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Abstract: Many bioactive natural products suffer from poor water solubility, rapid metabolism, and low bioavailability, which
severely limit their clinical application. Natural product-based nanomicelles (NSNs), which integrate the delivery functions of
nanocarriers with the intrinsic therapeutic activities of the materials themselves, offer a promising solution to this dilemma. NSNs
are self-assembled nanoscale delivery systems constructed from natural small molecules, natural polymers, and their derivatives. This
review provides a systematic overview of NSNs. We first summarize their main fabrication strategies, including nanoprecipitation,
dialysis, thin-film hydration, chemical conjugation, and electrostatic interaction, and compare the biological characteristics of NSNs
with those of synthetic polymer micelles. The core advantages of NSNs include excellent biocompatibility, intrinsic lesion-targeting
capability, and drug-excipient synergy. Subsequently, we detail the mechanisms and therapeutic applications of NSNs in six major
disease areas: anti-infection, oncology, inflammation and autoimmune diseases, metabolic diseases, fibrotic diseases, and nervous
system disorders. A cross-disease analysis reveals that modulation of oxidative stress is a common core mechanism underlying the
therapeutic benefits of NSNs. Finally, we critically discuss the major barriers to clinical translation, such as batch-to-batch variability
of natural materials and good manufacturing practice compliance, and propose future directions including mechanism-driven rational
design, theranostics, and manufacturing scalability.
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Background

Nanomicelles are thermodynamically stable aggregates formed by the self-assembly of amphiphilic molecules when their
concentration exceeds the critical micelle concentration (CMC)." Their size typically ranges from 10 to 100 nm, which is
smaller than most liposomes and other nanoparticles, enabling them to evade capture by the reticuloendothelial system
and achieve passive targeting through the enhanced permeability and retention effect of tumor tissues.” Notably,
nanoparticles smaller than 10 nm are rapidly cleared by the kidneys, whereas those larger than 100 nm are readily
captured by the liver and spleen; thus, the 10-100 nm size range represents an ideal choice for achieving prolonged
circulation and passive targeting.> Amphiphilic molecules possess both hydrophilic and hydrophobic groups and are the
most common building blocks for supramolecular assembly systems such as liposomes and micelles.* Functionally, the
hydrophobic core efficiently encapsulates poorly soluble drugs, while the hydrophilic shell acts as a protective barrier
that enhances circulatory stability and reduces serum protein adsorption and systemic clearance.” The CMC—the
minimum concentration at which surfactants begin to self-assemble into micelles—directly determines the stability of
nanomicelles under physiological conditions.®
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The clinical translation of nanoformulations has also provided important support for the development of micelle
technology. In 1990, the liposomal formulation of amphotericin B (AmBisome®™) was approved in Europe for severe
fungal infections, validating the clinical feasibility of such carriers even though it did not fully establish the technical
framework for nanomedicines.” In 1995, the pegylated liposomal doxorubicin (Doxil™) was approved based on passive
targeting, becoming a milestone in the history of nanomedicine.® Subsequently, research on polymeric micelles has
progressed steadily, with some formulations—such as paclitaxel micelles—being approved in China for the treatment of
non-small cell lung cancer.’ Currently, synthetic polymer materials still dominate nanomicelle research.'® These
achievements have convincingly demonstrated that nanoformulations can improve drug solubility, reduce toxicity, and
enhance therapeutic efficacy, providing a solid rationale for extending nanomicelle technology to natural products.

According to statistics, nearly half of all clinically used small-molecule drugs are derived directly or indirectly from
natural products.'' As a “green pharmacy”, natural products and their derivatives exhibit unique value in treating
complex diseases such as cancer, inflammation, and metabolic disorders.'*'* Natural active ingredients typically act
through multi-target, multi-pathway synergistic mechanisms and possess excellent biosafety.'> However, many thera-
peutically potent natural products (eg, paclitaxel, berberine, curcumin) suffer from poor water solubility, rapid metabo-
lism, and low bioavailability, making effective delivery difficult.'® Meanwhile, conventional synthetic polymeric micelles
are mostly inert carriers lacking intrinsic therapeutic activity. Therefore, balancing the engineering advantages of
nanocarriers with the therapeutic properties of natural products has become a compelling research direction. The
combination of these two aspects has given rise to the emerging field of natural product-based nanomicelles (NSNs).

Although research on NSNs has grown exponentially in recent years, the existing literature mainly focuses on specific
materials or single diseases, lacking a systematic integration of this emerging field. In particular, the core biological
characteristics that distinguish NSNs from conventional synthetic nanomicelles, the common mechanisms of action
across different diseases, and the unique translational challenges faced by NSNs have not been thoroughly elucidated.
Accordingly, this review first systematically summarizes the key biological properties of NSNs and provides a horizontal
comparison with synthetic nanomicelles. Second, it describes the main preparation methods. Finally, it classifies and
elaborates on the mechanisms and therapeutic strategies of NSNs in six major disease categories—anti-infection,
oncology, inflammatory and autoimmune diseases, metabolic diseases, fibrosis, and nervous system disorders—and on
this basis clarifies the core challenges in clinical translation. The overall framework of this review is illustrated in
Figure 1.

Natural Product-Based Nanomicelles

Biological Characteristics of Natural Product-Based Nanomicelles
As a novel class of nanomicelle systems constructed primarily from natural materials, NSNs inherit the classic drug
delivery advantages of nanomicelles. Leveraging the bio-origin characteristics and inherent activities of natural materials,
they exhibit three main aspects: excellent biocompatibility and low toxicity; inherent targeting and lesion microenviron-
ment responsiveness; and synergistic therapeutic properties of carriers and drugs. These characteristics are interrelated
and synergistic, collectively determining the in vivo behavior and therapeutic efficacy of NSNs. The essence of natural
product-based nanomicelles is a nanomicelle system constructed from natural small molecules, natural polymers, and
their derivatives as core assembly units, which possess both drug delivery functions and natural biological activities.
NSNs can be classified into three main categories according to their material source and assembly method: natural
small-molecule self-assembled nanomicelles, natural polymer-based nanomicelles, and natural small-molecule and
polymer hybrid nanomicelles. Natural-synthetic hybrid micelles, as an extension for the clinical translation of NSNs,
are not purely natural source micelles, and their core characteristics and assembly units are distinctly different. The
assembly units of natural small-molecule—polymer hybrid micelles are all derived from natural sources and are formed by
the cooperative assembly of naturally active small molecules with natural polysaccharide or protein polymers. Natural-
synthetic hybrid micelles, on the other hand, use natural materials as the functional core and introduce synthetic polymers
as structural modification units, representing a composite system of natural and synthetic materials. Specifically, natural
small-molecule self-assembled nanomicelles are directly self-assembled from natural amphiphilic small molecules such
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Figure | Dual functionality of natural product-based nanomicelles (NSNs). (A) Schematic illustration of the self-assembly of amphiphilic natural molecules into micellar
structures. (B) Overview of the six major disease categories covered in this review: anti-infection, oncology, inflammatory and autoimmune diseases, metabolic diseases, fibrotic
diseases, and neurological disorders. (C) Classification of NSNs based on material origin:(i)Natural small-molecule self-assembled micelles (i) Natural polymer-based micelles
(iii) Natural small-molecule and polymer hybrid nanomicelles. (D) Key carrier advantages of NSNs: (i)High biocompatibility (i) Targeted delivery, (iii) Synergy therapy.

as saponins, phospholipids, and polyphenols.'” Natural polymer-based nanomicelles are constructed using natural
polysaccharides or proteins such as chitosan,'® dextran,'® hyaluronic acid,?® and sodium alginate®' as the backbone,
offering greater stability and greater modifiability. Natural small-molecule and polymer hybrid nanomicelles are formed
by the cooperative assembly of natural small molecules and polymers, combining the structural characteristics and
functional advantages of the first two types. Furthermore, because natural-synthetic hybrid micelles retain the core
advantages of NSNs while improving their preparation performance, they have become an important exploration
direction for clinical translation.

Biocompatibility

Natural product-based nanomicelles exhibit inherent and systemic advantages in terms of biocompatibility. The funda-
mental reason lies in the fact that the materials constituting NSNs are typically derived from the organisms themselves or
from the food chain. Their chemical structures and metabolic pathways have been recognized by the host immune system
throughout long-term biological evolution, increasing their likelihood of being identified as “self” or “friendly”
substances. This greatly reduces the risk of inducing nonspecific immune responses, chronic inflammation, or long-
term toxicity. This not only ensures the safety of the treatment process but also minimizes interference with the
therapeutic regimen caused by side effects from the carrier material. For example, chitosan is a cationic polysaccharide
and a classic natural polymer material for constructing NSNs. Its structure is similar to that of glycosaminoglycans in the
extracellular matrix, and it has been widely proven to have excellent biocompatibility, biodegradability, and mucoadhe-

sive properties, making it an ideal material for constructing NSNs for oral or mucosal administration.”*>
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Lesion Targeting and Microenvironment Responsiveness

Inherent targeting and intelligent response to the lesion microenvironment are core mechanisms enabling NSNs to
achieve precise drug delivery. This approach is currently the most extensively studied method for tumor therapy,>* but its
application has been successfully expanded to various nonneoplastic pathological environments, such as fibrosis and
inflammatory diseases. Specifically, this can be summarized into three progressive levels: First, passive targeting. NSNs
can passively accumulate at tumor sites via enhanced permeability and retention, which are characteristic of solid tumor
tissues.”> This is the primary guarantee for NSNs to achieve lesion targeting, which relies on their physical size rather
than the chemical properties of the material. Second, there is inherent active targeting. Many natural polymers themselves
are endogenous ligands in vivo and can specifically recognize receptors that are overexpressed on diseased cells. For
example, hyaluronic acid (HA), a natural anionic polysaccharide, can specifically bind to the CD44 receptor, which is
highly expressed on various tumor cells, activated macrophages, or hepatic stellate cells.?® *® NSNs constructed with HA
(eg, HA-drug conjugate micelles) can achieve active targeting without the need for additional chemical modifications.
This innate targeting simplifies nanocarrier design and avoids the complexity and potential immunogenicity introduced
by synthetic ligands. Additionally, some natural materials exhibit inherent tropism toward specific pathological environ-
ments on the basis of their physicochemical properties. Positively charged chitosan derivatives show electrostatic
adsorption to inflamed or damaged negatively charged mucosal/endothelial tissues, enabling preliminary enrichment at
inflammation or injury sites.”” Although this tropism is not classic “ligand—receptor” recognition, it still achieves active,
selective distribution. The third factor is lesion microenvironment responsiveness. Pathological sites typically possess

unique microenvironmental features distinct from those of normal tissues,3 0.31

such as weak acidity, high reactive oxygen
species levels, specific enzyme overexpression, and glutathione. NSNs can be cleverly designed to utilize these features
to trigger responses. Many natural materials themselves possess the ability to respond to these signals. For example,
natural polyphenols containing catechol or thioether structures can respond to ROS; the protonation of the amino groups
of chitosan confers pH sensitivity; and hyaluronic acid can be degraded by hyaluronidase, which is highly expressed in
tumor sites. This responsiveness, stemming directly from the material’s chemistry, enables specific drug release at the

lesion site.

Synergistic Therapeutic Properties

Another core characteristic of natural product-based nanomicelles is that the carrier material itself often possesses clear
pharmacological activity. This elevates NSNs beyond the realm of traditional inert carriers, evolving into a dual-
functional platform that combines delivery functions with therapeutic activity.”> This characteristic is particularly
prominent in natural small-molecule self-assembled micelles. Components such as saponins, polyphenols, and flavonoids
have anti-inflammatory, antioxidant, antibacterial, or antitumor effects while forming a micellar framework, creating
functional complementarity or mechanistic synergy with the loaded drug. This synergy manifests at two levels. First,
pharmacodynamic synergy: the carrier and drug act on different nodes of the same disease network, achieving multi-
dimensional intervention in the pathological process. Second, pharmacokinetic synergy: while the carrier improves drug
solubility and stability and promotes absorption, its own activity can protect normal tissues from drug damage or enhance
intracellular drug accumulation by modulating efflux pump function, achieving the dual goals of enhancing efficacy and
reducing toxicity. This characteristic of the “carrier as a drug” allows NSNs to be upgraded from simple delivery tools to
intelligent platforms with therapeutic functions, providing new design ideas for combination therapy for complex
diseases.

Comparison of Natural and Synthetic Nanomicelles

This section will conduct a direct critical comparison of NSNs and their synthetic counterparts on the basis of several key
parameters crucial for biological performance and clinical translation, aiming to clarify the positioning of NSNs within
the broader landscape of nanocarriers. As shown in Table 1, considering the current status of clinical translation, NSNs
and synthetic nanomicelles are not competing substitutes but rather form a complementary ecological niche. In long-term
administration scenarios for chronic diseases such as rheumatoid arthritis and diabetes, the low immunogenicity and
biodegradability of NSNs offer unparalleled safety advantages over synthetic micelles.*> However, in intravenous
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Table 1 Comparative Analysis of Natural and Synthetic Nanomicelles

Aspect

Natural Source Nanomicelles

Synthetic Polymer Nanomicelles

Biocompatibility

Derived from biological sources; low immunogenicity;
biodegradable; low risk of long-term toxicity

Some degradation products may induce inflammation/
immune responses; requires case-by-case assessment

Targeting and Smart Responsiveness

Intrinsic targeting (eg, HA-CD44); responsiveness inherent to
material chemistry (eg, pH-responsive)

Relies on chemical modification (eg, ligand
conjugation); precise design of responsive linkages;
diverse types available

Functionality and “Drug-excipient
synergy”

“Drug-excipient synergy”: carrier possesses therapeutic functions
(anti-inflammatory/antioxidant); synergistic effect with loaded drug

Mostly inert carriers; function limited to drug delivery

Scalable Production

Core bottleneck: batch-to-batch variability (molecular weight,
degree of substitution); high purification cost; GMP quality control
challenging

Well-defined structure; consistent batch quality; easily
scalable; GMP compliant

Stability and Drug Loading

Susceptible to pH/enzyme effects; relatively low drug loading via
physical encapsulation

Hydrophobic core can be optimized; high stability;
controllable drug loading

Cost-Effectiveness

High upstream cost (extraction and purification)

Controllable downstream cost (scalable production)

Abbreviations: HA, hyaluronic acid; GMP, Good Manufacturing Practice.

chemotherapy scenarios requiring strict batch consistency, synthetic micelles currently dominate. This is not due to the
insufficient efficacy of NSNs but to the batch-to-batch variability of natural materials, which poses a fundamental
obstacle to meeting the stringent uniformity requirements of good manufacturing practices for pharmaceutical prepara-
tions. The natural-synthetic hybrid strategy is emerging as a key approach to overcome this bottleneck. For example, in
antioxidant therapy research for atherosclerosis, biodegradable polymer micelles loaded with simvastatin were con-
structed via the use of a natural hyaluronic acid coating on synthetic PEG-poly(tyrosine ethyl oxalate) copolymers. This
hybrid system retains the targeting properties of natural HA while leveraging the structural controllability of synthetic
polymers to improve the reproducibility of micelle preparation. It can also effectively inhibit proinflammatory macro-
phage accumulation and alleviate oxidative stress at the lesion site, suggesting an innovative direction for atherosclerosis
treatment.>*

Preparation of Natural Product-Based Nanomicelles

The preparation of NSNs significantly impacts the micelle size, morphology, and drug loading efficiency. The preparation
methods for natural product-based nanomicelles can be classified into three main categories: physical self-assembly
methods, chemical conjugation methods, and electrostatic interaction methods. Self-assembly is the process by which
individual building blocks spontaneously organize into ordered superstructures.”> Common methods include dialysis and
nanoprecipitation, both of which trigger self-assembly by modulating solvent polarity and are suitable for most
amphiphilic natural molecule systems. Additionally, the thin-film hydration method is sometimes used as an auxiliary
assembly technique in some studies; its essence is still primarily molecule-driven self-assembly with minimal external
force. The second category applies to natural polymers lacking sufficient amphiphilicity; hydrophobic segments can be
introduced via chemical conjugation (eg, chemical coupling) to construct amphiphilic polymers, followed by self-
assembly. In these two main methods, ultrasonication is often introduced as an auxiliary method to obtain more uniform
dispersions. The third category involves preparation through electrostatic interactions. Schematic representation of the
main preparation methods for NSNs is presented in Figure 2.

Nanoprecipitation

Nanoprecipitation (also known as the solvent displacement method) is a simple and rapid preparation technique. Its
principle involves injecting an organic solvent containing the drug and polymer into a large volume of the aqueous phase.
Upon mixing, the organic solvent rapidly diffuses into the aqueous phase, causing a sharp decrease in polymer solubility,
leading to precipitation and encapsulation of the drug, resulting in the formation of nanoformulations.*® This method is
generally performed at room temperature, avoiding damage to natural active ingredients by high temperatures, making it
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Figure 2 Schematic representation of the main preparation methods for natural product-based nanomicelles. (A) Direct dissolution method. (B) Nanoprecipitation (solvent
displacement) method. (C) Thin-film hydration method. (D) Dialysis method. (E) Chemical conjugation (covalent linkage) method. Ultrasonication is often applied as an

auxiliary step to improve size uniformity.

Note: Check mark (v') indicates advantage; cross mark (X) indicates disadvantage.

more suitable for NSNs. However, the resulting micelles often have a broad size distribution, and drug loading efficiency

is significantly influenced by the mixing speed of the solvent and aqueous phase.

Dialysis

In the dialysis method, the hydrophobic drug and amphiphilic material are codissolved in a water-miscible organic
solvent (eg, DMF or DMSO) and placed in a dialysis bag. The organic solvent gradually exchanges with water, causing

the hydrophobic segments of the copolymer to gradually associate and form micelles of relatively uniform size.*’

Owing

to its simple operation and ability to avoid the formation of large micellar aggregates, dialysis is a common method for

preparing drug-loaded micelles in the laboratory. However, its disadvantages include being time-consuming and

inefficient, making it unsuitable for large-scale production. Furthermore, some natural active ingredients may be lost

https:
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along with the organic solvent during dialysis, reducing drug loading efficiency, which is also a core bottleneck for
industrial application.

Thin-Film Hydration

The thin-film hydration method primarily utilizes the characteristics of amphiphilic molecules to spontaneously form
ordered aggregates in an aqueous phase after removal of the organic solvent. The material is first dissolved in a volatile
organic solvent and then formed into a thin film via rotary evaporation. Under conditions above the material’s phase
transition temperature, hydration subsequently induces self-assembly into nanoscale ordered structures.*®° This method,
which was originally a classic technique for liposome preparation, is now also widely used for micelle preparation and
offers high encapsulation efficiency for hydrophobic drugs. However, its disadvantages include that the initially hydrated
micelles often have large sizes and broad size distributions, and there may be residual organic solvent issues. Therefore,
subsequent processing steps such as sonication or membrane extrusion are often required in practical applications.

Chemical Conjugation

The chemical conjugation method fundamentally involves covalently linking hydrophobic drugs to natural carrier
materials, artificially constructing amphiphilic precursors with defined structures, which then self-assemble into nano-
micelles. Under specific conditions, the covalent bonds linking the drug to the micelle break, releasing the drug. This
allows for effective control over the drug release rate, enabling intelligent responsive drug release. Drug loading is
typically much greater than physical encapsulation, making it an important approach for achieving intelligent applica-
tions of NSNs. However, this also means that higher experimental conditions and control requirements, complex
preparation processes, and covalent modification processes may disrupt the biological activity of natural materials,
limiting their widespread application.

Electrostatic Interaction

The electrostatic interaction method involves the tight binding of drug molecules with oppositely charged micelles
through electrostatic forces, which encapsulate the drug within the micelle. It is primarily used as a drug carrier for
nucleic acid drugs such as DNA.** The prepared micelles are stable and can largely preserve the physiological activity of
biological macromolecules. However, the preparation conditions are relatively stringent, requiring the drug molecule
itself to carry a sufficiently strong charge and precise control over the pH and ionic strength of the assembly environment.
This method is mostly applicable to the delivery of specific nucleic acid drugs.

Mechanisms of the Use of Natural Product-Based Nanomicelles in Disease

Treatment

As novel functional drug delivery systems, NSNs have significant application potential in the treatment of various major
diseases. This section systematically reviews the therapeutic advantages of these nanomicelles across a range of
pathological processes, including anti-infection, cancer, metabolic, inflammation, autoimmune, fibrotic, nervous system,
and ischemia—reperfusion injury.

Anti-Infective Effects

This section systematically elaborates on the latest research progress on the use of natural nanomicelles in the fields of
antibacterial and antiviral therapy, focusing on their multiple mechanism synergistic therapeutic advantages and future
development directions, as summarized in Table 2 and Figure 3.

Antibacterial Effects

Pathogenic microorganism infections are a major factor restricting human quality of life, with bacterial infections being
predominant. These factors often lead to antibiotic misuse, consequently causing antimicrobial resistance, forming
a vicious cycle.*” NSNs can combat bacterial and fungal infections through multiple synergistic mechanisms, with
strategies extending beyond direct pathogen killing to include reversing drug resistance, disrupting biofilms, and
modulating host immune responses.
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Table 2 Mechanisms of NSNs in Anti-Infective Therapy

Pathogen Active Agent Carrier Material Key Mechanisms Ref.
Broad-spectrum bacteria Berberine, Flavonoid Self-assembled 1 bacterial affinity; induce bacterial population [41]
glycosides collapse
MRSA Berberine, Chlorogenic Self-assembled | biofilm formation; | mecA expression [42]
acid
L. monocytogenes, S. aureus Thymol Chitosan-TBO-PPS Light-triggered 1 ROS; disrupt biofilm [43]
C. albicans Amphotericin B MPEG-chitosan-linolenic 1 solubility; | hemolysis,| nephrotoxicity [44]
acid
P. aeruginosa (ALI) GP-682 saponin (self) Self-assembled 1 lung cell permeability; promote levofloxacin lung | [45]
accumulation
MRSA Azithromycin, Hyaluronic acid | NF-kB; | TNF-a, IL-6 [39]
Quercetin
Intracellular bacteria Triclosan HA-based ROS-responsive ROS-triggered release;? intracellular ROS [46]
derivative amplification
HBV Lamivudine stearate Chitosan oligosaccharide- pH-responsive;fcellular uptake; | HBV antigen/ [47]
(prodrug) stearic acid DNA replication
Influenza virus siRNA (nucleoprotein- Chitosan Intranasal delivery; RNA interference; inhibit viral | [48]
targeting) replication

Note: 1 indicates increase, promotion, or upregulation; | indicates decrease, inhibition, or downregulation.
Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; HBV, hepatitis B virus; siRNA, small interfering RNA; ROS, reactive oxygen species; HA, hyaluronic acid;
NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-0, tumor necrosis factor-alpha; IL-6, interleukin-6; ALI, acute lung injury.

Disruption of microbial structure and biofilms is the most direct antibacterial mechanism. Many plants, herbs, and
spices serve as important sources of natural antibacterial and analgesic drugs.’® For example, the self-assembly of
berberine, a natural isoquinoline alkaloid with broad-spectrum antibacterial activity, into nanomicelles with flavonoid
glycosides more effectively induces bacterial population collapse and reduces biofilm formation.*' Nanomicelles
coassembled from berberine and chlorogenic acid can significantly inhibit the formation of methicillin-resistant
Staphylococcus aureus biofilms and downregulate their resistance gene expression.*” Furthermore, light-controllable
chitosan micelles loaded with thymol can generate reactive oxygen species upon light irradiation and release thymol,
synergistically eradicating mature biofilms of Listeria monocytogenes and Staphylococcus aureus through dual physico-
chemical mechanisms.*® In terms of antifungal effects, MPEG-CS-LNA micelles (a natural-synthetic hybrid system)
loaded with amphotericin B achieve passive targeted fungal therapy by leveraging the inherent antifungal activity of the
carrier and enhancing drug uptake.**

NSNs can enhance targeted delivery and modulate the infection microenvironment. NSNs can increase antibiotic
accumulation at the infection site and regulate the local environment to be unfavorable for pathogens. A pulmonary drug
delivery system based on self-assembled platycodin saponins can increase lung cell membrane permeability, promote the
transmembrane uptake of the antibiotic levofloxacin, and produce synergistic therapeutic effects with the drug.*
Hyaluronic acid-modified azithromycin-quercetin micelles can target inflammatory sites via HA, downregulate key
proinflammatory factors, and inhibit the NF-kB pathway while delivering antibiotics, combating MRSA infection
through the dual pathways of bacteriostasis and anti-inflammation.*”

NSNs can activate and amplify intracellular killing signals within bacteria. The novel micelles composed of
hyaluronic acid derivatives and the ROS-responsive antibacterial agent triclosan can release the drug precisely in the
highly oxidative stress environment at the infection site. Concurrently, the released cinnamaldehyde can maintain and
amplify intracellular ROS levels, resulting in a self-amplifying killing effect that greatly enhances the elimination of

intracellular drug-resistant bacteria.*®
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In summary, NSNs contribute to antibacterial therapy not only by delivering antibiotics but also by disrupting
biofilms, downregulating resistance genes, and even achieving clearance of intracellular bacteria through light-
controlled ROS or amplification of intracellular oxidative signals. This multimechanism parallel strategy offers a new
approach to combating bacterial drug resistance, which is distinct from traditional antibiotics.

Antiviral Effects

Viruses are structurally simple, noncellular microorganisms that can only replicate and proliferate within living cells.
After host infection, the pathogenic mechanisms are complex, and high mutation rates facilitate immune escape and drug
resistance, posing ongoing challenges for clinical prevention and treatment. The mechanisms of action of antiviral
nanomedicines can be summarized into multiple pathways, including direct inactivation, inhibition of invasion, inhibition
of proliferation, and immune assistance.”"

Inhibition of viral invasion and intracellular replication. NSNs, as efficient carriers, can significantly increase the
intracellular delivery efficiency of traditional antiviral drugs. For example, stearic acid-g-chitosan oligosaccharide micelles
loaded with the prodrug lamivudine stearate form a CSO-SA/LAS system. Leveraging pH-responsive drug release
characteristics and enhanced cellular uptake, this system can more effectively deliver the drug to target cells, thereby
significantly inhibiting the reverse transcription process of the hepatitis B virus, resulting in superior in vitro antiviral
efficacy compared with that of the free drug.*” NSNs are ideal carriers for delivering nucleic acid drugs such as siRNAs,
enabling highly specific viral gene silencing.’® For highly variable influenza viruses, chitosan/siRNA nanomicelles
delivered intranasally can efficiently deliver siRNAs targeting the viral nucleoprotein to respiratory tract cells. This triggers
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RNA interference intracellularly, precisely degrading viral mRNA, thereby effectively inhibiting viral replication and
providing protection in animal models.*® These findings suggest that combining the targeting, intelligent drug release, and
efficient delivery capabilities of NSNs with modern antiviral drugs is a promising research direction for overcoming viral
drug resistance and improving treatment efficiency.

In anti-infective applications, NSNs offer clear advantages by disrupting biofilms, downregulating resistance genes,
and enabling intracellular bacterial killing through ROS amplification or light-controlled release. However, most studies
remain in early preclinical stages, and the in vivo fate of these micelles in infected tissues—particularly their penetration
into biofilm matrices—is poorly understood. A major unresolved challenge is whether the carrier itself may inadvertently
suppress host immune responses that are essential for clearing opportunistic pathogens. Future work must distinguish
between direct antimicrobial effects and host immunomodulation, and establish pharmacokinetic—pharmacodynamic
relationships that guide dosing regimens.

Anticancer Effects

Cancer is characterized by complexity and heterogeneity. In 2020, there were an estimated 19.3 million new cancer cases
and nearly 10 million cancer deaths globally, presenting a severe situation for prevention and treatment.”® Currently,
surgery, radiotherapy, and chemotherapy are the three main clinical treatment modalities for cancer, but they are
associated with limitations such as numerous adverse effects, induction of drug resistance, and poor specificity,”* as
detailed in Table 3 and Figure 4.

Table 3 Mechanisms of NSNs in Antitumor Therapy

Cancer Type Active Agent Carrier Material Key Mechanisms Ref.
Hepatocellular Camptothecin (CPT) Disodium glycyrrhizin (Na,GA), tannic 1 oral bioavailability; [55]
carcinoma acid (TA) 1 intestinal stability and permeability
Breast cancer Paclitaxel (PTX) Carboxymethyl chitosan-rhein (CR) 1 oral bioavailability; synergistic antitumor effect | [56]
conjugate with rhein
Colon cancer Andrographolide (AG) Bletilla striata polysaccharide-vitamin | Passive targeting via EPR effect; sustained release | [57]
E succinate (BSP-VES)
Breast cancer Doxorubicin (DOX), all- Folate-modified chitosan Folate-mediated active targeting; synergistic [58]
trans retinoic acid oligosaccharide (FA-CSOSA) apoptosis induction; | cancer stemness
(ATRA)
Hepatocellular Norcantharidin (NCTD) | Galactosamine-hyaluronic acid-vitamin Dual receptor targeting (CD44/ASGPR); [59]
carcinoma E succinate (Gal-HA-VES) Vitamin E TPGS inhibits P-gp efflux; reverses
MDR
Multidrug- Doxorubicin (DOX), Hyaluronic acid/dextran-based Mitochondria/dual-targeting; ROS-responsive [60]
resistant tumors ursolic acid (UA) release; mitochondrial dysfunction reverses
MDR
Invasive Paclitaxel (PTX), Ce6, Dextran-based H,O,-triggered chemiluminescence; [61]
carcinoma Luminol '0, activates PTX prodrug; chemo-
photodynamic synergistic therapy

Tumor-draining Endogenous tumor Mannose-modified stearic acid- TDLN targeting; antigen capture and DC [62]
lymph nodes antigens chitosan (MChSA) delivery; activates specific T-cell immunity
(TDLN)

(Continued)
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Table 3 (Continued).

Cancer Type Active Agent Carrier Material Key Mechanisms Ref.
Tumors Doxorubicin (DOX), GEI I-modified carboxymethyl DOX induces immunogenic cell death; siRNA | [63]
PD-LI siRNA chitosan (G-CMssOA) blocks PD-1/PD-LI; reverses

immunosuppression

Breast cancer Paclitaxel (PTX) Deacetylated hyaluronic acid- CD44 targeting; pH-responsive charge reversal; | [64]
alkylamine (dHAD/dHAT) 1 cellular uptake

Hepatocellular Celastrol (Cela) Glycyrrhetinic acid-modified GA-mediated hepatoma targeting; ROS- [65]

carcinoma carboxymethyl chitosan-thioketal- responsive release; synergistic effect with rhein

rhein (GCTR)

Lung cancer Gambogic acid (GA) Protamine (PRM)/hyaluronic acid (HA) HA targeting; [66]
multilayered micelles HAase-triggered PRM exposure; 1 endosomal
escape
CD44- Doxorubicin (DOX) Hyaluronic acid-tetraphenylethylene CD44 targeting; GSH-responsive release; HAase | [67]
overexpressing (HA-SS-TPE) accelerates nuclear release
tumors

Note: 1 indicates increase, promotion, or upregulation; | indicates decrease, inhibition, or downregulation.

Abbreviations: EPR, enhanced permeability and retention; CD44, cluster of differentiation 44; ASGPR, asialoglycoprotein receptor; P-gp, P-glycoprotein; MDR, multidrug
resistance; DOX, doxorubicin; UA, ursolic acid; PTX, paclitaxel; TPL, triptolide; Ce6, chlorin e6; TDLN, tumor-draining lymph node; siRNA, small interfering RNA; PD-L1I,
programmed death-ligand |; GA, gambogic acid; GSH, glutathione; HAase, hyaluronidase.

Delivery of Chemotherapeutic and Immunotherapeutic Agents
As efficient drug delivery vehicles in tumor therapy, the core function of NSNs lies in improving drug solubility,
targeting, and stability, thereby enhancing efficacy and reducing toxicity.

The oral bioavailability of anticancer drugs is often limited by first-pass metabolism and inter-individual variability.®®
To address this, Zhang et al developed disodium glycyrrhizinate (Na,GA)-based natural micelles for camptothecin (CPT)
delivery. The optimized formulation exhibited a mean diameter of 80 nm, a critical micelle concentration of 0.303 mg/
mL, a zeta potential of —33 mV, a polydispersity index of 0.25, and a drug loading of 6.22%. These micelles
demonstrated excellent stability and permeability in simulated intestinal environments, and significantly enhanced the
oral bioavailability of CPT, leading to superior in vitro and in vivo antitumor activity.”> Similarly, Wang et al constructed
carboxymethyl chitosan-rhein (CR) conjugate micelles for oral paclitaxel (PTX) delivery. The PTX-loaded CR micelles
achieved an encapsulation efficiency of 86.99 + 12.26% and a loading capacity of 35.24 + 1.58%. Pharmacokinetic
studies confirmed a marked increase in oral bioavailability, and confocal imaging revealed that intact CR micelles were
absorbed across the intestinal membrane. Furthermore, synergistic antitumor effects between the rhein carrier and PTX
were observed in both Caco-2 cell assays and in vivo tumor models.”®

Furthermore, NSNs can achieve precise drug delivery through active or passive targeting. Passive targeting relies
primarily on the size effect of the nanoparticles. For example, Bletilla striata polysaccharide-vitamin E succinate micelles
delivering andrographolide for colon cancer treatment can selectively accumulate in colon cancer tissues via the EPR
effect.”” Building upon this, more precise active targeting can be achieved by surface modification with specific ligands.
Folate-modified chitosan micelles can improve targeting to tumor cells and sites through folate receptor-mediated
internalization. Codelivery of doxorubicin and all-trans retinoic acid synergistically induces apoptosis and inhibits cancer
stem cell properties, achieving a tumor inhibition rate of 85.5% in a breast cancer mouse model.”®

Multidrug resistance is a major cause of chemotherapy failure in cancer.®” NSNs can overcome MDR through various
mechanisms, including inhibiting drug efflux pumps,’® targeting and disrupting organelles,”’ and altering the tumor
microenvironment.”” A multifunctional self-assembled micelle system, galactosamine-hyaluronic —acid-vitamin
E succinate, was developed to deliver the antihepatocellular carcinoma drug norcantharidin. The vitamin E TPGS
component within the carrier acts as a P-gp inhibitor, blocking drug efflux and successfully reversing multidrug
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Figure 4 Antitumor mechanisms of natural product-based nanomicelles.(A) Drug delivery and intracellular anti-tumor mechanisms: (i) Passive targeting (EPR effect) and
active targeting (ligand-receptor recognition).(ii) Chemotherapy drug action on cancer cells: downregulating P-glycoprotein (P-gp), targeting organelles, and improving the
tumor microenvironment.(B) Three synergistic therapeutic modalities: (i) Chemotherapy synergy, (i) Chemotherapy and phototherapy combined (iij)ilmmune synergy. (C)
Tumor microenvironment-responsive drug release: (i) Triggered by low pH. (ii)Elevated ROS. (iii)Specific enzymes (eg, hyaluronidase). (D) Immunomodulation: including
macrophage polarization, regulation of cell proliferation, promotion of anti-tumor cytokine secretion, and induction of apoptosis.

Note: Upward arrow (1) indicates increase, promotion, or upregulation; downward arrow (|) indicates decrease, inhibition, or downregulation.

resistance.” A natural polysaccharide-based nanoplatform with dual cellular- and mitochondrial-targeting capabilities
was designed for the codelivery of ursolic acid and doxorubicin. After HA-mediated cellular internalization, these
micelles anchor to the mitochondria. Triggered by high levels of intracellular ROS, UA and DOX are specifically
released within mitochondria, synergistically inducing mitochondrial dysfunction. This fundamentally undermines the

survival of malignant tumor cells, effectively reversing drug resistance.®

Synergistic Therapeutic Effects
In cancer treatment, single drugs or therapies have limited efficacy and are prone to inducing resistance. Therefore,
integrating therapies with different mechanisms into a single nanoplatform can achieve synergistic efficacy enhancement.
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In terms of chemical synergy, Gaber et al constructed natural polymer-based micelles (zein-ChS PMs) based on zein
and chondroitin sulfate (ChS) for the co-delivery of etoposide (ETP) and all-trans retinoic acid (ATRA). In this system,
ChS binds to the CD44 receptor overexpressed on the surface of tumor cells, thereby achieving active targeting. ETP
induces tumor cell apoptosis by inhibiting topoisomerase I, while ATRA exerts synergistic antitumor effects by inducing
differentiation and regulating the cell cycle. The combination of the two agents exhibited a significant synergistic effect
(combination index CI < 1) and effectively reduced the dose requirement of each single drug. This natural-derived
micelle system demonstrates favorable biosafety and tumor-targeting ability, providing a green and efficient nanoplat-
form for combination chemotherapy of solid tumors such as breast cancer.”® Further advancements involve combining
different treatment modalities. Ding et al designed a dextran-based nanomicelle coloaded with a paclitaxel prodrug, the
photosensitizer Ce6, and the chemiluminescent agent luminol. When H,0, is overexpressed in the tumor microenviron-
ment, chemiluminescence resonance energy transfer activates Ce6 to produce singlet oxygen. Simultaneously, the
generated 'O, activates the PTX prodrug, achieving a synergistic cascade effect of chemotherapy and photodynamic
therapy, enhancing the efficacy against invasive carcinoma.®'

Furthermore, immuno-synergistic therapy, as one of the most cutting-edge current strategies, focuses primarily on
activating immunity’* and relieving immunosuppression.”> One study utilized mannose-modified stearic acid-chitosan
micelles to actively capture endogenous tumor antigens and target them to dendritic cells in tumor-draining lymph nodes.
This efficiently activates antigen-specific CD4+ and CD8+ T-cell responses, essentially functioning as an efficient
personalized vaccine.®> Another study employed functionalized carboxymethyl chitosan micelles to codeliver doxorubi-
cin and PD-L1 siRNA. While DOX induces immunogenic cell death, the siRNA blocks the PD-1/PD-L1 immune
checkpoint, effectively reversing the tumor immunosuppressive microenvironment and achieving durable antitumor
immune activation.®’

Tumor Microenvironment-Responsive Drug Release

Cancer involves continuous and dynamic interactions between cancer cells and the tumor microenvironment. The
establishment and maintenance of cancer depend, to varying degrees, on contributions from the TME. Compared with
direct killing of cancer cells, targeting the TME offers significant therapeutic advantages.”® Microenvironment-
responsive drug delivery systems can exploit specific signals within the TME, such as pH, ROS, and specific enzymes,
to achieve targeted drug delivery and reduce side effects.”’

pH responsiveness is one of the most widely employed designs because of its ability to target the uniquely acidic
tumor microenvironment.”® Based on this strategy, dHAD-PTX and dHAT-PTX micelles were designed with
a pH-dependent surface charge-switching capability. Under physiological conditions (pH 7.4), the micelles carry
a negative surface charge, which favours prolonged blood circulation and reduces non-specific uptake. Upon reaching
the acidic tumor microenvironment (pH 5.6), their surface charge rapidly switches to positive, thereby greatly enhancing
electrostatic interactions with tumor cells, triggering rapid release of paclitaxel (PTX) and promoting cellular uptake.
Experimental results demonstrated that this charge-switching mechanism led to a cellular uptake efficiency exceeding
95% in MCF-7 cells, with corresponding ICsy values of 1.94 ng/mL for dHAD-PTX and 1.87 pg/mL for dHAT-PTX.
More importantly, in an in vivo breast cancer model, these two micelles achieved tumour inhibition rates of 92.96% and
78.65%, respectively, without observable systemic toxicity. This design fully illustrates the great potential of exploiting
pH-regulated charge reversal in the tumour microenvironment to achieve highly efficient and low-toxicity targeted
chemotherapy.®*

Reactive oxygen species-responsive drug delivery exploits the significantly higher intracellular ROS levels in tumor
cells than in normal cells, offering potent intracellular killing capability. ROS-sensitive chemical bonds, such as disulfide
bonds,” are integrated into the structure of NSNs. Research has shown that in treating hepatocellular carcinoma,
glycyrrhetinic acid-modified carboxymethyl chitosan-thioketal-rhein micelles rapidly disassemble upon entering cells
under high intracellular ROS conditions, releasing celastrol. This significantly improves its bioavailability and achieves
targeted therapeutic effects against liver cancer.®®

Enzymes, which can accelerate chemical reactions, serve as ideal targets. NSNs can utilize enzymes specifically
overexpressed at tumor sites to achieve precise drug release.*® Owing to its favorable biological properties and high
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affinity for the CD44 receptor, HA stands out as one of the most representative enzyme-responsive materials.®' For
example, in protamine/hyaluronic acid multilayered micelles that deliver gambogic acid, upon reaching tumor regions
enriched with hyaluronidase, the outer HA layer is rapidly degraded. This exposes the inner protamine, which then
activates the “proton sponge” effect, greatly enhancing the endosomal escape efficiency of the micelles and increasing
the cytoplasmic drug concentration.®® After CD44 receptor-mediated endocytosis, micelles based on hyaluronic acid-
tetraphenylethylene have HA shells that are degraded by lysosomal hyaluronidase. This accelerates the release of the
loaded doxorubicin around the nucleus, demonstrating excellent tumor inhibition efficacy in CD44-overexpressing tumor
models.®’

In addition to single stimuli, multiresponsive nanosystems have become a research frontier to further improve
therapeutic effectiveness and safety, better leveraging the advantages of environment-responsive carriers.*> For example,
micelles that integrate both pH-sensitive bonds and disulfide bonds can achieve sequential drug release in acidic and
high-ROS microenvironments.

In summary, the core challenges in tumor therapy include the off-target effects of drugs, tumor heterogeneity, and the
development of multidrug resistance. The unique value of NSNs lies in the ability of natural carriers such as hyaluronic
acid and chitosan to achieve active targeting; carrier components such as rhein and ursolic acid can synergistically inhibit
P-gp efflux or induce mitochondrial dysfunction; and platforms that codeliver chemotherapeutics and siRNA can
simultaneously activate immune responses and relieve immunosuppression. Furthermore, the antioxidant activity of
some carriers may increase chemotherapy sensitivity by modulating the tumor redox state.

Anti-Inflammatory and Immunomodulatory Effects

Inflammation underpins numerous physiological and pathological processes, and its dysregulation is a key driver of many
inflammatory and autoimmune diseases.®> As key signaling molecules, ROS regulate various functions, including
inflammatory responses.®® This section will use inflammatory bowel disease, rheumatoid arthritis, and skin inflammatory
diseases as examples to systematically elaborate how NSNs provide new strategies for treating these complex diseases
through mechanisms such as microenvironment-responsive drug release, immune regulation, and tissue repair,®> as
detailed in Table 4 and Figure 5.

Inflammatory Bowel Disease: Barrier Repair and Immune Modulation

Inflammatory bowel disease is a complex autoimmune condition resulting from the interplay of multiple factors,
including genetic susceptibility, a dysregulated intestinal immune system, defective intestinal barrier function, and
a disturbed gut microbiota. This disease mainly includes Crohn’s disease and ulcerative colitis.”® Current medications
for IBD typically focus on suppressing the overactive immune response, which can only slow disease progression.

To achieve site-specific drug release at the lesion site, researchers have developed amphiphilic azo polymer micelles
that utilize the unique azoreductase environment of the colon for localized release of 5-aminosalicylic acid. This system
achieved a 60% dose reduction compared to conventional therapy, 77-97% inhibition of inflammatory markers (TNF-a,
IL-6, etc)., and prolonged colonic retention up to 24 hours, significantly increasing drug accumulation in the lesion
area.®® In modulating the intestinal immune and inflammatory microenvironments, various natural micelle systems have
demonstrated clear regulatory efficacy. Curcumin-loaded biopolymer nanocomposites effectively alleviate intestinal
inflammatory damage and promote tissue repair by regulating oxidative stress indicators and inflammatory
mediators.?” Stable micelles formed from esterified alginate-curcumin conjugates can effectively inhibit TLR4 expres-
sion in intestinal epithelial cells, reducing downstream NF-kB pathway activation and the subsequent production of
proinflammatory cytokines such as TNF-a and IL-1B. They also achieve colon-targeted therapy through a drug release
mechanism triggered by the commensal microbiota.®®

More importantly, NSNs can achieve superior therapeutic outcomes through synergistic treatment involving multiple
mechanisms. For example, an oral micelle system constructed from hyaluronic acid and dehydrocholic acid not only
accumulates at inflammatory sites via HA-CD44-mediated targeting but also repairs the intestinal physical barrier,
protects epithelial cell integrity, modulates the adaptive immune system by precisely inhibiting Thl7-mediated
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Table 4 Mechanisms of NSNs in Anti-Inflammatory Therapy

Disease Active Agent Carrier Material Key Mechanisms
Ulcerative Colitis 5-Aminosalicylic Acid (5- Azoreductase-responsive polymer Azoreductase-triggered colon-targeted release; [86]
ASA) sustained 5-ASA release;

1 colonic retention

Ulcerative Colitis Curcumin Zein + sodium caseinate + hyaluronic | TNF-q, IL-1B, IL-6, MPO; | MDA; 1 SOD, GSH-Px [87]
acid
Ulcerative Colitis Curcumin Alginate | TLR4/NF-kxB; commensal flora esterase-triggered [88]
release
Inflammatory Bowel Deoxycholic Acid (DLA) Hyaluronic acid-DLA conjugate HA targeting to inflamed colon; | Th17 cell [89]
Disease (HADLA) differentiation; restoration of intestinal barrier
Rheumatoid Arthritis Indomethacin Dextran stearate polymer | TNF-q, IL-17, IL-1B; | MPO, LPO; 1 glutathione, TAC | [90]
Rheumatoid Arthritis Polypeptide | (PPI) Panax notoginseng polysaccharide- | JAK2/STAT3; | TNF-q, IL-1B; 1 IL-10, Arg-1; T M2 [91]
deoxycholic acid conjugate (PNP-DC) polarization; ROS scavenging
Rheumatoid Arthritis Tacrolimus (TAC) Maltodextrin-a-tocopherol (MD-a-TOC) | IL-6, TNF-0; 1 osteocalcin, SOX9 (pro-osteogenic) [92]
Acne Cryptotanshinone (CTS) Glycyrrhizic Acid (GA) | TNF-q, IL-1B; | keratin 16 (K16); | 5-a reductase; [93]

inhibition of Cutibacterium acnes

Photoaging Palmitoyl Pentapeptide-4 Glycyrrhizic acid-oxymatrine ionic liquid Enhanced transdermal peptide delivery; 1 collagen/ [94]
(PAL-4) (GAO IL) hyaluronic acid regeneration; T M2 polarization

Psoriasis/Skin Disease All-trans Retinoic Acid Hyaluronic acid-atRA conjugate (HA- Induction of retinoid signaling; cholesterol removal from | [95]
(atRA) atRA) cell membranes

Note: 1 indicates increase, promotion, or upregulation; | indicates decrease, inhibition, or downregulation.

Abbreviations: UC, ulcerative colitis; TNF-a, tumor necrosis factor-alpha; IL- 1, interleukin- I B; IL-6, interleukin-6; MPO, myeloperoxidase; MDA, malondialdehyde; SOD,
superoxide dismutase; GSH-Px, glutathione peroxidase; TLR4, Toll-like receptor 4; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; IBD, inflammatory
bowel disease; Th17, T helper 17 cell; RA, rheumatoid arthritis; JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3; IL-10, interleukin-10; Arg-1,
arginase-|; TAC, total antioxidant capacity; atRA, all-trans retinoic acid.

inflammation, and synergistically regulates microbial ecology. This multidimensional approach collectively reverses the
pathological progression of IBD.*

In summary, the core challenge in IBD treatment lies in the vicious cycle of persistent intestinal barrier damage,
immune homeostasis imbalance, and gut microbiota dysbiosis. The irreplaceable role of NSNs is that carriers such as
hyaluronic acid can target inflammatory sites and repair the physical barrier; active ingredients such as curcumin can
directly inhibit the TLR4/NF-kB pathway and regulate the Th17/Treg balance; and some systems, such as alginate-
curcumin, can even respond to the microbiota for drug release. Behind these effects, scavenging excess ROS and

restoring redox balance are crucial for inhibiting the amplification of inflammatory cascades.

Rheumatoid Arthritis: Synovial Targeting and Immune Remodeling
Rheumatoid arthritis is a chronic inflammatory disease resulting from the interplay of genetic, environmental, and
immune dysregulation, characterized by persistent synovitis, systemic inflammation, and the production of
autoantibodies.”” Current treatments primarily use disease-modifying antirheumatic drugs, which may exacerbate side
effects and increase the risk of liver and kidney damage.”®

In RA treatment, NSNs exert significant effects through multitargeted interventions. Indomethacin-loaded dextran
stearate polymer micelles can significantly reduce key inflammatory cytokine levels while increasing glutathione and
total antioxidant capacity, effectively alleviating joint inflammatory responses and oxidative stress damage.”® To address
the specific immune imbalance in RA, folic acid-modified Panax notoginseng polysaccharide-deoxycholic acid micelles
target the highly expressed folate receptor in the synovium. By inhibiting the JAK2/STAT3 pathway, they promote the
transformation of proinflammatory M1 macrophages to anti-inflammatory M2 macrophages, fundamentally reshaping the

immune microenvironment.”! To prevent joint structural damage, tacrolimus-loaded maltodextrin-a-tocopherol
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Figure 5 Therapeutic mechanisms of natural product-based nanomicelles in inflammatory and autoimmune diseases. (A) Inflammatory bowel disease: targeting inflamed
colonic mucosa via CD44, repairing intestinal barrier, and modulating gut microbiota. (B) Rheumatoid arthritis: synovial targeting, M|-to-M2 macrophage polarization via the
JAK2/STAT3 pathway, and protection of cartilage and bone. (C) Skin inflammatory diseases (eg, acne, psoriasis, photoaging): antimicrobial activity, sebum regulation, anti-
inflammation, and collagen regeneration.

Note: Upward arrow (1) indicates increase, promotion, or upregulation; downward arrow () indicates decrease, inhibition, or downregulation.

nanomicelles, while exerting immunosuppressive effects, have carrier components that promote osteogenic differentia-
tion, counteracting the characteristic bone erosion in RA.%?

RA treatment has long faced the dilemma of balancing immunosuppression with bone protection. The advantages of
NSNs include the following: Panax notoginseng polysaccharides can regulate macrophage M1/M2 polarization via the
JAK2/STAT3 pathway, remodeling the immune microenvironment; maltodextrin-a-tocopherol micelles, while tacrolimus
is delivered, have carrier components that synergistically promote osteogenic differentiation. In this process, the carrier’s
ability to scavenge ROS in the joint cavity and inhibit NF-«xB activation create favorable conditions for M2 polarization.

Skin Inflammatory Diseases: Multitarget Local Intervention

Although the pathological features of skin inflammatory diseases vary, their treatment commonly faces challenges such
as poor drug penetration and insufficient targeting. NSNs stand out because of their excellent skin permeability and
multitarget regulatory capabilities, demonstrating unique advantages in treating conditions such as acne, photoaging, and
psoriasis.

Acne primarily involves four core pathological processes: follicular hyperkeratinization, excessive sebum production,
Cutibacterium acnes proliferation, and the inflammation/immune response.”” In 25 nm glycyrrhizic acid-
cryptotanshinone self-assembled micelles, glycyrrhizic acid directly inhibits C. acnes and exerts anti-inflammatory
effects, whereas cryptotanshinone inhibits sebum production. These micelles downregulate the expression of proinflam-
matory factors and reduce keratin 16 gene expression to improve follicular hyperkeratosis. Furthermore, downregulating
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5-a reductase mRNA may influence androgen signaling pathways, indirectly regulating sebaceous gland function,
demonstrating a more comprehensive therapeutic approach than monotherapy.93

Photoaging refers to the premature, nonnatural aging of skin caused by chronic, repeated ultraviolet exposure,'*® with
the primary tissue characteristic being destruction of the collagen fiber network.'®’ When glycyrrhizic acid and
oxymatrine self-assemble into ionic liquid micelles for delivering palmitoyl pentapeptide-4, they can promote collagen
and hyaluronic acid regeneration and inhibit the NF-kB signaling pathway to reduce inflammation and apoptosis,”
suggesting new ideas for clinical intervention in photoaging.

Psoriasis is an immune-mediated chronic inflammatory skin disease with characteristic changes, including abnormal
differentiation of keratinocytes and activation of a complex immune—inflammatory network.'®? Hyaluronic acid-trans
retinoic acid conjugate micelles can, on the one hand, induce retinoid signaling to help regulate the differentiation and
proliferation of keratinocytes, normalizing them. On the other hand, they can actively remove cholesterol from cells,
indirectly influencing the activation state of inflammatory signaling pathways. This cleverly combines nanotechnology
with traditional drugs and newly discovered functions to address complex pathologies.”

In summary, NSNs achieve multilevel precision treatment, ranging from pathogen control and inflammation regula-
tion to tissue repair, by targeting the specific pathological links of different skin inflammatory diseases, offering new
technological strategies for the clinical management of these conditions.

Effects of Metabolic Regulation

Metabolic diseases encompass a wide range of conditions, including diabetes, obesity, and nonalcoholic fatty liver
disease. Among these, the application of NSNs has been studied in depth in the field of diabetes and its complications, as
shown in Table 5 and Figure 6.

Diabetes and Its Complications: Targeted Intervention and Oxidative Stress Regulation

Diabetes is a common, incurable metabolic syndrome primarily characterized by chronic hyperglycemia resulting from
defective insulin secretion or action, often accompanied by disturbances in glucose, protein, fat, water, and electrolyte
metabolism.'®® Currently, subcutaneous insulin injection remains the first-line therapy for blood glucose control, but it
has limitations such as poor patient compliance, low bioavailability, risk of hypoglycemia, and inability to fundamentally
correct metabolic disturbances.'® NSNs offer new, more convenient, safer, and noninvasive approaches for treating
diabetes and its complications.'"”

11

Large-molecule drugs such as insulin are susceptible to degradation upon oral administration,''" and many natural

112

hypoglycemic components suffer from poor water solubility, ~ resulting in extremely low oral bioavailability. The

Table 5 Mechanisms of NSNs in Metabolic Disease Therapy

Disease Active Carrier Material Key Mechanisms Ref.
Agent
Type 2 diabetes Oleanolic Ursodeoxycholic acid-chitosan 1 oral bioavailability (10.6-fold); improve glucose/lipid [103]
acid metabolism; modulate gut microbiota
Diabetes Insulin Trimethyl chitosan-coated micelles Protect insulin from degradation; promote intestinal [104]

absorption; 1 oral bioavailability (7.05%)

Diabetic nephropathy | Puerarin Sialic acid-modified Angelica sinensis/ E-selectin targeting to inflamed kidney; pH-responsive [105]
Astragalus polysaccharides release; | inflammation/oxidative stress
Diabetic retinopathy Lutein Folic acid-chitosan-sodium alginate 1 ocular bioavailability; ROS scavenging; protect retinal [106]
cells
Type 2 diabetes — Mixed-shell polymeric micelles Capture hIAPP oligomers; inhibit amyloid aggregation; | | [107]
(hIAPP aggregation) (nanochaperones) cytotoxicity

Note: 1 indicates increase, promotion, or upregulation; | indicates decrease, inhibition, or downregulation.
Abbreviations: T2DM, type 2 diabetes mellitus; hIAPP, human islet amyloid polypeptide.
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of poorly soluble antidiabetic drugs and enabling oral insulin delivery. (B) Smart delivery to complication sites: targeting the renal/retinal microenvironment with pH/ROS
responsiveness. (C) Systemic metabolic regulation: correcting glucose and lipid metabolism disorders and modulating gut microbiota. (D) Pathological intervention: inhibiting
hIAPP aggregation, protecting B-cells, and alleviating oxidative stress injury.

Note: downward arrow (|) indicates decrease, inhibition, or downregulation.

hydrophobic cores of nanomicelles can efficiently encapsulate these drugs, solubilizing them. Research has shown that
encapsulating oleanolic acid in ursodeoxycholic acid-modified chitosan micelles increases its oral bioavailability 10.6-
fold and has significant hypoglycemic and hepatoprotective effects in a type 2 diabetes mouse model.'®® For insulin, the
construction of chitosan-based polyelectrolyte complex nanomicelles can protect it from degradation by gastrointestinal
enzymes and promote intestinal absorption, achieving effective oral insulin delivery with a relative bioavailability of
7.05%.'%*

Lesion sites associated with diabetic complications, such as nephropathy''® and retinopathy,''*

often exhibit specific
microenvironments or overexpress particular receptors, providing targets for the intelligent design of nanomicelles.
A pH-responsive hybrid micelle system based on Angelica sinensis polysaccharide and Astragalus polysaccharide was
developed. This system utilizes sialic acid-modified APS to target E-selectin, which is highly expressed on inflamed
endothelial cells, and releases the drug puerarin upon hydrazone bond cleavage in the acidic environment of the kidney,
achieving precise drug delivery to renal inflammatory sites.'®> Folate-modified chitosan-alginate nanocarriers have been
shown to significantly increase the bioavailability of lutein in the eye tissues of diabetic rats and, by effectively
scavenging ROS, protect retinal pigment epithelial cells from oxidative stress-induced damage, suggesting a new
approach for preventing and treating diabetic retinopathy.'®®

Correcting glucose and lipid metabolism disorders is fundamental to diabetes treatment. In type 2 diabetes, the
abnormal folding and aggregation of human islet amyloid polypeptide not only directly leads to B-apoptosis but also

exacerbates local insulin resistance, acting as an upstream driver of metabolic dysregulation.''> Researchers have
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developed biomimetic nanochaperones that capture hIAPP oligomers through their surface-tunable hydrophobic micro-
domains, effectively inhibiting the formation of toxic amyloid aggregates and significantly reducing hIAPP-related
cytotoxicity, providing an innovative strategy for protecting p-cell function at the source.'®’

Recent research has revealed a close association between the gut microbiota and the development of diabetes''®!!”

19 themselves possess prebiotic properties. The

Some natural nanocarrier materials, such as chitosan''® and pectin,
aforementioned study on UCOS-OA micelles not only confirmed their hypoglycemic effect but also revealed that they
ameliorate gut microbiota dysbiosis and fecal metabolite profiles in diabetic mice, suggesting that they may influence
host systemic metabolism through modulation of the gut microbiota.'®*

In summary, the complexity of diabetes lies in the low bioavailability of oral hypoglycemic agents, the heterogeneity
of complication lesions, and the frequent neglect of upstream drivers such as hIAPP aggregation. NSNs enable multilevel
intervention: chitosan carriers achieve efficient oral insulin delivery; sialic acid-modified polysaccharides target the renal
inflammatory endothelium; and biomimetic nanochaperones capture hIAPP oligomers, protecting 3-cells at the source.
The ability of lutein micelles to scavenge ROS in retinal cells highlights the value of antioxidants in complex
interventions. Furthermore, chronic diseases such as diabetes require long-term administration, yet the repeated-dose
safety of most NSN materials has never been evaluated beyond a few weeks. The gut microbiota-modulating effects
reported for some polysaccharide-based micelles are intriguing but highly variable across individuals, making predictive

design difficult.

Anti-Fibrotic Effects

Fibrosis is a common terminal pathological outcome of dysregulated tissue repair in various chronic diseases, and is
characterized by excessive extracellular matrix deposition and disruption of organ structure.'*® The liver and kidney are
organs with high susceptibility to fibrotic diseases, and their pathological progression is closely linked to injury from
ischemia, inflammation, and other factors. NSNs, with their precise targeting capabilities and versatile functional design,
offer innovative strategies for intervening in and even reversing the fibrotic process, as detailed in Table 6 and Figure 7.

Liver Fibrosis: Targeting Activated HSCs and Release of ROS-Responsive Drugs

Liver fibrosis is a common pathological feature of various chronic liver diseases, with the activation of hepatic stellate
cells being a central event.>* Owing to the lack of specific targeting of activated HSCs in vivo and difficulties in

Table 6 Mechanisms of NSNs in Antifibrotic Therapy

Diseases Active Carrier Material Key Mechanisms Ref.
Agent

Hepatic fibrosis Silibinin Hyaluronic acid HA targeting CD44; selective killing of aHSCs; sustained release [121]

Hepatic fibrosis Silibinin, PLGA-PSPE-PEG-VA VA targeting aHSCs; chemo-gene combination therapy; |collagen | [122]
siCollal

Hepatic fibrosis Losartan Chitosan-bilirubin ROS-responsive release; bilirubin scavenges ROS; |collagen deposition, | [123]

linflammatory cell infiltration

Hepatic fibrosis Chrysin cRGDfK-R6-PPMs cRGD targeting; R6-mediated penetration; ROS-responsive release; [124]

“recognition-internalization-release” cascade

Hepatic fibrosis Resveratrol CRGD-PMK cRGD-mediated targeting; ROS-sensitive core; tdrug accumulation in | [125]
aHSCs
Renal IRI/fibrosis Mn;0,4 Chitosan Catalase-mimicking; ROS scavenging; alleviates oxidative stress injury [126]
nanozyme
(Continued)
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Table 6 (Continued).

Diseases Active Carrier Material Key Mechanisms Ref.
Agent
Renal IRI H,S donor Hyaluronic acid HA-mediated CD44 targeting; ROS-responsive release; |NF-xB; | TNF- | [127]

a, IL-6; antioxidant/anti-inflammatory synergy

Renal IRI Alda-| Quaternary chitosan/ Hypothermic machine perfusion delivery; activates ALDH2; |p38 [128]
(transplantation) chenodeoxycholic acid MAPK; protects transplanted kidneys

Acute kidney Lutein, Chitosan Megalin receptor-mediated renal targeting; pH-sensitive (lysosomal [129]
injury/renal fibrosis Celastrol release); |p38 MAPK/NF-«B

Note: 1 indicates increase, promotion, or upregulation; | indicates decrease, inhibition, or downregulation.

Abbreviations: aHSCs, activated hepatic stellate cells; ROS, reactive oxygen species; IRI, ischemia-reperfusion injury; AKI, acute kidney injury; HA, hyaluronic acid; CD44,
cluster of differentiation 44; VA, vitamin A; cRGD, cyclic arginine-glycine-aspartate peptide; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor kappa-light-chain-
enhancer of activated B cells; ALDH?2, aldehyde dehydrogenase 2.

achieving controlled release at the lesion site, the clinical efficacy of existing drugs is limited, and systemic side effects
are significant.'’!
Achieving specific enrichment of drugs in the fibrotic liver and within aHSCs is key to improving efficacy and

reducing side effects. Research indicates that the use of specific receptors that are overexpressed on the surface of aHSCs
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Figure 7 Mechanisms of natural product-based nanomicelles in counteracting fibrosis. (A) Hepatic fibrosis, presented in three temporal stages: (i) Acute stage: scavenging of
reactive oxygen species (ROS) to alleviate the initial “ROS storm” and reduce inflammatory cell infiltration. (ii) Chronic progressive stage: targeting activated hepatic stellate
cells (aHSCs) via CD44 or vitamin A (VA) receptors, with ROS-responsive drug release to inhibit collagen gene expression and suppress fibrogenesis. (iii) Fibrotic stage:
chemo-gene combination therapy to reverse established fibrosis and promote tissue repair.(B) Renal fibrosis and ischemia-reperfusion injury, also shown in three stages: (i)
Acute ischemic injury: ROS scavenging and anti-inflammatory effects to protect against initial damage. (i) Chronic progressive stage: megalin receptor-mediated targeting
enabling pH-responsive delivery to injured renal tubules, along with inhibition of the TGF-B1/MAPK/NF-kB signaling axis to reduce inflammation and extracellular matrix
(ECM) accumulation.(jii) Fibrotic stage: direct reduction of excessive ECM deposition to alleviate established renal fibrosis.

Note: downward arrow (|) indicates decrease, inhibition, or downregulation.
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enables the precise targeting of nanomicelles. Silibinin-loaded hyaluronic acid micelles, which leverage the specific
binding of HA to CD44 receptors, achieve targeted killing of aHSCs and sustained release therapy.'*' Similarly, vitamin
A, a classic targeting ligand for HSCs, was used to synthesize PLGA-PSPE-PEG-VA polymer micelles. These micelles
efficiently accumulate in the fibrotic liver and specifically deliver drugs to aHSCs.'*

The fibrotic liver microenvironment presents various pathophysiological features that are distinct from those of
normal tissue, such as significantly elevated ROS levels. Stimuli-responsive nanomicelles designed on the basis of these
features enable intelligent, controlled drug release at the lesion site. Chitosan-bilirubin micelles utilize the ROS-
scavenging and -responsive properties of bilirubin. After being loaded with losartan, these cells respond to ROS levels
within aHSCs, precisely releasing the drug and significantly reducing collagen deposition and inflammatory cell
infiltration in liver tissue.'> In addition to the use of intact natural polymers, current research frontiers have drawn
inspiration from natural mechanisms, such as the construction of superior intelligent delivery systems through molecular
engineering. For example, cRGDfK-R6-PPM micelles integrate targeting, cell-penetrating, and ROS-responsive func-
tions, achieving a cascade delivery of “recognition-internalization-release”, greatly increasing the intracellular bioavail-
ability of drugs within aHSCs.'** Similarly, CRGD-PMK micelles, through cRGD-mediated active targeting and an
ROS-sensitive PMK core, successfully achieved specific release and efficient accumulation of resveratrol in aHSCs.'?

To address the complex mechanisms of liver fibrosis, codelivery systems have emerged. The aforementioned PLGA-
PSPE-PEG-VA micelle platform not only achieved precise targeting of aHSCs but also successfully enabled the
codelivery of the chemical drug silibinin and the gene drug siCollal. Studies have confirmed that, compared with
monotherapies, these chemogenes coloaded with micelles, through the dual mechanisms of drugs inhibiting HSC
activation and gene silencing blocking collagen synthesis, have significantly superior synergistic effects on the inhibition
of collagen I production and amelioration of liver fibrosis.'**

The key to reversing liver fibrosis lies in precisely targeting activated HSCs and breaching the fibrotic scar barrier.
NSNs offer solutions: natural ligands such as hyaluronic acid and vitamin A target aHSCs; bilirubin and ROS-sensitive
bonds respond to the high oxidative stress microenvironment for drug release; and the codelivery of silibinin and
siCollal simultaneously inhibits HSC activation and collagen synthesis. The inherent ROS-scavenging ability of the

carrier bilirubin plays a fundamental role in this process.

Renal Fibrosis and Ischemia—reperfusion Therapy: Antioxidant and Anti-Inflammatory Effects

As a highly perfused organ, the kidney is highly susceptible to damage from ischemia, toxic substances, and immune
inflammation. This damage typically begins with acute kidney injury, with ischemia—reperfusion injury being a major
cause, and effective treatments are currently lacking. If not effectively effective, AKI can progress to chronic kidney
disease characterized by renal fibrosis.'>> The pathological mechanisms of AKI, especially IRI, generally involve
oxidative stress, inflammatory responses, and apoptosis.'***'** Targeting and neutralizing excess ROS is the most direct
approach. Chitosan-nanozyme micelles encapsulating Mn3;O,4 nanozymes can be specifically enriched at renal inflam-
matory sites and mimic catalase to efficiently scavenge excess ROS, mitigating direct cellular damage caused by
oxidative stress from the source.'?® In the context of ROS scavenging, further modulation of endogenous protective
systems is possible. Hyaluronic acid-H,S donor micelles utilize HA’s targeting ability to deliver hydrogen sulfide. H,S,
as a gaseous signaling molecule, not only directly scavenges ROS but also exerts potent anti-inflammatory effects by
inhibiting the NF-xB pathway, resulting in synergistic antioxidant and anti-inflammatory effects. Notably, these micelles
achieved intracellular H,S concentrations three times higher than those in the control group.'” For mitochondrial
dysfunction and cellular metabolic disturbances caused by ROS, precise intervention in specific pathways is crucial.
Quaternary chitosan/chenodeoxycholic acid micelles, which are used during hypothermic machine perfusion in kidney
transplantation, deliver Alda-1. These micelles exhibited a mean particle size of 132.4 + 0.3 nm, a zeta potential of 45.0 +
1.0 mV, and a high drug loading capacity of 41.9%, with 80% of the drug released within 3.5 hours under hypothermic
conditions. By activating ALDH2 and inhibiting the p38 MAPK pathway, they directly protect transplanted kidneys from
IRL.'?® For complex injury networks, multitarget synergistic therapy offers more comprehensive protection. Chitosan-
based micelles codelivering lutein and celastrol achieve renal targeting via megalin receptor-mediated endocytosis and
release drugs in the acidic lysosomal environment. This system synergistically provides antioxidant effects while
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simultaneously inhibiting the p38 MAPK/NF-kB pathways, two key inflammatory and stress signaling pathways, to
achieve potent combined therapy.129

When damage persists, it will inevitably progress to chronic kidney disease characterized by renal fibrosis. At this
stage, the core task of nanomicelles is to efficiently deliver antifibrotic drugs. Immune modulation is crucial in CKD
progression.'*> Research has shown that glycol chitosan-tacrolimus micelles utilize the renal targeting property of glycol
chitosan to significantly increase the accumulation of the immunosuppressant tacrolimus at the lesion site. By inhibiting
the TGF-B1/MAPK/NF-«B signaling axis, this system more potently alleviates glomerular fibrosis and inflammation,
with efficacy superior to that of the free drug.'*¢

In summary, the irreversibility of renal fibrosis dictates that the timing of intervention is critical. In the AKI stage,
NSNS such as chitosan-nanozymes and HA-H,S donors scavenge excess ROS and inhibit NF-kB, blocking the oxidative
stress—inflammation cascade. In the CKD stage, glycol chitosan-tacrolimus micelles slow the fibrotic process. From
direct ROS scavenging to activating the Nrf2/HO-1 pathway, antioxidant effects remain a core mechanism throughout
AKI-to-CKD intervention. However, the reversibility of advanced fibrosis remains unproven with these systems. Most
studies employ prophylactic or early-intervention regimens, whereas clinical fibrosis is typically diagnosed at later stages
when dense extracellular matrix barriers physically exclude nanoparticles. An underappreciated challenge is that the
same ROS-responsive mechanisms may be exhausted in the highly oxidative fibrotic milieu, leading to premature drug

leakage.

Neuroprotective Effects

The treatment of central nervous system diseases has long been hampered by the low efficiency of drug delivery imposed
by the blood-brain barrier. NSNs, with their excellent biocompatibility, functional modifiability, and inherent biological
activities, offer innovative strategies to overcome this bottleneck and achieve precise treatment for neurodegenerative and
acute injury diseases, as detailed in Table 7 and Figure 8.

Alzheimer’s Disease: Af Clearance, Tau Inhibition, and Early Diagnosis
Alzheimer’s disease is a neurodegenerative disorder characterized by AP deposition, tau protein hyperphosphorylation,
neuroinflammation, and metabolic dysregulation.'**

The active targeting capability of natural ligands is key to increasing the drug concentration in the brain. For example,
lactoferrin-conjugated linoleic acid micelles efficiently cross the BBB via lactoferrin receptor-mediated transcytosis,
significantly enhancing the distribution of loaded drugs in brain tissue, thereby effectively clearing Ap, alleviating
oxidative stress, and improving cognitive function.'*” NSNs with biomimetic designs have unique advantages in

Table 7 Mechanisms of NSNs in Neurological Disease Therapy

Disease Active Agent Carrier Material Key Mechanisms Ref.
Alzheimer’s disease — Lactoferrin-CLA micelles 1BBB penetration; tbrain distribution; |AB; |oxidative [137]
stress; Tcognition
Alzheimer’s disease — Mixed-shell polymeric micelles LAB fibrillation; AP clearance; maintain A homeostasis [138]
Alzheimer’s disease —_ Tau-targeting peptide micelles |Tau aggregation; block Tau seeding; | Tau cytotoxicity [139]
Parkinson’s disease Carnosine + a-lipoic Self-assembled nanomicelles tantioxidant; restore dopamine/serotonin balance [140]
acid
Parkinson’s disease Idebenone prodrug Nanoprodrug micelles loxidative stress; |neuroinflammation; |o-syn aggregation [141]
Cerebral ischemia-reperfusion Curcumin Triblock copolymer micelles INF-kB; [IL-1B, IL-6, TNF-0; |neuroinflammation [142]
Cerebral ischemia-reperfusion Baicalein Lactoferrin-PEG-polyphenylalanine Brain targeting; |oxidative stress; |apoptosis; Tcognition [143]
micelles

Note: 1 indicates increase, promotion, or upregulation; | indicates decrease, inhibition, or downregulation.
Abbreviations: BBB, blood-brain barrier; AB, amyloid-B; a-syn, a-synuclein; IRI, ischemia-reperfusion injury; NF-kB, nuclear factor kappa-B; ROS, reactive oxygen species;
Nrf2/HO-1, nuclear factor erythroid 2-related factor 2/heme oxygenase-1.
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Figure 8 Mechanisms of natural product-based nanomicelles for neurological disease therapy. (A) Blood-brain barrier crossing strategies. (B) Alzheimer’s disease: inhibition
of AB fibrillation and tau aggregation, clearance of pre-formed aggregates by artificial chaperone micelles, and early diagnosis via curcumin-loaded micelles for retinal Ap
imaging. (C) Parkinson’s disease: antioxidant effects, reduction of a-synuclein aggregation, and restoration of dopamine/serotonin balance. (D) Cerebral ischemia-reperfusion
injury: anti-inflammatory effects (NF-kB inhibition), reactive oxygen species (ROS) scavenging, and neurovascular repair.

Note: Downward arrow (]) indicates decrease, inhibition, or downregulation.

addressing AP aggregation and deposition. Mixed-shell polymer micelles, inspired by natural molecular chaperones,
possess tunable surface properties and can act as “artificial chaperones”, selectively inhibiting AP fibrillation and
promoting the clearance of preformed aggregates, effectively remodeling AB homeostasis.'*® As challenges with Ap-
targeted strategies increase clinically, intervening in tau pathology has become a new focus in AD treatment.'*® Studies
have shown that micelles modified with tau-targeting peptides can efficiently inhibit the abnormal aggregation of tau
protein through multivalent binding peptides on their surface and can recognize and bind preformed tau aggregates,
blocking their pathological “seeding” and propagation between neurons.'*° Furthermore, NSNs demonstrate unique value
in early disease diagnosis. Curcumin micelles, which leverage the high affinity of curcumin for A, serve as efficient
optical probes for noninvasive early imaging of retinal AP plaques, offering a revolutionary tool for early AD

diagnosis."*¢

Parkinson’s Disease: Antioxidant Effects and Inhibition of a-Syn Aggregation

Parkinson’s disease is characterized by the progressive loss of dopaminergic neurons in the substantia nigra pars compacta,

with a core pathology involving the abnormal aggregation of a-synuclein, oxidative stress, and neuroinflammation.'*’
Leveraging the synergistic effects of natural components is an effective strategy against the multifaceted pathology of

PD. Studies have shown that nanomicelle complexes self-assembled from the natural dipeptide carnosine and the

antioxidant a-lipoic acid, through synergistically increasing total antioxidant activity, successfully reverse dopamine
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and serotonin metabolism disturbances in an MPTP-induced early PD model, effectively restoring neurotransmitter
balance in the striatum.'*® In addition to the design of single antioxidants, the design of multitarget nanoprodrugs can
achieve more comprehensive neuroprotection. Idebenone nanoprodrug micelles were designed as a multitarget thera-
peutic system. In PD models, they simultaneously reduce oxidative stress, inhibit neuroinflammation, and decrease a-syn
aggregation, demonstrating comprehensive efficacy at the cellular and animal levels and significantly extending
lifespan.'*!

Notably, a growing body of epidemiological and mechanistic research reveals a bidirectional connection between
inflammatory bowel disease and neurodegenerative diseases (such as PD) via the “gut-brain axis”, suggesting that
chronic intestinal inflammation may be a risk factor for distant neurological pathology.'*® This association inspires future
research on NSNs. NSNs can both target and modulate the intestinal immune microenvironment, repair the barrier, and
possess the potential to cross the BBB and intervene in neuroinflammation and protein misfolding. Future designs might
integrate multifunctional platforms to synergistically intervene in gastrointestinal and nervous system-related diseases,
starting from their common pathological origins.

Cerebral Ischemic Stroke and Reperfusion Injury: Anti-Inflammatory Effects and Neurovascular Repair
Cerebral ischemia—reperfusion injury is a key challenge in stroke treatment, as its pathological process involves a vicious
cycle of oxidative stress, neuroinflammation, and apoptosis.'*’

Effectively curbing neuroinflammation is crucial for blocking secondary damage. Triblock copolymer nanomicelles
loaded with curcumin can efficiently deliver this natural anti-inflammatory component. By inhibiting the NF-«xB
signaling pathway, they significantly downregulate the expression of key proinflammatory factors, thereby effectively
reducing brain tissue inflammatory damage in animal models.'*? Furthermore, NSNs that integrate multiple natural
components can achieve synergistic and comprehensive neuroprotection. For example, lactoferrin-baicalein nanomicelles
utilize the ability of lactoferrin to target the brain to codeliver two naturally active molecules. This system not only exerts
antioxidant and antiapoptotic effects but also effectively regulates the inflammatory microenvironment, resulting in
significant improvements in neuronal apoptosis and cognitive dysfunction in both in vitro and in vivo experiments,
highlighting the unique advantages of multitarget intervention.'*?

In summary, drug delivery for the nervous system faces the dual challenges of BBB obstruction and the multifactorial
complexity of lesions. The strategies used by NSNs include lactoferrin-mediated BBB crossing, the use of biomimetic
chaperones that selectively inhibit AB/Tau/a-syn aggregation, and the use of ROS-responsive systems to release drugs in
ischemic lesions and activate the Nrf2/HO-1 pathway. The synergistic antioxidant effects of carnosine-a-lipoic acid and
the multitarget protection of idebenone both point toward the common goal of restoring neuronal redox balance. The
epidemiological association between IBD and PD also suggests the possibility of designing “gut-brain axis” dual-

targeting platforms in the future, which may intervene in central lesions from peripheral origins.

Discussion and Outlook

Based on the systematic analysis above, this section summarizes the core strategies by which NSNs overcome the
delivery barriers of natural products, proposes a framework for formulation selection, identifies oxidative stress regula-
tion as a common mechanism, and discusses the major challenges and future directions for clinical translation.

The poor solubility, rapid metabolism, and low bioavailability of natural products can be addressed by NSNs through
three general mechanisms. First, physical encapsulation. The hydrophobic core of NSNs directly increases the aqueous
solubility of poorly soluble natural compounds and protects them from premature enzymatic degradation or metabolism.
Second, chemical conjugation and ligand-mediated targeting. By covalently linking natural polymers (eg, hyaluronic
acid, chitosan) to the drug or decorating the micelle surface with targeting ligands, NSNs achieve active accumulation in
diseased tissues. Third, the intrinsic bioactivity of the carrier material creates a synergistic effect with the encapsulated
drug. Many natural materials (polyphenols, saponins, polysaccharides) possess intrinsic anti-inflammatory, antioxidant,
or immunomodulatory activities.'>® When these molecules serve as carrier materials to construct micelles, their function

extends beyond traditional drug delivery, allowing them to directly participate in disease intervention.'>"-'>?
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Regarding formulation selection, three factors should be considered: disease microenvironment, route of administra-
tion, and manufacturing consistency. Similar to synthetic polymer micelles, NSNs also face the challenge of premature
drug release.'>® Therefore, for solid tumors characterized by acidic pH and elevated ROS levels, stimuli-responsive
micelles are preferred. For inflammatory diseases such as rheumatoid arthritis or inflammatory bowel disease, hyaluronic
acid-based micelles (CD44-targeting) are advantageous because of their inherent tropism toward activated macrophages
and inflamed endothelium. For the route of administration, oral delivery requires formulations that resist gastric
degradation and penetrate the mucus barrier; chitosan- or alginate-based mucoadhesive micelles have proven effective.
Intravenous administration demands stealth properties to avoid reticuloendothelial system uptake, with PEGylation or
hyaluronic acid coating being common strategies. For manufacturing consistency, batch-to-batch reproducibility is
a fundamental requirement for clinical translation; well-defined derivatives or natural-synthetic hybrid systems are
superior to crude extracts with variable compositions.

Notably, across the six disease categories reviewed, oxidative stress repeatedly emerges as a pathophysiological
driver. NSNs often exert therapeutic effects by scavenging ROS through antioxidant moieties embedded in the carrier
(eg, bilirubin, curcumin, resveratrol, polyphenols) or by activating the Nrf2/HO-1 pathway. This cross-disease consis-
tency suggests that redox regulation is a fundamental common mechanism of NSNGs, intrinsically provided by the natural
building blocks. This insight provides a rational basis for designing NSNs against diseases driven by oxidative stress,
without needing to re-engineer the carrier for each new indication.

Although preclinical data are impressive, the translation of NSNs into clinical products faces several well-recognized
obstacles. Drawing on experience from the broader nanomedicine field, we analyze these obstacles and discuss potential
solutions. (i) Batch-to-batch variability. Differences in molecular weight and degree of substitution of natural polymers
between batches directly affect self-assembly, size distribution, drug loading, and release kinetics, thereby complicating
compliance with good manufacturing practice (GMP). Solutions include using well-defined derivatives or constructing
hybrid systems in which natural targeting ligands are conjugated to synthetic backbones (eg, PEG-polysaccharide) to
improve consistency while retaining bioactivity. (ii) Discrepancies between in vitro and in vivo results. Many NSNs
exhibit potent ROS-scavenging or anti-inflammatory activity in cell assays but show limited or inconsistent effects in
animal models. Potential reasons include protein corona formation, pH- or enzyme-induced degradation, rapid clearance,
and poor penetration into dense tissues. Overcoming this issue requires more physiologically relevant models (including

orthotopic, chronic, and large-animal models) and standardized efficacy endpoints.'>*

(ii1) Lack of standardized evalua-
tion protocols. There is currently no consensus on how to benchmark NSN performance against synthetic controls or
approved formulations. Parameters such as catalytic activity (for ROS-scavenging NSNs), drug loading efficiency,
release kinetics, and toxicity are measured using different methods, making cross-study comparisons difficult.
Establishing unified protocols—mandating reporting of particle size, polydispersity, zeta potential, drug loading percen-
tage, encapsulation efficiency, and cumulative release profiles—would significantly improve reproducibility and transla-
tional relevance. (iv) Regulatory uncertainty. NSNs occupy a gray zone between nanomedicines, natural health products,
and drug-device combinations. Their natural origin does not automatically guarantee safety; long-term toxicity, immu-
nogenicity, and potential metal ion accumulation require systematic evaluation.'>> Moreover, the drug-excipient synergy
effect complicates attribution of efficacy, and regulatory agencies may require comparative studies of the carrier alone,
the drug alone, and the intact NSN formulation.

Looking forward, three complementary approaches may accelerate the clinical translation of NSNs. First, mechan-
ism-driven rational design should replace empirical trial-and-error. Quantitative structure—activity relationship models
and computational simulations can help predict self-assembly, drug release, and in vivo behavior. Second, theranostics
that integrate therapy and diagnosis enable real-time monitoring of drug accumulation and therapeutic response. Third,
scalability should be considered from an early stage, evaluating batch consistency, storage stability, sterilization
compatibility, and cost-effectiveness alongside efficacy. Technologies such as microfluidics and spray drying offer
promising manufacturing routes. Collectively, these strategies will help bridge the gap between laboratory discoveries
and clinical products.
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