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a b s t r a c t

Compared to synthetic chemical compounds, plant extracts derived from natural sources have emerged as

the "new favorites" in the treatment and care of skin diseases due to their distinct advantages, including

being environmentally friendly, sustainable, and safe. However, challenges such as poor solubility, lim-

ited permeability, and the barrier function of the stratum corneum significantly restrict the application of

natural products in dermal drug delivery. Fortunately, advancements in nanotechnology offer promising

solutions to overcome these challenges. Different skin diseases and treatments require the precise deliv-

ery of natural active ingredients to specific skin layers, and the unique structure of nanocarriers enables

targeted delivery to achieve desired therapeutic outcomes. This paper begins by exploring the pathogen-

esis and therapeutic targets of common skin conditions, including atopic dermatitis (AD), psoriasis, de-

cubitus ulcers, diabetic foot ulcers (DFUs), as well as applications in antioxidant therapies and anti-aging

strategies. Furthermore, it provides a detailed overview of the depths and locations within the skin where

active compounds must be delivered to exert their effects effectively. Subsequently, this review catego-

rizes and examines natural products based on their therapeutic effects on various skin diseases. It then

highlights the skin depths and specific sites that can be targeted by different delivery systems designed

to enhance skin permeability, tailored to meet the needs of skin disease treatment or care. By addressing

these aspects, this review aims to provide a valuable reference for advancing research on nano-delivery

systems in the field of topical skin drug delivery for the treatment and management of skin diseases.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In recent years, the rapid growth of the pharmaceutical industry

has led to greater focus on functional topical skin products. With

rising needs for treating skin diseases and improving appearance,

skincare has become a multidisciplinary field involving dermatol-

ogy, biology, and pharmaceutical science. Modern skincare prod-

ucts are no longer just for beauty, they now also offer therapeutic

benefits, helping treat specific skin problems and bridging the gap

between cosmetics and medicine [1].

Although many synthetic drugs are used to treat skin dis-

eases, they often cause side effects. In contrast, natural bioactive

compounds from plants are safer and work on multiple targets.

They have anti-cancer, anti-inflammatory, antibacterial, and anti-
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aging effects. Common types include polyphenols, flavonoids, ter-

penes, glycosides, and alkaloids, often found in traditional Chinese

medicine. For example, tea polyphenols and curcumin help reduce

inflammation, chlorogenic acid and arbutin help whiten skin, and

asiaticoside and β-glucan help heal wounds and eczema. These

natural compounds are safer and better for long-term use than

synthetic drugs. However, poor solubility, low permeability, and

the skin barrier still limit their effectiveness [2]. Drug delivery

systems (DDS) like nanoparticles, nanoemulsions (NEs), liposomes,

nanocrystals, and liquid crystal (LC) emulsions (LCEs) help over-

come these challenges.

As shown in Fig. 1A, the skin consists of two primary layers: the

epidermis and the dermis. The epidermis is subdivided into four

layers: stratum corneum, stratum granulosum, stratum spinosum,

and stratum basale [3]. These tightly connected layers form an ef-

fective barrier against external stimuli [4]. The dermis, beneath the

epidermis, contains fibroblasts, immune cells, and an extracellular

matrix (ECM) rich in collagen and elastin fibers, providing struc-
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Fig. 1. (A) Structure of the skin, including the epidermis, dermis (papillary and

reticular layers), and hypodermis, with key adnexal structures indicated. Copied

with permission [3]. Copyright 2015, American Society for Clinical Investigation. (B)

Schematic diagram of the pathway of drug penetration through the skin. Repro-

duced with permission [6]. Copyright 2011, Elsevier.

tural support and regulating immune cell migration. Maintaining

the integrity and function of the skin, including the sebaceous

membrane, stratum corneum, and each epidermal layer, is key to

improving skin conditions. However, due to the skin’s barrier func-

tion, most topical preparations act mainly on the epidermis, par-

ticularly the basal layer, limiting their effects on deeper skin lay-

ers [5]. Only certain ultrafine molecules, like some essential oils,

can penetrate into the dermis, but their effects are minimal due to

low permeability (Fig. 1B) [6]. Therefore, precise delivery of natu-

ral active ingredients to target skin layers is critical to maximize

therapeutic benefits.

This thesis reviews recent advances in delivery systems for nat-

ural active ingredients in the treatment and care of skin diseases.

These systems play a critical role in overcoming the skin’s barrier,

enabling active compounds to effectively reach their target layers

and exert therapeutic effects. To provide a comprehensive under-

standing, the review first explores the pathogenesis of common

skin conditions, such as inflammation, wounds, and aging, to iden-

tify the specific skin layers that require intervention. It then clas-

sifies natural active ingredients based on their mechanisms of ac-

tion in skin treatment and care. Finally, it summarizes the progress

in novel delivery systems, focusing on their delivery depth, action

mechanisms, and applications for different skin disorders. This re-

view aims to offer valuable references for guiding the clinical and

cosmetic application of natural actives and for selecting delivery

strategies tailored to targeted skin structures.

2. Pathogenesis of skin-related diseases

Current research shows that managing skin diseases requires

targeting multiple factors, such as repairing the skin barrier, re-

ducing inflammation, controlling sebum, promoting tissue repair,

fighting oxidation, and preventing infection. For example, immune-

related conditions like atopic dermatitis (AD) and psoriasis involve

chronic inflammation and a damaged skin barrier, so treatments

focus on reducing inflammation, restoring the barrier, and support-

ing healing. In contrast, acne is linked to too much sebum, clogged

pores, bacteria, and local inflammation, so therapies aim to con-

trol oil, fight microbes, reduce inflammation, and boost collagen to

avoid scars. Chronic wounds like pressure sores, diabetic foot ul-

cers, and surgical wounds need treatments that prevent infection,

rebuild tissue, promote blood vessel growth, and speed up heal-

ing. In addition, skincare products now often include antioxidants,

anti-inflammatory agents, whitening ingredients, moisturizers, and

anti-aging compounds to fight oxidative stress, dark spots, water

loss, and skin aging—helping to keep the skin healthy and improve

appearance.

Therefore, a comprehensive understanding of disease mecha-

nisms and therapeutic targets is essential for the effective use of

natural compounds and the development of appropriate delivery

systems. This paper outlines key mechanisms, including barrier re-

pair, inflammation modulation, tissue regeneration, and antioxi-

dant and antimicrobial effects, to inform mechanism-based skin-

care strategies and enhance clinical outcomes. Table 1 summarizes

the discussed skin disorders, their underlying mechanisms, and

corresponding therapeutic approaches.

2.1. Immune-mediated skin diseases and care strategies

2.1.1. AD

AD is a common inflammatory skin disorder, often accompanied

by subtypes such as contact dermatitis and seborrheic dermati-

tis. It is characterized by erythema, pruritus, dryness, scaling, and,

in severe cases, oozing. AD primarily affects the epidermis, espe-

cially the stratum corneum, impairing the skin barrier function and

increasing susceptibility to dryness, infection, and irritation [7,8].

The pathogenesis of AD involves skin barrier dysfunction, immune

dysregulation, microbial imbalance, and hypersensitivity reactions.

As shown in Fig. 2, Th2-mediated immune responses play a cen-

tral role, with overexpression of interleukin-4 (IL-4), IL-5, and IL-

13 promoting inflammation and pruritus. Barrier protein deficiency

Table 1

Mechanisms and care strategies for different types of skin diseases.

Category Representative disease Key pathological mechanism Clinical treatment strategy

Immune-mediated skin

diseases

AD, psoriasis Chronic inflammation, immune

imbalance, barrier dysfunction

Inflammation modulation, barrier

repair, tissue regeneration, antioxidant

defense

Sebaceous gland

dysfunction-related diseases

Acne Excessive sebum, follicular

keratinization, microbial colonization,

localized inflammation

Sebum regulation, anti-inflammation,

antimicrobial treatment, collagen

promotion

Special wounds and chronic

lesions

Pressure ulcers, DFUs,

surgical wounds

Barrier disruption, delayed healing,

infection risk

Antimicrobial treatment, matrix

remodeling, angiogenesis, tissue

regeneration

Functional skincare

approaches

Hyperpigmentation,

wrinkles, sensitive skin

Oxidative stress, pigment disorder,

sebum imbalance, matrix degradation

Antioxidant, anti-inflammation,

whitening, moisturizing, anti-aging,

barrier maintenance
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Fig. 2. Pathogenesis, key mechanisms, and pathophysiology of AD. Copied with per-

mission [12]. Copyright 2020, BMJ Publishing Group.

(e.g., filaggrin) and lipid abnormalities further weaken skin defense.

Microbiome disturbances, particularly Staphylococcus aureus over-

growth, release toxins that aggravate inflammation. Additionally,

allergens activate IgE and mast cells, triggering histamine release

and amplifying symptoms [9–12].

For patients with mild to moderate symptoms, topical medica-

tions are the first-line choice. These include topical corticosteroids

(such as hydrocortisone butyrate cream and fluocinolone cream) to

alleviate erythema and pruritus, and calcineurin inhibitors (such as

tacrolimus ointment and pimecrolimus cream) which are suitable

for sensitive areas like the face [13,14]. In addition, barrier-repair

moisturizers containing ceramides are essential to maintain skin

hydration and integrity. For patients with moderate to severe or

recurrent symptoms, systemic therapies are employed. Oral anti-

histamines (such as loratadine and cetirizine) help control pruritus,

especially nocturnal itching [15]. Systemic corticosteroids (such as

prednisone) may be used during acute flares, although long-term

use is not recommended due to potential side effects [16]. Im-

munosuppressive agents like cyclosporine A and methotrexate are

considered for refractory cases. In recent years, biologics such as

dupilumab have been widely applied in moderate-to-severe cases.

Furthermore, small molecule drugs including Janus kinase (JAK) in-

hibitors like baricitinib, upadacitinib, and abrocitinib have been ap-

proved for adult and adolescent patients [17].

In addition to conventional therapies, natural agents such as

chlorogenic acid and glycyrrhizic acid have shown promising anti-

inflammatory and barrier-repairing properties, and are increasingly

being explored as adjunct treatments in advanced topical delivery

systems to enhance efficacy and skin penetration. Moreover, some

traditional Chinese medicine formulations containing ingredients

like Sophora flavescens or Rehmannia are also applied topically,

though their clinical effectiveness and safety still require further

validation [18].

2.1.2. Psoriasis

Psoriasis is a common chronic inflammatory skin disease char-

acterized by well-demarcated erythematous plaques with silvery-

white scales, often accompanied by pruritus and discomfort. These

lesions primarily result from excessive proliferation and abnormal

differentiation of keratinocytes, leading to epidermal thickening

and plaque formation, while dermal inflammation contributes to

erythema and irritation [19]. The pathogenesis involves immune

dysregulation, with overactivation of T lymphocytes, particularly

Th1 and Th17 subsets, driving elevated secretion of interferon-γ
(IFN-γ ), IL-17, and IL-22, which promote inflammation and ker-

atinocyte hyperproliferation. Additionally, neutrophil infiltration,

accelerated epidermal turnover, and genetic susceptibility (e.g.,

HLA-C06∗) further contribute to disease progression [20–22], as il-

lustrated in Fig. S1A (Supporting information).

Clinically, psoriasis treatment is stratified by disease severity

and encompasses topical agents, systemic medications, biologics,

and phototherapy. For mild cases, topical corticosteroids (e.g., hy-

drocortisone butyrate, halometasone) are widely used to relieve in-

flammation and itching, while tazarotene, a topical retinoid, is pre-

scribed to regulate keratinocyte differentiation [23]. Calcineurin in-

hibitors such as tacrolimus are particularly suited for sensitive ar-

eas like the face. Moderate-to-severe cases often require systemic

treatments, including methotrexate, cyclosporine A, and acitretin,

which have demonstrated clinical efficacy [24]. In recent years,

biologic therapies have become central to management, targeting

key immune pathways with agents such as IL-17 inhibitors, IL-23

inhibitors, and tumor necrosis factor-α (TNF-α) blockers. JAK in-

hibitors like tofacitinib are also employed in patients intolerant to

conventional options. Phototherapy, including narrow-band ultravi-

olet B (NB-UVB) and 308nm excimer laser, is frequently utilized

for widespread lesions [25].

Traditional Chinese medicine therapies, including indigo nat-

uralis ointment and Sophora flavescens (Kushen) decoction, have

also gained attention as adjunctive treatments due to their anti-

inflammatory and lesion-relieving properties. Similarly, natural

bioactive compounds such as azurin, baicalin, chlorogenic acid, and

glycyrrhizic acid have shown potential in regulating inflammation

and oxidative stress, contributing to a more comprehensive ther-

apeutic strategy. As demonstrated in Fig. S1B (Supporting infor-

mation), Jeon et al. demonstrated that rhododendrin significantly

attenuates Toll-like receptor 7 (TLR7)-mediated psoriasis-like skin

inflammation in mice by inhibiting nuclear factor-kappa B (NF-κB)
and interferon regulatory factor 7 (IRF7) signaling pathways, un-

derscoring its promise as a natural anti-inflammatory agent [26].

2.2. Sebaceous gland disorders: Mechanisms and therapeutic

approaches

Sebaceous gland dysfunction underlies the pathogenesis of var-

ious skin diseases, with acne being the most common (Fig. S2A

in Supporting information). Acne is a chronic inflammatory skin

disorder that primarily affects the sebaceous glands and hair fol-

licles, presenting as papules, pustules, nodules, and cysts [27], pri-

marily on the face, back, and chest. Its development involves ex-

cessive sebum secretion, abnormal follicular keratinization, micro-

bial colonization, and inflammation. Androgens bind to their recep-

tors and activate 5α-reductase, converting testosterone into dihy-

drotestosterone (DHT), which stimulates sebaceous glands to pro-

duce more sebum [28,29]. Concurrently, aberrant keratinocyte pro-

liferation leads to follicular plugging and comedone formation. The

anaerobic, lipid-rich environment promotes the growth of Cutibac-

terium acnes (C. acnes), which triggers inflammatory cascades by

releasing pro-inflammatory mediators such as IL-1, IL-8, and TNF-α
via activation of the NF-κB pathway [30]. TLR-2 activation and his-

tamine signaling further contribute to inflammation, redness, and

3
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pruritus [31,32]. The key role of bacterial infection is also sup-

ported by mouse models, where injection of Acinetobacter induces

acne-like lesions, while controls show only mild swelling (Fig. S2B

in Supporting information).

Currently, the clinical treatment of acne focuses on four key as-

pects: excessive sebum production, abnormal follicular keratiniza-

tion, bacterial infection, and inflammation. To control hyperactive

sebaceous gland activity, retinoids and anti-androgenic agents are

commonly employed to suppress sebum production [33]. Abnor-

mal follicular keratinization is managed using retinoids and azelaic

acid, which regulate keratinocyte differentiation and prevent fol-

licular obstruction [34]. In terms of bacterial infection, antibiotics

such as clindamycin and erythromycin, along with benzoyl perox-

ide, are widely used to reduce C. acnes populations [35]. Mean-

while, inflammation plays a pivotal role in acne pathogenesis. Park

et al. demonstrated that the TLR4/myeloid differentiation factor 2

(MD-2) complex is critically involved in lipopolysaccharide (LPS)-

induced immune exacerbation, and specific peptides targeting this

complex can effectively attenuate inflammatory responses in vivo

[36]. Based on these findings, acne-associated inflammation can

be alleviated by nonsteroidal anti-inflammatory drugs (NSAIDs),

NF-κB pathway inhibitors, TLR2 antagonists, and antihistamines,

which collectively help to relieve erythema, pruritus, and local in-

flammatory symptoms.

2.3. Skin injury and chronic wound healing

The wound healing process is generally divided into four se-

quential phases: hemostasis, inflammation, proliferation, and re-

modeling [37]. In the hemostasis phase, vasoconstriction and

platelet aggregation initiate clot formation through the release of

platelet-derived growth factor (PDGF) and transforming growth

factor-β (TGF-β), which activate coagulation cascades and form

a fibrin scaffold for subsequent cell migration [38,39]. During in-

flammation, neutrophils and macrophages sequentially infiltrate

the wound site, clearing debris and secreting pro-inflammatory

and pro-healing cytokines such as TNF-α, IL-6, vascular endothe-

lial growth factor (VEGF), and fibroblast growth factor (FGF). These

cytokines, via activation of pathways like NF-κB, promote immune

cell recruitment and infection control [40]. The proliferative phase

features endothelial and fibroblast activation, with VEGF and FGF

driving angiogenesis, and PDGF and TGF-β promoting fibroblast-

mediated ECM and collagen deposition. Concurrently, keratinocytes

and epithelial cells migrate inward to re-establish the skin barrier

[41]. In the remodeling phase, type III collagen is gradually re-

placed by type I collagen to enhance tensile strength, while matrix

metalloproteinases (MMPs) degrade excess ECM to regulate matrix

turnover. Simultaneously, redundant vasculature regresses and the

wound contracts, restoring skin integrity and barrier function [42].

2.3.1. Decubitus ulcers

Decubitus ulcers or pressure sores are chronic wounds caused

by prolonged pressure, leading to ischemic necrosis of the skin

and deeper tissues, frequently seen in bedridden or immobile pa-

tients [43]. Their pathogenesis involves a cascade of pathologi-

cal events: sustained pressure induces local ischemia and hypoxia,

triggering chronic inflammation (mainly mediated by TNF-α, IL-

6, and IL-1β), persistent NF-κB pathway activation, and exces-

sive reactive oxygen species (ROS) production [44]. These processes

lead to continuous tissue damage, ECM degradation, and impaired

healing. Clinically, treatment focuses on tissue regeneration, anti-

inflammation, antioxidation, and infection control. Mesenchymal

stem cells (MSCs) facilitate angiogenesis and tissue repair via VEGF,

HGF, and exosome (EXO) secretion [45], TGF-β promotes collagen

synthesis, while MMP activity must be controlled to prevent exces-

sive ECM breakdown [46]. ECM-supporting agents like hyaluronic

acid and collagen aid in structural repair. Anti-inflammatory agents

targeting TNF-α, IL-6, IL-1β , and NF-κB signaling help stabilize

the wound environment [47]. Antioxidants such as vitamin C (VC),

VE, N-acetylcysteine (NAC), and superoxide dismutase (SOD) mit-

igate ROS-induced damage and accelerate healing [48]. Given the

high risk of infection, broad-spectrum antibiotics and antimicro-

bial dressings are essential for preventing bacterial colonization

and promoting recovery [49].

Pressure ulcers are commonly treated with pressure relief,

wound cleaning, suitable dressings, infection control, and tissue re-

pair. Hydrocolloids, foams, hydrogels, or silver-based dressings are

selected based on wound type, while severe cases may require

debridement or surgical interventions [50]. Adjunctive therapies

like negative pressure wound therapy (NPWT), platelet-rich plasma

(PRP), and topical agents containing hyaluronic acid or growth fac-

tors can support healing [51]. Natural compounds such as honey,

aloe vera, curcumin, asiaticoside, and green tea extract have shown

anti-inflammatory and wound-healing effects [52]. They help re-

duce inflammation, maintain moisture, and promote tissue regen-

eration [53]. Clinical and animal studies suggest these agents, es-

pecially when combined with advanced delivery systems, may fur-

ther improve therapeutic outcomes.

2.3.2. DFUs

DFUs are common complications in patients with diabetes mel-

litus, typically presenting as skin breakdowns or ulcers on the feet.

They are mainly caused by high blood sugar, nerve damage, and

poor blood flow (Fig. S3A in Supporting information) [54]. DFUs af-

fect the dermis and deeper tissues. Even small injuries can lead to

infection, tissue death, or amputation due to poor circulation and

loss of sensation [55]. DFUs develop through several related fac-

tors. High blood sugar causes oxidative stress and forms harmful

compounds (AGEs), which damage blood vessels, slow new blood

vessel growth, and trigger long-lasting inflammation through the

RAGE pathway [56]. Nerve damage lowers pain sensitivity, mak-

ing injuries go unnoticed and easier to infect [57]. Poor blood flow

due to narrowed arteries leads to low oxygen and nutrients, which

slows healing [58]. Weak immune responses raise the risk of infec-

tion [59], and reduced function of skin cells like keratinocytes and

fibroblasts delays repair [60]. A comparison of normal and diabetic

wound healing processes is illustrated in Fig. S3B (Supporting in-

formation).

DFUs are caused by long-term high blood sugar, which dam-

ages nerves and blood vessels, leading to slow healing and high in-

fection risk. Treatment focuses on controlling blood sugar and im-

proving metabolism, while also restoring blood flow through drugs,

surgery, or other vascular treatments [61]. Wound care includes

debridement, infection control, and using dressings with antimi-

crobial or healing properties, like silver-based or bioactive mate-

rials, which are better than regular wet dressings [62]. For severe

or deep wounds, oxygen therapy and skin grafts may help healing

[63,64]. Cell therapies, such as using MSCs, are also being explored

to support blood vessel growth and tissue repair in DFUs [65].

2.3.3. Surgical wounds

Wounds are defined as disruptions in the continuity of the skin

and underlying tissues, typically caused by mechanical forces. The

size and shape of a wound depend on the nature of the force,

the site of injury, and the direction in which the force is applied

[66]. Surgical wounds refer to incisions made during surgical pro-

cedures, typically involving the epidermis and dermis, and in some

cases extending to subcutaneous tissue, muscle, or internal organs.

As the dermis is rich in blood vessels and nerves, such incisions

may compromise local circulation and sensory function, potentially

impairing the healing process. Reduced blood flow, infection, and
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postoperative complications are common factors that can delay

wound healing [67].

Current treatments primarily include standardized suturing

techniques, sterile dressings to prevent infection, and prophylactic

use of antibiotics. For complex or slow-healing surgical wounds,

clinical approaches such as NPWT, PRP injections, and the appli-

cation of bioengineered skin substitutes have shown significant

therapeutic benefits. NPWT, in particular, is widely used in man-

aging deep or exudative wounds after orthopedic and abdomi-

nal surgeries, helping to reduce edema, promote granulation tis-

sue formation, and improve perfusion [68]. Bioactive hydrogels and

tissue-engineered dressings embedded with growth factors or an-

timicrobial agents are also increasingly utilized in hospitals for

postoperative wound care [69]. Additionally, natural plant-based

preparations are being applied as adjunctive therapies. For exam-

ple, ointments containing Calendula officinalis or Centella asiat-

ica extracts are used in post-surgical wound dressings for their

anti-inflammatory and collagen-stimulating effects [70]. Gel is fre-

quently applied to surgical incisions to promote hydration and ep-

ithelial regeneration. These botanical agents contribute to wound

repair by reducing inflammation, enhancing angiogenesis, and sup-

porting cell proliferation, thereby improving clinical outcomes in

surgical wound healing [71].

2.4. Functional skincare strategies and mechanistic insights

2.4.1. Anti-inflammatory and antioxidant mechanisms in skincare

Under oxidative stress triggered by UV radiation, pollutants, or

microbial invasion, ROS accumulate in the skin and activate key

antioxidant and anti-inflammatory pathways [72]. Mechanistically,

ROS stimulate the dissociation of nuclear factor (erythroid-derived

2)-like 2 (Nrf2) from Keap1, promoting its nuclear translocation

and subsequent upregulation of antioxidant enzymes such as SOD

and glutathione peroxidase (GPx) [73], as shown in Fig. S4A (Sup-

porting information). Meanwhile, Nrf2 inhibits NF–κB signaling, re-

ducing the expression of pro–inflammatory cytokines like IL–1β
and TNF–α [74]. The phosphatidylinositol 3-kinase/protein kinase B

(PI3K/PKB) pathway further enhances Nrf2 activity and suppresses

NF–κB, while cortisol from the hypothalamic–pituitary–adrenal

(HPA) axis also contributes to Nrf2 activation [75,76]. At the tissue

level, keratinocytes in the basal layer and stratum corneum pro-

vide the first line of defense against exogenous oxidative insults via

enzymatic antioxidants and physical barrier functions [77], while

the dermis contributes structural support, nutrient delivery, and

immunoregulatory capacity through its vasculature and appendage

structures [78], as shown in Fig. S4B (Supporting information).

Clinically, treatments for oxidative stress-related skin prob-

lems often combine antioxidants and anti-inflammatory agents.

Common topical antioxidants include VC, VE, coenzyme Q10, and

polyphenols. These are added to creams and serums to fight ROS

and improve skin health. Nrf2 activators and PI3K/Akt pathway

modulators, though still being studied, may boost the skin’s nat-

ural antioxidant defenses and reduce inflammation. NF-κB in-

hibitors, such as caffeic acid derivatives and corticosteroids, help

lower inflammatory mediator levels [79,80]. Plant extracts like Cen-

tella asiatica (for scars), Calendula officinalis (for wound healing),

and Camellia sinensis (for anti-aging) are used widely in skincare

due to their antioxidant, antimicrobial, and collagen-boosting ef-

fects. Glucocorticoids, used topically or systemically, are common

for inflammation control. Also, regulating the HPA axis, through

stress-reducing methods or adaptogenic skincare, is being explored

as a supportive strategy [75,76].

2.4.2. Whitening and pigmentation modulation pathways

Skin pigmentation is mainly regulated by melanogenesis-related

signaling pathways, with key mechanisms including inhibition of

tyrosinase activity, antioxidation, modulation of melanin trans-

port and degradation, and melanocyte apoptosis [81]. Upon UV

exposure, α-MSH secreted by the anterior pituitary binds to

melanocortin 1 receptor (MC1R) on melanocytes, activating the

cyclic adenosine monophosphate/protein kinase A/cAMP response

element-binding protein (cAMP/PKA/CREB) pathway and upregu-

lating microphthalmia-associated transcription factor (MITF) ex-

pression [82]. In parallel, UV-stimulated keratinocytes release

endothelin-1 (ET-1), which activates the mitogen-activated pro-

tein kinase/extracellular signal-regulated kinase (MAPK/ERK) path-

way, while the PI3K/Akt pathway further stabilizes MITF via glyco-

gen synthase kinase-3β (GSK-3β) inhibition [83]. Dysregulation

of these pathways contributes to pigmentary disorders such as

melasma, which is characterized by the overexpression of MC1R,

MITF, and ET-1, and vitiligo, which is associated with melanocyte

apoptosis and impaired MITF signaling [84,85].

Melanin is produced by melanocytes in the basal layer of the

epidermis and transferred to surrounding keratinocytes through

dendritic processes [86]. This layer is essential for melanin synthe-

sis and pigment distribution. Most skin-lightening strategies target

the epidermis to inhibit melanin production, accelerate its break-

down, or regulate dispersion for a more even tone. Clinically, hy-

perpigmentation conditions such as melasma are treated with ty-

rosinase inhibitors (e.g., hydroquinone, kojic acid, arbutin), exfo-

liants (e.g., glycolic acid, azelaic acid), and retinoids to enhance

pigment turnover [87]. Combination therapies like hydroquinone

with tretinoin and corticosteroids (Kligman’s formula) are often

used to boost efficacy and reduce side effects [88]. For stubborn

cases, in-office procedures such as chemical peels, laser treatments,

or intense pulsed light (IPL) are common. Vitiligo therapies fo-

cus on stimulating repigmentation via melanocyte activation and

migration, using topical corticosteroids, calcineurin inhibitors, and

narrowband UVB phototherapy [89]. Autologous melanocyte trans-

plantation may be considered for stable localized lesions [90]. Reg-

ulation of MITF and its signaling pathways plays a key role in both

hyperpigmentation and depigmentation, offering a molecular basis

for developing targeted treatments [91].

2.4.3. Skin hydration, sebum balance, and barrier function

maintenance

Skin moisturization and water-oil balance depend on a barrier

formed by natural moisturizing factors (NMFs) and the sebaceous

membrane, which jointly prevent excessive water evaporation. Se-

bum, composed of lipids secreted by sebaceous glands and sweat,

forms a protective film on the skin surface to reduce TEWL [92].

Structurally, the stratum corneum contains abundant NMFs (e.g.,

amino acids, lactates, urea), while the dermis is rich in water, col-

lagen, and hyaluronic acid, providing elasticity and moisture reten-

tion. Sebaceous glands within the dermis regulate lipid secretion

to maintain hydration and prevent excessive oiliness. Several sig-

naling pathways coordinate this regulation: the PI3K/Akt pathway

facilitates the membrane redistribution of aquaporins (especially

AQP3), promoting intracellular water transport and osmotic stabil-

ity while enhancing lipid synthesis through downstream enzyme

activation [93,94]; AMPK modulates lipid production in energy-

deficient states by inhibiting fatty acid synthesis and adjusting

cholesterol metabolism [95]; the mammalian target of rapamycin

(mTOR) stimulates sebocyte growth and lipogenesis [96]; NF-κB
indirectly suppresses sebum secretion by mediating inflammatory

responses [97]; and Nrf2-Keap1 improves barrier function and cor-

rects sebaceous gland hyperactivity under oxidative stress [98].

These pathways jointly maintain skin hydration, lipid balance, and

structural integrity [99].

In clinical practice, skin dryness and oil-water imbalance are

usually treated with moisturizers, oil-control products, and func-

tional drugs. Moisturizers often include ingredients like glyc-
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erin, hyaluronic acid, ceramides, and natural moisturizing factors

(NMFs), which help strengthen the skin barrier, reduce water

loss, and increase hydration [100]. They are commonly made into

creams, lotions, or gels for dry or sensitive skin. Urea creams (5%–

10%) are also widely used to soften skin, improve moisture, and

relieve dryness and eczema symptoms. Oil-control products often

contain salicylic acid, azelaic acid, or niacinamide. These ingredi-

ents help reduce sebum, clear pores, and are helpful for oily or

acne-prone skin [101]. They come in forms like serums, emulsions,

and cleansers. Some products combine multiple ingredients, such

as niacinamide with zinc PCA, to better balance skin oil and wa-

ter. In addition, topical products with active ingredients like met-

formin, hyaluronic acid complexes, or polyphenols can target sig-

naling pathways like AMPK, PI3K/Akt, or Nrf2. These help repair

the skin barrier, improve oil-water balance, and support overall

skin health [102,103]. They are used in both cosmetic care and

clinical settings, especially for skin damaged by aging, inflamma-

tion, or environmental stress.

2.4.4. Anti-aging mechanisms and skincare approaches

Skin anti-aging strategies primarily involve five interrelated

mechanisms. First, the regulation of oxidative stress plays a cen-

tral role, where free radical scavenging, particularly ROS, acti-

vates the Nrf2-Keap1 and MAPK pathways. Upon oxidative stim-

ulation, Nrf2 dissociates from Keap1 and enters the nucleus to ini-

tiate the transcription of antioxidant genes (e.g., HO-1, NQO1, glu-

tathione S-transferases (GST)), while MAPKs (ERK, c-Jun N-terminal

kinase (JNK), p38) regulate stress responses and antioxidant de-

fenses [104,105]. Second, ECM remodeling is mediated by the TGF-

β/SMAD pathway, which promotes collagen synthesis and fibrob-

last activity. Simultaneously, anti-aging compounds can enhance

tissue inhibitor of metalloproteinases (TIMP) expression to inhibit

MMPs, thereby reducing collagen degradation [106,107]. Third, the

clearance of senescent cells is governed by the p53/p21 axis,

where p53-induced p21 mediates cell cycle arrest or apoptosis,

preserving skin homeostasis [108]. Fourth, the inhibition of pro-

inflammatory signaling via NF-κB and JAK/STAT pathways helps

suppress cytokines such as IL-1, IL-6, and TNF-α, contributing

to anti-inflammatory and anti-aging effects [109]. Lastly, target-

ing glycation processes, particularly the accumulation of AGEs and

their interaction with RAGE, can reduce collagen cross-linking and

downstream NF-κB-mediated oxidative stress and inflammation,

offering another crucial approach for mitigating skin aging [110].

Clinically, skin anti-aging treatments primarily encompass phar-

macological, injectable, and device-based approaches. Pharmaco-

logical treatments commonly employ topical retinoids, VC, and

polyphenolic antioxidants, which modulate oxidative stress, pro-

mote collagen production, and exert anti-inflammatory effects

[111]. Injectable therapies, including botulinum toxin, hyaluronic

acid, peptides, and autologous PRP, effectively reduce wrinkles and

enhance skin hydration and elasticity [112,113]. In recent years,

advancements in DDS, such as nanocarriers, LCEs, and liposomes,

have significantly enhanced the stability, skin penetration capabil-

ity, and targeting efficiency of active ingredients, providing safer,

more effective, and personalized strategies for skin rejuvenation

[114].

3. Natural active ingredients for skin health: Mechanisms and

applications

The previous section discussed the causes and treatments of

skin conditions such as immune imbalance, gland disorders, and

chronic wounds. This section builds on that by highlighting key

natural active ingredients, grouped by their main functions: anti-

inflammatory and antioxidant effects, pigmentation control, hydra-

tion and skin barrier repair, and anti-aging benefits.

Rather than targeting a single disease, this section emphasizes

the broad therapeutic roles of natural compounds across various

skin conditions. Plant-derived agents such as resveratrol, baicalein,

chlorogenic acid, and quercetin contribute to skin repair and pro-

tection by modulating key molecular pathways. Compared to syn-

thetic substances, they offer better safety, skin compatibility, and

multi-target effects. As the demand for safer and more sustain-

able skincare grows, these bioactive compounds are gaining in-

creasing attention in formulations designed to support and restore

skin health.

3.1. Antioxidant and anti-inflammatory mechanisms

Natural bioactive compounds play key roles in reducing skin

inflammation and oxidative stress. Some act as free radical scav-

engers and inhibit lipid peroxidation, while others modulate im-

mune responses and suppress inflammatory mediators, maintain-

ing skin balance. Based on an extensive literature review, I be-

lieve that the multifactorial nature of skin inflammation sup-

ports combining bioactives with complementary mechanisms, such

as flavonoids that regulate inflammation and antioxidants that

counter oxidative stress, which may enhance efficacy and reduce

both dosage and side effects.

Beyond basic skincare, many of these compounds also show

therapeutic potential for inflammatory skin diseases such as AD,

psoriasis, and acne. Polyphenols and flavonoids, for example, reg-

ulate key signaling pathways like NF-κB and MAPK, aiding in in-

flammation control [115,116]. Terpenoids, such as curcumin, in-

hibit cyclooxygenase-2 (COX-2) and reduce IL-6 and IL-1β levels,

thereby alleviating symptoms of AD and psoriasis [117,118]. Phe-

nolic acids, such as chlorogenic acid has demonstrated efficacy in

psoriasis models by targeting the IL-17/IL-23 axis and improving

barrier function [119]. Resveratrol reduces sebum production and

suppresses C. acnes-induced inflammation, making it suitable for

acne management. These natural compounds can be broadly clas-

sified into vitamins, polyphenols, carotenoids, flavonoids, essential

oils, terpenoids, steroids, fatty acids, and plant extracts (Table S1 in

Supporting information) [120–123].

3.2. Whitening mechanisms and pigmentation regulation

Pigmented skin disorders like melasma, freckles, and age spots

are often linked to inflammation, oxidative stress, or hormone im-

balance. These conditions not only affect appearance but can also

damage the skin barrier or, in some cases, suggest a risk of cancer.

Therefore, regulating melanin synthesis and distribution is impor-

tant for both cosmetic and therapeutic reasons. Natural active com-

pounds have shown potential in pigmentation management by in-

hibiting melanin production, enhancing its degradation, or blocking

its transfer to keratinocytes. Their efficacy, however, also depends

on individual skin conditions. For example, antioxidants such as VC

and its derivatives are more effective against UV-induced pigmen-

tation, whereas tyrosinase inhibitors like arbutin are preferable for

other hyperpigmentation types.

As summarized in Table S2 (Supporting information), plant-

derived ingredients can act on multiple targets within the

melanogenic pathway. For example, arbutin and tretinoin are ty-

rosinase inhibitors that suppress melanin synthesis directly [124],

while VC, its derivatives, and polyphenols reduce oxidative stress,

which indirectly modulates melanocyte activity [125,126]. Anti-

inflammatory agents like glycyrrhizic acid and aloe vera extract

help control inflammation-induced hyperpigmentation by down-

regulating melanocyte activation [127,128]. Additionally, com-

pounds such as salicylic acid and fruit acids promote epidermal

turnover and melanin removal [129], while nicotinamide and VC
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derivatives inhibit melanin transport from melanocytes to ker-

atinocytes [130]. Some ingredients, including myostatin inhibitors

and extracts, may also counteract glycation-induced skin yellowing

by inhibiting the formation of AGEs [131,132]. These multifaceted

mechanisms highlight the value of natural actives not only for im-

proving skin tone but also for managing pigmentation-related skin

conditions.

3.3. Hydration, sebum regulation, and barrier protection

Disruption of the skin’s moisture-oil balance is closely linked

to dermatological conditions such as seborrheic dermatitis and

acne. Excess sebum production, often coupled with compromised

skin barrier function, can lead to inflammation, clogged pores,

and microbial overgrowth. Therefore, restoring hydration, regulat-

ing sebum secretion, and reinforcing the skin’s barrier are essen-

tial strategies in both skincare and the prevention or alleviation of

these conditions.

Several natural compounds contribute to these functions

through targeted biological mechanisms, as summarized in Table

S3 (Supporting information). For instance, polysaccharides in Aloe

vera retain moisture, modulate sebaceous gland activity, and exert

anti-inflammatory effects, making them beneficial for oily and irri-

tated skin [133]. Tea tree oil, known for its antibacterial and anti-

inflammatory properties, not only helps control sebum but also re-

duces acne lesions without excessively drying the skin [134]. Jo-

joba oil, due to its structural similarity to human sebum, pene-

trates deeply to maintain hydration while regulating oil secretion

and preventing pore blockage [135,136]. Additionally, aloe vera,

rose water and cucumber extract, rich in hydration and natural as-

tringents, help soothe inflamed skin, tighten enlarged pores, and

limit sebum overproduction [137,138]. However, the effectiveness

of these ingredients is not solely determined by the active com-

pounds but also by factors such as skin type, usage conditions, and

external factors. For instance, while jojoba oil can deeply penetrate

the skin and regulate sebum secretion, it may feel greasy for in-

dividuals with already oily skin, leading to less favorable user ex-

periences. Thus, when selecting natural ingredients, it is crucial to

consider individual skin conditions and care goals to optimize re-

sults.

3.4. Anti-aging mechanisms and treatment for skin disorders

Aging-related skin disorders, such as dry dermatitis, wrin-

kles, discoloration, sagging skin, and inflammatory conditions like

eczema and psoriasis, are common concerns for many individuals.

These conditions are often exacerbated by factors such as aging,

sun exposure, and lifestyle choices. Delaying skin aging and ad-

dressing these aging-related skin disorders requires a multifaceted

approach that includes reducing oxidative stress [139], controlling

inflammation, inhibiting protein glycation, and modulating gene

expression associated with aging.

Natural active ingredients play a pivotal role in this process.

They have been shown to slow down skin aging by promoting cel-

lular regeneration, stimulating collagen synthesis, and enhancing

skin elasticity and firmness [140–142]. In addition to these anti-

aging effects, certain natural compounds also demonstrate ther-

apeutic potential for treating age-related skin conditions such as

chronic dryness, eczema, and psoriasis. For example, compounds

like resveratrol, baicalein, and certain flavonoids possess anti-

inflammatory and antioxidative properties that not only help to

rejuvenate the skin but also alleviate inflammation and skin irri-

tation associated with conditions like eczema and psoriasis [143].

Therefore, future studies should focus more on the delivery effi-

ciency of these compounds in different skin aging models, as well

as their interactions with the skin microbiome.

4. Topical skin DDS for the delivery of natural active

substances

Although many natural active compounds show great poten-

tial for treating skin diseases and skin care, their physicochemical

properties often limit their effectiveness. Many insoluble natural

actives are difficult to deliver efficiently with conventional formu-

lations. Furthermore, most topical products have limited penetra-

tion beyond the stratum corneum and do not reach systemic cir-

culation, acting mainly on the skin surface. This poses a challenge

for treatments requiring deeper skin layer penetration [144]. DDS

refers to the process of delivering therapeutic drugs through vari-

ous forms of administration for disease prevention and treatment.

The development of nano-delivery systems has provided effective

solutions for the dermal delivery of natural active products. Var-

ious nano-delivery systems are now being used to deliver these

natural actives for the treatment of skin diseases and skin care, as

summarized in Table S4 (Supporting information).

4.1. Nanocarrier systems

4.1.1. NEs

NEs are stable colloidal dispersion systems, formed by dis-

persing emulsion droplets with a particle size ranging from 20

nanometers to 200 nanometers in another liquid phase [145].

Based on their structural characteristics, NEs can be classified

into water-in-oil (W/O), oil-in-water (O/W), and double continuous

(O/W/O or W/O/W) systems [146]. Due to their unique structure

and properties, NEs are widely studied for delivering active sub-

stances because of their special structure and properties. They im-

prove skin penetration in several ways. First, they can dissolve both

water- and fat-soluble drugs, allowing for higher drug loading and

flexible dosing. Second, their structure helps the emulsion parti-

cles stick closely to the skin, improving contact with the stratum

corneum. Third, the oil and surfactants can disrupt the skin’s lipid

layers to boost absorption, while the water phase keeps the skin

hydrated, making it easier for drugs to pass through [147–150].

The advantages of NEs in skin treatment lie primarily in their

exceptional local drug delivery and skin penetration properties.

Their high surface area, small particle size, and unique oil-water

interactions enable drugs to effectively penetrate both the skin sur-

face and deeper layers, NEs can carry natural active substances and

penetrate the skin surface effectively. In a study by Giacone et al.

[151], the use of drug-loaded NEs for local administration in two-

dimensional and three-dimensional skin cancer models demon-

strated that chitosan NEs with oleic acid significantly enhanced the

permeability of drugs and other molecules in the skin. The abso-

lute amount of drug in the skin increased by approximately 15

times, indicating the system’s stronger local drug delivery capac-

ity. In another application, Pleguezuelos-Villa et al. [152] prepared

hyaluronic acid NEs, which improved their adhesion and stability

to the skin, enhancing the bioavailability of mangiferin and result-

ing in better efficacy in anti-inflammatory and antioxidant treat-

ments. These studies provide new insights into the application of

NEs in the treatment of skin diseases.

The delivery properties of NEs make them highly promising

in skin treatments, particularly excelling in antioxidant and anti-

inflammatory applications [153]. In antioxidant therapy, NEs can

effectively deliver antioxidants, such as VC, VE, and coenzyme Q10,

to the skin to neutralize free radicals, significantly reducing ox-

idative damage caused by UV radiation and environmental pol-

lution [154,155]. For example, Butnariu et al. [156] explored the

use of propolis aqueous solution and lycopene extract NEs in pro-

tecting the skin from UVA radiation. This nan emulsion achieved

controlled local release, extended the duration of the extract’s

action, and enhanced the skin’s absorption. The antioxidant and
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anti-inflammatory effects of lycopene were amplified, and the nan

emulsion also promoted the regeneration of skin affected by fun-

gal or microbial infections. Alzorqi et al. [157] incorporated β-d-

glucan into a palm oil-based nan emulsion as a carrier system

for skin care and treatment. The study optimized the ultrasound-

induced emulsification method to reduce the droplet diameter and

viscosity, thereby enhancing the delivery of β-d-glucan while max-

imizing the antioxidant load and stability of the emulsion. In anti-

inflammatory treatments, Borges et al. [158] studied NEs optimized

for the oil phase and found that they effectively delivered anti-

inflammatory agents, such as dapsone, deep into the skin, in-

creasing local concentrations and quickly alleviating inflammation

caused by excessive sebum secretion or external stimuli, such as

redness and acne. To provide sustained drug release on the skin

surface and enable multiple mechanisms to collaboratively treat

diseases, Chamchangi et al. [159] combined nan hydrogels with

NEs. Their study revealed that increasing the proportion of nan

emulsion significantly enhanced anti-inflammatory properties, pro-

moted tissue repair, and increased epidermal thickness. The bipha-

sic structure of NEs (water and oil phases) helps increase hydration

in the stratum corneum, improving skin barrier function and re-

ducing the likelihood of inflammation [160–162]. Due to their dual

advantages of antioxidant and anti-inflammatory effects, NEs hold

vast potential for applications, especially in treating acne, sensitive

skin, and aging skin.

Many studies have shown that nanoemulsions (NEs) have clear

advantages over traditional formulations. They improve absorption,

enhance stability, and extend the effect of active ingredients. Their

biphasic structure allows both water- and oil-soluble ingredients to

be combined, making them suitable for multifunctional skincare.

As a result, NEs are seen as a promising option for treating skin

problems like acne, photoaging, and inflammation.

4.1.2. Nanocrystals

Nanocrystals are pure drug crystals sized 10–1000nm. Their

ultrafine dimensions and high drug loading enable superior skin

penetration and bioavailability compared with conventional topi-

cal formulations, thereby enhancing therapeutic efficacy [163–165].

For example, curcumin’s poor skin permeability is overcome by

formulating it as nanocrystals: fluorescence imaging shows these

particles reach deeper dermal layers, and when embedded in a

moisturizing hydrogel, they achieve high follicular targeting and

drug deposition [166,167].

Reduction in particle size leads to increased apparent solubil-

ity, thereby generating a steeper concentration gradient that fa-

cilitates passive diffusion across the skin barrier [168–170]. More-

over, surface functionalization enhances interactions with skin con-

stituents, further improving permeation efficiency [171]. Nanocrys-

tals can significantly enhance drug solubility and bioavailability

by decreasing particle size, increasing surface area, and employing

optimized delivery formulations. Clinically, nanocrystal-based sys-

tems have accelerated wound healing and reduced inflammation.

In a postoperative tumor model with bacterial infection, a bioac-

tive glass-ceramic nanodrug achieved faster wound closure and

minimal inflammation compared with controls [172]. A bacterial-

cellulose/gelatin hydrogel containing selenium nanocrystals pro-

moted full-thickness skin regeneration in rats by elevating ROS to

kill bacteria and stimulate tissue repair [173]. Topical nanosilver

effectively alleviated DNFB-induced contact dermatitis in mice, re-

ducing edema and inflammatory cell infiltration more broadly than

tacrolimus or steroids [174]. Nanocrystal technology has great aca-

demic and practical value for delivering natural active compounds

through the skin. It can improve the delivery of poorly soluble

drugs by offering high drug loading and good skin penetration. Sur-

face modifications also help target specific areas like hair follicles

or inflamed skin, making treatment more precise [175].

4.1.3. Liposomes

Liposomes, as a prominent DDS for topical applications, are

composed of lipid bilayers mimicking cellular membranes, includ-

ing both conventional forms and various modified variants [176].

This unique structure endows them with excellent skin affinity and

biocompatibility, effectively reducing irritation and making them

suitable for long-term use [177]. Liposomes not only offer good

stability but also improve drug absorption and skin penetration, as

shown in Fig. S5 (Supporting information), their surface can be ad-

justed to target delivery, raise local drug levels, and enhance treat-

ment effects (Fig. S5A). They can carry both water- and fat-soluble

drugs, and allow controlled release by changing bilayer fluidity or

adding surface functions, helping to prolong effects and reduce

use frequency [177,178]. Given their membrane-mimicking struc-

ture and skin compatibility, liposomes offer notable advantages in

delivering natural active ingredients through the skin. By adjusting

particle size, surface charge, and chemical modifications, they can

also achieve targeted delivery to specific skin regions such as hair

follicles or inflammatory sites, enhancing treatment precision and

safety.

In terms of permeability and stability, liposomes outperform

many other nanocarriers. Their flexible bilayer structure facilitates

the penetration of active compounds across the stratum corneum,

allowing them to reach the epidermis and even the dermis [179].

They are also capable of stabilizing sensitive natural ingredients

such as antioxidants and vitamins, preventing degradation due to

light or oxidation [180]. Additionally, liposomes exhibit high drug-

loading efficiency and enable sustained drug release, thereby pro-

longing residence time on the skin and reducing the frequency of

use [181]. Surface modifications, such as tuning particle size and

charge, further enhance their targeting capabilities to inflamed tis-

sues or hair follicles (Fig. S5B), boosting local therapeutic effects

[182]. Their permeation mechanisms include hydration, penetra-

tion, and fusion, which disrupt the stratum corneum structure and

increase skin hydration, thereby facilitating drug diffusion and ab-

sorption [183–185].

Liposomes also demonstrate considerable potential in skin

whitening and melanoma therapy. Studies have shown that lipo-

somes can selectively target melanocytes, suppress melanin pro-

duction and transport, and extend the duration of whitening

agents on the skin, thereby enhancing their efficacy [186]. For in-

stance, arbutin-loaded liposomes exhibit significantly greater depo-

sition in the epidermis and dermis compared to aqueous solutions,

markedly improving the skin bioavailability of hydrophilic agents

[187]. As shown in Figs. S5C and D, liposomes carrying natural ac-

tive ingredients show strong therapeutic effects in melanoma mod-

els. After light activation, the neutral liposomes become positively

charged, helping them stick to blood vessels and enter cells more

easily. This suggests they are useful for delivering drugs deep into

the skin. Future studies should focus on creating smart liposomes

that combine controlled release, targeted delivery, and better skin

penetration to support the clinical use of natural compounds in

skin treatments and skincare.

4.1.4. Solid lipid nanoparticles

Among solid particulate delivery systems, nanoparticles repre-

sent a widely used and well-studied category. Nanoparticles, de-

fined as solid particles ranging in size from 1nm to 100nm, pos-

sess distinctive physicochemical properties such as a high surface

area-to-volume ratio, excellent stability, and tunable surface func-

tionalities. Due to their diverse morphology, size, surface charge,

and modifiability, nanoparticles have found broad applications in

topical formulations, particularly in the treatment of skin dis-

eases, anti-aging therapies, and functional skincare [188,189]. Their

nanoscale dimensions enable them to penetrate the skin via in-

tercellular spaces in the stratum corneum or appendages such as
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hair follicles, thereby enhancing the permeability and bioavailabil-

ity of active ingredients. Key factors influencing their skin penetra-

tion include particle size, shape, surface charge, drug loading ca-

pacity, and encapsulation efficiency. Notably, particles smaller than

100nm and positively charged nanoparticles exhibit superior skin

permeability [190–193].

Functionalized nanoparticles further improve therapeutic ef-

ficacy and delivery precision. For instance, chitosan-modified

nanoparticles (CSNPs) enhance drug accumulation in deeper skin

layers, facilitate sustained release, and reduce drug loss [194]. Ad-

ditionally, by adjusting material composition and surface modifi-

cation, the drug release profile can be finely controlled, which is

particularly beneficial for delivering environment-sensitive agents

such as proteins [195,196]. Huang et al. demonstrated that gold

nanoparticles (Au-NPs) could enhance the skin permeability and

facilitate the delivery of large hydrophilic protein drugs, bypassing

complex loading processes while preserving the bioactivity of both

drugs and carriers [197,198].

Nanoparticles have also shown promising potential in the treat-

ment of skin disorders. In the case of AD, co-loading hydroxy-

tyrosol (HT), a potent antioxidant, with hydrocortisone (HC) into

a nanoparticle system significantly improved symptoms such as

erythema, inflammation, and TEWL, achieving better outcomes

compared to conventional treatments [199]. In psoriasis models,

cationic nanoparticles (cNPs) were able to competitively bind to

DNA in DNA-LL37 immune complexes, effectively suppressing aber-

rant immune activation. Phenotypic imaging, histological analysis,

and animal studies confirmed that topical application of cNPs al-

leviated inflammation with high skin retention and low systemic

toxicity [200].

Beyond therapeutic use, nanoparticles are extensively incorpo-

rated into sunscreen and whitening products. Inorganic nanopar-

ticles such as titanium dioxide (TiO2) and zinc oxide (ZnO) are

widely utilized in physical sunscreens due to their ability to block

UV radiation without causing irritation or allergic reactions [201].

To address the safety concerns of organic UV filters penetrating the

skin and disrupting hormonal balance, researchers have developed

bioadhesive polymeric nanoparticles (BNPs) that encapsulate the

active ingredients and retain them on the skin surface, preventing

follicular penetration while maintaining effective photoprotection

at low concentrations [202]. Moreover, dual-functional nanomate-

rials such as TiO2/ZnO microspheres have been designed to mini-

mize visible light reflection, reduce whitening effects, and enhance

product aesthetics and safety, advantages that conventional mate-

rials fail to offer [203].

4.1.5. Polymeric micelles

Polymeric micelles are nanoscale structures formed by the self-

assembly of polymeric molecules, which have both hydrophilic and

hydrophobic regions, enabling them to maintain stability in aque-

ous environments [204]. This self-assembly process is driven by

hydrophobic interactions between polymeric chains, and factors

such as chain length, structure, hydrophilic-to-hydrophobic ratio,

and polymeric concentration influence their stability and morphol-

ogy. Polymeric micelles have widespread applications in drug de-

livery, gene transport, and nanomaterial development. By interact-

ing with skin lipids, they enhance drug permeability and moistur-

izing effects, improving the ability of active ingredients to pene-

trate deeper into the skin.

In topical formulations, polymeric micelles deliver drugs well

by improving permeability, targeting locally, controlling release, re-

ducing irritation, and enhancing stability. Their skin penetration

depends on several factors: the polymer’s molecular weight, chain

length, shape, and hydrophilic-hydrophobic balance affect micelle

formation and stability. Meanwhile, drug solubility, formulation in-

gredients, and external conditions also impact how well they pen-

etrate. For example, the GQA polymer’s mild positive charge and

medium molecular weight mPEG help optimize micelle surface

properties [205], while hydrophobic drugs (such as indomethacin

and resveratrol) in PEG-amino acid micelles exhibit higher solubil-

ity and sustained release, further enhancing skin penetration and

efficacy [206]. External factors, such as temperature and the du-

ration of the formulation’s stay on the skin, significantly influence

drug release behavior [207].

Polymeric micelles are particularly prominent in anti-aging

skincare products because they can effectively enhance the sta-

bility and permeability of active ingredients, directly addressing

the root causes of aging, such as free radical damage and colla-

gen loss. For example, Seo et al. [208] combined gold nanoparticles

with polyaspartic acid-based polymeric micelles, which facilitated

the cellular uptake and delivery of VC; Channarong et al. [209] de-

veloped a polymer mixed micelle that significantly improved the

stability and antioxidant activity of curcumin, further demonstrat-

ing the potential of polymeric micelles in delivering natural active

ingredients.

4.2. Structured emulsion-based systems

LCEs and Pickering emulsions are two rapidly advancing formu-

lation systems that are frequently categorized as nanodelivery sys-

tems. This classification is primarily attributed to their nanoscale

structural characteristics and their significant enhancement of ac-

tive ingredient delivery efficiency. LCEs exhibit nanoscale, orderly

arranged structures formed through interactions between surfac-

tants and the oil-water phases, thereby improving the stability of

natural bioactives and enabling controlled release. In contrast, Pick-

ering emulsions are stabilized by solid particles at the oil–water

interface, forming highly stable emulsions. These particles typically

range in size from the nanometer to submicron scale, allowing for

improved skin adhesion and permeability without the use of sur-

factants. Due to their structural features and delivery performance,

both types of emulsions are widely recognized as part of topical

nanosystems and have demonstrated great potential in functional

skincare and the treatment of dermatological conditions.

4.2.1. LCEs

LCEs are an intermediate-phase system that combines the or-

dered structure of crystals with the fluidity of liquids. They are

widely applied in topical drug delivery and skincare products [210].

The lamellar LC structure they form closely mimics the lipid ar-

rangement of the skin’s stratum corneum, enhancing the compat-

ibility of the formulation with the skin and improving the stabil-

ity and penetration efficiency of active ingredients [211]. Compared

to traditional emulsions, LC structures offer superior controlled re-

lease properties, moisturizing effects, and user experience, effec-

tively addressing issues such as dry and damaged skin barriers

[212]. Fig. S6 (Supporting information) illustrates the crystalliza-

tion process (Fig. S6A) and structure (Fig. S6B) of the drug in a

LCEs, observable under polarized light microscopy [213].

The delivery advantages of LCEs stem primarily from their sta-

ble structure and excellent biocompatibility. On one hand, the or-

dered arrangement of LC molecules significantly enhances the sta-

bility of the system, enabling effective encapsulation and protec-

tion of unstable components such as VC [214,215]. On the other

hand, the small and uniform droplet structure of the LC emulsion

increases the contact area with the skin, facilitating the penetra-

tion and absorption of active ingredients. Eva María Arias et al.

found that although micellar solutions can enhance skin perme-

ation by increasing skin hydration, their effectiveness in controlled

drug release and skin accumulation is limited. In contrast, liquid

crystal emulsions with a higher proportion of LC structures signifi-

cantly improve drug penetration through the stratum corneum and
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enhance retention in both the epidermis and dermis, demonstrat-

ing superior transdermal delivery efficiency. Therefore, LC struc-

tures offer distinct advantages in promoting drug delivery through

the skin [216]. Additionally, the LC structure effectively locks in

moisture, reducing water evaporation, providing significant mois-

turizing and soothing effects, especially beneficial for dry and sen-

sitive skin [217], while minimizing the irritation to active ingredi-

ents, which helps reduce the risk of inflammation [218].

The skin penetration behavior of LCEs is influenced by several

factors, including the type and concentration of surfactants, prepa-

ration temperature, and the type of LC phase. High-ordered cu-

bic and hexagonal LC phases serve as ideal matrices for controlled

drug release, promoting the penetration of drug molecules through

the skin barrier [219]. Increased LC content also enhances skin hy-

dration, further improving the absorption efficiency of active ingre-

dients [220]. Currently, LCEs demonstrate excellent performance in

various skincare products. For example, Perrier’s patented LC cream

forms a biomimetic moisturizing film on the skin’s surface, while

Rare Collection’s Matsutake LC cream provides oil control, sooth-

ing, and repair effects, making it particularly suitable for daily care

of sensitive skin. The effects of these products are shown in Fig.

S6C, further showcasing the potential of LCEs in biological drug de-

livery applications.

4.2.2. Pickering emulsions

Pickering emulsions are a type of emulsion stabilized by solid

particles such as starch nanoparticles, polysaccharides, or titanium

dioxide, unlike traditional emulsions that rely on surfactants. In-

stead, these emulsions achieve stability by adsorbing particles onto

the surfaces of oil droplets [221]. As shown in Fig. S7 (Supporting

information), the emulsion is most stable when the contact angle

of the particles with both the oil and water phases is close to 90°
(Fig. S7A) [222].

This unique stabilization mechanism gives Pickering emulsions

significant advantages, including environmental friendliness, bio-

compatibility, and high stability [223]. In addition to their high

stability and low environmental impact, Pickering emulsions en-

hance the skin penetration delivery of active ingredients, partic-

ularly improving penetration through the stratum corneum, with-

out the need for additional permeation enhancers (Fig. S7B) [224].

Furthermore, Pickering emulsions outperform traditional emulsions

in thermodynamic stability. For example, emulsions stabilized by

modified silica nanoparticles can remain stable at room tempera-

ture for up to three months, whereas conventional emulsions typ-

ically last only about a month [225,226].

Pickering emulsions hold great potential in skin care, particu-

larly in drug delivery. The small particle size allows them to bet-

ter penetrate the skin barrier while offering superior biocompat-

ibility [224]. Their controlled release properties make them ideal

carriers for topical medications, extending the therapeutic dura-

tion and reducing the discomfort or irritation associated with drug

bursts [227]. Moreover, factors such as the polarity and fatty acid

structure of the oil phase, particle wettability, size, and concentra-

tion all significantly influence the permeability and stability of the

emulsion [228,229]. Therefore, precise control of these factors dur-

ing preparation is essential to ensure optimal skin penetration and

therapeutic efficacy. Fig. S7C demonstrates how Pickering emul-

sions exhibit improved stability and permeability at specific pH

values.

These characteristics make Pickering emulsions particularly

suitable for sensitive skin care, especially in the application of anti-

aging and antioxidant products. Due to their excellent permeabil-

ity, Pickering emulsions can efficiently deliver natural active ingre-

dients such as antioxidants, VC, and flavonoids [230,231]. For in-

stance, studies have shown that Pickering emulsions containing to-

copheryl acetate (TA) effectively neutralize free radicals, delay the

aging process, and enhance UV stability, with minimal cytotoxicity

on skin cells. This results in clear anti-aging effects [232]. These at-

tributes position Pickering emulsions as a promising delivery sys-

tem in both skin care and pharmaceutical applications.

4.3. Other advanced delivery systems

4.3.1. EXOs

EXOs are nanosized vesicles, typically 40–100 nanometers in di-

ameter, secreted by eukaryotic cells. They carry active biomolecules

identical to those of their parent cells and play a crucial role

in intercellular communication. EXOs can transport lipids, pro-

teins, polysaccharides, and nucleic acids, thereby facilitating the

exchange of genetic information [233]. Their biological functions

are primarily mediated through two mechanisms: first, the surface

molecules of EXOs bind to receptors on target cells, activating in-

tracellular signaling pathways; second, EXOs can be internalized by

target cells, delivering their genetic content to regulate cellular ac-

tivities. In the field of skincare, EXOs can be absorbed by various

skin cells, such as keratinocytes, fibroblasts, immune cells, and en-

dothelial cells, contributing to improved skin health by promoting

wound healing, enhancing vascularization, modulating inflamma-

tory responses, and recruiting stem cells [234].

In drug delivery, EXOs exhibit remarkable advantages due to

their excellent biocompatibility and ability to enhance skin per-

meability. With diameters ranging from 30nm to 200nm, EXOs

can easily traverse the skin barrier, enabling efficient release of ac-

tive compounds and therapeutic effects [235]. Particularly, MSCs-

derived EXOs demonstrate superior drug-loading capacity and tar-

geting ability, significantly enhancing drug efficacy while minimiz-

ing side effects [236]. Additionally, the growth factors and cy-

tokines carried by EXOs stimulate skin cell proliferation and mi-

gration, accelerating wound healing [237]. EXOs also exhibit anti-

inflammatory, antioxidant, and immunomodulatory properties. For

instance, MSC-derived EXOs can activate the Nrf2/Keap1 pathway

to alleviate oxidative stress and repair skin damage caused by ag-

ing or UV exposure [238]. Factors such as EXO size, skin condition,

and surface modification techniques can significantly influence

their percutaneous penetration and targeting efficiency [239,240].

As natural carriers for intercellular communication, EXOs show

great promise in anti-aging and tissue regeneration applications

due to their outstanding biocompatibility and permeability. They

can effectively deliver active molecules, including proteins, RNA,

cytokines, and growth factors, to stimulate collagen production, re-

duce inflammation, and promote skin renewal and repair, thereby

slowing down the aging process. Leading skincare brands such

as Angela Caglia have adopted EXO-based technologies in their

premium products to improve skin elasticity and smoothness

[241,242]. Studies have demonstrated that EXOs not only acceler-

ate tissue regeneration but also hold therapeutic potential for hair

loss by promoting hair follicle regeneration and delaying follicu-

lar aging, offering innovative solutions for both anti-aging skincare

and hair restoration [243,244].

4.3.2. Microcapsules

Microcapsules are an emerging DDS that encapsulate active in-

gredients within a capsule wall, with particle sizes typically rang-

ing from 5μm to 300μm [245]. These microcapsules can be clas-

sified into various structural types, including mononuclear, multin-

uclear, and bilayer structures [246]. One of their primary advan-

tages is the ability to provide a stable internal environment for

natural active compounds, effectively preventing adverse reactions

with the external environment and shielding sensitive ingredients

from degradation. This feature renders microcapsules particularly

suitable for incorporating unstable natural compounds into topical
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skincare products, addressing challenges such as volatility and high

reactivity [247].

In practical applications, microcapsules have been widely used

to improve the stability and efficacy of topical formulations by en-

capsulating natural extracts, antioxidants, and moisturizing agents

[248,249]. For instance, patented microencapsulation techniques

have been employed in loose powders to incorporate botanical in-

gredients such as Perilla and Amaranth, preserving their bioactiv-

ity and enhancing product stability [250]. Similarly, this technology

has been employed in rinse-off formulations, where Fechii applied

microencapsulation to reduce the volatility of natural active ingre-

dients and enhance their stability, thereby extending their effects

on the skin and improving the overall user experience [251]. Fur-

thermore, by adjusting the carrier composition, structure, size, and

processing conditions, microcapsules can achieve controlled drug

release, thereby prolonging the activity of active ingredients and

reducing toxicity and volatility [252]. Studies have confirmed that

cumulative release of thymol (THY) from cellulose acetate micro-

capsules and sustained release from microcapsules improves ef-

ficacy and minimizes adverse effects [253]. Moreover, microcap-

sules isolate active compounds from external agents, preventing

oxidation or chemical degradation. The release profile can be fine-

tuned by modifying shell thickness, optimizing stability to meet

specific therapeutic goals [254]. Microencapsulation also allows for

the uniform incorporation of otherwise incompatible ingredients

[255]. Zhang et al. [256] demonstrated that encapsulating UV ab-

sorbers within microcapsules effectively prevents photodegrada-

tion and adverse interactions, thereby improving the safety and

stability of sunscreen formulations.

Microencapsulation technology primarily targets the epidermis

and stratum corneum, where the capsules adhere to the skin

surface and gradually release active compounds, providing long-

lasting effects [257,258]. It offers notable benefits in regulating

the skin’s oil-water balance. For example, microcapsules contain-

ing oil-absorbing powders or botanical extracts can slowly release

sebum-controlling agents upon rupture, effectively reducing ex-

cess oil [259]. Meanwhile, encapsulated moisturizing agents such

as hyaluronic acid and glycerin deliver prolonged hydration by re-

leasing water gradually into the skin [260]. This precise release

mechanism enables a balanced oil-water ratio on the skin’s sur-

face, avoiding both dryness and excessive greasiness. Consequently,

microcapsules are particularly well-suited for oily and combination

skin types, addressing dual concerns of dehydration and shine with

one delivery system.

4.3.3. Other innovative systems

The domestic definition of topical skin products is quite broad,

encompassing products that are applied to human skin, hair, nails,

lips, and other body parts through methods such as applica-

tion, sprinkling, or spraying. These products are designed for vari-

ous purposes, including cleansing, fragrancing, altering appearance,

correcting odors, or maintaining skin health. As a result, the mar-

ket includes not only products based on novel delivery technolo-

gies, but also many products that are classified according to other

criteria, such as their specific functions (e.g., moisturizers, sun-

screens, anti-aging treatments) or target skin conditions (e.g., acne,

dermatitis, pigmentation).

With the continuous development of new products and

technologies, not only are surface skincare formulations being

optimized, but medical aesthetic devices are also gradually en-

tering the market. As shown in Fig. S8 (Supporting information),

hydration injection is one such injectable cosmetic treatment used

to enhance skin health, with its therapeutic effects illustrated in

Fig. S8A. Hydration injections use negative pressure to deliver ac-

tive ingredients directly into the dermis. They often contain small

molecules of sodium hyaluronate, which are highly water-binding.

With ultra-micro-penetration technology, these injections quickly

hydrate the deeper skin layers. Studies show that combining IPL

with hyaluronic acid hydrafacial injections is more effective for

treating melasma than hydroxydermabrasion alone. This combina-

tion reduces TEWL and melasma severity scores, showing better

skin barrier repair. Side effects were similar between the two

treatments, suggesting that IPL enhances the overall effect. This

combined method is both effective and practical for melasma care

[261].

Microneedling (MN) is a procedure that involves using tiny nee-

dles to create micro-wounds in the skin. These micro-punctures

trigger the skin’s natural healing process, stimulating the produc-

tion of collagen and elastin. The process is depicted in Fig. S8B.

As the pinholes are created, certain natural skincare substances

(e.g., polyphenols, hyaluronic acid) can penetrate more effectively

into the deeper layers of the skin through these micro-channels,

thereby enhancing the therapeutic effects on the skin. There are

two types of MN: superficial and deep. Superficial MN (0.25–

0.5mm) primarily targets the epidermis to enhance the absorption

of skincare products and improve skin tone. In contrast, deep MN

(1–2mm) reaches the dermis and is suitable for treating more se-

rious skin issues such as acne scars, folliculitis, and wrinkles [262].

Radio frequency (RF) technology is an advanced medical cos-

metology technique that uses specific electromagnetic waves to di-

rectly target the dermis layer of the skin. It offers improved thera-

peutic effects and a broader range of applications, as shown in Fig.

S8C. Similar to hydration injections, RF technology has hydrating

and moisturising benefits, but it also goes a step further by adjust-

ing and activating melanin and aged cells in the skin through elec-

tromagnetic waves. This leads to a range of skin benefits, including

anti-wrinkle effects, lightening of hyperpigmentation, pore reduc-

tion, and skin tightening. One of the key advantages of RF treat-

ments is their minimal side effects. The results from RF therapy

can last between 1 year to 2 years, significantly reducing the fre-

quency of treatments required and improving patient compliance

[263].

5. Summary

Natural active ingredients are increasingly favored in topical

skin preparations due to their low side effects and multiple bio-

logical activities, including anti-inflammatory, antioxidant, antimi-

crobial, and moisturizing properties [264]. However, natural ingre-

dients often have problems like poor skin absorption, low stability,

and easy breakdown during storage or use. The skin’s barrier also

makes it hard for them to reach deeper layers, reducing their effec-

tiveness. In addition, people’s skin reacts differently, so the same

delivery method may not work equally for everyone. To solve these

issues, researchers are focusing on new delivery systems that im-

prove ingredient stability and help them better reach target areas

in the skin. This is now a major focus in topical drug delivery re-

search [265].

Currently, researchers are now developing multifunctional carri-

ers like nanostructures that can promote absorption, release drugs

slowly, and target specific areas. These systems help keep natu-

ral ingredients stable and control their release in the skin, mak-

ing treatments more effective [266]. Simultaneously, new natural

materials like polysaccharides and proteins have been developed.

They are biocompatible and can work with natural extracts to im-

prove the skin absorption of active ingredients, making the prod-

ucts more effective and safer [267]. With biotech advances, smart

and personalized DDS are emerging, allowing more precise treat-

ment by adjusting the release of active ingredients based on skin

conditions. This shows great promise for future skin care and ther-

apy [268].
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As research into natural active ingredient delivery systems con-

tinues to advance, significant progress has been made with in-

novative methods such as nanotechnology, microneedle technol-

ogy, and biomaterials [269]. However, key challenges remain, such

as improving skin permeability, enhancing stability, and overcom-

ing the skin barrier. The reasons behind different individual re-

sponses to natural ingredients are still unclear, and creating per-

sonalized treatments based on skin type, age, and health is an

important goal. Future research should focus more on developing

"multifunctional" and "smart" delivery systems, which will need

both new technologies and teamwork across different fields. As

precision medicine advances, customizing delivery systems based

on skin conditions and personal features will help improve treat-

ment results and patient compliance. In addition, using big data

and AI can allow real-time skin monitoring and adjust delivery

strategies accordingly. This is expected to be a major future trend.

Studying topical delivery of natural ingredients not only supports

better skincare and treatment but also brings new opportunities

for personalized and intelligent dermatology. Continued innovation

in this area will help create safer and more effective treatments

and promote healthier skin.
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[87] A. Gunia-Krzyżak, J. Popiol, H. Marona, Curr. Med. Chem. 23 (2016)
3548–3574.

[88] C. Bertold, E. Fontas, T. Singh, et al., J. Eur. Acad. Dermatol. Venereol. 37
(2023) 2601–2607.

[89] S.R. Kim, H. Heaton, L.Y. Liu, B.A. King, JAMA Dermatol. 154 (2018) 370–371.

[90] R. Falabella, A. Arrunategui, M.I. Barona, A. Alzate, J. Am. Acad. Dermatol. 32
(1995) 228–232.

[91] E. Kim, B.E. Zucconi, M. Wu, et al., Cancer Res. 79 (2019) 2649–2661.
[92] K.A. Engebretsen, S. Kezic, I. Jakasa, et al., Br. J. Dermatol. 179 (2018) 679–688.
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1094–1097.

[143] Y.C. Boo, Antioxidants 10 (2021) 1129.
[144] M. Sethi, R. Rana, S. Sambhakar, M.K. Chourasia, AAPS PharmSciTech 25

(2024) 51.
[145] Y. Ghahremani, J.M. Milani, A. Motamedzadegan, J. Farmani, LWT 211 (2024)

116900.
[146] Y. Singh, J.G. Meher, K. Raval, et al., J. Control. Release 252 (2017) 28–49.

[147] M.S. Roberts, Y. Mohammed, M.N. Pastore, et al., J. Control. Release 247 (2017)
86–105.

[148] H.M.K. Ho, D.Q.M. Craig, R.M. Day, et al., Mol. Pharm. 19 (2022) 602–615.

[149] Y. Chen, H. Cheng, L. Liang, Antioxidants 12 (2023) 589.
[150] M. Wolf, V. Klang, T. Stojcic, et al., Int. J. Pharm. 549 (2018) 343–351.

[151] D.V. Giacone, V.F.M.C. Dartora, J.K.R. de Matos, et al., Int. J. Biol. Macromol.
165 (2020) 1055–1065.

[152] M. Pleguezuelos-Villa, A. Nácher, M.J. Hernández, et al., Int. J. Pharm. 564
(2019) 299–307.

[153] P. Marsup, K. Yeerong, W. Neimkhum, et al., Nanomaterials 10 (2020) 1565.

[154] A. Butkeviciute, K. Ramanauskiene, V. Kurapkiene, V. Janulis, Plants 11 (2022)
1901.

[155] E.N. Tessema, K. Bosse, J. Wohlrab, Y. Mrestani, R.H.H. Neubert, Skin Pharma-
col. Physiol. 33 (2020) 293–299.

[156] M.V. Butnariu, C.V. Giuchici, J. Nanobiotechnol. 9 (2011) 3.
[157] I. Alzorqi, M.R. Ketabchi, S. Sudheer, S. Manickam, Ultrason. Sonochem. 31

(2016) 71–84.

[158] V.R. Borges, A. Simon, A.R. Sena, L.M. Cabral, V.P. de Sousa, Int. J. Nanomed. 8
(2013) 535–544.

[159] M.A. Chamchangi, S. Abdollahi, Z. Raoufi, A.A. Badr, Int. J. Biol. Macromol. 277
(2024) 134134.

[160] B. Yang, C. Lv, L. Ye, et al., Immun. Ageing 20 (2023) 7.
[161] S.H. Musa, M. Basri, H.R. Fard Masoumi, et al., Int. J. Nanomed. 12 (2017)

2427–2441.

[162] O. Sonneville-Aubrun, J.T. Simonnet, F. L’Alloret, Adv. Colloid Interface Sci.
108–109 (2004) 145–149.

[163] W. Huang, Z. Fang, X. Zheng, et al., Chin. Chem. Lett. 33 (2022) 4079–4083.
[164] M.L. de Souza, D.D. Oliveira, N.P. Pereira, D.M. Soares, Int. J. Dermatol. 57

(2018) 894–900.
[165] H. Wang, T. Chen, H. Ren, et al., ACS Appl. Bio Mater. 6 (2023) 3376–3386.

[166] H. Xiang, S. Xu, W. Zhang, et al., Colloids Surf. B 224 (2023) 113203.

[167] O. Pelikh, R.W. Eckert, S.R. Pinnapireddy, C.M. Keck, J. Control. Release 329
(2021) 598–613.

[168] L. López-Hortas, P. Pérez-Larrán, M.J. González-Muñoz, E. Falqué,
H. Domínguez, Food Res. Int. 103 (2018) 130–149.

[169] M. Nayak, V. Kumar, D. Banerjee, et al., J. Mater. Chem. B 13 (2025)
1690–1703.

[170] P.K. Parmar, J. Wadhawan, A.K. Bansal, Drug Discov. Today 26 (2021)

2329–2349.
[171] S. Naftaly, T. Pery, R. Mhajne, et al., J. Control. Release 379 (2025) 768–785.

[172] W. Niu, M. Chen, Y. Guo, et al., ACS Nano 15 (2021) 14323–14337.
[173] L. Mao, L. Wang, M. Zhang, et al., Adv. Healthc. Mater. 10 (2021) e2100402.

[174] K.C. Bhol, P.J. Schechter, Br. J. Dermatol. 152 (2005) 1235–1242.
[175] N. Parveen, M.A.S. Abourehab, P.V. Thanikachalam, R.K. Khar, P. Kesharwani,

Colloids Surf. B 225 (2023) 113231.
[176] N. Grimaldi, F. Andrade, N. Segovia, et al., Chem. Soc. Rev. 45 (2016)

6520–6545.

[177] J. Che, L. Sun, J. Shan, et al., Small 18 (2022) e2201280.
[178] S.D. Allen, S. Bobbala, N.B. Karabin, E.A. Scott, Nanoscale Horiz. 4 (2019)

258–272.
[179] M. Liu, M. Sharma, G.L. Lu, et al., Int. J. Pharm. 630 (2023) 122381.

[180] A. Higuchi, T.C. Sung, T. Wang, et al., Polym. Rev. 63 (2023) 394–436.
[181] J.V. Natarajan, A. Darwitan, V.A. Barathi, et al., ACS Nano 8 (2014) 419–429.

[182] L. Zou, W. Ding, Y. Zhang, et al., Biomaterials 182 (2018) 1–12.

[183] C.H. Loo, M. Basri, R. Ismail, et al., Int. J. Nanomed. 8 (2013) 13–22.
[184] M.C. Bruno, A. Gagliardi, A. Mancuso, et al., J. Control. Release 352 (2022)

74–86.
[185] J.B. Lee, M. Sung, M. Noh, et al., Int. J. Pharm. 579 (2020) 119162.

[186] T. Amnuaikit, T. Limsuwan, P. Khongkow, P. Boonme, Asian J. Pharm. Sci. 13
(2018) 472–484.

[187] A.H. Wen, M.K. Choi, D.D. Kim, Arch. Pharm. Res. 29 (2006) 1187–1192.

[188] A. Heuer-Jungemann, N. Feliu, I. Bakaimi, et al., Chem. Rev. 119 (2019)
4819–4880.

[189] M.A.H. Farouq, M.M. Al Qaraghuli, K. Kubiak-Ossowska, V.A. Ferro, P.A. Mul-
heran, Curr. Opin. Colloid Interface Sci. 54 (2021) 101461.

[190] M. Raszewska-Famielec, J. Flieger, Int. J. Mol. Sci. 23 (2022) 15980.
[191] X.B. Gao, J. Yu, N. Li, H.Y. Yin, J.H. Yang, Chin. Chem. Lett. 18 (2007)

1289–1292.

[192] I. Takeuchi, T. Suzuki, K. Makino, Colloids Surf. B 159 (2017) 312–317.
[193] V.G.S. Jyothi, S.M. Ghouse, D.K. Khatri, et al., J. Drug Deliv. Sci. Technol. 69

(2022) 103176.

13



L. Hao, Y. Zhang, Y. Sun et al. Chinese Chemical Letters 37 (2026) 111597

[194] S. Hatem, S.A. Elkheshen, A.O. Kamel, et al., Drug Deliv 29 (2022) 1212–1231.

[195] S. Ostovar, M. Pourmadadi, A. Shamsabadipour, P. Mashayekh, Int. J. Biol.

Macromol. 242 (2023) 124986.
[196] M.A.S. Abourehab, R.R. Rajendran, A. Singh, et al., Int. J. Mol. Sci. 23 (2022)

9035.
[197] X.L. Zhou, Y. Ying, X.M. Wang, et al., Chin. Chem. Lett. 29 (2018) 25–36.

[198] Y. Huang, F. Yu, Y.S. Park, et al., Biomaterials 31 (2010) 9086–9091.
[199] Z. Hussain, H. Katas, M.C. Mohd Amin, et al., Int. J. Pharm. 444 (2013)

109–119.

[200] H. Liang, Y. Yan, J. Wu, et al., Sci. Adv. 6 (2020) eabb5274.
[201] N. Tyagi, S.K. Srivastava, S. Arora, et al., Cancer Lett. 383 (2016) 53–61.

[202] Y. Deng, A. Ediriwickrema, F. Yang, et al., Nat. Mater. 14 (2015) 1278–1285.
[203] N. Parvin, T.K. Mandal, S.W. Joo, ACS Sustain. Chem. Eng. 11 (2023)

16133–16143.
[204] I. Weitzhandler, M. Dzuricky, I. Hoffmann, et al., Biomacromolecules 18 (2017)

2419–2426.
[205] Z. Pan, G. Yang, J. Liu, et al., J. Mater. Chem. B 10 (2022) 4431–4441.

[206] K. Yotsumoto, K. Ishii, M. Kokubo, S. Yasuoka, Int. J. Pharm. 553 (2018)

132–140.
[207] M. Ghezzi, S. Pescina, C. Padula, et al., J. Control. Release 332 (2021) 312–336.

[208] M. Seo, M. Seo, S.E. Choi, et al., Carbohydr. Polym. 229 (2020) 115559.
[209] S. Channarong, P. Sobharaksha, C. Sardseangjun, P. Vasvid, Key Eng. Mater.

901 (2021) 98–103.
[210] W. Chen, W. Wang, S. Li, et al., Nano Energy 107 (2023) 108143.
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