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Zinc plays a pivotal role in maintaining skin homeostasis, wound healing, and immune regulation, making
it a promising therapeutic agent for diverse dermatological conditions. Despite its wide clinical applica-
tion, conventional zinc formulations face significant limitations, including low bioavailability, systemic
side effects, rapid ion release, and poor skin penetration. These shortcomings restrict their clinical effi-
cacy and translation. Engineered carriers such as nanoparticles (NPs), hydrogels, and microneedles (MNs)
offer opportunities to achieve controlled zinc release, enhance transdermal penetration, reduce local ir-
ritation, and enable combinational therapies with synergistic bioactivities. This review provides a com-
prehensive overview of zinc’s biological functions in skin physiology and pathology, critically discusses
the bottlenecks of current zinc-containing medical materials, and highlights emerging delivery platforms
designed to unlock its therapeutic potential. We further propose future research directions focusing on
precision-targeted delivery, integration with advanced biomaterials, and exploration of zinc-based syner-

gistic therapies.

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

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As the largest organ of the human body, the skin not only
serves as a protective barrier against external insults but also
plays pivotal roles in immune defense, thermoregulation, and sen-
sory perception. The epidermis, mainly composed of keratinocytes,
forms the first line of defense against external agents; the dermis,
rich in collagen fibers and extracellular matrix, provides elasticity
and structural support; while the subcutaneous tissue, predomi-
nantly consisting of adipose and connective tissue, cushions me-
chanical stress and functions as an energy reservoir [1-3]. Beyond
serving as a physical shield, the skin protects against mechani-
cal trauma, ultraviolet radiation, and pathogenic microorganisms,
while also participating in immune regulation, electrolyte balance,
and sensory conduction. These multifaceted roles render it indis-
pensable for maintaining systemic homeostasis [4-8].
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Due to chronic exposure to complex environmental stimuli,
the skin is particularly vulnerable to disease. A wide spectrum
of conditions, including inflammatory, infectious, and immune- or
genetic-related disorders, affect nearly one-third of the global pop-
ulation, ranking skin diseases as the fourth most common cause
of human illness [9,10]. Although current therapeutic strategies al-
leviate symptoms to some extent, limitations such as modest effi-
cacy, adverse effects, and drug resistance highlight the urgent need
for safer and more effective treatment modalities.

Zinc, the second most abundant transition metal in the human
body, is integral to numerous physiological processes, including
cell proliferation, differentiation, immune regulation, and wound
healing [11,12]. Zinc deficiency has been closely linked to several
dermatological conditions, such as acne, psoriasis, atopic dermatitis
(AD), and acrodermatitis enteropathica [13-15]. For decades, both
oral and topical zinc formulations have been employed to treat di-
verse skin diseases [16-18]. Compared with systemic administra-
tion, topical delivery offers the advantages of lower dosage and re-
duced risk of systemic accumulation. However, challenges such as
toxicity from burst release of Zn?t and limited mechanisms of ac-
tion remain unresolved [19,20]. Historically, zinc-containing prepa-
rations, exemplified by calamine, have been used in medicine for
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Fig. 1. Schematic illustration of the mechanisms of action of zinc-based materials
in the treatment of skin diseases. Figure created with BioRender.com (BioRender,
2025).

thousands of years (Fig. S1 in Supporting information) [21-23].
Modern pharmacological studies further confirm zinc as an essen-
tial trace element with broad biological activities. With the ad-
vent of nanotechnology, zinc-based nanomaterials have emerged
as promising candidates for skin disease therapy, owing to their
unique physicochemical properties and multifunctional biological
activities.

Zinc-based nanomaterials exert antibacterial, anti-inflammatory,
and reparative effects through controlled Zn2* release. Moreover,
their assembly into metal-organic frameworks (Zn-MOFs) or na-
noenzymes enables additional functions, including reactive oxygen
species (ROS) generation or scavenging, as well as stimulus re-
sponsiveness. Zn-MOFs can also function as versatile drug carriers,
facilitating multimodal synergistic therapies. These advances have
generated significant interest in recent years. Nevertheless, clini-
cal translation faces notable challenges: (i) The dynamic Zn2+ re-
quirements across different disease stages complicate precise dos-
ing; (ii) the safety of certain zinc formulations in dermatological
use remains controversial; (iii) efficient strategies for crossing the
skin barrier are still lacking; and (iv) little is known about the po-
tential of zinc-based materials for underexplored conditions such
as seborrheic dermatitis and hidradenitis suppurativa.

Currently, a comprehensive overview that integrates the physi-
ological roles of zinc, the pathophysiological mechanisms underly-
ing zinc-related skin disorders, and the design strategies of zinc-
containing materials for therapeutic use is still lacking. To address
this gap, the present review highlights recent progress in zinc-
based materials for the treatment of skin diseases, with particu-
lar emphasis on their mechanisms of action, functional properties,
and therapeutic applications, as well as key challenges and future
directions (Fig. 1). Specifically, we first discuss the physiological
roles of zinc in skin biology and the impact of zinc deficiency on
disease development; next, we summarize strategies for the de-
sign and application of zinc-based materials in skin disease ther-
apy; and finally, we explore the translational challenges and future
perspectives. This review aims to provide new insights and guid-
ance for the rational design and clinical translation of zinc-based
nanomaterials in dermatology.

2. Physiological role of zinc in skin tissue

Zinc, an essential trace element, is ubiquitously distributed
across human tissues and organs, where it plays indispensable
roles in maintaining structural integrity and physiological func-
tion [24,25]. Approximately 6% of the body’s total zinc content
resides in the skin, with heterogeneous distribution across differ-
ent layers: The epidermis contains about 60ug/g of tissue zinc,
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markedly higher than the 40ng/g detected in the dermis. This dif-
ferential enrichment underpins zinc’s diverse biological functions
in skin homeostasis and pathology (Fig. S2 in Supporting informa-
tion) [26,27].

Physiologically, zinc is integral to keratinocyte proliferation, dif-
ferentiation, and survival. In the immune system, zinc contributes
to both innate and adaptive responses by modulating the matura-
tion of T and B lymphocytes, natural killer cells, and dendritic cells.
Through these effects, it enhances antibody production, antigen
presentation, and phagocytosis, thereby sustaining immune home-
ostasis [28,29]. Also, zinc can achieve antibacterial effects through
multiple pathways [30-32].

Despite these beneficial effects, excessive extracellular Zn?* can
exert cytotoxicity, triggering cell injury and apoptosis. Thus, the
challenge lies in harnessing zinc's multifaceted biological functions
within a safe and effective dosage range. Therefore, developing
optimized formulations that maximize therapeutic benefits while
minimizing toxicity is of critical importance for clinical translation
in dermatology.

3. Zinc deficiency-related skin diseases

There has been a lot of clinical evidence that zinc deficiency
is closely related to the incidence of skin diseases. Oral or topi-
cal zinc preparations have a certain improvement effect on skin
diseases. We summarized the clinical evidence between zinc defi-
ciency and skin diseases and the clinical evidence of zinc supple-
mentation in the treatment of skin diseases (Table S1 in Support-
ing information).

3.1. Zinc deficiency and acne

Acne is a chronic inflammatory disorder of the pilosebaceous
unit and remains one of the most prevalent dermatological condi-
tions worldwide, with a global prevalence of approximately 9.38 %
[33]. It affects up to 80% of adolescents and also a considerable
proportion of adults [34]. Clinically, acne is characterized by come-
dones, papules, pustules, nodules, cysts, and in severe cases, per-
manent scarring, which can markedly impair both appearance and
psychological well-being [35-37].

Accumulating clinical evidence demonstrates that serum zinc
levels in acne patients are significantly lower than in healthy con-
trols, and zinc concentration negatively correlates with disease
severity [38-42]. Subsequent studies confirmed the therapeutic po-
tential of oral zinc salts, such as zinc sulfate and zinc gluconate,
in reducing acne severity [43,44]. Topical applications have also
shown promise: For instance, local application of 5% zinc sulfate
solution significantly reduced the acne inflammation score of pa-
tients with mild acne, and a combination of erythromycin and
zinc acetate significantly reduced lesion counts compared with
erythromycin alone [45,46]. Moreover, a multicenter, double-blind,
randomized controlled trial involving 140 patients demonstrated
that creams containing nicotinamide, antibacterial agents, and zinc
pyrrolidone carboxylate effectively decreased non-inflammatory le-
sions with good safety profiles [47]. A systematic evaluation study
that included a large amount of preclinical research evidence
showed that the nanoscale size significantly enhanced the antibac-
terial and anti-inflammatory properties of zinc oxide (ZnO), while
maintaining good acute tolerance [48]. More rigorously designed
clinical trials are needed to support the clinical application of
nano-zinc oxide (nZnO).

3.2. Zinc deficiency and hair loss

Alopecia encompasses a group of disorders characterized by
progressive hair thinning or shedding, often associated with pro-
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found psychological and social consequences [49]. Androgenetic
alopecia (AGA) is the most common form, caused by irreversible
miniaturization of hair follicles [50,51], while alopecia areata (AA)
is a chronic, relapsing autoimmune disease that affects approxi-
mately 2% of the global population [52]. Zinc plays a pivotal role in
the process of hair regeneration, which is consistent with its status
as the third most abundant trace element in hair.

Clinical studies have reported significantly lower serum zinc
levels in patients with AGA and AA compared with healthy indi-
viduals, and in AA patients, the degree of zinc deficiency correlates
with disease severity [53-55]. One research reported symptomatic
relief following supplementation [56]. Topically, 1% zinc pyrithione
solution can promote hair regrowth, although its efficacy is inferior
to 5% minoxidil [57]. Collectively, these findings suggest that zinc
may influence hair follicle regeneration and cycling, but robust ev-
idence from large-scale clinical studies is needed.

3.3. Zinc deficiency and inflammatory skin diseases

Zinc, an essential trace element in humans, exerts its potent
anti-inflammatory effects primarily by reducing the activation of
nuclear factor kappa-B (NF-«xB) and its target genes, including
interleukin-18 (IL-18) and tumor necrosis factor-o (TNF-o¢) [58].
Consequently, zinc supplementation may play a significant regula-
tory role in various inflammatory-related skin disorders.

331 AD

AD is a chronic, relapsing inflammatory skin disorder character-
ized by pruritus, xerosis, and barrier dysfunction, with prevalence
rates of up to 20% in children and 4.4%-16.1% in adults [59-62].

Some studies demonstrate reduced zinc levels in AD and cor-
relations with disease severity [16,63-66]. Oral zinc administration
may alleviate AD symptoms by modulating cytokine release from
keratinocytes [16,17,67,68]. Topical preparations yield more consis-
tent benefits: For example, textiles coated with nZnO effectively
reduced pruritus and improved sleep quality [18].

3.3.2. Psoriasis

Psoriasis is a chronic, immune-mediated inflammatory disease
that affects ~125 million people worldwide [69]. It is characterized
by hyperproliferation of keratinocytes, immune dysregulation, and
strong involvement of the IL-23/Th17 axis, leading to erythematous
plaques and scaling, frequently accompanied by psychological co-
morbidities [70,71].

Clinical studies consistently demonstrate that serum zinc lev-
els in psoriasis patients are lower than in healthy individuals and
negatively correlate with disease severity [42,72,73]. Therapeuti-
cally, topical 0.25% zinc pyrithione cream has been shown to re-
duce plaque severity and pruritus [74].

3.4. Zinc deficiency and wound healing

Chronic wounds represent a major global health problem, with
an estimated prevalence of 2.21 per 1000 individuals, and their
management is projected to reach a market value of USD 18.7 bil-
lion by 2027 [75-77].

Zinc is indispensable for wound healing due to its critical func-
tions in cell proliferation, membrane repair, and immune mainte-
nance, with distinct mechanistic roles in each phase [78,79].

Clinical studies report a high incidence of hypozincemia in pa-
tients with diabetic foot ulcers (DFU), suggesting zinc deficiency as
a potential risk factor [80]. A randomized, double-blind controlled
trial demonstrated that oral supplementation with 50 mg/day zinc
sulfate in patients with grade 3 DFU significantly reduced wound
area and depth [81]. In contrast, topical formulations show more
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encouraging results: ZnO dressings (6 %-15%) improved venous ul-
cer healing, and ZnO paste achieved an 83 % resolution rate in arte-
rial and venous ulcers [82,83]. Overall, while preliminary evidence
supports a beneficial role of zinc in wound management, high-
quality, large-scale clinical trials are needed to confirm its efficacy.

4. Application of zinc-based materials in skin disease therapy
4.1. Acne

Zinc has been shown to exert anti-acne effects via multiple
mechanisms [44,84]: (i) Inhibiting the production of inflammatory
cytokines (e.g., IL-6, TNF-«) and downregulating integrins and Toll-
like receptors in keratinocytes, thereby attenuating inflammation;
(ii) Suppressing 5a-reductase activity, blocking the conversion of
testosterone to dihydrotestosterone (DHT), and reducing sebaceous
gland secretion; (iii) Directly inhibiting the growth of C. acnes,
thus eliminating a primary source of persistent inflammation; (iv)
Downregulating insulin-like growth factor-1 (IGF-1) and its recep-
tor in keratinocytes, thereby limiting hyperproliferation and abnor-
mal differentiation.

With advances in nanotechnology, zinc-based nanomaterials
have emerged as promising strategies for acne management. For
example, Xiang et al. developed a composite of zinc porphyrin
MOF (ZnTCPP) and ZnO nanoparticles (NPs) (ZnTCPP@ZnO) (Fig.
S3A in Supporting information) [85]. Under ultrasound activa-
tion, this system generated ROS with high efficiency, achieving
bactericidal rates of 99.73% against C. acnes and 99.64% against
methicillin-resistant Staphylococcus aureus (MRSA). ZNTCPP@ZnO
down-regulates the release of zinc ions and promotes skin re-
pair by up-regulating genes closely related to zinc ion absorp-
tion (Mt1, Mt2), DNA replication, and fibroblast proliferation (Rfc4,
Rfc3, Ligl, Mcm6, Dut and Dctcppl1). Wen et al. constructed ze-
olitic imidazolate framework (ZIF-8)-ICG NPs via self-assembly of
zinc and 2-methylimidazole (2-MeIM) [86]. These NPs exhibited
improved photostability and enhanced ROS generation, and exerted
their antibacterial effects through mechanisms including disruption
of the cell membrane, disturbance of membrane potential, gen-
eration of ROS, and disruption of ATP synthesis and metabolism.
When delivered transdermally via microneedles (MNs), ZIF-8-ICG
NPs achieved a killing efficiency of 99.76% against C. acnes un-
der near-infrared irradiation (Fig. S3B in Supporting information).
In another study, Rihova et al. [87] employed vapor phase infil-
tration (VPI) technology to uniformly load ZnO nanocrystals onto
polyvinyl alcohol (PVA) fibers, enabling rapid release of Zn%* (com-
plete release within 15 min). This system demonstrated potent an-
tibacterial activity, with a median inhibition concentration (ICsq)
of 1.88 ug/mL against C. acnes, highlighting its potential as a func-
tional anti-acne facial mask material.

Despite these advances, the clinical translation of zinc-based
nanomaterials faces challenges. Their broad-spectrum antibacterial
activity may disrupt commensal skin microbiota, while the acidic
microenvironment of acne lesions can accelerate material degra-
dation, leading to uncontrolled Zn%* release, cytotoxicity, skin irri-
tation, and even delayed wound repair [88-90]. To address these
limitations, our group [91] developed hyaluronic acid (HA)-coated
ZnO (HA-ZnO) NPs through a biomimetic mineralization strategy
using HA as a template (Fig. S3C in Supporting information). The
HA coating conferred chemotactic properties toward C. acnes, en-
hancing selective antibacterial effects and the adhesion and pen-
etration of C. ances to NPs by surface charge regulation. The in-
hibitory activity against C. acnes was 16-fold greater than that
against Staphylococcus epidermidis, a skin commensal. Additionally,
HA improved ZnO stability under acidic conditions, reduced cyto-
toxicity, promoted fibroblast proliferation, and suppressed sebum
secretion. Clinical evaluation demonstrated that HA-ZnO NPs sig-
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nificantly reduced acne lesions and erythema with excellent safety,
thereby providing both antibacterial and reparative therapeutic
benefits.

4.2. Hair loss

Zinc is closely associated with follicular physiology and hair
health. Zn?* participates in the metabolism of multiple vitamins
and trace elements [92,93], and regulates hair follicle stem cell
activity through its interaction with enzymes such as alkaline
phosphatase [94], thereby facilitating follicular regeneration. In
addition, Zn%* is a critical component of the antioxidant defense
system, reducing oxidative injury to DNA and proteins in follicular
cells and mitigating inflammation-induced damage [95]. High-dose
Zn?t has also been shown to upregulate cell cycle-associated
proteins in dermal follicular cells, thereby promoting proliferation
and inhibiting apoptosis to support hair growth [96].

Building on these mechanisms, zinc-based therapeutic mate-
rials have been developed for AGA management with promising
outcomes. As shown in Fig. S4 (Supporting information), Zhang
et al. engineered copper/zinc co-doped mesoporous silica NPs
encapsulating quercetin (ZCQ), which were further integrated into
biodegradable MN patches (ZCQ/MN) (Fig. S4A) [19]. Upon MN
insertion, gradual dissolution enabled sustained release of Qu,
Cu?t, and Zn%*, collectively inhibiting DHT production, reducing
inflammation, and promoting follicular regeneration. In animal
studies, treatment yielded a 95.33% hair coverage rate within
14 days, with Zn?t playing a pivotal role in protecting dermal
follicle cells from DHT damage, suppressing macrophage cytokine
secretion, and stimulating proliferation of follicular and vascular
endothelial cells. Similarly, Yang et al. designed y-polyglutamic
acid (y-PGA) MN patches (ZnMOF MNs) encapsulating a curcumin
(Cur)-zinc MOF [97]. This system created transient micropores
for uniform ZnMOF delivery and sustained release of Zn%* and
Cur (Fig. S4B). Zn2t attenuated zinc deficiency-induced apopto-
sis of dermal papilla cells, while Cur mitigated DHT-mediated
injury, together establishing a regenerative microenvironment.
Compared with conventional oral zinc supplementation, ZnMOF
MNs minimized Zn2* burst toxicity and improved Cur solubility,
demonstrating a safe and efficient strategy for local therapy.

Unlike AGA, AA is an autoimmune condition characterized by
CD8* and NKG2D* T cell-mediated attack on hair follicles. Nu-
merous studies have reported reduced serum zinc levels in AA pa-
tients [98,99]. Currently, zinc sulfate, zinc acetate, and glycyrrhizic
acid zinc (GA-Zn) are commonly administered as zinc supplements.
Among these, GA-Zn, composed of GA and Zn?*, not only restores
zinc levels but also indirectly promotes hair regeneration by up-
regulating corticosteroid-metabolizing enzymes. However, oral GA-
Zn is limited by poor solubility, gastrointestinal side effects, and
the risk of zinc accumulation during long-term use. Transdermal
delivery is therefore an attractive alternative, though the ionic na-
ture of GA-Zn restricts skin permeability. To overcome this, Ruan
et al. encapsulated GA within ZIF-8, generating GA@ZIF-8 NPs with
enhanced solubility and acid-responsive release, which were ad-
ministered transdermally via MNs (Fig. S4C) [20]. In AA mouse
models, GA@ZIF-8 significantly elevated local Zn2* levels, reduced
CD8+*NKG2D™* T cell infiltration, inhibited JAK receptor activation,
and downregulated IL-15 and IFN-y expression, ultimately restor-
ing follicular regeneration.

4.3. Inflammatory skin diseases

The benefits of zinc supplementation in inflammatory skin dis-
eases have been confirmed. Zinc-based materials can not only sim-
ulate the activity of various antioxidant enzymes to scavenge ROS,
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regulate immune responses to treat AD and contact allergic der-
matitis, but also interfere with the process of psoriasis through an-
tibacterial effects and photodynamic therapy. Recent advances in
zinc-based materials for the treatment of inflammatory skin dis-
eases such as AD, contact allergic dermatitis and psoriasis. See Sec-
tion S1 in Supporting information for details.

4.4. Wound repair

In wound repair, zinc-based materials act through multiple
pathways, including regulation of glucose metabolism and inflam-
matory cascades, enhancement of microcirculation and angiogene-
sis, activation of hair follicle stem cells, and optimization of wound
moisture balance through superior exudate absorption. Moreover,
their inherent antibacterial activity and ability to disrupt biofilms
create a microenvironment conducive to tissue regeneration and
repair. The details are in Section S2 (Supporting information).

4.5. Summary

Zinc-containing medical materials have shown distinctive ther-
apeutic advantages in the management of diverse skin diseases
(Table S2 in Supporting information). Their mechanisms of action
primarily involve antibacterial, anti-inflammatory, antioxidant,
immunoregulatory, and tissue-repair functions. Collectively, the
application of zinc-containing medical materials highlights their
multi-target and multi-pathway regulatory potential, offering not
only effective strategies for the treatment of skin diseases but also
new directions for the rational design of advanced biomaterials
and precision therapies.

5. Research on delivery strategies for zinc-containing medical
materials

5.1. Application bottlenecks of zinc-containing medical materials

Currently, a variety of zinc-based preparations have been em-
ployed in the treatment of skin diseases, with common routes of
administration including systemic delivery such as oral and in-
jectable formulations [67,100]. Oral administration offers advan-
tages such as diverse dosage forms, avoidance of pain, and ease
of patient self-management [101]. However, its clinical utility is
constrained by limited bioavailability [102]. Intravenous injection
achieves high bioavailability, allows precise dose control, and cir-
cumvents first-pass hepatic metabolism. Nevertheless, as an inva-
sive method, it is associated with pain, poor patient compliance,
and medical waste disposal [103].

In comparison, local topical administration, using the skin as
the delivery site, directly targets the lesion area, thereby avoiding
the limitations of systemic exposure, enhancing local drug con-
centrations, and improving both therapeutic precision and safety.
As such, topical delivery has become a central strategy to improve
the therapeutic performance of zinc-based materials [104,105].
Despite these advantages, conventional topical preparations (e.g.,
ZnO ointments) remain limited. On the one hand, the rapid release
of zinc ions may cause local irritation and even cytotoxicity,
disrupting the skin microenvironment [89]. On the other hand,
zinc compounds exhibit poor transdermal penetration, making
it difficult for them to effectively reach deeper structures such
as hair follicles, sebaceous glands, or the dermis, which limits
their efficacy in treating deep-seated infections or inflammation
[106,107]. Moreover, zinc ion monotherapy often fails to achieve
optimal therapeutic outcomes.

Collectively, these limitations severely restrict the clinical trans-
lation and efficacy of zinc-based formulations. Consequently, the
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development of safe and efficient delivery systems, through the in-
terdisciplinary integration of material science and pharmaceutical
technology, has emerged as a key research focus. Such systems aim
to enable controlled and sustained local release, improve skin pen-
etration, and fully harness the multifaceted biological activities of
zinc for the treatment of skin diseases.

5.2. Research progress on construction strategies of zinc delivery
systems

5.2.1. Zinc-based NPs
(1) ZnO NPs. With the advancement of nanotechnology, zinc-based
nanomaterials have garnered considerable attention in biomedi-
cal research due to their unique physicochemical properties and
robust antibacterial activities [108]. Nanoscale particles are par-
ticularly advantageous in antibacterial applications because their
large specific surface area and pronounced surface-to-volume ef-
fects facilitate enhanced adsorption onto bacterial surfaces, thereby
improving bactericidal efficiency. Among these, ZnO NPs demon-
strate potent inhibitory and bactericidal effects against both Gram-
positive and Gram-negative bacteria, positioning them as one of
the most promising metal-based antimicrobial nanomaterials [109].
Their antibacterial activity is mediated through multiple mecha-
nisms, including direct contact and adsorption [110], Zn?* release
[111], and the generation of ROS coupled with photocatalytic activ-
ity [112,113]. The synergism of these mechanisms confers broad-
spectrum and highly effective antibacterial properties.
Nonetheless, the morphology and structure of ZnO critically in-
fluence its physicochemical behavior. Conventional synthesis ap-
proaches often involve harsh conditions and afford limited con-
trol over particle morphology. Moreover, the acidic barrier of the
skin exacerbates challenges, as ZnO readily dissolves under acidic
conditions, releasing large amounts of Zn2*. This not only com-
promises antibacterial efficacy but also increases the risk of cyto-
toxicity and skin irritation due to burst ion release [89], thereby
restricting clinical translation. As shown in Fig. S9 (Supporting
information), to address these challenges, our group developed
biomimetic mineralized HA-ZnO NPs using an ultrasound-assisted
thermal precipitation method, employing HA as a stabilizer and
Znt as a precursor (Fig. S9A) [91]. The resulting spindle-shaped
NPs (~228 +3 nm) were surface-coated with HA, which modulated
ion release kinetics. Under neutral conditions (pH 6.8), both HA-
ZnO and bare ZnO exhibited high stability; however, at acidic (pH
5.5), bare ZnO released ~90% of Zn?* within 30 min, while HA-
ZnO demonstrated slower release, mitigating burst ion exposure
and improving biosafety. In a separate study, programmable DNA
self-assembly was exploited, where C20 DNA served as a tem-
plate to prepare uniform ZnO NPs (Fig. S9B) [114]. Additionally,
the porous structure of graphene oxide was used as a reference
to construct H-ZnO via polyvinylpyrrolidone (PVP) etching, which
enhanced colloidal stability, photocatalytic activity, bacterial adhe-
sion, and slowed Zn?* release.

(2) Zn-MOFs. Zn-MOFs offer unique advantages in skin disease
therapy owing to their ordered porous structures, high stability,
and Zn**-related biological functions. Among them, ZIF-8 is one
of the most extensively studied. Its pH-sensitive properties enable
responsive Zn’*+ release under acidic conditions, thereby exhibit-
ing antibacterial effects in the early stages of wound healing [115].
Nevertheless, prolonged Zn2t release may lead to excessive ROS
generation in both host and microbial cells, while its role in tis-
sue repair remains limited [116]. Accordingly, modification strate-
gies are being actively pursued.

For instance, He et al. [117] developed an intelligent nanoplat-
form (ZEM) by coating epigallocatechin gallate (EGCG)/Mg2* com-
plex on the surface of ZIF-8 (Fig. S9C). The modification increased
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particle size from 200nm to ~250nm and altered the morphol-
ogy from rhombic dodecahedral to quasi-spherical, while preserv-
ing the crystalline framework. ZEM exhibited dual functionality:
Rapid Zn%* release under weakly acidic conditions for antibacterial
activity, and H,0,-responsive Mg2* release to promote angiogen-
esis during inflammation. Similarly, Wei et al. fabricated ZIF-8 hy-
brid materials by embedding naringin (Nar) within a bacterial cel-
lulose matrix, conferring additional antioxidant, anti-inflammatory,
and pro-angiogenic effects, thereby establishing potential as multi-
functional wound dressings (Fig. S9D) [118].

Beyond ZIF-8 modification, novel Zn-MOFs have been con-
structed to enhance therapeutic versatility. For example, Cur, de-
spite its potent antioxidant and anti-inflammatory effects, suffers
from poor solubility and stability [119,120]. Wang et al. employed
a eutectic strategy to coordinate Cur with Zn?*, forming CCM@ZIF-
8, which improved Cur stability and bioavailability while enabling
synergistic Zn2*/Cur release (Fig. S9E) [121]. This dual-action sys-
tem enhanced anti-inflammatory, antioxidant, and pro-proliferative
activities.

(3) Coordination NPs of zinc and polyphenolic compounds. Excessive
Zn2t release disrupts metal ion homeostasis and may cause toxi-
city, while the therapeutic efficacy of Zn?* monotherapy is often
limited. To overcome these challenges, researchers have explored
coordination strategies between Zn?* and natural polyphenolic
compounds to construct multifunctional nanocomposites with en-
hanced efficacy and reduced toxicity.

For example, Zhang et al. developed Zn-DHM NPs through self-
assembly of Zn?+ with dihydromyricetin (DHM), stabilized by PVP
(Fig. S9F) [122]. These Zn-DHM NPs function as nanoenzymes with
multiple therapeutic activities: Alleviating oxidative stress, main-
taining metabolic and immune homeostasis, promoting cell pro-
liferation and migration, enhancing angiogenesis, and stimulating
collagen deposition and epithelialization. In diabetic mouse mod-
els, these properties collectively accelerated wound healing while
maintaining favorable biosafety.

5.2.2. Zinc-based hydrogels

NPs have demonstrated considerable promise in drug deliv-
ery and targeted therapy. However, their application in topical
formulations remains restricted by several limitations, including
short retention time at the administration site, susceptibility to
removal by physiological fluids, and unstable drug release pro-
files [123,124]. In contrast, hydrogels, owing to their high water
content, excellent adhesion, controlled drug release, and biocom-
patibility, exhibit distinct advantages for topical applications. They
can adhere to damaged skin surfaces for extended periods, provide
physical protection, enable sustained release of therapeutic agents,
and confer antibacterial activity, while also being easily removable
to prevent secondary injury. These attributes have made hydrogels
an attractive platform for skin disease management [125,126].
Nevertheless, conventional hydrogels often suffer from potential
biological toxicity, limited biodegradability, or single-functionality,
all of which restrict their broader clinical utility [127]. To ad-
dress these challenges, functional hydrogels based on metal ion
coordination have recently emerged as ideal candidates for wound-
conformal treatment and multifunctional integration, benefiting
from their dynamic coordination bonds, self-healing properties,
and injectability [128,129]. We categorize the hydrogels into three
types for discussion: Single zinc-based hydrogels, zinc-based NP-
hydrogel composite systems, and zinc and other metal composite
hydrogels. The details are in Section S3 (Supporting information).

5.2.3. Zinc-based MNs
The skin barrier is essential for protecting the body from exter-
nal insults; however, it also restricts the effective transdermal de-
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livery of therapeutic agents, thereby limiting clinical efficacy [130].
MNs, an emerging transdermal drug delivery platform, consist of
micron-scale needle arrays mounted on a base substrate [131]. Ow-
ing to their unique physical structure, MNs can painlessly pierce
the stratum corneum, creating microchannels that facilitate the ef-
ficient delivery of active compounds into the dermis [132,133]. Due
to its advantages such as safety, efficiency and good patient com-
pliance, MNs have received extensive attention in recent years and
have been used to assist in the transdermal delivery of NPs. In
addition, the localized micro-stimulation caused by MN insertion
can enhance blood circulation, further augmenting therapeutic out-
comes [134,135].

Among various soluble MNs matrices, HA has emerged as a pre-
ferred material owing to its excellent biocompatibility, biodegrad-
ability, and rapid dissolution in skin tissue. HA-based MNs dissolve
within minutes of insertion, releasing encapsulated drugs in
a controlled manner [134]. For instance, Ruan et al. designed
HA-based soluble MNs for the delivery of ZIF-8 NPs loaded with
glycyrrhetinic acid (GA@ZIF-8) (Fig. S11A in Supporting informa-
tion) [20]. The MNs not only utilized micropores generated during
skin penetration to facilitate GA@ZIF-8 delivery but also leveraged
the physical stimulation to improve follicular blood circulation,
thereby enhancing therapeutic efficacy against AA. Notably, this
system incorporated a Zn2*-responsive, double-crosslinked hy-
drogel MN sensor unit capable of real-time Zn2t monitoring
during treatment. This dual-function patch, integrating therapeu-
tic and diagnostic capabilities, represents a novel approach for
the precise and safe application of zinc supplements. Similarly,
Xiang et al. developed HA-based MNs loaded with composite
NPs composed of porphyrin Zn-MOFs and ZnO (ZnTCPP@ZnO),
underscoring the potential of zinc-based MNs for acne treatment
[85].

Despite these advantages, polymer-based MNs often suffer from
inadequate mechanical strength. Increased drug loading further
compromises rigidity, leading to bending or fracture during skin
penetration and subsequent delivery failure [136]. To address this
limitation, photo-crosslinkable materials have been introduced
to reinforce MNs mechanical integrity. Among these, photo-
crosslinked methacrylated HA (MeHA) has emerged as an optimal
zinc-based composite MNs matrix due to its biocompatibility, pho-
topolymerization capability, and enhanced strength. Building upon
this, Yao et al. encapsulated ZIF-8 NPs into MeHA through a mold-
ing process, yielding degradable MNs arrays with sufficient ex-
tensibility and wound-friendly properties (Fig. S11B in Supporting
information) [116]. These MNs enabled sustained, controlled Zn2+
release, exhibiting potent antibacterial activity while minimizing
secondary injury to the wound. Moreover, low-molecular-weight
HA derived from MeHA degradation products promoted tissue
regeneration and angiogenesis, further amplifying wound healing
efficacy.

5.2.4. Intelligent response systems based on zinc-based formulations

The multifactorial pathogenesis of skin diseases has imposed
greater demands on therapeutic materials, rendering conven-
tional passive treatments insufficient for precision medicine. In
this context, zinc-based formulations with intelligent, stimuli-
responsive characteristics have emerged as a research hotspot.
Through rational material design, such systems enable the con-
trolled release of Zn?* or co-loaded therapeutic agents in re-
sponse to specific microenvironmental cues, thereby enhancing
therapeutic efficacy while minimizing off-target effects. This sec-
tion outlines recent construction strategies according to stimulus
type.

(1) Glucose-responsive systems. Diabetic wounds are typically char-
acterized by a hyperglycemic microenvironment, which exacer-
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bates vascular injury and promotes bacterial colonization [137].
Glucose-responsive systems generally exploit glucose oxidase
(GOx) or enzyme-mimicking catalysts to modulate local glucose
levels, thereby alleviating hyperglycemia and promoting wound
repair. Yang et al. reported an injectable, self-healing hydrogel
(DG@Gel) incorporating GOx into a zinc-based nanodrug system
formed by Zn®*, organic ligands, and deferoxamine mesylate (DFO)
(Fig. S12A in Supporting information) [138]. In diabetic wounds,
GOx catalyzes the oxidation of glucose into gluconic acid and
H,0,. While H,0, provides antibacterial effects, gluconic acid low-
ers the local pH, which in turn triggers the release of Zn?* and
DFO. This cascade synergistically contributes to ROS scavenging,
antibacterial activity, and angiogenesis promotion. Such glucose-
responsive hydrogels highlight a promising strategy for the precise
treatment of diabetic wounds.

(2) pH-responsive systems. The abnormal acidity or alkalinity of
diseased tissues can be leveraged to construct pH-responsive zinc-
based platforms. Acid-sensitive MOFs, such as ZIF-8, are widely
used due to the facile degradation of their imidazole ligands under
acidic conditions, enabling controlled release of Zn?* and encap-
sulated drugs [139]. Deng et al. and Qin et al. both confirmed the
therapeutic feasibility of such systems [140,141]. Similarly, ZIF-67,
composed of cobalt ions and 2-methylimidazole ligands, exhibits a
large surface area, tunable degradation, and excellent acid respon-
siveness [142,143]. Notably, low-dose cobalt ions (~0.6 ppm) can
promote macrophage polarization toward an anti-inflammatory
phenotype [144]. Exploiting the structural similarity between ZIF-8
and ZIF-67, researchers have developed MOF-on-MOF composites.
For instance, an MZZ platform with ZIF-67 as the core, ZIF-8 as
the shell, and maltodextrin as a bacterial “bait” demonstrated
pH-triggered release of Zn%* and Co?* (Fig. S12B in Supporting
information) [145]. Acidic bacterial metabolites such as acetic,
lactic, and malic acids lowered the local pH, activating ion release
and achieving synergistic antibacterial, immunomodulatory, and
pro-angiogenic effects [145-147].

(3) ROS-responsive systems. Excessive ROS accumulation is a hall-
mark of multiple inflammatory skin diseases and contributes to
oxidative tissue injury and sustained inflammation [148,149]. Con-
ditions such as AD [150], psoriasis [151], and diabetic wounds
[152] are strongly associated with ROS overproduction. Efficient
ROS clearance is therefore essential for alleviating inflammation
and accelerating healing. Compared with conventional antioxidant
enzymes (e.g., superoxide dismutase (SOD), catalase (CAT)), which
suffer from limited stability and high production costs, single-atom
nanozymes (SANs) exhibit enhanced catalytic activity due to their
atomically dispersed active sites.

A zinc-based single-atom nanozyme (Zn/C-dots), constructed
by anchoring Zn atoms onto carbon dots, was shown to function
through a triple-synergistic mechanism (Fig. S12C in Supporting in-
formation): (i) Direct scavenging of free radicals by the nanozyme,
(ii) immunoregulatory effects of Zn?*, and (iii) enhanced bacterial
biofilm disruption by carbon dots. To optimize delivery, Zn/C-dots
were further integrated into borate ester-linked hydrogels with
ROS-responsive degradation, enabling targeted release under ox-
idative stress while prolonging local retention and enhancing tis-
sue penetration [153].

(4) Multi-responsive systems. Given the complexity of pathological
environments, single-stimulus systems often fail to meet clinical
demands. Integrating multiple responsiveness mechanisms pro-
vides a more comprehensive therapeutic approach. For example,
chronic and infected wounds are typically associated with both
abnormal pH and ROS accumulation. Wang et al. designed a
dual-responsive  MOF-PgCsZn. This system enabled synergistic
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Zn?t release under acidic and oxidative conditions (Fig. S12D
in Supporting information) [154]. At acidic pH (5.5), rapid Zn2*
release reached a cumulative 75.79nug/mL within 14 days, effec-
tively disrupting bacterial membranes. In ROS-rich environments
(200 umol/L H,0,), Zn?* release exhibited a biphasic profile, with
an initial burst phase followed by sustained release (59.79 pg/mL
over 11 days). This dual-triggered release strategy offers a promis-
ing platform for addressing delayed wound healing.

5.3. Cross-cellular transport strategies for zinc

Although conventional zinc supplementation has been widely
applied, its therapeutic efficacy is often constrained by poor
bioavailability. In clinical contexts, repeated or high-dose admin-
istration is frequently required, which is largely attributable to
the limited efficiency of Zn?* translocation across cellular barri-
ers [155]. To overcome this challenge, recent studies have focused
on the development of zinc-based materials capable of promoting
transmembrane transport through coordination with functional lig-
ands or by leveraging specific biological pathways. These strategies
have markedly enhanced intracellular Zn** accumulation and im-
proved therapeutic outcomes [106,156,157].

5.3.1. Carrier-mediated internalization

Cellular uptake of NPs is primarily mediated through four
endocytic pathways: Phagocytosis, clathrin-mediated endocytosis
(CME), caveolae-mediated endocytosis (CvME), and macropinocy-
tosis. Among these, phagocytosis is restricted to specialized phago-
cytic cells, whereas CME, CvME, and macropinocytosis are widely
present across diverse cell types [158].

Cheng et al. synthesized nanosheets (ZnGA NSs) from Zn?*
and gallic acid (GA), which were labeled with fluorescein isothio-
cyanate (FITC) to investigate their uptake in L929 cells [159]. Using
endocytosis-specific inhibitors and low-temperature treatment in
combination with flow cytometry, the authors demonstrated dis-
tinct internalization patterns. Compared with the control (37°C),
nystatin (CvME inhibitor) reduced intracellular fluorescence inten-
sity by 28.2%, whereas wortmannin (macropinocytosis inhibitor)
led to a reduction of 78.2%. These findings indicate that ZnGA
NSs are primarily internalized through macropinocytosis, with
CvME also contributing. Importantly, GA served as an effective
carrier to facilitate intracellular Zn?+ delivery, thereby enhancing
bioavailability.

5.3.2. Ion channel protein-mediated co-delivery strategies

Intracellular zinc homeostasis is tightly regulated by two major
families of zinc transporters: The SLC30 (ZnT) family, which medi-
ates Zn2+ efflux from the cytoplasm to organelles or the extracellu-
lar space, and the SLC39 (ZIP) family, which promotes Zn?* influx
from extracellular or organellar stores into the cytoplasm [160].
In parallel, metallothioneins (MTs) act as intracellular “zinc reser-
voirs”, buffering excess Zn®* to prevent cytotoxicity while support-
ing essential processes such as cell proliferation, differentiation,
and redox regulation [161].

Recent evidence indicates that Mg2+ plays a synergistic role in
promoting Zn%* transport [157]. Yang et al. designed a GelMA hy-
drogel incorporating zinc and magnesium particles (GelMA/Mg/Zn)
and demonstrated that this composite accelerated the repair of
full-thickness skin wounds in rats more effectively than single-
metal hydrogels [162]. Mechanistic studies revealed that Mg+ en-
hanced Zn?*+ uptake in human skin fibroblasts (HSFs) by upregulat-
ing ZIP6 and ZIP10 expression while stabilizing intracellular Mg2+
levels. Elevated Zn?* subsequently activated the phosphorylation
of signal transducer and activator of transcription 3 (STAT3), which
upregulated downstream targets such as «-SMA and COL1, thereby
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promoting fibroblast-to-myofibroblast differentiation and enhanc-
ing wound healing.

To provide a clearer overview of the structural design principles
and functional advantages of the zinc delivery systems discussed
above, we have summarized representative delivery platforms in
Table S3 (Supporting information).

6. Challenges and prospects

Zinc-based nanomaterials have achieved notable advances in
the treatment of skin diseases, with diverse material types and
functional designs continuously emerging. Despite these promis-
ing developments, several critical challenges remain in their clin-
ical translation:

(1) Precise regulation of Zn?* release. The therapeutic demand for
Zn2* varies across different skin diseases and their pathologi-
cal stages. While various stimuli-responsive zinc-based systems
have been designed for controlled release, achieving truly on-
demand and spatiotemporally regulated Zn?t delivery remains
elusive. Future efforts should focus on engineering more sophis-
ticated delivery systems capable of fine-tuned, dynamic Zn%+
release to match disease progression.

Safety concerns with nZnO. nZnO has been extensively applied
in sunscreens; however, its therapeutic role in different skin
diseases remains controversial. For instance, some studies sug-
gest beneficial effects in alleviating contact allergic dermatitis,
whereas others report limited or even unfavorable outcomes in
acne and psoriasis [90,163]. Comprehensive, systematic investi-
gations are therefore required to clarify the safety, biodistribu-
tion, and disease-specific adaptability of nZnO in clinical der-
matology.

Limited efficiency of Zn2t delivery across the skin barrier.
Although Zn?* holds considerable therapeutic potential, its
clinical efficacy is frequently hampered by poor delivery ef-
ficiency due to the formidable skin barrier. Current studies
primarily emphasize therapeutic verification, with relatively
limited exploration of strategies to overcome barrier con-
straints. While preliminary concepts involving carrier-based
and ion channel-mediated internalization have shown promise,
these approaches lack sufficient innovation and systematic de-
velopment. Future research should aim to design more efficient
and intelligent transdermal delivery systems, while elucidating
the molecular transport mechanisms, metabolic fates, and
regulatory influences of intracellular Zn?* on key pathological
signaling pathways.

Insufficient exploration of zinc in diverse skin diseases. Al-
though zinc deficiency has been implicated in conditions such
as seborrheic dermatitis, hidradenitis suppurativa, acrodermati-
tis enteropathica, acne rosacea, and leprosy, the application
of zinc-based materials in these diseases remains largely un-
explored. Expanding the research scope to include these and
other skin disorders may uncover novel therapeutic opportuni-
ties and broaden the clinical applicability of zinc-based nano-
materials.
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In summary, zinc-based nanomaterials represent a highly
promising strategy for managing skin diseases; however, their
translation into clinical practice requires addressing core chal-
lenges related to precise Zn2* release, safety evaluation, efficient
cross-barrier delivery, and expansion to additional disease indi-
cations. Through interdisciplinary integration and mechanistic re-
search, it is anticipated that these materials will progress from pre-
clinical exploration to practical therapeutic applications, thereby
advancing precision dermatological therapy.
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7. Conclusion

Zinc-based nanomaterials represent an emerging and versatile
class of therapeutic platforms for the management of skin dis-
eases. By leveraging the multifunctional biological activity of Zn**
and the structural advantages of advanced materials, these sys-
tems demonstrate the capacity to overcome traditional therapeutic
bottlenecks, including poor bioavailability, rapid clearance, and in-
adequate targeting. Recent studies have illustrated diverse strate-
gies, from MN-assisted transdermal systems to intelligent multi-
responsive hydrogels and zinc-MOFs, that enable precise drug de-
livery, enhance tissue repair, and regulate pathological microen-
vironments. Nevertheless, several critical issues remain to be ad-
dressed before clinical application can be realized. These include
the need for precise spatiotemporal regulation of Zn2t release,
systematic evaluation of long-term safety and biosafety, develop-
ment of robust cross-barrier delivery strategies, and exploration
of zinc’s therapeutic potential in a wider spectrum of skin dis-
eases. Moving forward, interdisciplinary efforts integrating mate-
rials science, dermatology, pharmacology, and bioengineering will
be essential to translate zinc-based nanomaterials from bench to
bedside. Furthermore, coupling these strategies with emerging ap-
proaches such as artificial intelligence-guided material design and
personalized medicine holds promise to accelerate the develop-
ment of next-generation zinc-based formulations for precision der-
matological therapy.
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