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Abstract: Peripheral neuropathy (PN), characterized by sensory, motor, and autonomic dysfunction, presents a significant therapeutic
challenge owing to its diverse etiologies, dynamic spatiotemporal injury microenvironment, and impermeable blood-nerve barrier
(BNB). The current treatment is mainly palliative and symptom-focused, and fails to solve the core pathological complexity, including
the heterogeneity of nerve injury, the conflicting phases of inflammation, repair, and fibrosis, and the imbalance of the microenviron-
ment in chronic conditions such as diabetes. Chinese herbal medicine (CHM) has multiple benefits including neuroprotective, anti-
inflammatory, anti-oxidant, and microenvironmental regulation. However, its clinical translation is hindered by poor bioavailability,
non-targeted biodistribution, BNB exclusion, and physicochemical mismatches in multicomponent formulations. Preclinical studies
suggest that engineered delivery systems could emerge as a transformative solution to these limitations. Nanocarriers penetrate the
BNB via diffusion or ligand-mediated targeting, offering spatiotemporal control through a stimulus-responsive design. Hydrogels align
their degradation processes with nerve regeneration and correct the imbalanced microenvironments. Degradable membranes offer
localized, sustained release, whereas functionalized nerve conduits address structural defects and improve functional recovery beyond
autograft limitations. Despite promising preclinical efficacy, clinical translation faces significant hurdles, including long-term bio-
compatibility concerns, inconsistent scalability in manufacturing, dosage optimization balancing efficacy and cytotoxicity, dependence
on external stimuli, and a lack of standardized regulatory frameworks. Overcoming these challenges requires interdisciplinary
collaboration to advance intelligent multifunctional designs, scalable production, and rigorous validations. Based on compelling
preclinical data, engineered CHM delivery systems are hypothesized to have enormous potential to transform PN management from
palliative care to restorative treatment and establish a new framework in precision neurology.
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Introduction

Peripheral neuropathy (PN) encompasses a range of disorders characterized by sensory, motor, and autonomic dysfunc-
tions, representing a substantial and growing global health challenge.' It is estimated that PN affects millions of people
worldwide, with a prevalence rising sharply with age to afflict up to 20% of the population over the age of 60.>* Diabetic
peripheral neuropathy (DPN), one of the most common forms, exemplifies this burden, impacting approximately 50% of
all diabetic patients over their lifetime.” These patients experience symptoms such as numbness, neuropathic pain, and
impaired bodily functions.®” With various etiologies including metabolic disorders, trauma, infections, and toxins, PN
constitutes a significant therapeutic burden for which current therapies cannot cure.®’ The existing strategies mainly
focus on symptomatic treatment. For DPN), glycemic control has shown inconsistent effectiveness, and first-line pain
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relievers such as duloxetine and pregabalin offer limited symptom relief, complicated by side effects and dosing
issues.'™'" The treatment of chemotherapy-induced peripheral neuropathy (CIPN) is similarly challenging, with a
significant proportion of patients enduring symptoms even after discontinuing chemotherapy.'? Current management
strategies emphasize the importance of early detection and dose adjustment to minimize neurotoxicity, while maintaining
anti-tumor efficacy.'® Novel approaches, such as high-concentration capsaicin and intravenous lidocaine infusions, have
shown potential in reducing neuropathic pain from CIPN, but further studies are necessary to ensure their long-term
safety.'*'> This therapeutic deficiency is due to core biological challenges: the pathological heterogeneity demanding
etiology-specific interventions;'® and the dynamic spatiotemporal evolution of nerve injury microenvironments through
conflicting inflammatory, reparative, and fibrotic phases.'” ' In addition, the systemic administration of drugs is a
conventional approach for delivering therapeutic agents to injury sites. However, the effectiveness of this approach is
substantially limited by the blood-nerve barrier (BNB), which is a highly selective protective shield that prevents most
drugs from entering the injury site via the circulatory system.”’?' In addition, severe structural damage (>3 cm nerve
gaps) exceeds the endogenous regenerative capacity, whereas conventional reconstructive techniques have biological and
mechanical limitations.?**>

Chinese herbal medicine (CHM), traditionally administered as decoctions or oral powders, has long been recognized
for its therapeutic potential for a wide range of medical conditions.”* It offers a promising multifactorial alternative

through neuroprotective, anti-inflammatory, anti-oxidant, and microenvironment-modulating bioactivities.® Yet, these
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conventional forms inherently suffer from substantial pharmacological drawbacks that severely limit their clinical

translation, such as poor oral bioavailability of bioactive constituents,26

non-targeted biodistribution resulting in
insufficient nerve accumulation,”” BNB impermeability to complex phytomolecules,”® and physicochemical incompat-
ibilities in multi-component formulations that undermine their ability to work synergistically.”” Recent advancements in
engineered delivery systems, particularly those utilizing nanotechnology, hydrogels, degradable membranes, and func-
tionalized nerve conduits, offer promising solutions to these challenges.

Furthermore, this review provides a novel conceptual framework that systematically links the multifaceted therapeutic
challenges of PN, such as pathological heterogeneity, spatiotemporal dynamics, BNB impermeability, microenvironment
imbalance, and structural defects, with the design features of engineered delivery systems. We propose a structured
decision classification to guide the selection of appropriate delivery platforms, such as nanocarriers, hydrogels, degrad-
able membranes or functionalized nerve conduits, according to specific pathological phases and biological barriers. This
framework is cross-referenced throughout the review to clarify when and why a particular system is advantageous,
providing a strategic roadmap for the rational design and clinical translation of CHM-based therapies for PN.

This review comprehensively examined the burgeoning field of engineered CHM delivery systems for PN. As a
narrative review, it aims to provide a broad, critical, and synthesized overview of the current state of the art, identify key
challenges, and propose a novel conceptual framework for the field, rather than to systematically evaluate all available
evidence. We first outline the complex therapeutic challenges that current strategies fail to adequately resolve, and
critically analyze the inherent limitations of CHM that impede its clinical efficacy despite its therapeutic potential. The
core focus is on innovative engineering solutions, where we dissect the design principles, mechanisms of action,
preclinical efficacy, and persisting translational hurdles of key delivery platforms, including nanocarriers, hydrogels,
degradable slow-release membranes, and functionalized nerve conduits. By integrating these advanced techniques and
materials, our review not only presents a distinct viewpoint but also provides a clear strategy for addressing existing
challenges in conventional CHM delivery. By synthesizing promising preclinical cases, this review aims to propose a
conceptual framework that could establish a new standard for future research (Figure 1).

Therapeutic Challenges and Current Treatment Limitations in Peripheral
Neuropathy
Pathological Heterogeneity Challenge

PN encompasses diverse etiologies such as mechanical trauma, metabolic dysfunction, inflammation, infection, malig-
nancy, inherited disease, drugs, and toxins, each demanding a distinct therapeutic strategy.'® However, current treatments
have failed to address this heterogeneity. Similarly, drug treatments such as methylcobalamin injections cannot concur-
rently resolve different pathologies. However, they do not sufficiently accelerate axonal regeneration to prevent
irreversible muscle atrophy.*°

Spatiotemporal Dynamics Challenge

The injury microenvironment evolves through three phases with conflicting therapeutic requirements: an early inflam-
matory phase dominated by TNF-a/IL-1 rise sharply,'” a repair phase dependent on Schwann cells (SCs) dedifferentia-
tion and neurotrophic factors secretion,'® and a late fibrotic Phase In which collagen deposition blocks regeneration.'’
Current therapies lack spatiotemporal adaptability. For example, early anti-inflammatory drugs may alter the inflamma-
tory nerve microenvironment, inadvertently inhibiting SCs dedifferentiation, and weakening repair mechanisms.”’
Systemically administered neurotrophic factors have low bioavailability at lesion sites owing to rapid clearance and
missing critical phase-specific windows.?® However, single-type drug formulas cannot be adapted to these shifts.

Biological Barrier Challenge

BNB is a critical component of the peripheral nervous system and serves as a protective shield that maintains home-
ostasis of the neural environments.>> However, its highly selective nature poses significant challenges for the delivery of
large therapeutic molecules, which has garnered considerable attention in recent research. BNB is composed of highly
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Figure | Engineered delivery systems overcoming multifaceted barriers in PN treatment. Current therapeutic challenges in nerve repair involve: pathological heterogeneity
(requiring distinct strategies for multiple etiologies); spatiotemporal dynamics (demanding precise regulation due to stage conflicts); the blood-nerve barrier (BNB, hindering
effective drug penetration into nerves); microenvironmental imbalance (delaying regenerative processes); and long-gap defects (impeding regeneration). Limitations of CHM
therapy include: low bioavailability (compromising therapeutic efficacy); non-targeted distribution (causing off-target accumulation); BNB-mediated exclusion of large
therapeutic molecules; and physicochemical incompatibilities of multi-herb formulas (reducing synergistic effects). Engineered delivery systems resolve these barriers through
four synergistic strategies: (1) Nanocarriers enhance bioavailability, penetrate the BNB, enable targeted delivery, and allow stimuli-responsive spatiotemporal control; (2)
Hydrogels degrade synchronously with nerve repair timelines, enable stimuli-responsive spatiotemporal regulation, enhance bioavailability, and modulate the local micro-
environment; (3) Slow-release membranes also degrade in sync with nerve repair timelines, improve bioavailability, and optimize the microenvironment; (4) Nerve conduits
bridge long-gap defects and ameliorate the microenvironment. Collectively, these engineering approaches overcome critical barriers to promote nerve repair. (By Figdraw).

specialized endothelial cells, perineurial cells, SCs, pericytes, basement membranes, and invested axons.>® The more
extensively studied blood-brain barrier (BBB) is characterized by its unique structural and functional properties,
including specialized tight junctions and transport mechanisms that restrict the passage of substances.** This selectivity
is crucial for protecting peripheral nerves but simultaneously complicates therapeutic interventions aimed at treating
neuropathies and other nerve-related conditions. For example, it prevents the transmission of large molecules such as IgG
antibodies, nerve growth factors, and albumin through the body.>® This limits the effectiveness of the traditional
treatments. For example, neurotrophic agents such as methylcobalamin have no significant effect on the treatment of
painful diabetic neuropathy.’® Oral analgesics such as gabapentin accumulate predominantly in the liver and kidneys,*®
causing systemic toxicity without overcoming BNB exclusion.

Microenvironmental Imbalance Challenge

Chronic conditions, such as diabetes, induce severe microenvironmental dysregulation, elevating M1/M2 macrophage
ratios to delay repair.’” SCs under hyperglycemic conditions show impaired production and secretion of neurotrophic
factors, thereby hindering regeneration.”® Although stem cells improve neurological function and alleviate clinical
symptoms through secretion of neurotrophic factors and immune regulation, different stages of the disease may require
different types, doses, and injection routes of stem cells, and long-term risks require more comprehensive observation.*
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This dysregulation fundamentally undermines treatment efficacy. Even for specific symptoms of neuropathic pain in
DPN, where pharmacological options exist, significant limitations persist, and Duloxetine and Pregabalin are the only
drugs approved by the US Food and Drug Administration (FDA) for treating painful DPN. However, these drugs are only
effective in approximately 40% of patients.*” This exemplifies the broader challenge of achieving adequate symptom
control, let alone modifying the underlying disease process, across neuropathies characterized by microenvironmental
derangement.

Structural Repair Challenge
Long-gap defects (>3 cm) make it impossible to repair them with internal regeneration ability.*' Autologous remains the
gold standard for gaps exceeding 3 cm, but is hindered by complications such as scarce donor tissue, neuroma formation,
nerve distortion or dislocation, and nerve diameter mismatch.*'** Although nerve guiding catheters (NGCs) can bridge
nerve defects, repair is almost impossible by autologous nerve transplantation. In addition, substances such as cells and
neurotrophic factors must be added to provide nutrition and oxygen; however, to date, this integrated biomaterial remains
elusive.*? This highlights the inadequacy of the current reconstructive approaches for treating severe nerve injuries.
Overall, these multifaceted obstacle barriers underlie the poor efficacy of current peripheral neuropathy treatments,
making most treatments palliative rather than restorative, and highlighting the urgent need for innovative approaches.

CHM Treatment and Its Limitations
CHM and its active ingredients have multifactorial advantages in treating peripheral neuropathy, including neuroprotec-
tive and anti-inflammatory effects, enhanced anti-oxidant activity, improved microenvironment, promotion of angiogen-
esis, improved blood circulation, as well as their abundant sources, and cost-effectiveness. The detailed mechanism and
application of CHM in the treatment of peripheral neuropathy can be found in Chen’s review (Figure 2).%°

Despite the promising application prospects of CHM, its clinical translation has several pharmacological obstacles.
First, oral administration has low bioavailability. For example, Salvia miltiorrhiza undergoes extensive first-pass
metabolism (<10% systemic availability),*> whereas the water solubility of hydrophobic agents, such as tanshinone
IIA, can be ignored.** Second, non-targeted distribution leads to off-target accumulation, which wastes the dosage and
has the potential to cause hepatotoxicity.”” Third, BNB excludes large therapeutic molecules and reduces the effective
nerve concentrations below the regenerative thresholds.*® Fourth, the synergistic interactions in multi-herb formulations
are compromised by physicochemical incompatibilities.”” For example, hydrophilic paconiflorin®* and hydrophobic
tanshinone®® cannot coexist optimally as standard carriers. Collectively, these limitations require engineered delivery
systems to unlock CHM’s therapeutic potential.

Engineered Chinese Herb Delivery Systems

Nanocarriers

Nanocarriers represent a first-line strategy in our proposed framework to overcome the dual challenges of BNB
impermeability and the demand for spatiotemporal precision in PN therapy. By encapsulating CHM active ingredients,
these engineered systems directly address the pharmacological limitations of poor bioavailability and non-targeted
distribution. Their subcellular size enables penetration of the BNB through passive diffusion or active ligand-mediated
targeting, thereby ensuring sufficient drug accumulation at the nerve injury site. Furthermore, the design flexibility of
nanocarriers allows for the incorporation of stimulus-responsive elements, making them uniquely capable of releasing
their payload in response to specific phase-specific microenvironmental cues (eg, pH, enzymes). This capability is crucial
for addressing the conflicting demands across the inflammatory, repair, and fibrotic phases of nerve recovery.

The utility of this approach is demonstrated by several encapsulation strategies designed to enhance bioavailability
and stability. For instance, curcumin-loaded polycaprolactone nanofibers increased cellular uptake and extended neurite
growth by 1.7-fold compared to pure polymer controls, as demonstrated in neuronal models.*’ Lycium barbarum
polysaccharide (LBP) encapsulated in poly (lactic-co-glycolic acid) (PLGA) core-shell fibers achieved sustained release
for over 60 days, enhancing SCs proliferation by 50%.*® Electrospun PCL/gelatin nanofibrous scaffolds enable sustained
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Figure 2 Mechanisms of CHM in regulating peripheral nerve repair and regeneration following PN. CHM promotes peripheral nerve regeneration after PN through various
mechanisms, including: exerting anti-oxidant effects to mitigate oxidative stress and protect neurons; inhibiting neuroinflammation to suppress inflammatory reactions and
reduce cellular injury; mediating neurotrophic and neuroprotective activities to induce neurotrophic factors; reconstructing the local microenvironment to optimize
conditions for nerve regeneration; and promoting angiogenesis and circulation to enhance blood flow and nutrient supply.>> Copyright 2025, Springer.

Ginkgo biloba extract (GBE) release (73.37% over 10 days), which exerts its neuro-regenerative effects through its active
compounds, primarily flavonoids and terpenoids. These compounds are responsible for the observed significant reduction
in pro-inflammatory cytokines (IL-6, TNF-a) via modulation of macrophage activity. When this GBE-loaded scaffold is
combined with adipose-derived stem cells (ADSCs), a powerful synergy emerges. The ADSCs further contribute to
immunomodulation and secrete essential neurotrophic factors. Together, this combination treatment leads to a significant
upregulation of NGF and BDNF in the sciatic nerve tissue, creating a balanced inflammatory microenvironment and
enhancing axonal regeneration.*’

A key advantage of nanocarriers within our framework is their versatility in overcoming biological barriers and

enabling precise intervention. They penetrate the BNB via passive diffusion,*’*®

whereas conductive components such as
polyaniline-doped nanofibers reduce the charge transfer resistance to enhance ion exchange and nutrient delivery.*’
Ligand-mediated targeting strategies enhance site-specific delivery: gambogic acid-conjugated nanoparticles improve
systemic bioavailability for DNP treatment,’® while other functionalized systems achieve receptor-mediated transport to
the dorsal root ganglia (DRG), reducing off-target effects in neuropathic pain models.’'>

This targeted capability is complemented by spatiotemporal control mechanisms. Stimuli-responsive designs allow
for precise drug release aligned with pathological phases; for example, chitosan/hyaluronic acid nanoparticles released

90% payload at pH 6.14 (inflammatory phase) versus 19% payload at physiological pH.>® Aligned electrospun
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nanofibers, such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) blended with aloe vera, provide topological guidance
for directional axonal regeneration.>*

These engineered systems collectively demonstrate superior efficacy in preclinical studies, with their functional
benefits supported by distinct molecular mechanisms. Conductive nanofibers upregulate neuronal differentiation markers
(BIII-Tubulin 2.1-fold; TREK-1 1.8-fold) in PC12 cells.*’ Crucially, nano-curcumin formulations produce significant
functional recovery by targeting specific pathological pathways: they alleviate neuropathic pain by inhibiting P2X; and

P2Y, receptors in the DRG and suppressing associated ERK1/2 and Akt signaling,’'->*

and mitigate neuroinflammation
by reducing NLRP3 expression and IL-1p maturation, alongside a ~50% reduction in macrophage infiltration.>®
Furthermore, they address oxidative stress via Nrf2 pathway activation, leading to enhanced remyelination. These actions
translate to key functional outcomes, including the restoration of 85% sciatic nerve conduction velocity and a 65%
increase in motor nerve conduction velocity in Charcot-Marie-Tooth (CMT) models,’> as well as the normalization of
intraepidermal nerve fiber density in DNP at half the dose of free curcumin.’® Electrical stimulation of conductive
scaffolds extended the DRG neurite length by 31%.°° In vivo, PLGA-LBP scaffolds promoted neurite extension for 3.4-
fold longer than non-engineered groups*® (Table 1 and Table 2).

Despite these advances, its clinical translation has faced significant hurdles. Scalability issues arise from batch
inconsistencies in coaxial electrospinning, where fiber diameter variations (295-896 nm) compromise drug release
consistency.*® Biocompatibility concerns include inflammatory responses triggered by acidic degradation byproducts
of conductive polymers’® and unassessed chronic toxicity of metallic nanoparticles.”* Dosage optimization remains
challenging, as high LBP concentrations reduce scaffold tensile strength by 22%,** whereas industrial processing
diminishes bioactive components such as aloe vera polysaccharides.’ 4 Targeting precision requires refinement to prevent

off-target effects,”'

49,51

and regulatory pathways lack standardization for nanocarrier characterization in large-animal
models.

The compelling evidence for BNB penetration, targeted delivery, and spatiotemporal control, as summarized in this
section, is exclusively in preclinical investigations. The hypothesis that nanocarriers can serve as a primary strategy to
overcome pharmacological barriers in human PN patients awaits validation in clinical settings.

Hydrogels

Within our therapeutic framework, hydrogels emerge as a uniquely suited platform for tackling the challenge of
microenvironmental imbalance in PN. Their fundamental advantage lies in the use of biocompatible natural polymers
that undergo synchronous degradation with the native process of nerve regeneration. For instance, alginate/chitosan
hydrogels demonstrate principle by losing approximately 80% of their mass over 14 days, a timeline that aligns with key
phases of peripheral nerve repair.’’ This timed degradation is designed to supply sustained support throughout the
vulnerable regeneration phase.

The functional capacity of hydrogels is significantly advanced by engineering complex stimuli-responsive systems
that enable spatiotemporally precise drug release. This design directly addresses the dynamic pathological shifts in PN.
NIR-activated curcumin hydrogels utilize n-n stacking with synthetic melanin nanoparticles to achieve on-demand
payload release,”® whereas collagen-based hydrogels loaded with naringin deliver an initial 22.5% burst release within
12 h for acute inflammation control,>® followed by sustained delivery of 72.5% over 14 days to support chronic
regeneration.”” Conductive hydrogels incorporating reduced graphene oxide exhibit electrical conductivity of
5.27x10"* S/ecm, enhancing neural differentiation under electrostimulation.”' Multifunctional designs combine drug
delivery with auxiliary therapies: supramolecular hydrogels co-deliver ginsenoside Rgl, Stromal cell-derived factor-1a
(SDF-1a), and stem cells to synergistically regulate neurogenesis and angiogenesis,"’ whereas boronic ester-based
hydrogels enable long-term curcumin release (71.4% over 28 days) via dual cross-linking.®'

A pivotal function of hydrogel systems is their ability to simultaneously overcome CHM bioavailability issues and
actively correct the dysregulated microenvironment. For hydrophobic compounds like curcumin, encapsulation in lipid
nanocapsules achieves 92.7% efficiency,®? whereas berberine and naringin nanoparticles in chitosan/alginate matrices
improved solubility by 51.6% and 47.1%, respectively.®> Porous architectures with pore dimensions of 22-32 um in
chitosan/alginate hydrogels,®* 50-250 um in chitosan/oxidized cellulose composites,”' and 90 um in collagen scaffolds>’
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Table | Comprehensive Summary of in vivo Animal Studies on Engineered CHM Delivery Systems for PN

PN Model CHM Carrier Type/Size/Load Route/Dose Comparators Main Outcomes Safety Signals References
Compound/
Formula
Rat sciatic nerve Ginkgo Type: Electrospun PCL/gelatin Route: Implantation of the |. Autograft group |. GBE Release: ~73% cumulative release over | The developed PCL/Gelatin scaffolds, both with [49]
transection biloba nanofibrous scaffold. Average Fiber neural conduit at the injury | 2. GBEPCLGELADSCs + 10 days. and without GBE, showed no cytotoxicity to
extract Size: ~634.69 + 192.65 nm (GBE- site. Physical Activity group 2. Anti-inflammatory: GBE scaffolds PC-12 cells, confirming their biocompatibility.
(GBE) loaded), ~578.3 £+ 119.22 nm (GBE-free). | Dose: The conduit was 3. GBEPCLGELADSCs group significantly reduced pro-inflammatory No adverse safety signals were reported.
Load: 10 v/v% GBE. seeded with 50,000 (without PA) cytokines (IL-6, TNF-a) vs controls.
ADSCs in 1.5 wt.% 4. PCLGEL + Physical Activity | 3. Functional Recovery (vs other experimental
collagen hydrogel. group groups): The GBEPCLGELADSCs + PA group
5. PCLGEL group (without showed:
PA) Significantly higher SFI at 8 weeks; Significantly
6. Negative Control group lower gastrocnemius muscle weight loss
(no treatment) (~comparable to autograft); Significantly
shorter hot plate latency.
4. Neurotrophic Factors: Significantly higher
NGF & BDNF levels vs all other groups
except autograft.
Rat diabetic Curcumin Type: PLGA-GA, double-headed Oral, 20 mg CUR I. Control (Non-diabetic) I. Nerve Fiber Density: nCUR and nCUR+ The nCUR formulation was reported as safe [50]
neuropathy nanoparticles (nCUR). equivalent/kg/day. 2. Diabetic (D) Insulin groups showed ~2 to 3-fold higher based on prior studies with similar polymers.

Size: ~270 nm (PDI ~0.25).
Load: 0.112 mg of Curcumin per mg of
PLGA-GA, polymer.

3. D + Curcumin (40 mg/kg/
day, oral)

4. D + nCUR

5. D + nCUR + Insulin

6. D + Insulin

intraepidermal nerve fiber density and
Bielschowsky-stained axonal neurites
compared to the diabetic group.

2. Cell Death: nCUR+ Insulin treatment
reduced TUNEL-positive cells by ~60-70% vs
the diabetic group.

3. Inflammation: nCUR and nCUR#+ Insulin
significantly reduced mRNA levels of NLRP3
(~70-80% decrease) and IL-I1p (~60-70%
decrease) in the sciatic nerve and spinal cord.
4. Macrophage/T-cell Infiltration: nCUR+
Insulin reduced F4/80+ macrophage
infiltration by ~50% and CD3+ T-cell
infiltration by ~40% in the sciatic nerve.

5. Functional Preservation: nCUR and nCUR+
Insulin preserved hind paw pad area and
NF200 expression, comparable to non-
diabetic controls

No direct toxicity or adverse events were
reported in this study.
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HIV-gp120-induced
neuropathic pain in

rat

Type 2 diabetic
neuropathic pain
model in rats
induced by high-fat
diet and
intraperitoneal
injection of

streptozotocin.

Curcumin

Curcumin

Type: Poly (PEGMA-DMAEMA-MAO)
nanoparticles/microspheres.

Size: Information not explicitly stated for
the final loaded microspheres. The
freeze-dried nano-curcumin precursor
had an average size of ~270 nm.

Load: Prepared from a solution of 50 mg
Curcumin and 60 mg Poly-PEGMA-
DMAEMA-MAO polymer.

Type: Poly-PEGMA-DMAEMA-MAO
nanoparticles;
Load: 25% curcumin;

Size: Not specified in the study.

Route: Intravenous (via
sublingual vein injection).
Dose: Nanoparticle-
encapsulated curcumin at a
concentration of 4 mg/mL
(specific volume per rat

not detailed).

Route: Sublingual vein
injection;

Dose: 16 mglkg
nanoparticle-encapsulated
curcumin (equivalent to 4
mg/kg curcumin) twice in
the 7th and 8th weeks.

|. Control group (Ctrl)

2. Sham operation group
(Sham)

3. HIV-gp120 group (gp120)
4. HIV-gp120 + Nano
Curcumin group (gp120 +
nano curcumin)

5. HIV-gp120 + Nano Carrier
group (gp!120 + nano carrier)

|. Control group
(conventional diet, citrate
buffer injection)

2. DM group (diabetic,
untreated)

3. DM + nano carrier group

(carrier without curcumin)

|. Pain Behavior: Nano-curcumin significantly
increased the Mechanical Withdrawal
Thresholdand Thermal Withdrawal Latency in
gp120-treated rats, reversing the hyperalgesia.
The effects were statistically significant (p <
0.01) from days 7—14 post-surgery.

2. Molecular Expression: Nano-curcumin
significantly decreased gp120-induced
upregulation of P2X3 mRNA and protein
expression in DRG (p < 0.01).

3. Signaling Pathway: Nano-curcumin
significantly reduced gp120-induced
phosphorylation of ERK /2 (p-ERK/2) in
DRG (p < 0.01).

4. Electrophysiology: Nano-curcumin (0.2 pg/
mL) significantly decreased the P2X3 agonist
(0, B-me-ATP)-induced currents in DRG
neurons cultured with gp120 (p < 0.01).

|. Behavioral Pain: Nano-curcumin significantly
increased the Mechanical Withdrawal
Threshold and Thermal Withdrawal Latency
at the 10th week compared to the DM group
(p < 0.01).

2. P2Y12 Receptor: mRNA and protein
expression, which were upregulated in DM
rats, were significantly decreased by nano-
curcumin treatment (p < 0.01).

3. Inflammation & Glial Activation: IL-If and
Connexin43 (Cx43) mRNA and protein
expression were significantly lower in the
nano-curcumin group vs the DM group (p <
0.01).

4. Signaling Pathway: The p-Akt/Akt ratio was
significantly reduced in the nano-curcumin
group compared to the DM group (p < 0.01).
5. Blood Glucose: Nano-curcumin treatment
reduced blood glucose from 15.34 +

0.84 mmol/L (7 w) to 12.01 £ 0.93 mmol/L (10
w) (p < 0.05 vs DM group which remained at
~14.8 mmol/L).

The nanoparticle encapsulation carrier alone
(gp120 + nano carrier group) did not show
significant effects on pain behavior or molecular
markers compared to the gpl20-only group,
suggesting the carrier itself did not induce
obvious adverse effects or toxicity in this
model. No other toxicity was reported.

No significant adverse effects reported; blood
glucose levels decreased in treated groups, with
no notable changes in body weight compared to
diabetic controls.

511

[52]
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Table | (Continued).

PN Model CHM Carrier Type/Size/Load Route/Dose Comparators Main Outcomes Safety Signals References
Compound/
Formula

Rat CMTIA Curcumin Type: Curcumin-cyclodextrin/cellulose Route: Intraperitoneal |. WT rats treated with saline I. Motor Nerve Conduction Velocity: No adverse effects reported. [55]

model nanocrystals (Nano-Cur). Curcumin is injection. (WT/Saline) Increased by ~77% in CMT | A/Nano-Cur rats

incorporated into the hydrophobic cavity
of B-cyclodextrin (-CD) bound to
cellulose nanocrystal (CNCx) surfaces.
Size: CNCx have a uniform nanorod
shape: 100-200 nm long, 10-20 nm wide,
and 5-10 nm thick.

Load: Not explicitly specified in the
provided text.

Dose: 0.2 mg/kg/day of
curcumin (delivered via

Nano-Cur) for 8 weeks.

2. WT rats treated with the
nanoparticle carrier (CD/
CNCXx) alone (WT/Nano)

3. WT rats treated with
Nano-Cur (WT/Nano-Cur)
4. CMTIA rats treated with
saline (CMT | A/Saline)

5. CMTIA rats treated with
the nanoparticle carrier (CD/
CNCXx) alone (CMTIA/Nano)

(25.0 m/s) compared to CMT|A/Saline
controls (14.1 m/s). (WT: ~40 m/s)

2. Compound Muscle Action Potential:
Increased by ~188% in CMT | A/Nano-Cur
rats (7.2 mV) compared to CMT|A/Saline
controls (2.5 mV). (WT: ~15 mV)

3. Sensory Nerve Conduction Velocity:
Restored to a measurable 12.5 m/s in
CMTIA/Nano-Cur rats, where it was
undetectable in untreated CMTIA controls.
(WT: ~36 m/s)

4. Myelin Thickness: Increased by ~34% in
CMTIA/Nano-Cur rats (1.18 pm) compared
to CMTIA/Saline controls (0.88 um). (WT:
~2.05 um)

5. G-ratio: Reduced by ~10% in CMTIA/
Nano-Cur rats (0.64) compared to CMTIA/
Saline controls (0.71), indicating improved
myelination. (WT: ~0.57)

6. ROS in Sciatic Nerve: Significantly reduced
to levels similar to the WT/Saline group.

7. Nrf2 Protein: Expression increased by
~49% in CMT1A/Nano-Cur rats compared to
CMT I A/Saline controls.

8. Creatine Phosphokinase: Plasma levels in
CMTIA/Nano-Cur rats were normalized and
showed no significant difference from WT/
Saline levels, unlike the elevated levels in
untreated CMTIA controls.

Well-tolerated with no safety concerns.
Nanoparticle carrier alone showed no negative
effects.
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Rat sciatic nerve Hesperidin Type: Alginate/Chitosan (Alg/Chit) Route: Local injection at |. Negative Control (Injury, |. SFI: The Alg/Chit/I %Hes group showed an No toxicity or negative effects on cell viability. [57]
crush hydrogel. the sciatic nerve crush site. | no treatment) SFl of —17.80 % 2.65 at 8 weeks, significantly Excellent blood compatibility (low hemolysis).
Pore Size: ~75 pm. Dose: 0.3 mL of hydrogel 2. Positive Control (No better than the negative control (-80.8 + Demonstrated antibacterial properties.
Porosity: ~90%. containing a specific injury) 1.12) and the empty hydrogel group (=59.13 £ | All hydrogels were well-tolerated.
Load: Hesperidin loaded at 0.1%, 1%, and | concentration of 3. Alg/Chit Hydrogel 4.08).
10% (wiv). hesperidin (0.1%, 1%, or (Hesperidin 0%) 2. Hot Plate Latency: The Alg/Chit/1%Hes
10% wiv). 4. Alg/Chit/0.1% Hesperidin group had a latency of 4.33 + 0.57s, close to
5. Alg/Chit/10% Hesperidin the positive control (3.66 * 1.15s) and
significantly better than the negative control
(~12s, cutoff).
3. Muscle Weight Loss: The Alg/Chit/|%Hes
group had the lowest gastrocnemius muscle
wet weight loss (0.19 £ 0.03%), significantly
better than the negative control.
4. Histology: The Alg/Chit/1%Hes group
showed nerve and muscle fiber structure
most similar to the normal group, with well-
arranged myelinated fibers and minimal
vacuolation/fibrosis.
Sciatic nerve crush Curcumin Type: Curcumin loaded in artificial Route: Local perineural Sham, Crush (or Control), |. The PQCD-A@Cur + NIR group showeda | In Vitro: No significant cytotoxicity; cell [58]
injury in rat allmelanin nanoparticles (AMNP@Cur) injection for nerve injury; PQCD, PQCD-A, PQCD- myelin sheath thickness of 360.00 nm, viability >95% in all groups.
within a conductive hydrogel composed topical application/ A@Cur, PQCD-A + NIR, significantly greater than the Crush group In Vivo: No abnormalities or inflammatory
of polyaniline-grafted quaternized subcutaneous injection for PQCD-A@Cur + NIR. (104.67 nm). infiltration in vital organs (heart, liver, spleen,
chitosan (PQCS) and oxidized dextran diabetic wounds. 2. The myelinated axon density was kidney) after 10 days.
(OD), termed PQCD-A@Cur. Dose: 50 pL hydrogel for significantly higher in the PQCD-A@Cur +
Size: AMNP ~130 nm (SEM/TEM); nerve injury (containing NIR group compared to the Crush group.
AMNP@Cur hydrodynamic diameter ~0.067 mg Cur per mL 3. At 4 weeks, the PQCD-A@Cur + NIR
~172.83 £ 1.72 nm. hydrogel, thus ~0.00335 group showed a swing time of 104.00% (of
Load: Curcumin loading ratio of 24.4% at | mg Cur per 50 ulL); 300 uL contralateral side), significantly better than the
| mg/mL Cur concentration and 27.3% at | hydrogel for diabetic Crush group (134.67%).
2 mg/mL. wounds. 4. The muscle weight ratio of the injured limb
was 88.49 in the PQCD-A@Cur + NIR group,
significantly higher than the Crush group
(62.49).
5. The PQCD-A@Cur + NIR group
significantly reduced the fluorescence
intensity of pro-inflammatory cytokines (IL-6,
TNF-a) and enhanced the anti-inflammatory
cytokine IL-10 compared to the Crush group.
(Continued)
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Table | (Continued).

PN Model

CHM
Compound/
Formula

Carrier Type/Size/Load

Route/Dose

Comparators

Main Outcomes

Safety Signals

References

Rat sciatic nerve

crush

Diabetic mouse

wound model

Naringin

Ginsenoside
Rgl, SDF-la

Type: Collagen Type | Hydrogel.

Size: Average pore size of 90 + 5 um.
Load: Naringin:Collagen weight ratio of
1:10.

Type: Anionic liposomes (DSPC, DSPG,
Cholesterol).

Size: ~146.1 nm in diameter.

Load: Encapsulation Efficiency: SDF-la
86.4%, Rgl 95.2%. Final concentrations in
hydrogel: SDF-la ~5 pg/mL, Rgl ~400
ug/mL.

Route: Local injection
into the injury site.

Dose: 50 pL of hydrogel.

Route: Local
subcutaneous injection
around the wound site.
Dose: 100 pL of the

composite hydrogel.

|. Negative Control (Injury,
no treatment)

2. Pure Collagen Hydrogel
3. Positive Control
(Autograft)

I. Control (PBS)

2. Gel (Hydrogel only)

3. Gel@LipoSDF&RGI
(Hydrogel + Drug-loaded
liposomes)

4. Gel@LipoSDF&RG I/
ADSCs (Hydrogel + Drug-
loaded liposomes + ADSCs)

|. Functional Recovery: The Collagen/
Naringin group showed an SFl of —22.13 +
3.00 at 60 days, significantly better than the
Negative Control (—82.60 + 1.06) and the
Pure Collagen group (—59.80 + 3.20).

2. Electrophysiology: The Collagen/Naringin
group had a CMAP amplitude of 22.32 + 1.60
mV, significantly higher than the Negative
Control (5.72 + 1.45 mV) and the Pure
Collagen group (10.70 + 2.05 mV).

3. Muscle Atrophy: The Collagen/Naringin
group showed a gastrocnemius muscle wet
weight loss of 5.7 £ 1.3%, significantly lower
than the Negative Control and the Pure
Collagen group (9.1 + 1.3%).

4. Sensory Recovery (Hot Plate Latency): The
Collagen/Naringin group had a latency of 6.00
+ 0.81 s, significantly better than the Negative
Control (which did not react within 12s) and
the Pure Collagen group (~9s).

I. Wound Closure: The Gel@LipoSDF&RGI/
ADSCs group showed a wound closure rate
of approximately 95% at day 14, significantly
higher than the Control group (~40%) and the
Gel group (~55%).

2. Angiogenesis: The number of CD3 |+ blood
vessels was highest in the
Gel@LipoSDF&RGI/ADSCs group (~25
vessels/field), significantly greater than the
Control group (~5 vessels/field).

3. Macrophage Polarization: The
Gel@LipoSDF&RGI/ADSCs group
significantly increased the proportion of M2
macrophages and decreased M| macrophages,
with the M2/MI ratio being the highest among
all groups.

4. Nerve Regeneration: Expression of neural
markers Nestin and B3-tubulin was
significantly higher in the Gel@LipoSDF&RGI
and Gel@LipoSDF&RGI/ADSCs groups
compared to the Control and Gel-only
groups.

5. Collagen Deposition: The
Gel@LipoSDF&RGI/ADSCs group showed
the most significant collagen deposition in
Masson’s trichrome staining.

In Vitro Cytocompatibility: The Collagen/
Naringin hydrogel significantly promoted
Schwann cell proliferation with no cytotoxicity.
Hemocompatibility: The Collagen/Naringin
hydrogel induced negligible hemolysis, which
was significantly lower than the positive control
(water).

In Vitro Biocompatibility: The hydrogel
showed low cytotoxicity and excellent
biocompatibility with ADSCs, maintaining high
cell viability before and after injection.

In Vivo Biocompatibility: H&E staining of
major organs (heart, liver, spleen, lung, kidney)
from treated mice showed no notable tissue
damage or signs of toxicity compared to the

control group.

[591
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Mouse sciatic
nerve chronic

constriction injury

Rat chronic

constriction injury

Rat sciatic nerve
crush

Curcumin

Curcumin

(Cur)

Berberine
and Naringin

Type: Curcumin (Cur) encapsulated in
thiolated Pluronic FI127 micelles (Cur-M)
and incorporated into a boronic ester-
based dynamic hydrogel (Gel-Cur-M).
Size: Cur-M diameter: ~33.68 * 0.83 nm
(for 50:1 ratio), PDI: 0.34 + 0.03.

Load: Cur encapsulation efficiency: up to
92.68 * 4.33% (for 50:| ratio); Cur
loading efficiency: up to 7.86 + 0.68% (for
50:5 ratio).

Type: Lipid Nanocapsules (LNCs)
incorporated into an injectable hydrogel
(0.3 GC polymer crosslinked with HRP/
H,0,).

Size: Cur@LNCs diameter ~100 nm
(from DLS and TEM).

Load: Encapsulation Efficiency up to 95%
(for 1.0% drug load); Drug Loading up to
1.79% (wt/wt) (for 2.0% drug load).
Type: Chitosan/Alginate hydrogel
composited with Berberine and Naringin-
loaded Chitosan Nanoparticles.

Size: Ber-NPs: 594 nm; Nar-NPs: 636
nm.

Load: Ber EE: 51.6 + 7.4%; Nar EE: 47.1
+ 5.8%.

Route: Orthotopic
injection around the
injured sciatic nerve;
dose: 30 pL of Cur-M, Gel,
or Gel-Cur-M (equivalent
Cur concentration based

on formulation).

Route: Intramuscular
injection at the injury site;
dose: 400 pL per rat
(containing 0.3 GC +
Cur@LNCs).

Route: Injection into the
lesion site;

dose: 0.3 mL of hydrogel.

Sham (nerve exposure only),
CClI (no treatment), Cur-M
alone, Gel alone, Gel-Cur-M.

I. Untreated (CClI only)

2. Free LNC hydrogel (0.3 GC
+ LNCs)

3. Curcumin-loaded LNC
hydrogel (0.3 GC +
Cur@LNCs)

I. Negative Control (Injury,
no treatment)

2. Positive Control (No
injury)

3. Cs/Alg Hydrogel

4. Cs/Alg/Ber Hydrogel

5. Cs/Alg/Nar Hydrogel

6. Cs/Alg/Ber/Nar Hydrogel

|. Mechanical allodynia: Gel-Cur-M increased
withdrawal threshold to ~2.0 g vs CCI (~0.5 g).
2. Thermal hyperalgesia: Gel-Cur-M increased
withdrawal latency to ~12 s vs CCl (~6 s).

3. Pressure ratio (lpsilateral/Contralateral): Gel-
Cur-M restored to ~1.0 (similar to Sham).

4. Stance/Swing duration: Gel-Cur-M significantly
improved coordination vs CCI.

5. Gastrocnemius wet weight: Gel-Cur-M
preserved muscle mass (~120 mg vs CCl ~80
mg).

6. Contractile force: Gel-Cur-M improved force
to ~1.2 N vs CCl (~0.8 N).

7. Macrophage density and TNF-a area: Gel-Cur-
M reduced by ~50-70% vs CCl.

8. Axon & Myelin area: Gel-Cur-M preserved
structural integrity (~15 pm?and ~10 pm? vs CCl
~10 um? and ~5 pm?).

9. TRPVI in DRG: Gel-Cur-M reduced
expression by ~50%.10. Microglial activation
(IBA-1): Gel-Cur-M reduced area ratio to ~1.2 vs
CCI (~2.0).

1. Tnf, Csfl, Ccl2, Trpvl: Gel-Cur-M caused 2-
to 3-fold decrease vs CCl.

|. Thermal Hyperalgesia): Cur@LNCs group
showed a significant reduction in pain,
returning to baseline levels within 7 days post-
administration.

2. H&E: The H&E score was significantly
higher in the 0.3 GC + Cur@LNCs group
compared to both the untreated control (P
<0.05) and the free LNC group (P <0.05).

|. Motor Function (SFl): Cs/Alg/Ber/Nar
group showed near-complete recovery (SFl =
—14.6 at 8 weeks) vs Negative Control (SFI =
—80).

2. Sensory Function (Hot Plate Latency): Cs/
Alg/Ber/Nar reduced latency to 4.66 + 0.57 s
vs Negative Control (~12 s cutoff).

3. Muscle Atrophy (Weight Loss): Cs/Alg/Ber/
Nar significantly reduced weight loss to ~20%
vs Negative Control (~50%).

4. Muscle Morphology (Cross-Sectional Area):
Cs/Alg/Ber/Nar resulted in a CSA of 2219 +
107 um?, similar to the Positive Control.

5. Cell Proliferation (MTT Assay): Cs/Alg/Ber/
Nar hydrogel showed the highest cell
proliferation on PCI2 cells at 72h.

No cytotoxicity in vitro: Cur up to 10 uM safe
for rat Schwann cells; Cur-M and Gel-Cur-M
showed no cytotoxicity in MTT assay.

No adverse effects reported in vivo; hydrogel

components are biocompatible and degradable.

No acute systemic toxicity or nerve injury
observed at the injection site in the 0.3 GC +
Cur@LNCs group.

The Cur@LNCs hydrogel group showed
significantly reduced tissue damage and fewer
infiltrating lymphocytes compared to other

groups.

Hemocompatibility: Hemolysis rates for all
hydrogels were below 5%, meeting ASTM
standards.

Biocompatibility: All prepared hydrogels
showed no cytotoxic effects and supported
PCI12 cell viability and proliferation.

[61]
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Table 1 (Continued).

PN Model CHM
Compound/
Formula

Carrier Type/Size/Load

Route/Dose

Comparators

Main Outcomes

Safety Signals

References

Rat sciatic nerve Berberine
crush
Rat sciatic nerve Curcumin

crush

Type: Alginate/Chitosan hydrogel.

Size: Average pore size of 382 = || um
(without Ber) and 40 + 9.5 um (with 10%
Ber).

Load: Loaded with 0%, 0.1%, 1%, or 10%
(w/w) Berberine.

Type: Keratin/Chitosan hydrogel (C/K =
1:1),
size: 8x5 x 1.5 mm?,

load: 500 pg curcumin

Route: Injection around
the injured sciatic nerve;
dose: 0.4 mL of hydrogel.

Route: Local implantation
around the crushed nerve,
Dose: single dose of 500
Mg curcumin

I. Negative Control (Injury,
no treatment)

2. Positive Control (No
injury)

3. Alg/Chit Hydrogel (0% Ber)
4. Alg/Chit/0.1% Ber

5. Alg/Chit/1% Ber

6. Alg/Chit/10% Ber

Sham, Control (crush only),
CI/K hydrogel, Curcumin only,
C/K/C hydrogel

|. Motor Function (SFl): Alg/Chit/1%Ber group
showed significant recovery (SFI = —20.23 +
1.35) vs Negative Control (SFI = -76.90
4.12).

2. Sensory Function (Hot Plate Latency): Alg/
Chit/1%Ber group had a latency of 5 + | s vs
Negative Control (no response at 12s cutoff).
3. Muscle Atrophy (Weight Loss): Alg/Chit/1%
Ber group showed the lowest weight loss
(9.91 £ 2.61%) vs Negative Control.

4. Muscle Morphology (Cross-Sectional Area):
The Alg/Chit/|%Ber group had a CSA closest
to the Positive Control.

5. Drug Release: Sustained release profile with
~90% of Berberine released over 24 days.

I. SFl: CKC group > Cur and CK groups >
Control (eg, CKC SFl at 4 weeks: —47.6 vs
Control: —72.4)

2. Muscle weight: CKC group significantly
higher than Control (P < 0.05)

3. CMAP amplitude: CKC > Cur > CK >
Control (eg, CKC: ~45 mV vs Control:

~20 mV)

4. Nerve conduction velocity: CKC > Cur >
CK > Control (eg, CKC: ~41.2 m/s vs
Control: ~30.1 m/s)

5. Axon count: CKC > CK and Cur > Control
(eg, CKC: ~450 axonsf/field vs Control: ~200
axons/field)

6. Myelin thickness: CKC > CK and Cur >
Control (eg, CKC: ~0.8 pm vs Control: ~0.4
um)

Hemocompatibility: All hydrogels showed
hemolysis rates significantly lower than the
positive control, confirming blood compatibility.
Cytocompatibility: All hydrogels were
cytocompatible and supported PCI2 cell
proliferation. A dose-dependent effect was
observed, with 1% Ber showing the highest
proliferation and 10% Ber showing reduced
proliferation due to cytotoxicity.

No significant inflammatory response, no organ
injury, no systemic toxicity, good
biocompatibility and degradability

[64]
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Rat sciatic nerve

transection

Rat cavernous

nerve injury

Curcumin

Curcumin

Type: Chitosan/Polyethylene oxide
biodegradable membrane,

size: 1x| cm, load: Not specified (used
as a physical scaffold)

Type: PLGA-PEG slow-release
membrane (thickness: 0.5 mm,
size: 5X5 mm or 10%10 mm).

Load: 0.35%, 0.7%, 1.4% curcumin (w/w).

Drug loading: 3.49 + 0.06, 7.06 + 0.12,
13.89 + 0.17 pg/mg. Encapsulation rate:
~93%.

Route: Intraperitoneal
injection of curcumin at
100 mg/kg/day for 4 weeks;
Dose: membrane applied
locally around the

transected nerve

Route: Local implantation
next to the injured
cavernous nerve. Doses
correspond to 0.35%,
0.7%, and 1.4% curcumin-

loaded membranes.

Control (sutured only),
Curcumin only, Membrane

only, Membrane + Curcumin

Sham, BCNC (nerve injury
only), Blank membrane
(PLGA-PEG without
curcumin), Low/Medium/
High-dose CUR membrane
groups

|. SFl at 8 weeks: Mem+Cur: —64.90 + 5.07;
Mem: —71.88 + 3.32; Cur: —75.28 + 5.23; Ctrl:
—78.48 £ 0.88

2. WRL at 8 weeks (s): Mem+Cur: 3.07 +
1.14; Mem: 4.66 + 0.58; Cur: 5.48 £ 1.29; Ctrl:
5.64 + 1.90

3. EMG Amplitude (mV): Mem+Cur: 5.34
1.82; Mem: 5.34 £ 1.81; Cur: 4.14 £ 2.42; Ctrl:
357 £ 053

4. EMG Latency (ms): Mem+Cur: 1.82 £ 0.19;
Mem: 2.54 + 0.53; Cur: 2.40 + 0.38; Ctrl: 2.53
+ 027

5. Nerve Fiber Count: Mem+Cur: 46.66 +
7.42; Mem: 47.08 * 1.78; Cur: 46.08 + 6.94;
Ctrl: 38.08 + 3.38

6. Myelin Thickness (um): Mem+Cur: 2.19 £
0.69; Mem: 2.98 + 0.49; Cur: 2.21 +0.32; Ctrl:
1.67 £ 0.60

|. ICP/MAP Ratio: Sham: 0.82 * 0.05; High-
dose: 0.68 + 0.07; Medium-dose: 0.64 + 0.07;
Low-dose: 0.51 + 0.05; Blank: 0.34 + 0.07;
BCNC: 0.32 + 0.06

2. Myelinated Nerve Fiber Count: Sham:
209.50 + 7.99; High-dose: 157.17 + 9.35;
Medium-dose: 126.50 + 12.24; Low-dose:
87.67 + 10.54; Blank: 46.83 + 5.42; BCNC:
47.50 + 5.89

3. Smooth Muscle/Collagen Ratio: Sham: 0.36
+ 0.03; High-dose: 0.29 + 0.06; Medium-dose:
0.25 + 0.05; Low-dose: 0.23 + 0.02; Blank:
0.19 + 0.04; BCNC: 0.20 + 0.03

4. nNOS Protein & mRNA: Significantly
increased in CUR groups vs BCNC/Blank (P <
0.05), dose-dependent increase

5. Collagen-I Protein: Decreased in CUR
groups vs BCNC/Blank (P < 0.05)

No adverse events or safety issues reported;
good biocompatibility of chitosan membrane
and no systemic toxicity observed with

curcumin administration

No reported toxicity or adverse events. PLGA-
PEG membrane showed good biocompatibility,
degradability (>85% in 10 weeks in vitro), and
no significant inflammatory response.

[66]
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Table | (Continued).

PN Model

CHM

Carrier Type/Size/Load Route/Dose Comparators Main Outcomes Safety Signals References

Compound/

Formula
Rat common Modified Chitosan-based chitin conduit with Route: Oral gavage; Sham group (exposure only), I. SFI: MFRH: ~ —55; Mecobalamin: ~ —55; No apparent inflammation or neuroma at the [68]
peroneal and tibial Formula different inner diameters at both ends Dose: MFRH at 2 mL/day Saline group (negative Saline: ~ —70; Sham: ~ =5 suture site. Conduit showed good
nerve transection Radix (thinner end: 0.8 mm, thicker end: (concentration: | g/mL) for | control), Mecobalamin group 2. CMAP Amplitude (mV): MFRH & biocompatibility, partial absorption by 16

Hedysari 1.8 mm). No drug load; used as a physical 16 weeks post-surgery. (positive control, 100 pg/kg, 2 [ Mecobalamin significantly higher than Saline weeks, and no reported adverse events from

(MFRH) scaffold for nerve guidance. mL/day). (P<0.01), but lower than Sham (P<0.001). No | MFRH administration.

significant difference between MFRH and
Mecobalamin.

3. Myelinated Nerve Fiber Count: MFRH &
Mecobalamin > Saline & Sham (P<0.001)

4. Axon Diameter (um): MFRH &
Mecobalamin > Saline (P<0.01), but < Sham
(P<0.001)

5. Myelin Sheath Thickness (um): MFRH &
Mecobalamin > Saline (P<0.01), but < Sham
(P<0.01)

6. Gastrocnemius Wet Weight Ratio: MFRH &
Mecobalamin > Saline (P<0.001), but < Sham
(P<0.001)

7. FG-labeled Motor Neurons: MFRH &
Mecobalamin > Saline (P<0.05), but < Sham
(P<0.001)

8. FG-labeled Sensory Neurons: MFRH &
Mecobalamin > Saline (P<0.05), but < Sham
(P<0.01)
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Rat sciatic nerve
defect

Gastrodin

Type: Polyurethane (PU) nerve guidance
conduit (NGC); Inner diameter:

1.28 mm, Outer diameter: 2.8 mm;
Gastrodin loading: 0%, 1%, and 5% by
weight

Route: Implanted as a
conduit bridging a 10 mm
sciatic nerve defect;
Dose: Gastrodin released

sustainably over 6 weeks

Autograft, PU conduit (0%
Gastrodin), 1% Gastrodin/PU
conduit

|. SFI: Autograft: ~ —25; 5% Gastrodin/PU: ~
—35.6; 1% Gastrodin/PU: ~ —48; PU: ~ —55.2.
The 5% Gastrodin/PU group was significantly
higher than the PU and 1% Gastrodin/PU
groups (P<0.05).

2. CMAP Amplitude (mV): Autograft: ~ 30; 5%
Gastrodin/PU: ~ 25.3; 1% Gastrodin/PU: ~
18.5; PU: ~ 12.1. The 5% Gastrodin/PU group
was significantly better than the 1% Gastrodin/
PU and PU groups (P<0.05), but inferior to
the Autograft (P<0.05).

3. Myelin Sheath Thickness (um): Autograft: ~
1.5; 5% Gastrodin/PU: ~ 1.2; 1% Gastrodin/
PU: ~ 0.9; PU: ~ 0.6. The 5% Gastrodin/PU
group was significantly thicker than the 1%
Gastrodin/PU and PU groups (P<0.001).

4. Gastrocnemius Muscle Wet Weight Ratio
(%): Autograft: ~ 95; 5% Gastrodin/PU: ~ 80;
1% Gastrodin/PU: ~ 70; PU: ~ 60. The 5%
Gastrodin/PU group was significantly higher
than the 1% Gastrodin/PU and PU groups
(P<0.01).

5. Neurite Outgrowth (PCI12 cells): The
average neurite length and percentage of
differentiated cells were significantly higher in
the 5% Gastrodin/PU/SCs conditioned
medium group compared to the 1%
Gastrodin/PU and PU groups (P<0.0001).

6. Gene/Protein Expression: The 5%
Gastrodin/PU group showed significantly
higher expression of GDNF, BDNF, EGR2, and
NGF, and lower expression of NCAM and
TNF-0, compared to the 1% Gastrodin/PU
and PU groups (P<0.05).

No significant systemic toxicity was observed.
There was only a mild decrease in creatinine
levels. The 5% Gastrodin/PU group also showed
reduced fibrous capsule formation and
inflammation, indicating good biocompatibility.

[69]

(Continued)

|e 19 Sueyz



[4x41

:sdyyy

61:5707 Adeasy] pue juswdojpasq ‘udissg 8nug

Table 1 (Continued).

PN Model CHM Carrier Type/Size/Load Route/Dose Comparators Main Outcomes Safety Signals References
Compound/
Formula

Rat sciatic nerve Berberine Polyacrylonitrile/Chitosan (PAN/CS) Route: Oral |. Scaffold/Cells/Berberine 1. SFI (8 weeks): Scaffold/Cells/Berberine: No cytotoxicity of berberine on EnMSCs [70]

injury

nanofibrous conduit; Average fiber
diameter: ~245 nm; Berberine
administered orally, not loaded in the

conduit.

administration in drinking
water;
Daily dose: 30 mg per rat

for 8 weeks.

2. Scaffold/Cells
3. Scaffold
4. Berberine

5. Control (untreated injury)

—24.08; Scaffold/Cells: —25.35; Scaffold:
—31.59; Berberine: —36.84; Control: —39.27.
The Scaffold/Cells/Berberine group showed
the most significant functional recovery,
closely followed by the Scaffold/Cells group.
2. Nerve Diameter (um): Scaffold/Cells/
Berberine: 591; Scaffold/Cells: 304; Scaffold:
174; Berberine: 292; Control: 80. The
combination treatment resulted in a nerve
diameter over 7 times larger than the control
and significantly larger than all other groups.
3. Axon Count: Scaffold/Cells/Berberine:
1224; Scaffold/Cells: 874; Scaffold: 204;
Berberine: 371; Control: 37. The Scaffold/
Cells/Berberine group had the highest number
of regenerated axons, over 33 times more
than the control.

4. Schwann Cell Count: Scaffold/Cells/
Berberine: 1437; Scaffold/Cells: 1015; Scaffold:
107; Berberine: 391; Control: 58. The
presence of cells and berberine significantly
enhanced Schwann cell proliferation at the
injury site.

5. New Nerve Formation (%): Scaffold/Cells/
Berberine: 18.5%; Scaffold/Cells: 14.2%;
Scaffold: 4.2%; Berberine: 6.1%; Control: 0.2%.
The triple-combination therapy yielded the
highest percentage of new nerve formation.
6. Blood Vessel Count: Scaffold/Cells/
Berberine: 67; Scaffold/Cells: 49; Scaffold: 34;
Berberine: 34; Control: 6. The Scaffold/Cells/
Berberine group promoted the highest level of
angiogenesis, which was over || times greater

than the control.

observed at concentrations up to 200 uM (cell
viability >99%). Reduced inflammation observed
in cell-treated groups. Good biocompatibility of
the PAN/CS scaffold.
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Table 2 Comprehensive Summary of in vitro Studies on Engineered CHM Delivery Systems for PN

Delivery Systems Models Effects® References
Curcumin-loaded polycaprolactone nanofibers PCI2 cells cellular uptake?, neurite growth? [47]
LBP encapsulated in PLGA core-shell fibers SCs, DRG SCs proliferation 1, neurite length of DRG [48]
neurons neuronst
Curcumin and quercetin-loaded chitosan/hyaluronic acid nanoparticles glioblastoma cells | glioblastoma cells death? [53]
NGF-loaded chitosan/hyaluronic acid nanoparticles mouse DRG nerve outgrowth? [53]
Aloe vera in solution and poly (3-Hydroxybutyrate-Co-3-Hydroxyvalerate) | rat DRG acute axonal outgrowth? [54]
nanofibers axotomy
LBP and NGF-loaded conductive nanofibrous PCI2 cells, DRG axon outgrowth? [56]
neurons
Chitosan/oxidized hydroxyethyl cellulose/reduced graphene oxide/ PCI2 cells, PCI2 cells differentiation and proliferationf, The [71]
asiaticoside liposome-based hydrogel fibroblasts activity and collagen
secretion of fibroblasts|
Berberine-loaded nerve conduits contained with elatonin and graphene RSC96 cells RSC96 cells proliferationt [72]
oxide-loaded hydrogels

Notes: ® 1 indicates promotion or upregulation; | indicates inhibition or downregulation.

facilitate nutrient diffusion and SCs infiltration. Microenvironment correction occurs through two mechanisms: hesper-
idin-loaded hydrogels sustain 75.8% anti-inflammatory release over 14 days,”’ whereas curcumin systems scavenge
82.53% of DPPH radicals and shift macrophages toward anti-inflammatory M2 phenotypes via CD206 upregulation.’®

Hydrogel-based delivery systems have demonstrated significant therapeutic advantages in both in vitro and in vivo
studies, supported by their multi-targeted molecular actions. In vitro studies have shown that engineered hydrogels
profoundly enhance nerve regeneration. Collagen hydrogels loaded with naringin double SCs proliferation compared to
control surfaces, achieving an optical density value of 0.4 versus 0.2 after 72 hours of culture.”® Conductive hydrogels
incorporating reduced graphene oxide elevated neuronal differentiation to 77.96% in PC12 cells under electrical stimula-
tion, leveraging electroactive properties to accelerate nerve maturation.”' The regenerative benefits of these hydrogel
systems are driven by their capacity to coordinately regulate multiple cellular processes. Key mechanisms include the
promotion of Schwann cell proliferation and migration through ERK 1/2 pathway activation and MMP-9 upregulation,®” the

> and the enhancement of endogenous antioxidant defenses

suppression of apoptosis via caspase-3/9 downregulation,®
through Nrf2 pathway activation, elevating levels of SOD and GSH by 30% and 25%, respectively.””>*®" A central
function is the effective polarization of macrophages from a pro-inflammatory M1 state to a regenerative M2 phenotype,

evidenced by reductions in M1 markers of up to 50% and increases in M2 markers by as much as 2.5-fold.>®:6%-63-64

60,64

Concurrently, these systems dampen neuroinflammation by inhibiting NF-kB signaling and directly promote nerve

repair by upregulating critical structural proteins such as MBP, BlII-tubulin, and GAP-43, thereby enhancing myelination
and axonal extension,>’~%-00:63:63

In animal models, functional and structural recovery is markedly superior to non-engineered interventions.
Photoresponsive curcumin hydrogels triple myelinated axon density in sciatic nerve injuries, generating 360 fibers/pum?
versus 104.67 fibers/um? in crush-injury controls.>® Functional restoration is equally striking: berberine-loaded alginate/
chitosan hydrogels improve sciatic functional index (SFI) to —20.23 £ 1.35 after 8 weeks, dramatically surpassing
untreated groups (~76.90 + 4.12) and pure hydrogel controls (—46.00 = 1.60).°* Pain management capabilities are
evidenced by curcumin nanocapsule hydrogels reducing thermal hyperalgesia and shortening paw withdrawal latency to
6 s compared to 12s in baseline models.*> Chronic neuropathy interventions have shown sustained efficacy, with boronic
ester-based hydrogels enhancing nerve conduction velocity to 25 m/s versus 10 m/s in constriction injury models.®'
Microenvironmental corrections underlie these outcomes. Curcumin systems shift macrophage polarization toward
regenerative M2 phenotypes, elevating CD206 expression while suppressing pro-inflammatory cytokines.’® Keratin-
chitosan/curcumin hydrogels reduced muscle atrophy to 5.7% weight loss versus 40% weight loss in denervated controls,
confirming the integrated tissue protection.®®> These multi-mechanistic effects collectively validate hydrogel carriers as
potent platforms for nerve repair (Table 1 and Table 2).
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Despite the compelling efficacy, four major challenges impede clinical adoption: dose optimization requires balancing
efficacy and safety, as concentrations exceeding 1% naringin clog hydrogel pores™ whereas 10% berberine induces
cytotoxicity.** Degradation synchronization remains problematic, with alginate/chitosan hydrogels degrading too rapidly
(80% mass loss in 14 days) for slow nerve regeneration,”’ whereas boronic ester hydrogels degrade only 20% over 28
days.®! Manufacturing complexity hinders the scale-up of multifunctional systems such as liposome-hydrogel hybrids.”’

Technical dependencies on clinical-grade near-infrared/electrostimulation devices limit accessibility,”®"!

whereas long-
term safety concerns persist regarding keratin immunogenicity® and metallic nanoparticle toxicity.”'

The ability of hydrogels to correct microenvironmental imbalances and provide phase-adapted release, as demon-
strated in these animal studies, positions them as a uniquely promising platform for PN treatment. Translating this

microenvironment-modulating capacity into clinical benefit represents a central translational hypothesis moving forward.

Degradable Slow-Release Membranes

Within our therapeutic framework, degradable slow-release membranes emerge as a specialized platform for resolving
the critical challenge of localized and sustained pharmacotherapy in PN. Engineered from biodegradable composites like
chitosan-polyethylene oxide (PEO) and polylactic acid-glycolic acid-polyethylene glycol (PLGA-PEG), these mem-
branes exhibit excellent biocompatibility and controlled degradation profiles. This design avoids severe immune
responses while aligning with the extended timeline of nerve regeneration. For instance, chitosan-PEO membranes
fabricated as thin films gradually degrade without inducing scar formation, providing a favorable microenvironment for
axonal growth.®® PLGA-PEG membranes, combining biodegradable PLGA with hydrophilic PEG, degrade over 85% in
vitro within 10 weeks, matching the prolonged recovery process of nerve injuries, and their curved structure conforms to
anatomical sites, such as the cavernous nerves, ensuring efficient localized drug delivery.®’

The core function of these membranes lies in their ability to maintain stable, long-term drug release directly at the
injury site. They enable sustained and dose-dependent release of curcumin: chitosan-PEO membranes maintain local
curcumin concentrations to avoid systemic toxicity, while PLGA-PEG membranes achieve stable release (72.5-89.8%
over 45 days) without burst effects, with higher curcumin ratios (1.4%) accelerating release to meet dynamic healing
needs.’®®” Additionally, their structural adaptability, such as trimable chitosan-PEO films for sciatic nerves and
conformable PLGA-PEG membranes for cavernous nerves, facilitates their precise application. Multifunctional integra-
tion, such as chitosan’s anti-fibrotic properties combined with curcumin’s anti-inflammatory effects or PLGA-PEG’s
enhancement of curcumin solubility alongside nNOS upregulation, further improves therapeutic efficacy.®®®’

Beyond their pharmacokinetic benefits, these membrane systems actively contribute to healing by mitigating
bioavailability issues and correcting a dysregulated microenvironment. PLGA-PEG membranes maintain local curcumin
concentrations for 45 days, whereas chitosan-PEO membranes reduce systemic clearance and enhance accumulation at
injury sites.®®®” These systems correct dysregulated microenvironments by scavenging reactive oxygen species (ROS),
inhibiting pro-inflammatory cytokines, and reducing collagen I expression.®®®’

In preclinical studies, enginecered membranes have demonstrated superior efficacy compared to non-engineered
membranes. For sciatic nerve transection in rats, chitosan-PEO + curcumin improves SFI (—64.9 £ 5.1 vs =753 + 5.2
in the curcumin-only group) and increases myelinated fiber count (46.7  7.4) and myelin thickness (2.19 £ 0.7 um).® In
cavernous nerve injury models, high-dose (1.4%) curcumin-loaded PLGA-PEG membranes improve erectile function
(ICP/MAP: 0.68 £ 0.07) versus 0.51 + 0.05 in the low-dose group and 0.34 + 0.07 in the blank membrane group, while
upregulating nNOS expression and reducing penile fibrosis®” (Table 1).

Despite promising results, its clinical translation is challenging. Dose optimization is critical, as higher curcumin
concentrations (1.4%) in PLGA-PEG membranes enhance efficacy but may increase local toxicity.®’ Membrane
degradation rates must be synchronized with nerve regeneration, PLGA-PEG membranes degrade faster in vivo
(~70% over 4 weeks) than in vitro, with the risk of premature loss of drug release.®” Scalability and standardization
of membrane fabrication, which ensures uniform drug loading and structural consistency, remain hurdles.®® In addition,
adapting the membrane to different types of nerve injuries (such as sciatic and cavernous nerves) needs to be validated in
the human body to ensure clinical applicability.®’
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The localized and sustained pharmacotherapy achieved by degradable membranes in preclinical nerve injury models
highlights their potential for focal neuropathies. The critical question of whether these release profiles and functional
outcomes can be replicated in human nerves remains to be clinically investigated.

Functionalized Nerve Conduits
Within our therapeutic framework, functionalized nerve conduits constitute a definitive strategy for overcoming the
challenge of structural repair in long-gap nerve defects. These conduits, crafted from polymers, such as chitosan,
polyurethane (PU), polyacrylonitrile/chitosan (PAN/CS), and conductive composites, are engineered to align with the
complexities of nerve repair. Chitosan-based conduits, for instance, feature tapered ends with differing inner diameters
(0.8 mm at the thinner end and 1.8 mm at the thicker end), a design that addresses the size mismatch between proximal
and distal nerves, which is an issue that plagues traditional uniform-diameter conduits. This allows tension-free suturing
and reduces the risk of neuroma formation when bridging the proximal common peroneal nerve and distal mixed nerves
(common peroneal and tibial).®®

The functionality of these conduits is greatly enhanced by integrating drug delivery and active signaling capabilities.
Gastrodin-modified PU conduits integrate biodegradability with sustained drug release: gastrodin is stabilized via
covalent binding, avoiding rapid metabolism and maintaining local concentrations (with approximately 83.3% released
over 18 days), while their conductivity (around 1.23x10 3 S/cm) supports electrical stimulation to boost nerve
regeneration.®” Other systems, like conductive L-ZBZPGM conduits incorporate graphene oxide for conductivity and
feature interconnected pores (100-200 pm) that facilitate nutrient exchange, creating a favorable environment for SCs
infiltration and axonal growth.”” PAN/CS conduits, which combine the mechanical strength of synthetic PAN with the
biocompatibility of chitosan, serve as dual carriers for berberine and stem cells, thereby enhancing cell adhesion and
targeted drug delivery.”®

These integrated systems produce their restorative effects through multi-mechanistic actions on the nerve regeneration
process. Berberine inhibits TNF-a and iNOS,’? gastrodin upregulates BDNF/GDNF to enhance myelination,®” and
chitosan conduits loaded with the modified formula Radix Hedysari (MFRH) stimulate the formation of myelinated
fibers (approximately 46.7 fibers/um2).®® Functionally, chitosan/MFRH conduits improve the SFI (—64.9 versus —78.5 in
controls) and nerve conduction velocity (approximately 35 m/s vs 20 m/s in controls).®® PAN/CS conduits loaded with
berberine and endometrial mesenchymal stem cells (EnMSCs) enhanced new nerve formation (18.5% vs 0.2% in
controls) and reduced muscle atrophy, with denser and more organized myelinated fibers’® (Table 1 and Table 2).

Despite promising preclinical results, its clinical translation has been hindered by several challenges. Optimization of
the dose is crucial. Berberine at 200 uM slightly reduced EnMSC viability; therefore, precise adjustment is necessary,
with 100 uM recognized as the optimal level.”” Synchronizing degradation with nerve regeneration remains difficult;
chitosan conduits degrade by approximately 80% within 16 weeks, whereas PAN/CS conduits degrade too slowly.®®"°
Additionally, conductive conduits rely on external electrical stimulation devices, which limits their use in resource-
constrained settings.%%">

While functionalized conduits have demonstrated superior efficacy to autografts in specific rodent models of long-gap
defects, these findings constitute a preclinical proof-of-concept. Whether they can become a definitive solution for human
nerve injuries is a remarkable but unconfirmed hypothesis.

Challenges in Clinical Translation

Although engineered CHM delivery systems present a promising avenue for PN, several challenges impede their
translation from laboratory research to clinical application. Understanding these challenges is crucial to develop feasible
and effective engineering therapies for PN.

Material Biocompatibility and Long-Term Safety

The long-term biocompatibility of engineered materials is a foundational challenge that directly impacts the practical
utility of all platforms in our therapeutic framework. Ongoing concerns exist regarding the chronic inflammation caused
by nanocarriers and conduits.”””’” Nanoparticles interacting with the immune system may provoke adverse immune
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responses, as they can stimulate immune cells and lead to inflammation or severe immune reactions.”® The potential
immunogenicity of hydrogels requires comprehensive long-term human studies.”® Additionally, complex multi-compo-
nent systems, such as liposome-hydrogel hybrids or drug- and cell-integrated functionalized conduits, require thorough
research beyond preliminary biocompatibility assessments. Furthermore, nanoparticles can accumulate in different
organs, including the liver, spleen, and kidneys, causing organ-specific toxicity.*® Consequently, the long-term effects
of these materials remain unclear and require thorough preclinical toxicity assessment.

Precise Dosage Optimization and Controlled Release

Determining the optimal therapeutic dose within an engineered system is a complex challenge that sits at the heart of the
spatiotemporal control principle.*' A dosage that is effective during the inflammatory phase may be insufficient or even
counterproductive in the regenerative phase, highlighting the need for phase-specific dosing strategies. Although high
concentrations of active compounds may enhance efficacy, they can also induce cytotoxicity, disrupt the delivery system
framework, and cause local toxicity.**** Conversely, insufficient dosing failed to achieve the therapeutic threshold.®*
Aligning the degradation rate of the carrier material with the nerve repair timeline is equally challenging, but vital for
sustained, phase-appropriate drug release. Predictable and linear release profiles are still hard to achieve.

Targeting Specificity and Overcoming Biological Barriers

The challenge of targeting specificity directly determines whether the strategic positioning of nanocarriers in our
framework is feasible. Although ligand-mediated strategies are promising for improving targeted delivery, further
refinement is required to ensure precision and minimize off-target accumulation and systemic toxicity. This imperfect
targeting undermines the core advantage of nanocarriers—their ability to provide high local drug concentrations at the
nerve injury site while minimizing side effects. The effectiveness of these systems in crossing the BNB complex in
human PN needs rigorous validation in more clinically relevant models to confirm their role as a primary solution for
BNB impermeability. The effectiveness of these systems in crossing the BNB complex in human PN needs rigorous
validation in more clinically relevant models to confirm whether they can serve as the primary solution for BNB
impermeability.

Integration with Clinical Procedures and Accessibility

The dependency of many advanced systems on external stimuli creates a significant gap between their theoretical
potential within our framework and their practical clinical utility.*>*® Conductive scaffolds and conduits require
integration with clinical-grade electrical stimulation devices, which may not be readily available or practical in a clinical
setting.®’” Similarly, photoresponsive systems rely on specific NIR light sources for controlled drug release.®®*’ The
technical complexity and costs associated with these dependencies limit their clinical accessibility, particularly in areas
with limited resources.

Scalability, Manufacturing Consistency, and Quality Control

Reproducible and scalable manufacturing is a translational precondition that determines whether the precise design
features central to our framework can be reliably replicated. This process requires reliable acquisition of precise design
parameters, which are crucial for therapeutic efficacy. But when transitioning from bench-scale synthesis to industrial
production under Good Manufacturing Practice (GMP) standards, achieving this becomes even more challenging. A
primary obstacle lies in the inherent variability of precision manufacturing techniques. Critical processes such as coaxial
electrospinning for core-shell fibers and microfluidics for nanocarrier synthesis are easily affected by batch-to-batch
inconsistencies. These variations are reflected in key physical attributes, including fiber diameter and nanoparticle size
distribution, ultimately compromising the uniformity of drug loading and release kinetics and leading to unpredictable
biological effects.”” > Scaling these processes while maintaining strict control over these critical quality attributes
represents a significant engineering hurdle. Beyond process control, the consistent sourcing of biomedical-grade natural
and synthetic polymers is fundamental. Moreover, industrial-scale processing may degrade the sensitive bioactive
compounds in CHM, as their complex chemical profiles can be altered by factors such as shear stress, exposure to
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solvents, or elevated temperatures encountered during manufacturing.”> > Finally, establishing robust and validated
analytical methods is crucial. The successful transition to industrial production requires the adoption of a “Quality by
Design” framework. This approach not only requires in-process monitoring and control of the carrier’s physical proper-
ties, but also the chemical consistency and quality of the encapsulated CHM actives, which can be compromised by

9697 and processing variables.”® The comprehensive standardization

physicochemical interactions within the formulation
of these complex manufacturing processes to meet GMP standards constitutes a major obstacle, directly affecting product

safety, efficacy, and ultimate clinical success.

Regulatory Pathways and Standardization

The clinical translation of engineered CHM delivery systems is further complicated by their status as combination
products, integrating device, drug, and sometimes biological components, which places them within a complex and
evolving regulatory landscape. A foundational challenge is their classification by major regulatory agencies such as the
FDA and European Medicines Agency (EMA). A pivotal first step involves determining the product’s Primary Mode of
Action (PMOA)—that is, whether the principal therapeutic action is attributable to the physical scaffold or the
encapsulated herbal active ingredient. This classification dictates the lead regulatory center and the specific set of
guidelines for approval, a decision that is often ambiguous for novel platforms where the scaffold itself exerts bioactive
effects.”®!°° This classification challenge is compounded by a lack of standardized preclinical testing protocols. There is
a pressing need for harmonized methods to evaluate long-term biodegradation, chronic toxicity of degradation bypro-
ducts, and biodistribution.”®"'°"!°? The multicomponent nature of CHM formulations introduces additional complexity,
requiring novel regulatory science approaches to ensure consistent quality, safety, and efficacy, particularly concerning
potential physicochemical interactions and synergistic effects.”®®” Consequently, the Chemistry, Manufacturing, and
Controls (CMC) documentation required for a regulatory submission is exceptionally demanding. It must provide a
comprehensive and validated account of the entire manufacturing process, define all critical quality attributes, and
demonstrate product stability.””'°° Therefore, generating necessary long-term safety and batch to bioequivalence data for
these complex products is a resource intensive and time-consuming task, posing significant barriers to their market

access.

Bridging the Preclinical-Clinical Gap

Translating the success from rodent models to humans remains the ultimate validation hurdle for the entire proposed
framework. It is important to verify the effectiveness and safety of these delivery systems in large animal models that can
better replicate human nerve anatomy, regeneration rate, and disease pathophysiology; however, resources are often
insufficient.'*>'°> Moreover, proving that there is a significant improvement in functional recovery compared to current
clinical standards, considerable time, and investment are required. A delivery system designed for specific types of
nerves, such as the sciatic nerve conduit and sponge-like nerve membrane, must be carefully clinically validated to adapt
to the different anatomical and pathological environments encountered in human PN.

Clinical Evidence and Gaps

Current Clinical Status: A Preclinical Landscape

A systematic search of international and domestic clinical trial registries (including ClinicalTrials.gov and the Chinese
Clinical Trial Registry) confirms that, to date, no clinical trials have been initiated to evaluate the engineered CHM
delivery systems discussed in this review for the treatment of peripheral neuropathy in humans. While clinical trials exist
for oral CHM extracts and for synthetic drug-loaded advanced delivery systems, the specific combination of CHM
bioactives with engineered carriers (nanocarriers, hydrogels, membranes, conduits) remains an unknown field in clinical
research. The convincing therapeutic outcomes detailed throughout this review are entirely derived from preclinical
models. Consequently, all assertions regarding the efficacy, optimal design parameters, and mechanisms of action of
these systems must be anchored in their preclinical nature. The conclusions drawn serve to generate hypotheses for their
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future clinical application rather than to confirm their therapeutic value in humans. This clearly highlights a significant
and critical translational gap.

Mapping the Minimal Clinical Package

Translating promising preclinical findings into clinical application requires a clear, step-by-step development pathway.
Making this transition depends on generating a core set of evidence that addresses the special challenges of these
combination products. The first and most crucial step is to conduct in-depth safety evaluations according to GLP
standards. These studies, ideally performed in two different species, must go beyond standard toxicity screening to
specifically investigate the long-term fate of the delivery systems. Critical questions that need answers include: whether
the implantation site might cause long-term local inflammation, the specific patterns of nanocarrier accumulation and
clearance rates in organs, and the safety of the materials themselves and their breakdown products for the nervous
system.

At the same time, it is essential to fully understand how these systems behave in the body, namely their pharmaco-
kinetics and distribution, in large animal models relevant to human medicine. Data from rodent studies, although
valuable, are not sufficient to predict how these systems will perform in humans. Research must precisely measure
how efficiently they cross the BNB, confirm whether the targeted delivery claimed for functionalized nanocarriers truly
reduces accumulation in non-target organs, and clarify the full metabolic pathways of these complex systems. This stage
is vital for reducing the risks of human trials, as it checks whether the basic pharmacological principles observed in small
animals still hold true in a physiological environment more similar to ours.

The design of the first human trials should be guided by a careful, step-by-step approach to managing risks. A prudent
strategy for a First-in-Human study would focus on a clearly defined group of patients where the delivery system can be
applied directly to a specific area. An example would be during surgery to repair a localized nerve injury. This method
confines the treatment to a precise location, greatly reduces exposure to the rest of the body, and makes it easier to
evaluate how well the local area tolerates the implant. The main goal of such a Phase I study would be to build a
complete safety profile, while measurements of functional recovery could serve as initial indicators to look for signs of
effectiveness. By outlining this route, which encompasses rigorous safety and distribution studies in large animals and a
carefully planned initial clinical investigation, the field can build a solid bridge connecting the current state of preclinical
research to future therapeutic application.

Future Perspectives

The development of engineered traditional CHM delivery systems has brought great hope for PN treatment. To bridge the
gap between preclinical promise and clinical reality, future efforts must be strategically guided by the framework
proposed in this review, focusing on enhancing the intelligence, scalability, and personalization of these platforms.

We hypothesize that the next generation of CHM delivery systems should evolve towards intelligent multifunction-
ality to fully realize the spatiotemporal control principle of our framework. By combining stimulus response mechanisms
such as enzyme-, redox-, or biomarker-triggered release with real-time biosensing, it is possible to autonomously adapt to
dynamic nerve injury microenvironments.'®>'°® For instance, systems that detect elevated TNF-o. or ROS levels to
precisely release anti-inflammatory agents or neurotrophic factors during the inflammatory or regenerative phases would
overcome current limitations in spatiotemporal control. By combining CHM with advanced models, such as gene therapy
or immune modulators, multiple pathological pathways can be synergistically targeted to enhance regeneration outcomes
and address heterogeneity issues.*>!'%" 110

Scalable production and rigorous validation of long-term safety are crucial for clinical implementation. Scalable and
repeatable production requires advanced technologies, such as continuous flow microfluidics for nanocarriers and
automated 3D bioprinting for hydrogels/conduits.'''''* This ensured consistency in drug loading, structural character-
istics (such as pore size and fiber diameter), and degradation rates across different batches.''* Long-term biocompatibility
must be rigorously validated through large-scale animal studies, such as primate models, with a focus on the chronic
toxicity analysis of degradation byproducts and immunogenicity.''>'"” There is an urgent need for standardized
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regulatory frameworks for combination products, including devices, drugs, and biologics, along with harmonized
protocols for assessing biodistribution, bioaccumulation, and immunotoxicity.

Personalization is proposed as a critical frontier for optimizing therapeutic efficacy and safety in future clinical
translation.''®'"* Using clinical imaging data, 3D-printed conduits and hydrogels can be customized to match the
anatomical structure of nerve defects and support individualized CHM dosing.'?°'?* Combining machine learning
with multi-omics data shows potential for predicting optimal CHM combinations and doses, mitigating physicochemical
incompatibilities and cytotoxicity risks.'**!%*

Improving accessibility and clinical practicality are crucial for its widespread adoption. By creating self-powered
systems and reducing the dependence on external stimuli, such as clinical-grade near-infrared devices and electrical
stimulators, their usefulness will greatly increase, particularly in environments with limited resources.'>'? Cost-
effective solutions, such as optimizing CHM extraction efficiency or utilizing biosynthetic analogs of rare herbal
compounds, could enhance affordability.'*”'?® Ultimately, successful translation depends on sustained interdisciplinary

collaboration among material scientists, neural engineers, herbal pharmacologists, clinicians, and regulatory experts.

Limitations

As a narrative review, this work has certain inherent limitations. The selection of literature, while aimed at representing
key advances and illustrating the proposed framework, was not based on a systematic, reproducible search of all
databases. Consequently, it may be subject to selection bias, and some relevant studies might have been overlooked.
Furthermore, narrative reviews do not typically include a formal risk-of-bias assessment of the included preclinical
studies, which is a standard component of systematic reviews. Therefore, the findings and conclusions presented here
should be interpreted as a critical narrative synthesis and a proposal for a new perspective, intended to guide and inspire
future research, rather than as an exhaustive or quantitatively definitive summary of the evidence.

Conclusions

Preclinical evidence positions engineered CHM delivery systems as a potentially transformative approach to overcoming
the multifaceted therapeutic challenges of PN. This review has not only organized these advances but also established a
conceptual framework. It systematically links the core pathological challenges of PN—including pathological hetero-
geneity, spatiotemporal dynamics, BNB impermeability, microenvironmental imbalance, and structural defects—to the
functional capabilities of specific delivery platforms. Through this perspective, we have organized a clear taxonomy:
nanocarriers are the primary solution for BNB penetration and targeted, stimuli-responsive delivery; hydrogels excel at
modulating the microenvironment and providing sustained, phase-adapted release; degradable membranes offer localized
and prolonged pharmacotherapy for focal injuries; and functionalized nerve conduits are indispensable for bridging long-
gap structural defects.

By addressing the inherent limitations of CHM, these engineered platforms have unlocked its multifactorial ther-
apeutic potential, demonstrating significant preclinical efficacy in enhancing nerve regeneration and functional recovery.
However, significant translational hurdles remain to be overcome. Key challenges include ensuring the long-term
biocompatibility of materials, maintaining consistent scalable manufacturing, and optimizing the dosage to balance
efficacy with cytotoxicity. Dependence on external triggers restricts accessibility and the absence of standardized
regulatory frameworks makes clinical adoption more complex. Crucially, successful translation requires validation in
large animal models that replicate human neuroanatomy and disease progression, which demands interdisciplinary
collaboration and substantial investment.

In the future, combining smart multifunctionality, personalized design, and affordable production will be important.
Collaboration among material scientists, clinicians, herbal pharmacologists, and regulatory authorities is crucial to move
these systems from preclinical to clinical applications. If these challenges are resolved, engineered CHM delivery can
redefine PN management, shift from palliative care to restorative therapy, and establish a new standard for precision

neuromedicine.
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In summary, this review synthesizes a compelling preclinical data for engineered CHM delivery systems. The
framework and conclusions presented herein are primarily hypothesis-generating, outlining a roadmap for future research
that must now be validated through rigorous clinical investigation.
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