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Abstract: Inflammation-associated skin lesions, including psoriasis (PsO) and diabetic foot ulcers (DFU), greatly impair patients’
quality of life. Gentiopicroside (GPS), a key iridoid glycoside from Gentiana species, exhibits anti-inflammatory, antioxidant, and
wound-healing properties, but its clinical application is limited by low oral bioavailability and poor skin permeability. Nanodelivery
strategies have been actively explored to overcome these limitations. The objective of this review was to critically analyze recent
breakthroughs in GPS-loaded nanodelivery approaches for the treatment of inflammation-associated skin lesions, especially PsO and
DFU, including the impact of these approaches on GPS bioavailability, efficacy, and safety profile. Oral bioavailability of GPS can be
improved by poly (lactic-co-glycolic acid) (PLGA) nanospheres and phospholipid-complex self-nanoemulsifying drug delivery
systems (PC-SNEDDS), while skin-targeted delivery and sustained release can be enhanced by chitosan (CHI) nanoparticles,
electrospun nanofibers, ZIF-8 metal-organic frameworks, and nanoscale hydrogels. These nanodelivery technologies improve the
translational potential of GPS for chronic inflammatory skin diseases. Although GPS-loaded systems have not yet entered clinical
trials, analogous nanotechnologies have demonstrated enhanced drug stability, bioavailability, safety, and patient tolerability in
treatments of other skin diseases, highlighting their strong potential for clinical translation. Future efforts toward clinical translation
may focus on establishing common evaluation criteria, conducting full-scale toxicological and biodistribution tests, and implementing
Good Manufacturing Practice (GMP)-scale-up projects with multicenter preclinical trials.
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Introduction
A variety of inflammation-associated skin lesions pose great challenges to global public health. Representative conditions
include psoriasis (PsO) and diabetic foot ulcer (DFU), both characterized by skin barrier disruption and persistent
activation of inflammation.'? PsO is a chronic proliferative and inflammatory skin disease characterized by well-
demarcated red plaques covered with silvery-white scales, affecting approximately 3% of the global population.®~
DFU is a common and serious skin complication of diabetes, often manifested as chronic, poorly healing and recurrent
skin ulcers of the distal lower limbs,®” affecting approximately 2.6% of the global population and carrying a 19-34% risk
among diabetic patients.® Together, PsO and DFU represent a substantial public health and economic burden worldwide,
reflecting their high prevalence, chronic progression, and impact on patients’ quality of life.

PsO is commonly treated with oral retinoids and topical corticosteroids.’ Standard management of DFU focuses on
proper wound care, infection control, and tight glycemic regulation.'® Although these conventional therapies can achieve
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therapeutic benefit, they are frequently accompanied by adverse effects, slow healing, or recurrent lesions.”'" These
limitations underscore the importance and urgency of developing more effective and targeted therapeutic strategies.
Although PsO and DFU manifest dramatically differently, both diseases have closely intertwined pathogenic mechanisms
involving dysregulation of the immune response, impaired vascular regeneration, and skin microbiome
dysregulation.”'*!*> These shared pathogenic mechanisms establish PsO and DFU as pivotal models for research on
inflammation-associated skin lesions.'*'> The earliest recognition of GPS in modern research dates back to the 19th
century (1862).'® In China, gentiopicroside (GPS), as a principal anti-inflammatory constituent from traditional Chinese
medicine, has been used for centuries in the treatment of both PsO and DFU, with documented clinical efficacy.'”'®

GPS is an iridoid glycoside derived from Gentianaceae plants such as those belonging to the genus Gentiana (eg,
Gentiana macrophylla). Its molecular formula is C,¢H,00s (Figure 1), with an exact molecular weight of 356.3 g/mol."’
There is increasing pharmacological evidence suggesting that GPS may act through several mechanisms and targets that
contribute to the management of PsO and DFU. For example, GPS could alleviate lesion inflammation by suppressing
proinflammatory cytokines, including interleukin-6 (IL-6), interleukin-23 (IL-23), and interleukin-17A (IL-17A), thereby
modulating the local immune microenvironment.”” GPS also modulates the aberrant proliferation and differentiation of
epidermal keratinocytes and dermal fibroblasts, counteracting pathological hyperplasia and promoting epidermal
repair.?*?! Moreover, GPS was reported to bidirectionally modulate vascular endothelial growth factor (VEGF)-
mediated angiogenesis, which may recover aberrant blood vessels in psoriatic plaques and improve blood supply in
DFU.?*?? In addition, multiple studies have revealed that GPS supports cellular metabolic homeostasis and protects
dermal fibroblasts from glycation-related injury via pathways involving Fibroblast Growth Factor Receptor 1 (FGFR1),
Progestin and AdipoQ Receptor Family Member 3 (PAQR3), and the Receptor for Advanced Glycation End Products
(RAGE).?""**-** GPS further exhibits antimicrobial activity, inhibiting the growth of Gram-positive and Gram-negative
bacteria, which may help restore the cutaneous microbial balance in inflammation-associated skin lesions.> The action
mechanism of GPS nanodelivery in inflammation-associated skin lesions is briefly illustrated in Figure 1.

However, GPS shows highly hydrophilic and poorly lipophilic properties, presenting low oral availability of 10.3%
and skin permeability of 5.41%.%%*” Such pharmacokinetic (PK) properties make this compound less effective as a drug
when administered either orally or topically. Due to the PK problems associated with GPS, globally increasing effort has
been placed on the development of new and effective drug delivery systems. Its potential, combined with the limitations
of current therapies, has driven research toward innovative delivery strategies. The development of advanced drug
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Figure | Schematic overview of the mechanism of action for GPS nanodelivery in inflammation-associated skin lesions (using PsO and DFU as examples).

delivery systems, such as chitosan-based nanoparticles and nanoemulsions, has become a major focus, aiming to enhance
efficacy, improve safety, and address the challenges of managing these inflammation-associated skin lesions.”®*’

Over the past twenty years, scientists have tested various strategies for delivering GPS, some of which appeared quite
promising. In particular, nanocarrier-based formulations such as chitosan (CHI)-based nanoparticles, nanospheres,
hydrogel membranes, phospholipid complexes, and so on, have shown great potential in overcoming GPS delivery
challenges. These techniques aim to increase the stability, skin permeability, and oral bioavailability of GPS, leading to
great improvements in treatment efficiency against inflammation-associated skin lesions like PsO or DFU. Some of these
nanodelivery strategies have also demonstrated advantages in clinical studies of other drugs for inflammatory skin
conditions, providing supporting evidence for their potential translational applications. In this review, we provide
a comprehensive overview of recent advances in GPS-loaded nanodelivery systems, with a focus on PsO and DFU.
We further discuss remaining challenges and consider how these strategies might be applied in future clinical translation,
with the goal of providing useful information to support future research.

Method

This review aimed to summarize the research progress of nanodelivery systems for GPS to treat inflammation-associated
skin lesions, represented by PsO and DFU. In order to collect relevant literature systematically, the PubMed, Web of
Science, Scopus and Cochrane Library databases were retrieved respectively. The retrieval time range was until
November 2025, and the retrieval language was limited to English. The search strategy combined the following
keywords: (i) “gentiopicroside” or “gentiopicrin”; (ii) “psoriasis” or “diabetic foot ulcer” or “inflammation-associated
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skin lesions” or “chronic wound”; (iii) “nanodelivery system”. After preliminary screening, by reading the title, abstract
and full text of the article, literature unrelated to the topic, repeated reports and non-experimental research were excluded.
In addition, relevant research was further retrieved through the list of references included in the article to ensure the
comprehensiveness of the literature. Finally, a total of seven studies were included, focusing on the application of GPS
nanodelivery systems in PsO and DFU models, including in vitro, in vivo and preparation research. This review
summarized the types, preparation methods, drug release characteristics and therapeutic effects of different nanodelivery
systems, and discussed their advantages, limitations and clinical transformation potential in combination with existing
data.

Extraction and Purification of GPS

GPS is widely distributed in the rhizomes of Gentiana species, eg, Gentiana macrophylla.>*" Industrially, it is produced
mainly by extraction from plant material, supplemented in some cases by semisynthesis in limited quantity.>’ Academic
interest in this bitter iridoid glycoside dates from the 19th century. In 1862, Kromayer reviewed the early attempts by
Henry, Caventou, Trommsdorff, and Leconte to isolate the bitter constituents of Gentiana lutea roots, and he described
a relatively purified bitter fraction obtained through water extraction, fermentation-assisted deglycosylation, and pre-
cipitation with metal salts.'® Over the next decades, progress in phytochemistry replaced single-step crystallization with
multistep purification procedures offering finer control. Modern schemes of extraction usually start with reflux extraction
either in water or 50-70% (v/v) aqueous ethanol, followed by concentration under reduced pressure, then chromato-
graphic purification on macroporous adsorption resins, silica gel, or reversed-phase systems.***

In recent years, researchers have begun testing natural deep eutectic solvents (NaDES) together with ultrasound-
assisted extraction as a way to obtain GPS from Gentiana asclepiadea.®* Although the conditions are relatively mild, the
yields reported so far have been quite promising, and the approach is now regarded as a realistic alternative to the usual
ethanol-based procedures.***> Using NaDES formulated from lactic acid and choline chloride has also been shown to
stabilize GPS throughout the extraction process.***> This added stability tends to make the compound easier to purify
and to work with later on, particularly during structural identification.*® Research on how to extract and prepare GPS has
gradually encouraged more work on the compound itself, including studies on its structure and biological activities.
These advances also provide the practical groundwork needed to improve its solubility and stability in nanocarrier
systems and to maintain consistent formulation quality.

Detailed Mechanisms of the Effects of GPS on PsO and DFU

GPS is increasingly viewed as a promising option for managing inflammation-associated skin lesions, including PsO and
DFU. It seems to work through multiple biological processes. It can temper inflammatory responses, lessen oxidative
injury, help regulate dysregulated angiogenesis, and reduce susceptibility to infection. Several recent studies have
indicated that GPS could inhibit the overexpression of IL-6, IL-23, and IL-17A, while also reducing the levels of keratin
17 (K17) and antigen Kiel 67 (Ki-67), a combination of effects that helps curb excessive keratinocyte proliferation.?*’
Subsequent studies have revealed that GPS activates the Kelch-like ECH-associated protein 1 (Keapl)/nuclear factor
erythroid 2—related factor 2 (Nrf2) anti-oxidative signaling pathway.*® Through the enhancement of the antioxidant effect
of the skin and the rehabilitation of the immune balance, PsO-like inflammatory lesions can be relieved effectively.®® In
the environment of DFU, which is compromised by metabolic dysfunction and inflammation, GPS may effectively
inhibit the RAGE signaling pathway, thereby potentially reducing oxidative and inflammatory damage in fibroblasts.?'
Multiple studies have suggested that GPS would appear to regulate FGFR1 and PAQR3 and to activate the phosphoi-
nositide 3-kinase (PI3K)/protein kinase B (AKT) and AMP-activated protein kinase (AMPK) signaling pathways, which
may help improve glucose and lipid metabolism and support fibroblast migration and granulation tissue formation.?*~*

GPS appears to modulate angiogenic abnormalities under diverse pathological conditions. In the PsO model, GPS is
shown to inhibit the overexpression of VEGFA exacerbated by Tumor Necrosis Factor alpha (TNF-a) in the human
keratinocytes (HaCaT) cell line, suggesting that it may help limit abnormal neovascularization.”® With the decreased
efficiency of angiogenesis in the high glucose-high fat environment, GPS could upregulate the expression of the AKT1

gene while stimulating the Hypoxia-Inducible Factor 1 alpha (HIF-1a)/VEGF pathway in the 1929 cell line.”* These
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processes may be relevant to the reconstitution of the altered locoregional perfusion in support of regenerative
processes.”>° By adapting to the pathological condition, GPS can restore normal vascular function, consequently
enhancing the vascular repair process in inflammation-associated skin lesions.””> More importantly, GPS has been
demonstrated to have the capability to inhibit gram-positive and gram-negative bacteria.>>***! This activity could
reduce the risk of secondary infection in the inflamed surface of the skin, presenting possible advantageous effects.

Research Advances of GPS Nanodelivery Techniques

The therapeutic potential of GPS in these applications is impeded by systemic and topical routes of administration due to
low oral bioavailability and skin permeability. Recently, advances in nanodelivery techniques have provided useful
means of stabilizing the drug, accumulating it in inflamed lesional skin sites, and controlling drug release. For optimal
GPS nanodelivery design, there is an urgent need to factor in the pathological microenvironment associated with
inflammation in skin lesions. Variations in pH exhibited in PsO and DFU skin lesions, for example, play important
roles in determining the optimal drug-delivery route to be applied.*** Thus, optimal drug-delivery systems need to
target the skin lesion, react to environmental stimuli in the skin, and deliver GPS in controlled dosages dependent on the
target skin microenvironment to fully exploit its multi-target drug property. Optimal GPS nanodelivery exploiting
changes in skin pH in both PsO and DFU skin lesions can greatly increase the drug efficacy in inflammation-
associated skin lesions. We have directly compared representative nanocarriers for GPS delivery in Table 1, examining
aspects such as their characteristics and current application.

Nanocarriers for Oral Delivery

Poly (Lactic-Co-Glycolic Acid) Nanospheres

Nanospheres belong to a class of nanodelivery systems through the use of polymers or composite materials.”> These
nanostructures incorporate therapeutic agents within an amphiphilic polymer network, a design that enhances colloidal
stability and enables a more predictable, sustained release profile, ultimately improving oral bioavailability.**>* Among
the polymers used for this purpose, poly (lactic-co-glycolic acid) (PLGA) has become one of the most common choices,
and the US Food and Drug Administration (FDA) has already cleared it for a range of drug-delivery applications.>>>*
After administration, PLGA could gradually break down through hydrolysis, producing lactic and glycolic acid mono-
mers. These breakdown products subsequently enter the tricarboxylic acid (TCA) cycle, where they can be converted to

carbon dioxide and water.’>>> By modifying the proportion of lactic to glycolic acid and by adjusting polymer features

Table | Representative Nanocarriers for GPS Delivery and Their Characteristics

Carrier Type Size (nm) EE (%) DL (%) Release Features Model/Application Reference

Oral administration

PLGA Nanospheres | ~250 >80 - Biphasic; DFU model (in vivo) [44]
sustained to 72 h

PC-SNEDDS 20-100 ~99.5 - Self-emulsifying; absorption-enhanced Oral PK [45]

Topical

administration

CS-CHI ~50 96.2 6.3 pH-responsive; PsO model (in vitro and in vivo) | [20,37]
faster in acidic pH

m-PEG/PVP NFs Adjustable 81.74-8930 | — Sustained; DFU model (in vivo) [46]
~60% in 2 h

ZIF-8 131.9-149.9 | ~84 10.77 pH-responsive; Antibacterial activity; in vitro [47]
in vitro drug release release

Hydrogel Adjustable Controllable | — Sustained in weak alkaline; temp/humidity- In vitro release and PK [48]

Membrane dependent

Other delivery
systems
Hybrid nano- Adjustable High - Multi-stimuli responsive PsO and DFU model [49-51]

systems
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such as molecular weight or particle size, researchers tuned how quickly the matrix degraded and, correspondingly, how
the drug was released, while still keeping the system biocompatible.’® In another study, researchers prepared GPS-loaded
PLGA nanospheres using a single emulsion solvent evaporation method. The particles obtained were approximately 250
nm in diameter, showed encapsulation efficiency (EE) greater than 80%, and displayed two recognizable modes of drug
release.*!

In the case of the DFU model, the oral administration of GPS-loaded PLGA nanospheres provides a stable drug
release system. By enabling a steadier systemic delivery of GPS, the nanospheres could assist with creating a more
favorable microenvironment for chronic wound repair. In vivo studies using diabetic rats made clear that the GPS
nanodelivery system increases systemic exposure to GPS, with stable plasma concentrations sustained after the peak
exposure. Further postulates related to mechanistic aspects hint that the sustained release of GPS from PLGA nano-
spheres constantly inhibits the exaggerated production of inflammatory factors such as TNF-o and IL-6, thereby
suppressing chronic inflammation. At the same time, PLGA nanospheres could effectively stimulate collagen synthesis
and angiogenesis in the target lesion area, contributing to rapid skin repair and closure. Besides, the inherent anti-
microbial property further lessens the potential risk of infection in chronic skin lesions.** Construction and release
mechanism GPS-PLGA Nanospheres are shown in Figure 2. In summary, PLGA nanospheres offer superior biocompat-
ibility, are easily controllable in size, and have long-lasting drug release, signifying PLGA as a suitable drug carrier in
inflammation-associated skin lesions.

Although there are few studies evaluating GPS-PLGA nanospheres in PsO, the immune-modulating and anti-
inflammatory properties, angiogenic potential, and antimicrobial activity of these nanoparticles imply that they could
potentially ameliorate symptoms of PsO through similar mechanisms. Future studies could target combined deliveries of
GPS-PLGA nanospheres along with antimicrobial peptides, or factors that stimulate angiogenesis, or small-molecule

Synthesize

Organic phase Emulsion droplets ~ Solvent evaporation Uniform nanospheres

Structure and release behavior

Wound healing
. AR e Collagen synthesis
" O Angiogenesis
PLGA matrix ~@® antimicrobial

Oral administration

Figure 2 Schematic of GPS-PLGA Nanospheres Construction and Release Mechanism.
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immune modulators. These are predicted to help in personalizing treatment in complex cases of inflammation-associated
skin lesions, such as PsO.

Phospholipid Complex-Self-Nanoemulsifying Delivery System

Phospholipid complexes were developed by Indena in the twentieth century, formed between highly water-soluble drugs
and phospholipids, enhancing drug lipid solubility and binding to biomembranes.”’® Subsequent studies have shown
that the addition of oils, surfactants, and cosurfactants, such as Lauroglycol caprylocaproyl macrogol-8 glycerides (FCC),
Cremophor polyoxyl castor oil derivative (EL), or Labrafil oleoyl macrogol-6 glycerides (M1944CS), to drug-
phospholipid complexes produces self-nanoemulsifying drug delivery systems (SNEDDS) with a mean particle size of
less than 100 nm.>%*¢°

Oral administration of GPS in the form of a phospholipid complex combined with SNEDDS significantly enhances its
gastrointestinal absorption compared with conventional formulations.*’ By applying combined strategies, researchers
have found that the process of transporting GPS through the lymphatic system easily bypasses first-pass metabolism,
hence promoting intestinal permeability and overall oral uptake.*' In addition, when the nano-sized SNEDDS
dispersive composition is exposed to gastrointestinal fluids, a nanoemulsion would readily form, in which the synergistic
activity of solubilization by bile salts combines with stabilizing-hepatoprotective phosphatidylcholine activity to increase
GPS in vivo accessibility.*>*"** Formation mechanism and absorption pathway of GPS-PC-SNEDD are shown in
Figure 3. A study reported a high efficiency in complexation (99.50%) and a dissociation constant of 1.60 hr ' of the
GPS-phospholipid complex (PC) from soybean lecithin in pH 6.8 phosphate-buffered saline (PBS). The GPS-PC could
form stable nanoemulsions in an SNEDDS composition comprising Maisin 35—1 or Miglyol as oil phase components,
Labrasol and Cremophor EL as surfactants, and Transcutol P as cosurfactant, having mean sizes of around 20 nm.** The
GPS-PC-SNEDDS retains stable GPS-PC, leading to enhanced solubility and uptake by the intestines. The PK analysis
indicated around ten times increased bioavailability compared to the free GPS with a Cmax value of 4.369 + 1.503
pg mL™, suggesting increased systemic exposure.*’

As the author confirmed, no direct study has explored the application of GPS-PC-SNEDDS in PsO or DFU yet.
Nonetheless, the model appears promising in terms of boosting the oral uptake of poorly absorbed drugs. In a research of
the diabetic rat model, the lecithin-SNEDDS showed an increase in proteolysis protection of exenatide up to 77.6 + 2.8%,
and the peak plasma concentration (Cmax) was attained at 5.8 ng/mL, showing nine times the area under the curve
(AUC) value when compared to that of the oral monomer solution.®> Another study of the osteoporosis rat model
reported the relative bioavailability of 295.79 + 83.21% when compared to commercial tablets in the case of pamidronate
disodium in osteoporosis.®* These observationally compiled data reveal that PC-SNEDDS not only improves the oral
uptake and PK aspects of GPS but also has widespread applications in several biologic compounds as well. The drug-
delivery model has the potential to act as an effective and systemic tool in combating inflammation-associated skin
lesions like PsO and DFU with high possibility.

GPS @Y @ Enhance(li‘intestinal
i permeability

surfactant Systemic

Formation of GPS-PC cosurfactant & Jw-circulation
GPS-PC-SNEDDS
. o ’ p— Lymphatic transpoort

Enhanced lipophilicity Excellent dispersibility il ?
and membrane and solubility Increased oral bioavailability
permeability

Figure 3 Schematic of GPS-PC-SNEDD Formation Mechanism and Absorption Pathway.
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Nanocarriers for Topical Delivery
Chitosan Nanoparticles
CHI is an example of cationic polysaccharides obtained from chitin through deacetylation, which consists of glucosamine
as the main structural element.®>® In physiological environments, the main amino groups from CHI get protonated,
leading to the gain of positive charge and hence increasing electrostatic interactions with negatively charged cellular
membranes, thereby contributing to enhanced cellular uptake mechanisms like clathrin-mediated endocytosis and
macropinocytosis.’>*”*® CHI can go through degradation in part using nonspecific glycosidases such as lysozyme in
the human body, showing good biodegradability and biocompatibility. These characteristics make CHI an important
ingredient in drug delivery systems.®>°

In recent studies, the self-assembling property of CHI derivatives has been utilized to develop carrier systems for
plant-originated active compounds, such as GPS. Hydroxyethyl chitosan (HECS) nanoparticles have been developed as
carrier systems for GPS. GPS should be dissolved in PBS solution and slowly dripped into an anhydrous ethanol solution
of HECS. By taking advantage of electrostatic interactions and hydrogen bonding, self-assembly would be realized, and
the resultant solution would be evaporated to remove ethanol, resulting in GPS-loaded HECS nanoparticles
(GPS@HECS).?>"! For further stabilization of the drug carrier system and increasing GPS EE, lipid-assisted coating
methodology should be used to coat GPS-loaded lipid nanoparticles with CS, resulting in CHI-coated lipid GPS
nanoparticles (CS@GPS). Co-self-assembly of HECS components and lipid components has been demonstrated to
help to retain biocompatibility and sustained-release features of drug-loaded HECS components while exhibiting
enhanced GPS EE and preventing degradation. A research reported CS@GPS with the EE of 96.2%, the drug loading
(DL) capacity of 6.3%, and an average size of about 50 nm, proving the efficiency of GPS encapsulation and construction
of drug-loaded carrier nanostructures.’” The structure and drug release mechanism of CS@GPS are shown in Figure 4.

CHI nanoparticles are known to possess a pronounced pH-responsive profile: under conditions of a slightly acidic pH
(pH~5.5, mimicking psoriatic skin lesions), the amino groups of chitosan are increasingly protonated. Enhanced
electrostatic repulsion between the polymer chains ensues, causing network swelling, which is conducive to GPS release.
Using a model cell line of HaCaT, researchers reported that cellular internalization of CHI-based GPS nanoparticles
proceeds via macropinocytosis. Further intracellular delivery of GPS was observed to occur within acidic subcellular
compartments, such as lysosomes.”*” All these processes collaborate to enhance the local bioavailability of GPS and
improve its anti-inflammatory action, leading to the alleviation of symptoms of PsO.

Structural modification Preparation methods
—_— — {(G2 ?;
/%/ M w M /;\V Inposomes G b‘hL ;
)J‘f’
R 7 Tnitial CHI
Hydroxylethylated CHI Lipid film emulsification self-assembly
5 E coating
Material properties -
Applications
PH responsive
@ = CS@GPS Nanoparticles
OMacropmocytoms Topical administration
Biodegradability -

Figure 4 Schematic of CS@GPS Structure and Drug Release Mechanism.
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However, CHI is not stable in some pathological microenvironments. Chronic wounds, such as DFU, exhibit a neutral
to mildly alkaline pH (pH >7) microenvironment, where the amino groups in CHI would be deprotonated, reducing the
solubility of CHI and, therefore, precipitating or aggregating it.°>’>”> This situation has been proven to impair the
stability of CHI-based carriers and their performance in drug release.”*’ To dissolve the limitations, several such
approaches have been assessed in the models of DFU by modifying the chemical composition and composite formula-
tions of CHI. For instance, 5-methyl-2-pyrrolidone-modified CHI (NMP-CHI, MPC) was prepared by a research group in
Portugal, which conferred sustained anti-inflammatory delivery and thereby accelerated wound healing in diabetic
mice.”® A different study published by researchers in the United States combined CHI nanoparticles with a sodium
alginate hydrogel to create a layered delivery system. This composite appears to maintain structural integrity and allow
for pH-responsive, controlled release under mildly alkaline conditions, which may help prevent the precipitation of
unmodified CHI, potentially facilitating better inflammation resolution and tissue regeneration in DFU models.”’

Based on these approaches, future studies will be able to focus their efforts on intelligent CHI-based delivery systems
responsive to the presence of GPS, hopefully. Further improvement in the stability of the GPS-loaded nanocarriers in skin lesions
can be achieved by chemical modification of CHI through quaternization, hydroxyethylation, or NMP derivatization, which,
together with a smart composite encapsulation structure design, may allow for more sustained and targeted local delivery.

Electrospun Nanofibers

Electrospun nanofibers (NFs) represent a class of drug-delivery systems at the nanoscale, and their preparation is made
by techniques of polymer electrospinning.*®’® Due to their large surface area, striking flexibility, and high porosity, NFs
have gained huge interest in recent times while studying aspects related to drug delivery and lesion repair.**’® A high-
voltage electrostatic field should be utilized in fabrication in order to stretch a polymer solution or melt into nanoscale,
continuous fibers, closely resembling the three-dimensional structure of the extracellular matrix (ECM) on a microscale,
creating a supportive environment for cell adhesion, proliferation, and migration.***® In comparison with other tradi-
tional carriers, such fibers obviously possess superiority in DL and release, where the therapeutic molecules would
homogeneously disperse at the molecular or amorphous states, increasing both the solubility and stability, and allowing
sustained and site-specific delivery.®'*?

Among the range of polymers, polyvinylpyrrolidone (PVP) is widely applicable owing to its biocompatibility and
excellent water solubility.*>®® Further, its fiber-forming and spinnable properties are reliably useful in the fabrication of
drug-loaded NFs. Its physicochemical characteristics are supposed to be further improved by blending with other
hydrophilic polymers.®> Methoxypolyethylene glycol (m-PEG) is one of the most used hydrophilic polymers, enabling
to form a homogenous solution with PVP, thereby making the blend suitable for electrospinning.*® (Figure 5)

Electrospinning process Lesion healing mechanism

L gli-PEG/PVP+GPS solution DFU™ P

~ >

\ NFs dressing
High voltage field %+ B : \ N <

=, High absorbency
Wy Antibacterial
NFs formation Excellent permeability

r 7 — ) Facilitate fibroblast migration
e Collector plate and deposition of collagen

Figure 5 Schematic of m-PEG/PVP NFs Structure and GPS Sustained Release.
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Meanwhile, m-PEG could enhance the hydrophilicity of fibers, while its flexible chain segments improve plasticity and
increase skin adhesion to promote drug release.*® Furthermore, it has been proven that PVP confers robust fiber-forming
capability and enhances solid-phase drug solubility through the means of amorphous solid dispersion.*®*’ As a result, the
combination of m-PEG and PVP is expected to form a system that can balance hydrophilicity, biocompatibility, and fiber-
forming performance to encapsulate hydrophobic compounds such as GPS with improved solubility and physicochemical
stability.

Indeed, m-PEG/PVP NFs generated through electrospinning have been successfully employed for the encapsulation
of GPS, reporting a mean EE of 85.52+3.78% (n=3). Upon local application of GPS, a cumulative release of
60.75+6.74% within two hours was recorded by researchers, greatly improving the local bioavailability of the
medicament.*® In diabetic mouse models of wound infection, the nanofiber dressings have been observed to form
a uniform film releasing GPS continuously into the exudate and attenuate the local inflammatory response. The NFs
could further exert an antibacterial effect against pathogens such as Pseudomonas aeruginosa, promoting the elimination
of bacteria and reducing the risk of infection.*® In addition, the high absorbency and excellent permeability of NFs
contribute to maintaining a moist environment, facilitating fibroblast migration and deposition of collagen, and accel-
erating wound closure and tissue regeneration.*®®® Generally speaking, m-PEG/PVP NFs show stable performance,
controlled release, and favorable biocompatibility that distinctly improves the localized therapeutic effect of GPS with
potential for clinical treatment of diabetic wounds complicated by infection.*®

Recently, NFs are increasingly used in the topical management of various inflammation-associated skin lesions.®*°
However, related research into m-PEG/PVP NFs for GPS delivery in these diseases is still rare. There is a big space for
wider applications for the NFs because of their contribution not only to the improvement of GPS stability and skin
permeability but also to the alleviation of the stickiness and the problematic contamination of clothes common in

traditional Chinese medicine ointments, resulting in a significant improvement in the subjective comfort of patients.*®

Zeolitic Imidazolate Frameworks

Metal-organic frameworks (MOFs) are porous nanostructured materials synthesized by coordination interactions of metal
ions or ion clusters like zinc (Zn), iron, magnesium, calcium, and copper with organic compounds like 2-methylimidazole
and terephthalic acid.”'*> These materials have high surface area, adjustable pore size, good biocompatibility, and high
sensitivity, which make them superior candidates as drug-delivery materials.”'"*

Zinc-based Zeolitic Imidazolate Framework 8 (ZIF-8) is one of the widely studied MOFs that can be prepared from
reagents including zinc nitrate hexahydrate and 2-methylimidazole.”*** These materials have huge potential for efficient
delivery of GPS drugs because of their high surface area, antibacterial properties, and drug release channels depending on
pH.?*?° Researchers have reported that ZIF-8 exhibits pH-dependent dissolution under an acidic environment, where the
protonation of imidazolate linkers weakens the coordination of Zn-N, resulting in the collapse of the framework and thus
accelerating the drug release process. Conversely, under neutrality or a slightly basic pH, ZIF-8 retains a stable frame-
work structure that enables the facilitation of sustained drug release.”>”® Moreover, ZIF-8 itself shows inherent
antimicrobial activities because of its positive charge on the surface, allowing it to interact with negatively charged
bacterial membranes through electrostatic interactions.*”-*” The released ions could inactivate respiratory enzymes inside
bacteria and further stimulate the generation of reactive oxygen species to form lipid peroxides within the cell membrane.
Simultaneously, the 2-methylimidazole moiety would impair the bacterial cell wall integrity, thereby potentiating the
antibacterial activity.*”-*®

A recent research has demonstrated that ZIF-8 is an effective carrier for GPS, and that the motivation of their
association includes van der Waals forces, n—n interactions, and electrostatic attraction.*”*° The obtained GPS@ZIF-8
nanoparticles were reported as a phase-pure crystalline pattern by researchers, with an average diameter of 140.9 = 9 nm,
an EE of 84%, and a loading capacity of approximately 10.77%. Moreover, both Fourier transform infrared (FTIR)
spectroscopy and X-ray diffraction (XRD) could provide evidence for the successful incorporation of GPS into the ZIF-8
framework. Additionally, antibacterial assays have revealed that GPS-loaded nanoformulation exhibits a greatly stronger
inhibitive effect than that of GPS alone.*’ The structure and action mechanism of GPS@ZIF-8 are presented in Figure 6.
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Figure 6 Schematic of the structure and mechanism of action for GPS@ZIF-8.

In vitro release experiments showed that GPS@ZIF-8 effectively released GPS at pH 5, with an accumulative release
of 81.31% within 50 hours, reflecting pronounced pH responsiveness.*’” This provides a rationale for using it as a topical
agent in inflammatory acidic skin lesions, including PsO. In the weakly alkaline microenvironment of DFU and similar
conditions, this framework is expected to have strong stability, effectively extending the duration of drug action and
inhibiting undue drug leakage. In addition, a variation in ion concentration at the site of a DFU lesion by wound exudate
leads to the slow relaxation of the Zn-N bonds of the ligand, resulting in a controlled and sustained release of the drug in
response to ionic fluctuations. Notably, the application of ZIF-8 with Dihydroquercetin has been demonstrated to enhance
diabetic wound healing, including DFU.'® Together with the potent broad-spectrum antibacterial properties of
GPS@ZIF-8, there is great potential for application in treating other inflammation-associated skin lesions via infection
control and facilitation of skin lesion repair.

Hydrogel Membrane
Hydrogels, referred to as hydrogel membranes, represent three-dimensional networks of hydrophilic polymers capable of
absorbing and sustaining a high amount of water (50%) while still maintaining excellent softness, biocompatibility, and
biodegradability.'®"'%% Swelling of hydrogels results in their gel-like state as one hydrogel film that acts as either
a wound dressing or a local drug delivery platform.'®*'* With the addition of a support layer, a backing film, or an
adhesive layer, it is possible to prepare adhesive hydrogel patches for the treatment of inflammatory skin lesions.*®!%?
Notably, hydrogel membranes are able to be designed to respond to external or internal specific stimuli, such as pH,
temperature, or enzymatic activity, allowing on-demand drug release.'*®'%®

A recent research reported that sodium polyacrylate (NP-700) could be used as the main polymer in the hydrogel
patch, where adding glycerin as a humectant, aluminum glycinate as a cross-linking agent, and carbomer 980 as
a thickener, with the inclusion of GPS as the principal active ingredient.*® (Figure 7) This hydrogel formulation
makes the cumulative skin penetration of GPS threefold in a rat dorsal skin model compared to controls, and the
in vitro release profile is greatly enhanced as well. PK studies in rats exhibited that the half-life of GPS administered via
the hydrogel patch was 0.74 + 0.88 hours, while the time to reach peak plasma concentration was prolonged to 2 hours,
greatly improving the in vivo bioavailability of iridoid components.*®

As the author confirmed, though, no systematic investigation of GPS hydrogels has been conducted in PsO or DFU
models yet. Plenty of research regarding the controlled-release and adhesive properties of hydrogels and their derivatives
in skin lesions related to inflammation exists. For example, one study reported that, in a diabetic rat skin ulcer model,
hydrogels containing borate ester dynamic bonds exhibited strong tissue adhesion and hemostatic activity, with the tissue

viscosity approximately 1.2—1.5 times that of honey, reducing bleeding by about 2.5-fold and improving dressing
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Figure 7 Schematic of the structure and controlled release mechanism for localized delivery of GPS via hydrogel membranes.

stability.'” Another research demonstrated that curcumin-loaded hydrogels maintained a sustained release for up to 21
days in diabetic wounds with significant improvement in local drug bioavailability.''” In the mouse model of PsO, the
binary glycoside-carbomer hydrogel was used for the local delivery of the anti-PsO agent upadacitinib (UPA). The
formulation had an average particle size of 114.42 + 2.88 nm, with the EE of 73.75 + 2.24% and DL of 21.16 + 0.49%.
Skin penetration reached 7.04 pg/cm?-h, approximately 2.3 times higher compared to the cream formulation, 3.12 pg/
cm?-h, which greatly improved the local bioavailability and therapeutic efficacy of the drug.''' Therefore, the develop-
ment of hydrogel delivery techniques for GPS treating PsO or DFU patients holds great research potential and value in
the future, especially combined with other nanodelivery techniques.

Other Delivery Strategies

Until now, research into GPS delivery systems has mainly focused on oral and topical routes of administration. However,
recent advances in the field of materials science and transdermal drug delivery indicate that exploring alternative modes
of administration may further improve the therapeutic outcomes of GPS in inflammation-associated skin lesions. The
deployment of nanocarriers is inherently flexible since the way of their application depends on factors such as
biocompatibility, degradability, drug release kinetics, and processability.

Injectable Nanocarrier Strategies

For instance, although MOFs, such as ZIF-8 and hydrogel films, have been conventionally employed for topical delivery,
their structural stability and controlled degradability enable their use in injectable, locally sustained-release formulations.
In previous work, ZIF-8 was incorporated into injectable hydrogels for the subcutaneous delivery of small molecules, for
example, cinnamyl alcohol. The resultant strategy achieved prolonged local drug retention and sustained anti-
inflammatory effects in diabetic wound models and thus significantly accelerated the healing process.''? Such
a strategy implies that with good tissue compatibility, a drug carrier can be used to address the limitations in skin
penetration of traditional topical formulations and thus enable drug distribution in deeper tissues while maintaining high
therapeutic concentrations. As a Biopharmaceutics Classification System (BCS) Class III compound, GPS is character-
ized by low membrane permeability. Injectable nanocarriers, therefore, represent an attractive strategy through which
local retention may be enhanced, anti-inflammatory effects prolonged, and more precise targeting within the chronic
inflammatory skin microenvironment achieved.
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Nanocomposite Delivery Systems

Apart from extending the administration routes, nanocomposite delivery systems provide more integrated and multi-
functional approaches to GPS delivery. Nanocomposites represent solid hybrid systems consisting of two or more
different materials, with at least one component in the nanoscale range.''*''* Combining materials of complementary
properties allows functions that a single carrier seldom may provide, such as higher drug-loading capacity, stronger
adhesion to biological barriers, improved mechanical strength, and release responsive to local pH or enzymatic
activity.!'>''> Based on their matrix composition, nanocomposites are divided into polymer-based multi-material
nanocomposite (PMMC), metal-based multi-material nanocomposite (MMNC), or ceramic-based multi-material nano-
composite (CMNC) systems.'"?

Such systems have already been used in models of inflammatory skin lesions. For example, in the PsO model,
flexibility, adhesion, and mechanical stability were conferred by a dual-network hydrogel containing CHI and polyacrylic
acid. This also controlled the release of CeNPs and betamethasone, hence enhancing the local availability of the drug and
inducing a synergistic anti-inflammatory and antibacterial response.*’ In another recent study, shikonin was incorporated
into PLGA nanoparticles for topical delivery via a hydrogel, and the nanoparticles stabilized the compound and provided
controlled release, whereas the hydrogel maintained an appropriate moist wound environment and enhanced local drug
accumulation.’® These combined effects ensure a more long-lasting and mild anti-inflammatory repair response.
A similar research was performed in the treatment of DFU with liposome (PPD-Lipo) and Bletilla striata polysaccharide
(BSP) hydrogel microspheres loaded with 20(S)-protopanaxadiol. Here, the liposomal core was proven to play a role in
protecting the drug, enhancing tissue penetration, and enabling prolonged release.’’ This system modulates the local
immune microenvironment, reduces inflammation, allows the controlled release of drugs and lesion repair, and thus
accelerates refractory ulcer closure.”!

A shift in the routes of administration, along with the addition of composite multifunctional structures, is expected to
significantly improve GPS delivery. Composite nanosystems like hydrogel microspheres, liposome-hydrogel hybrids,
PLGA nanospheres, CHI-based nanonetworks, NFs, or MOFs would permit targeted accumulation, stimuli-responsive
release, and enhanced local retention of GPS. Systems designed with such features not only overcome the limitations
observed with conventional formulations of GPS but also represent novel approaches and viable technical strategies for
precise and sustained treatment of inflammation-associated skin lesions.

Clinical Studies of Nanodelivery Technologies
Although GPS-loaded nanodelivery strategies have not been used in clinical trials, the above mentioned technologies
have exhibited some advantages in clinical trials of other drugs for skin diseases. For example, a clinical trial of 21
patients suffering from chronic pain or itching used PLGA nanospheres encapsulating capsaicin to reduce the discomfort
caused by capsaicin patches applied on the skin. The treatment exhibited positive outcomes, improving the tolerance of
the patients’ skin to the treatment. The sustained release of the nanospheres maintained the skin irritation at low levels for
over two weeks. This example indicates that PLGA nanospheres may be used as an effective delivery system for the
management of chronic skin irritation.''® In several oral clinical trials, drugs delivered using PC-SNEDDS demonstrated
good oral absorption, stable PK, and a favorable safety profile. For example, the coefficients of variation of the
pharmacokinetic parameters of a cyclosporine microemulsion formulation (Sandimmune Neoral) used in a clinical trial
were 2—6 times lower than those of other formulations. This reduction may indicate that the delivery system can reduce
the changes in the blood levels of the tested drug, improving the stability of the drug.''” In another randomized controlled
trial, ultra-small phospholipid nanoparticles were used to deliver high-density lipoprotein (HDL) phospholipids, which
effectively regulated non-HDL cholesterol and triglyceride levels. Adverse events were noted in 14 patients (28%) in the
treatment group compared to 17 patients (34%) in the placebo group. No serious adverse events were noted in either
group. This shows that this method is safe and well tolerated.'"®

The other delivery systems have also started to attract growing attention in the management of inflammation-
associated skin lesions, which hold significant clinical potential. A multicenter randomized controlled trial in China
(n=96) is currently evaluating CHI nanocrystals as carriers for a combination of Chinese herbal medicines in the
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treatment of PsO, with the study expected to conclude in December 2026.%° In a separate randomized controlled trial
conducted in 2025 (n=36), polycaprolactone (PCL)/polyethylene oxide (PEO) nanofiber patches were used to deliver
Indigo Naturalis (IN) for PsO, addressing the limitations of traditional IN formulations such as poor absorption and skin
staining. After four weeks of treatment, patients’ psoriasis area and severity index (PASI) scores decreased by more than
threefold. Compared with calcipotriol ointment, the nanofiber patch did not cause skin irritation (p < 0.001), and no
abnormalities were observed in blood counts or liver and kidney function tests, reflecting favorable safety and
tolerability.'"” For DFU treatment, a trial (n=28) using mesenchymal stem cells demonstrated that gelatin nanofiber
scaffolds prepared by electrospinning provided an environment conducive to cell growth and proliferation, promoting
wound healing at ulcer sites.'*” In another study (n=56), the wound healing time with topical sodium hyaluronate was 25
+ 4 days, whereas the use of nanoscale hydrogels delivering quercetin and oleic acid significantly shortened healing time
(P < 0.01)."*!

The nano-delivery technologies discussed in this review have enhanced the bioavailability, delivery efficiency,
stability, and safety of the relevant drugs across multiple clinical trials. As a result, patients experienced improved
treatment tolerance and adherence. These approaches also show strong potential for clinical translation. Such technol-
ogies could open new avenues for clinical exploration and application of GPS in the treatment of inflammation-
associated skin lesions.

Limitations and Future Perspectives
Biosafety and PK Considerations

Evidence so far indicates that, in general, GPS nanosystems are well-tolerated and display favorable short-term safety.
However, long-term toxicity, immune responses, and in vivo metabolic pathways have been rarely investigated in
a systematic manner up to now. With differences in degradation behavior and resultant metabolites among different
carriers, such as PLGA, ZIF-8, and CHI, skin microenvironments may be uniquely influenced. That indicates future
studies should be performed in combination with PK analysis and long-term toxicological investigations to establish
a more precise definition of safety margins and translation into clinical practice.

Standardization of Formulation Techniques and Quality Control for GPS

The pronounced hydrophilicity and complex molecular structure of GPS render formulation development particularly
challenging. The comparison of results and reproduction of findings has not been easy to date, due to the variation in the
methods of preparation and process parameters in different research groups. Standardization of quality control, refine-
ment in formulation procedures, and stability testing are some of the areas that need to be focused on in future efforts.
These steps will be vitally necessary for Good Manufacturing Practice (GMP)-compliant manufacturing and industrial
translation of GPS-based formulations.

Further Research on Multi-Model Disease Systems and Mechanisms of Effects

Most of the current studies on PsO and DFU have focused on wound or inflammation models, while there is only limited
research on other inflammation-associated skin lesions, which include atopic dermatitis and contact dermatitis. Specific
disease models, when combined with multi-omics approaches, may allow the investigation of how different GPS
nanodelivery systems work against inflammatory conditions while identifying further applications for these systems in
the treatment of a wide range of inflammatory skin lesions.

Clinical Translation Challenges of Nanodelivery Technologies

Nanodelivery technologies have demonstrated therapeutic benefits in clinical trials, but several challenges remain for
their translation into routine clinical practice. Nanomaterials can aggregate or degrade because of their high surface area,
and stabilizing them often requires freeze-drying and cryoprotectants. These additional steps increase production costs
and tend to concentrate treatments in well-resourced medical centers, limiting accessibility in primary care settings.'*

Clinical translation is also complicated by evolving regulatory frameworks and lengthy approval procedures, which can
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slow market entry. Maintaining consistent quality across production batches is another critical concern for clinical
applications. Long-term safety and the influence of individual patient variability on therapeutic outcomes have not yet
been fully characterized.'* In brief, although nanotechnology shows considerable promise, successful implementation
will require solutions to challenges related to cost, regulation, and quality control.

Conclusion

PsO and DFU have always received great attention in clinical practice and research due to their high prevalence rate and
complicated pathological mechanisms. They seriously decrease the quality of life of patients and put a huge economic
burden on society. The methods of diagnosis and treatment remain limited in the present circumstances, which calls for
urgent development of safe and effective therapies. GPS is a natural iridoid glycoside with multifunctional anti-
inflammatory, antioxidant, angiogenesis-regulating, and antibacterial properties, demonstrating considerable pharmaco-
logical potential in the treatment of these diseases. However, the drawback of poor oral bioavailability and the limitation
of permeability through skin have greatly restricted its clinical application until now. In recent years, the development of
nanodelivery systems has greatly improved the solubility and stability of GPS, increased retention of drugs within target
tissues, and enhanced local bioavailability, providing a novel strategy for the therapeutic application of GPS in the
treatment of inflammatory skin lesions.

Nanocarriers with various material properties and structural features provide different advantages for local drug
delivery. To tackle the rapid clearance of GPS, PLGA nanospheres perform biphasic release, ensuring their systemic
exposure for an extended period. More importantly, PC-SNEDDS formulations improve oral bioavailability by enhancing
the lipid solubility of drugs, promoting lymphatic transport, and reducing first-pass metabolism. Excellent biocompat-
ibility, pH responsiveness, and mucoadhesive property of CHI-based nanocarriers may provide additional improvements
in GPS retention and cellular uptake in the affected skin area. NFs are characterized by high surface area and feature
tunable drug release, thus becoming particularly suitable for wound dressings with enhanced drug dissolution and lesion
repair. ZIF-8 metal-organic frameworks are expected to provide microenvironment-targeting delivery through pH-
responsive release and synergistic antibacterial effects of zinc ions. Hydrogels and their derived nanomaterials can
enhance local therapy by maintaining a moist environment and accomplishing sustained drug release. Most importantly,
an integrated design of composite nanosystems expands the functions of materials, hence allowing more precise control
of GPS release kinetics and responsiveness to the local microenvironment.

Although these methods have been proven to be highly effective in preclinical studies, the successful translation of
GPS nanodelivery systems into the clinic is still hampered by several challenges related to long-term safety, process
control, and quality standardization. Future studies should focus on material modification, process optimization, and
establishment of a complete evaluation system for nanopreparations in line with the essential parameters, including
particle size distribution, EE, DL and release, and stability. In parallel, GMP-grade formulations should be scaled up and
strict quality control implemented to ensure reproducibility and consistency of formulation. Dose-ranging studies and
long-term toxicological evaluation should be performed in relevant animal models of PsO and DFU, respectively, in
which complete PK tests should be conducted to provide practical suggestions for clinical translation of GPS in the
treatment of inflammation-associated skin lesions. In addition, efforts should be made to evaluate these nanodelivery
strategies in clinical settings, considering factors such as treatment accessibility, patient tolerability, and regulatory
compliance. Addressing these aspects will be crucial for successfully bridging the gap between preclinical findings and
real-world clinical applications.

This review aims to highlight the connection between nanomaterial design and clinical translation, offering
a perspective on how GPS-loaded nanodelivery strategies could potentially be applied to the treatment of inflammation-
associated skin lesions. The GPS-loaded nanodelivery system opens new practical avenues toward the therapy of
inflammation-associated skin lesions. Interdisciplinary collaboration, in addition to standardized validation, enables
findings to be effectively translated from the laboratory to clinical therapies and thus opens new horizons for the

application of natural products in treating inflammation-associated skin lesions.

International Journal of Nanomedicine 2026:21 hetps: 15



Wang et al

Abbreviations

AUC, area under the plasma concentration—time curve; AKT, protein kinase B; AMPK, AMP-activated protein kinase;
BSP, Bletilla striata polysaccharide; CHI, chitosan; Cmax, peak plasma concentration; CMNC, ceramic-based multi-
material nanocomposite; CS@GPS, chitosan-coated lipid GPS nanoparticles; DFU, diabetic foot ulcer; DL, drug loading;
ECM, extracellular matrix; EE, encapsulation efficiency; EL, Cremophor polyoxyl castor oil derivative; FDA, US Food
and Drug Administration; FCC, lauroglycol caprylocaproyl macrogol-8 glycerides; FGFR1, fibroblast growth factor
receptor 1; FTIR, Fourier transform infrared; GMP, Good Manufacturing Practice; GPS, gentiopicroside; GPS@HECS,
GPS-loaded HECS nanoparticles; HDL, high-density lipoprotein; HIF-1a, hypoxia-inducible factor 1 alpha; HECS,
hydroxyethyl chitosan; IL-6, interleukin-6; IL-17A, interleukin-17A; IL-23, interleukin-23; IN, Indigo Naturalis; K17,
keratin 17; Keapl, Kelch-like ECH-associated protein 1; Ki-67, antigen Kiel 67; M1944CS, Labrafil oleoyl macrogol-6
glycerides; MMNC, metal-based multi-material nanocomposite; MOFs, metal-organic frameworks; m-PEG, methoxy-
polyethylene glycol; MPC, 5-methyl-2-pyrrolidone-modified chitosan; NaDES, natural deep eutectic solvents; NFs,
electrospun nanofibers; NMP, 5-methyl-2-pyrrolidone; NP-700, sodium polyacrylate; Nrf2, nuclear factor erythroid 2—
related factor 2; PAQR3, progestin and AdipoQ receptor family member 3; PASI, psoriasis area and severity index; PBS,
phosphate-buffered saline; PC, phospholipid complex; PCL, polycaprolactone; PEO, polyethylene oxide; PI3K, phos-
phoinositide 3-kinase; PK, pharmacokinetic; PLGA, poly (lactic-co-glycolic acid); PMMC, polymer-based multi-material
nanocomposite; PsO, psoriasis; PVP, polyvinylpyrrolidone; RAGE, receptor for advanced glycation end products;
SNEDDS, self-nanoemulsifying drug delivery system; TCA, tricarboxylic acid cycle; TNF-a, tumor necrosis factor
alpha; UPA, upadacitinib; VEGF, vascular endothelial growth factor; XRD, X-ray diffraction; ZIF-8, zinc-based zeolitic
imidazolate framework-8; Zn, zinc.

Acknowledgments
We thank Biorender for their assistance in creating all the figures.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding

This work was supported by Capital’s Funds for Health Improvement and Research (CFH2024-2-2237); National Natural
Science Foundation of China (82575054); Beijing Municipal Health Commission “High-level Innovation and
Entrepreneurship ProgramRising Star Spring Bud” Project (G202514051); Program for National Traditional Chinese
Medicine Clinical Outstanding Talents (Document No. 1, 2022, National TCM Administration).

Disclosure
The author(s) report no conflicts of interest in this work.

References

1. Song J, Zhao T, Wang C, Sun X, Sun J, Zhang Z. Cell migration in diabetic wound healing: molecular mechanisms and therapeutic strategies
(Review). Int J Mol Med. 2025;56(2):126. doi:10.3892/ijmm.2025.5567

2. Wei J, Wang Y, Chen Y, et al. Global burden of psoriasis from 1990 to 2021 and potential factors: a systematic analysis. J Invest Dermatol. 2025:
S0022-202X(25)02415-7. doi:10.1016/].jid.2025.08.038

3. Chen XY, Ye LR, Fu NC, et al. Single cell transcriptomics of human psoriasis and epidermal specific Ube2l3 deficient mice highlight CXCL16/
CXCR6 involvement in psoriasis development. Nat Commun. 2025;16(1):9084. doi:10.1038/s41467-025-64106-6

4. Zhang Z, Du W, Zhang X, et al. Self-assembled dictamni cortex nanoparticles ameliorate psoriasis by epigenetic modulation of HSP90AB1 and
suppression of the inflammatory response. Adv Sci. 2026;13(1):e12422. doi:10.1002/advs.202512422

5. Ponikowska M, Vellone E, Czapla M, Uchmanowicz 1. Challenges psoriasis and its impact on quality of life: challenges in treatment and
management. Psoriasis. 2025;15:175-183. doi:10.2147/PTT.S519420

16 https: International Journal of Nanomedicine 2026:21


https://doi.org/10.3892/ijmm.2025.5567
https://doi.org/10.1016/j.jid.2025.08.038
https://doi.org/10.1038/s41467-025-64106-6
https://doi.org/10.1002/advs.202512422
https://doi.org/10.2147/PTT.S519420

Wang et al

11.

12.

14.

15.

16.
17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Senneville E, Albalawi Z, van Asten SA, et al. INGDF/IDSA guidelines on the diagnosis and treatment of diabetes-related foot infections

(IWGDF/IDSA 2023). Diabetes Metab Res Rev. 2024;40(3):e3687. doi:10.1002/dmrr.3687

. Qiao L, Chen J, Liang Y, et al. Intelligent drug delivery-wound healing integrated hydrogel dressing for type 2 diabetes mellitus wounds with

wound microenvironment modulation. Biomaterials. 2026;329:123991. doi:10.1016/j.biomaterials.2026.123991

. Meloni M, Uccioli L, Andreadi A, et al. Incidence and causes of major amputation in patients with diabetic foot ulcers: data from a retrospective

study. Acta Diabetol. 2026;63(1):97-103. doi:10.1007/s00592-025-02577-1

. Armstrong AW, Blauvelt A, Callis Duffin K, et al. Psoriasis. Nat Rev Dis Primers. 2025;11(1):45. doi:10.1038/s41572-025-00630-5
. Li YR, Lai XS, Cheong HF, Gui DK, Zhao YH, Xu YH. Advances in biomaterials and regenerative medicine for diabetic foot ulcer therapy.

Ageing Res Rev. 2025;109:102779. doi:10.1016/j.arr.2025.102779

Kitano T, Sakakibara S, Kitano I, Tsuji Y, Takekawa A, Terashi H. Long-term recurrence risk of diabetic foot ulcers after healing: a 5-year
retrospective cohort study on the influence of hemodialysis and amputation levels. Int J Low Extrem Wounds. 2025;15347346251315220.
doi:10.1177/15347346251315220

Abramczyk R, Queller JN, Rachfal AW, Schwartz SS. Diabetes and psoriasis: different sides of the same prism. Diabetes Metab Syndr Obes.
2020;13. doi:10.2147/DMS0.S273147

. DuY, Wang J, Fan W, Huang R, Wang H, Liu G. Preclinical study of diabetic foot ulcers: from pathogenesis to vivo/vitro models and clinical

therapeutic transformation. Int Wound J. 2023;20(10):4394-4409. doi:10.1111/iwj.14311

Zhang M, Wang Y, Dai Y, et al. Senolytic-loaded asymmetric wound dressing for targeted senescent cell clearance in diabetic wound healing.
Mater Today Bio. 2025;36. doi:10.1016/j.mtbio.2025.102741

Redhu D, Kumari V, Franke K, Hartmann K, Worm M, Babina M. TNF-a counters skin inflammation by restraining mast cell-dependent thymic
stromal lymphopoietin production. J Allergy Clin Immunol. 2025;156(1). doi:10.1016/j.jaci.2025.03.019

Kromeyer A. Ueber das Enzianbitter. Archiv Pharmazie. 1862;160:27-39. doi:10.1002/ardp.18621600105.

Antoniadi L, Bartnik M, Angelis A, et al. Gentiopicroside-an insight into its pharmacological significance and future perspectives. Cells.
2023;13(1):70. doi:10.3390/cells13010070

. Chinese Pharmacopoeia Commission. Pharmacopoeia of the People’s Republic of China. 2020 Edition, Part 1. Beijing: China Medical Science

Press; 2020:282.

Wang M, Li H, Wang Y, et al. Anti-rheumatic properties of gentiopicroside are associated with suppression of ROS-NF-kB-NLRP3 axis in
fibroblast-like synoviocytes and NF-kB pathway in adjuvant-induced arthritis. Front Pharmacol. 2020;11:515. doi:10.3389/fphar.2020.00515
Zhao K, Pu S, Sun L, Zhou D. Gentiopicroside-loaded chitosan nanoparticles inhibit TNF-a-induced proliferation and inflammatory response in
HaCaT keratinocytes and ameliorate imiquimod-induced dermatitis lesions in mice. Int J Nanomed. 2023;18:3781-3800. doi:10.2147/1JN.
S406649

Chen C, Liu X, Li L, et al. Study of the mechanism by gentiopicroside protects against skin fibroblast glycation damage via the RAGE pathway.
Sci Rep. 2024;14(1):4685. doi:10.1038/s41598-024-55525-4

Wang X, Liu M, Wu Y, Sun J, Liu L, Pan Z. Gentiopicroside targeting AKT1 activates HIF-1o/VEGF axis promoting diabetic ulcer wound
healing. Front Pharmacol. 2025;16:1506499. doi:10.3389/fphar.2025.1506499

Xiao H, Sun X, Lin Z, et al. Gentiopicroside targets PAQR3 to activate the PI3K/AKT signaling pathway and ameliorate disordered glucose and
lipid metabolism. Acta Pharm Sin B. 2022;12(6):2887-2904. doi:10.1016/j.apsb.2021.12.023

Xu Z, Huang J, Wen M, et al. Gentiopicroside ameliorates glucose and lipid metabolism in T2DM via targeting FGFR1. Phytomedicine.
2024;132:155780. doi:10.1016/j.phymed.2024.155780

Baba SA, Malik SA. Evaluation of antioxidant and antibacterial activity of methanolic extracts of Gentiana kurroo royle. Saudi J Biol Sci.
2014;21(5):493-498. doi:10.1016/j.sjbs.2014.06.004

Chang-Liao WL, Chien CF, Lin LC, Tsai TH. Isolation of gentiopicroside from Gentianae Radix and its pharmacokinetics on liver ischemia/
reperfusion rats. J Ethnopharmacol. 2012;141(2):668-673. doi:10.1016/j.jep.2011.08.001

Yang R, Qin J, Yan Q, et al. External medicine composition for treating rheumatoid arthritis, preparation method and application of external
medicine composition (China Patent CN103432217A). Assignee: Chongqing Academy of Chinese Materia Medica; 2013. Available from:
https://eureka.patsnap.com/patent-CN103432217A. Accessed November 22, 2025.

Maded ZK, Lassoued MA, Taqa GAA, et al. Topical application of dipyridamole and roflumilast combination nanoparticles loaded nanoemulgel
for the treatment of psoriasis in rats. Int J Nanomed. 2024;19:13113-13134. doi:10.2147/1JN.S492180

Tang S, Xiao R, Zeng Z, Xi J. Nanocarriers for psoriasis treatment: insights from a clinical trial registered on the global clinical trials registry
platform. Int J Nanomed. 2026;21:573779. doi:10.2147/IJN.S573779

Gao Y, Tang X, Yao J, et al. Targeting the bile acid receptor TGRS with Gentiopicroside to activate Nrf2 antioxidant signaling and mitigate
Parkinson’s disease in an MPTP mouse model. J Adv Res. 2025:S2090-1232(25)00356-X. doi:10.1016/j.jare.2025.05.039

Andryszkiewicz W, Chmielewska M, Ciecierska J, et al. Gentianaceae family-derived bioactive compounds-therapeutic values and supporting
role in inflammation and detoxification. Nutrients. 2025;17(16):2619. doi:10.3390/nul17162619

Chen B, Peng Y, Wang X, Li Z, Sun Y. Preparative separation and purification of four glycosides from gentianae radix by high-speed
counter-current chromatography and comparison of their anti-NO production effects. Molecules. 2017;22(11):2002. doi:10.3390/
molecules22112002

Lin P, Ye Z, Lu Y, Zhao S, Hu F, Ji L. Content determination of loganic acid and gentiopicroside in Tebitan herbal medicines Gentiana
macrophylla and G. straminea by HPLC. Zhong Yao Cai. 2004;27(11):819-821.

Jovanovi¢ MS, Milutinovi¢ M, Radan M, et al. Ultrasound-assisted natural deep eutectic solvents (NaDES) extraction of gentiopicroside,
isovitexin, and isogentisin from Gentiana asclepiadea L. biowaste. Sustainable Chem Pharm. 2024;42:101808. doi:10.1016/j.scp.2024.101808
Pereira TC, Souza VP, Padilha APF, Duarte FA, Flores EM. Trends and perspectives on the ultrasound-assisted extraction of bioactive
compounds using natural deep eutectic solvents. Curr Opin Chem Eng. 2025;47:101088. doi:10.1016/j.coche.2024.101088

Feng C, Tang X, Guo H, Hu J, Zhang G, Zhou J. Deep eutectic solvent: improve the stability of constituents in Gentianae radix et rhizoma (GR)
extract and oral absorption in rats. Arab J Chem. 2025;18:1382025. doi:10.25259/AJC_138_2025

Cheng G, Zhang X, Zhang H, et al. Gentiopicrin-loaded chitosan nanoparticles as a topical agent for the treatment of psoriasis. Nanomaterials.
2024;14(7):610. doi:10.3390/nano14070610

International Journal of Nanomedicine 2026:21 hetps: 17


https://doi.org/10.1002/dmrr.3687
https://doi.org/10.1016/j.biomaterials.2026.123991
https://doi.org/10.1007/s00592-025-02577-1
https://doi.org/10.1038/s41572-025-00630-5
https://doi.org/10.1016/j.arr.2025.102779
https://doi.org/10.1177/15347346251315220
https://doi.org/10.2147/DMSO.S273147
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1016/j.mtbio.2025.102741
https://doi.org/10.1016/j.jaci.2025.03.019
https://doi.org/10.1002/ardp.18621600105
https://doi.org/10.3390/cells13010070
https://doi.org/10.3389/fphar.2020.00515
https://doi.org/10.2147/IJN.S406649
https://doi.org/10.2147/IJN.S406649
https://doi.org/10.1038/s41598-024-55525-4
https://doi.org/10.3389/fphar.2025.1506499
https://doi.org/10.1016/j.apsb.2021.12.023
https://doi.org/10.1016/j.phymed.2024.155780
https://doi.org/10.1016/j.sjbs.2014.06.004
https://doi.org/10.1016/j.jep.2011.08.001
https://eureka.patsnap.com/patent-CN103432217A
https://doi.org/10.2147/IJN.S492180
https://doi.org/10.2147/IJN.S573779
https://doi.org/10.1016/j.jare.2025.05.039
https://doi.org/10.3390/nu17162619
https://doi.org/10.3390/molecules22112002
https://doi.org/10.3390/molecules22112002
https://doi.org/10.1016/j.scp.2024.101808
https://doi.org/10.1016/j.coche.2024.101088
https://doi.org/10.25259/AJC_138_2025
https://doi.org/10.3390/nano14070610

Wang et al

38

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

. Ren J, Chen X, yu WH, et al. Gentiopicroside ameliorates psoriasis-like skin lesions in mice via regulating the Keapl-Nrf2 pathway and
inhibiting keratinocyte activation. Acta Pharmacol Sin. 2025;46(5):1361-1374. doi:10.1038/s41401-024-01449-8

Kasowanjete P, Dhilip Kumar SS, Houreld NN. A review of photobiomodulation on PI3K/AKT/mTOR in wound healing. J Photochem
Photobiol. 2024;19:100215. doi:10.1016/j.jpap.2023.100215

Buza V, Niculae M, Hanganu D, et al. Biological activities and chemical profile of gentiana asclepiadea and inula helenium ethanolic extracts.
Molecules. 2022;27(11):3560. doi:10.3390/molecules27113560

Jovanovi¢ MS, Milutinovi¢ M, Brankovi¢ S, et al. Spasmolytic, antimicrobial, and antioxidant activities of spray-dried extracts of gentiana
asclepiadea L. with in silico pharmacokinetic analysis. Plants. 2024;13(11):1445. doi:10.3390/plants13111445

Cheng L, Zhang Y, Xu Q, Li Z, Liu Z, Dai F. Hyaluronic acid/silk fibroin nanoparticles loaded with methotrexate for topical treatment of
psoriasis. Int J Pharm X. 2025;9:100312. doi:10.1016/j.ijpx.2024.100312

Xie H, Tian S, Cui C, et al. A glycopeptide-based pH-responsive hydrogel promotes diabetic wound healing via antimicrobial and remodeling
microenvironment. Colloids Surf B Biointerfaces. 2025;251:114614. doi:10.1016/j.colsurfb.2025.114614

Almukainzi M, El-Masry TA, Negm WA, et al. Gentiopicroside PLGA nanospheres: fabrication, in vitro characterization, antimicrobial action,
and in vivo effect for enhancing wound healing in diabetic rats. ZJN. 2022;17:1203-1225. doi:10.2147/1JN.S358606

Tong Y, Shi W, Zhang Q, Preparation WJ. Characterization, and in vivo evaluation of gentiopicroside-phospholipid complex (GTP-PC) and its
self-nanoemulsion drug delivery system (GTP-PC-SNEDDS). Pharmaceuticals. 2023;16(1):99. doi:10.3390/ph16010099

Almukainzi M, El-Masry TA, Negm WA, et al. Co-delivery of gentiopicroside and thymoquinone using electrospun m-PEG/PVP nanofibers:
in-vitro and in vivo studies for antibacterial wound dressing in diabetic rats. Int J Pharm. 2022;625:122106. doi:10.1016/j.ijpharm.2022.122106
Amur SA, Soomro NA, Khuhro Q, Wei Y, Liang H, Yuan Q. Encapsulation of natural drug gentiopicroside into zinc based Zeolitic Imidazolate
Frameworks (ZIF-8): in-vitro drug release and improved antibacterial activity. J Drug Delivery Sci Technol. 2023;84:104530. doi:10.1016/j.
jddst.2023.104530

Liu H, Zhong Y, Huang R, Meng S, Chen G. Transdermal anti-inflammatory effects and mechanisms of hydrogel patches containing
seco-iridoids from Gentiana macrophylla Pall. Fitoterapia. 2025;183:106544. doi:10.1016/j.fitote.2025.106544

Yeo G, Kim J. Antibacterial chitosan-based double-network hydrogel patch loaded with antioxidant ceria nanoparticles and betamethasone to
treat psoriasis. Biomacromolecules. 2025;26(3):1627-1638. doi:10.1021/acs.biomac.4c01442

FuJ, You L, Sun D, Zhang L, Zhao J, Li P. Shikonin-loaded PLGA nanoparticles: a promising strategy for psoriasis treatment. Heliyon. 2024;10
(11):€31909. doi:10.1016/j.heliyon.2024.e31909

Guo P, Lei P, Luo L, et al. Microfluidic-engineered Chinese herbal nanocomposite hydrogel microspheres for diabetic wound tissue
regeneration. J Nanobiotechnology. 2024;22(1):724. doi:10.1186/s12951-024-02998-0

Green KA, Kulkarni AS, Jankoski PE, et al. Biocompatible glycopolymer-PLA amphiphilic hybrid block copolymers with unique
self-assembly, uptake, and degradation properties. Biomacromolecules. 2024;25(10):6681-6692. doi:10.1021/acs.biomac.4c00885

Khan MS, Rehman U, Alqahtani T, et al. Advances in PLGA-based polymeric nanocarriers for colorectal cancer therapy: overcoming
chemoresistance through controlled delivery strategies. Mol Cancer. 2025;24(1):288. doi:10.1186/s12943-025-02435-2

Kim SM, Patel M, Patel R. PLGA core-shell nano/microparticle delivery system for biomedical application. Polymers. 2021;13(20):3471.
doi:10.3390/polym13203471

Lu Y, Cheng D, Niu B, Wang X, Wu X, Wang A. Properties of poly (Lactic-co-Glycolic Acid) and progress of poly (lactic-co-glycolic
acid)-based biodegradable materials in biomedical research. Pharmaceuticals. 2023;16(3):454. doi:10.3390/ph16030454

Sunazuka Y, Ueda K, Higashi K, Wada K, Moribe K. Mechanistic analysis of temperature-dependent curcumin release from Poly(lactic-co-
glycolic acid)/Poly(lactic acid) polymer nanoparticles. Mol Pharm. 2024;21(3):1424-1435. doi:10.1021/acs.molpharmaceut.3c01066
Kanojiya D, Parmar G, Chauhan B, Gondalia S, Rakholiya M. Phytosomes: a contemporary method for delivering novel herbal drugs. JNR.
2024;239-253. doi:10.18311/jnr/2024/34470

Kalaivani P, Kamaraj R. Phytosome technology: a novel breakthrough for the health challenges. Cureus. 2024;16(8):¢68180. doi:10.7759/
cureus.68180

Muiioz-Correa MOF, Bravo-Alfaro DA, Mendoza-Sanchez LG, Luna-Barcenas G, Garcia HS, Garcia-Varela R. Evaluation of a mucoadhesive
auto-nanoemulsifying drug delivery system (SNEDDS) for oral insulin administration. Eur J Pharm Biopharm. 2024;205:114567. doi:10.1016/
j-ejpb.2024.114567

Puri R, Mahajan M, Sahajpal NS, Singh H, Singh H, Jain SK. Self-nanoemulsifying drug delivery system of docosahexanoic acid: development,
in vitro, in vivo characterization. Drug Dev Ind Pharm. 2016;42(7):1032—1041. doi:10.3109/03639045.2015.1107089

Tong Y, Zhang Q, Shi W, Wang J. Mechanisms of oral absorption improvement for insoluble drugs by the combination of phospholipid complex
and SNEDDS. Drug Deliv. 2019;26(1):1155-1166. doi:10.1080/10717544.2019.1686086

Reyna-Lazaro L, Morales-Becerril A, Aranda-Lara L, et al. Pharmaceutical nanoplatforms based on self-nanoemulsifying drug delivery systems
for optimal transport and co-delivery of sirnas and anticancer drugs. J Pharmaceut Sci. 2024;113(7):1907-1918. doi:10.1016/j.
xphs.2024.02.017

Venkatasubramanian R, Al-Maghrabi PM, Alavi O, et al. Design, evaluation, and in vitro—in vivo correlation of self-nanoemulsifying drug
delivery systems to improve the oral absorption of exenatide. J Control Release. 2025;379:440-451. doi:10.1016/j.jconrel.2025.01.013
Solanki P, Ansari MD, Alam MI, Aqil M, Ahmad FJ, Sultana Y. Precision engineering designed phospholipid-tagged pamidronate complex
functionalized SNEDDS for the treatment of postmenopausal osteoporosis. Drug Deliv Transl Res. 2023;13(3):883-913. doi:10.1007/s13346-
022-01259-7

Zeshan M, Amjed N, Ashraf H, Farooq A, Akram N, Zia KM. A review on the application of chitosan-based polymers in liver tissue
engineering. Int J Biol Macromol. 2024;262(Pt 1):129350. doi:10.1016/j.ijbiomac.2024.129350

Lindner S, Bonin M, Hellmann MJ, Moerschbacher BM. Three intertwining effects guide the mode of action of chitin deacetylase de- and
N-acetylation reactions. Carbohydr Polym. 2025;347:122725. doi:10.1016/j.carbpol.2024.122725

Li Y, Tian H, Zeng H, et al. Chitosan based surface modulation of core-shell nanoparticles for oral delivery of exenatide via balancing mucus
penetration and cellular uptake. /nt J Pharm. 2025;672:125319. doi:10.1016/j.ijpharm.2025.125319

Nam HY, Kwon SM, Chung H, et al. Cellular uptake mechanism and intracellular fate of hydrophobically modified glycol chitosan
nanoparticles. J Control Release. 2009;135(3):259-267. doi:10.1016/j.jconrel.2009.01.018

18

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1038/s41401-024-01449-8
https://doi.org/10.1016/j.jpap.2023.100215
https://doi.org/10.3390/molecules27113560
https://doi.org/10.3390/plants13111445
https://doi.org/10.1016/j.ijpx.2024.100312
https://doi.org/10.1016/j.colsurfb.2025.114614
https://doi.org/10.2147/IJN.S358606
https://doi.org/10.3390/ph16010099
https://doi.org/10.1016/j.ijpharm.2022.122106
https://doi.org/10.1016/j.jddst.2023.104530
https://doi.org/10.1016/j.jddst.2023.104530
https://doi.org/10.1016/j.fitote.2025.106544
https://doi.org/10.1021/acs.biomac.4c01442
https://doi.org/10.1016/j.heliyon.2024.e31909
https://doi.org/10.1186/s12951-024-02998-0
https://doi.org/10.1021/acs.biomac.4c00885
https://doi.org/10.1186/s12943-025-02435-2
https://doi.org/10.3390/polym13203471
https://doi.org/10.3390/ph16030454
https://doi.org/10.1021/acs.molpharmaceut.3c01066
https://doi.org/10.18311/jnr/2024/34470
https://doi.org/10.7759/cureus.68180
https://doi.org/10.7759/cureus.68180
https://doi.org/10.1016/j.ejpb.2024.114567
https://doi.org/10.1016/j.ejpb.2024.114567
https://doi.org/10.3109/03639045.2015.1107089
https://doi.org/10.1080/10717544.2019.1686086
https://doi.org/10.1016/j.xphs.2024.02.017
https://doi.org/10.1016/j.xphs.2024.02.017
https://doi.org/10.1016/j.jconrel.2025.01.013
https://doi.org/10.1007/s13346-022-01259-7
https://doi.org/10.1007/s13346-022-01259-7
https://doi.org/10.1016/j.ijbiomac.2024.129350
https://doi.org/10.1016/j.carbpol.2024.122725
https://doi.org/10.1016/j.ijpharm.2025.125319
https://doi.org/10.1016/j.jconrel.2009.01.018

Wang et al

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Martinez Junior AM, Ruiz TFR, Vilamaior PS, Tiera VA, Taboga SR, Tiera MJ. Topical delivery of siRNA to psoriatic skin model using high
molecular weight chitosan derivatives: in vitro and in vivo studies. Drug Deliv Transl Res. 2025;15(9):3199-3225. doi:10.1007/s13346-025-
01800-4

Pitrolino K, Felfel R, Roberts G, Scotchford C, Grant D, Sottile V. In vitrodegradation of a chitosan-based osteochondral construct points to
a transient effect on cellular viability. Biomed Mater. 2024;19(5):055025. doi:10.1088/1748-605X/ad6547

Quidiones JP, Peniche H, Peniche C. Chitosan based self-assembled nanoparticles in drug delivery. Polymers. 2018;10(3):235. doi:10.3390/
polym10030235

Barik S, Keswani K, Ray P, et al. Emerging smart biomaterials/devices to accelerate chronic wound healing by modulating wound
microenvironments. Small. 2025;21(52):¢06791. doi:10.1002/smll.202506791

Mertins O, Dimova R. Insights on the interactions of chitosan with phospholipid vesicles. Part I: effect of polymer deprotonation. Langmuir.
2013;29(47):14545-14551. doi:10.1021/1a403218c

Yu S, Hao S, Sun B, et al. Quaternized chitosan nanoparticles in vaccine applications. Curr Med Chem. 2020;27(30):4932-4944. doi:10.2174/
0929867326666190227192527

Pérez-Pacheco Y, Tylkowski B, Garcia-Valls R. Chitosan micro/nanocapsules in action: linking design, production, and therapeutic application.
Molecules. 2025;30(2):252. doi:10.3390/molecules30020252

Moura LIF, Dias AMA, Leal EC, Carvalho L, de Sousa HC, Carvalho E. Chitosan-based dressings loaded with neurotensin--an efficient strategy
to improve early diabetic wound healing. Acta Biomater. 2014;10(2):843-857. doi:10.1016/j.actbio.2013.09.040

Mahmoodi M, Mirzababaie SA, Mokhtarzade A, et al. Evaluation of gene expression levels in diabetic rat skin wound healing treated with
chitosan/curcumin nanoparticles-loaded sodium alginate/chitosan hydrogels. Int J Biol Macromol. 2025;324(Pt 1):147220. doi:10.1016/j.
ijbiomac.2025.147220

Lao M, Li X, Wang Y, et al. Electrospun porous nanofibers for sustained drug delivery: degradation-controlled release through architectural
design. Colloids Surf B Biointerfaces. 2026;257:115126. doi:10.1016/j.colsurfb.2025.115126

Kumar M, Hilles AR, Ge Y, Bhatia A, Mahmood S. A review on polysaccharides mediated electrospun nanofibers for diabetic wound healing:
their current status with regulatory perspective. Int J Biol Macromol. 2023;234:123696. doi:10.1016/j.ijbiomac.2023.123696

Politi S, Carotenuto F, Rinaldi A, et al. Smart ECM-based electrospun biomaterials for skeletal muscle regeneration. Nanomaterials. 2020;10
(9):1781. doi:10.3390/nan010091781

Wang Q, Ji P, Bu T, Mao Y, He H, Ge N. Recent progress in the application of electrospinning technology in the biomedical field. J Funct
Biomater. 2025;16(7):266. doi:10.3390/jfb16070266

Miki A, Hara K, Shibata T, et al. Development of a solid dispersion system for polyvinyl alcohol nanofibers embedded with silicon dioxide
particles via emulsion electrospinning for improved solubility of poorly water-soluble drugs. J Drug Delivery Sci Technol. 2024;99:105915.
doi:10.1016/j.jddst.2024.105915

Feysa H, Xu M, Kumah C, et al. In silico-guided rumex abyssinicus-loaded PVA/PVP nanofiber mats for sustainable wound healing. ACS
Biomater Sci Eng. 2026;12(1):335-353. doi:10.1021/acsbiomaterials.5c01926

MoO3-naringin-loaded CMC/PVA/PVP patch: a rapid biofunctional wound dressing - pubmed. Available from: https://pubmed.ncbi.nlm.nih.
gov/41361895/. Accessed January 22, 2026.

Wu YH, Yu DG, Li HP, Wu XY, Li XY. Medicated structural PVP/PEG composites fabricated using coaxial electrospinning. e-Polymers.
2017;17(1):39-44. doi:10.1515/epoly-2016-0244

Peng S, Lai ZT, Hong DW, Chu IM, Lai PL. Controlled release of strontium through neutralization reaction within a methoxy(polyethylene
glycol)-polyester hydrogel. J Appl Biomater Funct Mater. 2017;15(2):e162—¢169. doi:10.5301/jabfm.5000313

Xiuyan LI, Yuting L, Jinhui W, Zhimin DU. Formulation, characterization and and evaluation of aloe-emodin-loaded solid dispersions for
dissolution enhancement. J Tradit Chin Med. 2024;44(1):54-62. doi:10.19852/j.cnki.jtem.20231110.002

Zhou R, Ma Y, Yang M, et al. Wound dressings using electrospun nanofibers: mechanisms, applications, and future directions. Eur Polym J.
2025;231:113900. doi:10.1016/j.eurpolym;j.2025.113900

Thirumal V, Sujatha K, Dhanush R, Sowmya C. Electrospun nanofiber films containing hesperidin and ofloxacin for the inhibition of
inflammation and psoriasis: a potential in vitro study. Curr Drug Deliv. 2025. doi:10.2174/0115672018390944250505120443

Wang P, Gao J, Guo S, et al. Benefits of topical indigo naturalis nanofibrous patch on psoriatic skin: a transdermal strategy for botanicals. Mater
Today Bio. 2023;22:100756. doi:10.1016/j.mtbio.2023.100756

Esfahanian M, Ghasemzadeh MA, Razavian SMH. Synthesis, identification and application of the novel metal-organic framework Fe; Oy4
@PAA@ZIF-8 for the drug delivery of ciprofloxacin and investigation of antibacterial activity. Artif Cells Nanomed Biotechnol. 2019;47
(1):2024-2030. doi:10.1080/21691401.2019.1617729

Yan C, Hu S, Fei Q, Zhang B, Wu W. Advancing drug delivery: design and applications of MOF-polyurethane composites for controlled release
systems. ACS Omega. 2025;10(38):43363-43378. doi:10.1021/acsomega.5c05108

Sun CY, Qin C, Wang XL, et al. Zeolitic Imidazolate framework-8 as efficient pH-sensitive drug delivery vehicle. Dalton Trans. 2012;41
(23):6906—6909. doi:10.1039/c2dt30357d

Sahu KP, Singh S, Singh AK, et al. Nanomaterials via ZIF-8: preparations, catalytic and drug delivery applications. Chem Eng J.
2025;508:160663. doi:10.1016/j.cej.2025.160663

Mete D, Sanli-mohamed G. Structural and functional tuning of ZIF-8 nanoparticles via zinc salt variation and ligand ratio for enhanced drug
delivery. J Nanopart Res. 2025;27(9):240. doi:10.1007/s11051-025-06424-w

Yang J, Jiang G, Husein MM, et al. Biomimetic mineralization-driven in situ encapsulation of cellulase into ZIF-8: enhanced enzyme stability
and pH-responsive release. Chem Eng J. 2025;522:167487. doi:10.1016/j.cej.2025.167487

Ahanger AM, Kumar S, Arya A, Suryavanshi A, Kain D, Vandana. Synthesis and encapsulation of ajuga parviflora extract with zeolitic
imidazolate framework-8 and their therapeutic action against G + and G — drug-resistant bacteria. ACS Omega. 2022;7(2):1671-1681.
doi:10.1021/acsomega.1c03984

Wu P, Wei L, Yao R, et al. Recent advances in crystalline porous materials for antibacterial applications. Chem Asian J. 2025;20(11):
€202401961. doi:10.1002/asia.202401961

International Journal of Nanomedicine 2026:21 hetps: 19


https://doi.org/10.1007/s13346-025-01800-4
https://doi.org/10.1007/s13346-025-01800-4
https://doi.org/10.1088/1748-605X/ad6547
https://doi.org/10.3390/polym10030235
https://doi.org/10.3390/polym10030235
https://doi.org/10.1002/smll.202506791
https://doi.org/10.1021/la403218c
https://doi.org/10.2174/0929867326666190227192527
https://doi.org/10.2174/0929867326666190227192527
https://doi.org/10.3390/molecules30020252
https://doi.org/10.1016/j.actbio.2013.09.040
https://doi.org/10.1016/j.ijbiomac.2025.147220
https://doi.org/10.1016/j.ijbiomac.2025.147220
https://doi.org/10.1016/j.colsurfb.2025.115126
https://doi.org/10.1016/j.ijbiomac.2023.123696
https://doi.org/10.3390/nano10091781
https://doi.org/10.3390/jfb16070266
https://doi.org/10.1016/j.jddst.2024.105915
https://doi.org/10.1021/acsbiomaterials.5c01926
https://pubmed.ncbi.nlm.nih.gov/41361895/
https://pubmed.ncbi.nlm.nih.gov/41361895/
https://doi.org/10.1515/epoly-2016-0244
https://doi.org/10.5301/jabfm.5000313
https://doi.org/10.19852/j.cnki.jtcm.20231110.002
https://doi.org/10.1016/j.eurpolymj.2025.113900
https://doi.org/10.2174/0115672018390944250505120443
https://doi.org/10.1016/j.mtbio.2023.100756
https://doi.org/10.1080/21691401.2019.1617729
https://doi.org/10.1021/acsomega.5c05108
https://doi.org/10.1039/c2dt30357d
https://doi.org/10.1016/j.cej.2025.160663
https://doi.org/10.1007/s11051-025-06424-w
https://doi.org/10.1016/j.cej.2025.167487
https://doi.org/10.1021/acsomega.1c03984
https://doi.org/10.1002/asia.202401961

Wang et al

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Di Nunzio MR, Agostoni V, Cohen B, Gref R, Douhal A. A “ship in a bottle” strategy to load a hydrophilic anticancer drug in porous metal
organic framework nanoparticles: efficient encapsulation, matrix stabilization, and photodelivery. J Med Chem. 2014;57(2):411-420.
doi:10.1021/jm4017202

Astaneh ME, Hashemzadeh A, Fereydouni N. ZIF-8-based nanomaterials for diabetic wound healing: mechanisms, applications, and future
perspectives. J Mater Chem B. 2025;13(46):14931-14948. doi:10.1039/d5tb00194c

Hosseini SA, Noruzi S, Kesharwani P, Sahebkar A. Hydrogel-based dressing for wound healing: a systematic review of clinical trials. Int J Biol
Macromol. 2025;308(Pt 1):142322. doi:10.1016/j.ijbiomac.2025.142322

Zhang L, Li Q, Zhou Y, et al. Preparation strategy of hydrogel loaded with natural products and its research progress in skin repair. Gels.
2026;12(1):62. doi:10.3390/gels12010062

Yazdi MK, Vatanpour V, Taghizadeh A, et al. Hydrogel membranes: a review. Mater Sci Eng C Mater Biol Appl. 2020:114. doi:10.1016/j.
msec.2020.111023

Trombino S, Sole R, Curcio F, Cassano R. Polymeric based hydrogel membranes for biomedical applications. Membranes. 2023;13(6):576.
doi:10.3390/membranes13060576

Nguyen DC, Dang QA, Nguyen TD, et al. DoE-based formulation, physicochemical properties, and anti-inflammatory investigation of a topical
patch preparing by partially neutralized polyacrylate-based adhesive hydrogel. Mater Today Commun. 2023;35:105606. doi:10.1016/.
mtcomm.2023.105606

Heydari P, Kharazi AZ. pH-sensitive PBAE/PGS hydrogels for controlled release of SMV and CIP: enhanced wound healing and targeted
immunomodulatory properties for efficient skin regeneration. Int J Pharm. 2025;684:126165. doi:10.1016/j.ijpharm.2025.126165

Xin H, Maruf DSAA, Akin-Ige F, Amin S. Stimuli-responsive hydrogels for skin wound healing and regeneration. Emergent Mater. 2025;8
(3):1339-1356. doi:10.1007/342247-024-00930-8

Moreno JMC, Chelu M, Popa M. Biocompatible stimuli-sensitive natural hydrogels: recent advances in biomedical applications. Gels. 2025;11
(12):993. doi:10.3390/gels11120993

Jia G, Li Z, Le H, et al. Green tea derivative-based hydrogel with ROS-scavenging property for accelerating diabetic wound healing. Mater Des.
2023;225:111452. doi:10.1016/j.matdes.2022.111452

Alghamdi SA, Alissa M, Alsuwat MA. Dermal derived matrix hydrogel loaded with curcumin improved wound healing in a diabetic rat model.
Tissue Cell. 2024;90:102495. doi:10.1016/j.tice.2024.102495

Xiong Z, Song C, Ou Y, et al. Preparation and evaluation of upadacitinib-loaded binary ethosomal hydrogel: a topical delivery system with
enhanced stratum corneum permeability for improved anti-inflammatory therapy in psoriasis. Mol Pharm. 2025;22(10):6025-6037.
doi:10.1021/acs.molpharmaceut.5c00647

Zhou B, Zhang C, Dai S, et al. Injectable cinnamaldehyde-loaded ZIF-8/Gallic Acid-Grafted gelatin hydrogel for enhanced angiogenesis and
skin regeneration in diabetic wound healing. Front Bioeng Biotechnol. 2025;13:1660821. doi:10.3389/fbioe.2025.1660821

Gupta A, Patel P, Shah S, Patel K. Nanocomposites in focus: tailoring drug delivery for enhanced therapeutic outcomes. Futur J Pharm Sci.
2025;11(1):37. doi:10.1186/s43094-025-00789-4

Omanovi¢-Miklicanin E, Badnjevi¢c A, Kazlagi¢c A, Hajlovac M. Nanocomposites: a brief review. Health Technol. 2020;10(1):51-59.
doi:10.1007/s12553-019-00380-x

Tadepalli S, Rathore MS, Ballal S, Thangavelu I, Gadallah AG. Biogenic carboxymethyl cellulose and I-histidine coated barium peroxide
nanocomposite: a tri-functional platform targeting antimicrobial resistance, cancer, and oxidative stress. Polym Adv Technol. 2026;37(1).
doi:10.1002/pat.70508

Malewicz NM, Rattray Z, Oeck S, et al. Topical capsaicin in poly(lactic-co-glycolic)acid (PLGA) nanoparticles decreases acute itch and heat
pain. Int J Mol Sci. 2022;23(9):5275. doi:10.3390/ijms23095275

Kovarik JM, Mueller EA, van Bree JB, Tetzloff W, Kutz K. Reduced inter- and intraindividual variability in cyclosporine pharmacokinetics
from a microemulsion formulation. J Pharm Sci. 1994;83(3):444—446. doi:10.1002/jps.2600830336

Archakov A, Kukharchuk V, Lisitsa A, et al. Ultra-small phospholipid nanoparticles in the treatment of combined hyperlipidemia: a randomized
placebo-controlled clinical trial. Res Pharm Sci. 2024;19(6):656—668. doi:10.4103/RPS.RPS 274 23

Zhao Y, LiJ, Zhang N, et al. Efficacy of indigo naturalis nanofibrous patches in the treatment of chronic plaque psoriasis: a 4-week prospective,
randomized, semi-compartmental paired, positive drug-controlled trial. Front Pharmacol. 2025;16:1595019. doi:10.3389/fphar.2025.1595019
Meamar R, Ghasemi-Mobarakeh L, Norouzi MR, Siavash M, Hamblin MR, Fesharaki M. Improved wound healing of diabetic foot ulcers using
human placenta-derived mesenchymal stem cells in gelatin electrospun nanofibrous scaffolds plus a platelet-rich plasma gel: a randomized
clinical trial. Int Immunopharmacol. 2021;101(Pt B):108282. doi:10.1016/j.intimp.2021.108282

Gallelli G, Cione E, Serra R, et al. Nano-hydrogel embedded with quercetin and oleic acid as a new formulation in the treatment of diabetic foot
ulcer: a pilot study. Int Wound J. 2020;17(2):485-490. doi:10.1111/iw;j.13299

Hennig M. Topical dosage forms: current perspectives in formulation development, regulatory considerations, and generic product development.
Pharma Excipients. 2025. Available from: https://www.pharmaexcipients.com/news/topical-dosage-forms/. Accessed March 7, 2026.
Pirvulescu LE, Popescu SC, Popescu R, Voiculescu VM, Negrei C. Skin microbiome, nanotoxicology, and regulatory gaps: chronic cosmetic
exposure and skin barrier dysfunction-a systematic review. Pharmaceutics. 2025;17(10):1246. doi:10.3390/pharmaceutics17101246

20

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1021/jm4017202
https://doi.org/10.1039/d5tb00194c
https://doi.org/10.1016/j.ijbiomac.2025.142322
https://doi.org/10.3390/gels12010062
https://doi.org/10.1016/j.msec.2020.111023
https://doi.org/10.1016/j.msec.2020.111023
https://doi.org/10.3390/membranes13060576
https://doi.org/10.1016/j.mtcomm.2023.105606
https://doi.org/10.1016/j.mtcomm.2023.105606
https://doi.org/10.1016/j.ijpharm.2025.126165
https://doi.org/10.1007/s42247-024-00930-8
https://doi.org/10.3390/gels11120993
https://doi.org/10.1016/j.matdes.2022.111452
https://doi.org/10.1016/j.tice.2024.102495
https://doi.org/10.1021/acs.molpharmaceut.5c00647
https://doi.org/10.3389/fbioe.2025.1660821
https://doi.org/10.1186/s43094-025-00789-4
https://doi.org/10.1007/s12553-019-00380-x
https://doi.org/10.1002/pat.70508
https://doi.org/10.3390/ijms23095275
https://doi.org/10.1002/jps.2600830336
https://doi.org/10.4103/RPS.RPS_274_23
https://doi.org/10.3389/fphar.2025.1595019
https://doi.org/10.1016/j.intimp.2021.108282
https://doi.org/10.1111/iwj.13299
https://www.pharmaexcipients.com/news/topical-dosage-forms/
https://doi.org/10.3390/pharmaceutics17101246

Wang et al

International Journal of Nanomedicine Dovepress

Taylor & Francis Group
Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:/
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2026:21 E X in 3@ 21


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Method
	Extraction and Purification of GPS
	Detailed Mechanisms of the Effects of GPS on PsO and DFU
	Research Advances of GPS Nanodelivery Techniques
	Nanocarriers for Oral Delivery
	Poly (Lactic-Co-Glycolic Acid) Nanospheres
	Phospholipid Complex-Self-Nanoemulsifying Delivery System

	Nanocarriers for Topical Delivery
	Chitosan Nanoparticles
	Electrospun Nanofibers
	Zeolitic Imidazolate Frameworks
	Hydrogel Membrane

	Other Delivery Strategies
	Injectable Nanocarrier Strategies
	Nanocomposite Delivery Systems


	Clinical Studies of Nanodelivery Technologies
	Limitations and Future Perspectives
	Biosafety and PK Considerations
	Standardization of Formulation Techniques and Quality Control for GPS
	Further Research on Multi-Model Disease Systems and Mechanisms of Effects
	Clinical Translation Challenges of Nanodelivery Technologies

	Conclusion
	Abbreviations
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

