Chinese Chemical Letters 37 (2026) 111846

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

Biocompatible mesoporous silica: A novel nanomaterial for skin ®)

wound healing

Check for
updates

Yang Hong?P<41 Qianwei Su®!, Xiang WuP<41 Qin Zhang?P<*, Jianhua Sunf,

Yu Wang®*, Jiacan Su2bcg*

3 Institute of Translational Medicine, Shanghai University, Shanghai 200444, China
b MedEng-X Institutes, Shanghai University, Shanghai 200444, China

¢ National Center for Translational Medicine (Shanghai) SHU Branch, Shanghai University, Shanghai 200444, China

dSchool of Medicine, Shanghai University, Shanghai 200444, China

¢ Department of Polymer Science and Engineering, ERC of Membrane and Water Treatment (MOE), Key Laboratory of Macromolecular Synthesis and

Functionalization (MOE), Zhejiang University, Hangzhou 310058, China
fDepartment of Cardiology, Shidong Hospital, Shanghai 200438, China

8 Department of Orthopedics, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai 200092, China

ARTICLE INFO ABSTRACT

Article history:

Received 28 July 2025

Revised 12 September 2025
Accepted 16 September 2025
Available online 17 September 2025

Keywords:

Mesoporous silica
Wound healing

Tissue regeneration
Precision medicine
Surface functionalization

Chronic cutaneous wounds such as diabetic foot and pressure ulcers are increasing worldwide and remain
difficult to manage. Conventional approaches are hindered by prolonged healing and antibiotic resistance,
highlighting the need for advanced biomaterial strategies. Thus, the production of advanced biomate-
rials for efficient wound healing has become of special urgency. Mesoporous silica (MS), with its spe-
cific features of exceptional biocompatibility, easily tunable pore architectures, and multifunctional sur-
face functionalization, has emerged as a promising choice in such applications. The review systematically
overviews the most recent advances in the wound healing application of MS, with its participation in
drug delivery, controlled inflammation, modulation of immune response, tissue regeneration, and angio-
genesis. Synthesis methods, surface functionalization techniques, and incorporation of advanced technol-
ogy such as stimulus responsive systems and multifunctional composites are also extensively reviewed.
Furthermore, this review critically examines the key barriers to the clinical translation of MS, including
long-term biosafety, immune compatibility, and scalable manufacturing. Overcoming these challenges is
crucial for harnessing its full potential in next-generation wound healing. By integrating MS with pre-
cision medicine and emerging biomedical technologies, this review highlights its transformative role in

advancing personalized wound care and regenerative medicine.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

ing and reducing complications have become urgent global issues
that need to be addressed effectively. Although traditional wound

The skin is the largest organ of the human body, serving as the
first line of physiological defense, playing critical roles in prevent-
ing the invasion of external pathogens, maintaining fluid balance,
and regulating body temperature [1]. However, once the skin bar-
rier is damaged, the body faces a series of risks, including infec-
tion, chronic inflammation, and impaired tissue repair [2]. With
the aging global population, the incidence of skin wounds con-
tinues to rise, putting significant pressure on medical systems and
leading to high medical costs. Therefore, accelerating wound heal-
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healing methods such as antibiotic therapy, surgical debridement,
and conventional dressings can improve wound conditions to some
extent, they still face significant limitations when dealing with
chronic wounds and multi-drug-resistant bacterial infections. The
growing problem of bacterial resistance due to antibiotic overuse
is becoming increasingly severe, while conventional dressings lack
specificity and are unable to address the multiple needs of local in-
flammation regulation, promoting cell proliferation, and tissue re-
generation [3,4]. Therefore, it is of great importance and interest to
develop new materials and technologies that can promote wound
healing in a more efficient and sustainable manner.

In recent years, biocompatible mesoporous materials have grad-
ually become a research focus in the field of wound healing [5].
Mesoporous materials, with pore sizes ranging from 2 nm to 50 nm,
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highly ordered pore structures, and high specific surface areas, not
only allow for efficient loading of drugs, small-molecule antibiotics,
or growth factors but also enable optimization of drug release rates
through pore size control, meeting different therapeutic needs [6].
The preparation methods of mesoporous materials allow for pre-
cise control over pore size, pore morphology, and surface chem-
istry, providing extensive space and flexibility for the functional
design of the materials. For instance, Lu et al. loaded Ag* and
clarithromycin (CLR) into periodic mesoporous organosilicas, then
coated them with hyaluronic acid and outer membrane vesicles,
forming a multifunctional nanocarrier. Through acid-responsive re-
lease of Ag* and CLR, they inhibited urease activity and improved
the treatment of drug-resistant Helicobacter pylori, exploring its
therapeutic potential in drug-resistant infections [7]. Additionally,
copper-containing mesoporous bioactive glass nanoparticles have
demonstrated significant antibacterial and angiogenic effects, ef-
fectively inhibiting bacterial biofilm formation and promoting new
blood vessel formation, while also exhibiting excellent biocompati-
bility and sustained copper ion release, showing great potential for
use in chronic wound treatment [8].

Within the mesoporous family, mesoporous silica (MS) shows
strong promise for tissue repair because of its biocompatibil-
ity, biodegradability, and tunable surface functionalization. Liu et
al. enhanced the degradation performance of mesoporous silica
nanoparticles (MSNs) by doping with magnesium ions, which facil-
itated the release of magnesium ions and silicic acid with antiox-
idant and tissue regeneration functions, ultimately achieving re-
pair of various complex tissues such as periodontal tissue [9]. Due
to its tunable pore structure, surface functionalization properties,
and smart responsive release capabilities, MS has demonstrated
multi-dimensional advantages in overcoming the traditional lim-
itations of wound healing treatments. MS not only achieves a
synergistic effect of antibacterial, anti-inflammatory, and wound-
healing through precise drug-controlled release, but its porous net-
work can also mimic the extracellular matrix microenvironment,
providing innovative solutions for complex wound management.
However, to our knowledge, there are few comprehensive reviews
specifically focusing on the use of MS in skin wound healing. This
review synthesizes current applications, advantages, and challenges
of biocompatible mesoporous materials in wound healing, focusing
on advanced MS platforms for drug delivery, dressings, and tissue
engineering scaffolds, and sets out a framework for next generation
materials.

2. Overview of skin wounds
2.1. Wound formation

As the largest organ in the human body, the skin plays criti-
cal physiological roles in protecting the body, sensing the external
environment, regulating body temperature, and secreting various
substances [10]. Histologically, the skin is architecturally stratified
into three concentric layers: the epidermis, dermis and hypoder-
mis [11,12]. The structure and function of these layers work in co-
ordination to maintain the skin’s barrier function and its ability to
repair damage [13]. The formation of skin wounds is a complex
process that can be broadly categorized into external injuries and
internal pathological factors (Fig. 1). External factors include me-
chanical, chemical, thermal, and radiation-induced injuries, all of
which can directly damage the integrity of the skin tissue. Health-
care professionals are often at risk of radiation exposure, which
is why metallic bismuth powder is used as a radiation protection
material, typically applied to the hands or medical gloves, to ef-
fectively prevent radiation-induced damage to the skin [14]. Inter-
nal pathological factors involve conditions such as skin infections,
diabetes-related complications, pressure-induced damage, and mi-
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Fig. 1. Causes of skin wound formation. The formation of skin wounds can primar-
ily be categorized into two major factors: external and internal.

crocirculatory disturbances, which are often chronic processes. Dia-
betic skin ulcers are a common and challenging complication of di-
abetes [15,16]. Current treatment methods, including debridement,
infection control, and microcirculation improvement, remain sub-
optimal, leading to risks of poor healing, scarring, recurrence, and
even amputation [17]. Diabetic skin ulcers are characterized by
chronic inflammatory infiltration, and multiple angiogenic factors
participate in the formation of granulation tissue during the heal-
ing process [18,19]. It is important to note that these pathogenic
factors can act independently or synergistically, collectively influ-
encing the onset, development, and prognosis of wounds.

2.2. Wound healing

2.2.1. Wound healing process

Wound healing is a complex and highly coordinated physiolog-
ical process, typically divided into four stages: hemostasis, inflam-
mation, proliferation, and remodeling (Fig. 2) [20,21]. The success-
ful completion of each stage is crucial for the final healing, and
each stage is finely regulated by various cellular and molecular
mechanisms.

Hemostasis is the first stage of wound healing. Platelets ag-
gregate at the wound, forming a clot to stop bleeding while re-
leasing platelet-derived growth factor (PDGF) and transforming
growth factor-beta (TGF-8) to initiate healing signals [22]. Key dur-
ing this stage is rapid closure of the wound in order to estab-
lish a sound platform for repair that will occur later. Following
hemostasis, the inflammatory stage occurs for several days. Dur-
ing this stage, pathogen removal and removal of dead cellular ma-
terial occurs, infection is prevented, and preparation for prolifera-
tion takes place. Neutrophils engulf cellular debris via phagocyto-
sis, while macrophages secrete interleukin-1 (IL-1), tumor necro-
sis factor alpha, and vascular endothelial growth factor (VEGF) for
tissue restoration [23]. Concurrently, medium-chain fatty acids ac-
tivate the receptor GPR84, increasing macrophage migration and
promoting initial healing [24]. Not only do they destroy bacte-
ria but they also prepare the site for cells and tissue regenera-
tion. As the healing progresses with decreased inflammation, the
wound transitions into the proliferative stage, marked by neovas-
cularization, proliferation of the epithelial cells, and collagen syn-
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Fig. 2. Stages of wound healing. Wound healing is classically divided into four
stages: hemostasis, inflammation, proliferation and remodeling. HGF, hepatocyte
growth factor; IFNs, interferons; FGFs, fibroblast growth factors; IGFs, insulin-like
growth factors; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitor of metal-
loproteinases.
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Fig. 3. Key factors affecting wound healing.

thesis. VEGF induces angiogenesis, providing oxygen and nutrients
to the wound [25,26]. Fibroblasts congregate at the site of injury,
synthesizing and depositing collagen to build the extracellular ma-
trix, supporting tissue repair and cell migration [27,28]. The suc-
cessful outcome of this stage sets up the structural framework for
wound repair. It takes weeks, and in some cases, much later, for
the remodeling phase, where redundant collagen is broken down
and rearranged, resulting in a network of collagen fibrils that im-
proves tissue strength and flexibility. As blood vessels regress, the
wound tissue gradually restores its structure and function to re-
semble normal skin [23].

2.2.2. Key factors affecting wound healing

Wound healing is a multi-stage, complex process that is influ-
enced by various factors [29]. Inflammation regulation, infection
management, and nutritional supply are critical factors in wound
healing, directly determining the speed and effectiveness of wound
repair. Any imbalance in these factors can delay the healing pro-
cess or lead to complications (Fig. 3) [30].

Inflammation is an early stage of wound healing, and a normal
inflammatory response helps clear damaged tissue and pathogens,
initiating the repair process. However, excessive or prolonged in-
flammation can lead to chronic inflammation, suppress cell pro-
liferation and angiogenesis, thus affecting the subsequent healing
process [23,31]. Clinically, effective control of local and systemic
inflammation can significantly improve wound healing efficiency
[32-34]. Therefore, maintaining a balance in the inflammatory re-
sponse is crucial for promoting early wound healing. Wound infec-
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tion is one of the most common and serious complications dur-
ing the wound healing process. Infection not only prolongs the
healing time but may also lead to systemic infections and sepsis,
which threaten the patient’s life [35]. Factors such as medications,
complications, and microorganisms are often the primary causes of
wound infections. To effectively prevent infection, clinical practice
first requires active local debridement and disinfection measures to
ensure wound cleanliness. Second, the rational use of antibiotics is
crucial for the prevention and treatment of local infections [36].
Nutritional supply is another critical factor in wound healing, as
adequate nutrition provides the necessary foundation for tissue re-
pair, particularly proteins, vitamins, and minerals [37,38]. Proteins
are essential for cell proliferation, matrix synthesis, and repair pro-
cesses, and a lack of proteins can delay wound healing. Addition-
ally, vitamin C plays a key role in collagen synthesis, and its defi-
ciency can lead to insufficient collagen production, thereby affect-
ing wound closure and repair [39,40]. Trace elements such as zinc
also play an important role in wound repair, as zinc is involved in
cell division, immune responses, and protein synthesis [41,42].

3. Overview of mesoporous silica
3.1. Definition and brief history

Mesoporous materials are a class of porous materials with a
characteristic pore size distribution ranging from 2nm to 50 nm
and highly ordered mesoscopic pore structures [43]. There are var-
ious types of mesoporous materials, with the most common be-
ing MS, mesoporous carbon, and mesoporous metal oxides. Among
them, MS, with its excellent biocompatibility, three-dimensional
interconnected pore structure, modifiable surface chemistry, and
high surface area and tunable pore size, has become a cutting-edge
research system in the fields of wound healing and controlled drug
delivery [44].

A milestone in mesoporous material research was achieved
in 1992 when Beck’s research team first used long-chain alkyl
quaternary ammonium salt surfactants as templates to success-
fully synthesize M41S series mesoporous materials with a regu-
lar pore structure [45]. As a significant breakthrough in the syn-
thesis methodology of mesoporous materials, Zhao et al. innova-
tively used nonionic triblock copolymers and other surfactants as
templates in 1998, successfully synthesizing MS materials with
highly ordered and tunable pore sizes, significantly improving their
hydrothermal stability and expanding their range of applications
[46,47]. In 2012, Lu et al. synthesized MS hollow spheres with or-
dered radial intermediate channels using a self-assembly method,
which was simple, efficient, and avoided the complexity of tradi-
tional templating methods. This approach enabled the preparation
of mesoporous hollow spheres with tunable pore sizes, uniform
pore structures, and adjustable shell thickness [48]. In 2016, Cheng
et al. achieved the synthesis of 3D hierarchical macro-/mesoporous
silicon from 0D silica particles [49]. In 2023, Parola et al. synthe-
sized MS films using different chain-length bromoalkyl silane as
hybrid precursors via a co-condensation method [50]. Since then,
MS has been widely studied and applied in biomedical fields such
as drug delivery, tissue engineering, immune modulation, and can-
cer therapy (Fig. 4) [51-54].

3.2. Synthetic methods

MS materials can have different porous structures, namely pore
symmetries [55,56]. By selecting proper template agents, optimiz-
ing synthesis parameters, the precise control of the pore structure
of MS can be achieved, thereby optimizing its drug loading capac-
ity, release kinetics, and local microenvironment regulation capa-
bilities [57].
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of magnetic mesoporous silica nanochains. Reproduced with permission [69]. Copy-
right 2018, Wiley-VCH GmbH & Co. KGaA, Weinheim.

The synthesis approaches for mesoporous materials are gen-
erally classified into two categories: Soft-templating and hard-
templating methods [58-61]. The hard-templating method em-
ploys pre-synthesized mesoporous materials as rigid templates.
The precursors of target species are introduced into the pore chan-
nels by impregnation, followed by their in situ conversion within
the confined space of the template. Finally, selective removal of the
templates via chemical dissolution or thermal combustion leads
to replica mesoporous structures with pore morphologies pre-
cisely matching those of the original templates [62]. Using gly-
cidyl methacrylate-ethylene glycol dimethacrylate (GMA-co-EDMA)
copolymers as hard templates, along with surface functionaliza-
tion by tetraethylene pentamine, precise control over pore size (6-
35nm), specific surface area (15-270 m?2/g), and surface charge can
be achieved. The degree of amination determines the affinity of the
templates toward silica nanoparticles, influencing their deposition
and size within the pores. After template removal, the resulting
MS microspheres exhibit uniform particle size and pore structures
that closely replicate those of the original templates. Upon further
functionalization, these materials demonstrate excellent protein
separation performance in high-performance liquid chromatogra-
phy (Fig. 5a) [63]. In contrast, the soft-templating method uti-
lizes flexible templates, such as surfactants or amphiphilic block
copolymers, as structure-directing agents. Typically, a silicon pre-
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cursor (tetraethyl orthosilicate, TEOS) undergoes controlled hydrol-
ysis and condensation catalyzed by acids or bases, interacting co-
operatively with organic surfactants like cetyltrimethylammonium
bromide (CTAB). These components self-assemble to form ordered
organic-inorganic composites. Subsequent removal of the organic
templates through calcination or solvent extraction yields meso-
porous materials with uniform pore structures [64]. The pore size
and structure can be finely tuned by adjusting synthesis condi-
tions such as temperature, pH, and the choice of silicon precur-
sor [65,66]. After annealing or solvent washing to remove the
structure-directing agent, the desired MS materials with different
pore size and pore symmetries can be obtained [67,68]. Wan et al.
synthesized magnetic MS nanochains (Fe;0,@nSiO,@mSiO,) with
a core-shell-shell structure via a magnetic-field-guided interfacial
co-assembly method using CTAB as the soft template at a water/n-
hexane interface, precisely controlling pore size, shell thickness,
and specific surface area (Fig. 5b) [69]. The advantages of this
method include its mature process, low equipment requirements,
and wide control over pore size and specific surface area. In addi-
tion, the one-dimensional, field-addressable architecture supports
shear-enhanced cell interaction and externally guided release. Po-
tential limitations include chain-length dispersion and orientation
stability in physiological media, CTAB removal and interfacial sol-
vent residues, and limited evidence on in vivo degradability and
batch-to-batch reproducibility, which warrant further validation.
Gluns et al. combined the soft-templating method with 3D print-
ing technology, using light-induced sol-gel chemistry to achieve 3D
printing of ordered MS. The printed objects exhibited mesopore
sizes of approximately 5nm and a specific surface area of about
400 m2/g [70]. This method successfully achieved precise struc-
tural control from nanoscale mesoporous structures to micron and
macroscopic scales, and, due to the synchronous execution of all
steps, it avoided time-consuming post-processing procedures.

The soft-templating strategy excels in controlling pore architec-
ture and dimensions, making it suitable for precise tuning of struc-
tural characteristics. Meanwhile, the hard-templating method en-
ables exact replication of specific pore sizes, morphologies, and or-
dered arrangements predefined by the template. Both approaches
thus possess significant value and versatility in the controllable
synthesis of mesoporous materials. Each synthesis method has its
unique advantages and disadvantages, and selecting the appropri-
ate method requires a balance based on application needs [71].

3.3. Advantages of mesoporous silica

3.3.1. Biocompatibility

In terms of biocompatibility, MS has been shown to have low
toxicity, and its biocompatibility is influenced by various factors,
particularly its physicochemical properties such as particle size,
surface characteristics, and morphology [72,73]. By adjusting spe-
cific parameters, the biocompatibility of MSNs can be significantly
improved, reducing their potential harmful effects on cells and tis-
sues [44,74]. Clinical evidence has further confirmed the biosafety
and compatibility of MS. In a randomized crossover study using
fenofibrate as a model drug, MS formulations in healthy volun-
teers significantly enhanced oral absorption and systemic expo-
sure without serious adverse events, demonstrating good tolerabil-
ity and translational potential [75].

For the uptake kinetics of different cell lines, MSNs demonstrate
good cellular uptake ability without causing significant cytotoxicity.
Research by Mou et al. has shown that MSNs, even at high concen-
trations (100 mg/mL), do not significantly affect cell proliferation.
Additionally, their surface charge, which is near neutral at phys-
iological pH, enhances stability in biological systems and reduces
non-specific interactions with cell membranes [76]. Notably, 50 nm
MSNs exhibit the best cellular uptake efficiency, indicating that



Y. Hong, Q. Su, X. Wu et al.

W Frec DOX

— MSNs SHLGPEIG-POA = e et :

g B = MSNs-S-S-DOX@PEI "

MSNs:5-S-DOX@PEI@/-PGA [1

~ 80 m

= n

e "

2 n

= 60 n

3 i

> w0 1

=D n

v

,

© 2 1

"

" 1

.

50 100 300 500 1000 0

Concentration (ug/mL) mg/mL)
= e = '
1 3 & ]
L] —— 7] - S

:HQ ] beane MSNO O 0| o beome  MSN1 .§’ x| omemn  MSN2 4

1 L .

' § § S .

iy 3 oo g :
'

- 2 w ‘g w0 '

' 8 g b '

(X = z :

g z £ .

1 E P mer meae el LA

'8 Relative Pressure (PIPo) E Relative Pressure (PIPo) & Relative Pressure (P/Po) !

' '

' '

! BET Surface= 450.61 m*/g BET Surface=523.28 m¥/g BET Surface=641.25 m¥/g :

" 8 Pore Volume=0.65 em?/g % Pore Volume=1.11cm?/g Soss Pore Volume=1.81cm/g. .

' E B Pore Size=7.61 nm 2 o5 Pore Size=8.46 nm e Pore Size=11.29 nm .

' '

2 S 2 .

T o o H

L3 .."’\ 5 - g L/ N :

[ \ > oes H— >om] W .

' g \ 4 \\\ g .

' '

1 e —~——— E ——_lle \\ 1]

' .

' '

' '
'

1 [ A 3 3 H
! w&g}\i,g’ane / \ #/‘g v wsx{j% % '
t ] e -} 1 e o e
i B "’}‘E‘; - = ;—u(‘ ﬁ %DA%W .
(8 R R

VMSN NH,-PBA VMSNT

VMSN-NH,
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isotherms and pore size distribution of MSN. Reproduced with permission [82].
Copyright 2018, Wiley-VCH GmbH & Co. KGaA, Weinheim. (c) Janus double-
spherical MSN&mPDA nanoparticles with tunable large mesopores. Reproduced
with permission [96]. Copyright 2023, Springer Nature. (d) Steps in produc-
ing biomimetic VMSNT with bactericidal mechanical action. Reproduced with
permission [98]. Copyright 2025, Wiley-VCH GmbH.

their tunable size contributes to precise control over biocompati-
bility (Fig. 6a). Qiao et al. utilized y-glutamic acid (y-PGA) coated
MSNs, covalently linking anticancer drugs such as doxorubicin to
the MS via disulfide bonds, while y-PGA was applied to the parti-
cle surface via charge interactions [77]. This design enhances MSNs
uptake within cells and enables targeted drug release.
Furthermore, the distribution, metabolism, degradation, and ex-
cretion of MS in vivo have been widely studied, showing that MS
possesses good stability and degradability within the body. Re-
search indicates that MSNs can distribute through the liver-spleen
reticuloendothelial system and are cleared via renal or hepatic bil-
iary pathways [78]. Degradation rate of MSNs largely relies upon
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particle size, pore size, and surface functionalization. By manipu-
lating these factors, the biocompatibility and clearance rate of in
vivo MSNs can be significantly improved. Chen et al. found the rate
of MS degradation in simulated body fluids occurs via three stages:
initial rapid volume degradation, silicon concentration reduction,
and slow diffusive phase. The rate of MS degradation largely relies
upon factors such as initial concentration, surface area, and deposi-
tion of calcium/magnesium ions. Higher concentrations and lower
surface areas are likely to slow the rate of degradation [79]. The
high biocompatibility of MS provides a stable support system bio-
logically, which can support its clinical application.

3.3.2. High specific surface area

MS has demonstrated significant advantages in the biomedical
field due to its high specific surface area [80]. This property en-
hances the performance of MS in drug delivery systems by increas-
ing the drug loading capacity and enabling controlled release.

MS can be utilized for targeted delivery of anticancer drugs,
and by adjusting its specific surface area, efficient accumulation
of drugs at tumor sites can be achieved, thereby improving ther-
apeutic efficacy and reducing systemic side effects [81]. Shao et al.
developed diselenide-bridged MSNs exhibiting a large surface area
(641.3 m?/g), significantly enhancing protein loading capacity and
interfacial electrostatic interactions (Fig. 6b). These features en-
abled dual-responsive protein release triggered by oxidative (ROS)
and reductive (GSH) environments. Additionally, the synergistic ef-
fect of high surface area and cancer-cell membrane coating pro-
longed circulation time and improved tumor targeting and thera-
peutic efficacy in vivo. This study provides valuable insights into
interfacial design strategies for advancing mesoporous materials in
drug delivery applications [82]. Additionally, in gene delivery, the
high specific surface area of MS provides ample space for nucleic
acid molecules, enhancing their stability and delivery efficiency
[83,84]. In the field of tissue engineering, MSNs are widely used to
construct scaffold materials due to their high specific surface area,
which promotes cell attachment and proliferation [85]. The high
specific surface area of MSNs also facilitates the biomineralization
of bone tissue, promoting osteocyte growth and accelerating frac-
ture healing [86]. These materials support tissue repair and re-
generation, including the regeneration of bone, cartilage, and skin.
Zhang et al. designed a hybrid MSNs system, integrating polyethy-
lene glycol chains as “strings” and polydopamine (PDA) as binding
nodes (MS-PDA). This adhesive system achieved strong wound clo-
sure, inflammation suppression, and angiogenesis when applied to
skin wound treatment [87]. Additionally, high specific surface area
MSNs have played a significant role in diagnostic imaging [88,89].
In molecular imaging, MSNs can effectively carry imaging agents
such as fluorescent probes or magnetic nanoparticles, providing
high-resolution imaging results. Recent research by Magzoub et al.
indicated that pH-responsive upconversion MSNs used as imag-
ing carriers could effectively load fluorescent probes and provide
high-resolution MRI, thermal imaging, and fluorescence imaging.
Their upconversion properties make them highly effective in tu-
mor imaging, and when combined with near-infrared (NIR) exci-
tation, they offer precise tumor localization and imaging capabili-
ties, showing broad potential for multimodal imaging applications
[90]. These diagnostic imaging technologies can be used for com-
plex diseases, particularly in the innovation of diagnostic and ther-
apeutic approaches for cancer and cardiovascular diseases.

3.3.3. Tunable pore size

The tunable pore size of MS is one of its key distinctions from
traditional porous materials. Pore size adjustment not only en-
hances the performance of MS in drug delivery systems but also
expands its applications in fields such as biomedicine, catalysis,
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and environmental remediation, demonstrating significant flexibil-
ity and adaptability [91]. Precisely controlling the template agent
type, synthesis conditions, and post-processing techniques enables
controlled design of pore sizes [92,93]. This characteristic allows
MSNs to be designed according to the size specificity of the drug
molecule, increasing the drug loading, release rate of the drug, and
targeting. In addition, the pore size can be tuned to allow MS for
precise molecule capture and delivery during gene delivery and
cell imaging, resulting in higher therapeutic effectiveness and sen-
sitivity of diagnostics.

Recent research has established a continuous flow micro-
reactor process for the preparation of mesoporous silica particles
of varied sizes with narrow sizes [94]. Kim et al. in 2017 presented
a facile route for synthesizing uniform extra-large pore MSNs with
a pore size of 30nm. The XL-MSNs showed much improved ca-
pacities for model proteins of varied molecular weights and IL-
4 over traditional small-pore MSNs [95]. The research also deter-
mined that the XL-MSNs had the ability to effectively load IL-4
and deliver IL-4 to macrophages, which caused the polarization of
macrophages towards anti-inflammatory M2 macrophages. This in-
dicates that XL-MSNs with their cytokine-targeting delivery have
the ability to regulate the immune system, presenting new av-
enues for therapy. In the Janus dual-core nanoparticles developed
by Zhao et al., the MS segment has tunable pore sizes between
3nm and 25nm with selective loading of drug molecules. Con-
currently, the mesoporous polydopamine (mPDA) segment, charac-
terized by larger pore dimensions of 5-50nm, facilitates the en-
capsulation of enzymes and other biomacromolecules. This dual-
functional system enhances its flexibility and precision in biomed-
ical applications (Fig. 6¢) [96]. The tunable pore size feature pro-
vides significant advantages in responding to specific biological sig-
nals and achieving targeted drug release. In the field of drug load-
ing, Ju et al. developed a ROS-responsive MSNs, which achieved
precise drug loading and release through surface functionaliza-
tion and pore size regulation. The innovative structural design en-
ables drug-controlled release [97]. This system contains ultra-small
cerium oxide nanoparticles, which are rapidly released in ROS en-
vironments, exhibiting antioxidant effects. Through controlling the
pore size and functional groups on its surface, its drug loading ca-
pacity was maximized and ROS-responsive drug release was en-
abled, exhibiting its application in targeted drug delivery and an-
tioxidant therapy.

Tunable pore size of MS through the choice of template agents,
adjustment of synthesis conditions, and post-modification methods
enables total control over pore size. This has acted as a central
benefit in its functional design and has made it applicable on a
broad spectrum for drug delivery and targeted therapy. The tun-
able pore size also allows MSNs to be controlled by specific physi-
ological signals, enabling them to deliver drugs with precision. This
exhibits their application in targeted therapy and antioxidant treat-
ment, thus making them a perfect multifunctional drug delivery
system.

3.3.4. Functionalization and modification potential

MS possesses great functionalization and modification capabil-
ity, making it exhibit great promise for many applications in the
field of biomedicine. Owing to its ordered pore structure and dense
surface silanol groups, MSNs can be subjected to specific chemical
modification and functional combination by exploiting numerous
surface engineering methods. MSN surface can be functionalized
with a variety of functional groups, such as amino, carboxyl, and
hydroxyl groups, in order to optimize their biocompatibility, toxic-
ity, targeting, and responsiveness (Fig. 6d) [98-100]. These surface
modifications not only significantly improve the biocompatibility
of MSNs and reduce cytotoxicity, but also bestow them with spe-
cial functions, such as antibacterial, antioxidant, immunomodula-
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tory, and gas sensing capabilities. This functional versatility makes
MSNs highly adaptable for diverse biomedical applications, includ-
ing drug delivery, tissue engineering, disease diagnosis, and thera-
peutic interventions [101].

Through surface functionalization, MSNs can specifically inter-
act with biomolecules, enhancing their interactions with cells or
tissues, thereby improving the targeting and controlled release
properties of drug delivery systems. Xie et al. functionalized MSNs
by combining them with COOH-PEG-phenylboronic acid and gold
nanoshells, demonstrating excellent bacterial targeting and self-
heat-induced propulsion properties [100]. The functionalized MSNs
can selectively recognize and bind to bacterial surfaces, and with
the aid of NIR laser irradiation, generate thermal effects that dis-
rupt bacterial membranes, allowing for deep penetration and ex-
erting antibacterial activity. Furthermore, this functionalization not
only improves targeting and therapeutic effectiveness but also en-
hances the efficacy against drug-resistant bacteria through their
unique virus-like structure, showcasing significant potential in the
treatment of drug-resistant bacterial infections. Similarly, Chen et
al. functionalized MSNs to effectively load photothermal agents,
which respond to pH, enzymes, and NIR laser stimuli in the tu-
mor microenvironment, achieving precise drug release. Moreover,
the functionalized MSNs triggered dendritic cell maturation and
macrophage polarization, augmented immune responses, enhanced
tumor therapy effectiveness, and inhibited metastasis. Chen'’s re-
search further exposed the receptor-ligand-free mesoporous silica
nanoparticles (RMSNs) drug targeting delivery advantages in pene-
trating through the blood-brain barrier (BBB) [81]. Through PEGy-
lation and adjustment of surface charge, drug accumulation in the
brain was greatly improved by RMSNs with exceptional BBB pene-
tration abilities.

Additionally, the functionalization of MSNs significantly en-
hances their strength, making them have exceptional structural
stability when utilized as scaffold material for tissue engineering
and thus facilitating cell attachment and proliferation [102]. There-
fore, surface functionalization of MSNs not only possesses great
promise for their application in the context of biomedical engi-
neering but also serves as a robust basis for the creation of in-
telligent nanomaterials.

4. Mesoporous silica-enabled wound healing

MS, with its highly ordered pore structure, excellent specific
surface area, and precisely tunable physicochemical properties,
has garnered significant attention in the field of wound heal-
ing in recent years. Not only does MS, as a new delivery plat-
form, facilitate targeted loading and controlled drug and bioactive
molecule release via pore size control, but also dynamically re-
formulates the wound microenvironment via surface functionaliza-
tion, greatly promoting tissue repair results. Notably, by construct-
ing pH, ROS, or enzyme-responsive multifunctional composite sys-
tems and smart-responsive platforms, MS has overcome the pas-
sive treatment model of traditional dressings. This enables real-
time monitoring of wound status, on-demand drug release, and
dynamic regulation of therapeutic effects, providing crucial theo-
retical and technological support for wound treatment strategies
in the era of precision medicine.

4.1. Drug molecule delivery carriers

MS, with its highly ordered pore structure and excellent specific
surface area, has become an ideal carrier in drug delivery systems.
Furthermore, by integrating MS with microneedle (MN) technology
and other functional materials, the therapeutic efficacy is signifi-
cantly enhanced, while side effects are effectively reduced (Fig. 7a)
[103,104].
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Fig. 7. Application of mesoporous silica in drug delivery. (a) Noninvasive transdermal delivery of mesoporous silica nanoparticles using deep eutectic solvent. Reproduced
with permission [103]. Copyright 2022, Elsevier B.V. (b) Illustrative overview of BD@Zn-MSN-MN fabrication. Reproduced with permission [105]. Copyright 2024, Springer
Nature. (c) Schematic illustration showing the fabrication of MS-Ce0O,-miR129. Reproduced with permission [107]. Copyright 2022, Springer Nature.

Gao et al. successfully developed a drug long-acting delivery
system combining zinc-doped MSNs with MN, designed to load be-
tamethasone dipropionate (BD) for transdermal sustained-release
drug delivery and continuous anti-inflammatory and anti-pruritic
treatment in imiquimod-induced psoriasis mouse models (Fig. 7b)
[105]. Similarly, researchers encapsulated methotrexate (MTX) in
chitosan-coated hollow MSNs (MTX@HMSN/CS) and combined this
with MN-assisted delivery technology, allowing for precise pen-
etration of the stratum corneum and achieving efficient local
drug release [106]. In the psoriasis mouse model, MTX@HMSN/CS
demonstrated significant anti-proliferative and anti-inflammatory
effects, maintaining drug concentrations for longer periods com-
pared to traditional drug delivery methods, thus reducing the fre-
quency of treatment. Furthermore, up to 95% of cancer patients
undergoing radiation therapy experience radiation-induced skin in-
jury (RISI), with nearly 10% suffering severe skin damage. Li et
al. designed multifunctional MS-cerium oxide nanomaterials (MS-
CeO,) to deliver miR129 and promote the healing of radiation-
induced skin damage (Fig. 7c) [107]. This system improves wound
healing by inhibiting ROS and the activation of HIF-1«, and by tar-
geting the RAD17 gene to regulate the Chk2 pathway, reducing cell
apoptosis induced by DNA damage.

MS has demonstrated its tremendous potential as a precise de-
livery platform in the specific application of skin wound heal-
ing, laying the foundation for the development of future personal-
ized treatment and smart healthcare systems. It holds vast clinical
translation prospects, offering innovative solutions for enhancing
therapeutic efficacy and advancing personalized medicine.

4.2. Inflammation regulation and immune modulation

Inflammation is a crucial step in the wound healing process,
where moderate inflammation helps clear pathogenic factors from
the injury site and initiates the repair mechanisms. However, ex-
cessive or prolonged inflammation can delay healing and lead
to complications. MS, through surface functionalization and pore
size regulation, plays a significant role in inflammation regula-
tion during wound healing [55]. Topography-engineered, pollen-
like mesoporous silica nanoparticles modulate inflammation via
contact-dependent signaling. Macrophages sense rough surfaces,
upregulate CD28, and suppress ERK signaling, which attenuates
lipopolysaccharide (LPS)-induced M1 activation. Compared with
smooth MSNs, these particles reduce iNOS and IL-6 while elevating

colony-stimulating factor (mCSF), promoting a pro-repair immune
profile independent of internalization (Fig. 8) [108]. Research by
Babu et al. demonstrated that MS, as a caffeine delivery system,
has a significant inhibitory effect on the inflammatory response
[109]. Moreover, MS not only regulates local immune responses
but also promotes the activation and polarization of immune cells,
accelerating wound healing and reducing adverse reactions [110].
Therefore, MS provides a new strategy for inflammation regulation
and immune modulation in wound repair.

Effective inflammation induction and timely inflammation res-
olution are crucial for wound healing. Studies have shown that
MS, as a tissue adhesive, can activate appropriate inflammatory
responses and promote wound healing [111]. The excellent adhe-
sion properties and tunable degradation rates of MS not only aid
in connecting wound edges but also accelerate healing by mod-
ulating inflammation, while simultaneously improving the tensile
strength of the wound. Bacterial infection is a major factor con-
tributing to wound deterioration. Chen et al. developed a smart
drug delivery system based on MS, utilizing thioketal gatekeep-
ers to achieve ROS-sensitive drug release, enhancing the target-
ing of antibiotics and boosting antibacterial effects while reduc-
ing the required dosage [112]. In terms of immune modulation,
Zheng et al. explored the immunomodulatory role of MS in wound
healing [113]. The research team combined MS with polydopamine
and iron oxide nanoparticles (Fe/PDA@GOx@HA) to construct a MN
patch system that integrates antibacterial and immune modula-
tion functions. Specifically, this system regulates the immune mi-
croenvironment at the wound site, promoting the polarization of
macrophages to the M2 phenotype and inhibiting excessive inflam-
matory responses, thereby effectively improving the healing pro-
cess of the wound.

4.3. Angiogenesis and tissue regeneration

Angiogenesis and tissue regeneration are crucial processes in
wound healing, directly influencing the speed and quality of
wound closure. Effective angiogenesis provides oxygen and nu-
trients to the wound area, promoting the growth and repair of
new tissue. MS, with its tunable drug delivery capacity and topol-
ogy regulation features, can target the delivery of angiogenic fac-
tors such as VEGF, regulating endothelial cell migration and ad-
hesion behaviors [114]. Through surface functionalization, MS can
also modulate the pH balance and oxidative stress within the
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Fig. 8. The nanoparticle surface topography modulates the inflammatory response
of M1 macrophages. (a) iNOS immunofluorescence staining images of RAW 264.7
that cultured with different groups treated, and the cells were stained for the iNOS
(green) and nucleus (blue). (b) The quantitative statistical of iNOS fluorescence in-
tensity. (c-e) The pro-inflammatory genes (CXCL11, CXCL9, and IL-6) and the anti-
inflammatory related gene (f) macrophage mCSF in M1 type RAW264.7 cells (LPS
induced 2h) with PBS, MSNs, and PMSNs treated for 24 h. (g) Protein level ex-
pression of IL-6 analyzed by ELISA. Data are mean & SD or SEM (n=3). *P <0.05,
**P <0.01, **P < 0.001, ****P < 0.0001. Reproduced with permission [108]. Copyright
2025, Elsevier B.V.

tissue microenvironment, breaking the vicious cycle of ischemia
and hypoxia, thereby providing dynamic support for efficient vas-
cular network reconstruction and functional tissue regeneration
[115,116].

Diabetic wounds (DW) often result in local ulcers, wound
necrosis, and even amputation due to peripheral nerve damage and
vascular dysfunction. Traditional drug treatments are often lim-
ited in efficacy as they struggle to effectively reach deeper tissues
and promote wound healing. Li et al. designed a multifunctional
MS mesoporous MN patch that can induce the formation of mul-
tiple regenerative sites at different locations. This patch exhibits
antibacterial properties, reduces reactive oxygen species, regulates
macrophage niches, and promotes vascular regeneration and col-
lagen deposition, significantly accelerating the healing process of
infectious diabetic wounds [117].

4.4. Synergistic antioxidant effect

In the wound healing process, oxidative stress is a key factor
influencing the healing outcome. During wound healing, damaged
tissues release a large amount of ROS. These free radicals dam-
age cell membranes, DNA, proteins, and lipids, activate inflamma-
tory responses, delay healing, and lead to tissue necrosis. Antiox-
idants can scavenge ROS, reduce oxidative stress damage to cells,
decrease inflammation, promote cell proliferation and migration,
and improve the wound healing microenvironment. The synergistic
antioxidant effect when combined with drugs or other materials
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can significantly enhance the quality and speed of wound healing,
with important clinical applications, especially in chronic wounds
and severe burns [118].

Studies have shown that MS can load metformin and cerium
oxide, regulating ROS levels in the wound microenvironment, re-
ducing oxidative stress damage to cells, and promoting wound
healing [119]. Additionally, MS modified with thiomethyl chains
can respond to ROS, precisely release drugs, further enhance an-
tioxidant effects, increase antibacterial activity, and accelerate the
wound healing process [112]. Wu et al. successfully attached ultra-
fine cerium oxide nanoparticles to the surface of MS, creating an
effective functionalized ROS-responsive tissue adhesive nanocom-
posite [120]. This system exhibited excellent tissue adhesion prop-
erties, aiding in rapid wound closure, and significantly inhibiting
scar formation by scavenging excess ROS at the wound site.

4.5. Multifunctional composite systems and smart response

The integration of MS with smart responsive materials marks
a significant leap towards dynamic and precise wound healing
strategies. By incorporating light, pH, temperature, or enzyme-
responsive components, MS can form multifunctional composite
systems to achieve on-demand drug release, targeted accumu-
lation, and adaptive regulation of the microenvironment [121-
123]. H,0,-responsive mesoporous silica enables programmable,
on-demand release by translating glucose-derived H,0, into pore
uncapping via phenylboronate-ester cleavage and «-cyclodextrin
gate removal. Embedded in dissolvable MN, MSNs co-load insulin
and glucose oxidase, couple dermal delivery with stimulus in-
tensity, and prolong glycemic control, exemplifying MS-centered,
triggerable therapy (Fig. 9) [124]. Wang et al. developed a self-
responsive MN patch that releases hydrogen gas, using MS loaded
with aminoborane (AB), which intelligently releases hydrogen gas
in the diabetic wound microenvironment, effectively scavenging
excess ROS and alleviating oxidative stress [125]. This multifunc-
tional smart response system, by modulating the microenviron-
ment, demonstrates the significant application potential of MS
combined with other materials in intelligent response and wound
repair. Such systems require precise spatiotemporal “smart switch”
characteristics, providing a modular technological platform for per-
sonalized intervention in complex wounds. The composite system
of MS with smart responsive materials, through dynamic and pre-
cise regulation mechanisms, significantly enhances wound healing
efficacy, offering a new paradigm of multimodal collaborative in-
tervention for complex wound treatment, highlighting its broad
prospects in precision medicine.

5. Future challenges and prospects
5.1. Future challenges

5.1.1. Long-term safety

Despite its excellent drug loading capacity, tissue scaffold func-
tionality, and smart-responsive properties in skin wound heal-
ing, the biocompatibility and biodegradability of MS remain major
challenges in clinical applications [78]. Therefore, optimizing the
biocompatibility of MS, reducing immune reactions, and improving
its long-term safety for extended use have become key factors for
its successful application in the field of wound healing.

Surface modification is one of the common strategies to opti-
mize the biocompatibility of mesoporous materials. By functional-
izing the surface of the material, the interaction between the mate-
rial and cells and tissues in the biological system can be improved,
while reducing immune system rejection responses [126]. Most
surface modifications include the most widely used hydrophilic
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Fig. 9. Applications of mesoporous silica in composite systems and intelligent re-
sponse. (a) Schematic of the H,0,-responsive mesoporous silica nanoparticles inte-
grated with MN patches for the glucose-monitored transdermal delivery of insulin.
(b) The glucose-responsive mechanism and a schematic of insulin release, the in-
sulin release profiles against different concentrations of H,O, and glucose, and the
insulin release profiles with different concentrations of H,0, and glucose. Repro-
duced with permission [124]. Copyright 2017, Royal Society of Chemistry.

and biomolecule modifications. For example, through the incorpo-
ration of hydrophilic groups of molecules like polyethylene glycol
(PEG), the material’s biological stability significantly increases with
reduced serum protein adsorption and subsequent activation of the
immune response [127]. PEG modification not only increases the
circulation time of mesoporous material in the body but also re-
duces the opportunity for phagocytosis by macrophages, thus re-
ducing the clearance of the material. Additionally, through their
inclusion of cell adhesive molecules like RGD peptides on the sur-
face, cell adhesion and proliferation of the surface-modified mate-
rial are ensured, thus making the material function optimally for
tissue regeneration.

Size and shape are also critical factors that influence the bio-
compatibility of mesoporous materials. Researchers have estab-
lished that the size, shape, and surface charge of nanoparticles
have a direct impact on the strength of immune responses [128].
Materials with sizes less than 100nm are usually more likely to
cross cell membranes and avoid macrophage phagocytosis, hence
decreasing immune reactions [129]. However, particles with sizes
smaller than these may be cytotoxic or damage tissues. Hence, set-
ting an appropriate size and surface charge is one of the most im-
portant considerations when enhancing biocompatibility.

Additionally, enhancing material degradability is one of the key
strategies for promoting biocompatibility. Material residues in the
body for long periods of time can induce chronic immune re-
sponses, and these should be of concern for their safety. It has
been indicated by studies that the degradation of MS materials
usually occurs over several days, with full elimination from the
body perhaps requiring several weeks. Even if degradation prod-
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ucts are not toxic, their accumulation in the body will inevitably
have an effect on tissue function [130,131]. Thus, material design
with higher degradation speeds, or the addition of degradable or-
ganic units in order to enhance degradation, has become a critical
research goal for maximizing biocompatibility.

In summary, improving the long-term safety of MS can be
achieved through personalized strategies such as surface modifica-
tion, size optimization, degradability design, and the introduction
of immune-modulating functions. With the development of new
technologies, the long-term safety of MS will continue to be opti-
mized, providing more reliable support for its widespread applica-
tion in disease treatment and further enhancing its clinical thera-
peutic potential.

5.1.2. Integration of multifunctional modules

In the application of MS for wound healing, despite its tremen-
dous potential in drug delivery, tissue regeneration, and multifunc-
tional therapies, achieving compatibility and integration of multi-
functional modules remains a key challenge when addressing the
repair of complex wounds.

Firstly, when co-loading bioactive molecules such as drugs,
imaging agents, and growth factors, the pores of MS may become
blocked or affected by chemical reactions [132]. Wound healing
typically requires the simultaneous release of drugs to promote
healing, imaging agents for real-time monitoring of the wound sta-
tus, and growth factors to support cell proliferation and angiogene-
sis. However, interactions between different components may lead
to pore blockage or unintended reactions between drugs and imag-
ing agents, which not only affects the therapeutic outcome but
could also reduce the activity of the drugs or other components.
Therefore, optimizing the pore structure of MS to prevent these ad-
verse effects has become a critical issue that needs to be addressed
[133].

Secondly, the timing of drug release during the wound heal-
ing process also faces complex coordination challenges [134]. The
release timing of drugs needs to align with the different stages
of wound healing, while the release schedules and rates of vari-
ous therapeutic components such as antibiotics, anti-inflammatory
drugs, and healing factors often differ. If the release timing is
not well coordinated, it could affect the effectiveness of wound
healing and may even hinder the final quality of the healing
process.

Another limitation of mesoporous silica is its excessive rigidity
and brittleness, which restricts its direct use as a wound dress-
ing. In contrast, hydrogels are soft, flexible, and injectable, but lack
sufficient strength. Recent studies have therefore focused on inte-
grating MS into hydrogel matrices, aiming to combine mechani-
cal stability with compliance while enabling controlled release of
therapeutic agents. Examples include GelMA/SFMA hydrogels in-
corporating RES-loaded MSNs and platelet vesicles to modulate
inflammation and angiogenesis, and boronate-linked, glucose/pH-
responsive hybrids embedding MSN@PDA-antibiotic and met-
formin for antibacterial and metabolic regulation [135-137]. These
findings highlight that addressing the mechanical limitations of MS
through composite design remains an important challenge for fu-
ture applications

5.1.3. Production costs and scalable manufacturing

While MS has achieved significant results in laboratory settings,
scaling up its production and effectively controlling costs remain
major challenges for its widespread application [138]. Therefore,
meeting the demand for large-scale production has become a crit-
ical issue. Improving production efficiency and reducing costs are
core concerns in large-scale manufacturing, and many researchers
are focused on increasing yield and minimizing solvent consump-
tion. By carefully controlling the production process, resource
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waste can be significantly reduced, thereby lowering costs [94].
Additionally, the introduction of automated production lines can
significantly enhance production efficiency, reduce human error,
and ensure product consistency. With increasing environmental
protection requirements, green synthesis techniques have become
an important direction for the production of MS [139]. Techniques
of green synthesis reduce processes of production by sparing the
usage of harmful solvents and reduced energy input, correlated
to reduced ecological footprint. Usability of aqueous solvents or
biodegradable chemicals as the template and the auxiliaries has
emerged as a successful method of keeping the ecological footprint
low and maximizing the production processes.

5.2. Prospects

To realize the extensive clinical application of MS in the field
of wound healing, not only do its intrinsic properties need to be
optimized, but also it should be integrated with other novel tech-
nologies to facilitate the improvement of therapeutic outcomes and
the realization of precision medicine targets. Kang et al. devel-
oped ChatMOF, an artificial intelligence system based on large lan-
guage models, aimed at predicting and generating metal-organic
frameworks (MOF) through natural language processing [140]. The
system combines machine learning models and databases, en-
abling efficient MOF property prediction, data retrieval, and ma-
terial inverse design. In the analysis of MOF structures and prop-
erties, ChatMOF significantly improves design efficiency and ac-
curacy, achieving accuracies of 96.9%, 95.7%, and 87.5% in re-
trieval, prediction, and generation tasks, respectively. This system
provides a new tool for MOF research, demonstrating the poten-
tial of artificial intelligence (AI) in materials design. While de-
veloped for MOFs, this agent-tool-evaluator workflow suggests a
transferable route for MS by coupling pore-structure generators
and predictors to inverse-design pore size, connectivity, and sur-
face chemistry under constraints, followed by synthesis-pathway
retrieval. Such pipelines could guide MS architectures optimized
for loading, release kinetics, and immune modulation. Al, leverag-
ing deep learning technologies, accelerates biomaterial design, op-
timizes drug delivery systems, and enhances disease diagnostics by
efficiently predicting biocompatibility and material-tissue interac-
tions, enabling precise and personalized integration of biomaterials
with life science research [141]. Looking ahead, the integration of
Al technology has brought new breakthroughs in the application of
MS in skin wound healing [142].

Al, through machine learning, can optimize the design and
preparation process of MS, driving its personalized application in
wound healing [143]. Specifically, Al can accurately predict the op-
timal healing path for different types of wounds and tailor MS
structural synthesis strategies based on these predictions. Addi-
tionally, Al can analyze multidimensional data such as the syn-
thesis methods, surface functionalization, and biocompatibility of
MS to quickly identify key features related to wound repair, thus
optimizing material design [144]. In terms of drug and bioactive
molecule loading, Al can match potential payload information by
analyzing the pore structure and size data of MS, and predict the
efficacy and toxicity of the delivery system in different patients.
This not only speeds up the development of new delivery systems
but also improves the accuracy and safety of treatment. It also as-
sists in the structural compatibility analysis of MS under different
conditions of experiments, the optimization of conditions of syn-
thesis aiming to improve the reproducibility and stability of the ex-
periment. In general, the synergy of Al and MS has allowed for the
achievement of more accurate wound healing and the reinforce-
ment of the mechanisms of wound healing. Using the deep learn-
ing of MS datasets, Al can potentially identify the mechanisms of
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degradation and metabolism of MS in vivo and in vitro and suggest
more accurate strategies of structural optimization. In addition, Al
can potentially perform real-time monitoring of the course of the
wound healing, analyze the data of the wounds, assist the clin-
icians in the measurement of the effectiveness of the treatment,
and adjust the schemes of the treatment using the real-time feed-
back.

MS has demonstrated great compatibility with precision
medicine tools in individualized treatment [145]. With advances
in precision medicine and genomics, individualized treatment has
emerged as the central direction for the healthcare of the fu-
ture [146]. Using personal biomarkers or genomics, doctors can
customize treatment for patients. With the application of MS in
drug delivery systems, treatment becomes customizable according
to the needs of the patient. For instance, MS optimizes drug dis-
charge rates according to wound type and drug metabolism rate,
making treatment more tailored [147]. Also, with advances in ge-
nomics and bioinformatics, the functional design of MS becomes
more specific, such that it responds according to disease features
or physiological conditions.

The integration of MS with 3D printing technology in tissue en-
gineering has provided a new perspective for its clinical translation
[148]. 3D printing allows for precise control over the microscopic
structure and porosity of scaffolds, providing efficient support for
tissue engineering. By incorporating growth factors, drugs, or smart
sensors into 3D printed MS materials, more complex therapeutic
scaffolds can be developed [149]. For example, in bone tissue re-
pair, MS scaffolds manufactured using 3D printing technology can
mimic the structure of bone tissue and promote bone regeneration
by slowly releasing growth factors [150]. This multifunctional ma-
terial combines the advantages of drug release, cell support, and
tissue regeneration, showcasing significant clinical translation po-
tential.

Moreover, the combination of smart sensors with mesoporous
materials enhances drug delivery systems in terms of intelligence
and precision. For example, in the treatment of wounds, smart sen-
sors are able to track the conditions of the wound in real time
and adjust drug release dynamically to sustain the constant deliv-
ery of antibiotics and other drugs to the wound site, as well as
optimize the dosage [151]. Smart drug release by this approach fa-
cilitates control of the drug release by precision, as per the actual
conditions of the wound, hence facilitating better therapeutic per-
formance and minimization of the side effects of the drug.

Ultimately, the clinical translation of MS not only exists in its
capability of delivering drugs and repairing tissues but also in
its combination with the latest technologies. Through multidisci-
plinary collaboration, the combined application of MS with tech-
nologies such as Al, personalized treatment, and 3D printing will
provide more efficient, safe, and personalized treatment methods
for skin wound healing (Fig. 10). This integration will provide more
powerful tools for future biomedical research, advancing the ap-
plication of MS in disease diagnosis, therapeutic strategy develop-
ment, and tissue engineering to new heights.

MS has demonstrated substantial potential in fundamental re-
search and is now approaching clinical translation, notably in
wound healing applications [147]. Successful transition into clin-
ical practice requires standardized synthesis and characterization
protocols, strengthened interdisciplinary collaboration among re-
searchers, clinicians, and regulatory agencies, and enhanced trans-
lational infrastructure. Furthermore, clear regulatory frameworks
and clinician-oriented training programs will accelerate the prac-
tical implementation of MS-based technologies. Systematic atten-
tion to these areas will ensure MS effectively contributes to ad-
vancements in regenerative medicine and personalized healthcare
[152-154].
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Fig. 10. Integration of mesoporous silica with other advanced technologies.

6. Conclusion

MS, with its unique structural characteristics, excellent bio-
compatibility, and tunable physicochemical properties, has demon-
strated tremendous potential in the field of wound healing. As
a novel multifunctional nanomaterial, it not only possesses ex-
ceptional drug loading capacity and controlled release properties
but also enables precise modulation of the wound microenviron-
ment through surface functionalization and pore size regulation.
With ongoing research into its synthesis methods, structural de-
sign, and functional modifications, the applications of MS in drug
delivery, inflammation regulation, tissue regeneration, and other
areas continue to expand, providing new solutions for the treat-
ment of chronic wounds, diabetic foot ulcers, and other refractory
skin injuries.

However, despite the broad application prospects of MS in
wound healing, several challenges remain. Safety of long-term ap-
plication, possible risks of immune responses, and translatabil-
ity into the clinic remain key challenges that must be resolved.
To maximize the benefits of MS in wound healing, the following
should be addressed in the future: optimization of its biodegrad-
ability, immunological compatibility, and its efficacy in a variety of
patient populations in the clinic.

At the same time, with ongoing advances in intelligent tech-
nology and precision medicine, the combination of MS with so-
phisticated tools like 3D printing and Al offers a revolutionary
change towards more individualized, dynamic, and highly adap-
tive wound healing. 3D printing provides the accurate fabrica-
tion of MS-based scaffolds with customized geometry and poros-
ity, adapting the scaffolds to the specificity of the wound and
supporting higher tissue regeneration. Through the creation of
patient-specific wound therapy platforms, 3D printing provides
the incorporation of functional MS material with optimized struc-
ture for tailored drug delivery, cellular interaction, and regener-
ative treatment. At the same time, Al increases the predictive
function of material design, providing deep learning optimiza-
tion of MS features, enabling real-time monitoring and individ-
ualized treatment protocols. Using data from Al, the most effi-
cient MS formulation may be simplified by predictive assessment
of their interactions with the wound microenvironment, guiding
the design of intelligent drug delivery. Constructing multifunctional
composite systems and incorporating smart-responsive platforms,
these advances enable the creation of dynamic on-demand wound
therapy that adjusts according to the dynamics of the wound
healing.

1

In essence, MS research on wound healing is still in its in-
fancy, but its vision of reshaping the regenerative medicines field
becomes more transparent. As material science continues to grow
and converge rapidly with interdisciplines such as 3D printing, Al,
and precision medicines, MS sits on the threshold of not only rein-
venting wound healing but also reequilibrating more comprehen-
sive therapy mechanisms for tissue regeneration. The vision of MS
for the future holds its ability for harmonization with cutting-edge
technology, thereby enabling prospects of customized, dynamic
therapies. With the realization of MS’s unmatched tunability and
biocompatibility, research in the future will establish new stan-
dards of wound healing, with the ability to provide extremely spe-
cific, reactive, and on-demand therapy responses tailored uniquely
for individual patients.
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