2¢]

The anticancer properties of RES have been reported in nu-
merous studies.27-29] Research indicates that RES can induce
intrinsic apoptosis and autophagy in neuroblastoma cells by ac-
tivating the endoplasmic reticulum stress-induced intracellular
reactive oxygen species (iROS) axis. It effectively inhibits Rho-
dependent cell migration, leading to tumor cell death and ex-
tending the survival of neuroblastoma mice.!%! In GBM, RES
effectively inhibits the proliferation and invasion of tumor cells
by modulating AKT and p53.2!!l Additionally, RES serves as
a sensitizer to address the challenging issue of chemother-
apy resistance.[?'2213] For instance, RES enhances the sensitiv-
ity of GBM to temozolomide by downregulating STAT3 and O6-
methylguanine-DNA methyltransferase (MGMT) levels associ-
ated with alkylating agent resistance, effectively attenuating tu-
mor growth.[2!*] RES can also increase the chemosensitivity of
GBM cells to doxorubicin by inhibiting the PI3K/AKT and P-
glycoprotein pathways.2%]

3.1.4. Paclitaxel

Paclitaxel (PTXL), chemical formula C,;H;;NO,,, was initially
isolated and purified from the bark of Taxus brevifolia.l?'¢ The
chemical structure of PTXL is complex and features a highly oxy-
genated tetracyclic framework bridging a bicyclo[5.3.1Jundecane
ring system. The key structural elements responsible for its pri-
mary anticancer activity include the A-ring, C2 benzoyl group,
C13 side chain, and oxygen-substituted ring.2'7218] It belongs to
the diterpenoid class of compounds.[?!]

PTXIL, as one of the most successful natural anticancer drugs
in the last 50 years, primarily exerts its anticancer mechanism by
stabilizing microtubule polymers through binding to g-tubulin.
This interference disrupts the mitotic process in the G2/M phase
of cells, preventing the division and proliferation of tumor cells
and ultimately leading to cancer cell death.[??’] Additionally,
PTXL demonstrates significant anticancer effects through vari-
ous mechanisms, such as inducing autophagy, promoting cell
apoptosis, and inhibiting tumor angiogenesis.[21821]

As a first-line anticancer drug, PTXL is commonly used in
combination with other anticancer medications to treat brain
cancer. For instance, the conjugation of linoleic acid with PTXL
demonstrates low cytotoxicity, high cellular absorption rates, and
improved efficacy against gliomas.[?2!] Polymeric nanomedicines
loaded with doxorubicin and PTXL significantly inhibited GBM
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growth and effectively ameliorated motor function impairment
in rats.???! The co-administration of PTXL and temozolomide
has been demonstrated to elicit a more pronounced antitumor
effect against GBMs by modulating the Wnt/g-Catenin signaling
pathway.[?23]

3.2. Limitations of TCM for CNS Diseases

TCM has gained widespread recognition for its therapeutic ef-
fectiveness in the treatment of CNS diseases that has persisted
since ancient times to the present day. With the continuous de-
velopment of science and technology, in addition to the repre-
sentative drugs mentioned above, research has confirmed the re-
markable achievements of TCM in regulating neural function,
repairing nerve damage, and improving quality of life. In the
treatment of CNS diseases, TCM not only adheres to the tra-
ditional wisdom accumulated over centuries but also gradually
reveals its unique contributions in the field of modern medical
research.[>¢] However, traditional formulations, primarily in the
form of decoctions, are inconvenient both in preparation and
administration and exhibit notable instability. On the research
front, the complex and diverse composition of traditional Chi-
nese herbal compounds, along with their unclear mechanisms
of action, poses challenges. Consequently, the contemporary re-
search focus in TCM has shifted toward exploring natural ac-
tive ingredients extracted from various plants or minerals. Com-
mon Chinese herbal compounds include flavonoids, polyphe-
nols, polysaccharides, glycosides, saponins, alkaloids, terpenes,
and sesquiterpenes.[??*] Within the natural pharmaceutical trea-
sure trove of TCM, numerous natural compounds, such as
baicalin, arsenic trioxide, berberine, muscone, puerarin, and
ginkgolides, are also found to be applicable in the treatment
of CNS diseases.?>>"233] However, many of these natural com-
pounds exhibit unfavorable physicochemical properties, includ-
ing low solubility, poor water-solubility, low oral bioavailability,
poor stability, rapid hepatic metabolism, low intestinal absorp-
tion, fast systemic clearance, short half-life, and potential hep-
atorenal toxicity.l”$2342%¢] Moreover, their large molecular size
hampers their ability to penetrate the BBB, limiting their accu-
mulation within brain tissues to achieve and maintain effective
therapeutic concentrations. These limitations significantly con-
strain the clinical application of TCM for the treatment of CNS
diseases. Modern advanced technologies, such as nanotechnol-
ogy, have become indispensable to maximize the potential value
of TCM. The introduction of nanotechnology addresses various
challenges and offers several advantages, including: 1) altering
the traditional administration routes of TCM and diversifying
TCM formulations; 2) achieving controlled and targeted drug de-
livery to reduce the toxic side effects of TCM; 3) enhancing the
existing therapeutic effects of TCM and introducing new phar-
macological activities; 4) increasing the solubility and stability of
TCM, improving bioavailability, reducing the required dosage,
and conserving TCM resources; and 5) improving its pharma-
cokinetics and enhancing BBB permeability.!1%234237-239] [n con-
clusion, the integration of modern advanced technologies, par-
ticularly nanotechnology, is pivotal for unlocking the full poten-
tial of TCM. This not only addresses existing challenges, but also
brings forth a myriad of advantages, revolutionizing the admin-
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Figure 2. Schematic diagram of the classification of inorganic nanocarriers, including 0D, 1D, 2D, and 3D nanocarriers. Notes:TMOs: Transition metal
oxides; TMSs: Transition metal sulfides; TMNs: Transition metal nitrides; SiQDs: Silicon quantum dots; BPQDs: Black phosphorus quantum dots.

istration, delivery, and overall efficacy of TCM, thus contributing
to its optimal utilization and resource conservation.

4. Nanocarriers of Nano-TCM

The preparation of nano-TCM is generally categorized into two
types: one is to use nano-processing technology to nanosize the
active ingredients of TCM, and the other, the most commonly
used strategy, is to combine the active ingredients of TCM with
nanocarriers. In the first approach, the drug is nanosized, and
the specific surface area of the herb particles is increased after ul-
trafine pulverization. This process generates many surface-active
atoms that can alter the physicochemical properties and biolog-
ical activity of the drug, thereby improving its dissolution rate
and overall efficacy. However, it is worth noting that the use of
nanocarriers provides superior bioavailability and targeting com-
pared to drug nanosizing alone. Therefore, this review focuses
on the more promising route for combining the active ingredi-
ents of TCM with nanocarriers. Nanocarriers are drug delivery
systems on a nanoscale (1-100 nm) that are commonly used to
modulate the pharmacokinetic and pharmacodynamic character-
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istics of drugs.[?*! Additionally, the unique physical properties
of nanomaterials can enhance drug delivery and synergize drug
treatments.[?*!] Nanocarriers carrying various functional drug
molecules have been widely used for the diagnosis and treatment
of CNS diseases at the molecular, cellular, and individual levels.
Nanocarriers can be divided into three categories based on their
chemical composition: inorganic nanocarriers, organic nanocar-
riers, and inorganic/organic hybrid nanocarriers.

4.1. Inorganic Nanocarriers

In recent years, inorganic nanocarriers have attracted consid-
erable attention owing to their high stability, easy preparation,
and unique physical and chemical properties (magnetic, electri-
cal, optical, and thermal).?*?! Inorganic nanocarriers play im-
portant roles in marker detection, bioimaging, targeted deliv-
ery, and disease treatment.?*>-2] According to the topologi-
cal structure, inorganic nanocarriers can be divided into 0D,
1D, 2D, and 3D subtypes (Figure 2).[2*] Common 0D nanocar-
riers include noble metal nanoparticles (e.g., gold and sil-
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ver), metal compound nanoparticles (e.g., transition metal ox-
ides/sulfides/nitrides), carbon-based nanoparticles (e.g., carbon
dots, fullerenes), and other nonmetallic nanoparticles (e.g., sili-
con quantum dots, black phosphorus quantum dots).[2*7:248] Typ.
ical representatives of 1D nanocarriers are metal-(such as Au,
Ag, Pt)/semiconductor- (such as ZnO, GaN)/insulator-(such as
Si0,, TiO,)/carbon-based nanowires and nanotubes.[>*] Emerg-
ing 2D nanocarriers include graphene and its derivatives, transi-
tion metal dichalcogenides (TMDs), and transition metal carbon-
nitrides (e.g., MXenes).1*%21] A commonly used 3D nanocarrier
in biomedicine is mesoporous silicon nanoparticles (MSNs).[2>2]
It is worth noting that there are currently relatively few studies
on nano-TCM based on inorganic nanocarriers for the treatment
of CNS diseases, mainly focusing on the following materials:

4.1.1. Noble Metal Nanoparticles

Noble metal nanoparticles, primarily Au and Ag nanoparticles,
are the most common drug carriers (Figure 2).[2] The structure
of Au nanoparticles is diverse, and different morphologies (such
as spheres, polyhedrons, core-shell, and satellites) can be formed
by regulating chemical reactions; their sizes usually range from
2 nm to 100 nm.[* Au nanoparticles are widely utilized in
the biomedical field for the following primary reasons: 1) Au
nanoparticles have good chemical stability and biocompatibility
under physiological conditions!®*]; 2) Au nanoparticles are easily
modified by thiol compounds and can also load drug molecules
through physical adsorption mediated by Coulomb and van der
Waals forces;[2°52%¢] 3) Au nanoparticles have a unique electronic
structure, and their surface plasmon resonance effect can induce
photothermal effects and can also enable label-free detection of
biomolecules.[?72%8] Ag nanoparticles have properties similar to
those of Au nanoparticles; however, they have significant bacte-
riostatic and bactericidal effects and can be used for the antibac-
terial treatment of drug-resistant bacteria.[2>]

4.1.2. Carbon Dots

Carbon dots (CDs), also known as carbon nanodots or carbon
quantum dots, consist of discrete spherical carbon nanoparticles
with a size of less than 10 nm (Figure 2).[2°°l Compared to other
kinds of nanomaterials, CDs have the following advantages: 1)
compared with other types of carbon nanomaterials such as car-
bon nanotubes and graphene, CDs are simpler to synthesize and
their scale is more suitable for realizing CNS drug delivery;?¢!]
2) compared with other inorganic nanocarriers, CDs have better
biocompatibility and stability and low toxicity due to their carbon-
based composition;[2¢2] 3) compared with other organic nanoma-
terials such as liposomes, CDs possess smaller scales and unique
photoluminescence properties, which can be widely used in drug
tracking and cell imaging;?%3] and 4) the remnants of TCM sub-
sequent to the process of decoction are replete with substantial
quantities of cellulose, lignin, and polysaccharides, constituting
valuable precursor materials for the synthesis of CDs. This uti-
lization significantly enhances resource efficiency while concur-
rently mitigating environmental pollution.[264
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4.1.3. Mesoporous Silica Nanoparticles

MSNs are prevalent nanosilicon materials with uniform nar-
row pore size distributions and ordered pore structures. MSNs
have the following advantages owing to their structural peculiar-
ities: 1) high specific surface area (>1000 m? g-!), 2) adjustable
pore size, 3) good biocompatibility, and 4) easy functionalization
(Figure 2).[265-268] Furthermore, MSNs have been shown to have
the ability to penetrate the BBB through simple surface modifica-
tion (surface charge and size) and are often used to control drug
release and targeted therapy in brain tumors.[2%°]

Common toxic side effects of inorganic nanocarriers include
inflammation and oxidative stress. For instance, oral adminis-
tration of Ag nanoparticles or silica nanocarriers can cause lo-
cal inflammation,!?’%#1] whereas titanium dioxide nanocarriers
interacting with the human body can stimulate the generation
of ROS.[272] Furthermore, research suggests that the prolonged
use of inorganic nanocarriers may lead to potential adverse risks,
such as the selective accumulation of Au NPs at vascular sites, ex-
acerbating the risk of cardiovascular diseases.?’3] The toxic mech-
anisms of inorganic nanocarriers are typically associated with
their size and structure.[?*?] With increasing research on nanocar-
riers and technological advancements, it is possible to reduce the
potential toxic effects by judiciously designing the size, structure,
and surface properties of inorganic nanocarriers. This paves the
way for safer and more controlled utilization of nanocarriers in
TCM and their active components for disease treatment.

4.2. Organic Nanocarriers

Nanomaterials based on organic molecules exhibit excellent bio-
compatibility, extended half-lives, high drug loading rates, con-
siderable flexibility, and the ability to incorporate various pharma-
ceuticals, making them the predominant drug delivery vehicles
(Figure 3).

4.2.1. Lipid Nanocarriers

Liposomes:  Liposomes are spherical vesicles enclosed in one
or more phospholipid bilayers. The polar groups of phospho-
lipids orient toward the inner and outer aqueous phases,?#] fa-
cilitating the encapsulation of lipophilic substances within the
lipid membrane and the entrapment of hydrophilic substances
within the aqueous core, respectively.?”’! Studies have proposed
that liposomes exhibit good biocompatibility and biodegradabil-
ity. They exhibit potential as active carriers with the following
favorable properties: 1) improving solubility and stability;2’%! 2)
controlling the release and increasing the survival time of the
drug in vivo;1277:%78] 3) increasing brain targeting;(?’°l 4) enhanc-
ing bioavailability;!?®") and 5) realizing the co-delivery of TCM.[281]

Lipid Nanoparticles: Solid lipid nanoparticles (SLNs) are a
next-generation nanoparticle delivery system composed of sur-
factants as stabilizers and solid physiological lipids (such as
triglycerides, lipid acids, steroids, and glycerides) as lipid cores
that encapsulate or embed drugs.[?®2] SLNs and liposomes share a
considerable degree of similarity.l?®3] However, in comparison to
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Figure 3. Schematic diagram of various organic nanocarriers. In the center is a hybrid nanocarrier with a drug loaded in the core, surrounded by structural
diagrams of polymeric nanocarriers, biomimetic nanocarriers, and lipid nanocarriers.

liposomes, SLNs exhibit distinct advantages, namely 1) a substan-
tially larger specific surface area and heightened drug-carrying
capacity; 2) a diminished toxicity profile and heightened biolog-
ical safety; and 3) the facilitation of surface modifications, en-
abling the impartation of distinctive features, such as enhanced
adhesion or targeted drug delivery.[28+285]

However, despite ensuring stability, the crystalline perfection
of SLNs also enforces constraints on drug incorporation within
a limited space, thus challenging drug release and limiting drug-
loading capacity.[286-288]

In response to these challenges, nanostructured lipid carri-
ers (NLCs) have emerged as a progressive advancement in lipid
nanoparticle technology, building on the groundwork established
by SLNs.[2*4I NLCs are composed of liquid and solid lipid hybrids
with irregular crystalline structures.[?®*] Different lipid molecules
are mixed to form more matrix defects to accommodate more
drug molecules, thereby reducing drug excretion during storage
and improving drug-carrying capacity.(?*’! Consequently, NLCs
can deliver multiple components synergistically, thereby fulfill-
ing multifaceted and versatile functions in tackling complex
pathological conditions.

Adv. Sci. 2024, 2308677

4.2.2. Emulsions

Microemulsions: Microemulsions consist of oil, water, surfac-
tant, and cosurfactant that spontaneously form transparent or
semitransparent systems with uniform optical properties and
thermodynamic stability. Microemulsions are generally spherical
and very small, typically between 10 and 100 nm, and can be di-
vided into water-in-oil (W/O) and oil-in-water (O/W), depending
on the dispersed phase.[??>22] As exemplary nanocarriers, mi-
croemulsions exhibit the following characteristics: 1) a straight-
forward preparation process, wherein the initial components can
spontaneously assemble upon mixing; 2) as a thermodynami-
cally stable system, microemulsions are easier to process, ster-
ilize, and store; 3) microemulsions can improve the solubility of
poorly soluble and lipophilic drugs and control their sustained re-
lease; and 4) microemulsions can also improve the stability, per-
meability, and bioavailability of drugs and increase their targeting
capabilities.[234293-2%]

Self-Microemulsifying ~ Drug-Delivery ~ System: The  self-
microemulsifying drug delivery system (SMEDDS) is a solid
or liquid concoction comprising an oil, surfactant, and cosur-
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factant. After entering the body, it quickly mixes with water to
form a microemulsion with a droplet size of <100 nm.[2342%]
While SMEDDS significantly improves drug solubility and
bioavailability,29¢2%8] it also has the following outstanding ad-
vantages: 1) it has high stability, can be easily manufactured,
and can be produced on a large-scale;?3* 2) the oil component
in SMEDDS can promote the absorption of drugs through the
intestinal lymphatic system and reduce the first-pass effect of
oral drugs;?** 3) some surfactants have the function of inhibit-
ing drug efflux, such as polyoxyethylene castor oil, polysorbate
80, and polyoxyethylene hydrogenated castor oil 40;**°! and 4)
targeted delivery of drugs and active ingredients can be achieved
by modifying SMEDDS with ligands.[3%]

4.2.3. Polymer Nanocarriers

Polymer Micelles: Polymer micelles (PMs) are colloidal dis-
persions that originate from the self-assembly of amphiphilic
block copolymers in aqueous environments and comprise outer
hydrophilic and inner hydrophobic segments.391-3%] PMs have
hydrophilic segments on their surface that contact the surround-
ing solvent and have certain passive targeting capabilities based
on the enhanced permeability and retention effect. In addition,
PMs can be endowed with photosensitivity, thermal sensitivity,
pH sensitivity, and active-targeting capabilities through different
ligand modifications.?%3%] The hydrophobic core inside the
PM can be loaded with a lipophilic drug, protecting the drug
from degradation and enhancing the solubility of the drug.>%!
PMs have been used to treat CNS damage owing to their good
stability, high drug-loading capacity, controlled release ability,
and easy surface functionalization.[>*!

Polymer Nanoparticles: Polymeric nanoparticles (PNs) are
nanoscale, solid, and spherical entities derived from either syn-
thetic or naturally biodegradable polymeric materials through
monomer polymerization, polymerization dispersion, or sponta-
neous assembly of amphiphilic polymers.3°31% PMs and PNs
have distinct drug-loading modalities because of their different
core structures. PMs excel at solubilizing hydrophobic drugs
within their hydrophobic cores, thereby enhancing drug solubil-
ity. In contrast, PNs offer a broader range of applications capa-
ble of loading or surface adsorption of both hydrophilic and hy-
drophobic compounds within their solid core.l**!] Both PMs and
PNs have similar functions; however, PNs possess the added ad-
vantage of natural biodegradability, allowing for their elimination
by the body and reducing drug toxicity.?!!312] Moreover, function-
alized polymer-drug conjugates can be readily prepared via sur-
face modification (e.g., antibodies, surfactants, and membrane-
penetrating peptides) to adjust the zeta potential, slow drug re-
lease, and mediate the target function.’"3] The common PNs
approved by the FDA include polycaprolactone, polylactic acid
(PLA), polyglycolic acid, polylactic acid-co-glycolic acid (PLGA),
and chitosan, which can be used to diagnose and treat CNS
damage-related diseases.314316]

Dendrimers: Dendrimers are polymers characterized by den-
dritic 3D architectures that develop through iterative growth
around the central cores, branching units, and outer active
functional groups. The outstanding characteristics of den-
drimers are their perfect structures and high symmetry.[23+301]
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These properties are consistent with those observed for other
types of PNs.3V] Additionally, dendrimers can encase drugs
in the hollow cavity of the polymer skeleton, and the func-
tional groups situated on the surface of the dendrimers
can be chemically modified through conjugation, thereby en-
abling the attainment of specific functionalities, such as tar-
geted interactions with specific tissues or organs.[318-321 Com-
mon dendrimers are poly(amidoamine), polypropyleneimine,
poly(amidoamine)organosilicon, and glycodendrimers./?3*]

4.3. Biomimetic Nanocarriers

With ongoing advancements in nano-preparation technologies,
various novel nanomaterials have been developed. However, syn-
thetic nanocarriers often have issues such as residual organic
solvents, compromised stability, and potential biosafety haz-
ards. The development of biomimetic carriers that emulate en-
dogenous nanostructures is a viable strategy to address these
challenges. Common biomimetic nanocarriers include proteins,
cells, exosomes, and cell membrane vesicles, and the advantage
of using endogenous substances as carriers is that they have bet-
ter biocompatibility, safety, and immune evasion functions. In ad-
dition, proteins or small molecules on the surface of biomimetic
carriers are also beneficial for the specific delivery of drugs to the
target sites.!12!]

Albumin, an abundant plasma protein synthesized by the liver,
is primarily responsible for transporting fatty acids and hor-
mones in the body and maintaining osmotic pressure in the
blood.l*2!] Albumin, a plasma protein abundantly synthesized by
the liver, plays a primary role in transporting fatty acids and hor-
mones and maintains osmotic pressure in the blood.*?!! Albu-
min has a variety of opportunities for surface modification and
interaction with different nanoparticles owing to the presence
of charged functional groups, including carboxylic and amino
groups.?22l Albumin nanoparticles are advantageous because
of their nontoxicity, nonimmunogenicity, excellent degradabil-
ity, biocompatibility, cost-effectiveness, manufacturing simplic-
ity, and ease of modification.[3%3-32%]

Neutrophils are immune cells that can cross the BBB.32] In
addition, it has been found that during the treatment of some
brain diseases, such as surgical removal of gliomas, the inflam-
matory factors released after surgery can induce neutrophils to
penetrate the BBB into the brain to reach the injury site.[3?] Thus,
neutrophils can be used as nanocarriers to enhance the brain tar-
geting of drugs using signals from inflammatory responses in
CNS diseases.

Exosomes facilitate intercellular communication by deliver-
ing functional molecules to cells, both locally and remotely.
They are 30-100 nm in diameter and exhibit a lipid bilayer
structure.3?83291 Exosomes mediate cell-to-cell communication
by transporting functional cargo.[***! Additionally, exosomes have
the advantages of low toxicity, modifiability, high biocompatibil-
ity, and specific targeting.**1-**}] Based on these properties, ex-
osomes have gained wide attention and application as a natu-
ral tool for drug delivery in the field of TCM treatment of CNS
diseases.[33#335] However, contemporary research has yet to fully
elucidate the mechanisms underlying exosome action, with sig-
nificant challenges remaining in their isolation and subsequent
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Figure 4. Schematic diagram of transport pathways across the blood-brain barrier. Created with BioRender.com.

storage.?3¢] However, this does not hinder exosomes from being
considered a new type of nano-TCM delivery carrier with broad
application prospects.

4.4. Hybrid Nanocarriers

Each form of nanocarrier has specific advantages and functions,
as well as disadvantages. For example, liposomes have problems
such as poor stability and easy drug leakage, some PNs have a
certain degree of cytotoxicity, and although dendrimers have a
perfectly symmetrical structure, their processing costs and prepa-
ration difficulties are still very high.3°"3%7] To maximize the ad-
vantages of nanocarriers and compensate for the defects, hy-
brid nanocarriers formed by the combination of two or more
organic/inorganic nanocarriers have been more promising drug
delivery strategies in recent years. Typically, hybrid nanocarriers
exhibit a core-shell structure that arises spontaneously from am-
phiphilic block copolymers. The functional superposition of dif-
ferent types of nanocarriers in the composition gives the hybrid
nanocarrier a higher drug loading rate, stability, and modifiabil-
ity, which is more beneficial for the development of BBB brain-
targeted drug delivery systems (Figure 3).[23*]

5. Delivery Strategy of Nano-TCM across the BBB

Numerous transport mechanisms exist for the delivery of nano-
TCMs to the brain via BBB targeting and are primarily classi-
fied into passive and active targeting modalities. Passive target-
ing typically involves substances with lower molecular weights
traversing the BBB into the brain through paracellular transport
or passive transcellular diffusion, whereas most other substances

Adv. Sci. 2024, 2308677

usually cross the BBB into the brain via active targeting, such
as carrier-mediated transport (CMT), receptor-mediated transcy-
tosis (RMT), adsorption-mediated transcytosis (AMT), and cell-
mediated transport (Figure 4). In addition to the aforementioned
administration strategy for direct trans-BBB transport into the
brain, nano-TCMs can also be transported to the brain by by-
passing the BBB via nasal delivery. Furthermore, nanotechnology
can enhance BBB permeability using physical in vitro devices,
enabling more efficient targeting of TCM components or active
ingredients to the brain; for example, new strategies for brain de-
livery, such as external magnetic field, photothermal effects, and
focused ultrasound, can be achieved.

5.1. Passive Targeting Drug Delivery
5.1.1. Paracellular Transport

Paracellular transport refers to the transport of molecules be-
tween adjacent cells. In the BBB, tight junctions between BMECs
result in very small intercellular voids (<1 nm),?%®] suggesting
that under normal physiological conditions, it is almost impos-
sible for a drug to cross the BBB via paracellular transport. Even
during pathological changes in severe CNS damage-related dis-
eases, the enhanced permeability of tight junctions only allows
the passage of molecules <20 nm.[** Therefore, whether the in-
tegrity of the BBB is normal or compromised, the chances of a
drug passing effectively through it to enter the brain are very low.

Research indicates that leveraging the unique properties of
specific herbs can facilitate drugs bypassing paracellular trans-
port barriers to penetrate the BBB and access the brain. Borneol,
a plant-based TCM categorized as a ‘Guide’ within the ‘Monarch,
Minister, Assistant, and Guide’ therapeutic framework, is known
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for its aromatic awakening effects, and can deliver herbal
medicines to the upper organs of the human body, especially
to the brain.3*) Additionally, recent studies have found that
borneol can improve BBB permeability by regulating the expres-
sion of claudins and occludins in the tight junctions between
BMECs to loosen tight junctions.3*1342] As a result, borneol is
commonly utilized to modify nanocarriers, thereby improving
their brain-targeting efficacy and enhancing BBB permeability.
Song et al. improved BBB permeability and brain targeting using
borneol-modified SLNs.3*l Wang et al. improved drug delivery
to the brain via intranasal administration of borneol-modified
puerarin flavone SLNs.[>* Borneol is often used in conjunction
with the treatment of various conditions associated with CNS
impairment, such as stroke, cerebral ischemia, brain cancer, AD,
PD, altered consciousness, coma, and meningitis.3* Meng et al.
synthesized borneol-modified doxorubicin polymer micelles for
GBM treatment to facilitate drug penetration into the brain via
the BBB.[**] Ding et al. prepared liposomes loaded with borneol
and angelica polysaccharides for the treatment of CIRI.3*]

5.1.2. Passive Transcellular Diffusion

Given that the BBB comprises an anisotropic lipid bilayer at the
molecular level,3*8] certain small lipophilic molecules, includ-
ing oxygen, carbon dioxide, and alcohol, can penetrate the brain
via passive transcellular diffusion.’°! Importantly, brain access
via this method is contingent on stringent criteria, including
high lipid solubility, a molecular weight of less than 400-500
Da, and fewer than nine hydrogen bonds.[') Moreover, lipophilic
molecules that infiltrate the brain via passive diffusion are cleared
by efflux pumps and are influenced by efflux transporters.3!3]
Therefore, TCM has rather limited access to the brain through
this pathway.

Contemporary technological approaches can enhance the
lipophilicity of drug molecules through lipid modifications, in-
cluding cyclization, acylation, halogenation, esterification, and
methylation,®! and can also facilitate transcellular lipophilic
transport by means of nanolipid carriers. Nanotechnological
modification of the molecular weight and lipophilicity of TCM
components can significantly boost brain-targeting efficiency via
passive transcellular diffusion. Sharma et al. prepared a rutin (a
flavonoid compound) nanoemulsion delivery system for transcel-
lular lipophilic transport into the brain to improve free radical-
induced oxidative stress PD pathology.>*] Xu et al. employed a
modified direct hydration methodology to encapsulate the anti-
cancer agent PTXL within a core-satellite architecture consisting
of polyethylene glycol (PEG)-b-poly(e-caprolactone) for the treat-
ment of glioma. Notably, it downregulated the expression of the
drug transporter P-glycoprotein during passive transcellular dif-
fusion, thus overcoming drug resistance.3>!

5.2. Active Targeting Drug Delivery
5.2.1. Carrier-Mediated Transport

BMECs possess a multitude of specific transporters on their sur-
face that are designed to recognize and bind endogenous sub-
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stances, including amino acids, glucose, fatty acids, carbohy-
drates, calcium ions, hormones, and choline, in a process known
as CMT.33! In line with the CMT approach, utilizing surface
modification techniques of nanocarriers can lead to the devel-
opment of compounds that can be specifically recognized and
bound for translocation across the BBB into the brain. For exam-
ple, Li et al. coupled ginkgolide B with the unsaturated fatty acid
docosahexaenoic acid and encapsulated it in liposomes for the
targeted treatment of CIRL.[>2]

Nevertheless, several factors can impede drug entry into
the brain via CMT. First, CMT is concentration-limited, and
molecules are usually transported in the direction of the concen-
tration gradient. Second, the number of transporters in CMT is
limited, and conformational changes occur after the identifica-
tion of endogenous substances. Third, CMT can only transport
substances that are structurally similar to the endogenous lig-
ands of the organism. Fourth, CMT transporters are widely dis-
tributed in various tissues and do not exhibit specific expression
patterns in the brain.[?”] Therefore, CMT strategies have fewer ap-
plications in brain-targeted delivery systems of nano-TCMs and
often require other designs.

5.2.2. Receptor-Mediated Transcytosis

RMT refers to the uptake of macromolecular substances, such
as hormones, growth factors, plasma proteins, proteins, and
enzymes, into the brain by specific RMT on the surface of
BMECs.[**354] RMT occurs primarily through clathrin-mediated
processes. When a macromolecular ligand binds to specific
receptors, the resultant ligand-receptor complex aggregates in
clathrin-coated pits on the cell membrane, and the membrane
invaginates to form vesicles. Upon entry into cells, these vesicles
give rise to early endosomes, within which the complexes dis-
sociate in an acidic environment, allowing ligands to either con-
tinue transcytosis into the brain or be degraded by lysosomes.313!
There are many receptors on the BBB involved in RMT, in-
cluding lactoferrin, transferrin, insulin, endothelial growth fac-
tor, amino acid, and tumor necrosis factor receptors.[21313] Ad-
ditionally, the upregulation of specific receptors occurs during
the pathological processes of certain CNS damage-related dis-
eases. Capitalizing on this property, nanocarriers can be surface-
functionalized using ligands corresponding to upregulated re-
ceptors to target drug-loaded nanoparticles via RMT across the
BBB into the brain.[***! For example, Pavlov et al. encapsulated
the antitumor drug PTXL within cerasomes, which were modi-
fied with the nonionic surfactant Tween 80, to facilitate targeted
treatment of GBM. It merits attention that Tween 80 binds to
apolipoproteins in the bloodstream and crosses the BBB via a
receptor-mediated route.[**] Qi et al. designed liposomes loaded
with docetaxel (DTXL), which were dual-modified with a lactofer-
rin receptor and muscone, to cross the BBB through a receptor-
mediated mechanism, ultimately bolstering the therapeutic ef-
fectiveness against glioma.[?3!

RMT is independent of the concentration gradient and exhibits
better specificity and brain targeting than CMT. However, compe-
tition with endogenous substances for a limited number of recep-
tors on the surface of BMECs is also a problem. In addition, there
is a potential for the drug to be degraded by lysosomes during its
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passage via RMT. Consequently, advancing drug delivery across
the BBB through RMT necessitates the synthesis of novel ma-
terials that demonstrate enhanced structural stability and evade
lysosomal degradation.

5.2.3. Adsorption-Mediated Transcytosis

AMT is the process by which a positively charged substance
comes in contact with a negatively charged plasma membrane
surface, producing an electrostatic effect that initiates endocy-
tosis, thereby facilitating the passage of the substance through
the BBB into the brain.3%’! Similarly, AMT strategies can be im-
plemented by the functional modification of nanocarriers. Drug-
loaded NPs can be cationically delivered to the brain via AMT.38
For example, Kamalinia et al. used cationized human serum albu-
min to deliver drugs into the brain via AMT, effectively preventing
apoptotic cell death in AD and ameliorating Af-induced learn-
ing deficits.>®) On the other hand, drug-loaded NPs can bind
to positively charged groups to enhance endocytosis, thereby im-
proving brain targeting. For instance, cell-penetrating peptides
(CPPs), typically composed of 5-30 amino acids and serving as
targeting vectors, are usually positively charged and amphiphilic,
enabling them to penetrate the plasma membrane and trans-
port molecules into cells;3>°) these CPPs are frequently utilized
to convey nano-TCM into the brain via the AMT strategy. Build-
ing upon this premise, Li et al. utilized the CPP dNP2 to mod-
ify liposomes for the targeted delivery of PTXL to gliomas in the
brain.?>®! Additionally, Caban et al. utilized positively charged
chitosan-modified PLGA NPs for the co-delivery of PTXL and
flurbiprofen, achieving precise targeting of the glioma tissue.[>%!

AMT has a lower affinity than RMT, lacks specificity, can oc-
cur in blood vessels at other sites, ] and has some toxic effects at
large doses.[3%2) However, the vesicles formed during AMT have a
larger volume, indicating that they can accommodate a drug with
a larger molecular weight.l! Furthermore, nanoparticles can es-
cape lysosomal degradation when crossing the BBB via the AMT
pathway!?’l and can serve as an auxiliary strategy for RMT. For
example, Liu et al. enhanced the bioavailability of baicalin and
its permeability across the BBB using PEGylated cationic solid
lipid nanoparticles loaded with a baicalin surface coupled with an
0X26 antibody (a transferrin receptor monoclonal antibody)!3%*!
that effectively relieved neuronal damage during CIRI by modu-
lating amino acid levels in the CSF after entering the brain. In
conclusion, AMT is a promising strategy for the targeted brain
delivery of nano-TCM.

5.2.4. Cell-Mediated Transport

In the context of this review, cell-mediated transport pertains to
the pathological processes in CNS diseases wherein cells such as
monocytes, neutrophils, and macrophages, which originate from
mononuclear cells, are extensively recruited and transported into
the brain parenchyma via circulation during the inflammatory
phase.[?

The traditional drug delivery system design avoids uptake by
immune cells as much as possible, while the contrary is true for
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the cell-mediated transport strategy, wherein drug molecules or
drug-loaded nanoparticles are embedded into cells with a spe-
cific tendency to become a “Trojan horse” that crosses the BBB
into the brain and releases the drug at the site of injury. Given
the improved drug delivery loading, targeting, and survival of
endogenous cells, this bio-nanotechnology is less cytotoxic and
immunogenic than artificially prepared materials and represents
a safer and more precise treatment strategy for targeting CNS
diseases.[**] For instance, Wang et al. devised a “Trojan horse” in
which PLGA nanoparticles loaded with PTXL were inserted into
mesenchymal stem cells, taking advantage of their tropism and
low immunity to tumor cells.3®! In addition, Du et al. capital-
ized on the exceptional BBB penetration capability of engineered
microglia (BV2 cells), utilizing them as a conveyance system to
transport PTXL-loaded liposomes, thereby efficiently delivering
the drug to glioma cells via characteristic extracellular vesicles
and tunneling nanotube transport mechanisms.[3¢¢]

However, cell-mediated transport also has some problems that
need to be addressed, such as premature release of loaded drugs,
clearance mechanisms of immune cells, and off-target dispersion
of drugs in the absence of inflammatory stimuli.l**33¢4] Nonethe-
less, cell-mediated transport strategies have opened new path-
ways for the development of nano-TCM delivery systems.

5.3. Intranasal Drug Delivery

In the mid-19th century, the speculation of a transmission path-
way between the brain and nasal cavity arose from the observa-
tion that a dye injected into the subarachnoid space appeared
in the deep cervical lymph nodes, a method that was first ap-
plied in 1989 to treat CNS diseases.**’] Unlike the delivery ap-
proach described above for the direct crossing of the BBB in ac-
tive or passive targeting, nasal delivery bypasses the BBB into the
CNS along the olfactory or trigeminal pathways (Figure 5).13%]
First, nasal administration is a noninvasive route that offers
rapid absorption and swift onset of action compared to conven-
tional intravenous administration.?*®! Second, unlike oral ad-
ministration, nasal administration avoids the first-pass effect of
the liver,’”% which is an excellent option for TCM with gen-
erally lower oral bioavailability. Furthermore, the incorporation
of viscous nanomaterials, such as hydrogels, can prolong the
adherence of drugs to the nasal mucosa, facilitating sustained
drug release. This mode of administration not only improves the
bioavailability of the drug but also contributes to patient com-
pliance and comfort.*”!] For instance, Huang et al. developed a
drug delivery system loaded with the volatile oil of Chaxiong mi-
croemulsion thermosensitive in situ gel by nasal administration
for the treatment of ischemic stroke.l*’!] Traditional volatile oils
derived from tea lovage rhizomes are characterized by low water
solubility, high volatility, and poor oral bioavailability. By prolong-
ing the retention time of the tea lovage volatile oil in the nasal
mucosa, the in situ gel further promoted the dissolution and per-
meation of the medicament via the nasal-brain route and effec-
tively improved its bioavailability. Similarly, Fonseca et al. used in
situ gelling liquid crystals in the nasal cavity as a delivery system
for resveratrol to mitigate the neuroinflammation and memory
deficits associated with AD.[3”2]
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Olfactory pathway

Figure 5. Schematic diagram of intranasal drug delivery. Drugs in the nasal cavity bypass the blood-brain barrier and enter the brain via olfactory or

trigeminal pathway.

However, from a practical standpoint, there is a risk that the
drug may be inadvertently inhaled into the lungs or ingested into
the gastrointestinal tract.l3”?]

Prolonged drug administration may exert toxic effects and
induce side effects on the nasal mucosa and ciliary structures
within the nasal cavity.l?”*

5.4. Physical Targeting Drug Delivery
Traditional drug delivery strategies rely on physiological path-

ways within the body. In recent years, physical methods, includ-
ing magnetic fields, photothermal effects, or focused ultrasound

Table 1. Summary of physical targeting drug delivery.

applied externally, have demonstrated significant potential in
enhancing the BBB permeability,?”>] as summarized in Table 1.

Magnetic nanoparticles have been extensively studied and uti-
lized for the localization, imaging, and treatment of CNS dis-
eases because of their distinctive magnetic properties. Iron ox-
ide nanoparticles (IONPs) are employed in magnetic resonance
imaging (MRI) and magnetically targeted drug delivery. The ap-
plication of a magnetic field in combination with IONPs disrupts
the tight junctions of the BBB, facilitating the seamless passage
of drug-laden IONPs into the brain.¥’®3”7] For instance, Wang
et al. developed a magnetically targeted drug delivery system us-
ing Fe;0,-modified resveratrol liposomes for PD (Figure 6).’%)
When used in conjunction with an external magnetic field, the

Nano-TCM Components
responsive to

physical signals

physical signals

Mechanism

Performance

Res-lips@Fe304[378] Fe;O, NPs Magnetic field

MSNs-AuNRs@QCTI38¢] AuNRs NIR-II light

CPC NPs[33] microbubbles Focused ultrasound

Magnetic targeting

Photothermal effect

cavitation effect

With high drug-loading capacity, stability, and strong magnetic
targeting. Facilitate drug penetration through the BBB under an
external magnetic field, increasing drug concentration at the target
site, and enhancing therapeutic efficacy.

Exhibits outstanding stability, biocompatibility, and high BBB
permeability. Significantly reduces neuronal damage, improving
neurofunctional disorders.

Enables local, non-invasive opening of the BBB, achieving targeted
delivery into the brain. Possesses high drug-loading capacity and
stability, effectively improving neural behavioral deficits.
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Figure 6. Preparation Flowchart of Res-lips@ Fe304 as a Novel Diagnos-
tic and Therapeutic Platform for PD. Reproduced with permission.l378l
Copyright 2018, American Chemical Society.

exhibited magnetic responsiveness enhanced BBB permeability
and MRI diagnostic capabilities. This demonstrates the viability
of the magnetic targeting approach and offers a novel concept
for treating CNS diseases using nano-TCMs that cross the BBB.
Notably, unmodified magnetic nanoparticles not only tend to ag-
gregate and block capillaries but also exhibit cytotoxicity.!3*-3%]
However, in recent years, an increasing variety of inorganic and
organic coating materials have been developed to prevent the ag-
glomeration of magnetic nanoparticles, enhance their stability,
and reduce their toxicity.?81-383]

Near-infrared (NIR) light, which can penetrate tissues, is appli-
cable in biological settings.*®**) NIR irradiation can penetrate up
to 2.4 mm beneath the scalp and skull, creating a ‘biological win-
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dow’ that serves as a conduit for drug delivery.3®°] A photother-
mal effect-driven brain-targeting nano-TCM delivery system can
be achieved by amalgamating various nanomaterials with pho-
tothermal capabilities to transport TCM. Augmenting BBB per-
meability through photothermal effects has broad applicability in
the treatment of CNS diseases. Liu et al. engineered a nanocom-
posite featuring an egg yolk-like shell structure that encapsulated
mesoporous silica-coated gold nanorods loaded with QCT for PD
therapy (Figure 7).*%) Upon NIR-II irradiation, gold nanorods
modulated NIR-induced surface plasmon resonance,**’! causing
irradiated electrons to return to the ground state and emit sub-
stantial heat. This photothermal effect increased BBB permeabil-
ity, significantly enhanced the delivery efficiency of QCT to the
brain, and markedly reduced neuronal damage and associated
dysfunction in PD models. In terms of safety, the interaction be-
tween NIR-II light and biological tissues is extremely weak, with
minimal phototoxicity and excellent tolerance. However, because
most nanomaterials used in conjunction with NIR-II are derived
from the modifications of materials previously associated with
NIR-I, their light absorption capacity and biocompatibility have
not yet reached optimal levels. Careful consideration is required
for the selection and design of nanomaterials for various appli-
cations, and strict control of the toxic side effects associated with
nanomaterials is essential.*®*] However, advancements in laser
technology suggest that the use of this photothermal effect in
nano-TCMs has a vast potential for application.

Focused ultrasound (FUS) directs sound wave energy to spe-
cific areas within the body such as the BBB to reversibly open
tight junctions between endothelial cells. This is achieved by us-

J \ \ —> W <«—|L
T i
— S W=11.7 nm
L=68.1nm

Figure 7. lllustration of the fabrication process for MSNs-AuNRs@ QCT and a schematic depiction of its mechanism for crossing the BBB under NIR-II
irradiation. Reproduced with permission.[336] Copyright 2020, American Chemical Society.
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Figure 8. Using FUS technology for noninvasive targeted delivery of CPC

nanoparticles across the BBB for the treatment of PD. Reproduced with
permission.[38°] Copyright 2018, Ivy Spring International Publisher.

ing microbubble contrast agents that generate oscillatory and cav-
itation effects, thereby creating a brief period during which drugs
can be more effectively targeted to the brain.*®¥! Zhang et al. for-
mulated a delivery system that encapsulated CUR in polysorbate
80-coated cerasomes (CPC) and used ultrasound-targeted mi-
crobubble destruction to augment PD treatment (Figure 8).%)
A notable 1.7-fold increase in CUR accumulation was observed
within the left striatum of mice compared to that in the right
striatum, 6 h after the administration of CPC and microbubbles.
Additionally, this combined treatment significantly improved
dopamine levels and reduced behavioral deficits in PD mice
within a mere two weeks. These findings underscore the effi-
cacy of FUS-binding microbubbles in achieving noninvasive lo-
cal disruption of the BBB, facilitating the targeted delivery of
CPC nanoparticles to specific brain regions. However, the use
of ultrasound-mediated targeted therapy is not yet widespread
and requires further investigation and refinement. Excessively
high sound pressure may result in intense microbubble cavita-
tion and consequent damage to adjacent tissues,?%! potentially
leading to adverse outcomes and brain injuries, including hem-
orrhage and inflammation.['?! Nonetheless, there is reason to
believe that with ongoing technological advancements, this in-
novative FUS-based targeted therapy will inevitably emerge as a
safer and more efficacious treatment modality for CNS diseases.

6. Application of Nano-TCM in the Treatment of
CNS disease

With the advent of diverse systems, such as inorganic nanocarri-
ers, organic nanocarriers, and inorganic/organic hybrid nanocar-
riers, nano-TCM has advanced significantly in the realm of drug
delivery for CNS disease treatment. Researchers have explored
various therapeutic strategies to cross or circumvent the BBB.
Combined with innovative preparation methods, such as high-
pressure microfluidization, microwave technology, supercritical
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fluid technology, vacuum freeze-drying, media milling, precipita-
tion, dialysis, self-assembly, and spray drying, TCM has been re-
formulated into nanoscale formulations.[**! Through these mod-
ern techniques, highly effective TCM components with low BBB
permeability and reduced bioavailability have been successfully
targeted to the cells and tissues of the CNS (Table 2). To this
end, we examined the research on nano-TCM applications in this
field, categorized by specific CNS diseases.

6.1. Alzheimer’s Disease

Rhynchophylline (RIN), a tetracyclic oxindole alkaloid from
Uncaria species used in traditional Chinese medicine,? can
mitigate soluble Ap-induced hyperactivity in hippocampal
neurons and is frequently employed in therapies for CNS
disorders.[3}] However, its brain bioavailability is compromised
by its low solubility, poor bioavailability, and challenges in BBB
penetration.[**] Xu et al. employed a precipitation method to
develop mPEG-PLGA nanoparticles encapsulating RIN, which
was additionally modified with Tween-80, for enhanced AD ther-
apy (Figure 9A).3%] These nanoparticles are spherical with an
average diameter of 145.2 nm, a drug loading capacity of 10.3%,
and an encapsulation efficiency of 60%. The Tween 80 coating
on these nanoparticles facilitated binding to apolipoprotein E,
thereby enhancing RIN transport across the BBB via RMT.39637]
In an in vitro BBB model, T80-NPS-RIN exhibited a higher
cellular uptake rate and the ability to form tight connections. In
vivo studies showed that, following intravenous administration,
T80-NPS-RIN achieved the highest peak plasma concentration
relative to free RIN or NPS-RIN. Additionally, the area under
the curve (AUC) for T80-NPS-RIN was approximately three-fold
higher than that of free RIN, with a notably lower clearance rate
(Cl). Furthermore, in the apoptosis assays, all groups demon-
strated a decrease in cell death, with the T80-NPS-RIN group
exhibiting the most substantial reduction of 8.18%. These results
indicate that T80-NPS-RIN can penetrate the brain via BBB trans-
porters, potentially offering superior neuroprotection. Similarly,
Kuo et al. formulated phosphatidylcholine liposomes infused
with rosemarinic acid, CUR, epigallocatechin gallate, and QCT
designed for brain-targeted drug delivery through surface cross-
linking with glutathione and apolipoprotein E to mitigate AD
by inhibiting tau protein hyperphosphorylation.**®) Kuo et al.
engineered a compound featuring lactoferrin-modified RMP-7
(a bradykinin analog) with QCT-encapsulated liposomes, which
facilitated the BBB traversal of QCT via the RMT pathway for neu-
ronal protection in AD.3%! Pinheiro et al. developed transferrin-
functionalized lipid nanoparticles (SLNs and NLCs) carrying
QCT, which traversed the BBB through transferrin receptors
abundantly expressed on brain endothelial cells, offering a
potential AD treatment by preventing ff-amyloid aggregation.[*?]

In addition to polymer and lipid-based nanocarriers,
biomimetic nanocarriers have gained prominence in AD
therapy. Gao et al. engineered a biomimetic core-shell nanos-
tructure for encapsulating CUR within human serum albumin
nanoparticles, which were then disguised with erythrocyte mem-
branes. They attached T807 (a positron emission tomography
imaging agent with neuronal cell-binding specificity) 14?2 and
triphenylphosphine (a mitochondria-targeting ligand)!*®! to the
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Figure 9. Application of nano-TCM treatment strategies in AD. A) T80-NPS-RIN can efficiently traverse the blood-brain barrier (BBB) and exert a sub-
stantial neuroprotective effect in the treatment of AD. Reproduced with permission.[3%] Copyright 2020, DOVE Medical Press. B) CUR-loaded T807/TPP-
RBC-NPs, developed utilizing bionic nanotechnology, can address AD by mitigating mitochondrial dysfunction. Reroduced with permission.[*%4] Copy-
right 2020, Elsevier. C) A hybrid nanoparticle comprising exo-liposomes facilitates the delivery of CUR to the brain for AD therapy. Reproduced with

permission.[“08] Copyright 2021, Elsevier.

membrane surface using an NHS-amino coupling reaction for
AD treatment (Figure 9B).[***l The synergistic action of these
two functional groups on the surface not only facilitated BBB
penetration but also enhanced the targeting of neuronal mito-
chondria. In in vivo pharmacokinetic studies, these CUR-loaded
nanoparticles showed an extended circulation time. Neuronal tar-
geting was evidenced by pronounced intracellular fluorescence
and mitochondrial colocalization. Furthermore, to ascertain
BBB penetration, live imaging revealed a substantial brain distri-
bution of these CUR-loaded nanoparticles, achieving a 5.6-fold
increase in brain CUR concentration compared to free CUR.
Additionally, the researchers quantified oxidative stress biomark-
ers (SOD, H,0,, y-glutamyl transferase, and malionaldehyde),
noting that these nanoparticles markedly decreased oxidative

Adv. Sci. 2024, 2308677

stress. The Morris water maze test results indicated enhanced
cognitive function. These studies confirm that the biomimetic
nanodelivery system is a viable therapeutic approach for AD. In
a similar vein, Qi et al. crafted plasma exosomes encapsulating
QCT, enhancing its bioavailability and brain targeting to allevi-
ate cognitive deficits in AD rats through the inhibition of tau
protein phosphorylation and subsequent neurofibrillary tangle
formation.l*®] Wang et al. engineered CUR-infused exosomes
that thwarted tau protein hyperphosphorylation through the
AKT/GSK-3p pathway, thereby enhancing learning and cognitive
abilities in AD mice.[*%]

Although biomimetic nanomaterials have improved biocom-
patibility and safety profiles, their extraction is typically complex
and costly, with low encapsulation efficiencies.[*”! Consequently,
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the proposition of a biomimetic-based hybrid nanocarrier aims
to amalgamate the merits of various nanomaterials and circum-
vent adverse reactions. For instance, Fernandes et al. synthesized
exosome-mimicking liposomes (exoliposomes) using a thin-film
hydration method to facilitate CUR delivery to the brain, rep-
resenting a novel methodology for AD therapy (Figure 9C).[*°8]
These exosome-analogous liposomes incorporated DODAP (1,2-
dioleoyl-3-dimethylammonium-propane) to boost CUR encapsu-
lation. Its sub-200 nm dimensions facilitate BBB traversal via
lattice protein-mediated endocytosis.[*®! In neuroprotection as-
says using a cell model subjected to oxidative stress, the efficacy
of CUR-encapsulated exoliposomes surpassed that of free CUR.
Moreover, the group treated with CUR-encapsulated exolipo-
somes exhibited diminished ROS levels and decreased apoptosis
rates. In summary, exoliposomes demonstrated non-cytotoxicity
and effectively mitigated apoptosis induced by oxidative stress,
offering neuroprotection and a safer and more innovative thera-
peutic avenue for AD.

6.2. Parkinson’s Disease

Researchers have examined multiple nanotechnology-based
methodologies for the treatment of PD to enhance drug deliv-
ery precision and therapeutic efficacy. Liu et al. employed a re-
precipitation technique to synthesize a self-assembling nanofor-
mulation (NanoCA) composed of CUR analogs (CA) and PEG
intended for brain-targeted PD therapy via nasal administration
(Figure 10A).*1% This CA can selectively bind to the basic helix-
loop-helix transcription factor EB (an autophagy regulator)/!!]
and activate the target, thereby promoting autophagic degrada-
tion and exosomal release of a-syn for neuroprotection. NanoCA
possesses a particle size of 131.1 nm, a drug load capacity of
26.95%, and exhibits outstanding slow-release and stabilization
characteristics. In vitro, NanoCA enhanced cellular autophagy
and facilitated exosome-mediated clearance of a-syn. In vivo, af-
ter intranasal administration in mice, CA levels in the olfactory
bulb tissue and CSF increased, indicating the drug entered the
olfactory bulb directly through the olfactory nerve and diffused
to distant parts of the brain via the CSF. Moreover, the nasal ad-
ministration of NanoCA ameliorated memory impairment, gait
disorders, and anxiety. Furthermore, in the NanoCA group, there
was a higher density of olfactory bulb neurons with elevated ex-
pression of tyrosine hydroxylase (TH), a biomarker of dopamin-
ergic neurons, and a significant increase in striatal dopamin-
ergic fibers and TH-positive neurons. In summary, nasally ad-
ministered NanoCA demonstrated significant neuroprotection
by clearing a-syn from the brain. This noninvasive approach
offers a promising option for long-term PD treatment. Simi-
larly, Chen et al. fabricated a slow-release mPEG-PLGA polymer
nanomedicine containing Schisantherin A to enhance the BBB
penetration, brain uptake, and anti-Parkinsonian activity of the
drug.141?]

Compared to nanocarriers such as the aforementioned poly-
mers, biomimetic nanocarriers hold greater promise in PD ther-
apy owing to their superior biocompatibility and safety profile.
Liu et al. formulated CUR-loaded biomimetic liposomes (BLIPO-
CUR,) through a process of repeated freeze-thaw cycles involving
CUR-loaded liposomes and natural killer (NK) cell membrane
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fragments from mice and subsequently administered them via
meningeal lymphatic vessels (MLVs) for targeted PD therapy
(Figure 10B).l*13] NK cell-modified BLIPO-CUR is capable of tran-
sitioning from the cervical lymph nodes to MLVs, thereby cir-
cumventing phagocytosis to achieve brain-targeted neuroprotec-
tion. The particle size of BLIPO-CUR was determined to be ap-
proximately 82 nm (permeable to lymphatic vessels), with a drug
loading efficiency (LE) and encapsulation efficiency (EE) mea-
sured at 12.6 = 0.3% and 66.7 + 2.1%, respectively. The deliv-
ery efficiency of biomimetic liposomes through the MLV path-
way to the brain is approximately 20 times that of the brain—
blood system. In vitro experiments demonstrated that the rates
of apoptosis and the number of ROS-positive cells were signif-
icantly diminished by BLIPO-CUR. In vivo, the formulations
were administered subcutaneously to mice via the cervical lymph
nodes. Fluorescence imaging confirmed that BLIPO-CUR suc-
cessfully reached the brain via the MLV pathway. Behavioral as-
sessments validated the efficacy of BLIPO-CUR, which improved
memory and alleviated anxiety in PD mice. Histological analysis
showed enhanced survival of dopaminergic neurons, along with
reduced ROS and a-syn levels in the group that received sub-
cutaneous injections of BLIPO-CUR compared with the control
group. The aforementioned experiments illustrate that BLIPO-
CUR possesses enhanced immune evasion and brain-targeting
capabilities and can effectively deliver the active constituents of
TCM through the MLV pathway for the treatment of PD. Sim-
ilarly, Liu et al. prepared biomimetic nanoparticles for the tar-
geted therapy of PD utilizing membranes from substantia ni-
gra dopaminergic neurons (MES23.5 cells) modified with QCT-
containing poly(vinylpyrrolidone).*!*l The emergence of such
biomimetic nanocarriers could provide a novel pathway and con-
cept for PD treatment.

In recent years, with the expanding applications of nanotech-
nology in PD therapy, there has been growing interest in employ-
ing extracorporeal physical devices as adjunct modalities to en-
hance BBB permeability. Yao et al. synthesized a zeolitic imida-
zolate framework-8 coated with a Prussian blue nanocomposite
containing QCT (ZIF-8@PB-QCT) using a vacuum freeze-drying
method, which was directed through the BBB using NIR and ap-
plied it in PD treatment to ameliorate mitochondrial dysfunction
and reduce ROS levels (Figure 10C).[**>] The ZIF-8 @PB nanopar-
ticles were cubes with an average size of 107 nm, whereas the
ZIF-8@PB-QCT nanoparticles displayed fuzzy boundaries and
were larger in size. This porous structure facilitated a high drug
loading capacity of 23.5% and an encapsulation efficiency of
61.3%. Under an 808 nm NIR laser, the temperature of the so-
lution increased from 33.0 °C to 48.2 °C, which enhanced the
release of QCT from 13% to 77.96%, underscoring the excel-
lent photothermal properties of NIR-induced drug release. In
vitro, the permeability of ZIF-8@PB-QCT increased by 1.67-fold,
which further increased by 2.67-fold upon NIR exposure. Addi-
tionally, ZIF-8 @PB-QCT+NIR irradiation significantly reduced
apoptosis and ROS levels. In vivo, the ZIF-8@PB-QCT+NIR
group exhibited the greatest brain accumulation in vivo, as evi-
denced by a 4.3-fold increase in the AUC,, value. Furthermore,
treated PD mice demonstrated significant improvements in mo-
tor function and brain glucose metabolism, increased TH+ neu-
ron levels, and potential normalization of the indicators of in-
flammation and mitochondrial function. In summary, the inte-
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Figure 10. Application of nano-TCM in PD treatment strategies. A) NanoCA was administered to the brain through the nasal route to clear a-synuclein for
PD treatment. Reproduced with permission.[*1% Copyright 2020, American Chemical Society. B) Brain-targeted delivery of BLIPO-CUR through the MLV
pathway for AD treatment. Reproduced with permission.[*13] Copyright 2023, American Association for the Advancement of Science. C) NIR-assisted
delivery of ZIF-8@PB-QCT into the brain can ameliorate mitochondrial dysfunction in PD treatment. Reproduced with permission.[*13] Copyright 2021,
American Chemical Society.
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Figure 11. Application of nano-TCM treatment strategies in stroke. A) DGA nanoparticles with ROS-responsive function regulate microglia polariza-
tion by inhibiting HMGB1 secretion and play a neuroprotective role in ischemic stroke. Reproduced with permission.[#17] Copyright 2023, Elsevier. B)
Brain-targeted BO-BA-LP can treat CIRI by inhibiting the HIF-1a/VEGF/eNOS/NO signaling pathway. Reproduced with permission.[*2'] Copyright 2023,
Elsevier. C) NUS-L-Ps cross the BBB to treat CIRI with the help of the electrostatic interaction of cationic liposomes and the inflammatory chemotaxis
of neutrophils. Reproduced with permission.[42°] Copyright 2021, Tsinghua Press, co-published with Springer-Verlag GmbH.

gration of nanotechnology and NIR significantly improves the
penetration of TCM. This noninvasive, targeted therapy involv-
ing physical devices and nano-TCM holds promise for future PD
treatment.

6.3. Stroke
During cerebral ischemia, high-mobility group box 1 (HMGB1)
binds to microglia, promoting M1 polarization and exacerbat-

ing inflammation.I*1® However, 18 f-glycyrrhetinic acid (GA)
derived from Glycyrrhiza glabra inhibits HMGB1 intranuclear

Adv. Sci. 2024, 2308677

translocation, thereby mitigating proinflammatory responses.!
Jin et al. developed ROS-responsive PNs of GA conjugated to
diethylaminoethyl-dextran (DGA) using a self-assembly method,
aiming to modulate microglial polarization and exert neuropro-
tective effects in ischemic stroke by inhibiting HMGB1 secre-
tion (Figure 11A).147] DGA nanoparticles are homogeneous and
spherical, with a particle size of 104.8 nm. In vitro, a reduction in
HMGBI1 and increased CD16/32 expression were observed in the
cell model group, whereas DGA preserved HMGB1 within the
nucleus and decreased CD16/32 fluorescence intensity by 56.0%.
These findings were corroborated by in vivo staining of injured
brain cells. In the stroke model mice, the DGA group displayed
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the smallest brain infarct area (7.0%), enhanced spontaneous
neuronal maturation and regeneration in the damaged regions,
and significant improvements in behavioral tests. In conclusion,
a nanodelivery strategy using DGA is an effective treatment ap-
proach for stroke. Similarly, Yang et al. developed CUR-loaded
PNs to treat cerebral hemorrhage by inhibiting ferroptosis.[*]
Lu et al. encapsulated resveratrol in PNs and combined it with
endovascular thrombectomy to treat CIRI in aortic occlusion
strokes.[*1°] Shen et al. developed ginsenoside Rgl-loaded PNs to
treat cerebral infarction complicated by diabetes mellitus using
receptor-mediated transferrin transport across the BBB.[420]

Notably, these nanocarriers can be combined with specific
herbal medicines that enhance BBB permeability, thereby of-
fering additional therapeutic options for stroke treatment. Long
et al. prepared borneol-baicalin liposomes (BO-BA-LPs) using
a reverse evaporation method to treat CIRI (Figure 11B).[**!]
Baicalin, an effective flavonoid for treating CIRI, has clinical
limitations owing to its low solubility and difficulty crossing
the BBB. However, borneol enhances BBB permeability and im-
proves brain targeting. In vitro, BO-BA-LPs demonstrated sig-
nificantly higher transmittance (87.49%) compared to BA-LP
(54.65%), confirming borneol’s efficacy in enhancing baicalin’s
BBB penetration. In vivo, BO-BA-LPs displayed higher AUC val-
ues and maximum baicalin concentrations in both the plasma
and brain tissues than the other groups. Moreover, the BO-BA-
LP group demonstrated the most favorable outcomes in behav-
ioral scores and cerebral edema measurements, with a signif-
icant reduction in neuronal necrosis and an increase in Nissl
bodies within the injured area upon pathological examination,
indicating a superior protective effect on brain tissue. Similarly,
Zhang et al. utilized BO-BA-LPs to enhance BBB permeability
and pharmacokinetics and ameliorate CIRL!*?] Ly et al. mod-
ified ginkgolide liposomes with borneol to increase BBB per-
meability and brain uptake, targeting the treatment of ischemic
stroke and cerebral infarction.[*?3] Yuan et al. developed a nanos-
tructured lipid carrier incorporating tanshinol borneol ester with
PEG modification, which was intended to improve sustained re-
lease, BBB permeability, and antioxidant activity for the treatment
of CIRLI*?l In conclusion, leveraging the brain-targeting prop-
erties of borneol, along with the physicochemical characteristics
of nanocarriers, presents a promising approach for enhancing
drug delivery through the BBB, which is potentially applicable to
stroke and other CNS disorders.

Given the pathological mechanism of stroke, a tailored nan-
odelivery strategy can more effectively target stroke treatment.
Liu et al. engineered a “Trojan horse” system, loading puer-
arin into cationic liposomes with neutrophils serving as carriers
(NUS-L-Ps), based on the CIRI-induced inflammatory response
(Figure 11C).l*”] Puerarin, an isoflavone derivative from Puer-
aria lobata, has antioxidant and ROS-scavenging effects but has
low solubility and BBB permeability.l*?%] Employing the electro-
static effects of L-Ps for higher drug loading and inflammatory
factor chemotaxis of neutrophils to transport puerarin across
the BBB optimized their neuroprotective potential. L-Ps are uni-
formly spherical with a particle size of 107.26 + 0.55 nm, a zeta
potential of 33.30 + 1.93 mV, and a drug loading capacity of 2.22
+ 0.57%. In vitro, NUS-L-Ps showed limited penetration under
non-inflammatory conditions but significantly higher trans-BBB
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concentrations under inflammation. In vivo, the fluorescence in-
tensity in the brains of the NUS-L-P group was three times higher
than that of the control group after 8 h and primarily concentrated
in the ischemic hemisphere. Furthermore, NUS-L-Ps markedly
reduced the infarct area, and behavioral assessments showed sig-
nificant improvements in spatial learning, motor function, and
memory. In conclusion, NUS-L-Ps can effectively respond to in-
flammatory chemokines, actively target the site of brain injury,
and effectively treat CIRI. This design concept, which involves se-
lecting various nanocarriers for combined use based on the appli-
cation challenges of TCM and the pathological features of CIRI,
offers a promising strategy for drug delivery in the brain-targeted
treatment of ischemic stroke.

6.4. Brain Tumors

Researchers have rigorously pursued advancements to improve
the efficacy of polymer nanocarriers for brain cancer therapy.
Di Mascolo et al. engineered an integrable polymeric nanocar-
rier using a sonication/evaporation method, utMESH, for the pro-
longed delivery of anti-GBM therapeutic agents PTXL and DTXL
(Figure 12A).*”] This uMESH was constructed by embedding a
PLGA micronetwork on a polyvinyl alcohol microlayer. Four dis-
tinct therapeutic formulations were developed, each demonstrat-
ing sustained drug release for a minimum of 150 days. In vivo,
the survival rates of the GBM model mice treated with these for-
mulations were significantly enhanced, with the median survival
in the nanoPTXL-uMESH group increasing from 32.5 to 75 days,
and reaching 90 days in the PTXL-uMESH group. Furthermore,
60% and 80% of the mice in the nanoDTXL-uMESH and DTXL-
UMESH groups, respectively, survived the 90-day observation pe-
riod. Additionally, analysis of brain tissue sections revealed a re-
duction in malignant regions in all UMESH-treated groups when
compared to the control group. In conclusion, the sustained de-
livery of anticancer drugs using integratable PNs uMESH can ef-
fectively prevent GBM progression. Similarly, Chen et al. modi-
fied PTX-loaded PEG-PLA PNs with CPPs to enhance the brain-
targeting capability of PTXL for the treatment of gliomas.[*?#]
Sun et al. synthesized PTXL-loaded transferrin receptor-targeting
PEG-PLA polymer micelles for glioma therapy.[*?°l Liu et al. syn-
thesized a QCT-infused polyphenolic polymer designed to inhibit
brain tumor growth by disrupting the tumor vasculature and di-
minishing neovascularization.[**]

Recent advancements in drug delivery platforms combin-
ing nanotechnology with physical devices have significantly
advanced targeted brain cancer treatment research. Reichel
et al. used a dialysis method to develop a visualized fluorescent
nanoparticle platform for guided drug delivery in GBM utilizing
near-infrared fluorescence (NIRF). It consisted of ferumoxytol
(FMX) loaded with the antitumor drug PTXL conjugated to
heptamethine carbocyanine (HMC) (Figure 12B).*! FMX,
an MRI-sensitive superparamagnetic iron oxide nanoparticle,
in conjunction with HMC, a NIRF ligand that targets organic
anion-transporting polypeptides overexpressed in GBM, merges
magnetic and fluorescent properties to facilitate effective delivery
of PTXL across the BBB into tumor tissues. In the ex vivo brains
of mice injected with HMC-FMX, intense fluorescence was
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observed in the region of GBM tumors, whereas fluorescence
in other areas was minimal. This indicates that HMC-FMX can
penetrate the BBB and target GBM tumors in situ in mice. In
vivo, the HMC-FMX (PTXL) group exhibited higher IC50 values
compared to the other groups along with a marked reduction in
cell viability (56.4%) and an increase in both early (28.0%) and
late (12.1%) apoptotic cells. Furthermore, HMC-FMX (PTXL)
significantly reduced the viability and spheroid-forming ability
of migratory GBM cancer stem cells (CSCs) originating from
GBM patient-derived cell lines. In vitro, HMC-FMX (PTXL) sig-
nificantly inhibited tumor growth and extended median survival
by 28%. In conclusion, HMC-FMX (PTXL) can cross the BBB
to penetrate GBM tissues and accumulate persistently, thereby
effectively reducing tumor volume and enhancing survival rates.
Additionally, HMC-FMX can serve as a fluorescent probe to label
tumors and facilitate visual resection owing to its fluorescent
imaging capabilities. Similarly, Will et al. developed a novel
tLyP-1-modified, dopamine-f-cyclodextrin-coated nanoparticle
system loaded with PTXL and manganese dioxide for glioma
therapy.l**?] On one hand, the nanoparticles enabled real-time
tumor monitoring through MRI. In contrast, the nanoparticles
mitigated hypoxia-mediated chemoresistance through the re-
lease of O, by MnO, and facilitated the delivery of PTXL across
the BBB directly to the tumor site, thereby potentiating the
chemotherapeutic effect.

Furthermore, the integration of bionanotechnology with
physical devices offers an enhanced potential. Sonabend et al.
utilized low-intensity pulsed ultrasound with the concurrent
administration of intravenous microbubbles (LIPU-MB) to open
the BBB in combination with an albumin-bound PTXL formula-
tion (ABX) for the treatment of recurrent GBM (Figure 12C).[*33]
Intravenously injected microbubbles, when stimulated by ul-
trasound, generate mechanical stress on the endothelial walls
of the brain capillaries, thereby opening the BBB to enhance
permeability. Previous studies have observed that ultrasound
combined with ABX can increase PTXL concentration and
prolong survival.**l A phase 1 clinical trial involved implanting
a nine-emitter ultrasound device in patients with recurrent GBM
after resection and administering variable intravenous doses of
ABX. Imaging analyses one-hour post-ultrasound revealed BBB
disruption in LIPU-MB-targeted brain regions. Pharmacokinetic
analysis indicated that the mean PTXL concentration in the
brain was 3.7 times higher than that in the non-ultrasound
group. In conclusion, LIPU-MBs can effectively disrupt the BBB,
facilitating the safe and repeated delivery of anticancer drugs
into the brain for recurrent GBM treatment. Similarly, Wang
et al. developed a PTX-containing biomimetic hypoxia-triggered
RNA interference nanomedicine to synergistically enhance
chemotherapy and radiotherapy for the treatment of glioma.[*]
Meng et al. engineered an extracellular vesicular bionic nanopar-
ticle encapsulating PTX and indirubin green combined with
NIRF imaging for guided hyperthermia and chemotherapy for
the treatment of glioma.!**¢]

www.advancedscience.com

6.5. Other CNS Diseases

In addition to the four prevalent CNS diseases mentioned above,
nano-TCM technology has been applied to the treatment of var-
ious other CNS disorders. Luo et al. used a dialysis method to
synthesize novel green and non-toxic negatively charged Taoren-
Honghua carbon dots (TH-CDs) for intravenous use, employ-
ing hydrothermal synthesis to treat traumatic brain injury (TBI)
(Figure 13A).[#71 TBI often results in disruption of the BBB, al-
lowing undesired molecules to enter the brain tissue and cause
pathological changes, including neuroinflammation, neuronal
necrosis, and cerebral edema. Most patients with TBI experience
a loss of consciousness and require rapid intervention. Taoren
and Honghua exhibit neuroprotective effects against TBI; how-
ever, their limited oral bioavailability restricts their clinical use.
TH-CDs address the first-pass effect through intravenous injec-
tion and repair the BBB for TBI treatment via AMT, facilitated by
electrostatic interaction with claudin5, with particle sizes rang-
ing from 2-5 nm and a zeta potential of —29.7 mV. In vivo,
mice with TBI injected with TH-CDs exhibited reduced neuro-
logical impairment, decreased cerebral water content, and miti-
gated neuronal damage, including nuclear atrophy, reduced cell
volume, and disruption of Nissl bodies. Additionally, both Evans
blue staining and pathological extravasation of IgG were signifi-
cantly reduced in the TH-CDs group, and the expression of ZO-1
and claudin-5 was upregulated. In conclusion, TH-CDs are not
only green and non-toxic, but also effective in improving neu-
ronal damage, reducing brain edema, enhancing neurological
function, and repairing damaged BBB in the pathological process
of TBL

Gharaibeh et al. developed CUR-containing solid lipid
nanoparticles (SLCPs) to ameliorate neurological deficits in
Huntington’s disease (HD), a hereditary neurodegenerative dis-
order characterized by cognitive, psychiatric, and motor symp-
toms (Figure 13B).1**®] The primary pathological mechanism in-
volves the deletion of brain-derived neurotrophic factor (BDNF)
and alterations in its receptor (TrkB) in medium spiny neurons
(MSNs). Additionally, the substantial release of the postsynaptic
membrane protein PSD-95 disrupts synaptic transmission and
leads to corresponding alterations in neurological function. In
an active avoidance task, mice administered SLCPs via gavage
for eight weeks demonstrated significantly reduced avoidance la-
tency. Golgi-Cox staining showed that the number and length
of dendritic branches, as well as the density of dendritic spines
in MSNs, were significantly greater in the SLCP-treated group
than in the other groups. Furthermore, in western blot analyses,
BDNF and TrkB levels were increased, while PSD95 levels were
decreased in the SLCP-treated group. In conclusion, this study
suggests that SLCPs can alleviate the pathological and cognitive
deficits in HD mice, offering significant potential for future HD
treatments.

Gao et al. employed an ultrasound technique to produce
berberine-loaded M2 macrophage-derived exosomes (Exos-Ber)

Figure 12. Application of nano-TCM treatment strategies in glioma. A) An integrable polymeric nanocarrier tMESH for the sustained delivery of anti-
GBM therapeutics PTXL and DTXL. Reproduced with permission.[*?7] Copyright 2023, American Chemical Society. B) HMC-FMX (PTXL) combined
with NIRF on a fluorescent nanoparticle platform for targeted drug delivery and visualization during intraoperative resection of GBM. Reproduced with
permission.l*31] Copyright 2020, American Chemical Society. C) Delivery of ABX for recurrent GBM through repeated disruption of the BBB using an
implantable ultrasound device (LIPU-MB). Reproduced with permission.[*33] Copyright 2023, Elsevier.
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Figure 13. Application of nano-TCM treatment strategies in other CNS diseases. A) Intravenous injection of green, non-toxic, functionally negatively
charged TH-CDs to repair the BBB for TBI treatment. Reproduced with permission.[*3”] Copyright 2022, Tsinghua Press, co-published with Springer-
Verlag GmbH. B) SLCPs protect the morphology of medium spiny neurons and ameliorate memory and learning deficits in HD model mice. Reproduced
with permission.[#38] Copyright 2020, MDPI. C) Exos-Ber treats SCI by promoting the polarization of the M1 phenotype to the M2 phenotype. Reproduced

with permission.[334] Copyright 2021, Elsevier.

for the treatment of spinal cord injury (SCI) (Figure 13C).33
In SCI, an irreversible loss of motor neurons occurs, leading to
sensory and motor dysfunction, which severely affects the pa-
tient’s quality of life. A key aspect of the SCI secondary injury
mechanism is the inflammatory response, which involves the im-
mune activation of macrophages/microglia and the activation of
a predominantly proinflammatory, classically activated (M1) phe-

notype. Inflammation can be effectively mitigated by promoting
the polarization of the M1 phenotype to an anti-inflammatory
alternatively activated (M2) phenotype. Exosomes serve as ideal
nanocarriers for SCI therapy by delivering berberine, which pos-
sesses anti-inflammatory, antioxidant, and neuroprotective prop-
erties while overcoming the limitations of the BBB and immune
response. Exos-Ber particles are 125 + 12 nm in size, with a drug
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loading rate of 17.13 + 1.64% and a cumulative release of 71.44%
at48 hours. In the in vitro BBB model, the cellular uptake of Exos-
Ber was 18.27 times higher than that of the control group. Exos-
Ber clearly targeted injured brain and spinal cord tissues. Addi-
tionally, Exos-Ber downregulated the M1 protein marker iNOS
and upregulated the M2 protein marker CD206, indicating a shift
toward M2 polarization in macrophage/microglial cells. Further-
more, Exos-Ber reduced the levels of inflammatory factors, in-
cluding TNF-q, IL-18, and IL-6, as well as apoptotic cytokines
such as Caspase 9 and Caspase 8. Moreover, SCI mice treated
with Exos-Ber exhibited the highest rates of neuronal survival
and the most significant recovery of motor function. In conclu-
sion, Exos-Ber, a novel bionic nanodelivery system, is a promising
therapeutic option for SCI treatment.

7. Conclusions and Future Perspectives

One of the greatest challenges faced by TCM researchers and
practitioners is overcoming BBB permeability to achieve effec-
tive treatment of CNS diseases. However, with the advent of
nano-TCM, new and more efficient brain-targeted drug delivery
systems have been developed. Owing to the physiological struc-
ture and mechanisms of the BBB, it is uncommon for nano-
sized or modified TCM compounds to pass directly through the
BBB. Most TCM agents depend on the specific properties, phys-
ical structures, and functional modifications of the nanocarriers
to ensure effective traversal of the BBB (Table 2). Nevertheless,
the safety of the nano-TCM preparation process requires further
improvement, and key issues such as the targets of action and
related pharmacological mechanisms warrant further investiga-
tion. Future research will focus on the following aspects to de-
velop optimal nano-TCM delivery strategies for the treatment of
CNS diseases.

From a biosafety perspective, the stability and safety of artifi-
cially prepared nanocarriers present concerns.[**! For instance,
drug-loaded nanocarriers maintain structural stability while cir-
culating in the body before reaching their target sites. Alterna-
tively, there may be a toxic or non-degradable accumulation of
nanocarriers within the body. In this scenario, the optimal so-
lution appears to be the development of biomimetic nanoma-
terials with enhanced biocompatibility and safety, utilizing en-
dogenous substances in the human body as carriers, such as the
aforementioned proteins and cells. Moreover, the targeting effi-
cacy, biosafety, and therapeutic attributes of nanomedicine can
be enhanced by advancing the engineering of precision nanopar-
ticles characterized by meticulously tailored surfaces and struc-
tural heterogeneity.[*4%]

From the perspective of pathomechanisms, new biomimetic
nanomaterials can be developed for targeted drug delivery to the
brain through in-depth research on CNS diseases. For instance,
conditions such as rabies and melanoma, which are prone to
brain metastasis at later stages, have been found to achieve BBB
permeability with associated viral proteins or secreted exosomes,
which enter the brain and invade the CNS.[*142] Similarly, “Tro-
jan horse” approaches could be employed by encapsulating TCM
within biomimetic nanomaterials. Additionally, modifying a sin-
gle functional group or using only one type of nanocarrier often
fails to yield satisfactory results. A design concept that involves
selecting multiple functional groups for modification and com-
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bining various forms of nanocarriers based on the pathological
mechanisms of the disease represents the most promising nano-
TCM drug delivery system for the future.

Regarding performance, TCM use is not straightforward, ow-
ing to the different needs and characteristics of diseases. Aro-
matic TCMs such as borneol, musk, and mint, which enhance
BBB permeability, may be useful for CNS diseases such as
glioma, AD, and PD. Conversely, there are conditions in which
the BBB is compromised, necessitating prompt repair. For in-
stance, in heat stroke, the BBB can become damaged, leading
to brain edema; thus, an appropriate TCM is needed to dimin-
ish its permeability, ensure maintenance and stability, and re-
pair the damage as extensively as possible to optimally protect
brain tissue. Numerous TCMs ameliorate BBB dysfunction, in-
cluding ruscogenin, schisandrin A, and ginsenoside Rb1, which
are found in Shengmai powder.[*3! Notably, the aforementioned
TCMs have not been extensively developed to incorporate nan-
otechnology. In the future, the potential of TCMs for treating
CNS diseases could be explored more comprehensively by en-
hancing the drug load and bioavailability of these TCMs using
suitable nanocarriers.

In summary, with the aid of nanotechnology, TCM presents
improved prospects for the development and application of treat-
ments for CNS damage-related diseases. We believe that in the fu-
ture, with the rapid advancement of nanotechnology and emerg-
ing research breakthroughs, the vast potential of nano-TCM in
BBB applications can be harnessed to unveil more promising
therapeutic avenues for CNS damage-related diseases.

Acknowledgements

This research was funded by the Beijing Natural Science Foundation
(L212046), the National Natural Science Foundation of China (T2125003,
61875015, 52372174, 81774032, 82174218), the National Key Research
and Development Program of China (2022YFE0111700), the Fundamen-
tal Research Funds for the Central Universities (EOEG6802X2), and the
Science and Technology Innovation Program of Hunan Province (No.
2023SK2021).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

blood-brain barrier, central nervous system diseases, drug delivery strate-
gies, nanocarriers, traditional Chinese medicine

Received: November 13, 2023
Revised: February 7, 2024
Published online:

[1] A.D. Gitler, P. Dhillon, J. Shorter, Dis. Model Mech. 2017, 10, 499.

[2] K.Sun, ). Fan, ). Han, Acta Pharm. Sin. B 2015, 5, 8.

3] T. Zhu, L. Wang, Y. Feng, G. Sun, X. Sun, Oxid. Med. Cell Longev.
2021, 2021, 8368941.

[4] L.Li, L. Zhang, C. Yang, Curr. Top. Med. Chem. 2016, 16, 537.

2308677 (31 0f40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

B5US017 SUOLULUIOD dA1IES.ID) 3{cfed ddde U Ag pausenob afe sale O 88N JO Sa|NnJ 40y Afeid18UIIUO AB]1M UO (SUONIPUCO-PUR-SLLBYWI0D" AB 1M AseIq 1 jBul[UO//SANY) SUONIPUOD PUe Swid | 3L} 855 * [202/20/62] Uo Ariqiauliuo A81im o uonmisul Buileg-sed Aq £2980£202 SAPe/Z00T OT/10p/wiod" A 1M Afeid jpuuo//sdiy Lol papeoumoq ‘0 ‘Yr8ESETZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[3]

[6

[7

18]
B
(1]
(1]
(12]

[13]
(14]

(15]
[16]
(17]
(18]
(19]
(20]

(21]
(22]

(23]
(24]

(23]
(26]
(27]
(28]
(29]
(3]
(31
(32]
(33]
(34]
(33]
(36]

(37]
(38]

(39]
(40]
(47]
(42]

Adv. Sci. 2024, 2308677

Z. Y. Wang, . Liu, Z. Zhu, C. F. Su, S. G. Sreenivasmurthy, A.
lyaswamy, ). H. Lu, G. Chen, J. X. Song, M. Li, Biomed. Pharmacother.
2021, 733, 110968.

P. Chen, ). Zhang, C. Wang, Y. H. Chai, A. G. Wu, N. Y. Huang, L.
Wang, Phytomedicine 2022, 100, 154044.

C. Puglia, R. Pignatello, V. Fuochi, P. M. Furneri, M. R. Lauro, D.
Santonocito, R. Cortesi, E. Esposito, Curr. Med. Chem. 2019, 26,
4681.

K. Kesarwani, R. Gupta, A. Mukerjee, Asian Pac. J. Trop. Biomed.
2013, 3, 253.

D. Furtado, M. Bjérnmalm, S. Ayton, A. |. Bush, K. Kempe, F. Caruso,
Adv. Mater. 2018, 30, 1801362.

W. M. Pardridge, NeuroRx 2005, 2, 3.

W. A. Banks, BMC Neurol 2009, 9, S3.

R. Daneman, A. Prat, Cold Spring Harb Perspect Biol 2015, 7,
a020412.

D. Lou, L. Fan, T. Jiang, Y. Zhang, VIEW 2022, 3, 20200125.

B. Y. S. Kim, ). T. Rutka, W. C. W. Chan, N. Engl. J. Med. 2010, 363,
2434,

H. Gao, R. Cheng, H. A. Santos, VIEW 2021, 2, 20200111.

J. Hou, X. Liu, S. Zhou, VIEW 2021, 2, 20200023.

W. Wu, X. Liu, W. Li, VIEW 2022, 3, 20200140.

Y. Huang, Y. Zhao, F. Liu, S. Liu, Curr. Drug Targets 2015, 16, 1548.
Y. Zheng, Y. Wang, M. Xia, Y. Gao, L. Zhang, Y. Song, C. Zhang, Drug
Deliv. and Transl. Res. 2022, 12, 1306.

C. Saraiva, C. Praga, R. Ferreira, T. Santos, L. Ferreira, L. Bernardino,
J. Control Rel. 2016, 235, 34.

N. ). Abbott, Neurochem. Int. 2004, 45, 545.

N. J. Abbott, L. Rénnbick, E. Hansson, Nat. Rev. Neurosci. 2006, 7,
41,

B. E. Leonard, Human Psychopharmacol.: Clin. Exp. 1993, 8, 294.

P. D. Brown, S. L. Davies, T. Speake, I. D. Millar, Neuroscience 2004,
129, 957.

N. J. Abbott, J. Inherit. Metab. Dis. 2013, 36, 437.

M. Verrees, W. R. Selman, Am. Fam. Physician 2004, 70, 1071.

G. Cheng, Y. Liu, R. Ma, G. Cheng, Y. Guan, X. Chen, Z. Wu, T. Chen,
Nanomicro Lett. 2022, 14, 105.

C. D. Arvanitis, G. B. Ferraro, R. K. Jain, Nat. Rev. Cancer 2020, 20,
26.

I. Posadas, S. Monteagudo, V. Cefia, Nanomedicine (Lond) 2016, 11,
833.

A. D. Wong, M. Ye, A. F. Levy, J. D. Rothstein, D. E. Bergles, P. C.
Searson, Front. Neuroeng. 2013, 6, 7.

A. Bhowmik, R. Khan, M. K. Ghosh, Biomed Res. Int. 2015, 2015,
320941.

S. Ohtsuki, S. Sato, H. Yamaguchi, M. Kamoi, T. Asashima, T.
Terasaki, J. Cell. Physiol. 2007, 210, 81.

S. M. Stamatovic, R. F. Keep, A. V. Andjelkovic, Curr. Neuropharma-
col. 2008, 6, 179.

X.Yi, D. S. Manickam, A. Brynskikh, A. V. Kabanov, J. Control Rel.
2014, 7190, 637.

Z. Zhao, A. R. Nelson, C. Betsholtz, B. V. Zlokovic, Cell 2015, 163,
1064.

S. Liebner, R. M. Dijkhuizen, Y. Reiss, K. H. Plate, D. Agalliu, G.
Constantin, Acta Neuropathol. 2018, 135, 311.

L. Xu, A. Nirwane, Y. Yao, Stroke Vasc. Neurol. 2019, 4, 78.

E. A. Neuwelt, B. Bauer, C. Fahlke, G. Fricker, C. ladecola, D. Janigro,
L. Leybaert, Z. Molnar, M. O’Donnell, J. Povlishock, N. Saunders,
F. Sharp, D. Stanimirovic, R. Watts, L. Drewes, Nat. Rev. Neurosci.
2011, 72, 169.

W. A. Banks, Nat. Rev. Drug Discov. 2016, 15, 275.

B. V. Zlokovic, Nat. Rev. Neurosci. 2011, 12, 723.

R. M. Ransohoff, B. Engelhardt, Nat. Rev. Immunol. 2012, 12, 623.
B. Engelhardt, R. M. Ransohoff, Trends Immunol. 2012, 33, 579.

(43]
(44]

[45]
(46]
(47)
48]
(49]
(50]
[51]
[52]
53]
(54]
[55]
[56]
[57]
(58]

[59]

(60]
(61]

62]
(63]
(64]

(65]

(66]
(67]
(68]

(69]
[70]

(71
[72]
(73]

(74]
[75]
[76]
[77]

(78]
[79]

www.advancedscience.com

S. Nag, D. ). Begley, Pathol. Genet.: Cerebrovas. Dis. 2005, 22.

N. ). Abbott, A. A. K. Patabendige, D. E. M. Dolman, S. R. Yusof, D.
J. Begley, Neurobiol. Dis. 2010, 37, 13.

L. Guo, J. Ren, X. Jiang, Curr. Pharm. Biotechnol. 2012, 13, 2310.

H. Gao, X. Jiang, Cancer Imaging 2013, 13, 466.

GBD 2015 Neurological Diseases Collabrative Group,Lancet Neurol.
2017, 16, 877.

Alzheimer’s Association | Alzheimer’s Disease and Dementia Help.
https://www.alz.org/ (accessed: January 2023).

J. A. Soria Lopez, H. M. Gonzalez, G. C. Léger, Handb. Clin. Neurol.
2019, 167, 231.

D. M. Holtzman, J. C. Morris, A. M. Goate, Sci. Transl. Med. 2011, 3,
77sr1.

H. W. Querfurth, F. M. LaFerla, N. Engl. J. Med. 2010, 362, 329.

C. Haass, D. J. Selkoe, Nat. Rev. Mol. Cell Biol. 2007, 8, 101.

D. M. Walsh, D. J. Selkoe, J. Neurochem. 2007, 1017, 1172.

R. Kayed, E. Head, ). L. Thompson, T. M. Mclntire, S. C. Milton, C.
W. Cotman, C. G. Glabe, Science 2003, 300, 486.

W. L. Klein, G. A. Krafft, C. E. Finch, Trends Neurosci. 2001, 24,
219.

W. Wan, L. Cao, L. Liu, C. Zhang, B. Kalionis, X. Tai, Y. Li, S. Xia, J.
Neurochem. 2015, 134, 382.

S. Y. Kook, H. S. Hong, M. Moon, C. M. Ha, S. Chang, I. Mook-Jung,
J. Neurosci. 2012, 32, 8845.

M. A. Erickson, W. A. Banks, J. Cereb. Blood Flow Metab. 2013, 33,
1500.

V. M. Lee, B. ). Balin, L. Otvos, |. Q. Trojanowski, Science 1991, 251,
675.

M. Kidd, Nature 1963, 197, 192.

V. M. Lee, M. Goedert, ). Q. Trojanowski, Annu. Rev. Neurosci. 2001,
24, 1121.

R. ). Perrin, A. M. Fagan, D. M. Holtzman, Nature 2009, 467, 916.
L. ). Blair, H. D. Frauen, B. Zhang, B. A. Nordhues, S. Bijan, Y. C. Lin,
F. Zamudio, L. D. Hernandez, J. J. Sabbagh, M.-L. B. Selenica, C. A.
Dickey, Acta Neuropathol. Commun. 2015, 3, 8.

E. Zenaro, G. Piacentino, G. Constantin, Neurobiol. Dis. 2017, 107,
41.

E. Zenaro, E. Pietronigro, V. D Bianca, G. Piacentino, L. Marongiu,
S. Budui, E. Turano, B. Rossi, S. Angiari, S. Dusi, A. Montresor, T.
Carlucci, S. Nani, G. Tosadori, L. Calciano, D. Catalucci, G. Berton,
B. Bonetti, G. Constantin, Nat. Med. 2015, 21, 880.

M. R. Halliday, S. V. Rege, Q. Ma, Z. Zhao, C. A. Miller, E. A. Winkler,
B. V. Zlokovic, J. Cereb. Blood Flow Metab. 2016, 36, 216.

M. Merlini, E. P. Meyer, A. Ulmann-Schuler, R. M. Nitsch, Acta Neu-
ropathol. 2011, 122, 293.

W. Yang, Q. Wu, C. Yuan, J. Gao, M. Xiao, M. Gu, J. Ding, G. Hu,
Mol. Cell. Neurosci. 2012, 49, 406.

L. V. Kalia, A. E. Lang, Lancet 2015, 386, 896.

Statistics | Parkinson’s Foundation. https://www.parkinson.org/
understanding-parkinsons/statistics (accessed: January 2023).

B. V. Zlokovic, Neuron 2008, 57, 178.

J. Jankovic, J. Neurol. Neurosurg. Psychiatry 2008, 79, 368.

A. Elkouzi, V. Vedam-Mai, R. S. Eisinger, M. S. Okun, Nat. Rev. Neu-
rol. 2019, 15, 204.

A. ). Lees, J. Neurol. Neurosurg. Psychiatry 2012, 83, 954.

A. H. V. Schapira, Trends Pharmacol. Sci. 2009, 30, 41.

W. Poewe, K. Seppi, C. M. Tanner, G. M. Halliday, P. Brundin, ).
Volkmann, A. E. Schrag, A. E. Lang, Nat. Rev. Dis. Primers 2017, 3,
17013.

B. S. Desai, A. J. Monahan, P. M. Carvey, B. Hendey, Cell Transplant.
2007, 16, 285.

M. B. H. Youdim, Y. S. Bakhle, Br. J. Pharmacol. 2006, 147, S287.
H. Braak, K. Del Tredici, U. Riib, R. A. I. de Vos, E. N. H. Jansen Steur,
E. Braak, Neurobiol. Aging 2003, 24, 197.

2308677 (32 0‘F40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://www.alz.org/(accessed
https://www.parkinson.org/understanding-parkinsons/statistics
https://www.parkinson.org/understanding-parkinsons/statistics

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(80]
(81]
(82]
(83]
(84]
(85]
(86]

(87]
(88]

(89]
[50]
(1]
[92]
(93]
[94]

[95]

[9€]

[57]

98]

[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]

[108]

[109]

[110]
[117]
[112]
[113]
[174]

Adv. Sci. 2024, 2308677

C.Zarow, S. A. Lyness, J. A. Mortimer, H. C. Chui, Arch. Neurol. 2003,
60, 337.

J. D. Berke, Nat. Neurosci. 2018, 21, 787.

S. Paul, E. Candelario-Jalil, Exp Neurol 2021, 335, 113518.

E. S. Donkor, Stroke Res Treat 2018, 2018, 3238165.

J. Gaugler, B. James, T. Johnson, J. Reimer, K. Scales, S. Tom, J.
Weuve, Lancet Neurol 2021, 20, 795.

About Stroke, https://www.stroke.org/en/about-stroke (accessed
January 2023).

Z. Corbyn, Nature 2014, 510, S2.

S. K. Feske, Am. J. Med. 2021, 134, 1457.

S. Krol, R. Macrez, F. Docagne, G. Defer, S. Laurent, M. Rahman,
M. J. Hajipour, P. G. Kehoe, M. Mahmoudi, Chem. Rev. 2013, 113,
1877.

R. Jin, G. Yang, G. Li, Neurobiol Dis 2010, 38, 376.

D. W. Choi, S. M. Rothman, Annu. Rev. Neurosci. 1990, 13, 171.

L. A. Cunningham, M. Wetzel, G. A. Rosenberg, Glia 2005, 50, 329.
J. O’Rourke, X. Jiang, Z. Hao, R. E. Cone, A. R. Hand, J. Neurosci. Res.
2005, 79, 727.

X.Wang, S. R. Lee, K. Arai, S. R. Lee, K. Tsuji, G. W. Rebeck, E. H. Lo,
Nat. Med. 2003, 9, 1313.

M. Yepes, B. D. Roussel, C. Ali, D. Vivien, Trends Neurosci. 2009, 32,
48.

K. Benchenane, V. Berezowski, C. Ali, M. Fernandez-Monreal, J. P.
Lépez-Atalaya, ). Brillault, . Chuquet, A. Nouvelot, E. T. MacKenzie,
G. Bu, R. Cecchelli, O. Touzani, D. Vivien, Circulation 2005, 111,
2241.

K. Benchenane, V. Berezowski, M. Ferndndez-Monreal, |. Brillault,
S. Valable, M. P. Dehouck, R. Cecchelli, D. Vivien, O. Touzani, C. Ali,
Stroke 2005, 36, 1065.

E. ). Su, L. Fredriksson, M. Geyer, E. Folestad, |. Cale, ). Andrae, Y.
Gao, K. Pietras, K. Mann, M. Yepes, D. K. Strickland, C. Betsholtz,
U. Eriksson, D. A. Lawrence, Nat. Med. 2008, 14, 731.

Y. Suzuki, N. Nagai, K. Yamakawa, J. Kawakami, H. R. Lijnen, K.
Umemura, Blood 2009, 114, 3352.

A. Beroun, S. Mitra, P. Michaluk, B. Pijet, M. Stefaniuk, L.
Kaczmarek, Cell. Mol. Life Sci. 2019, 76, 3207.

Y. Suzuki, N. Nagai, K. Umemura, D. Collen, H. R. Lijnen, J. Thromb.
Haemost. 2007, 5, 1732.

A. W. Clark, C. A. Krekoski, S. S. Bou, K. R. Chapman, D. R. Edwards,
Neurosci. Lett. 1997, 238, 53.

A. Rosell, A. Ortega-Aznar, . Alvarez-Sabin, I. Ferndndez-Cadenas,
M. Ribo, C. A. Molina, E. H. Lo, J. Montaner, Stroke 2006, 37, 1399.
J. H. Heo, J. Lucero, T. Abumiya, J. A. Koziol, B. R. Copeland, G. J.
del Zoppo, J. Cereb. Blood Flow Metab. 1999, 19, 624.

D. C. Anthony, B. Ferguson, M. K. Matyzak, K. M. Miller, M. M. Esiri,
V. H. Perry, Neuropathol. Appl. Neurobiol. 1997, 23, 406.

S. Solé, V. Petegnief, R. Gorina, A. Chamorro, A. M. Planas, J. Neu-
ropathol. Exp. Neurol. 2004, 63, 338.

Y. Yang, E. Y. Estrada, ). F. Thompson, W. Liu, G. A. Rosenberg, J.
Cereb. Blood Flow Metab. 2007, 27, 697.

M. Asahi, X. Wang, T. Mori, T. Sumii, J. C. Jung, M. A. Moskowitz,
M. E. Fini, E. H. Lo, J. Neurosci. 2001, 21, 7724.

M. Weller, W. Wick, K. Aldape, M. Brada, M. Berger, S. M. Pfister, R.
Nishikawa, M. Rosenthal, P. Y. Wen, R. Stupp, G. Reifenberger, Nat.
Rev. Dis. Primers 2015, 1, 15017.

Brain and Other Nervous System Cancer — Cancer Stat Facts.
https://seer.cancer.gov/statfacts/html/brain.html| (accessed Jan-
uary 2023).

K. A. McNeill, Neurol. Clin. 2016, 34, 981.

M. M. Vargo, Phys. Med. Rehabil. Clin. N Am. 2017, 28, 115.

A. O. Rossetti, R. Stupp, Curr. Opin. Neurol. 2010, 23, 603.

S. Kirby, R. A. Purdy, Neurol. Clin. 2014, 32, 423.

S. Lapointe, A. Perry, N. A. Butowski, Lancet 2018, 392, 432.

[115]

[116]
117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]

[130]
[131]

[132]

[133]
[134]

[135]

[136]
[137]

[138]

[139]
[140]

[147]
[142]

[143]

www.advancedscience.com

G. Seano, H. T. Nia, K. E. Emblem, M. Datta, J. Ren, S. Krishnan, J.
Kloepper, M. C. Pinho, W. W. Ho, M. Ghosh, V. Askoxylakis, G. B.
Ferraro, L. Riedemann, E. R. Gerstner, T. T. Batchelor, P. Y. Wen, N.
U. Lin, A. J. Grodzinsky, D. Fukumura, P. Huang, J. W. Baish, T. P.
Padera, L. L. Munn, R. K. Jain, Nat. Biomed. Eng. 2019, 3, 230.

C. Voutouri, N. D. Kirkpatrick, E. Chung, F. Mpekris, |. W. Baish, L. L.
Munn, D. Fukumura, T. Stylianopoulos, R. K. Jain, Proc. Natl. Acad.
Sci. USA 2019, 116, 2662.

P. Carmeliet, R. K. Jain, Nature 2011, 473, 298.

L.Yin, H. Li, W. Liu, Z. Yao, Z. Cheng, H. Zhang, H. Zou, Eur. J. Med.
Chem. 2018, 144, 1.

O. van Tellingen, B. Yetkin-Arik, M. C. de Gooijer, P. Wesseling, T.
Wurdinger, H. E. de Vries, Drug Resist Updat. 2015, 19, 1.

U. H. Weidle, ). Niewshner, G. Tiefenthaler, Cancer Genomics Pro-
teomics 2015, 12, 167.

J. Li, ). Zhao, T. Tan, M. Liu, Z. Zeng, Y. Zeng, L. Zhang, C. Fu, D.
Chen, T. Xie, Int. J. Nanomedicine 2020, 15, 2563.

). Lee, H. Lee, H. Lee, M. Shin, M. G. Shin, . Seo, E. |. Lee, S. A.
Park, S. Park, Nat. Commun. 2023, 14, 8463.

S. H. Liu, W. C. Chuang, W. Lam, Z. Jiang, Y. C. Cheng, Drug Saf.
2015, 38, 117.

L. Li, Y. Feng, Y. Hong, X. Lin, L. Shen, Am. J. Chin. Med. 2018, 46,
1791.

H. C. Ting, C. Y. Chang, K. Y. Lu, H. M. Chuang, S. F. Tsai, M. H.
Huang, C. A. Liu, S. Z. Lin, H. J. Harn, Molecules 2018, 23, 259.

A. G. Wu, V. K.-W. Wong, S. W. Xu, W. K. Chan, C. I. Ng, L. Liu, B.
Y.-K. Law, Int. J. Mol. Sci. 2013, 14, 22618.

S. F. Wang, M. Y. Wu, C. Z. Cai, M. Li, . H. Lu, J. Ethnopharmacol.
2016, 7194, 861.

R. Ihl, M. Tribanek, N. Bachinskaya, Pharmacopsychiatry 2012, 45,
41.

M. M. Serafini, M. Catanzaro, M. Rosini, M. Racchi, C. Lanni, Phar-
macol. Res. 2017, 124, 146.

M. Tang, C. Taghibiglou, J. Alzheimers Dis. 2017, 58, 1003.

H. Li, Y. Zhang, L. Cao, R. Xiong, B. Zhang, L. Wu, Z. Zhao, S. D.
Chen, Drug Des. Devel. Ther. 2014, 8, 2121.

P. H. Reddy, M. Manczak, X. Yin, M. C. Grady, A. Mitchell, S. Tonk,
C. S. Kuruva, J. S. Bhatti, R. Kandimalla, M. Vijayan, S. Kumar, R.
Wang, . A. Pradeepkiran, G. Ogunmokun, K. Thamarai, K. Quesada,
A. Boles, A. P. Reddy, J. Alzheimers Dis. 2018, 67, 843.

H. Kim, B. S. Park, K. G. Lee, C. Y. Choi, S. S. Jang, Y. H. Kim, S. E.
Lee, J. Agric. Food Chem. 2005, 53, 8537.

Y. Shimmyo, T. Kihara, A. Akaike, T. Niidome, H. Sugimoto, Neurore-
port 2008, 79, 1329.

R. Patil, P. R. Gangalum, S. Wagner, ). Portilla-Arias, H. Ding, A.
Rekechenetskiy, B. Konda, S. Inoue, K. L. Black, J. Y. Ljubimova, E.
Holler, Macromol. Biosci. 2015, 15, 1212.

K. Ono, K. Hasegawa, H. Naiki, M. Yamada, J. Neurosci. Res. 2004,
75, 742.

H. Sokouti, D. Mohajeri, M. A. Nourazar, Physiol. Res. 2022, 71,
551.

V. Donadio, A. Incensi, G. Rizzo, E. Fileccia, F. Ventruto, A. Riva,
D. Tiso, M. Recchia, V. Vacchiano, R. Infante, G. Petrangolini, P.
Allegrini, S. Avino, R. Pantieri, B. Mostacci, P. Avoni, R. Liguori, J.
Neuropathol. Exp. Neurol. 2022, 81, 545.

E. E. Nebrisi, Int. J. Mol. Sci. 2021, 22, 11248.

M. E. S. El-Shamarka, O. M. Abdel-Salam, N. Shafee, H. M. Zeidan,
Iran J. Basic Med. Sci. 2023, 26, 139.

Y. Ran, W. Su, F. Gao, Z. Ding, S. Yang, L. Ye, X. Chen, G. Tian, J. Xi,
Z. Liu, Oxid. Med. Cell Longev. 2021, 2021, 1552127.

Z.Liu, Y. Ran, S. Huang, S. Wen, W. Zhang, X. Liu, Z. Ji, X. Geng, X.
Ji, H. Du, R. K. Leak, X. Hu, Front Aging Neurosci. 2017, 9, 233.

Y. Li, J. Huang, ). Wang, S. Xia, H. Ran, L. Gao, C. Feng, L. Gui, Z.
Zhou, ). Yuan, J. Neuroinflammation 2023, 20, 49.

2308677 (33 0f40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://www.stroke.org/en/about-stroke
https://seer.cancer.gov/statfacts/html/brain.html

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[144]

[145]

[146]
[147]
[148]
[149]
[150]
[151]

[152]

[153]

[154]
[155]
[156]

[157]
[158]

[159]
[160]
[161]

[162]

[163]
[164]

[165]
[166]
[167]

[168]
[169]

[170]

171

[172]
[173]

[174]

Adv. Sci. 2024, 2308677

C. ). Xie, A. P. Gu, J. Cai, Y. Wu, R. C. Chen, Brain Behav. 2018, 8,
e00921.

T. G. Mello, P. H. Rosado-de-Castro, R. M. P. Campos, J. F. Vasques,
W. S. Rangel-Junior, R. S. de A. R. de Mattos, T. Puig-Pijuan, B. U.
Foerster, B. Gutfilen, S. A. L. Souza, ). Boltze, F. F. Paiva, R. Mendez-
Otero, P. M. Pimentel-Coelho, Stem Cells Dev. 2020, 29, 586.

Y. Mo, E. Yue, N. Shi, K. Liu, Cell Cycle 2021, 20, 550.

Y. Hou, ). Wang, . Feng, Drug Des. Devel. Ther. 2019, 13, 1135.

L. Xu, L. Ding, Y. Su, R. Shao, ). Liu, Y. Huang, Int. J. Mol. Med. 2019,
43, 1879.

C. Senft, M. Polacin, M. Priester, V. Seifert, D. Kogel, .
Weissenberger, BMC Cancer 2010, 10, 491.

J. Weissenberger, M. Priester, C. Bernreuther, S. Rakel, M. Glatzel,
V. Seifert, D. Kogel, Clin. Cancer Res. 2010, 16, 5781.

B. Wu, H. Yao, S. Wang, R. Xu, Biochem. Biophys. Res. Commun. 2013,
434, 75.

E. Liu, J. Wu, W. Cao, ). Zhang, W. Liu, X. Jiang, X. Zhang, J. Neuroon-
col. 2007, 85, 263.

M. C. Nocito, A. De Luca, F. Prestia, P. Avena, D. La Padula, L.
Zavaglia, R. Sirianni, |. Casaburi, F. Puoci, A. Chimento, V. Pezzi,
Biomedicines 2021, 9, 1476.

W. Zhuang, L. Long, B. Zheng, W. Ji, N. Yang, Q. Zhang, Z. Liang,
Cancer Sci. 2012, 103, 684.

A. Tamaddoni, E. Mohammadi, F. Sedaghat, D. Qujeq, A. As’Habi,
Pharmacol. Res. 2020, 156, 104798.

A. K. Khaw, M. P. Hande, G. Kalthur, M. P. Hande, J. Cell. Biochem.
2013, 774, 1257.

F. Babaei, M. Mirzababaei, M. Nassiri-Asl, J. Food Sci. 2018, 83, 2280.
J. Sharifi-Rad, C. Quispe, S. Shaheen, M. El Haouari, E. Azzini, M.
Butnariu, I. Sarac, M. Pentea, K. Ramirez-Alarcén, M. Martorell, M.
Kumar, A. O. Docea, N. Cruz-Martins, D. Calina, Crit. Rev. Food Sci.
Nutr. 2022, 62, 8045.

M. Azeem, M. Hanif, K. Mahmood, N. Ameer, F. R. S. Chughtai, U.
Abid, Polym. Bull. (Berl) 2023, 80, 241.

A. V. Anand David, R. Arulmoli, S. Parasuraman, Pharmacogn Rev.
2016, 10, 84.

V. Sharma, M. Mishra, S. Ghosh, R. Tewari, A. Basu, P. Seth, E. Sen,
Brain Res. Bull. 2007, 73, 55.

J. B. S. Braun, J. B. Ruchel, S. A. Adefegha, A. P. V. Coelho, K. B.
Trelles, C. Signor, M. A. Rubin, J. S. Oliveira, G. L. Dornelles, C. M.
de Andrade, L. G. Castilhos, D. B. R. Leal, Biomed. Pharmacother.
2017, 88, 1054.

A. Othman, Y. Amen, K. Shimizu, Fitoterapia 2021, 152, 104907.

R. Yarza, S. Vela, M. Solas, M. ). Ramirez, Front Pharmacol. 2015, 6,
321.

D. Wrdébel-Biedrawa, K. Grabowska, A. Galanty, D. Sobolewska, I.
Podolak, Liﬂa (Basel) 2022, 12, 591.

E. Zaplatic, M. Bule, S. Z. A. Shah, M. S. Uddin, K. Niaz, Life Sci.
2019, 224, 109.

T. K. Das, P. Jana, S. K. Chakrabarti, M. R. W. Abdul Hamid, J.
Alzheimers Dis. Rep. 2019, 3, 257.

S. Sharma, K. Raj, S. Singh, Neurotox Res. 2020, 37, 198.

C. Lv, T. Hong, Z. Yang, Y. Zhang, L. Wang, M. Dong, |. Zhao, J. Mu,
Y. Meng, Evid Based Complement Alternat. Med. 2012, 2012, 928643.
S.S.Josiah, C. D. Famusiwa, O. O. Crown, A. O. Lawal, M. T. Olaleye,
A. A. Akindahunsi, A. C. Akinmoladun, Neurotoxicology 2022, 90,
158.

J. Jain, W. Hasan, P. Biswas, R. S. Yadav, D. Jat, J. Biochem. Mol.
Toxicol. 2022, 36, €23165.

M. Zhu, S. Han, A. L. Fink, Biochim. Biophys. Acta 2013, 1830, 2872.
L. L. Zhang, H. T. Zhang, Y. Q. Cai, Y. ). Han, F. Yao, Z. H. Yuan, B.
Y. Wu, Cell. Mol. Neurobiol. 2016, 36, 1023.

C. F. Tsai, G. W. Chen, Y. C. Chen, C. K. Shen, D. Y. Lu, L. Y. Yang, J.
H. Chen, W. L. Yeh, Nutrients 2022, 14, 67.

[175]

[176]
177]
[178]
[179]
[180]
[181]

[182]

[183]
[184]
[185]
[186]

[187]

[188]
[189]
[190]

[191]

[192]
[193]
[194]
[195]
[196]
[197]

[198]
[199]

[200]

[201]
[202]

[203]

www.advancedscience.com

Y.Y. Wang, C.Y. Chang, S.Y. Lin, . D. Wang, C. C. Wu, W. Y. Chen, Y.
H. Kuan, S. L. Liao, W. Y. Wang, C. J. Chen, J. Nutr. Biochem. 2020,
83, 108436.

D. ). Park, J. B. Kang, F. A. Shah, Y. B. Jin, P. O. Koh, Neuroscience
2020, 428, 38.

J. Zhang, L. Ning, ). Wang, Biochem. Biophys. Res. Commun. 2020,
533, 1338.

M. Kusaczuk, R. Kretowski, M. Naumowicz, A. Styputkowska, M.
Cechowska-Pasko, Int. J. Mol. Sci. 2022, 23, 1345.

M. Lou, L. N. Zhang, P. G. Ji, F. Q. Feng, ). H. Liu, C. Yang, B. F. L,
L. Wang, Biomed. Pharmacother. 2016, 84, 1.

H. Kim, J. Y. Moon, K. S. Ahn, S. K. Cho, Oxid. Med. Cell Longev. 2013,
2013, 596496.

M. H. Park, D. S. Min, Biochem. Biophys. Res. Commun. 2011, 412,
710.

N. Georgiou, M. G. Kakava, E. A. Routsi, E. Petsas, N.
Stavridis, C. Freris, N. Zoupanou, K. Moschovou, S. Kiriakidi, T.
Mavromoustakos, Molecules 2023, 28, 8141.

J. Hu, J. Wang, G. Wang, Z. Yao, X. Dang, Int. J. Mol. Med. 2016, 37,
690.

E. Jang, I. Y. Kim, H. Kim, D. M. Lee, D. Y. Seo, J. A. Lee, K. S. Choi,
E. Kim, Biochem. Pharmacol. 2020, 178, 114098.

T. Meng, D. Xiao, A. Muhammed, ). Deng, L. Chen, J. He, Molecules
2021, 26, 229.

J. Burns, T. Yokota, H. Ashihara, M. E. J. Lean, A. Crozier, J. Agric.
Food Chem. 2002, 50, 3337.

J. Gambini, M. Inglés, G. Olaso, R. Lopez-Grueso, V. Bonet-Costa, L.
Gimeno-Mallench, C. Mas-Bargues, K. M. Abdelaziz, M. C. Gomez-
Cabrera, ). Vina, C. Borras, Oxid. Med. Cell Longev. 2015, 2015,
837042.

J. Wang, . Hu, X. Chen, X. Lei, H. Feng, F. Wan, L. Tan, Front Cell
Neurosc.i 2021, 15, 628115.

L. Kurdvietiené, |. Stanevi¢iené, A. Mongirdienég, |. Bernatonieng,
Medicina (Kaunas) 2016, 52, 148.

E. ). Park, ). M. Pezzuto, Biochim. Biophys. Acta 2015, 1852,
1071.

C. Grifidn-Ferré, A. Bellver-Sanchis, V. Izquierdo, R. Corpas, J. Roig-
Soriano, M. Chillén, C. Andres-Lacueva, M. Somogyvari, C. Séti, C.
Sanfeliu, M. Pallas, Ageing Res. Rev. 2021, 67, 101271.

J. Chen, Y. Zhou, S. Mueller-Steiner, L. F. Chen, H. Kwon, S. Yi, L.
Mucke, L. Gan, J. Biol. Chem. 2005, 280, 40364.

S. D. Rege, T. Geetha, T. L. Broderick, J. R. Babu, Curr. Alzheimer Res.
2015, 12, 147.

Y. Liu, X. Chen, J. Li, Mol. Med. Rep. 2017, 15, 2457.

M. Lagouge, C. Argmann, Z. Gerhart-Hines, H. Meziane, C. Lerin, F.
Daussin, N. Messadeq, J. Milne, P. Lambert, P. Elliott, B. Geny, M.
Laakso, P. Puigserver, |. Auwerx, Cell 2006, 127, 1109.

N. Steiner, R. Balez, N. Karunaweera, |. M. Lind, G. Miinch, L. Ooi,
Neurochem. Int. 2016, 95, 46.

X. Y. Sun, Q. X. Dong, J. Zhu, X. Sun, L. F. Zhang, M. Qiu, X. L. Yu,
R. T. Liu, Curr. Alzheimer Res. 2019, 16, 710.

M. Iranshahy, B. Javadi, A. Sahebkar, Phytother. Res. 2022, 36, 1952.
J. Huang, N. Huang, S. Xu, Y. Luo, Y. Li, H. Jin, C. Yu, J. Shi, F. Jin, J.
Nutr. Biochem. 2021, 88, 108552.

M. Y. Zamanian, R. M. R. Parra, A. Soltani, M. Kujawska, Y. F.
Mustafa, G. Raheem, L. Al-Awsi, H. A. Lafta, N. Taheri, M. Heidari,
M. Golmohammadi, G. Bazmandegan, Mol. Biol. Rep. 2023, 50,
5455.

N. Huang, Y. Zhang, M. Chen, H. Jin, J. Nie, Y. Luo, S. Zhou, . Shi,
F. Jin, Exp. Gerontol. 2019, 124, 110653.

L. F. Zhang, X. L. Yu, M. Ji, S. Y. Liu, X. L. Wu, Y. J. Wang, R. T. Liu,
Food Funct. 2018, 9, 6414.

S. A. Abdelsalam, K. Renu, H. A. Zahra, B. M. Abdallah, E. M. Alj,
V. P. Veeraraghavan, K. Sivalingam, L. Ronsard, R. B. Ammar, D. S.

2308677 (34 0‘F40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[204]

[205]

[206]
[207]
[208]

[209]

[210]

[217]

[212]
[213]
[214]
[215]
[216]
[217]
[218]
[219]
[220]
[221]
[222]

[223]

[224]

[225]

[226]

[227]

[228]
[229]

[230]

[231]

Adv. Sci. 2024, 2308677

Vidya, P. Karuppaiya, S. Y. Al-Ramadan, P. Rajendran, Nutrients 2023,
15, 1107.

J. R. Lei, X. K. Tu, Y. Wang, D. W. Tu, S. S. Shi, Exp. Ther. Med. 2019,
17,3215.

Y. Yao, R. Zhou, R. Bai, |. Wang, M. Tu, ). Shi, X. He, |. Zhou, L. Feng,
Y. Gao, F. Song, F. Lan, X. Liu, M. Tian, H. Zhang, Front Med. 2021,
15, 472.

Y. Gao, R. Fu, ). Wang, X. Yang, L. Wen, |. Feng, Pharm. Biol. 2018,
56, 440.

S. A. Almatroodi, M. A Alsahli, A. S M Aljohani, F. A. Alhumaydhi, A.
Y. Babiker, A. A. Khan, A. H. Rahmani, Molecules 2022, 27, 2665.

A. Luis, H. Marcelino, F. Domingues, L. Pereira, J. F. Cascalheira, Int.
J- Mol. Sci. 2023, 24, 16597.

L. Kursvietiene, D. M. Kopustinskiene, I. Staneviciene, A.
Mongirdiene, K. Kubovd, R. Masteikova, ). Bernatoniene, An-
tioxidants (Basel) 2023, 12, 2056.

D. P. Sun, J. T. Chen, S. T. Yang, T. H. Chen, S. H. Liu, R. M. Chen,
Chem. Biol. Interact. 2023, 382, 110645.

P. A. Clark, S. Bhattacharya, A. Elmayan, S. R. Darjatmoko, B. A.
Thuro, M. B. Yan, P. R. van Ginkel, A. S. Polans, . S. Kuo, J. Neu-
rosurg. 2017, 126, 1448.

S. Cotino-Néjera, L. A. Herrera, G. Dominguez-Gémez, ). Diaz-
Chévez, Front. Pharmacol. 2023, 14, 1287505.

V. Cocetta, V. Quagliariello, F. Fiorica, M. Berretta, M. Montopoli,
Int. J. Mol. Sci. 2021, 22, 2049.

M. Wu, D. Song, H. Li, N. Ahmad, H. Xu, X. Yang, Q. Wang, X.
Cheng, S. Deng, X. Shu, Int. J. Mol. Sci. 2023, 24, 9453.

Y. Zhang, Z. Zhang, M. Mousavi, A. Moliani, Y. Bahman, H. Bagheri,
Chem. Biol. Interact. 2023, 376, 110409.

M. C. Wani, H. L. Taylor, M. E. Wall, P. Coggon, A. T. McPhail, J. Am.
Chem. Soc. 1971, 93, 2325.

O. N. Zefirova, E. V. Nurieva, A. N. Ryzhov, N. V. Zyk, N. S. Zefirov,
Russ. J. Org. Chem. 2005, 41, 315,

S. Zhang, T. Ye, Y. Liu, G. Hou, Q. Wang, F. Zhao, F. Li, Q. Meng,
Molecules 2023, 28, 7517.

Y. H. Yang, J. W. Mao, X. L. Tan, Chin. J. Nat. Med. 2020, 18, 890.
C.-P. H. Yang, S. B. Horwitz, Int. J. Mol. Sci. 2017, 18, 1733.

X. Y. Ke, B. J. Zhao, X. Zhao, Y. Wang, Y. Huang, X. M. Chen, B.
X. Zhao, S. S. Zhao, X. Zhang, Q. Zhang, Biomaterials 2010, 317,
5855.

M. R. Malekpour, S. Hosseindoost, F. Madani, M. Kamali, M.
Khosravani, M. Adabi, Eur. J. Pharm. Biopharm. 2023, 193, 175.

S. Jamalpour, A. Alinezhad, J. T. Sabah, R. Vazifehmand, A. B.
Behrooz, A. S. A. Hamzah, A. A. S. Davazdahemami, F. M. Homaie,
S. M. Maddah, Chem. Pharm. Bull. (Tokyo) 2023, 71, 766.

J. Xia, . Chen, Z. Zhang, P. Song, W. Tang, N. Kokudo, Drug Discov.
Ther. 2014, 8, 139.

Y. Dong, J. Zhang, Y. Wang, L. Zhao, R. Li, C. Wei, Q. Bai, L. Wan, L.
Sun, S. Feng, M. You, C. Wang, H. Zhang, Q. He, M. Yu, Q. Dong,
G. committee, CNS Neurosci. Ther. 2021, 27, 1561.

X. Jin, M. Y. Liu, D. F. Zhang, X. Zhong, K. Du, P. Qian, W. F. Yao, H.
Gao, M. ). Wei, CNS Neurosci. Ther. 2019, 25, 575.

V. Amodeo, |. Betts, S. Bartesaghi, Y. Zhang, A. Richard-Londt,
M. Ellis, R. Roshani, M. Vouri, S. Galavotti, S. Oberndorfer, A. P.
Leite, A. Mackay, A. Lampada, E. W. Stratford, N. Li, D. Dinsdale,
D. Grimwade, C. Jones, P. Nicotera, D. Michod, S. Brandner, P.
Salomoni, Cell Rep. 2017, 20, 411.

A. Emadi, S. D. Gore, Blood Rev. 2010, 24, 191.

M. R. Khezri, S. Mohammadipanah, M. Ghasemnejad-Berenji, Phy-
tother. Res. 2023, 38, 349.

N. Qi, W. Duan, D. Gao, N. Ma, ). Zhang, J. Feng, A. Li, Bioeng. Transl.
Med. 2023, 8, e10393.

H. Liu, L. L. Liu, ). Chen, Y. W. Chen, Y. Chai, Q. S. Liu, Y. Cheng,
Oxid. Med. Cell Longev. 2022, 2022, 3322535.

[232]
[233]
[234]
[235]
[236]
[237]
[238]
[239]

[240]

[241]
[242]

[243]
[244]

[245]
[246]

[247]
[248]
[249]
[250]

[257]

[252]
[253]

[254]
[255]
[256]
[257]
[258]
[259]
[260]
[261]
[262]
[263]
[264]

[265]
[266]

[267]
[268]

[269]

www.advancedscience.com

C.C.Yu, Y. ). Du, J. Li, Y. Li, L. Wang, L. H. Kong, Y. W. Zhang, Aging
Dis. 2022, 13, 1092.

T. Yang, X. Du, L. Xu, Int. J. Radiat. Biol. 2023, 7, 1.

Y. Liu, N. Feng, Adv. Colloid Interface Sci. 2015, 221, 60.

C. Puglia, M. R. Lauro, G. G. Tirendi, G. E. Fassari, C. Carbone, F.
Bonina, G. Puglisi, Expert Opin. Drug. Deliv. 2017, 14, 755.

K. Thanki, R. P. Gangwal, A. T. Sangamwar, S. Jain, J. Control Rel.
2013, 7170, 15.

Y. Yu, S. Li, L. Kong, D. Yumeng, Y. Liu, J. Zang, R. Guo, L. Zhang, Z.
Zhao, R. Ju, X. Li, J. Liposome. Res. 2023, 30, 1.

C. G. Cooper, K. N. Kafetzis, A. Patabendige, A. D. Tagalakis, Eur. J.
Neurosci 2023, 35, 16229.

S. Bhunia, N. Kolishetti, A. Vashist, A. Yndart Arias, D. Brooks, M.
Nair, Pharmaceutics 2023, 15, 2658.

C. Su, Y. Liu, R. Li, W. Wu, J. P. Fawcett, ). Gu, Adv. Drug Deliv. Rev.
2019, 743, 97.

A. K. Jain, S. Thareja, Artif Cells Nanomed Biotechnol 2019, 47, 524.
R. Mohammadpour, M. A. Dobrovolskaia, D. L. Cheney, K. F. Greish,
H. Ghandehari, Adv. Drug Deliv. Rev. 2019, 144, 112.

Y. Zu, H. Yao, Y. Wang, L. Yan, Z. Gu, C. Chen, L. Gao, W. Yin, VIEW
2021, 2, 20200188.

J. Conde, |. T. Dias, V. Grazu, M. Moros, P. V. Baptista, . M. de la
Fuente, Front. Chem. 2014, 2, 48.

Z.Yang, H. Chen, VIEW 2022, 3, 20220009.

C. Zhang, B. Xie, Y. Zou, D. Zhu, L. Lei, D. Zhao, H. Nie, Adv. Drug
Deliv. Rev. 2018, 132, 33.

Z. Wang, T. Hu, R. Liang, M. Wei, Front Chem 2020, 8, 320.

Y. Tang, Z. Qin, S. Yin, H. Sun, Nanoscale 2021, 13, 6373.

J. )i, Z. Zhou, X. Yang, W. Zhang, S. Sang, P. Li, Small 2013, 9, 3014.
Y. Wang, T. Guo, Z. Tian, K. Bibi, Y. Z. Zhang, H. N. Alshareef, Adv.
Mater. 2022, 34, 2108560.

Z. Shi, Y. Ge, Q. Yun, H. Zhang, Acc. Chem. Res. 2022, 55, 3581.

F. Tang, L. Li, D. Chen, Adv. Mater. 2012, 24, 1504.

E. Abbasi, M. Milani, S. Fekri Aval, M. Kouhi, A. Akbarzadeh, H.
Tayefi Nasrabadi, P. Nikasa, S. W. Joo, Y. Hanifehpour, K. Nejati-
Koshki, M. Samiei, Crit. Rev. Microbiol. 2016, 42, 173.

L. Vigderman, E. R. Zubarev, Adv. Drug Deliv. Rev. 2013, 65, 663.

K. K. Sandhu, C. M. Mclntosh, J. M. Simard, S. W. Smith, V. M.
Rotello, Bioconjug Chem. 2002, 13, 3.

G. F. Paciotti, L. Myer, D. Weinreich, D. Goia, N. Pavel, R. E.
McLaughlin, L. Tamarkin, Drug Deliv. 2004, 11, 169.

J. Huang, H. Bao, X. Li, Z. Zhang, VIEW 2022, 3, 20200119.

E. Boisselier, D. Astruc, Chem. Soc. Rev. 2009, 38, 1759.

S. ). P. Jacob, V. L. S. Prasad, S. Sivasankar, P. Muralidharan, Food
Chem. Toxicol. 2017, 109, 951.

Y. G. Guo, J. S. Hu, L. ). Wan, Adv. Mater. 2008, 20.

Y. Zhou, P. Y. Liyanage, D. Devadoss, L. R. Rios Guevara, L. Cheng,
R. M. Graham, H. S. Chand, A. O. Al-Youbi, A. S. Bashammakh, M.
S. El-Shahawi, R. M. Leblanc, Nanoscale 2019, 11, 22387.

Y. Zhou, E. M. Zahran, B. A. Quiroga, ). Perez, K. . Mintz, Z. Peng, P.
Y. Liyanage, R. R. Pandey, C. C. Chusuei, R. M. Leblanc, Appl. Catal.
B 2019, 248, 157.

K. J. Mintz, Y. Zhou, R. M. Leblanc, Nanoscale 2019, 11, 4634.
L.Zhang, W. Luo, Y. Chen, ). Zheng, L. Cao, L. Duan, T. Tang, Y. Wang,
J. Cleaner Prod. 2023, 422, 138577.

D. ). Mihalcik, W. Lin, ChemCatChem 2009, 1, 406.

Y. P. Chen, C. T. Chen, Y. Hung, C. M. Chou, T. P. Liu, M. R. Liang, C.
T. Chen, C. Y. Mou, J. Am. Chem. Soc. 2013, 135, 1516.

S. H. Wu, C. Y. Mou, H. P. Lin, Chem. Soc. Rev. 2013, 42, 3862.

Y. H. Lin, Y. P. Chen, T. P. Liu, F. C. Chien, C. M. Chou, C. T. Chen, C.
Y. Mou, ACS Appl. Mater. Interfaces 2016, 8, 17944.

Y. P. Chen, C. M. Chou, T. Y. Chang, H. Ting, ]. Dembélé, Y. T. Chu,
T. P. Liu, C. A. Changou, C. W. Liu, C. T. Chen, Front Chem 2022, 10,
931584.

2308677 (35 0f40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[270]

[271]
[272]

[273]

[274]
[275]

[276]

[277]
[278]

[279]
[280]

[281]

[282]

[283]
[284]

[285]
[286]

[287]
[288]
[289]
[290]
[297]
[292]
[293]

[294]
[295]

[296]

[297]
[298]

[299]
[300]

[301]

Adv. Sci. 2024, 2308677

M. van der Zande, R. ). Vandebriel, M. |. Groot, E. Kramer, Z. E.
Herrera Rivera, K. Rasmussen, . S. Ossenkoppele, P. Tromp, E. R.
Gremmer, R. J. B. Peters, P. |. Hendriksen, H. J. P. Marvin, R. L. A. P.
Hoogenboom, A. A. C. M. Peijnenburg, H. Bouwmeester, Part. Fibre
Toxicol. 2014, 11, 8.

E. ). Park, E. Bae, J. Yi, Y. Kim, K. Choi, S. H. Lee, J. Yoon, B. C. Lee,
K. Park, Environ. Toxicol. Pharmacol. 2010, 30, 162.

C. M. Sayes, R. Wahi, P. A. Kurian, Y. Liu, J. L. West, K. D. Ausman,
D. B. Warheit, V. L. Colvin, Toxicol. Sci. 2006, 92, 174.

M. R. Miller, J. B. Raftis, ). P. Langrish, S. G. McLean, P. Samutrtai, S.
P. Connell, S. Wilson, A. T. Vesey, P. H. B. Fokkens, A. ). F. Boere, P.
Krystek, C. J. Campbell, P. W. F. Hadoke, K. Donaldson, F. R. Cassee,
D. E. Newby, R. Duffin, N. L. Mills, ACS Nano 2017, 11, 4542.

R. Nisini, N. Poerio, S. Mariotti, F. De Santis, M. Fraziano, Front
Immuno.l 2018, 9, 155.

A. Laouini, C. Jaafar-Maalej, I. BLOUZA, S. Sfar, C. Charcosset, H.
Fessi, J. Coll. Sci. Biotechnol. 2012, 1, 147.

M. Coimbra, B. Isacchi, L. van Bloois, J. S. Torano, A. Ket, X. Wu,
F. Broere, . M. Metselaar, C. J. F. Rijcken, G. Storm, R. Bilia, R. M.
Schiffelers, Int. J. Pharm. 2011, 416, 433.

J. Lin, X. Wang, Q. Wu, ). Dai, H. Guan, W. Cao, L. He, Y. Wang, Int.
J. Pharm. 2014, 462, 11.

Y. Xiang, Y. Long, Q. Yang, C. Zheng, M. Cui, Z. Ci, X. Lv, N. Li, R.
Zhang, Brain Res. 2020, 1726, 146503.

L. Wang, Asian | Pharm. Sci. 2017, 12, 470.

H. Zhang, K. Zhang, Z. Li, . Zhao, Y. Zhang, N. Feng, Biol. Pharm.
Bull. 2017, 40, 1996.

J. W. Song, Y. S. Liu, Y. R. Guo, W. X. Zhong, Y. P. Guo, L. Guo, Int. J.
Mol. Sci. 2022, 23, 6858.

Nanomedicine: novel approaches in human and veterinary ther-
apeutics — PubMed. https://pubmed.ncbi.nim.nih.gov/21680101/
(accessed November 2022).

K. Manjunath, J. S. Reddy, V. Venkateswarlu, Meth. Find Exp. Clin.
Pharmacol. 2005, 27, 127.

R. Paliwal, S. R. Paliwal, R. Kenwat, B. D. Kurmi, M. K. Sahu, Expert
Opin. Ther. Pat. 2020, 30, 179.

Z. Mei, X. Li, Q. Wu, S. Hu, X. Yang, Pharmacol. Res. 2005, 51, 345.
R. H. Miiller, M. Radtke, S. A. Wissing, Adv. Drug Deliv. Rev. 2002,
54,S131.

R. H. Miiller, M. Radtke, S. A. Wissing, Int. J. Pharm. 2002, 242.

S. Das, A. Chaudhury, AAPS PharmSciTech 2011, 12, 62.

S. Das, W. K. Ng, R. B. H. Tan, Eur. J. Pharm. Sci. 2012, 47, 139.

Z. Ma, B. Zhang, Y. Fan, M. Wang, D. Kebebe, |. Li, Z. Liu, Biomed.
Pharmacother. 2019, 117, 109128.

R. P. Bagwe, |. R. Kanicky, B. ). Palla, P. K. Patanjali, D. O. Shah, Crit.
Rev. Ther. Drug Carrier Syst. 2001, 18, 77.

S. Talegaonkar, A. Azeem, F. |. Ahmad, R. K. Khar, S. A. Pathan, Z. I.
Khan, Recent Pat Drug Deliv. Formul. 2008, 2, 238.

Y. M.Yin, F. D. Cui, C. F. Mu, M. K. Choi, J. S. Kim, S. J. Chung, C. K.
Shim, D. D. Kim, J. Control Rel. 2009, 140, 86.

C.X. He, Z. G. He, J. Q. Gao, Expert Opin. Drug Deliv. 2010, 7, 445.
A. H. Elshafeey, A. O. Kamel, M. M. Fathallah, Pharm. Res. 2009, 26,
2446.

Q. Shen, X. Li, D. Yuan, W. Jia, Chem. Pharm. Bull. (Tokyo) 2010, 58,
639.

T. Gershanik, S. Benita, Eur. J. Pharm. Biopharm. 2000, 50, 179.

K. Bolko, A. Zvonar, M. Gasperlin, Drug Dev. Ind. Pharm. 2014, 40,
102.

G. Zhao, J. Huang, K. Xue, L. Si, G. Li, Eur. J. Pharm. Sci. 2013, 50,
4209.

L. Zhang, W. Zhu, C. Yang, H. Guo, A. Yu, J. Ji, Y. Gao, M. Sun, G.
Zhai, Int. J. Nanomedicine 2012, 7, 151.

M. Du, Y. Ouyang, F. Meng, Q. Ma, H. Liu, Y. Zhuang, M. Pang, T.
Cai, Y. Cai, Nanomed 2019, 14, 1771.

1302]
[303]
[304]
[305]

306]
1307]

[308]
[309]
[310]
[311]
1312]
[313]

1314]
[315]

[316]
1317]

[318]

1319]
[320]

1321]
322]

[323]
[324]
[325]
326]

1327]
[328]

1329]
330]
1331]
1332]
333]
1334]
335]

336]
337]

338]
339]

www.advancedscience.com

Y. Song, D. Li, Y. Lu, K. Jiang, Y. Yang, Y. Xu, L. Dong, X. Yan, D. Ling,
X. Yang, S. H. Yu, Natl. Sci. Rev. 2020, 7, 723.

H. Cabral, K. Kataoka, J. Control Rel. 2014, 190, 465.

G. S. Kwon, T. Okano, Adv. Drug Delivery Rev. 1996, 21, 107.

L. Lv, Y. Shen, M. Li, X. Xu, M. Li, S. Guo, S. Huang, J. Biomed. Nan-
otechnol. 2014, 10, 324.

Y. Yu, X. Zhang, L. Qiu, Biomaterials 2014, 35, 3467.

J. Wang, G. Yang, X. Guo, Z. Tang, Z. Zhong, S. Zhou, Biomaterials
2014, 35, 3080.

B. L. Wang, Y. Shen, Q. Zhang, Y. Li, M. Luo, Z. Liu, Y. Li, Z. Qian, X.
Gao, H. Shi, Int. J. Nanomed. 2013, 8, 3521.

D. E. Discher, F. Ahmed, Annu. Rev. Biomed. Eng. 2006, 8, 323.

J. P. Rao, K. E. Geckeler, Prog. Polym. Sci. 2011, 36, 887.

H. K. Makadia, S. ). Siegel, Polymers (Basel) 2011, 3, 1377.

A. K. Jain, K. Thanki, S. Jain, Mol. Pharm. 2013, 10, 3459.

K. H. Wong, M. K. Riaz, Y. Xie, X. Zhang, Q. Liu, H. Chen, Z. Bian,
X. Chen, A. Lu, Z. Yang, Int. J. Mol. Sci. 2019, 20, 381.

B. K. Lee, Y. Yun, K. Park, Adv. Drug Deliv. Rev. 2016, 107, 176.

C. Cai, Y. Xie, L. Wu, X. Chen, H. Liu, Y. Zhou, H. Zou, D. Liu, Y. Zhao,
X. Kong, P. Liu, Sci. Rep. 2017, 7, 46250.

Y. Wang, Q. Wen, S. Choi, Am. Pharmaceutical Rev. 2016, 19, 5.

J. M. Oliveira, A. ). Salgado, N. Sousa, |. F. Mano, L. R. Rui, Prog.
Polym. Sci. 2010, 35, 1163.

V. M. Thanh, T. H. Nguyen, T. V. Tran, U. T. P. Ngoc, M. N. Ho, T.
T. Nguyen, Y. N. T. Chau, V. T. Le, N. Q. Tran, C. K. Nguyen, D. H.
Nguyen, Mater. Sci. Eng C Mater. Biol. Appl. 2018, 82, 291.

R. Liu, M. Sun, X. Liu, A. Fan, Z. Wang, Y. Zhao, Int. J. Pharm. 2014,
462, 103.

P. Ma, Y. Sun, J. Chen, H. Li, H. Zhu, X. Gao, X. Bi, Y. Zhang, Drug
Deliv. 2018, 25, 153.

F. Kratz, J. Control Rel. 2008, 132, 171.

B. Bhushan, V. Khanadeev, B. Khlebtsov, N. Khlebtsov, P. Gopinath,
Adv. Colloid Interface Sci. 2017, 246, 13.

M. J. Hawkins, P. Soon-Shiong, N. Desai, Adv. Drug Deliv. Rev. 2008,
60, 876.

A. Ff, Z. Xh, Theranostics 2017, 7, 3667.

M. Karimi, S. Bahrami, S. B. Ravari, P. S. Zangabad, H. Mirshekari,
M. Bozorgomid, S. Shahreza, M. Sori, M. R. Hamblin, Expert Opin
Drug Deliv. 2016, 13, 1609.

M. Bernardes-Silva, D. C. Anthony, A. C. Issekutz, V. H. Perry, J.
Cereb. Blood Flow Metab. 2001, 21, 1115.

E. Kolaczkowska, P. Kubes, Nat. Rev. Immunol. 2013, 13, 159.

S. R. Li, Q. W. Man, X. Gao, H. Lin, J. Wang, F. C. Su, H. Q. Wang, L.
L. Bu, B. Liu, G. Chen, J. Extracell. Vesicles 2021, 10, e12175.

A. Thakur, D. C. Parra, P. Motallebnejad, M. Brocchi, H. J. Chen,
Bioact Mater 2022, 10, 281.

P.Y. Cai, Y. L. Zheng, Y. F. Zhou, W. Wang, M. M. Li, Y. C. Shi, H. L.
Lin, S. Lin, Sleep Med. Rev. 2022, 66, 101696.

C. Mo, . Zhao, |. Liang, H. Wang, Y. Chen, G. Huang, Front Pharma-
col. 2022, 13, 844782.

X. Chen, ). Feng, W. Chen, S. Shao, L. Chen, H. Wan, Cell Commun.
Signal 2022, 20, 141.

L. Rethi, C. Mutalik, D. Anurogo, L. S. Lu, H. Y. Chu, S. Yougbaré, T.
R. Kuo, T. M. Cheng, F. L. Chen, Nanomaterials 2022, 12, 2948.
Z.S. Gao, C. J. Zhang, N. Xia, H. Tian, D. Y. Li, J. Q. Lin, X. F. Mei,
C. Wu, Acta Biomater. 2021, 126, 211.

J. Yang, F. Gao, Y. Zhang, Y. Liu, D. Zhang, J. Mol. Neurosci. 2015, 56,
898.

Q. Chen, D. Wu, Y. Wang, Z. Chen, Molecules 2022, 27, 7789.

L. Wu, ). Zhang, W. Watanabe, Adv. Drug Deliv. Rev. 2011, 63,
456.

H. Sarin, | Angiogenes Res 2010, 2, 14.

R. H. Adamson, |. F. Lenz, X. Zhang, G. N. Adamson, S. Weinbaum,
F. E. Curry, J Physiol 2004, 557, 889.

2308677 (36 0‘F40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://pubmed.ncbi.nlm.nih.gov/21680101/

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[340]

[341]
[342]

[343]
[344]
[345]
[346]
[347]
[348]
[349]
[350]

351]
352]

353]
354]

355]
[356]

1357]
358]
1359]
1360]
1361]
1362]
363]
1364]
365]
1366]
1367]
368]
1369]
1370]

1371]

1372]

(373]

Adv. Sci. 2024, 2308677

Q. Zheng, Z. X. Chen, M. B. Xu, X. L. Zhou, Y. Y. Huang, G. Q. Zheng,
Y. Wang, Drug Deliv. 2018, 25, 1617.

B. Yu, G. Li, Y. Sun, X. Lin, T. Fang, Zhen Ci Yan Jiu 2011, 36, 335.
S. Wang, W. Zang, X. Zhao, W. Feng, M. Zhao, X. He, Q. Liu, X.
Zheng, J. Anal. Methods Chem. 2013, 2013, 706723.

H. Song, M. Wei, N. Zhang, H. Li, X. Tan, Y. Zhang, W. Zheng, Int. J.
Nanomed. 2018, 13, 1869.

L. Wang, X. Zhao, . Du, M. Liu, ). Feng, K. Hu, Nanomedicine (Lond)
2019, 74, 2105.

Z.X. Chen, Q. Q. Xu, C. S. Shan, Y. H. Shi, Y. Wang, R. C.-C. Chang,
G. Q. Zheng, Oxid. Med. Cell Longev. 2019, 2019, 2936737.

L. Meng, X. Chu, H. Xing, X. Liu, X. Xin, L. Chen, M. Jin, Y. Guan, W.
Huang, Z. Gao, Int. J. Pharm. 2019, 567, 118485.

H. Ding, K. Wang, L. Q. He, X. Y. Yang, H. H. Huang, W. L. Liu, C.
Xiao, Z. X. Du, L. Yu, W. Zhang, J Liposome Res 2023, 33, 144.

G. M. Rishton, K. LaBonte, A. |. Williams, K. Kassam, E. Kolovanov,
Curr. Opin. Drug Discov. Devel. 2006, 9, 303.

S. Sharma, S. A. Rabbani, J. K. Narang, F. Hyder Pottoo, . Ali, S.
Kumar, S. Baboota, Chem. Phys. Lipids 2020, 228, 104890.

H. Xu, W. Cui, Z. Zong, Y. Tan, C. Xu, ). Cao, T. Lai, Q. Tang, Z. Wang,
X. Sui, C. Wang, Drug Deliv. 2022, 29, 2414.

R. Pandit, L. Chen, ). Gétz, Adv. Drug Deliv. Rev. 2020, 165-166, 1.
Y. Li, M. Zhang, S. Li, L. Zhang, J. Kim, Q. Qiu, W. Lu, J. Wang, Asian
J Pharm. Sci. 2023, 18, 100783.

Y. Chen, L. Liu, Adv. Drug Deliv. Rev. 2012, 64, 640.

I. van Rooy, S. Cakir-Tascioglu, W. E. Hennink, G. Storm, R. M.
Schiffelers, E. Mastrobattista, Pharm. Res. 2011, 28, 456.

M. M. Patel, B. M. Patel, CNS Drugs 2017, 31, 109.

R. Pavlov, E. Romanova, D. Kuznetsov, A. Lyubina, S. Amerhanova,
A. Voloshina, D. Buzyurova, V. Babaev, |. Zueva, K. Petrov, S.
Lukashenko, G. Gaynanova, L. Zakharova, Int. J. Mol. Sci. 2023, 24,
3632.

W. M. Pardridge, Pharmacol Toxicol. 1992, 71, 3.

G. Kamalinia, F. Khodagholi, F. Shaerzadeh, F. Tavssolian, F.
Chaharband, F. Atyabi, M. Sharifzadeh, M. Amini, R. Dinarvand,
Chem. Biol. Drug Des. 2015, 86, 1203.

M. Li, K. Shi, X. Tang, J. Wei, X. Cun, X. Chen, Q. Yu, Z. Zhang, Q.
He, Eur. J. Pharm. Sci. 2018, 124, 240.

S. Caban-Toktas, A. Sahin, S. Lule, G. Esendagli, I. Vural, K. Karli
Oguz, F. Soylemezoglu, M. Mut, T. Dalkara, M. Khan, Y. Capan, Int.
J. Pharm. 2020, 578, 119076.

F. Hervé, N. Ghinea, ). M. Scherrmann, AAPS J. 2008, 10, 455.

U. Bickel, T. Yoshikawa, W. M. Pardridge, Adv. Drug Deliv. Rev. 2001,
46, 247.

Z. Liu, L. Zhang, Q. He, X. Liu, C. I. Okeke, L. Tong, L. Guo, H. Yang,
Q. Zhang, H. Zhao, X. Gu, Int. J. Pharm. 2015, 489, 131.

E. V. Batrakova, H. E. Gendelman, A. V. Kabanov, Expert Opin Drug
Deliv. 2011, 8, 415.

X. Wang, J. Gao, X. Ouyang, ). Wang, X. Sun, Y. Lv, Int. J. Nanomed.
2018, 73, 5231.

Y. Du, Z. Yang, Q. Sun, M. Lin, R. Wang, Y. Peng, X. Chen, X. Qi, Adv.
Healthcare Mater. 2021, 10, e2002200.

T. P. Crowe, M. H. W. Greenlee, A. G. Kanthasamy, W. H. Hsu, Life
Sci. 2018, 195, 44.

J. J. Lochhead, R. G. Thorne, Adv. Drug Deliv. Rev. 2012, 64, 614.

M. M. Miyake, B. S. Bleier, Am J Rhinol Allergy 2015, 29, 124.

Z.Tt, L. W, M. G., W. P, L. W., Biomater. Sci. 2016, 4, 219.

C. Huang, C. Wang, W. Zhang, T. Yang, M. Xia, X. Lei, Y. Peng, Y. Wu,
J. Feng, D. Li, G. Zhang, Molecules 2022, 27, 7644.

B. Fonseca-Santos, C. A. Cazarin, P. B. da Silva, K. P. Dos Santos,
M. C. O. da Rocha, S. N. B4do, M. M. De-Souza, M. Chorilli,
Nanomedicine 2023, 51, 102689.

L. R. Hanson, J. M. Fine, A. L. Svitak, K. A. Faltesek, J Vis Exp 2013,
74, 4440.

[374]
[375]
[376]
1377]
[378]
1379]
380]
381]
382]
[383]
[384]
[385]
[386]
387]
[388]
[389]
[390]
1391]

392]

[393]

[394]
[395]
396]

1397]

[398]

[399]
[400]

[407]
[402]
[403]
[404]
[405]

[406]

www.advancedscience.com

Y. Huang, X. Yang, F. Xing, P. Wei, APS 2019, 54, 629.

C. Zhang, W. He, C. Liu, D. Jiao, Z. Liu, VIEW 2021, 2, 20200144.

L. G, G. )., A. H, C. X, Small 2013, 9, 1533.

L. L. Israel, A. Galstyan, E. Holler, J. Y. Ljubimova, J. Control Rel. 2020,
320, 45.

M. Wang, L. Li, X. Zhang, Y. Liu, R. Zhu, L. Liu, Y. Fang, Z. Gao, D.
Gao, ACS Sustainable Chem. Eng. 2018, 6, 17124.

K. Gokduman, F. Bestepe, L. Li, M. L. Yarmush, O. B. Usta,
Nanomedicine (Lond) 2018, 13, 1267.

V. F. Cardoso, A. Francesko, C. Ribeiro, M. Bafiobre-Lépez, P.
Martins, S. Lanceros-Mendez, Adv. Healthcare Mater. 2018, 7.

A. Ahmad, M. M. Ansari, A. Kumar, A. Vyawahare, R. K. Mishra, G.
Jayamurugan, S. S. Raza, R. Khan, Nanotoxicology 2020, 14, 1362.
B. Lesiak, N. Rangam, P. Jiricek, I. Gordeev, . T6th, L. Kévér, M.
Mohai, P. Borowicz, Front Chem 2019, 7, 642.

H. Unterweger, L. Dézsi, ). Matuszak, C. Janko, M. Poettler, ).
Jordan, T. Biuerle, ). Szebeni, T. Fey, A. R. Boccaccini, C. Alexiou,
I. Cicha, Int. J. Nanomed. 2018, 13, 1899.

S. Jiang, K. Huang, J. Qu, J. Lin, P. Huang, VIEW 2021, 2, 20200075.
B. Guo, Z. Feng, D. Hu, S. Xu, E. Middha, Y. Pan, C. Liu, H. Zheng,
J. Qian, Z. Sheng, B. Liu, Adv. Mater. 2019, 37, 1902504.

Y. Liu, D. Zhu, ). Luo, X. Chen, L. Gao, W. Liu, T. Chen, ACS Appl. Bio
Mater. 2020, 3, 6876.

A. M. Alkilany, L. B. Thompson, S. P. Boulos, P. N. Sisco, C. J.
Murphy, Adv. Drug Deliv. Rev. 2012, 64, 190.

K. Hynynen, N. McDannold, N. A. Sheikov, F. A. Jolesz, N.
Vykhodtseva, Neuroimage 2005, 24, 12.

N. Zhang, F. Yan, X. Liang, M. Wu, Y. Shen, M. Chen, Y. Xu, G. Zou,
P. Jiang, C. Tang, H. Zheng, Z. Dai, Theranostics 2018, 8, 2264.

C. Sierra, C. Acosta, C. Chen, S. Y. Wu, M. E. Karakatsani, M. Bernal,
E. E. Konofagou, J. Cereb. Blood Flow Metab. 2017, 37, 1236.

G. Yan, Y. Wang, X. Han, Q. Zhang, H. Xie, J. Chen, D. Ji, C. Mao, T.
Lu, Dose Resp. 2019, 17, 1559325819872854.

C. Li, G. Tu, C. Luo, Y. Guo, M. Fang, C. Zhu, H. Li, J. Ou, Y. Zhou, W.
Liu, K. K. L. Yung, Z. Mo, Prog Neuropsychopharmacol Biol Psychiatry
2018, 86, 379.

A. K. Y. Fu, K. W. Hung, H. Huang, S. Gu, Y. Shen, E. Y. L. Cheng, F.
C. F.Ip, X. Huang, W. Y. Fu, N. Y. Ip, Proc. Natl. Acad. Sci. USA 2014,
111, 9959.

Y. F. Xian, Z. X. Lin, M. Zhao, Q. Q. Mao, S. P. Ip, C. T. Che, Planta
Med. 2011, 77, 1977.

R. Xu, J. Wang, J. Xu, X. Song, H. Huang, Y. Feng, C. Fu, Int. J.
Nanomed. 2020, 15, 1149.

B. Wilson, M. K. Samanta, K. Santhi, K. P. S. Kumar, N.
Paramakrishnan, B. Suresh, Eur. J. Pharm. Biopharm. 2008, 70, 75.
S. Imamura, M. Tabuchi, H. Kushida, A. Nishi, H. Kanno, T.
Yamaguchi, K. Sekiguchi, Y. Ikarashi, Y. Kase, Cell. Mol. Neurobiol.
2011, 31, 787.

Y. C. Kuo, I. W. Ng, R. Rajesh, Mater Sci. Eng. C Mater. Biol. Appl.
2021, 127, 112233.

Y. C. Kuo, C. W. Tsao, Int. J. Nanomed. 2017, 12, 2857.

R.G.R. Pinheiro, A. Granja, J. A. Loureiro, M. C. Pereira, M. Pinheiro,
A. R. Neves, S. Reis, Eur. J. Pharm. Sci. 2020, 148, 1053 14.

Q. Chen, Y. Du, K. Zhang, Z. Liang, . Li, H. Yu, R. Ren, J. Feng, Z.
Jin, F. Li, ). Sun, M. Zhou, Q. He, X. Sun, H. Zhang, M. Tian, D. Ling,
ACS Nano 2018, 12, 1321.

A. L. Vavere, P. ). H. Scott, Semin. Nucl. Med. 2017, 47, 429.

S. Marrache, S. Dhar, Proc. Natl. Acad. Sci. U S A 2012, 109, 16288.
C. Gao, Y. Wang, J. Sun, Y. Han, W. Gong, Y. Li, Y. Feng, H. Wang, M.
Yang, Z. Li, Y. Yang, C. Gao, Acta Biomater. 2020, 108, 285.

Y. Qi, L. Guo, Y. Jiang, Y. Shi, H. Sui, L. Zhao, Drug Deliv. 2020, 27,
745.

H. Wang, H. Sui, Y. Zheng, Y. Jiang, Y. Shi, J. Liang, L. Zhao,
Nanoscale 2019, 11, 7481.

2308677 (37 0f40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[407]
[408]

[409]

[410]

[417]

[412]
[413]
[414]
[415]

[416]

[417]
[418]
[419]
[420]
[421]
[422]

[423]
[424]

[425]
[426]
[427]
[428]
[429]

[430]

[431]

[432]

[433]

Adv. Sci. 2024, 2308677

P. Li, M. Kaslan, S. H. Lee, ). Yao, Z. Gao, Theranostics 2017, 7, 789.
M. Fernandes, |. Lopes, L. Magalh3es, M. P. Sarria, R. Machado, J.
C. Sousa, C. Botelho, J. Teixeira, A. C. Gomes, J. Control Rel. 2021,
336, 130.

N. M. Smith, I. Gachulincova, D. Ho, C. Bailey, C. A. Bartlett, M.
Norret, J. Murphy, A. Buckley, P. ). Rigby, M. ]. House, T. S. Pierre,
M. Fitzgerald, K. S. Lyer, S. A. Dunlop, Sci. Rep. 2016, 6, 22595.

J. Liu, C. Liu, ). Zhang, Y. Zhang, K. Liu, J. X. Song, S. G.
Sreenivasmurthy, Z. Wang, Y. Shi, C. Chu, Y. Zhang, C. Wu, X. Deng,
X. Liu, J. Song, R. Zhuang, S. Huang, P. Zhang, M. Li, L. Wen, Y. W.
Zhang, G. Liu, ACS Nano 2020, 14, 1533.

J. X. Song, Y. R. Sun, I. Peluso, Y. Zeng, X. Yu, ). H. Lu, Z. Xu, M.
Z.Wang, L. F. Liu, Y. Y. Huang, L. L. Chen, S. S. K. Durairajan, H. J.
Zhang, B. Zhou, H. Q. Zhang, A. Lu, A. Ballabio, D. L. Medina, Z.
Guo, M. Li, Autophagy 2016, 12, 1372.

T. Chen, C. Li, Y. Li, X. Yi, R. Wang, S. M.-Y. Lee, Y. Zheng, ACS Appl.
Mater. Interfaces 2017, 9, 9516.

J. Liu, D. Gao, D. Hu, S. Lan, Y. Liu, H. Zheng, Z. Yuan, Z. Sheng,
Research (Wash D C) 2023, 6, 0030.

H. Liu, Y. Han, T. Wang, H. Zhang, Q. Xu, J. Yuan, Z. Li, J. Am. Chem.
Soc. 2020, 742, 21730.

Y. Liu, H. Hong, J. Xue, J. Luo, Q. Liu, X. Chen, Y. Pan, J. Zhou, Z.
Liu, T. Chen, ACS Appl. Mater. Interfaces 2021, 13, 37746.

H. Fan, H. B. Tang, Z. Chen, H. Q. Wang, L. Zhang, Y. Jiang, T. Li, C.
F.Yang, X.Y. Wang, X. Li, S. X. Wu, G. L. Zhang, J. Neuroinflammation
2020, 17, 295.

L. Jin, Z. Zhu, L. Hong, Z. Qian, F. Wang, Z. Mao, Bioact. Mater.
2023, 19, 38.

C. Yang, M. Han, R. Li, L. Zhou, Y. Zhang, L. Duan, S. Su, M. Li, Q.
Wang, T. Chen, Y. Mo, Int. J. Nanomed. 2021, 16, 8049.

X. Lu, J. Dong, D. Zheng, X. Li, D. Ding, H. Xu, Nanomedicine 2020,
28, 102208.

J. Shen, Z. Zhao, W. Shang, C. Liu, B. Zhang, L. Zhao, H. Cai, Int. J.
Nanomed. 2017, 12, 6477.

Y. Long, S. Liu, J. Wan, Y. Zhang, D. Li, S. Yu, A. Shi, N. Li, F. He,
Biomed. Pharmacother. 2023, 160, 114240.

Y. Zhang, S. Liu, J. Wan, Q. Yang, Y. Xiang, L. Ni, Y. Long, M. Cui, Z.
Ci, D. Tang, N. Li, Int. J. Nanomed. 2020, 15, 5977.

Z. Ly, Y. Yang, |. Wang, J. Chen, ). Li, L. Di, Molecules 2018, 23, 303.
X. Yuan, F. Fei, H. Sun, C. Xiao, X. Zhao, Y. Zhang, X. Zheng, Int. J.
Nanomed. 2018, 13, 2265.

W. Liu, H. Lu, X. Rao, X. Li, H. Lu, F. Li, Y. He, R. Yu, R. Zhong, Y.
Zhang, X. Luo, H. Xin, Nano Res. 2021, 14, 4634.

R. M. Han, Y. X. Tian, E. M. Becker, M. L. Andersen, ). P. Zhang, L.
H. Skibsted, J. Agric. Food Chem. 2007, 55, 2384.

D. Di Mascolo, I. Guerriero, C. Pesce, R. Spano, A. L. Palange, P.
Decuzzi, ACS Nano 2023, 17, 14572.

L. Chen, D. Zeng, N. Xu, C. Li, W. Zhang, X. Zhu, Y. Gao, P. R. Chen,
J. Lin, ACS Appl. Mater. Interfaces 2019, 11, 41889.

P. Sun, Y. Xiao, Q. Di, W. Ma, X. Ma, Q. Wang, W. Chen, Int. J.
Nanomed. 2020, 15, 6673.

F. Liu, B. Peng, M. Li, J. Ma, G. Deng, S. Zhang, W. C. Sheu, P. Zou,
H. Wu, J. Liu, A. T. Chen, F. S. Mohammed, ). Zhou, Cell Rep. Phys.
Sci. 2022, 3, 100691.

D. Reichel, B. Sagong, ). Teh, Y. Zhang, S. Wagner, H. Wang, L. W.
K. Chung, P. Butte, K. L. Black, J. S. Yu, ). M. Perez, ACS Nano 2020,
14, 8392.

S. Jiang, X. Li, F. Zhang, J. Mao, M. Cao, X. Zhang, S. Huang, X.
Duan, J. Shen, Small Methods 2022, 6, €2101531.

A. M. Sonabend, A. Gould, C. Amidei, R. Ward, K. A. Schmidt, D. Y.
Zhang, C. Gomez, ). F. Bebawy, B. P. Liu, G. Bouchoux, C. Desseaus,
I. B. Helenowski, R. V. Lukas, K. Dixit, P. Kumthekar, V. A. Arrieta,
M. S. Lesniak, A. Carpentier, H. Zhang, M. Muzzio, M. Canney, R.
Stupp, Lancet Oncol. 2023, 24, 509.

[434]

[435]

[436]

437]
[438]
[439]
[440]
[441]
[442]
[443]
[444]
[445]
[446]

[447]
[448]

[449]

[450]
[451]

[452]

[453]
[454]
[455]

[456]

[457]
[458]

[459]
[460]

[461]

[462]

www.advancedscience.com

D.Y.Zhang, C. Dmello, L. Chen, V. A. Arrieta, E. Gonzalez-Buendia,
J. R. Kane, L. P. Magnusson, A. Baran, C. D. James, C. Horbinski,
A. Carpentier, C. Desseaux, M. Canney, M. Muzzio, R. Stupp, A. M.
Sonabend, Clin. Cancer Res. 2020, 26, 477.

Z. Wang, X. L. Tang, M. J. Zhao, Y. D. Zhang, Y. Xiao, Y. Y. Liu, C. F.
Qian, Y. D. Xie, Y. Liu, Y. J. Zou, K. Yang, H. Y. Liu, J. Nanobiotechno.
2023, 21, 210.

M. Wang, C. Y. Lv, S. A. Li, J. K. Wang, W. Z. Luo, P. C. Zhao, X. Y. Liu,
Z. M. Wang, Y. Jiao, H. W. Sun, Y. Zhao, P. Zhang, J. Nanobiotechnol.
2021, 179, 210.

W. Luo, L. Zhang, X. Li, J. Zheng, Q. Chen, Z. Yang, M. Cheng, Y.
Chen, Y. Wu, W. Zhang, T. Tang, Y. Wang, Nano Res. 2022, 15, 9274.
A. Gharaibeh, P. Maiti, R. Culver, S. Heileman, B. Srinageshwar,
D. Story, K. Spelde, L. Paladugu, N. Munro, N. Muhn, N. Kolli, J.
Rossignol, G. L. Dunbar, Int. J. Mol. Sci. 2020, 21, 9542.

X. Liu, H. Meng, VIEW 2021, 2, 20200190.

D. Zheng, K. Yang, Z. Nie, VIEW 2021, 2, 20200067.

L. Zou, Y. Tao, G. Payne, L. Do, T. Thomas, J. Rodriguez, H. Dou,
Oncotarget 2017, 8, 6564.

P. Wang, Y. Wu, W. Chen, M. Zhang, |. Qin, Biosensors (Basel) 2022,
12, 89.

Y. Zhang, Y. Hu, M. Li, ). Wang, G. Guo, F. Li, B. Yu, J. Kou, Drug Des.
Devel. Ther. 2020, 14, 933.

Y. Liu, Y. Gong, W. Xie, A. Huang, X. Yuan, H. Zhou, X. Zhu, X. Chen,
J. Liu, J. Liu, X. Qin, Nanoscale 2020, 12, 6498.

Y. Qi, P.Yi, T. He, X. Song, Y. Liu, Q. Li, J. Zheng, R. Song, C. Liu, Z.
Zhang, W. Peng, Y. Zhang, Colloids Surf. A 2020, 602, 125058.

V. V. Sokolik, O. G. Berchenko, Front. Cell Neurosci. 2023, 17,
1169980.

Y. C. Kuo, C. L. Chen, R. Rajesh, Acta Biomater. 2019, 87, 207.

A. Yadav, A. Sunkaria, N. Singhal, R. Sandhir, Neurochem. Int. 2018,
112, 239.

J. A. Loureiro, S. Andrade, A. Duarte, A. R. Neves, |. F. Queiroz,
C. Nunes, E. Sevin, L. Fenart, F. Gosselet, M. A. N. Coelho, M. C.
Pereira, Molecules 2017, 22, 277.

R.G.R. Pinheiro, A. Granja, ). A. Loureiro, M. C. Pereira, M. Pinheiro,
A. R. Neves, S. Reis, Pharm. Res. 2020, 37, 139.

S. M. Etman, Y. S. R. Elnaggar, D. A. Abdelmonsif, O. Y. Abdallah,
AAPS PharmSciTech 2018, 19, 3698.

S. K. Tiwari, S. Agarwal, B. Seth, A. Yadav, S. Nair, P. Bhatnagar, M.
Karmakar, M. Kumari, L. K. S. Chauhan, D. K. Patel, V. Srivastava,
D. Singh, S. K. Gupta, A. Tripathi, R. K. Chaturvedi, K. C. Gupta, ACS
Nano 2014, 8, 76.

A. Rajput, A. Bariya, A. Allam, S. Othman, S. B. Butani, Drug Deliv.
Transl. Res. 2018, 8, 1460.

Y. Liu, D. Zhu, J. Luo, X. Chen, L. Gao, W. Liu, T. Chen, ACS Appl. Bio
Mater. 2020, 3, 6876.

Z. Qamar, M. U. Ashhar, Annu, F. F. Qizilibash, P. K. Sahoo, A. Ali,
J. Ali, S. Baboota, Int. J. Pharm. 2021, 609, 121131.

S. S. Das, A. Sarkar, S. C. Chabattula, P. R. P. Verma, A. Nazir, P. K.
Gupta, ). Ruokolainen, K. K. Kesari, S. K. Singh, Antioxidants (Basel)
2022, 11, 1378.

S. Xiong, W. Liu, D. Li, X. Chen, F. Liu, D. Yuan, H. Pan, Q. Wang, S.
Fang, T. Chen, Mol. Pharm. 2019, 16, 1444.

T.Yi, D. Tang, F. Wang, J. Zhang, ). Zhang, |. Wang, X. Xu, ). Zhang,
Drug Deliv. 2017, 24, 422.

Chem. Eng. J. 2023, 475, 146473.

A. Bazzazzadeh, B. F. Dizaji, N. Kianinejad, A. Nouri, M. Irani, Int.
J. Pharm. 2020, 587, 119674.

S. Kang, W. Duan, S. Zhang, D. Chen, J. Feng, N. Qi, Theranostics
2020, 10, 4308.

Y. Zhu, J. Liang, C. Gao, A. Wang, . Xia, C. Hong, Z. Zhong, Z. Zuo,
J. Kim, H. Ren, S. Li, Q. Wang, F. Zhang, ]. Wang, J. Control Rel. 2021,
330, 641.

2308677 (38 0‘F40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejone VO @S J0 Sa|nJ 10} A%eiq18uljuO 3|1 UO (SUORIPUOD-pUe-SWLRIAL0D" A8 | Afe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/20/62] Uo Ariqiauliuo Ae|im O uonminsu| Builleg-sed Aq £2980£202 SAPR/Z00T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘v¥8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[463]

[464]

[465]
[466]

[467]
[468]

[469]

[470]

Adv. Sci. 2024, 2308677

d.h

D. Kong, W. Hong, M. Yu, Y. Li, Y. Zheng, X. Ying, Int. J. Nanomed.
2022, 17, 1087.

X. Xin, W. Liu, Z. A. Zhang, Y. Han, L. L. Qi, Y. Y. Zhang, X. T. Zhang,
H. X. Duan, L. Q. Chen, M. ]. Jin, Q. M. Wang, Z. G. Gao, W. Huang,
Int. J. Nanomed. 2021, 16, 5755.

Z. Wang, X. Wang, H. Yu, M. Chen, Biomater. Sci. 2022, 10, 1292.
L. Wang, X. Wang, L. Shen, M. Alrobaian, S. K. Panda, H. A.
Almasmoum, M. M. Ghaith, R. A. Almaimani, I. A. A. Ibrahim, T.
Singh, A. A. Baothman, H. Choudhry, S. Beg, Biomed. Pharmacother.
2021, 738, 111461.

L. Wen, C. Wen, F. Zhang, K. Wang, H. Yuan, F. Hu, Nanomedicine
2020, 28, 102218.

X. Li, L. Shi, Y. Li, Q. Li, X. Duan, Y. Wang, Q. Li, Artif. Cells Nanomed.
Biotechnol. 2020, 48, 983.

Z. A. Zhang, X. Xin, C. Liu, Y. H. Liu, H. X. Duan, L. L. Qi, Y. Y.
Zhang, H. M. Zhao, L. Q. Chen, M. |. Jin, Z. G. Gao, W. Huang,
J- Nanobiotechnol. 2021, 19, 453.

F. Madani, S. S. Esnaashari, M. C. Bergonzi, T. ]. Webster, H. M.
Younes, M. Khosravani, M. Adabi, Life Sci. 2020, 256, 117943.

‘2 78.
|

-

diseases.

-

:

-~

—

devices, and biosensors.

[471]

[472]
[473]
[474]
[475]
[476]
[477]

[478]

www.advancedscience.com

H. Maleki, M. R. Hosseini Najafabadi, T. ). Webster, M. R.
Hadjighassem, E. Sadroddiny, H. Ghanbari, M. Khosravani, M.
Adabi, Int. J. Pharm. 2021, 604, 120722.

M. AbdEl-Hag, A. Kumar, F.-E. A Mohand, N. Kravchenko-Balasha,
Y. Rottenberg, A. J. Domb, Int. J. Mol. Sci. 2023, 24, 11722.

X. M. Lin, X. X. Shi, L. Xiong, J. H. Nie, H. S. Ye, J. Z. Du, }. Liu, Int.
J. Mol. Sci. 2021, 22, 10622.

J. Yang, Q. Zhang, Y. Liu, X. Zhang, W. Shan, S. Ye, X. Zhou, Y. Ge,
X. Wang, L. Ren, Nanomedicine (Lond) 2020, 15, 1391.

W. Liu, Q. Lin, Y. Fu, S. Huang, C. Guo, L. Li, L. Wang, Z. Zhang, L.
Zhang, J. Control Rel. 2020, 323, 191.

Y. Fan, Y. Cui, W. Hao, M. Chen, Q. Liu, Y. Wang, M. Yang, Z. Li, W.
Gong, S. Song, Y. Yang, C. Gao, Bioact Mater 2021, 6, 4402.

J. Ren, M. Zou, P. Gao, Y. Wang, G. Cheng, Eur. J. Pharm. Biopharm.
2013, 83, 141.

S. Sahib, A. Sharma, D. F. Muresanu, Z. Zhang, C. Li, Z. R. Tian, A.
D. Buzoianu, J. V. Lafuente, R. ). Castellani, A. Nozari, R. Patnaik,
P. K. Menon, L. Wiklund, H. S. Sharma, Prog. Brain Res. 2021, 265,
249.

Jing Li graduated from Hunan University of Chinese Medicine with a Bachelor’s degree. Currently,
sheis pursuing a Master’s degree at the School of Integrated Chinese and Western Medicine at Hu-
nan University of Chinese Medicine. Her main research focus is on the integrated traditional Chinese
and Western medicine approaches to preventing and treating cardiovascular and cerebrovascular

Dan Luo received his BScand PhD degrees at Peking University Health Science Center in 2008 and
2013, respectively. He worked at the Institute of Chemistry, Chinese Academy of Sciences in 2013, then
transferred to China University of Petroleum-Beijing in 2015. Since 2021, he has joined the Beijing
Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences as a professor. His research
focuses on physiotherapy strategies based on self-powered devices

Zhou Lireceived his Ph.D. from Peking University in the Department of Biomedical Engineering in
2010, and his Bachelor’s Degree from Wuhan University in 2004. He joined the School of Biological
Science and Medical Engineering of Beihang University in 2010 as an Associate Professor. Currently,
heis a Professor at the Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sci-
ences. His research interests include nanogenerators, in vivo energy harvesters, self-powered medical

2308677 (39 0f40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

B5US017 SUOLULUIOD dA1IES.ID) 3{cfed ddde U Ag pausenob afe sale O 88N JO Sa|NnJ 40y Afeid18UIIUO AB]1M UO (SUONIPUCO-PUR-SLLBYWI0D" AB 1M AseIq 1 jBul[UO//SANY) SUONIPUOD PUe Swid | 3L} 855 * [202/20/62] Uo Ariqiauliuo A81im o uonmisul Buileg-sed Aq £2980£202 SAPe/Z00T OT/10p/wiod" A 1M Afeid jpuuo//sdiy Lol papeoumoq ‘0 ‘Yr8ESETZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANCEDR

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

Wei Zhang received his Master’s and Ph.D. degrees in the School of Integrated Chinese and Western
Medicine from Hunan University of Chinese Medicine in 2008 and 2014. He joined the School of In-
tegrated Chinese and Western Medicine at Hunan University of Chinese Medicine as an Associate
Professorin 2015 and currently serves as a Professor. His research focuses on the integrated Chinese
and Western medicine approaches to preventing and treating cardiovascular and cerebrovascular
diseases.

Adv. Sci. 2024, 2308677 2308677 (40 O‘F40) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

B5US017 SUOLULUIOD dA1IES.ID) 3{cfed ddde U Ag pausenob afe sale O 88N JO Sa|NnJ 40y Afeid18UIIUO AB]1M UO (SUONIPUCO-PUR-SLLBYWI0D" AB 1M AseIq 1 jBul[UO//SANY) SUONIPUOD PUe Swid | 3L} 855 * [202/20/62] Uo Ariqiauliuo A81im o uonmisul Buileg-sed Aq £2980£202 SAPe/Z00T OT/10p/wiod" A 1M Afeid jpuuo//sdiy Lol papeoumoq ‘0 ‘Yr8ESETZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

