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Central nervous system (CNS) diseases, including neurodegenerative diseases, stroke, brain tumors, and
others, result in poor quality of life and can cause substantial disability. Not all CNS diseases are amenable to
surgical approaches, so drug development is important for disease treatment. Unfortunately, there are few
drugs currently available for CNS diseases. Chinese herbal medicines (CHMs), represented by herb derived
active ingredients and decoctions, have long been used in the treatment of CNS diseases. One of the major
challenges in the further development of CHMs for CNS diseases is to improve cerebral drug delivery, and
nanotechnology applied to CHMs to obtain nano-Chinese Herbal Medicines (nano-CHMs) is an effective
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way. This review categorizes nano-CHMs according to their preparation methods and sources, and
discusses the applications of each nano-CHM and its advantages. Considering the special status of the brain,
we further summarize the delivery strategies of nano-CHMs and the physiological barriers that need to be
overcome for different strategies. Finally, we discuss the application of nano-CHMs for various CNS diseases,
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1. Introduction

CNS diseases include neurodegenerative diseases,' cerebrovascu-
lar diseases,” brain infections,® brain trauma,® brain tumours®
and so on. Factors such as unhealthy lifestyles, increased inci-
dence of traffic accidents, and population aging have led to a rise
in the incidence of CNS diseases.® Traditional Chinese medicine
(TCM) has a long history and rich experience in the treatment of
CNS diseases. Decoctions are the most commonly used form of
TCM. A CHM decoction is a liquid preparation obtained through
boiling a combination of various herbs with different pharmaco-
logical effects together, according to a prescription prescribed by a
TCM practitioner after diagnosing the patient based on TCM
theories, and then filtering out the herb residue. Patients can
purchase CHMs according to the prescription in order to prepare
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aiming to provide insights into the development of nano-CHMs for the treatment of CNS diseases.

and consume the decoctions at home. The use of CHM decoctions
for the treatment of cerebrovascular diseases can be traced back
to the Han Dynasty.” With the advancement of science and
technology, researchers have identified a large number of com-
pounds with potential therapeutic effects on CNS diseases from
CHMSs. Due to the unique position of the brain in the human
body, the blood-brain barrier (BBB) strictly controls the exchange
of substances between the blood in the capillaries and the brain
interstitial fluid. While providing protection for the brain, the BBB
also prevents the entry of the vast majority of drugs. Therefore,
intracerebral distribution has become a significant bottleneck for
the further application of active ingredients from CHMs.®

In recent years, the development of nanotechnology has
brought new opportunities for the delivery of active ingredients
from CHMs. Researchers have loaded active ingredients into
various types of nanocarriers whose inherent physicochemical
properties enhance the stability of the drugs after entering the
bloodstream, prolong their circulation time, and increase cellular
uptake of active ingredients.” Another advantage of nanocarriers is
easy modification. Modifying the surface of nanocarriers with
substances that target the BBB can help active ingredients cross
the BBB. In previous studies, common brain-targeting strategies
include (1) targeting receptors that are highly expressed by cere-
brovascular endothelial cells, such as transferrin, RVG29, and Ang-
2. Jhaveri et al. used transferrin-modified liposomes to successfully

This journal is © The Royal Society of Chemistry 2025
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deliver the hydrophobic substance resveratrol into glioma cells;"
(2) temporarily opening the BBB, e.g., by disrupting the intercel-
lular tight junctions with the use of focused ultrasound, or with
substances such as borneol. Yan et al. used focused ultrasound to
deliver curcumin nanoparticles to the deep-seated brain nuclei,
which significantly improved the efficacy of curcumin in Parkin-
son’s model mice;'" (3) using cell membrane mimicry strategies.
Shan et al. used engineered macrophage exosomes to deliver
ubiquinoside to gliomas, and achieved effective treatment of
diffuse intrinsic pontine glioma using ultra-low doses of ubiquino-
side;'? (4) bypassing the BBB, e.g., using transnasal drug delivery
strategies. Feng et al. administered curcumin self-assembled
nanoparticles nasally to increase the level of curcumin in the brain
by 1.6-fold compared to intravenous administration.”® These
strategies improved the distribution of the herbal medicine active
ingredients in the brain in various ways, which in turn improved
the therapeutic efficacy. In addition to the common encapsulation
methods, self-assembled products of CHM active ingredients,"*
nanoparticles derived from CHM decoctions," CHM-derived car-
bon dots,'® and nanovesicles derived from CHMs'” have also been
developed for the treatment of CNS diseases.

In this review, we first introduce the active ingredients and
CHM decoctions used for the treatment of CNS diseases. CHM
decoctions have not previously received sufficient attention due
to their complex composition. In recent years, the presence of
nanoparticles in CHM decoctions has been considered an
important material basis for the efficacy of CHM decoctions.
Therefore, we present these CHM decoctions for the treatment
of CNS diseases and discuss the advantages and limitations of
the active ingredient and decoctions, as well as the importance
of nanotechnology for CHM delivery. In the next section, we
summarise the different types of nano-CHMs, their prepara-
tion, application cases and their advantages, providing
researchers with a more comprehensive perspective of nano-
CHMs used in CNS diseases. Subsequently, we review the
physiological barriers and delivery strategies of nano-CHMs
for cerebral delivery. Considering that the BBB has been well
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reviewed and approaches such as transnasal administration and
in situ delivery for cerebral disease treatments have also gradu-
ally been developed,'® we summarize the nasal barrier and the
cranial barrier as important additions. Finally, we discuss the
application of nano-CHMs in different CNS diseases, providing
insights for researchers to optimize nano-CHMs (Fig. 1).

2. The use of CHMs in CNS diseases

CHMs for the treatment of CNS diseases consist of two main types,
CHM decoctions and active ingredients obtained by isolation and
purification from herbs. Previous reviews have primarily focused on
active ingredients while neglecting decoctions, which exhibit
complex compositions that make it difficult to identify the specific
components responsible for therapeutic effects. Considering that
nanoparticles in decoctions are an important material basis for
decoctions and that pharmacological activity studies of decoctions
have made great progress,” this review focuses on both active
ingredients and decoctions used in the treatment of CNS diseases

(Fig. 2).

2.1. Active ingredients of CHMs for CNS diseases

CHMs contain a large number of active ingredients, and we
have selected three representative classes of compounds for
detailed discussion.

2.1.1. Alkaloids. Alkaloids are a class of natural compounds
containing basic nitrogen atoms, which exhibit a wide range of
pharmacological activities, including antimalarial, anti-asthmatic,
and anti-tumor effects.?’ Their extensive pharmacological activities
are derived from various modifications of the core structure, such
as methylation, glycosylation, acylation, and oxidation.>* There are
many well-known compounds among alkaloids. For example,
morphine is a narcotic drug but also an opioid receptor agonist
which produces a potent analgesic effect by activating opioid
receptors in areas such as the spinal glial region, the medial
thalamus, the periventricular gray matter, and the periaqueductal
gray matter, thereby mimicking the modulatory function of endo-
genous opioid peptides on pain perception.*

Paclitaxel is a diterpenoid alkaloid compound with signifi-
cant anticancer activity, primarily extracted from plants of the
genus Taxus. It is currently a commonly used antitumor drug in
clinical practice.”® Research has found that paclitaxel specifically
induces tumor cell apoptosis through a non-classical pathway
involving the secretion of cytotoxic extracellular vesicles, without
affecting normal cells. Adoptive cell therapy using paclitaxel in
tumor-bearing mice can effectively kill tumor cells while effec-
tively avoiding side effects.”* A phase II clinical study evaluated
the efficacy and toxicity of paclitaxel infusion in patients with
recurrent malignant glioma. Among 41 patients, the response
rate was 35%, and the patients tolerated the treatment well.>®
Another phase I clinical study validated the use of low-intensity
pulsed ultrasound in combination with intravenous injection of
microbubbles to open the BBB and enhance the brain delivery of
albumin-bound paclitaxel.>® After decades of validation, pacli-
taxel has become a therapeutic agent in the treatment of many
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Fig. 1 Schematic diagram of nano-CHMs for the treatment of CNS diseases. Created with BioRender.com.

cancers, including non-small cell lung cancer, bladder cancer,
oesophageal cancer, gastric cancer, prostate cancer and malig-
nant melanoma.””

Berberine is another important alkaloid, which is the main
component of Coptis chinensis (Huanglian in TCM). Coptis
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chinensis is widely used and often serves as the ‘“Monarch” or
“Minister” in decoctions guided by the principle of “Monarch,
Minister, Assistant, and Guide”.?® Research has shown that
berberine can accelerate the production of L-dopa by gut
microbiota to increase brain dopamine levels, thereby improv-
ing Parkinson’s disease.”® Another study has demonstrated that
berberine can significantly reduce intestinal inflammation,
improve the composition of the gut microbiota, and conse-
quently promote the clearance of AB plaques, alleviate neuroin-
flammation, and improve memory deficits in Alzheimer’s
disease (AD) mice.*® In addition, berberine can also alleviate
cerebral ferroptosis induced by ischemia-reperfusion in mice
by improving the gut microbiota.>* Apart from neurodegenera-
tive diseases, berberine has also shown certain therapeutic
potential in stroke®* and traumatic brain injury (TBI).*?

2.1.2. Polyphenol. Polyphenols are important secondary
metabolites in plants, second in abundance only to carbohy-
drates. Polyphenolic compounds contain multiple phenolic
hydroxyl groups whose hydrogen atoms can be released in the
form of protons or hydrogen radicals, forming phenol radicals
that can combine with other radicals to exert a radical-scavenging
effect under alkaline conditions. This is the basis for the excellent
antioxidant properties of polyphenols.** Most CNS diseases are
accompanied by the generation of free radicals. An excessive
increase in reactive oxygen species (ROS) can lead to lipid
peroxidation, protein denaturation, and other oxidative damage.
This imbalance between oxidation and antioxidation is referred to
as oxidative stress.> Polyphenols can reduce cellular damage and
improve the pathology of CNS diseases due to their antioxidant
effects.

This journal is © The Royal Society of Chemistry 2025
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Neurodegenerative diseases, represented by AD and Parkinson’s
disease (PD), are often accompanied by neuroinflammation. There-
fore, polyphenolic compounds have good therapeutic potential in
neurodegenerative diseases.®” For example, Yuan’s team found that
sodium rutin can improve the energy metabolism of microglia,
promote the metabolic shift from anaerobic glycolysis to mitochon-
drial oxidative phosphorylation, and enhance the phagocytic clear-
ance of PB-amyloid proteins by microglia, thereby improving
learning and memory impairments of AD mice.*®

Epigallocatechin gallate (EGCG) is an important polyphenolic
compound in tea, possessing pharmacological activities such as
antioxidant and anti-inflammatory effects. Due to the intermole-
cular forces brought about by multiple hydroxyl groups, EGCG can
seek out regions rich in charge within protofibrils to generate
conformational stress, ultimately leading to the disintegration of
protofibrils and thereby achieving therapeutic effects against AD.*°
Another study suggests that EGCG primarily forms hydrophobic
interactions and hydrogen-bond networks with the proline-rich
domain of tau, thereby regulating the liquid-liquid phase separa-
tion of tau.”® Although the above researchers hold different views,
both mechanisms are closely related to the poly-hydroxyl structure
of EGCG. This indicates that when studying the mechanisms of
polyphenolic substances, we should consider the biological effects
brought about by intermolecular interactions such as charge and
hydrogen bonds, starting from the molecular structure. Thanks to
its antioxidant effects, EGCG also has the potential to treat brain
damage following intracerebral haemorrhage.*' In addition to
EGCG, other polyphenolic compounds, such as curcumin®” and
resveratrol*® have certain therapeutic effects on gliomas.

2.1.3. Flavonoids. Flavonoids are important aromatic com-
pounds in plants, with 2-phenylchromen-4-one (flavonol) as
their core structure. Most natural flavonoids exist in the form of
glycosides, such as baicalin, quercitrin, hesperidin, and rutin.
The presence of the glycoside moiety endows flavonoid glycosides
with good water solubility. In contrast, non-glycoside flavonoids,
lacking a polysaccharide group, usually have poor water solubility.
Examples include quercetin, luteolin, and apigenin. Flavonoids
possess a wide range of pharmacological activities, including anti-
aging,** antioxidant,*> anti-inflammatory,*® anticancer,”” antiviral*®
and so on.

Quercetin is a typical flavonoid compound that has shown
good therapeutic potential in the treatment of AD.*° The mecha-
nism mainly relies on its antioxidant®® and anti-inflammatory
properties,”" exerting neuroprotective effects.”® In addition to
neuroprotective pathways, the regulation of microglia is also a
promising therapeutic approach for AD. Yuan’s team found that
the epigenetic mechanism of ‘‘glycolysis-histone lactylation-
PKM2” leads to the imbalance of microglial homeostasis and
the occurrence of neuroinflammation, thereby promoting the
progression of AD. The flavonoid shikonin can block this vicious
cycle, restore microglial homeostasis, reduce AB deposition, and
improve learning and cognition in AD mice.*® Based on the
antioxidant properties of flavonoids, myricetin inhibits oxidative
damage, the activation of M1-type microglia, and the secretion of
inflammatory factors for the treatment of ischemic stroke.*'
Luteolin improves chronic stress-induced depressive-like

This journal is © The Royal Society of Chemistry 2025
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behaviour in mice through the peroxisome proliferator-
activated receptor gamma (PPARY) mechanism.>*

2.2. CHM decoctions for CNS diseases

Due to the unique role of the brain in the human body, the
development of drugs for CNS diseases is challenging, and there
are relatively few available medications. Antibody drugs and
gene therapies have brought more precise treatment options
for CNS diseases,”” but their high costs make these therapies
difficult to popularize. As a result, many patients opt to use CHM
decoctions for the treatment of CNS diseases. However, the
complex composition and personalized prescriptions of CHM
decoctions have made their research challenging. In many cases,
CHM decoctions are prescribed based on adjustments to classic
formulas. Therefore, over the past few decades, researchers have
started with commonly used classic formulas and employed
proteomics and network pharmacology to study and gradually
understand the mechanisms of CHM decoctions.>®

Our search results revealed that CHM decoctions are more
frequently employed in treating neurodegenerative diseases and
stroke, while the application in brain tumor therapy remains
relatively limited. For example, the ancient text Huangdi Neijing
(The Yellow Emperor’s Inner Canon) records that Lancao Decoction
(Lancao Tang) has therapeutic effects on cognitive impairment.
Researchers have found that Lancao Decoction significantly
improves cognitive deficits in APP/PS1 mice by acting on the
PI3K/AKT and MAPK pathways.>” Similarly, Lingguizhugan decoc-
tion from Golden Chamber Synopsis®® and Sanwei DouKou decoc-
tion from Si Bu Yi Dian (Four Great Medical Classics)’® have also
been found to have therapeutic effects on AD. In the treatment of
depression, different CHM decoctions exert antidepressant effects
by regulating neurotransmitters, neurotrophic factors, and immune
cytokines, as well as by modulating the hypothalamic-pituitary—
adrenal axis or the brain-gut axis.®* Whether decoction-derived
nanoparticles can maintain the therapeutic efficacy of original
decoctions against CNS disorders is crucial for the clinical transla-
tion of CHM decoctions.

2.3. Advantages and limitations of CHMs for CNS diseases

The use of CHMs in the treatment of CNS diseases dates back
hundreds of years. Modern drug development typically involves a
rigorous process, including activity screening, mechanism
research, and clinical trials. In contrast, the administration of
CHMs is based on thousands of years of accumulated clinical
experience. During this long history, the efficacy of CHMs has
been well validated. Good therapeutic effects and a solid clinical
foundation are significant advantages of CHMSs. Another advan-
tage of CHMs is the use of multiple herbs simultaneously. The
combination of herbs is related to the patient’s constitution and
the specific symptoms of the disease, which can be considered a
prototype of polypharmacy and personalized treatment. From
the perspective of modern medicine, the pathogenesis of any
disease is accompanied by multiple pathological features and
mechanisms. The use of multiple herbs corresponds to the
diversity of pathogenic mechanisms, addressing the issue of
limited efficacy associated with single-mechanism treatments.

Nanoscale Horiz., 2025, 10, 2772-2797 | 2775
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Take Liuwei Dihuang Decoction as an example. With a history of
over 900 years of application, Liuwei Dihuang Decoction has
become a commonly used prescription in TCM for treating
diseases.®" It exerts a wide range of pharmacological activities by
regulating the balance of the neuroendocrine regulatory network.
Currently, CHMs are mainly used in two forms: active ingredients
derived from CHMs and CHM decoctions. The development of
active ingredients follows the modern drug development process,
while CHM decoctions are prescribed based on TCM theory.

Extensive fundamental research has indicated that several
CHM active ingredients, such as berberine, emodin, resvera-
trol, and curcumin, have potential for the treatment of CNS
diseases. However, these compounds often exhibit poor water
solubility, low bioavailability, and difficulty in crossing the
BBB. Additionally, some active ingredients possess significant
toxicity. These characteristics collectively restrict their potential
to be used clinically. The advantages and disadvantages of
CHM decoctions both originate from their complex composi-
tion. The complex composition brings therapeutic advantages
of multiple mechanisms working together, but also leads to
potential safety issues and complex material basis, which
increases the difficulty of quality control and constrains the
further development and promotion of CHM decoctions. The
above disadvantages have severely limited the clinical transla-
tion of CHMs for the treatment of CNS diseases, and the
development of nanotechnology has facilitated the application
of CHMs in the treatment of CNS diseases, which specifically
includes: (1) using nanocarriers to encapsulate the active
ingredient of CHMs to improve the bioavailability and intracer-
ebral distribution of the active ingredients of CHMs and to
improve the characteristics such as poor water solubility. (2) To
develop new forms of nano-CHMs to provide more choices for
clinical translation. (3) To elucidate the material basis of the
efficacy of CHM decoctions and to promote the study of the
efficacy of CHM decoctions.

3. Nano-CHMs

Here we categorized nano-CHMs into five types based on their
origin and assembly methods: CHM-loaded engineered nano-
particles, CHM-derived nanovesicles, self-assembled products of
CHM active ingredients, nanoparticles derived from decoctions,
and carbon dots (CD) derived from CHM. Among them, CHM-
loaded engineered nanoparticles are often meticulously designed
to address the shortcomings of poor solubility, low bioavailability,
and lack of targeting of the active ingredients themselves, or to
achieve combined therapeutic effects by co-delivering several
components.”> CHM-derived nanovesicles typically utilize the small
RNAs, proteins, or chemical constituents naturally present in plants
to exert pharmacological activities. Their advantages lie in the wide
availability of sources, simple extraction processes, and high level
of safety.®® The self-assembled products of CHM active ingredients
also require sophisticated design, but this design relies more on the
inherent structure of the active ingredients themselves. The
chemical structure determines whether the intermolecular forces

2776 | Nanoscale Horiz., 2025, 10, 2772-2797
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can meet the requirements for self-assembly. Therefore, the appli-
cation of self-assembled nanoparticles of CHM active ingredients is
limited by their molecular structure.'* Nanoparticles derived from
decoctions have diverse shapes and complex compositions. Studies
have shown that these nanoparticles can represent the pharmaco-
logical activities of the decoctions, which is crucial for elucidating
the material basis of decoctions and promoting their widespread
application. Surprisingly, CDs derived from CHMSs possess broad
pharmacological activities, thanks to their extremely small size and
the rich active groups on their surface.**

3.1. CHM-derived nanovesicles

CHM-derived nanovesicles are nanoparticles composed of a phos-
pholipid bilayer. The active ingredients within these CHM-derived
nanovesicles can modulate cellular signalling pathways in the
human body, thereby achieving therapeutic effects on diseases.®®
CHM-derived nanovesicles are primarily obtained through a pro-
cess that begins with juicing fresh plants, followed by low-speed
centrifugation to remove fibrous materials. Finally, they are iso-
lated using methods such as ultrahigh-speed centrifugation, ultra-
centrifugation, density gradient centrifugation, size-exclusion
chromatography, and immunoaffinity capture (Fig. 3).°° The par-
ticle sizes of CHM-derived nanovesicles from different sources
typically range from 30 to 200 nm, although particles larger than
200 nm also exist.”” In terms of biological functions, the lipids,
proteins, nucleic acids, and small molecules within CHM-derived
nanovesicles all have the potential to exert therapeutic effects on
diseases and exhibit a wide range of pharmacological activities.
Through integrated multi-omics analysis, Yan et al. found that at
least 10 miRNAs in the nanovesicles derived from the CHM Brucea
Javanica are involved in the regulation of multiple tumor-related
pathways.®® Xu et al. discovered that puerarin exosomes can be
administered via nasal delivery to transport active miRNAs derived
from puerarin, thereby improving mitochondrial dysfunction and
preventing PD.*® Nanovesicles derived from bitter melon can
stabilize p62 expression to ameliorate doxorubicin-induced
cardiotoxicity.”® Nanovesicles derived from tea leaves have
potential therapeutic effects on both breast cancer’””> and color-
ectal cancer.”

An important advantage of CHM-derived nanovesicles is
that they can be administered orally, which can greatly improve
patient compliance. Liu et al. found that oral administration of
green tea nanovesicles can treat aortic dissection.”* Xu et al.
discovered that oral administration of nanoparticles derived
from garlic can induce the migration of intestinal y3T cells and
IFNy from the gut to extraintestinal subcutaneous tumors,
working synergistically with anti-PD-L1 to induce a robust
antitumor immune response.””> Similarly, exosomes derived
from ginger, garlic, aloe, and lemon can enhance the efficacy
of anti-PD-1 therapy.”® Studies have shown that CHM-derived
nanovesicles can effectively encapsulate both hydrophobic and
hydrophilic drugs and maintain stability in the gastrointestinal
environment.”” For example, ginger nanovesicles can remain
stable and exert long-term retention in the stomach, modul-
ating gut bacteria related to PD and affecting macrophages,
microglia, and enteroendocrine cells associated with the

This journal is © The Royal Society of Chemistry 2025
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microbiota-gut-brain axis (MGBA), thereby improving motor symp-
toms and pathological features in PD mice.”® Orally administered
Robinia pseudoacacia L. flower exosome-like nanoparticles attenuate
gastric and small intestinal mucosal ferroptosis caused by
hypoxia.”® Moreover, the advantages of CHM-derived nanovesicles
also include low immunogenicity, wide availability, low cost, and
the absence of human infectious source.

3.2. CHM-derived carbon dots (CHM-CDs)

CHM-CDs, with a particle size of less than 10 nm, exhibit low
toxicity, good water solubility, and high biocompatibility, and
are applied in multiple fields such as detection, imaging, and
drug delivery.®® The preparation methods of CHM-CDs mainly
include pyrolysis and hydrothermal methods. The pyrolysis
method involves heating CHM to 200-300 °C under anaerobic
conditions, while the hydrothermal method controls the tem-
perature at 80-300 °C and autogenous pressure with water as
the solvent (Fig. 4).8" CHM-CDs have anti-inflammatory,* anti-
tumor,®® and antioxidant® properties.

Thanks to their ultrasmall size, abundant surface functional
groups and strong affinity for the BBB endothelial cell

membrane. CHM-CDs have certain advantages in crossing the
BBB. For example, CDs from Panax notoginseng can cross the
BBB.?® Luo et al. found that CDs derived from Prunus persica
(peach kernel) and Carthamus tinctorius (safflower) can improve
neurological function, brain edema, neuronal injury, and BBB
permeability in mice with TBL®® CDs derived from quercetin®’
and ginsenoside Rb1®® can be used for the treatment of
cerebral haemorrhage and ginsenoside-constructed CDs have
significant inhibitory effects on neuroblastoma.

3.3. Nanoparticles derived from decoctions

CHM decoctions are obtained by boiling a combination of
various herbs, each of which contains unique proteins, poly-
saccharides, and small molecules.®®®" Therefore, during the
heating process, molecular interactions lead to the formation
of nanoparticles or even precipitates.®’” The nanoparticles in the
decoctions are primarily obtained by filtering and centrifuging
the decoctions to collect the supernatant, followed by ultrahigh-
speed centrifugation or dialysis of the supernatant (Fig. 5)."*
Nanoparticles in decoctions generally exhibit pharmacological
activities similar to the formulas. For example, the CHM
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decoction “QY305” is used to treat skin adverse reactions and
diarrhea caused by anti-tumor therapy. Zhang et al. extracted
nanoparticles from the decoction, named N-QY305, which
demonstrated better therapeutic effects than the decoction. This
indicates that nanoparticles can represent the pharmacological
activities of the decoctions. Component research revealed that
the nanoparticles contain 13 active ingredients, and the nano-
particles may be the key factor in enhancing the pharmacological
activities of these active ingredients.”*°*

The morphology, particle size, and charge of nanoparticles
in different CHM decoctions are diverse.”> Given that decoctions
contain proteins, polysaccharides, chemical constituents, and other
substances, the self-assembly mechanisms of nanoparticles are not
yet fully understood. Yang et al. investigated this issue by removing
different herbs from a CHM formula. They found that during the
formation of nanoparticles in Bai-Hu Tang, japonica rice provides
colloidal macromolecules, the inorganic elements and metal ions
from Gypsum fibrosum stabilize the nanoparticles through charge
interactions, and Glycyrrhizae Radix et Rhizoma acts as a surfactant,
with mangiferin being one of the main active ingredients.”® Inspired
by the classic herbal combination of Astragalus membranaceus
(Huangqji) and Angelica sinensis (Danggui) used in TCM for treating
myocardial fibrosis, Pan et al. studied the dynamic self-assembly of
the active ingredients from these two herbs. The self-assembled
products can treat myocardial fibrosis through reducing collagen
deposition.”” Naoluo Xingtong decoction is clinically used for the
treatment of ischemic stroke, and Zhao et al. isolated the nano-
particles from Naoluo Xintong Decoction. Removal of the nano-
particles significantly reduced the brain-protective effects of Naoluo
Xingtong decoction, suggesting the nanoparticles play a crucial role
in the efficacy of Naoluo Xingtong decoction.'

The pharmacological activities of nanoparticles in CHM
decoctions have been confirmed in several studies,”®®® but
the complex self-assembly processes of these nanoparticles
have been troubling researchers. The self-assembly process is crucial
for the evaluation of the reliability and universality of decoction-
derived nanoparticles. The development of proteomics,'* the estab-
lishment of molecular spectral libraries,'”" and the development of
o-fold3"® have all laid the foundation for solving this problem.

2778 | Nanoscale Horiz., 2025, 10, 2772-2797

Moreover, researchers can start their studies from the functions and
structures of the components. For example, borneol (BO) has the
ability to open the BBB,'® so whether nanoparticles in decoctions
containing BO retain this characteristic of BO is worth investigating.

3.4. Self-assembled products of CHM active ingredients

The formation of self-assembled nanoparticles from CHM active
ingredients mainly depends on the chemical structure of the
active ingredients. Active ingredients that are prone to self-
assembly include alkaloids, polyphenols, flavonoids, quinones,
and terpenes. The driving forces for self-assembly mainly
include charge interactions, hydrogen bonds, n-r stacking inter-
actions, van der Waals forces, and hydrophobic interactions."*

Among alkaloids, berberine, a star molecule capable of self-
assembly with other small molecules, can form self-assembled
structures with more than a dozen substances. This is primarily
attributed to the basic nitrogen atoms in its structure, which can
interact with carboxylate-containing compounds such as rhein,'”
aristolochic acid,'®® and cinnamic acid'”” through charge interac-
tions to produce nanoparticles. In addition to charge interactions,
the self-assembly of berberine with other active ingredients is also
driven by m—r stacking interactions arising from the benzene ring
and hydrogen bonding interactions originating from the hydroxyl
groups.'®'% The strength of these interactions determines the
different products formed. For example, berberine forms nano-
particles with baicalin, while it forms nanofibers with the structurally
similar wogonin.'® Baicalin-berberine complex nanoctystals pro-
mote co-absorption of both components."™® The self-assembly of
polyphenolic compounds is mainly driven by hydrogen bonding
interactions arising from their multiple hydroxyl groups. For
instance, gallic acid'"' and magnolol'” can self-assemble into
hydrogels or nanoparticles solely based on their own molecular
structures. For flavonoids, the n-n stacking interactions between the
benzene rings in their structure and those in other molecules are the
primary driving forces for self-assembly. In order to trigger these
intermolecular forces to drive the self-assembly of the active ingre-
dients, methods such as heating, pH adjustment, sonication and
solvent conversion are often used (Fig. 6).

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Preparation of self-assembled products of CHM active ingredients and their advantages. Methods for preparing self-assembled products of CHM
active products include heating, pH adjustment, sonication, and solvent conversion methods. Created with BioRender.com.

Although we have summarized the main driving forces for
the self-assembly of different categories of compounds, in fact,
each self-assembled product is the result of the combined
action of multiple forces. This makes it difficult to explore
the equilibrium patterns among these forces. In the future, as
more cases of self-assembly of active components are discov-
ered, it will be possible to establish deep learning models for
predicting self-assembly. Another important issue regarding
the self-assembled products of CHM active ingredients is how
to better meet clinical needs. Luo et al. developed a self-
assembled hydrogel of rhein, berberine and glycyrrhizic acid
for the treatment of TBI. The researchers prepared hydrogels
with different concentrations by adjusting the glycyrrhizic acid
content and found that the energy storage modulus (G') of the
hydrogel at 2% glycyrrhizic acid content matched the mechan-
ical pressure of the brain tissue. In a controlled cortical impact
(CCI)-induced TBI model, the hydrogel attenuated CCI-induced
neuronal necrosis and nucleolysis, increased the number of
surviving neurons, decreased the number of apoptotic neurons,
and significantly improved neurological deficits.?® Self-
assembled nanoparticles of CHM active ingredients offer sig-
nificant advantages, including no requirement for a carrier,
100% drug loading, and easy preparation.

3.5. CHM-loaded engineered nanoparticles

Engineered nanocarriers are the most commonly used methods
to address the drawbacks of low bioavailability of CHM active
ingredients. Nanocarriers can be divided into organic and
inorganic nanocarriers. Among inorganic nanocarriers, silica
and metal nanoparticles are two commonly used types. Meso-
porous silica is easy to control in terms of particle size and pore
size, and it has a large loading surface area. Chen et al
developed a receptor-ligand-free mesoporous silica nanoparti-
cle. Relying on a particle size of 25 nm and surface PEGylation,
the mesoporous silica increased the brain accumulation of the
drug six-fold compared to free drug.

Mechanistic studies revealed that apolipoprotein E and
albumin played key roles in the BBB penetration process.'*®
Another study wused paclitaxel-loaded mesoporous silica

This journal is © The Royal Society of Chemistry 2025

nanoparticles to treat temozolomide-resistant glioblastoma,
significantly reducing tumor volume."** Gold nanoparticles,
benefiting from their controllable morphology, surface modifia-
bility, and photothermal properties, are widely used in the
treatment and diagnosis of brain tumors and neurodegenerative
diseases.'™ However, inorganic nanomaterials face challenges
in clinical translation due to their accumulation in the body."*®
Studies have shown that inorganic materials are difficult to clear
from the brain.""” Although extensive research has demon-
strated that this accumulation does not lead to biological
toxicity, long-term safety remains a concern for researchers.

Organic nanocarriers mainly include liposomes, protein car-
riers, and polymer carriers. Lipid-based nanoparticles are com-
monly used to encapsulate various hydrophobic and hydrophilic
drugs. Methods for preparing liposomes include thin-film dis-
persion and reverse-phase evaporation (Fig. 7). Liposomes exhi-
bit good biocompatibility and biodegradability. Functional lipid
modifications can enable liposomes to achieve targeting,
controlled-release, and other functions.'*® Protein carriers utilize
intermolecular forces such as charge interactions and hydrogen
bonding between proteins and drugs to load the drugs. By
combining the inherent functions of proteins, these carriers
can achieve functional integration of drugs and proteins. Exam-
ples include paclitaxel-albumin nanoparticles."*?

Polymers, designed with one end hydrophilic and the other
end hydrophobic, can self-assemble into micelles to encapsulate
drugs."® Compared to inorganic nanoparticles, organic nano-
particles are more widely used but also face the issue of limited
drug loading capacity. This can be a disadvantage for some CHM
active ingredients that require higher effective concentrations.

4. Delivery strategy of nano-CHMs for
CNS diseases

As mentioned above, nano-CHMs can be classified into five
types. While each has the potential to be applied in the
treatment of CNS diseases, they share a common feature of
leveraging nanoscale or surface properties to address the

Nanoscale Horiz., 2025,10, 2772-2797 | 2779
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limitations of their active ingredients. Treatment for CNS
diseases requires not only overcoming drawbacks such as low
drug bioavailability and poor water solubility, but also deliver-
ing as much active ingredient to the brain as possible. There-
fore, this section summarizes the intracerebral delivery
strategies to guide the development of novel brain-targeting
approaches.

4.1. Transporting across the BBB

4.1.1. BBB. The BBB is a dynamic semipermeable
membrane structure, which is of great significance for main-
taining brain homeostasis and the transport of substances
between the brain and blood. The BBB is composed of endothe-
lial cells, astrocytes, pericytes, tight junctions, and adherens
junctions (Fig. 8), among which endothelial cells and tight
junctions play a key role in the process of blocking substance

Arteriole

Astrocyte end foot

Pericytes
Basal lamina

Tight junction

Neuronal synapse

»——— Pericyte

Fig. 8 The structure of the BBB. Bound by the basal lamina, the inner side
of the blood vessel is lined with endothelial cells and tight junctions, and
glycocalyx attached to the surface of the endothelial cells. The outer part
of the basal lamina consists of the end feet of astrocytes and pericytes.
Created with BioRender.com.
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exchange. Endothelial cells are arranged in brain blood vessels
by the connective action of tight junctions and adherens
junctions. Both tight junctions and adherens junctions are
composed of transmembrane proteins and cytoplasmic
proteins."*" Specifically, tight junctions are mainly composed
of two types of proteins: claudins and occludins, while vascular
endothelial-cadherin, scaffolding proteins catenins, scaffolding
proteins p120, and plakoprotein are the main components of
adherens junctions.'?* In addition, there is glycocalyx on the
surface of vascular endothelial cells, which is rich in proteogly-
cans, glycoproteins, and glycolipids.'*® Recent studies have
demonstrated that the disruption of glycocalyx leads to an
increase in the rupture of vascular tight junctions, an elevation
in reactive oxygen species levels, and an increase in the
permeation of plasma proteins into brain tissue.’** In sum-
mary, the transport across the BBB is determined by three
layers of barriers: the glycocalyx, endothelium, and perivascular
space. The dense structure, high trans-endothelial electrical
resistance, negative charge, and low levels of leukocyte adhe-
sion factors block the diffusion and cellular transport of most
large and small molecules, posing a significant barrier to the
entry of CHM active ingredients into the brain.

Under normal physiological conditions, the integrity of the
BBB significantly hinders drug delivery. In contrast, under
pathological conditions, the integrity of the BBB could be
compromised to varying degrees.'* In neurodegenerative dis-
eases, the deposition of the pathogenic proteins A and tau in
AD can lead to the disruption of the BBB.'*° Similarly, the
pathogenic protein o-synuclein (o-syn) in PD can also disrupt
the integrity of the BBB."*” Stroke is the most common cere-
brovascular disease, with 80-85% of cases being ischemic
strokes. Ischemic strokes lead to increased expression of
tissue-type plasminogen activator (tPA) and matrix metallopro-
teinases (MMPs), resulting in the disruption of tight
junctions.’*®*%° Additionally, aging and neurodegenerative
diseases can cause severe dysregulation of the endothelial

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of strategies for crossing the BBB and their driving force

Formulations Component for targeting Target site Driving force Ref.
Liposome RVG29 Nicotinic acetylcholine receptor Receptor-ligand binding 138
Mesoporous selenium nanoparticles Ang-2 Low-density lipoprotein-related receptor ~Receptor-ligand binding 140
Liposome Transferrin Transferrin receptor Receptor-ligand binding 133
Liposome ITP Insulin receptor Receptor-ligand binding 159
Liposome DHA None Lipophilicity 143
PLGA nanoparticles Chitosan None Charge adsorption 145
Liposome Neutrophil membranes None Immune cells cross the BBB 160
Polydopamine nanoparticles BV-2 cell membranes None Homology targeting 155
Liposomes Stem cell membranes None Membrane affinity 157
Nanovesicles Tumour-derived vesicles None Homology targeting 158

glycocalyx in the brain. Repairing BBB leakage by using AAV-
mediated expression of mucin O-glycan-related enzymes in
endothelial cells can improve BBB function in elderly mice,
reduce neuroinflammation, and alleviate cognitive deficits."**

The extensive surface area of the BBB makes it a promising
pathway for delivering CHM active ingredients. Enabling CHM
active ingredients to cross the BBB has become a research
focus. The development of nanocarriers has made efficient
BBB crossing possible, and effectively addresses poor brain
enrichment of CHM active ingredients and their inability to
maintain therapeutic concentrations (Table 1).

4.1.2. Active targeting strategies across the BBB. As a
barrier for the exchange of substances between the central
and peripheral systems, the BBB contains a large number of
transport proteins and receptors, such as glucose transporters,
amino acid transporters, transferrin receptors, low-density
lipoprotein receptors, and lactoferrin receptors. Transport pro-
teins are responsible for the transcytosis of glucose, amino
acids, vitamins and so on."*" Transport receptors are used for

@ Glucose, Amino acid, etc

O Antibody, enzyme, etc

&' Macrophage

£, Neutrophil

/> Hydrophobic small molecule

A Positively charged or
+9.+ suitable size nanoparticles
e 8

the transcytosis of antibodies and signalling proteins and
others."? By utilizing these transport characteristics and mod-
ifying the surface of nanocarriers with transport substances,
the transcytosis of nanocarriers can be achieved (Fig. 9).
Taking transferrin as an example, directly targeting the
transferrin receptor is a strategy. Bai et al. used transferrin-
modified liposomes to deliver salvianolic acid for the treatment
of stroke, which significantly increased drug accumulation in
the brain.'*® Aptamers targeting the transferrin receptor can
achieve similar effects.'**"'*> Another strategy is to promote the
BBB penetration of nanoparticles by binding them with trans-
ferrin in the plasma. Inspired by small-molecule self-assembly
technology, Cui et al. used tanshinone IIA (TanlIA) and glycyr-
rhizic acid (GL) to develop TanlIIA-GL nanomicelles (TGM),
which were further encapsulated by endogenous serum exo-
somes to prevent the recurrence of glioblastoma. Mechanistic
studies showed that this delivery system can bind with free
transferrin in the blood to increase BBB permeability."*®
Medulloblastoma (MB) is the most common malignant brain
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Fig. 9 Schematic diagram of transport pathways across the BBB. Created with BioRender.com.
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tumor in children. Researchers have found that during patho-
gen infection, the immune system activates the expression of
P-selectin on vascular endothelial cells for immune cell trans-
port. P-Selectin achieves material transport through caveolin-1-
mediated transcytosis. Fucoidan-nanoparticles can target P-
selectin to achieve efficient drug transport across the BBB."*’
In the design of future delivery systems, researchers should pay
attention to the changes in material transport across the BBB
under pathological or aging conditions. For example, inhibiting
the age-upregulated phosphatase ALPL, a predicted negative
regulator of transport, can enhance brain uptake of transferrin,
transferrin antibodies, and plasma.™” Based on this, corres-
ponding strategies to enhance drug delivery can be designed.

Other commonly used receptors across the BBB include
nicotinic acetylcholine receptors, low-density lipoprotein-
related receptors, and insulin receptors. RVG29 peptide is a
ligand for nicotinic acetylcholine receptors, and the use of
RVG29 to prepare brain-targeted liposomes helps deliver quer-
cetin to the brain for the treatment of AD'*® and ischaemic
stroke.”*® Ang-2 peptide can target low-density lipoprotein-
associated receptors of vascular endothelial cells, so Shi et al.
used Ang-2-functionalized biomimetic mesoporous selenium
nanoparticles to significantly improve paclitaxel intracerebral
istribution."* In addition to the above-mentioned use of tar-
geted vectors to improve the intracerebral distribution of
natural actives, Li’s team successfully improved the intracer-
ebral delivery efficiency of gene delivery vectors using ionisable
lipids developed from berberine and vincristine."**

4.1.3. Passive targeting strategies across the BBB. Passive
targeting utilizes the natural properties of nanoparticles including
their size, surface charge, and hydrophobicity, to help transport
drugs across the BBB. Passive targeting across the BBB can be
divided into two main categories: paracellular transport and
transcellular diffusion. Paracellular transport refers to the move-
ment of substances between adjacent cells, through their inter-
cellular spaces, known as the paracellular pathway which is
regulated by the permeability of tight junctions. Transcellular
diffusion is when drugs cross through the cell membrane, travel-
ing from the interior of one cell to another.'**

Utilizing the permeability of the BBB for lipophilic substances
is a simple strategy for crossing the BBB. Ginkgolide B (GB) is a
natural compound derived from the leaves of the Ginkgo biloba
tree that has been used in CHM for centuries. GB is particularly
known for its anti-inflammatory, antioxidant, and neuroprotec-
tive properties which make it a great potential candidate for
stroke recovery. Li et al. conjugated GB with highly lipophilic
docosahexaenoic acid (DHA) to form a covalent complex GB-
DHA in order to be encapsulated in liposomes, providing a
promising strategy to treat cerebral ischemia-reperfusion
injury.'*® Similarly, curcumin was encapsulated in poly(lactic-
co-glycolic acid) (PLGA) nanoparticles to enhance its solubility
and enable passive targeting across the BBB.'**

Through leveraging electrostatic interactions between the
positively charged molecules and the negatively charged cell
membrane of the BBB, adsorption-mediated transcytosis is
initiated by the interaction between positively charged
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nanoparticles and negatively charged domains on the surface
of the BBB’s endothelial cells. The efficiency of adsorption-
mediated transcytosis can be influenced by numerous factors
like the charge density and size of the nanoparticles."** Caban-
Toktas et al. utilized the positive charge of chitosan to co-deliver
PTX and R-flurbiprofen to glioma tissue, achieving a combi-
nation of anti-inflammatory and anti-tumor effects.'*> However,
positively charged nanoparticles often have cationic toxicity
toward healthy tissues and organs during blood circulation. In
order to overcome this challenge, a neutrally charged nanoprobe
with a surface decorated with y-glutamyl moieties was cleaved by
v-glutamyl transpeptidase abundant on brain capillaries to gen-
erate positively charged primary amines to cross the BBB via
adsorption-mediated transcytosis for glioma treatment.'*®

In addition to utilizing the inhe