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Several factors can impede the wound healing process, and the non-healing and formation of chronic
wounds pose a threat to patient health and a burden to society. With the discovery of various
biomaterials (e.g., hydrogels and nanomaterials), new treatment options have been developed to
improve wound healing. Hydrogels and nanomaterials exhibit good biocompatibility and are often used
in wound healing as carriers for drug delivery. However, the wound environment during the wound
healing process is often complex, making it difficult to achieve precisely controlled drug release.
Changes in various wound response factors have been found to control drug release. Therefore, it is
important to develop wound response factors as a switch for drug release. This review describes the
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healing process of wounds and the factors affecting wound healing; materials with self-repairing ability
and their application as drug delivery systems for the treatment of wounds; biomarkers that can be used
to detect the recovery of wounds; and monitoring of wound healing based on the environmental
response to achieve the detection of wound detection and treatment. Lastly, this review highlights the
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1. Introduction

The skin is the body’s largest organ; it acts as a protective
barrier, regulates temperature, retains body fluids, and prevents
environmental, chemical, and pathogenic damage." Addition-
ally, it acts as a soft elastic membrane between the inside and
outside of the body, performing several important functions.
The skin is vulnerable to various external factors, resulting in
surface wounds. When the wound dressing is frequently chan-
ged, the wound is vulnerable to bacterial invasion, long-term
inflammation, and other factors that may negatively affect
wound repair. Prolonged wound healing can lead to increased
morbidity and mortality; thus, to reduce patient suffering and
reduce the burden on the healthcare system, a certain approach
is required for wound treatment.

After skin wounds occur, dressings are chosen to cover the
affected area and promote wound healing. Although there are
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difficulties and future prospects of the integration of wound treatment and detection.

many types of wound dressings,” owing to the complexity of the
wound microenvironment, it is still challenging for several
wound dressings to fully adapt to the wound-healing process;
thus, a single dressing may not be effective for wound treat-
ment. Traditional wound-care methods based on the use of
passive bandages cannot be used to accurately assess wounds
and may result in secondary injuries during the frequent
replacement of dressings.’

With the development of new technologies in the field of
biomedicine, various materials have been developed that are
beneficial to wound treatment and have broad applications.
Several researchers have used physical or chemical cross-linking
methods to produce hydrogel dressings with multiple functions
that can play anti-infection, anti-oxidation, and anti-inflammatory
roles in wound healing.* In addition, some researchers have added
“sensors” in the hydrogel that can respond to changes in the
wound environment. For example, environmental changes, includ-
ing those to pH, glucose, and reactive oxygen species, can be used
as a switch to release drugs, creating an intelligent drug delivery
system that can be used to treat deep wounds with high efficiency.’
Additionally, NO-based strategies have valuable applications in the
wound-healing process, which have been limited owing to
chemical instability and disordered release at the affected area;°
consequently, researchers have used various stimuli such as pH,
light, and heat to trigger and achieve accurate release of NO. In the
study by Zhong, MOF-derived FeO@PLGA microspheres were
designed and applied to bacterial infectious wounds through
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magnetic release of NO.”® Zhang et al used Prussian blue
nanoparticles combined with sodium nitroprusside to control
the release of NO under light and heat stimulation. They also
designed a multi-functional chitosan/alginate brine gel and bioac-
tive glass nanocomposite material, which can realize the active
release of light, heat, and NO and promote the healing of bacterial
infected wounds.” MOFs consist of both organic and inorganic
components and possess antiviral and bactericidal properties,
which make them have great potential for clinical applications.™
Currently, many studies focus on adjusting the functions of MOFs
by regulating metal bonds. Metals such as Au, Ag, Zn, Fe, and Mg
have been widely used in the construction of antibacterial MOFs.""
Due to the relatively stable structure and persistent composition of
MOFs, they are considered a promising treatment platform.*? For
example, in terms of anti-inflammatory effects, MOFs can serve as
drug delivery carriers, and titanium-based MOFs can effectively
solve the problems of drug loading and controlled release of anti-
inflammatory drugs.”® To obtain harmless and economically
efficient biomaterials, scientists have discovered that the mucus
present in persimmon seeds contains a large amount of hydrogel.
By properly utilizing this mucus, it can not only serve as a drug
delivery carrier but also adsorb various organic/inorganic pollu-
tants and heavy metals, which is not only environmentally friendly
but also serves as a renewable resource, playing an important role
in biomedical fields such as drug delivery.'*'®

Wound repair involves four stages: hemostasis, inflamma-
tion, proliferation, and remodeling, which are closely related
and thus influence each other. The body’s immune system
plays a crucial role in promoting the development of these four
stages. When the immune system is impaired, the wound will
remain in the inflammatory stage without entering the prolif-
eration stage, hampering wound healing. Moreover, microbial
infection can affect wound healing; specifically, Staphylococcus
aureus is a threat to human health owing to its strong virulence
and resistance. Zhu et al.'® designed a new supramolecular
hydrogel based on the manufacture of hydroxypropyl chitosan
(HPCS) and poly (n-isopropylacrylamide) (PNIPAM), which are
heat-sensitive, self-healing, and have excellent biocompatibil-
ity. This injection of dipotassium glycyrrhizinate also results in
antibacterial properties against Staphylococcus aureus. How-
ever, with the use of antibiotics, bacterial resistance is gradually
becoming more common.'’Drugs used to treat bacterial infec-
tion have begun to fail to achieve the expected effects, and the
development of alternatives for antibiotics is urgently needed. A
multi-functional  single-component palladium nanosheet
(PdNS) has been found to have efficient bactericidal properties
against multi-drug-resistant bacteria.'® The PANS can produce
a certain amount of heat in the near infrared region through
the photothermal effect; this substance utilizes the nanoknife
effect and the synergistic combination of peroxide/peroxidase
catalytic activity, photothermal effects and photodynamic
effects to achieve a bactericidal effect."®

Previously, during clinical diagnosis and treatment, doctors
generally judged the healing process by observing the state of
the wound or confirmed the diagnosis by culturing the wound
surface; however, these methods may cause secondary damage
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to the wound. There are negative consequences for inaccurate
diagnosis; therefore, it is necessary to develop biomarkers as
indicators to detect wound recovery. Certain progress has been
made in evaluating wound healing by using biomarkers and
imaging methods.”® Biomarkers, including temperature, pH,
glucose, and lactic acid, which can reflect chronic wound
infection and inflammation, have been used as indicators for
wound detection. In practical applications, pH and tempera-
ture are the most commonly used and effective biomarkers to
provide information about the wound condition. Furthermore,
computed tomography, magnetic resonance imaging, thermal
imaging and other imaging methods have potential for use in
wound diagnosis. Although traditional methods can provide
some information on the wound, owing to the complexity of
clinical practical applications, there is a need for fast, accurate,
and highly specific therapeutic materials.

Clinical debridement is an important part of wound treat-
ment. Debridement is the main step in which necrotic tissue
and infection sources are removed. In addition to commonly used
surgical debridement methods (such as mechanical debridement
and surgical sharp instrument debridement), enzymatic debride-
ment is a novel surgical tool. For example, bromelain-based
debridement can be used to remove eschar in burn patients,
thereby improving the efficiency of wound treatment.>* Addition-
ally, modern debridement techniques combine precision medicine
with new tools. Ultrasonic debridement, an effective alternative to
traditional debridement, is preferred when there are contraindica-
tions to surgical debridement, such as poor vascular status.
Compared with traditional methods that require frequent changes
of the wound dressing and increase infection risk, negative
pressure wound treatment reduces the infection risk by closing
the environment and can accelerate healing by promoting blood
circulation and granulation tissue growth. However, despite its
many advantages, negative pressure wound treatment should not
be used in patients with active bleeding.

In summation, environmentally sensitive and self-repairing
hydrogels (along with other materials, such as nanoparticles)
can be combined with various drugs and supplemented by
various detection methods to construct a composite material,
which can assist clinical treatment. On the one hand, such
materials can monitor changes in the wound-surface environ-
ment; on the other hand, these materials can be good drug-
delivery systems. Further methods that combine wound detec-
tion with wound treatment can help achieve the integration of
wound detection and treatment. Compared with the traditional
wound treatment, such combined methods can not only pro-
vide a moist and antibacterial environment for the wound but
also avoid secondary injuries caused by multiple dressing
changes. Although there have been many achievements in the
integration of wound detection and treatment, the manufactur-
ing costs of various integrated platforms are high and the
actual clinical applications are limited.

This review introduces the basic healing process of acute
and chronic wounds and the factors affecting wound healing
and summarizes the application of certain biomaterials in
wound treatment, focusing on various environmental factors
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Fig. 1 Mechanism of wound detection and treatment integration.

and biomarkers that can be used in wound detection (Fig. 1).
Furthermore, to address the gap in the literature regarding
wound detection and wound treatment on the same platform,
this review summarizes the advantages and difficulties of
integrated wound treatment as well as future prospects.

2. Mechanisms of acute and chronic
wound healing

2.1. Classification of trauma

Wounds that heal quickly and effectively under normal circum-
stances are considered acute wounds. However, some wounds
do not heal quickly due to factors such as age and diabetes.?>
Wounds that do not heal after 12 weeks are considered chronic
wounds.

2.2. The healing process of acute wounds

Wound healing refers to the stage-by-stage regeneration of
damaged tissues through the regeneration of connective tissues
and capillaries, which leads to wound recovery and generally
involves a series of changes in the activity of damaged cells and
tissues. The healing of acute wounds generally consists of four
processes: hemostasis, inflammation, proliferation, and der-
mal remodeling.*

2.2.1. Hemostasis. The complete hemostatic process generally
includes three stages. In the early stage of injury, the blood vessels
in the tissues rapidly contract, and the platelets adhere, aggregate,
and form the initial hemostatic thrombus on the surface of the
damaged blood vessels.>! Bleeding occurs in the early stages of
wound injury. Therefore, inorganic mineral materials (e.g., nano-
materials) with loose mesoporous properties can be used for
hemostasis. These materials promote blood coagulation to form
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hemostatic plugs by absorbing large amounts of blood and con-
centrating platelets.>> In contrast, phase II hemostasis results in
the formation of a fibrin clot, which involves the activation of
thrombin and the formation of fibrin.?® Protein-based hemostatic
materials can be used to control bleeding by accelerating natural
coagulation reactions to achieve hemostasis. Phase III hemostasis
is mainly a process of clot contraction. A loose mesh composed of
platelet polymers, fibrin filaments, and trapped red blood cells
forms a firm clot.”” Polysaccharide hemostatic materials are often
used as reliable hemostatic materials because of their non-
immunogenicity, non-toxicity, and biocompatibility. For example,
chitosan (CS) binds with anionic electrostatic interactions on the
surface of erythrocytes,”® which ultimately leads to the aggregation
of erythrocytes on the surface of the wound and the formation of a
clot.”

2.2.2. Inflammation. After the hemostatic phase, the body
produces an inflammatory response through autoimmune
reactions and bacterial invasion.*® The inflammatory process
promotes cell expansion and recruitment, which is an impor-
tant phase in the body’s defense against bacterial attack and
the digestion of foreign bodies.

Cytokines act as signaling substances that trigger the entire
inflammatory cascade, after which endothelial cells continu-
ously produce vasodilators, proteins that allow leukocytes to
pass through the vessel wall, and tissue factors that activate the
coagulation pathway.?’ Subsequently, granulocyte colony-
stimulating factor (G-CSF) and CXC chemokines are transported
through the incoming bloodstream and circulation to the bone
marrow; thus, mature neutrophils from the bone marrow are
transported through the bloodstream to the wound, and the
number of neutrophils in the wound increases significantly.****
After successful accumulation at the site of injury, neutrophils
recognize the infected microorganisms and necrotic tissues
through a variety of receptors, further exerting cytotoxic and
scavenging effects. This action is mainly realized through
phagocytosis by neutrophils, and the phagocytosed bacteria
are rapidly killed by protein hydrolases, antimicrobial proteins,
and ROS.>* Therefore, cytokines related to inflammation can be
detected and wound recovery can be observed in real time.

Macrophages are the main cells involved in tissue injury
repair and have a high degree of plasticity.>” However, they tend
to form two different phenotypes during the wound healing
process. In the early stage of repair, the pro-inflammatory M1
phenotype is observed.*® Rebapatide-loaded chitosan nano-
particles have been found to inhibit pro-inflammatory M1
macrophage activity via the NF-kB signaling pathway, thereby
blocking the inflammatory response and facilitating wound
healing.?” In contrast, the anti-inflammatory M2 phenotype
usually manifests in the later stages of healing during repair
and vascular remodeling.*® Scar tissue forms gradually during
the period of inflammatory regression, and normal scar tissue
includes the regression of the neovascular system and recon-
struction of the extracellular matrix (ECM).>*® However, when
the abnormal proliferation of adult fibers leads to excessive
redundancy of the ECM,*° it can result in the evolution of the
wound to a state of excessive scarring, hyperplastic keloids, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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keloids. Scar tissue formation is often regulated by macrophages,
whose numbers and phenotypes influence fibroblast prolifera-
tion, myofibroblast differentiation, and collagen deposition.
Thus, macrophages can determine the level of scar formation.**
The body also produces inflammatory mediators and indu-
cible synthases (e.g., cyclooxygenase, NO, and arachidonic acid-
like synthase). These substances play an important role in the
inflammatory pathway. Therefore, interference with the action of
inflammatory mediators can be used as an anti-inflammatory
approach.”® Natural terpenoids are widely available, have a wide
variety of derivatives with diverse bioactivities and anti-
inflammatory properties, and are promising biomaterials.*®
2.2.3. Proliferation. During the proliferation phase, the main
processes consist of the formation of new stroma by fibroblasts
(re-epithelialization), regeneration of new blood vessels, for-
mation of granulation tissue, and synthesis of collagen.***>
Re-epithelialization is an important step in wound healing
during proliferation.*® Re-epithelialization depends on the migra-
tion and proliferation of epithelial keratin-forming cells.”” The
process of re-coverage of the entire wound surface by keratin-
forming cells is known as re-epithelialization.*®*° MMP-1 and
MMP-9 are essential for the migration of keratin-forming
cells.”®*" They degrade components at the junction of the dermis
and epidermis, which further contribute to the migration of
keratin-forming cells.”> By understanding the sensitivity of kera-
tinocytes to epidermal growth factors, we can further control the
rate of wound re-epithelialization. Growth factors affecting kera-
tinocytes include TGF-, KGF, HB-EGF, FGF, and EGF. KGF and
FGF2 are crucial because they upregulate the expression of
keratins 6, 16, and 17,>* thereby promoting cell migration. An
antioxidant polyurethane (PUAO), OxOB, was identified and
encapsulated in adipose-derived stem cell exosomes, and a
significant increase in the rate of keratinocyte migration was
observed after phagocytosis of the exosomes by keratinocytes.>*
After skin injury, the potential of epithelial cells is disrupted,
which creates a potential difference from intact tissue, further
inducing cell migration.>® Based on this information, electroac-
tive dressings for wound treatment can be developed.
Angiogenesis is the process by which new blood vessels grow
from previously existing vessels and is mainly mediated by
vascular endothelial growth factor (VEGF).>® Tip cells can use
their filamentous pseudopods to guide blood vessel sprouting
when induced by VEGF-A;*” thus, VEGF is an important sub-
stance for angiogenesis during the wound healing stage. Du
et al.”® utilized metformin and mesenchymal stromal cells and
found that activation of Akt/mTOR to promote VEGF-mediated
angiogenesis in diabetic wounds can improve the expression of
VEGF-A during diabetic wound healing and indirectly help
wound healing. The stalk cell phenotype was observed follow-
ing DIl4/Notch-mediated lateral inhibition.>® Notch signaling
inhibits the transformation of stalk cells into tip cells.®® This
led to the discovery of novel biocompatible nanomaterials,
tetrahedral DNA nanostructures, which enhance angiogenesis
by upregulating Notch signaling. Alternatively, y-secretase inhi-
bitors can be used to inhibit Notch signaling to increase the
number of tip cells and form more vascular branches,®" thereby
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controlling vessel growth. Adding growth factors such as VEGF,
PDGF, and TGF to bioactive materials is one of the available
methods to modulate angiogenesis in endothelial cells.

Granulation tissue appears within 2-3 days after tissue injury
and grows from the bottom up (such as surface wounds) or from
the periphery to the center (such as intra-tissue necrosis), filling
the wound or organizing foreign bodies. Fibroblasts are key cells
in the formation of granulation tissue, and generally proliferate
and migrate under the action of different growth factors. They
can be derived from mesenchymal stem cells; therefore, the
properties of fibroblasts can be used to design bioactive materials
to control cell behavior. A double-drug-loaded double-layer nano-
fiber sponge 3D scaffold made of a keratin-fibrin-gelatin-mupir-
ocin 3D sponge with a poly(3-hydroxybutyric acid) electrospun
fiber and curcumin-supported gelatin,*> mimicking the proper-
ties of ECMs, promoted fibroblast migration and enhanced Col
synthesis (Fig. 2A). The main component of the secreted Col is
hydroxyproline, which plays an important role in ECM deposition
during wound healing. In addition to the 3D scaffolds, Yang
et al.®® combined various mesenchymal stem cell-derived exo-
somes (hUCMSC-exos) from the human umbilical cord with heat-
sensitive Pluronic F-127 (PF-127, also known as poloxam 407).
hUCMSC-exos are continuously released into the wound through
temperature changes, which can attract fibroblasts and endothe-
lial cells to promote the formation of granulation tissue, whereas
PF-127 has mild inflammatory properties and the ability to
absorb wound secretions, providing a good environment for the
healing of diabetic wounds (Fig. 2B). At present, gold nanopar-
ticle (AuNP)-coated scaffolds for photothermal therapy (PTT) can
be used to treat the abnormal formation of granulation tissue®
(Fig. 2C).

2.2.4. Remodeling period. The remodeling stage of wound
healing is generally the end of the proliferation stage, which
involves the proliferation and differentiation of fibroblasts,
including ECM deposition and remodeling.®® Fibroblasts can
be transformed into myofibroblasts under the influence of some
signals and GF (such as TGF-B),°® and in the dermal remodeling
stage, the action of fibroblasts and myofibroblasts can cause
wound contraction and closure.®” Therefore, it is necessary to
study the effects of these biomaterials on fibroblasts and
myofibroblasts. Watarai et al.®® designed a StarPEg-heparin
hydrogel with the introduction of a RGD peptide to achieve
sustained release of TGF-$ and induce fibroblasts to differenti-
ate into myofibroblasts, thereby improving the expression of
ED-A fibronectin and Col I. a-SMA and palladin were incorpo-
rated into F-actin stress fibers. One study showed that SF
hydrogels had higher potential to promote wound healing and
induce the expression of TNF-o. and CD163 compared with Col
gels, indicating that the healing process shifted from inflam-
mation to a proliferative remodeling stage.®’

2.3. Chronic wounds and pathological mechanisms

2.3.1. Overview of chronic wounds. After the above four
consecutive overlapping stages, the wound heals; however,
when the wound is affected by certain factors, wound healing

is delayed or the wound does not heal. Since chronic wounds

Mater. Adv., 2025, 6, 7722-7747 | 7725
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Fig. 2 Composite promoting cell proliferation and accelerating wound repair through enhanced wound detection and healing capabilities. (A) NAC-
GO-Gel was placed on the wound surface; the regeneration of collagen can be observed, thereby reducing the formation of a scar. The cell viability was
significantly increased, as demonstrated by the good biocompatibility of the scaffold. Reproduced from ref. 62 with permission from Dove Medical Press,
copyright 2023. (B) After treatment with hUCMSC-exos/PF-127, the wound area was significantly reduced compared with other groups. Additionally, the
number of neovessels increased significantly, new hair follicles were formed, and fibroblasts proliferated under the epidermis. Reproduced from ref. 63
with permission from Dove Medical Press, copyright 2020. (C) After stent placement, the formation of granulation tissue can be observed, which

promoted wound repair. Reproduced from ref. 64 with permission from Springer Nature, copyright 2021.

are a type of long-term wasting disease that is difficult to cure
and has a long healing time, it is important to understand the
main influencing factors and treatment targets of chronic
wounds.

The formation of diabetic wounds is mainly due to the
inability to complete the repair of the function and structure of
the wound, which makes it difficult to enter the proliferative
stage owing to prolonged inflammation.”®’* Second, the decrease
in angiogenic ability in the proliferative stage is also one of the
reasons for the difficulty in healing diabetic wounds,”” infiltra-
tion of immune cells, and continuous immune response.” The
proinflammatory phenotype of macrophages in a high-glucose

7726 | Mater. Adv., 2025, 6, 7722-7747

environment’*”” and the weakened ability of the immune system

to clear bacteria’® lead to a long-term inflammatory phase in
the wound. The aging of fibroblasts”’”® and cessation of
re-epithelialization due to increased MMP expression make it
difficult for the wound to enter the proliferation stage. Therefore,
promoting wound proliferation is important for the healing of
chronic wounds. Zhu et al.®® combined Met@1CuPDA NPs/HG
with NIR photothermal therapy for diabetes treatment, which
alleviated inflammation and lead to the wound entering the
proliferation stage and later healing (Fig. 3A). In Deng et al.’s
article, it is elaborated that metal-organic frameworks (MOFs)
can promote fibroblasts to transform into myofibroblasts during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

Integrated wound detection and treatment materials used for the treatment of chronic wounds. (A) The intervention of Met@1CuPDA NPs/HG in

wound healing can avoid bacterial infections, promote the formation of blood vessels, enhance the ability of cell recruitment, and contribute to wound
recovery. Reproduced from ref. 80 with permission from Elsevier, copyright 2023. (B) The treatment with miRNA-497 inhibits inflammation in diabetic

wounds, thereby promoting the healing of chronic wounds. Reproduced fro

the degradation process, and accelerate the regeneration of blood
vessels.’’ In Huang and his team’s article, it is suggested that
MOFs not only can achieve antibacterial effects by releasing
metal ions such as zinc and copper, but also can be used as
an intelligent carrier to deliver bioactive agents locally for
wound repair and skin regeneration, providing a new idea for
the wound repair of diabetic patients.** While Liu et al. used
MOFs as a dual-function nanoplatform for precise diabetes
wound management, they pointed out that by detecting acetone
gas as a new method for diagnosing diabetes, and using MOFs
as drug carriers to achieve targeted drug delivery and controlled
release, they innovatively provided a scheme for managing and
treating the wounds of diabetic patients.®

Existing studies inhibited inflammation by influencing the
phenotype of macrophages in the wound. For example, they
inhibited the activity and quantity of inflammatory M1 macro-
phages and promoted the proliferation and function of M2
macrophages.®* Additionally, Ban et al.*® screened miRNA candi-
dates, including mirNA-497, in the injured skin of type 1 diabetic

© 2025 The Author(s). Published by the Royal Society of Chemistry

m ref. 85 with permission from Elsevier, copyright 2019.

mice induced by streptozotocin and found that, compared with
normal mice, the expression of mirNA-497 in diabetic mice was
reduced. Further experiments showed that mirNA-497 could
reduce the content of pro-inflammatory molecules. Therefore,
we conclude that miRNA-497 has anti-inflammatory and thera-
peutic effects on diabetic wounds (Fig. 3B).

2.3.2. Pathological mechanism of chronic wounds. Many
factors affect wound healing and resolving these factors often
promotes wound healing. The main factors inhibiting wound
healing are microbial infections, ROS, hypoxia, and nutrition.

In the process of wound healing, the most common bacteria
are generally Pseudomonas aeruginosa and Staphylococcus aur-
eus,®® which express special virulence factors that promote
adhesion and invasion, cause the chemotactic of white blood
cells, secrete inflammatory factors and ROS, and cause the
wound to be in an inflammatory response.®” Due to the action
of inflammatory factors and proteases, growth factors and the
ECM are degraded, cell migration is hindered, wound healing
is delayed, and bacteria are wrapped in the protective matrix of

Mater. Adv., 2025, 6, 7722-7747 | 7727
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the extracellular polymer.®® Bacteria usually form biofilms,
resulting in long-term inflammation of wounds that are diffi-
cult to heal, and eventually chronic wounds.®® Therefore, it is
necessary to develop new wound dressings that efficiently
remove bacterial contaminants during wound healing. If
growth factors conducive to wound healing can be added to
the wound microenvironment, they may have a positive effect
on infected wounds.’® In existing research, the realization of
antibacterial functions by the destruction of bacterial biofilms
has become the focus of anti-microbial infection research.

High concentrations of ROS promote inflammation in the
body; however, low concentrations of ROS can affect cell pro-
liferation, differentiation, and migration. With an appropriate
ROS concentration,” the expression level of the transcription
factor NF-kB can be increased, and it can bind to the promoter
of MMP to induce the formation of blood vessels.”*** After M1
macrophages are co-cultured and activated by the MAPK sig-
naling pathway, ROS levels in stromal cells increase rapidly,
affecting their proliferation, differentiation, and migration,
thereby affecting wound healing.”® Based on this mechanism,
U0126, an inhibitor of the MAPK signaling pathway,”® can
effectively reduce ROS levels. Its addition to drugs for wound
treatment is expected to promote wound healing. Several
studies have shown that both metallic and non-metallic nano-
particles, such as zinc oxide, titanium dioxide,’® metallized
lanthanides,”” silver, gold,”® graphene oxide, and carbon nano-
tubes, can reduce ROS formation and promote EC migration
and initial tube formation.

Oxygen plays an important role in wound healing. When the
wound is deeply damaged, the oxygen content of the wound is
low, which inhibits angiogenesis and re-epithelialization as
well as extracellular matrix (ECM) synthesis.”® Oxygen is also
important for the synthesis of collagen, the basic scaffold of the
skin. If the oxygen supply is insufficient, it will inevitably lead
to failure of the skin scaffold construction. Some materials can
achieve a wound oxygen concentration that reaches or slightly
exceeds the physiological level to achieve chronic wound heal-
ing. Oxygen-releasing materials are mainly calcium peroxide-
based dressings and oxygen-supplying hydrogels. Yang et al.
fabricated an oxygen-supplying 3D-printed bioactive hydrogel
scaffold, which can release oxygen sustainably and increase the
oxygen content of wound surface. This scaffold, as expected,
promoted cell proliferation.

Nutritional factors play key roles in wound healing. Studies
have shown that insufficient protein intake significantly reduces
the rate of collagen synthesis and delays epithelial cell formation.
Furthermore, vitamin C deficiency leads to decreased hydroxy-
proline production and impaired extracellular matrix stability.'®
Supplementation with omega-3 fatty acids can improve the
healing rate of chronic wounds, and docosahexaenoic acid
(DHA) and eicosapentaenoic acids (EPA) can contribute to cell
proliferation. Experiments have shown that the metabolic activity
of keratinocytes and fibroblasts significantly increases after 72 h
of treatment with DHA and EPA, which has a positive effect on
wound healing."®" Furthermore, studies have shown that honey
has antioxidant and anti-inflammatory properties owing to its
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flavonoid and phenolic acid contents, and the local application of
honey can effectively prevent infection and heal the wound faster
by reducing inflammation and wound epithelialization."®*

Hormones have a certain impact on wound healing. For
instance, growth hormone (hGH) can stimulate the production
of insulin-like factor 1 (IGF-1), thereby promoting the prolifera-
tion of keratinocytes and fibroblasts and accelerating wound
healing. Based on the characteristics of these hormones, some
researchers have linked cell-penetrating peptide TAT with hGH
through cross-linking agents. Experimental results have shown
that TAT-hGH significantly accelerates wound healing, demon-
strating its potential for use in wound treatment.'®® Additionally,
estrogen causes abnormalities in the extracellular matrix and
leads to scar formation, resulting in adverse effects on wound
healing; when androgen levels increase, it may prolong the
inflammatory phase of the wound, prevent it from entering the
proliferative stage, and form chronic non-healing wounds.'**

The immune system is indispensable during the wound heal-
ing process. The immune response to tissue damage has a
significant impact on the speed and outcome of wound healing.
By activating the innate immune system and the adaptive
immune system, it promotes the recruitment and activation of
immune cells, completing the process of tissue repair and regen-
eration. Therefore, many researchers aim to accelerate wound
healing by regulating the immune system. In Geng’s study, it was
demonstrated that activating the TGF-f/Smad pathway can
increase the expression of M2 macrophage markers and reduce
the expression of M1 macrophage markers, thereby promoting
the generation of the ECM in the wound and wound closure.'
In Li’s study, a self-assembled LA peptide hydrogel was devel-
oped. This hydrogel can release LA peptides in a controlled
manner, dynamically regulate the TGF-f level, maintain the
homeostasis of the wound microenvironment, and promote
scarless wound healing.'%®

3. Overview of the integration of
wound detection and wound
treatment

There are considerable difficulties in wound healing owing to
differences in the biochemical and cellular processes occurring
in different types of wounds.'®” Environmentally sensitive hydro-
gels are smart materials that can respond to external stimuli,
including pH and temperature, in the wound environment."*®
Changes in light intensity can also be used to detect wound
healing and release the loaded drugs to treat the wounds. Overall,
the response functions of biological materials can be combined
with drugs to integrate wound treatment and detection.

3.1. Main ideas for the integration of wound detection and
wound treatment

An integrated wound detection and treatment platform aims to
detect changes in various factors on the wound surface, diagnose
wound healing using these changes, and then release drugs
accurately under the stimulation of various environmental
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responses to promote wound healing. Wound detection includes
assessments of biomarkers, infection, blood supply, and pain.

3.1.1. Biomarkers for wound detection. Biomarkers for
wound healing include cytokines, growth factors, and
proteases.'®® Gelatinase and procalcitonin are produced during
the infection stage; uric acid expression in patients with gout
can be used as a biomarker for wound detection.

Wound exudate is produced by damaged skin, and the
status of the wound can be detected by collecting and analyzing
a sample of the wound exudate. Compared with traditional
wound detection methods, the detection of wound exudates is
not only rapid, but also a non-invasive collection method that
provides convenient bedside detection. Nucleic acid lateral
tomography immunoassays can be used for rapid detection of
pathogens in wounds. Because opportunistic pathogens colo-
nizing the wound site are detrimental to wound compounds, a
simplified assessment scheme can aid in initially identify
pathogens. This method has great potential for bedside detec-
tion and targeted treatment.'® In the stage of wound infection,
gelatinase, a biomolecule that is mainly expressed, can be used
as a biomarker to detect wound recovery, which can enable
clinical medical staff to detect wound infection in a timely
manner and effectively treat it."" When the wound is infected,
if not treated in time, it can lead to sepsis, infectious shock, and
even death. Li et al.'"> designed a soft, wearable wound dres-
sing system that can detect biomarkers (procalcitonin) in
wound exudates in real time, continuously monitor the wound
status, and accurately detect the pH and temperature of the
wound for diagnosis. For wounds that are difficult to heal, it is
important to frequently monitor the wound over a long period
of time to facilitate the application of more targeted treatment
regimens. Recently, a new textile chemical sensor based on
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:
PSS) has been developed to detect uric acid (UA) in wound
exudates."” This sensor targets wound management by prevent-
ing gout-associated UA crystals from delaying wound healing.'**

C-reactive protein is widely regarded as a biomarker of
infection and can generally be used as an early detection
indicator for infection. However, due to its low specificity and
the tendency to cause clinical misdiagnosis at low concentra-
tions, C-reactive protein velocity (CRPv) has been introduced as
a new biomarker to enhance the diagnostic ability of CRP. This
new biomarker may have certain value in guiding the use of
antibiotics in clinical practice."”'>'"® Lactate dehydrogenase
(LDH) shows a significant increase in deep activity in burn
skin, and the areas with increased activity often exhibit cell
infiltration. At this time, the wound area may be in an inflam-
matory disorder or metabolic hyperactivity. Therefore, lactate
dehydrogenase can be used as one of the biomarkers for
detecting wounds; although LDH has metabolic and inflam-
matory indication values, its non-specificity suggests that it
should be combined with other indicators for comprehensive
judgment in clinical applications. Future research can focus on
the application of LDH isoenzymes in wound detection.'"”
Detection of biomarkers can be done through various methods
and platforms, but the fluorescence detection of MOFs has high
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sensitivity, strong selectivity, and is more convenient. In the
future, MOF fluorescence detection can be integrated with
wound detection and treatment to provide more accurate
detection results for clinical practice.'®

3.1.2. Detection of the wound infection status. The diag-
nosis of clinical infection is mainly based on the clinician’s
judgment and assisted by microbiological outcome data (e.g.,
using biopsy and swab collection to quantify microorganisms).
However, this approach is often inaccurate, invasive, and time-
consuming. In general, an increase in skin temperature can be
detected in the first three days of surgery and a gradual decrease
can be detected in the fourth to eighth days, which corresponds
to the stage of inflammation in the healing process. Therefore,
many scientists use temperature as an indicator of infection. In
addition to temperature as an indicator of wound infection,
changes in pH and ROS levels have been widely used to detect
infections. For example, Su et al."'® designed a highly stretchable
smart dressing for wound infection detection and treatment, and
experimental results showed that the smart dressing could detect
bacterial infections through temperature and pH biomarkers.
Furthermore, the electrically controlled release of antibiotics
significantly improved wound infection factors. The accumula-
tion of bacteria was noted in all wound types, especially in
chronic wounds. Gram-positive bacteria were more abundant in
acute wounds than Gram-negative bacteria, and the population
of Staphylococcus was more than that of Pseudomonas.

3.1.3. Wound blood supply detection. Wound blood supply
assessment is a key indicator of wound healing potential, parti-
cularly in patients with diabetes and vascular diseases. Blood
circulation disorders (such as arteriosclerosis and microangio-
pathy) are the main causes of chronic wound healing difficulty.
Insufficient blood supply leads to tissue hypoxia, insufficient
nutrient supply, and the accumulation of metabolic waste, which
in turn inhibits cell proliferation and repair processes. Therefore,
an accurate assessment of wound blood supply is essential for
the development of personalized treatment. The blood supply
status of a wound can be reflected by vascular assessment, which
can assist in clinical decision-making. Fluorescence angiography
(FA) can be used in wound care, especially for evaluating the
healing of chronic wounds."”® Continuous inflammation may
cause the vessels around the wound bed to become highly
permeable owing to the overexpression of VEGF. Angiography
can be used to monitor wound healing and identify diabetic
ulcers and traumatic wound reperfusion.

3.1.4. Pain assessment. Scales are often used to assess the
level of pain the patient is experiencing. For example, with the
visual analog scale (VAS),"*! patients are asked to rate their level
of pain on a 10-centimeter line according to the level of pain,
with 0 indicating no pain and 10 indicating the most intense
pain. The numerical scale (NRS) refers to pain intensity on a
scale of 0 to 10, with 0 indicating no pain and 10 indicating the
most intense pain.'?* The Facial Expression Pain Scale (FPS-R),
which is used for children and patients with communication
difficulties, uses facial expressions that represent pain levels."”?
The McGill Pain Questionnaire (MPQ) is used to assess the
nature, intensity, and duration of pain.’®* A better analgesic

Mater. Adv., 2025, 6, 7722-7747 | 7729


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

plan can be developed after pain assessment. Drug analgesics
are the most commonly used analgesics. Based on the assessed
degree of pain, NSAID and opioids can be reasonably selected
to relieve discomfort.'®® Pain can also be alleviated by cold
compresses and muscle relaxation.

3.2. Integrated application of wound treatment and wound
detection

3.2.1. Drug release to treat wounds. A dressing that inte-
grates wound detection and treatment can be used as a carrier to
transport drugs and achieve sustainable drug release, thus over-
coming the shortcomings of traditional drug delivery methods,
such as drug property changes, early drug release, and explosive
drug release. To avoid explosive drug release, Bostanci et al.'*®
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constructed a pH-responsive release step for curcumin. Through
stepwise release, curcumin is released more accurately, which can
enhance epithelial regeneration and fibroblast proliferation, and
it exerts a positive effect on wound healing. Owing to the constant
oxidative stress microenvironment and inflammation present in
chronic wounds, drugs often fail to have a therapeutic effect on
the wound. Therefore, Zhu et al.'*” designed a compound hydro-
gel dressing with an appropriate swelling rate, GelMA/SFMA
composite hydrogel, to avoid the efficacy and delivery limitations
of single-drug treatment and achieve continuous drug release
(Fig. 4A). To overcome the limitations of non-specific distribution
and insufficient accumulation of therapeutic drugs in drug
delivery systems,'*® resveratrol with anti-inflammatory properties
was added to mesoporous silica nanoparticles to enhance the
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Fig. 4

Illustrations showing wound healing and the excellent performance of integrated materials in promoting enhanced wound healing. (A) After

testing GelMA/SFMA/MSN-RES/PDEVs, the cells exhibited normal proliferation and morphology, indicating that the composite was non-toxic and had
good biocompatibility. Reproduced from ref. 127 with permission from Elsevier, copyright 2022. (B) The application of the PLGA@IL-8/ADM-MSC
complex to diabetic wounds resulted in smaller wound areas and less inflammatory reactions compared with the control group. In addition, the number
of newly formed blood vessels significantly increased, contributing to enhanced wound healing. Reproduced from ref. 130 with permission from Elsevier,
copyright 2022.
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release kinetics and improve drug utilization. In many studies,
mesenchymal cells (MSC) have been found to play an important
role in skin tissue repair;'*® however, owing to their low trans-
plantation efficiency, poor cell viability, and poor tolerance, their
tissue repair ability is weak. Zhang et al™*® considered this a
breakthrough point. They used acellular dermal matrix contain-
ing PLGA@IL-8 nanoparticles as a delivery system for exogenous
MSCS for diabetic wound healing (Fig. 4B). The acellular dermal
matrix (ADM) has excellent biocompatibility and bioactivity,**™**
which can provide the MSC with a niche similar to their internal
microenvironment,"** thereby improving the proliferation and
migration ability of exogenous MSC and greatly improving the
skin regeneration rate of diabetic wounds. As IL-8 is a pro-
inflammatory molecule that acts as a strong angiogenic factor
that can accelerate capillary regeneration,** the team developed a
PLGA®@IL-8/ADM-MSC complex. This complex can help capillary
reconstruction and collagen deposition in skin wounds and has
potential for clinical application in wound healing of cases of
chronic diabetes. Nowadays, micelles, exosomes, inorganic NPs,
and MOFs can all serve as nanoscale materials for drug delivery,
and they have played significant roles in cancer treatment."**"*”
In the future, with the continuous advancement of nanomedicine,
more personalized solutions for wound treatment may be brought
about. The high water content and maximum pore size of most
hydrogels lead to accelerated drug release.'*® Therefore, to avoid
the explosive release of drugs many hydrogels are combined with
nanoparticles. Chitosan can enhance the loading capacity of
nanoparticles through functionalization with various mole-
cules;"*® when MOFs are used as a nanomedicine delivery system,
it is beneficial for prolonging the drug’s duration in the body,
increasing the circulation time of the drug in the body, and
helping to save clinical drug resources.'*°

Owing to poor pH reactivity, it is difficult for general self-
healing injectable hydrogels to release substances freely after
implantation. In the strategy proposed by Chen et al,'*! the
biological macromolecule skeleton is cross-linked through dou-
ble pH-sensitive dynamic double bonds, thus endowing hydro-
gels with self-healing ability and pH-responsiveness for injection
and improving the bioavailability of protein drugs. This repre-
sents a new method for wound repair. Nanoparticles are also
widely used as therapeutic vectors in many diseases and they can
achieve controlled or sustainable drug release. Shetty et al'*>
found that, through the combination of the drug-nanoparticle
and the nanofiber, the drug could ooze from the nanoparticle
during use, and the nanoparticle could also be protected by the
nanofiber to ensure that the drug would not be released in
advance during transportation. Future studies should focus on
composite wound dressings based on nanomaterials and hydro-
gels. Both materials have good wound treatment capabilities and
have commonalities in many aspects, making them a good
platform for carrying drugs.

3.2.2. Reduction of the wound reaction. In the treatment of
chronic wounds, owing to the longer healing time and more
difficult treatment, it is often necessary to replace dressings in
clinical treatment. Compared to traditional dressings, which are
not firmly fixed, disassembly further aggravates the condition of
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the wound. Hydrogel materials prevent these problems and
reduce wound reactions. Acidic pH and high blood sugar levels
inhibit wound recovery; therefore, scientists are committed to
researching special wound dressings that can respond to the
environmental pH and glucose concentration. In a study by
Zhang et al,'*’ a thermo-inducing adhesive and removable
hydrogel were designed to treat wounds. The hyaluronic acid
(HA)/Gel-R-Ag hybrid Gel was prepared by incorporating a silver
ion cross-linked HA ester/gelatine-based polymer gel network
into a supramolecular rhein gel network, thereby significantly
enhancing its mechanical properties. The temperature-
responsive gelatin chain enables the hybrid gel to exhibit
reversible tissue adhesion and separation, thus avoiding sec-
ondary injury to the wound when the hydrogel is replaced, while
exhibiting excellent antibacterial properties and providing a
promising dressing for wound treatment.

Bacterial invasion also complicates wound healing. In addi-
tion to the change in pH value in response to wound changes,
photothermal changes can also be used as stimuli. Zheng et al.***
manufactured a multifunctional photo-hot water gel dressing
based on sodium alginate. Cerium dioxide nanoparticles with
antioxidant and angiogenic properties were added to heat-sensitive
gelatin for embedding, and the nanoparticles were integrated into
a sodium alginate hydrogel network to exert their antibacterial and
antioxidant properties. To promote wound healing in chronic
diabetes, the composite material can maintain a soft gel form
under near-infrared light to adapt to wounds of different sizes and
shapes, rather than becoming a liquid which would cause pro-
blems. After basic healing is completed, an ice pack can be placed
on the surface of the hydrogel to reduce the temperature, achieve
painless molting, and avoid secondary damage.

3.2.3. Reduction of wound inflammation and promotion
of cell proliferation. Many studies have found that H,S can
regulate hemostasis, promote cell migration and adhesion, help
ameliorate inflammation, and reshape the extracellular matrix, all of
which have positive effects on the treatment of chronic wounds.
Initially, H,S was considered a toxic gas.'*® Zhang et al.**® developed
a nano-disinfectant (ICG-ZNS NPs) using zinc sulfide (ZnS) as the
core to generate H,S and indocyanine green (ICG) as the photo-
sensitizing agent. This nano-disinfectant is sensitive to changes in
the environmental temperature (Fig. 5A). Furthermore, zinc has
antibacterial and anti-inflammatory properties and can help to
accelerate the regeneration of blood vessels. Thus, it is conducive
to wound healing and has great potential for future applications.

A hyperglycemic environment promotes bacterial prolifera-
tion and inhibits immune cell function. It also leads to the
occlusion of microvessels and reduces the arrival of essential
materials for wound healing, thus prolonging wound healing.
Yang et al.**” developed a glucose-responsive multifunctional
metal-organic liquid carrier gel to address these adverse heal-
ing factors (Fig. 5B). This metal-organic hydrogel provides a
fulcrum for the design of multifunctional materials owing to its
good drug-loading performance and pH-response. First, it
provides a basic protective barrier for the wound through its
adhesion and covering effects. Second, zinc has antibacterial
properties that can inhibit persistent infection of the wound

Mater. Adv., 2025, 6, 7722-7747 | 7731


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Review

A

(M) Athaiesa) (ot baropy g

® |
sees

ICG-ZnS NPs + NIR  ICG-ZnS NPs

ICG-ZnS NPs ICG-ZnS NPs + NIR

Control

DAPI

IL-6

TNF-a

1CG-ZaS NP3

1CO-ZnS NPssNIR

]
Q
2
=3
e
2
&
=

IR780-GOX@Gel

Fig. 5 Different composites promoting cell proliferation. (A) Schematic illustration of the composition and the antibacterial mechanism of a biofilm-
responsive hierarchical H,S-releasing nano-disinfectant. After the application of ICGZnS NPs + NIR on the wound, the degree of neutrophil infiltration
was significantly reduced, collagen deposition was accelerated, new blood vessel formation was observed, and inflammation was decreased,
demonstrating excellent biological safety. Reproduced under terms of the CC-BY license.**® Copyright 2022, Springer Nature. (B) Compared with
other groups, the treatment with IR780-GOX@Gel showed a sustained therapeutic effect and the best biodegradation rate. The collagen content in the
wound was also increased, which accelerated the wound repair. Reproduced from ref. 147 with permission from Elsevier, copyright 2021.

and avoid resistance caused by traditional antibiotics. This type
of metal-organic hydrogel has been shown to exhibit good
antibacterial activity and promote cell proliferation, migration,
and tube formation.

Because chronic inflammation can make diabetic wounds
difficult to heal, Zhou et al.**® developed a temperature-sensitive
adaptive hydrogel with a dual response to glucose and MMP-9
(CBP/GMs@Cel&INS), which can release drugs on demand at
high glucose levels while downregulating MMP-9. This hydrogel
promotes cell proliferation, migration, and glucose consump-
tion and provides good conditions for wound healing.

Excessive ROS can aggravate oxidative stress, obstruct vas-
cular remodeling of diabetic wounds, and thus prolong the

7732 | Mater. Adv., 2025, 6, 7722-7747

inflammatory period. Therefore, He et al."*° designed a wound
dressing with effective ROS clearance and antibacterial proper-
ties for chronic diabetic wound management. This multifunc-
tional hydrogel material is based on the dynamic double
crosslinking of Schefky and metal coordination bonds. It can
induce an NIR photothermal response, resulting in protein
denaturation and bacterial death, thus achieving antibacterial
effects and the ability to remove ROS. Furthermore, Wu et al.**°
constructed a chitosan-based photocurable hydrogel dressing
(LCPN), which can be used to accelerate the healing of infected
wounds and can also enhance cell proliferation, migration, and
antioxidant capacity, which is conducive to accelerating wound
healing.
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In a treatment scheme for arthritis, owing to the need for
targeted distribution and accurate drug release, He et al.'*
designed a PEGyl-phenylborate-glycerol monostearate triester
(polyethylene glycol [PEG]-phenylboric acid [PBA]-triglycerol
monostearate [TGMS]; PPT). The PPT conjugate assembles double
stimulus-response polymer micelles to deliver dexamethasone
specifically to the site of arthritis and improve the release rate of
dexamethasone based on the response to acidic pH and over-
expression of matrix metalloproteinases, thus achieving effective
treatment of arthritis. This study provides directions for new
research, in addition to the traditional stimulus response
factors, based on the wound secretion of different substances
targeting the stimulus response. The findings highlight the
potential of dual response factors to effectively treat inflamma-
tory diseases or wounds.

Biocompatibility is a common feature of many biological
materials that enables them to exist normally in the body. For
example, biocompatible hydrogel dressings are considered as
ideal materials for wound dressings due to their good flexibility,
but the adhesion, mechanical, and antibacterial properties of
ordinary hydrogel dressings cannot meet clinical needs.">* Xue
et al.">® developed a polysaccharide based hydrogel, which, by
referencing quaternary ammonium chitosan (QCS), imparts
antibacterial properties to the hydrogel, and the antibacterial
effect can be further improved under near-infrared light. The
hydrogel exhibited self-healing properties through the reversible
Schiff base bond between QCS and oxidized HA (OHA), which
showed photothermal antibacterial activity and sustained drug
release, even when the wound was slightly acidic. In a study by
Li et al," a functional hydrogel was directly designed to
respond to the acidic environment of the wound surface using
a convertible nanoparticle composed of a hydrophobic Ph-
responsive cyclodextrin host material and a polytropic hydro-
philic guest macromolecule. When triggered by protons in the
environment, the nanoparticles are transformed into hydrogels.
These nanoparticles enable the triggering and continuous deliv-
ery of drugs, which in turn can achieve anti-inflammatory
effects and improve and accelerate wound healing.

3.3. Significance of the integration of wound treatment and
wound detection

3.3.1. Precision treatment. Relying on advanced wound
detection technology, a wound-integrated platform can perform
comprehensive and real-time detection of various physiological
states of the wound. In the detection process, the platform uses
highly sensitive sensors and professional detection algorithms
to accurately analyze key indicators, such as temperature,
humidity, pH, and tissue fluid composition of the wound sur-
face. Once signs of bacterial infection appear in the wound,
such as abnormally elevated concentrations of metabolites from
specific bacteria, or large fluctuations in the levels of certain
inflammatory factors resulting from an inflammatory response,
the platform quickly captures these changes and provides
intuitive feedback to clinicians.

This feedback mechanism provides strong support for doctors’
clinical judgment. With this detailed information, doctors can
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implement targeted interventions based on the specific conditions
of the wound. For example, for mild infections and small wounds,
doctors can use mild irrigation debridement.” For severely
infected wounds with a large amount of necrotic tissue, doctors
can perform more thorough surgical debridement. Furthermore,
highly absorbable dressings can be selected if there is more
exudation of the wound. In contrast, in wounds that require tissue
growth, functional dressings containing growth factors are more
appropriate. In terms of drug selection, antibiotics can be used
accurately according to the type of infectious bacteria and the
results of drug sensitivity tests, thereby avoiding ineffective treat-
ment caused by blind drug use.

3.3.2. Improvement of treatment efficiency. In the early
stages of wound treatment, complications can be detected through
the continuous detection of various wound indices. For example,
when the local temperature of a wound is abnormally elevated and
tissue color changes are detected, combined with changes in
inflammatory indicators, infection can be identified.">® If the
texture of the wound tissue is hard, and blood perfusion is reduced,
necrosis may have occurred. Once these potential risks are
detected, physicians can quickly implement effective interventions.

After infection is detected, the antibiotic use regimen should
be adjusted in a timely manner or local antimicrobial therapy
should be strengthened. Potentially necrotic areas should be given
nutritional support in advance to improve blood circulation and
avoid further aggravation of the disease. Consequently, the diffi-
culty and cost of follow-up treatments will be greatly reduced.
During the course of treatment, doctors can dynamically adjust
drug treatment with the aid of real-time detection of wound status
data. According to the different stages of wound healing, a timely
increase or decrease in the drug dose and change in the drug type
ensure the effectiveness and safety of the drug treatment.

Real-time detection of the wound status, such as observing
the healing speed of the wound and the growth of new tissue,
can aid in the timely detection of any problems. This process
can greatly reduce the wound healing time, enable the patient
to recover faster, reduce patient pain and economic burden,
and improve the utilization efficiency of medical resources.

4. Available materials that integrate
wound treatment and detection

4.1. Hydrogels

Hydrogels exhibit good histocompatibility, biodegradability, and
excellent physical and chemical properties. These biological
materials have broad application prospects and functions. When
awound is injured, dressings are typically used to absorb osmotic
fluid and isolate external pathogens to prevent infection. In
traditional treatments, materials such as gauze and bandages
are used for hemostasis. Although they absorb exudates and
protect the wound from external stimulation, they may lead to
wound crusting and adhesion,'®” thereby hindering wound heal-
ing. Hydrogels are multifunctional wound dressings that can act
as ordinary materials and simultaneously treat and monitor
wound conditions.

Mater. Adv., 2025, 6, 7722-7747 | 7733


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Common natural polymer materials include chitosan, algi-
nate, and HA.

Chitosan (CS) is a polycationic bidimer that originates from
a wide range of sources and has superior histocompatibility,
biodegradability, adhesion, and antibacterial activity.'>® There-
fore, it has become a hot topic in wound dressings. CS can
stimulate platelet coagulation and promotes the release of
vascular endothelial factors that promote angiogenesis. In
addition, CS is characterized by a stable structure, easy trans-
formation, strong water absorption, and is easy to prepare into
hydrogels. Deng et al.*>® reported that chitosan has antibacter-
ial properties and can be used to isolate wounds from the
external environment. The process of wound healing is accel-
erated; therefore, chitosan hydrogels have potential value as
wound treatment materials.

Chitosan hydrogel dressings can combine bioactive factors,
such as growth factors and antibacterial substances.'®® Func-
tional hydrogels with bioactive factors or drugs conducive to
wound healing can be designed to deliver these bioactive factors
and therapeutic drugs to the wound in a targeted and lasting
manner, which can improve chronic wound treatment. In a
study by Sarmah et al.,'®" functionalized starch was designed as
an aggregation cross-linking agent to help stabilize the structure
of the hydrogel, and chitosan was introduced to make a self-
cross-linking starch/chitosan hydrogel a biocompatible carrier
for controlled drug release. The longest sustained release period
for the hydrogel carrier loaded with ampicillin sodium was 29 h.
This drug-loaded hydrogel accelerated the healing of chronic
wounds by prolonging the duration of drug action. Li et al.'®
emphasized that chitosan hydrogels could achieve rapid repair
and prepared a novel chitosan-polyethylene glycol-hydrocaffeic
acid (CS-PEG-HA) hybrid hydrogel. Compared to traditional
hydrogels, this new hydrogel material can enhance mucosal
adhesion and improve hemostatic performance. They demon-
strated that the CS-PEG-HA hydrogel could achieve rapid repair
of the skin defect model in the circle, thus helping to rebuild the
complete skin epidermis within 14 days.

Alginate is a non-toxic natural linear polysaccharide widely
derived from brown algae or bacteria that have good biocompat-
ibility and high water absorption;'®® it has become a popular
wound dressing material. When alginate acts on wounds, it can
activate macrophages and stimulate monocytes to produce
cytokines (IL-6 and TNF-o) and promote the healing of chronic
wounds."® Chemical and physical crosslinking are typical
production methods for alginate-based hydrogels. Sun et al.*®®
used the crosslinking of Ca®* ions and glutaraldehyde to pro-
pose a sulfonamine-supported alginate hydrogel supported by
ions and chemical crosslinking. Their research showed that the
mechanical properties of alginate hydrogels could be enhanced
and the swelling degree could be reduced through the cross-
linking of glutaraldehyde. Thus, it is beneficial for hydrogels to
have an adjustable fluid adsorption capacity. Simultaneously,
sulfanilamide is accurately applied to local wounds to achieve
the combination of antibacterial and anti-inflammatory effects
and promote wound healing. Timely hemostasis is important
when a wound continues to bleed. Ma et al.'®® synthesized
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quaternary ammonium salt oxidized sodium alginate (QOSA)
by grafting sodium alginate with quaternary ammonium salt. By
adding quaternary ammonium groups, QOSA has antibacterial
and hemostatic effects. Furthermore, antler blood polypeptide
(DABP) was added to the hydrogel (QOSA & CMCS & DABP) to
confer antibacterial, hemostatic and antioxidant abilities and
help wound healing.

HA is a major component of the skin extracellular matrix
(ECM) and participates in inflammation, angiogenesis, and
tissue regeneration.’®” Due to its histocompatibility and hydro-
philicity, HA is widely used in wound dressings. Thones et al.'®®
designed an HA/collagen hydrogel containing sulfated HA to
improve the wound healing status; the sulfation of HA increased
the binding capacity of HB-EGF. Through molecular modeling
and surface plasmon resonance (SPR) analysis, researchers
showed that hydrogels containing HA and collagen or a mixture
with sHA were shown to bind and release bioactive HB-EGF over
at least 72 h, which could induce keratinocyte migration in
fibroblasts and accelerate skin healing. Xu et al.'®® developed a
glucose-reactive HA derivative (HAMA-PBA) by modifying metha-
crylate hyaluronic acid (HAMA) with phenylboric acid (PBA).
Next, a glucose-responsive HAMA-PBA/catechin (HMPC) hydro-
gel platform was constructed by forming a borate ester bond
between HAMA-PBA and catechin. After in vitro and in vivo
experiments, HMP hydrogels were compared with the untreated
group; this antioxidant HA-based hydrogel was found to have an
initial effect on diabetic wound repair, indicating that this
multifunctional hydrogel has great potential for application in
diabetic wounds.

PEG is a multifunctional polymer that is often used as a
carrier. Although PEG is often considered weak or even non-
7% jt can be immunogenic when combined with
71 Several

immunogenic,
other materials (such as proteins and nanomaterials).
PEG-based hydrogel wound dressings have been developed. For
example, Zhou et al'”® developed a hydrogel dressing that
facilitated antibacterial hemostasis. The multifunctional PEG-
CMC-THB-PRTM hydrogel was prepared using carboxymethyl
chitosan (CMC), 2,3, 4-trihydroxybenzaldehyde (THB), protamine
(PRTM), and 4-arm pegylaldehyde (PEG) using the one-pot
method. These hydrogels exhibited excellent mechanical proper-
ties. The hydrogel promoted the formation of the extracellular
matrix, accelerated wound closure, and was effective in water.
PF127 is a copolymer that forms a heat-sensitive hydrogel, which
contains both hydrophilic and hydrophobic chains, showing a
superior thermal response. However, PF127 also has the dis-
advantages of poor mechanical properties and rapid drug
release. Therefore, different polymers are often added to change
specific properties and optimize various properties. Zhang
et al."”® studied patients with periarthritis of the shoulder and
found that the sustainable drug release and wound healing
detection provided a platform for the generation of injectable
thermosensitive hydrogels, which flow freely in a liquid form at
specific temperatures. However, when the temperature exceeds
a certain value, these hydrogels lose their moisture and become
solid hydrogels that squeeze out the drug load to treat the
disease.
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4.2. Adhesives

In recent decades, the discovery of various phenomena and
mechanisms has led to the continuous development of adhesives.
In a recent study, Gao et al.’’* found that a natural bioadhesive
derived from snail mucus gel had excellent biocompatibility,
biodegradability, and anti-bleeding properties. This bioadhesive
is mainly composed of positively charged proteins and polyanionic
glycosaminoglycan, which has a malleable adhesive matrix and
covers the wound through different interactions; it can not only
accelerate the normal wound healing process but can also effec-
tively heal the wound in diabetic patients. In addition to natural
biological adhesives, synthetic adhesives play an important role in
wound healing. Sun et al.'”> designed a multi-functional medical
adhesive that was injectable, was self-healing, and had strong
viscosity. A self-healing injection adhesive was prepared via the
physical interaction of polyphenol tannic acid (TA) and an octo-
brach polyethylene glycol end cap with succinimide glutarate
active ester (PEG-SG). This adhesive had the characteristics of
repeatable adhesion unlike other wound-healing materials; in vitro
experiments, this adhesive was proven to self-heal wounds, and
thus, it can be used as a dressing to promote wound healing.

4.3. Nanoparticles

Nanomaterials have become a popular research topic in recent
years. Nanomaterials usually have large surface areas and small
particle sizes and can carry more substances.'”® The functions
of these materials are being explored in the biomedical field. A
study by Zheng et al.'”” on starch-based nanoporous particles
emphasized that powdery hemostatic particles have many
application prospects in large open wounds (Fig. 6A). In their
study, nanoscale mesoporous and macroporous silica (MMSN),
nanoscale mesoporous and macroporous bioactive glass
(MBG), micron-scale cross-linked porous corn starch micro-
spheres (CMS), MMSN@CMS, and MBG@CMS starch-based
microporous nanoparticles were synthesized. The water absorp-
tion of the composite particles was improved, internal and
external coagulation pathways were activated, and the concen-
tration of platelets increased the efficiency of wound hemos-
tasis. Therefore, these starch-based nanoparticles can be used
as a hemostatic material, which is likely to be important in
cases of excessive bleeding from external wounds or sudden
bleeding during surgery. Research has shown that inorganic
nanoparticle can adhere to wound tissues based on their
nanobridging effect. Zeng et al.'’® described a type of nano-
particle that can not only automatically degrade in a short time,
but also has intact biocompatibility, which can quickly close
the wound and promote the regeneration of blood vessels and
the epidermis (Fig. 6B). Therefore, this type of porous silicon
nanoparticle has great potential for wound healing.

5. Integrated classification of wound
treatment and wound detection

Wound detection indices can be divided into pH, temperature,
glucose, active oxygen, and photosensitive response types.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.1. pH responsive hydrogels

The normal skin pH tends to be slightly acidic (generally
between 5.0 and 6.0). Studies have found that in acute wounds,
the skin pH changes due to exposure to interstitial fluid with a
pH of 7.4."7° However, with the evolution of wound healing, the
skin pH often returns to a weakly acidic state,'®® whereas
chronic wounds are affected by the presence of blood, inter-
stitial fluid, ammonia, and other substances. Generally, the pH
increases to approximately 7-9,'®" which affects wound heal-
ing. However, during wound healing, keratinocytes generally
secrete amino and fatty acid metabolites that form a slightly
acidic environment that inhibits bacterial proliferation.'®> In
addition to the body’s own factors, bacteria prolifically produce
acidic metabolic wastes, such as lactic acid and carbonic
acid,'®® resulting in a decrease in the wound pH.'®* Therefore,
PH can be used as an indicator of wound healing status.

Hydrogels related to the pH response have been widely
manufactured; for example, hydrogels targeting the release of
tannic acid (TA) have been widely used."®>'®*® TA is not only an
antioxidant, but also an antioxidant. It can reduce oxidative
damage at the wound site, promote the formation of blood
vessels, regulate macrophages, block the inflammatory pathway
to prevent inflammation, and create a favorable environment
for wound recovery. Therefore, Yang et al.'®” constructed a
pH-responsive tannic acid/carboxymethyl chitosan/sodium algi-
nate oxyhydrogel that could effectively treat diabetic wounds and
detect wound healing status. Liang et al.'®® designed a metformin
hydrogel dressing with pH and glucose responses for chronic foot
wounds in patients with type II diabetes. They observed that this
hydrogel stimulated the response to metformin. When adminis-
tered locally, metformin effectively reduces blood glucose levels in
this region.’®® When the pH was reduced, the drug release of this
wound dressing significantly increased, mainly owing to the
biocompatibility and strong double dynamic bond release ability
of the Schiff base and phenylborate added by the hydrogel. Schiff
bases easily dissociate under acidic conditions, whereas glucose
competitively binds with phenylboric acid. Therefore, this versatile
hydrogel dressing responds not only to pH but also to glucose.

Hydrogels released in neutral environments, even under
alkaline conditions, are urgently needed. For example, alginate
and some metal ions can cause charge removal, hydration, and
swelling of hydrogels under alkaline conditions so that specific
substances can be released under alkaline conditions to pro-
mote the healing of chronic wounds.'®® In the future, it will be
necessary to study and develop a specific release system for
chronic alkaline wounds.

5.2. Temperature responsive hydrogels

The temperatures of different types and stages of wounds are
closely related to their healing states. Therefore, the wound
temperature detection index is a reliable, rapid, and accurate
method for evaluating wound healing.

Generally, low temperature affects the physiological state of
the wound; therefore, maintaining the normal temperature of
the wound and preventing it from entering the low-temperature
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Fig. 6 The role of nanomaterials in wound healing. (A) Preparation and coagulation mechanism of starch-based nanomicroporous particles. These
particles effectively activated the platelets, enhancing hemostatic efficacy and thereby promoting wound repair. Reproduced from ref. 177 with
permission from Elsevier, copyright 2021. (B) LPSi treatment not only promoted the formation of blood vessels and regeneration of new tissues in the
wound, but also effectively facilitated the wound closure. Reproduced from ref. 178 with permission from Elsevier, copyright 2021.

state is an effective means to promote wound healing."" In

addition, when the inflammatory reaction occurs, the local
temperature of the wound is often too high; thus, the tempera-
ture can reflect the healing process of the wound.'?**%?
Traditional dressings do not exhibit temperature detection
characteristics. In a recent study, scientists considered promot-
ing wound healing by managing temperature-responsive poly-
mers that would release a substance once the exudate on the
wound surface becomes warmer than normal for detection
purposes.’®*'% Hydrogels change from a liquid to a solid
state'®® when the temperature exceeds a certain value, which is
generally considered the lower critical liquid temperature
(LCST)."”” When the temperature is lower than LCST, the

7736 | Mater. Adv., 2025, 6, 7722-7747

polymers dissolve and they become hydrophobic and appear as
liquids."*® Thermosensitive hydrogels are highly sophisticated
materials and scientists are working to develop materials that
combine thermal responsiveness and mechanical properties.
Heat-responsive PNIPAM was anchored to a tough polymer
skeleton of polyvinyl alcohol (PVA) and its methacrylate deriva-
tives by irradiation with an ultraviolet lamp. After a pot of
polymerization, the sample is immersed in a sodium sulfate
salt solution to further enhance the hydrogel network in which,
in these cases, PVA aggregates and crystallizes. Because of the
single-network topology, this hardening process did not degrade
the thermal response performance."®® Yuan et al.>*® explored
local administration to avoid the adverse effects of systemic

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

drug use in the treatment of osteomyelitis. Natural hydrogels
are generally immunogenic; however, PEG hydrogels have high
swelling rates. Thermal hydrogel-polymerized (pb,L-lactide-co-
ethyl ester)-poly (ethylene glycol)-poly (p,.-lactide-co-ethyl ester)
(PLGA-PEG-PLGA) has attracted wide attention. The polymer
usually exists in a liquid state at room temperature, where
therapeutic drugs can be incorporated. If injected into the
human body (37 °C), it will rapidly gel. Owing to the regulation
of human temperature, the hydrogel loses water, transforms
into a gel state, and accelerates the release of loaded drugs,
ensuring precise drug delivery. Jiang and his team®*" invented a
flexible and temperature-sensitive hydrogel dressing with real-
time and remote detection capabilities. The dressing has anti-
bacterial properties and temperature response characteristics; it

View Article Online
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can wirelessly transmit temperature changes to a smart device
to monitor wound temperature, which helps in the early diag-
nosis of wound infection and in aiding wound repair (Fig. 7A).

5.3. Glucose responsive hydrogels

Diabetes affects chronic wounds and seriously affects the wound
healing process. Therefore, real-time detection of blood glucose
dynamics and timely self-regulation of insulin release are effective
means for controlling blood glucose. Glucose-sensitive biomater-
ials consist of three sensitive elements: glucose oxidase (GOD),
ConA (ConA), and phenylboric acid (PBA).>** Phenylboric acid
(PBA) has become a popular material for the glucose response
owing to its excellent stability, good adaptability to the environ-
ment, and lack of an immune reaction. Zhao et al.>** designed a
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Fig. 7 Temperature-responsive composites effectively promote cell recovery and wound healing. (A) Application of the hydrogel increased cell viability,
promoted well formation of granulation tissue, and effectively contracted the wound, all of which significantly benefited wound healing. Reproduced
from ref. 201 with permission from Royal Society of Chemistry, copyright 2023. (B) After treatment with the hydrogel dressing, the number of
infammatory cells in the wound decreased dramatically, while neovascularization increased, both of which are important for wound healing.
Reproduced from ref. 202 with permission from American Chemical Society, copyright 2017.

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 7722-7747 | 7737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

multifunctional hydrogel dressing with dual pH and glucose
responses. Chitosan, polyvinyl alcohol, and benzyl alcohol were
modified with phenylboric acid to seal the polyethylene glycol,
and then the Schiff base and phenylborate were crosslinked to
prepare a pH and glucose dual-response injection hydrogel.
Protein drugs and cells can also be added to this hydrogel, and
experiments have shown that the addition of insulin and 1929 to
the hydrogel can promote the formation of new blood vessels,
collagen deposition, and the wound healing process in diabetic
wounds (Fig. 7B).

5.4. ROS responsive hydrogels

ROS is produced during wound healing.>** When the concen-

tration of ROS in the wound is too high, wound inflammation is
aggravated, the effect of endogenous stem cells and macrophages
is inhibited, and the formation of blood vessels is inhibited,?*
thus affecting wound healing. Therefore, clearing or reducing
ROS levels is a potential strategy for treating chronic wounds.
Huang et al®*® developed an ROS-scavenging hydrogel using
polyvinyl glycol (PVA) to cross-link through ROS-responsive
linkers; the hydrogel was composed of N1, N1, N3, N3, N3,
N3, N3, and N3. The ROS response linder N1-(4-borobenzene)-
N3-(4-borobenzene)-N1,N1,N3,N3-tetramethylpropane-1,3-diamine
(TPA) was synthesized by the quaternization of N3-tetramethyl-
propane-1,3-diamine (TPA) with N3-tetramethylpropane-1,3-
diamine and 4-(bromoethyl) phenylboric acid as raw materials.
When the ROS reacts with the joint cracks, the administered
hydrogel gradually degrades, releasing loaded mupirocin and
GM-CSF to act on the wound. When PVA and TPA were mixed,
ROS-responsive hydrogels with cross-linked phenylboric acid
and alcohol hydroxyl groups were formed rapidly. With an
increase in the hydrogen peroxide concentration at the wound
site, the degradation of the hydrogels accelerated, indicating
that the hydrogels had ROS-responsive ability (Fig. 8A). Further-
more, Kulkarni et al.>*” designed a multifunctional hydrogel
that automatically activates the drug platform when ROS levels
increase on the wound surface and couples ROS-reactive linkers
for on-demand drug delivery. Using ROS-responsive thiooxal-
dehyde (Tk) linkers and the nucleobase thymine (Thy) coupled
with CS, the dressing was placed on the wound, and the release
of loaded drugs at high levels of ROS was studied. In addition to
using ROS as a stimulus response factor, Wu et al.”%® also used
pH as another stimulus response factor. They constructed a pH/
ROS double response injectable glycopeptide hydrogel based
on phenylboric acid grafted oxidative glucan and caffeic acid
grafted e-polylysine, which showed inherent antibacterial and
antioxidant ability (Fig. 8B). It also had a positive effect on the
treatment of chronic diabetic wounds. During the treatment
process, many drugs and other organic pollutants resist natural
degradation and biodegradation processes. The long-term
presence of these substances can lead to endocrine disorders
and genetic toxicity. Based on silver halide photocatalysts,
under the promotion of light, they can guide the degradation
of pollutants;*°®*'° therefore, photocatalysis can be used as an
effective alternative to water treatment method, ultimately
converting into non-toxic CO2 and water,>'"**?
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5.5. Photoresponsive hydrogels

In addition to pH, glucose, temperature, and ROS, light is a
response factor. Light, as an easily accessible and harmless
external stimulus, has a wide range of abilities; therefore,
researchers are interested in using light responses to achieve
accurate drug delivery.

Photoresponsive hydrogels are clinical dressings based on the
light response and are mainly fabricated by incorporating photo-
sensitive materials (such as photosensitizers) into hydrogels and
other materials. Drug release is generally achieved through three
mechanisms: photoisomerization, photochemical reactions, and
photothermal reactions.>" For instance, in the study by Wei et al.,
a series of photo-induced Schiff base cross-linked adhesive hydro-
gels were prepared by using the Diels-Alder (DA) reaction between
functional group grafted carboxymethyl chitosan (CMCS) and the
photoresponsive polyethylene glycol (PEG) crosslinking agent. The
quaternary ammonium groups and phenolic groups in the mod-
ified CMCS enabled the hydrogels to possess antibacterial and
antioxidant properties. Through ultraviolet irradiation, the hydro-
gels exhibited good adhesion. Experimental results in mice
demonstrated that this multifunctional hydrogel could be used
as an effective dressing for improving wound healing.”** In the
management of chronic wounds, Li et al. considered the secondary
damage caused to the wound by frequent dressing changes; they
proposed a fully photonic hydrogel dressing. This hydrogel can
achieve rapid and remotely controllable replacement of the dres-
sing through light irradiation, and can also promote wound re-
epithelialization and angiogenesis. It holds significant importance
in the treatment of chronic wounds.*"” In addition to hydrogels as
carriers of the photoresponse, scientists have found that many
nanoparticles can also achieve photoresponse, solving the
dilemma of relying solely on hydrogel materials and providing
insight into the development of multi-response multifunctional
dressings. Wound repair is a major clinical challenge and many
factors affect the healing process.”'® Photosensitizer-based PDT
mainly stimulates photosensitizers to produce ROS by irradiation
with appropriate excitation sources, thus killing wound micro-
organisms and inhibiting their reproduction. In addition, it pro-
motes wound re-epithelialization, angiogenesis, tissue remodeling,
and other processes. Therefore, photodynamic therapy based on
photosensitizer-based PDT plays an important role in wound
sterilization and regeneration.

Cheng et al®>" designed a photoresponsive multifunctional
nanoparticle conjugated with quaternary ammonium chitosan
and the photosensitizing agent chlorin e6 (Ce6) (Fig. 9A). This
nanoparticle combined photodynamic therapy with chemother-
apy to achieve an effective antibacterial effect, avoiding the
problem of low efficiency of a single antibacterial agent. Molyb-
denum disulfide (M0S2) nanomaterials are promising biomater-
ials that are photoresponsive to near infrared light. Carrow
et al.”™® found that this 2D nanomaterial regulates human stem
cells and plays a role in cell migration and wound healing.
Therefore, this molybdenum disulfide nanomaterial combined
with near-infrared wavelength treatment can be used for wound
regeneration.To address the invasion of Staphylococcus aureus
and Escherichia coli into the damaged skin and their adverse

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Accurate drug release through the ROS response can achieve wound healing. (A) In the wounds treated with hydrogels, the regenerated wound tissue
was thicker, there was neovascularization, and the S.a.u. accelerated wound healing in vivo under infections. Reproduced from ref. 206 with permission from
Elsevier, copyright 2020. (B) Schematic diagram of DS&EMIC@MF embedded POD/CE hydrogel fabrication, the drug release process and the mechanism of
accelerated wound recovery. After the application of the DS&EMIC@MF hydrogel, the expression of IL-10 was enhanced, which achieved the purpose of anti-
inflammation. A large amount of granulation tissue was also observed in the wound. Reproduced from ref. 208 with permission from Elsevier, copyright 2021.

effects on wound healing, a multifunctional EGCG@ZIF-8 nano-
platform was developed by Gu et al.>"® This platform combines
epigallocatechin-3-gallate (EGCG) with zeolitic imidazolate
framework-8 (ZIF-8), photodynamic therapy, and chemotherapy
to achieve antibacterial synergies that also promote collagen
fiber regeneration and accelerates wound healing (Fig. 9B).

6. Summary of the difficulties and
limitations of integrated wound
detection and treatment

Although many materials have excellent biocompatibility and
degradability, some materials have shortcomings that are not

© 2025 The Author(s). Published by the Royal Society of Chemistry

conducive to wound healing. For example, nanomaterials can
promote wound healing and provide sufficient space for drug
loading. These materials are ideal for designing wound dres-
sings, and their application prospects and research potential
are significant. However, in recent studies, nanomaterials have
been found to cause allergic reactions in some patients when
applied directly to the open wound.

Second, because they are small, nanomaterials may enter
the blood circulation through broken blood vessels after con-
tact with the wound surface. Some reports have shown that
metal nanoparticles used to treat wounds can cause hemolysis
in patients. Although nanomaterials have certain limitations,
their role in wound healing should not be overlooked. Many
researchers have applied nanomaterials to promote wound
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Fig. 9 Wound healing by accurate drug release via the light responsive mechanism. (A) NPs showed strong antibacterial activity under photodynamic
therapy, and promoted continuous and orderly production of collagen fibers in the wound, facilitating reconstruction of blood vessels and further
accelerated wound regeneration and healing. Reproduced from ref. 217 with permission from American Chemical Society, copyright 2019. (B)
Mechanism of EIZBMC in combating bacterial infection and promoting wound healing. Treatment with the multifunctional nanoplatform resulted in
faster wound healing compared with all other groups. Reproduced from ref. 219 with permission from American Chemical Society, copyright 2024.

healing, and their potential for promoting hair follicle growth
and avoiding sensory loss is significant. Nanoparticles provide
a platform for the combination of nanotechnology and electro-
nic technology, and also provide a way to repair perceptual
disturbances after wound injury. There are an increasing
number of drugs and methods for wound treatment, and
nanomaterials are widely used in wound treatment. However,
knowledge of the mechanisms of wound healing using nano-
materials is limited and requires further examination.
Hydrogels are good materials for wound treatment. Many
researchers have designed different materials that can be com-
bined with hydrogels to prepare composite materials with
improved effects. However, this process generally requires a large
number of chemical crosslinking agents and chemically modified
response molecules, which inevitably results in biological toxicity.

7740 | Mater. Adv., 2025, 6, 7722-7747

Degradability is also an important property of hydrogels. The
degradation products of hydrogels should be non-toxic and
harmless and be able to be metabolized normally in the body.
Future studies should aim to develop multifunctional hydrogel
dressings with low toxicity and biodegradability.

In wound treatment, excessive use of antibiotics or other
drugs will eventually be excreted through the human urinary
system into the surrounding environment. Moreover, many
antibiotics are non-biodegradable and traditional biological
and chemical treatments are ineffective.>*® Eventually, this will
impose a certain burden on the environment.>**** Therefore,
finding appropriate and harmless drug delivery systems is of
great significance for reducing urban pollution. In recent stu-
dies, researchers have sought to develop drug delivery systems
that can achieve pollutant degradation through various catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A coupled CuO-SnO, catalyst, under the action of photocatalysis,
can degrade piperidine (PP) and reduce the impact of this drug on
the aquatic world.>*® In clinical treatment, problems such as drug
abuse still need to be addressed to reduce environmental damage.

Most of the current studies were conducted in vitro, and
mouse models were often used. The wound healing process and
skin conditions of rodents are different from those of humans,
and it is difficult to obtain data consistent with human wound
healing. Compared with that of rodents, the skin structure of
pigs is similar to that of humans. However, owing to the high
purchase cost and cumbersome maintenance of large animals,
pig models have not been widely used in the experimental
verification of wound healing. Additionally, many experiments
lack standardization of wounds; therefore, the verification
process must be improved.

7. Outlook

Previously, wound treatment mainly focused on the application
of drugs to the affected area to accelerate healing. However,
hydrogels have gained interest due to their histocompatibility,
degradability, non-toxicity, and hydrophilicity. Hydrogels have
been mainly used as drug delivery systems, and researchers have
found that stimulus-responsive injectable hydrogels can be
designed by chemical or physical cross-linking. The basic idea
of the hydrogel is to sense changes in the wound environment
(changes in pH, temperature, glucose, and active oxygen levels)
and release the drug into the wound in a certain period of time
based on such changes. In addition to hydrogels, composite
wound dressings involving nanomaterials have shown potential
in wound healing and cancer treatment. Nowadays, cancer has
become one of the major diseases threatening human life. Anti-
cancer drugs are the main treatment methods for cancer, but the
side effects, drug resistance, and dosage effects of anti-cancer
drugs are important factors in clinical research.?** In recent
years, researchers have discovered that platinum-based drugs
(Pt) can effectively solve the problem of tumor resistance when
they exist in the form of metal complexes. By combining MOFs
with high porosity to Pt, they can target and kill tumor cells’
mitochondria to achieve the goal of eradicating drug-resistant
cancer.”*® Nanoparticles are widely used in cancer treatment.
Tamoxifen (TAM) is an effective drug for preventing and treating
breast cancer.??® When it is at a lower dose, it can reduce the side
effects on other body organs. Researchers found that the
complex has a high drug loading capacity, a long release time,
good permeability to breast cancer cells, and can be used as an
important method for treating cancer.>”’

Traditionally, the pursuit of material biocompatibility is
“inert”, meaning to minimize host reactions as much as
possible. However, such materials impose certain limitations
on research. In the future, we should not aim for complete non-
reaction but instead guide the host reaction towards a bene-
ficial and controllable direction. This enables the material to
respond promptly to environmental changes, such as releasing
antibacterial agents during infection or rapidly degrading in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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later stage of wound healing, which is beneficial for protecting
the environment. Secondly, regarding the mutual influence of
various detection indicators during the wound detection pro-
cess, such as temperature, pH, glucose levels, and biomarkers,
for example, local temperature and pH changes in the infected
area make it difficult to determine the condition of the wound.
In the future, distinguishing and accurately judging various
interfering signals is the key to implementing precise detection.
By combining multiple technologies with different materials, a
more perfect wound assessment system can be constructed. For
instance, through artificial intelligence, integrating massive
data for dynamic detection and wound infection warning, it
can assist in clinical medication. To reduce the final clinical
treatment cost, researchers are constantly seeking high-
performance and low-cost materials through technological
innovation. Many scientists have improved treatment efficiency
by developing new composite materials and reducing the fre-
quency of dressing changes to indirectly reduce costs. Secondly,
natural materials with relatively wide sources, such as chitosan
and silk fibroin, can also be developed. During the manufac-
turer’s production process, optimizing production processes
and improving production efficiency are the key to breaking
through the bottleneck of large-scale production. In the future,
automated and more intelligent production lines can be intro-
duced, and key parameters in the production process can be
monitored in real time through the network to ensure the
stability of product quality and, to a certain extent, control costs.
In addition to environmental response factors such as tempera-
ture, pH and glucose, which can be used as indicators for wound
detection, many potential biomarkers can be used for trauma
detection (such as procalcitonin and C-reactive protein). Further-
more, research to develop an integrated platform for trauma
detection and treatment, which can provide signals for the precise
treatment and healing of wounds, needs to be expanded. The
wound-related information derived from such integrated platforms
can be transmitted to clinicians to improve diagnosis. Additionally,
an integrated platform for trauma testing and treatment can
provide bedside testing, which is convenient for emergency and
intensive care scenarios that require rapid testing. This would help
reduce the patients’ pain and improve resource utilization.

Author contributions

Weiwei Yang (first author): conceptualization, visualization,
writing - original draft, and writing - review and editing. Ning
Liang: conceptualization, writing - review and editing, and
supervision. Lan Liu: writing - original draft and writing -
review and editing. Zhaojun Jian: writing - review and editing
and supervision. Jiani Kong: conceptualization and writing —
review and editing. Weifang Liao (corresponding author): con-
ceptualization, supervision and funding acquisition.

Conflicts of interest

There are no conflicts to declare.

Mater. Adv., 2025, 6, 7722-7747 | 7741


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Data availability

No primary research results, software or code have been included
and no new data were generated or analysed as part of this review.

Acknowledgements

This work was supported by the Jiangxi Provincial Natural
Science Foundation, China (20242BAB25496), the JiuJiang Nat-
ural Science Foundation, Jiangxi, China (S2024KX]JJ0001), and
the Changzhou Basic Research Program (CJ20220252).

References

1

10

11

12

13

14

15

16

Y. Zhang, J. Liao, Z. Feng, W. Yang, A. Perelli, Z. Wang, C. Li
and Z. Huang, Front. Bioeng. Biotechnol., 2024, 12, 1465823.
M. Farahani and A. Shafiee, Adv. Healthcare Mater., 2021,
10, €2100477.

X. Sun, Y. Zhang, C. Ma, Q. Yuan, X. Wang, H. Wan and
P. Wang, Biosensors, 2021, 12(1), 10.

D. R. Griffin, M. M. Archang, C. H. Kuan, W. M. Weaver, J. S.
Weinstein, A. C. Feng, A. Ruccia, E. Sideris, V. Ragkousis,
J. Koh, M. V. Plikus, D. Di Carlo, T. Segura and P. O. Scumpia,
Nat. Mater., 2021, 20, 560-569.

Q. Bai, K. Han, K. Dong, C. Zheng, Y. Zhang, Q. Long and
T. Lu, Int. J. Nanomed., 2020, 15, 9717-9743.

M. Wu, Z. Lu, K. Wy, C. Nam, L. Zhang and J. Guo, J. Mater.
Chem. B, 2021, 9, 7063-7075.

B. W. Liao, S. W. Huang, S. J. Chiou, C. H. Chang, S. J. Lin,
B. H. Chen, W. L. Liu, S. H. Hu, Y. C. Chuang, C. H. Lin,
L. J. Hsu, C. M. Cheng, C. C. Huang, T. T. Lu and C. W.
Chung, ACS Appl. Mater. Interfaces, 2022, 14(5), 6343-6357.
W. Wang, D. Ding, K. Zhou, M. Zhang, W. Zhang, F. Yan
and C. Ni, J. Mater. Sci. Technol., 2021, 93, 17-27.

M. Zhang, Z. Fan, J. Zhang, Y. Yang, C. Huang, W. Zhang,
D. Ding, G. Liu and N. Cheng, Int. J. Biol. Macromol., 2023,
232, 123445.

W. Zhang, G. Ye, D. Liao, X. Chen, C. Lu, A. Nezamzadeh-
Ejhieh, M. S. Khan, J. Liu, Y. Pan and Z. Dai, Molecules,
2022, 27(21), 7166.

W. Hu, Q. Ouyang, C. Jiang, S. Huang, N.-E. Alireza,
D. Guo, J. Liu and Y. Peng, Mater. Today Chem., 2024,
41, 102300.

H. Yang, D. Liao, Z. Cai, Y. Zhang, A. Nezamzadeh-Ejhieh,
M. Zheng, J. Liu, Z. Bai and H. Song, RSC Med. Chem., 2023,
14, 2473-2495.

J. Chen, F. Cheng, D. Luo, ]J. Huang, ]. Ouyang,
A. Nezamzadeh-Ejhieh, M. S. Khan, J. Liu and Y. Peng,
Dalton Trans., 2022, 51(39), 14817-14832.

P. Ghahremani, M. H. Vakili and A. Nezamzadeh-Ejhieh,
J. Environ. Chem. Eng., 2021, 9(6), 106648.

P. Ghahremani, A. Nezamzadeh-Ejhieh and M. H. Vakili,
Int. J. Biol. Macromol., 2023, 253, 127115.

D.Y. Zhu, Z. P. Chen, Z. P. Hong, L. Zhang, X. Liang, Y. Li,
X. Duan, H. Luo, J. Peng and J. Guo, Acta Biomater., 2022,
143, 203-215.

7742 | Mater. Adv,, 2025, 6, 7722-7747

17

18

19

20

21

22

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

View Article Online

Review

J. Davies, Science, 1994, 264, 375-382.

S. Li, M. Lu, C. Dai, B. Xu, N. Wu, L. Wang, C. Liu, F. Chen,
H. Yang, Z. Huang, H. Liu and D. Zhou, Small, 2024,
€2407180, DOI: 10.1002/smll.202407180.

Z. Yan, D. Wang and Y. Gao, Front. Bioeng. Biotechnol.,
2023, 11, 1192960.

A. Joorabloo and T. Liu, Adv. Colloid Interface Sci., 2024,
330, 103207.

C. Hirche, S. Kreken Almeland, B. Dheansa, P. Fuchs,
M. Governa, H. Hoeksema, T. Korzeniowski, D. B. Lumenta,
S. Marinescu, J. R. Martinez-Mendez, J. A. Plock, F. Sander,
B. Ziegler and U. Kneser, Burns, 2020, 46, 782-796.

H. N. Wilkinson and M. J. Hardman, Open Biol., 2020,
10, 200223.

T. K. Hunt, H. Hopf and Z. Hussain, Adv. Skin Wound Care,
2000, 13, 6-11.

A. Sheridan and A. C. Brown, J. Tissue Eng. Regener. Med.,
2023, 2023, 6117810.

G. Cui, X. Guo, P. Su, T. Zhang, J. Guan and C. Wang, Front.
Chem., 2023, 11, 1154788.

L. Renaud, W. A. da Silveira, N. Takamura, G. Hardiman
and C. Feghali-Bostwick, Front. Immunol., 2020, 11, 383.
H. R. McPherson, C. Duval, S. R. Baker, M. S. Hindle,
L. T. Cheah, N. L. Asquith, M. M. Domingues, V. C. Ridger,
S. D. Connell, K. M. Naseem, H. Philippou, R. A. Ajjan and
R. A. Ariéns, eLife, 2021, 10, €68761.

X. Zhu, J. Wang, S. Wu, T. Liu, G. Lin, B. Shang, J. Ma,
W. Lu, F. Zhang, J. Li and J. Wang, Mediators Inflammation,
2022, 2022, 4083477.

Y. Yang, B. Li, M. Wang, S. Pan, Y. Wang and ]. Gu, Front.
Chem., 2023, 11, 1257915.

Y. Jiang, Y. Cao, J. Wu, R. Bai, S. Wan, L. Dai, J. Su and
H. Sun, Mater. Today Bio, 2024, 25, 100960.

J. P. Sikora, J. Karawani and ]J. Sobczak, Int. J. Mol. Sci.,
2023, 24.

Y. Liu, R. Song, Z. Lu, L. Zhao, X. Zhan, Y. Li and X. Cao,
Cell Mol. Immunol., 2024, 21, 6-18.

Y. J. Liu, Y. Liu and Y. Xu, Hua Xi Kou Qiang Yi Xue Za Zhi,
2016, 34, 210-214.

C. C. Winterbourn, A. J. Kettle and M. B. Hampton, Annu.
Rev. Biochem., 2016, 85, 765-792.

A. Das, M. Sinha, S. Datta, M. Abas, S. Chaffee, C. K. Sen
and S. Roy, Am. J. Pathol., 2015, 185, 2596-2606.

Y. Xie, S. Tolmeijer, J. M. Oskam, T. Tonkens, A. H. Meijer and
M. J. M. Schaaf, Dis. Models Mech., 2019, 12(5), dmm037887.
M. Sun, Z. Deng, F. Shi, Z. Zhou, C. Jiang, Z. Xu, X. Cui,
W. Li, Y. Jing, B. Han, W. Zhang and S. Xia, Biomater. Sci.,
2020, 8, 912-925.

A. Hassanshahi, M. Moradzad, S. Ghalamkari, M. Fadaei,
A. J. Cowin and M. Hassanshahi, Cells, 2022, 11(19), 2953.
Y. Shao, Z. Guo, Y. Yang, L. Liu, J. Huang, Y. Chen, L. Li
and B. Sun, Burns Trauma, 2022, 10, tkac044.

W. Zhao, H. Zhang, R. Liu and R. Cui, Int. J. Nanomed.,
2023, 18, 3643-3662.

M. Hesketh, K. B. Sahin, Z. E. West and R. Z. Murray, Int.
J. Mol. Sci., 2017, 18.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/smll.202407180
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

P. R. da Silva, R. F. do Espirito Santo, C. O. Melo, F. E.
Pachu Cavalcante, T. B. Costa, Y. V. Barbosa, Y. M. S. de
Medeiros e Silva, N. F. de Sousa, C. F. Villarreal, R. O. de
Moura and V. L. Dos Santos, Pharmaceutics, 2022, 14, 188.
J. S. Camara, R. Perestrelo, R. Ferreira, C. V. Berenguer,
J. A. M. Pereira and P. C. Castilho, Molecules, 2024,
29, 3861.

I. Siintar, S. Cetinkaya, E. Panieri, S. Saha, B. Buttari,
E. Profumo and L. Saso, Molecules, 2021, 26.

A. C. Ponsen, R. Proust, S. Soave, F. Mercier-Nomé, 1. Garcin,
L. Combettes, J. J. Lataillade and G. Uzan, Bioact. Mater., 2022,
18, 368-382.

G. Kashgari, S. Venkatesh, S. Refuerzo, B. Pham, A. Bayat,
R. H. Klein, R. Ramos, A. P. Ta, M. V. Plikus, P. H. Wang
and B. Andersen, JCI Insight, 2021, 6(17), e142577.

R. Li, K. Liu, X. Huang, D. Li, ]J. Ding, B. Liu and X. Chen,
Adv. Sci., 2022, 9, €2105152.

D. Scieglinska, Z. Krawczyk, D. R. Sojka and A. Gogler-
Piglowska, Cell Stress Chaperones, 2019, 24, 1027-1044.

L. Bornes, R. Windoffer, R. E. Leube, J. Morgner and J. van
Rheenen, Life Sci. Alliance, 2021, 4(1), €202000765.

C. Manosalva, P. Alarcon, K. Gonzalez, J. Soto, K. Igor,
F. Pefia, G. Medina, R. A. Burgos and M. A. Hidalgo, Front.
Pharmacol., 2020, 11, 595.

K. Somwong, P. Lertpatipanpong, W. Nimlamool, A. Panya,
Y. Tragoolpua, R. Yongsawas, W. Gritsanapan, H. Pandith
and S. J. Baek, Molecules, 2022, 27(23), 8540.

G. J. Thomas, S. Poomsawat, M. P. Lewis, I. R. Hart,
P. M. Speight and J. F. Marshall, J. Invest. Dermatol.,
2001, 116, 898-904.

S. Werner, H. Smola, X. Liao, M. T. Longaker, T. Krieg,
P. H. Hofschneider and L. T. Williams, Science, 1994, 266,
819-822.

P. A. Shiekh, A. Singh and A. Kumar, Biomaterials, 2020,
249, 120020.

C. Han, J. Huang, A. Zhangji, X. Tong, K. Yu, K. Chen,
X. Liu, Y. Yang, Y. Chen, W. Ali Memon, K. Amin, W. Gao,
Z. Deng, K. Zhou, Y. Wang and X. Qi, Micromachines, 2022,
13(4), 561.

L. Liu, H. Yu, X. Huang, H. Tan, S. Li, Y. Luo, L. Zhang,
S. Jiang, H. Jia, Y. Xiong, R. Zhang, Y. Huang, C. C. Chu
and W. Tian, BMC Cancer, 2015, 15, 170.

J. S. Ren, W. Bai, J. J. Ding, H. M. Ge, S. Y. Wang, X. Chen
and Q. Jiang, J. Transl. Med., 2023, 21, 651.

F. Du, M. Liu, J. Wang, L. Hu, D. Zeng, S. Zhou, L. Zhang,
M. Wang, X. Xu, C. Li, J. Zhang and S. Yu, Metabolism,
2023, 140, 155398.

Y. Yamada, Y. Zhong, S. Miki, A. Taura and T. H. Rabbitts,
Sci. Rep., 2022, 12, 7226.

Z.Y. Zhou, L. Wang, Y. S. Wang and G. R. Dou, Front. Cell
Dev. Biol., 2021, 9, 628317.

L. M. Minter, D. M. Turley, P. Das, H. M. Shin, I. Joshi,
R. G. Lawlor, O. H. Cho, T. Palaga, S. Gottipati, J. C. Telfer,
L. Kostura, A. H. Fauq, K. Simpson, K. A. Such, L. Miele,
T. E. Golde, S. D. Miller and B. A. Osborne, Nat. Immunol.,
2005, 6, 680-688.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

62 Q. Yu, C. Shen, X. Wang, Z. Wang, L. Liu and J. Zhang, Int.
J. Nanomed., 2023, 18, 563-578.

63 J. Yang, Z. Chen, D. Pan, H. Li and J. Shen, Int. J. Nanomed.,
2020, 15, 5911-5926.

64 Y. C. Cho, J. M. Kang, W. Park, D. H. Kim, J. H. Shin,
D. H. Kim and J. H. Park, Sci. Rep., 2021, 11, 10558.

65 A. El Ayadi, J. W. Jay and A. Prasai, Int. J. Mol. Sci., 2020,
21(3), 1105.

66 K. Ren, J. Wang, Y. Li, Z. Li, Z. Zhou, K. Wu, Y. Li, X. Ge,
J. Ren and X. Han, Sci. Rep., 2024, 14, 2551.

67 1. Otsuka, Int. J. Mol. Sci., 2019, 20.

68 A. Watarai, L. Schirmer, S. Thones, U. Freudenberg,
C. Werner, ]J. C. Simon and U. Anderegg, Acta Biomater.,
2015, 25, 65-75.

69 D. Chouhan, T. U. Lohe, P. K. Samudrala and B. B. Mandal,
Adv. Healthcare Mater., 2018, 7, €1801092.

70 Z.Gao, Q. Wang, Q. Yao and P. Zhang, Pharmaceutics, 2021,
14.

71 G. Manso, J. Elias-Oliveira, J. B. Guimaraes, S. Pereira,
V. F. Rodrigues, B. Burger, D. M. C. Fantacini, L. E. B. de
Souza, H. G. Rodrigues, V. L. D. Bonato, J. S. Silva, S. G.
Ramos, R. C. Tostes, A. O. Manfiolli, C. Caliari-Oliveira and
D. Carlos, Regener. Ther., 2023, 22, 79-89.

72 J. Zhang, Q. Luo, Q. Hu, T. Zhang, J. Shi, L. Kong, D. Fu,
C. Yang and Z. Zhang, Acta Pharm. Sin. B, 2023, 13,
4318-4336.

73 Y. Cai, K. Chen, C. Liu and X. Qu, Bioact. Mater., 2023, 28,
243-254.

74 Y.]. Fu, Y. F. Shi, L. Y. Wang, Y. F. Zhao, R. K. Wang, K. Li,
S. T. Zhang, X. J. Zha, W. Wang, X. Zhao and W. Yang, Adv.
Sci., 2023, 10, €2206771.

75 Z. Hao, W. Qi, J. Sun, M. Zhou and N. Guo, Front. Chem.,
2023, 11, 1094693.

76 A. Quazi, M. Patwekar, F. Patwekar, A. Mezni, I. Ahmad and
F. Islam, J. Evidence-Based Complementary Altern. Med.,
2022, 2022, 1372199.

77 Y. Li, Y. Leng, Y. Liu, J. Zhong, J. Li, S. Zhang, Z. Li,
K. Yang, X. Kong, W. Lao, C. Bi and A. Zhai, J. Diabetes,
2024, 16, €13537.

78 J. W. Shin, S. H. Kwon, J. Y. Choi, J. I. Na, C. H. Huh,
H. R. Choi and K. C. Park, Int. J. Mol. Sci., 2019, 20.

79 E. K. White, A. Uberoi, J. T. Pan, ]J. T. Ort, A. E. Campbell,
S. M. Murga-Garrido, J. C. Harris, P. Bhanap, M. Wei,
N. Y. Robles, S. E. Gardner and E. A. Grice, Sci. Adv.,
2024, 10, eadj2020.

80 S. Zhu, B. Zhao, M. Li, H. Wang, J. Zhu, Q. Li, H. Gao,
Q. Feng and X. Cao, Bioact. Mater., 2023, 26, 306-320.

81 L. E. Deng, Y. Qiu, Y. Zeng, J. Zou, A. Kumar, Y. Pan,
A. Nezamzadeh-Ejhieh, J. Liu and X. Liu, RSC Med. Chem.,
2024, 15, 2601-2621.

82 Q. Huang, Y. Zeng, Y. Qiu, J. Zou, F. Li, X. Liu,
A. Nezamzadeh-Ejhieh, H. Song and J. Liu, Dyes Pigm.,
2023, 111865, DOI: 10.1016/j.dyepig.2023.111865.

83 L. Liu, Q. Huang, J. Li, S. Yang, J. Liu, M. Muddassir,
A. Nezamzadeh-Ejhieh and Y. Huang, Dyes Pigm., 2025,
113015, DOI: 10.1016/j.dyepig.2025.113015.

Mater. Adv,, 2025, 6, 7722-7747 | 7743


https://doi.org/10.1016/j.dyepig.2023.111865
https://doi.org/10.1016/j.dyepig.2025.113015
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

M. Sharifiaghdam, E. Shaabani, R. Faridi-Majidi, S. C. De
Smedt, K. Braeckmans and J. C. Fraire, Mol. Ther., 2022, 30,
2891-2908.

E. Ban, S. Jeong, M. Park, H. Kwon, J. Park, E. J. Song and
A. Kim, Biomed. Pharmacother., 2020, 121, 109613.

Z. Rajabloo, M. R. Farahpour, P. Saffarian and S. Jafarirad,
Sci. Rep., 2022, 12, 11592.

O. Elkhateeb, M. E. I. Badawy, H. G. Tohamy, H. Abou-
Ahmed, M. El-Kammar and H. Elkhenany, BMC Vet. Res.,
2023, 19, 206.

X. Chu, Y. Xiong, S. Knoedler, L. Lu, A. C. Panayi,
M. Alfertshofer, D. Jiang, Y. Rinkevich, Z. Lin, Z. Zhao,
G. Dai, B. Mi and G. Liu, Research, 2023, 6, 0198.

T. Bjarnsholt, K. Buhlin, Y. F. Dufréne, M. Gomelsky,
A. Moroni, M. Ramstedt, K. P. Rumbaugh, T. Schulte,
L. Sun, B. Akerlund and U. ROmling, J. Intern. Med., 2018,
284, 332-345.

M. Zhang, F. Deng, L. Tang, H. Wu, Y. Ni, L. Chen, L. Huang,
X. Hu, S. Lin and C. Ding, Chem. Eng. J., 2021, 405, 126756.
X. Peng, Y. He, ]J. Huang, Y. Tao and S. Liu, Front. Immunol.,
2021, 12, 613492.

N. Sampaio Moura, A. Schledwitz, M. Alizadeh, S. A. Patil
and J. P. Raufman, Front. Oncol., 2023, 13, 1325095.

W. Liu, G. Zhang, J. Wu, Y. Zhang, J. Liu, H. Luo and
L. Shao, J. Nanobiotechnol., 2020, 18, 9.

Z. Deng, F. Shi, Z. Zhou, F. Sun, M. H. Sun, Q. Sun,
L. Chen, D. Li, C. Y. Jiang, R. Z. Zhao, D. Cui, X. J. Wang,
Y. F. Jing, S. J. Xia and B. M. Han, Toxicol. Appl. Pharmacol.,
2019, 366, 83-95.

Y. You, Y. Niu, J. Zhang, S. Huang, P. Ding, F. Sun and
X. Wang, Front. Pharmacol., 2022, 13, 927083.

S. K. Nethi, P. Neeraja Aparna Anand, B. Rico-Oller,
A. Rodriguez-Diéguez, S. Gomez-Ruiz and C. R. Patra, Sci.
Total Environ., 2017, 599-600, 1263-1274.

H. Zhao, O. J. Osborne, S. Lin, Z. Ji, R. Damoiseux,
Y. Wang, A. E. Nel and S. Lin, Small, 2016, 12, 4404-4411.
D. Bartczak, O. L. Muskens, T. Sanchez-Elsner, A. G.
Kanaras and T. M. Millar, ACS Nano, 2013, 7, 5628-5636.
C.Jin, R. Zhao, W. Hu, X. Wu, L. Zhou, L. Shan and H. Wu,
Drug Des., Dev. Ther., 2024, 18, 4799-4824.

N. Smith-Cortinez, R. R. Fagundes, V. Gomez, D. Kong,
D. R. de Waart, J. Heegsma, S. Sydor, P. Olinga, V. E. de
Meijer, C. T. Taylor, R. Bank, C. C. Paulusma and K. N.
Faber, FASEB J., 2021, 35, e21219.

A. L. Severing, J. D. Rembe, M. Fiillerer and E. K. Stiirmer,
Exp. Dermatol., 2022, 31, 725-735.

N. Navaei-Alipour, M. Mastali, G. A. Ferns, M. Saberi-
Karimian and M. Ghayour-Mobarhan, Phytother. Res.,
2021, 35, 3690-3701.

T. V. Nguyen, K. H. Lee, Y. Huang, M. C. Shin, Y. S. Park,
H. Kim and C. Moon, Pharmaceuticals, 2023, 16(3), 394.
U. Ozkuvanci, M. Dénmez, M. Z. Temiz, B. Cetin,
C. Kicikgergin, V. Olgag, O. Ziylan, S. Seckin and
T. Oktar, Andrology, 2022, 10, 767-774.

K. Geng, X. Ma, Z. Jiang, J. Gu, W. Huang, W. Wang, Y. Xu
and Y. Xu, Cell Biol. Toxicol., 2023, 39, 1577-1591.

7744 | Mater. Adv., 2025, 6, 7722-7747

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

View Article Online

Review

Z. Li, L. Zhang, Y. Wang, Y. Zhu, H. Shen, J. Yuan, X. Li,
Z. Yu and B. Song, Bioact. Mater., 2025, 47, 417-431.

A. Mishra, A. Kushare, M. N. Gupta and P. Ambre, ACS
Appl. Bio Mater., 2024, 7, 2660-2676.

T. S. Sorkhabi, M. F. Samberan, K. A. Ostrowski and
T. M. Majka, Materials, 2022, 15(2), 469.

E. Beccia, V. Daniello, O. Laselva, G. Leccese, M. Mangiacotti,
S. Di Gioia, G. La Bella, L. Guerra, M. Matteo, A. Angiolillo and
M. Conese, Life, 2022, 12(5), 756.

A. Brunauer, R. D. Verboket, D. M. Kainz, F. von Stetten
and S. M. Friih, Biosensors, 2021, 11(3), 74.

S. S. Kordestani, F. S. Mohammadi, M. Noordadi, F. Rezaee
and F. Fayyazbakhsh, Adv. Skin Wound Care, 2023, 36,
35-40.

J. Li, X. Huang, Y. Yang, ]J. Zhou, K. Yao, J. Li, Y. Zhou,
M. Li, T. H. Wong and X. Yu, Bioeng. Transl. Med., 2023,
8, e10445.

D. Arcangeli, I. Gualandi, F. Mariani, M. Tessarolo,
F. Ceccardi, F. Decataldo, F. Melandri, D. Tonelli,
B. Fraboni and E. Scavetta, ACS Sens., 2023, 8, 1593-1608.
W. Bao, Y. Xue, X. Cheng, P. Wang, B. Yin, Y. Su and C. Jia,
Wound Repair Regen., 2022, 30, 132-139.

T. Levinson and A. Wasserman, Int. J. Mol. Sci., 2022,
23(15), 8100.

E. Haag, A. Molitor, C. Gregoriano, B. Miiller and
P. Schuetz, Expert Rev. Mol. Diagn., 2020, 20, 829-840.

J. Cuddihy, G. Wu, L. Ho, H. Kudo, A. Dannhorn, S. Mandalia,
D. Collins, J. Weir, A. Spencer, M. Vizcaychipi, Z. Takats and
I. Nagy, Sci. Rep., 2021, 11, 21249.

X. Guo, L. Zhou, X. Liu, G. Tan, F. Yuan, A. Nezamzadeh-
Ejhieh, N. Qi, J. Liu and Y. Peng, Colloids Surf., B, 2023,
229, 113455.

R. Su, L. Wang, F. Han, S. Bian, F. Meng, W. Qi, X. Zhai,
H. Li, J. Wu, X. Pan, H. Pan, P. Guo, W. W. Lu, Z. Liu and
X. Zhao, Mater. Today Bio, 2024, 26, 101107.

W. W. Li, M. ]J. Carter, E. Mashiach and S. D. Guthrie, Int.
Wound J., 2017, 14, 460-469.

R. Staszkiewicz, U. Ulasavets, P. Dobosz, S. Drewniak,
E. Niewiadomska and B. O. Grabarek, Sci. Rep., 2023,
13, 6009.

N. Papri, A. Mohammed, M. M. Rahman, I. Hasan, R. Azam,
T. Saha, F. T. U. Shaon, L. Jahan, S. Hayat, G. Ara, B. Islam and
Z. Islam, BM]J Neurol. Open, 2024, 6, €000925.

O. A. Ttuen, C. D. Akwaowo, G. Ferguson, ]J. Duysens and
B. Smits-Engelsman, BMC Musculoskeletal Disord., 2025, 26, 4.
M. O. Al-Heizan, A. Shoman, A. Tawffeq, A. Banamah,
F. Balkhair, S. Filimban, W. Alsinan, O. Batouk and
T. Turkistani, J. Multidiscip. Healthcare, 2023, 16, 31-38.
R. S. Davidson, K. Donaldson, M. Jeffries, S. Khandelwal,
M. Raizman, Y. Rodriguez Torres and T. Kim, J. Cataract
Refractive Surg., 2022, 48, 730-740.

N. S. Bostanct, S. Biiyliksungur, N. Hasirci and A. Tezcaner,
Biomater. Adv., 2022, 134, 112717.

W. Zhu, Y. Dong, P. Xu, Q. Pan, K. Jia, P. Jin, M. Zhou,
Y. Xu, R. Guo and B. Cheng, Acta Biomater., 2022, 154,
212-230.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

E. Blanco, H. Shen and M. Ferrari, Nat. Biotechnol., 2015,
33, 941-951.

M. Zhu, L. Cao, S. Melino, E. Candi, Y. Wang, C. Shao,
G. Melino, Y. Shi and X. Chen, Stem Cells Transl. Med.,
2023, 12, 576-587.

Y. Zhang, W. Jiang, L. Kong, J. Fu, Q. Zhang and H. Liu, Int.
J. Biol. Macromol., 2023, 224, 688-698.

Q. Wang, Y. Jin, X. Deng, H. Liu, H. Pang, P. Shi and
Z. Zhan, Biomaterials, 2015, 53, 659-668.

A. M. Altman, N. Matthias, Y. Yan, Y. H. Song, X. Bai,
E. S. Chiu, D. P. Slakey and E. U. Alt, Biomaterials, 2008, 29,
1431-1442.

R. N. Chen, H. O. Ho, Y. T. Tsai and M. T. Sheu, Biomater-
ials, 2004, 25, 2679-2686.

Y. Qi, Z. Dong, H. Chu, Q. Zhao, X. Wang, Y. Jiao, H. Gong,
Y. Pan and D. Jiang, Burns, 2019, 45, 1685-1694.

K. Fousek, L. A. Horn and C. Palena, Pharmacol. Ther.,
2021, 219, 107692.

Q. Yousefi and A. Nezamzadeh-Ejhieh, Solid State Sci.,
2024, 107584, DOI: 10.1016/j.solidstatesciences.2024.
107584.

X. Huang, T. He, X. Liang, Z. Xiang, C. Liu, S. Zhou, R. Luo,
L. Bai, X. Kou, X. Li, R. Wu, X. Gou, X. Wu, D. Huang,
W. Fu, Y. Li, R. Chen, N. Xu, Y. Wang, H. Le, T. Chen, Y. Xu,
Y. Tang and C. Gong, MedComm: Oncol., 2024, 3, e67.

A. Nezamzadeh-Ejhieh and S. Tavakoli-Ghinani, C. R.
Chim, 2013, 17, 49-61.

Q. Yousefi and A. Nezamzadeh-Ejhieh, Int. J. Biol. Macro-
mol., 2024, 137717, DOI: 10.1016/j.ijbiomac.2024.137717.

J. Yu, W. Chen, L. Qin, A. Nezamzadeh-Ejhieh, F. Cheng,
W. Liu, J. Liu and Z. Bai, J. Mol. Struct., 2024, 139984, DOI:
10.1016/j.molstruc.2024.139984.

C. X. Lin, K. Yang, P. C. Li, L. T. Gao, Y. Aziz, J. H. Li,
H. Miyatake, Y. Ito and Y. M. Chen, Colloids Surf., B, 2024,
242, 114089.

K. Shetty, A. Bhandari and K. S. Yadav, J. Controlled
Release, 2022, 350, 421-434.

W. Zhang, H. Chen, J. Zhao, P. Chai, G. Ma, Y. Dong, X. He,
Y. Jiang, Q. Wu, Z. Hu and Q. Wei, Int. J. Biol. Macromol.,
2023, 253, 126848.

Z. Zheng, X. Yang, M. Fang, J. Tian, S. Zhang, L. Lu, C. Zhou,
C. Xu, Y. Qi and L. Li, Regener Biomater., 2023, 10, rbad072.

M. Roorda, J. L. Miljkovic, H. van Goor, R. H. Henning and
H. R. Bouma, Redox Biol., 2021, 43, 101961.

Y. Zhang, T. Yue, W. Gu, A. Liu, M. Cheng, H. Zheng,
D. Bao, F. Li and J. G. Piao, J. Nanobiotechnol., 2022, 20, 55.
J. Yang, W. Zeng, P. Xu, X. Fu, X. Yu, L. Chen, F. Leng,
C. Yu and Z. Yang, Acta Biomater., 2022, 140, 206-218.

W. Zhou, Z. Duan, J. Zhao, R. Fu, C. Zhu and D. Fan, Bioact.
Mater., 2022, 17, 1-17.

Y. He, K. Liu, S. Guo, R. Chang, C. Zhang, F. Guan and
M. Yao, Acta Biomater., 2023, 155, 199-217.

H. Wu, L. Zhu, L. Xie, T. Zhou, T. Yu and Y. Zhang, Int.
J. Biol. Macromol., 2024, 278, 134609.

L. He, X. Qin, D. Fan, C. Feng, Q. Wang and J. Fang, ACS
Appl. Mater. Interfaces, 2021, 13, 21076-21086.

© 2025 The Author(s). Published by the Royal Society of Chemistry

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

View Article Online

Materials Advances

Z.Yang, R. Huang, B. Zheng, W. Guo, C. Li, W. He, Y. Wei,
Y. Du, H. Wang, D. Wu and H. Wang, Adv. Sci., 2021,
8, 2003627.

C. Xue, X. Xu, L. Zhang, Y. Liu, S. Liu, Z. Liu, M. Wu and
Q. Shuai, Colloids Surf., B, 2022, 218, 112738.

Z. Li, G. Li, J. Xu, C. Li, S. Han, C. Zhang, P. Wu, Y. Lin,
C. Wang, J. Zhang and X. Li, Adv. Mater., 2022, 34, €2109178.
F. Tao, X. Tang, H. Tao, Y. Luo, H. Cao, W. Xiang, Y. Zhao
and L. Jin, J. Diabetes Complications, 2020, 34, 107622.

E. Shirzaei Sani, C. Xu, C. Wang, Y. Song, J. Min, J. Tu,
S. A. Solomon, J. Li, J. L. Banks, D. G. Armstrong and
W. Gao, Sci. Adv., 2023, 9, eadf7388.

R. Gu, H. Zhou, Z. Zhang, Y. Lv, Y. Pan, Q. Li, C. Shi,
Y. Wang and L. Wei, Nanoscale Adv., 2023, 5, 6017-6037.
E. Fakhri, H. Eslami, P. Maroufi, F. Pakdel, S. Taghizadeh,
K. Ganbarov, M. Yousefi, A. Tanomand, B. Yousefi,
S. Mahmoudi and H. S. Kafil, Int. J. Biol. Macromol.,
2020, 162, 956-974.

P. Deng, L. Yao, J. Chen, Z. Tang and J. Zhou, Carbohydr.
Polym., 2022, 276, 118718.

P. Fan, Y. Zeng, D. Zaldivar-Silva, L. Agiiero and S. Wang,
Molecules, 2023, 28(3), 1473.

D. Sarmah, M. A. Rather, A. Sarkar, M. Mandal,
K. Sankaranarayanan and N. Karak, Int. J. Biol. Macromol.,
2023, 237, 124206.

H. Li, X. Zhou, L. Luo, Q. Ding and S. Tang, Carbohydr.
Polym., 2022, 281, 119039.

L. Zhu, F. Ouyang, X. Fu, Y. Wang, T. Li, M. Wen, G. Zha
and X. Yang, Sci. Rep., 2024, 14, 12864.

D. Bi, R. Zhou, N. Cai, Q. Lai, Q. Han, Y. Peng, Z. Jiang,
Z. Tang, J. Lu, W. Bao, H. Xu and X. Xu, Int. J. Biol.
Macromol., 2017, 105, 1446-1454.

X. Sun, C. Ma, W. Gong, Y. Ma, Y. Ding and L. Liu, Int
J. Biol. Macromol., 2020, 157, 522-529.

S. Ma, K. Chen, Q. Ding, S. Zhang, Y. Lu, T. Yu, C. Ding,
W. Liu and S. Liu, Int. J. Pharm., 2024, 661, 124421.

M. F. P. Graca, S. P. Miguel, C. S. D. Cabral and L. J. Correia,
Carbohydr. Polym., 2020, 241, 116364.

S. Thones, S. Rother, T. Wippold, ]J. Blaszkiewicz,
K. Balamurugan, S. Moeller, G. Ruiz-Gémez, M. Schna-
belrauch, D. Scharnweber, A. Saalbach, J. Rademann,
M. T. Pisabarro, V. Hintze and U. Anderegg, Acta Biomater.,
2019, 86, 135-147.

Z. Xu, G. Liu, P. Liu, Y. Hu, Y. Chen, Y. Fang, G. Sun,
H. Huang and J. Wu, Acta Biomater., 2022, 147, 147-157.
S. Quintana-Sanchez, N. Gomez-Casanova, J. Sanchez-
Nieves, R. Gomez, J. Rachuna, S. Wasik, ]J. Semaniak,
B. Maciejewska, Z. Drulis-Kawa, K. Ciepluch, F. J. Mata
and M. Arabski, Int. J. Mol. Sci., 2022, 23(3), 1873.

M. Ibrahim, E. Ramadan, N. E. Elsadek, S. E. Emam,
T. Shimizu, H. Ando, Y. Ishima, O. H. Elgarhy, H. A.
Sarhan, A. K. Hussein and T. Ishida, J. Controlled Release,
2022, 351, 215-230.

Q. Zhou, X. Zhou, Z. Mo, Z. Zeng, Z. Wang, Z. Cai, L. Luo,
Q. Ding, H. Li and S. Tang, Int. J. Biol. Macromol., 2023,
224, 370-379.

Mater. Adv,, 2025, 6, 7722-7747 | 7745


https://doi.org/10.1016/j.solidstatesciences.2024.107584
https://doi.org/10.1016/j.solidstatesciences.2024.107584
https://doi.org/10.1016/j.ijbiomac.2024.137717
https://doi.org/10.1016/j.molstruc.2024.139984
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189
190

191

192

193

194

195

196

197

J. Zhang, Y. Song, L. Zhu, Y. You, J. Hu, X. Xu, C. Wang,
J. Lu, Q. Shen, X. Xu, C. Teng and Y. Du, Int. J. Biol.
Macromol., 2024, 263, 130342.

T. Deng, D. Gao, X. Song, Z. Zhou, L. Zhou, M. Tao,
Z. Jiang, L. Yang, L. Luo, A. Zhou, L. Hu, H. Qin and
M. Wu, Nat. Commun., 2023, 14, 396.

F. Sun, Y. By, Y. Chen, F. Yang, J. Yu and D. Wu, ACS Appl.
Mater. Interfaces, 2020, 12, 9132-9140.

M. B. Baragwiha, K. G. Fikeni, Y. Zhao, G. Cheng, H. Ge
and X. Pang, Materials, 2023, 16(19), 6514.

C. Zheng, Q. Bai, W. Wu, K. Han, Q. Zeng, K. Dong,
Y. Zhang and T. Lu, Int. J. Biol. Macromol., 2021, 179,
507-518.

Q. Zeng, K. Han, C. Zheng, Q. Bai, W. Wu, C. Zhu, Y. Zhang,
N. Cui and T. Lu, J. Colloid Interface Sci., 2022, 607, 1239-1252.
A. Michalicha, A. Belcarz, D. A. Giannakoudakis,
M. Staniszewska and M. Barczak, Materials, 2024, 17.

M. Psarrou, A. Mitraki, M. Vamvakaki and C. Kokotidou,
Polymers, 2023, 15(4), 986.

H. Ehtesabi, S. O. Kalji and L. Movsesian, Heliyon, 2022,
8, €09876.

S. Zhang, G. Ge, Y. Qin, W. Li, J. Dong, J. Mei, R. Ma,
X. Zhang, J. Bai, C. Zhu, W. Zhang and D. Geng, Mater.
Today Bio, 2023, 18, 100508.

M. Goh, M. Du, W. R. Peng, P. E. Saw and Z. Chen, Drug
Delivery, 2024, 31, 2300945.

M. J. Farrow, L. S. Hunter and P. Connolly, Biosensors, 2012,
2,171-188.

H. Yu, R. Gao, Y. Liu, L. Fu, J. Zhou and L. Li, Adv. Sci.,
2024, 11, 2306152.

P. Li, Y. Sui, X. Dai, Q. Fang, H. Sima and C. Zhang,
Macromol. Biosci., 2021, 21, €2100055.

Z.Yang, C. Wang, Z. Zhang, F. Yu, Y. Wang, ]J. Ding, Z. Zhao
and Y. Liu, Int. J. Biol. Macromol., 2024, 264, 130741.

Y. Liang, M. Li, Y. Yang, L. Qiao, H. Xu and B. Guo, ACS
Nano, 2022, 16, 3194-3207.

Pan Zhao, Aging Cell, 2022, 21(2), e13561.

A. Loncarevi¢, K. Ostoji¢, I. Urli¢ and A. Rogina, Polymers,
2023, 15(6), 1480.

F. Li, M. Wang, T. Wang, X. Wang, X. Ma, H. He, G. Ma,
D. Zhao, Q. Yue, P. Wang and M. Ma, Int. Wound J., 2023,
20, 2000-2009.

J. Kim, C. Yang, T. Yun, S. Woo, H. Kim, M. Lee, M. Jeong,
H. Ryu, N. Kim, S. Park and ]. Lee, Adv. Sci., 2023,
10, €2206186.

I. J. Koh, M. S. Kim, S. Sohn, K. Y. Song, N. Y. Choi and
Y. In, J. Bone Jt. Surg., Am. Vol., 2019, 101, 64-73.

J. S. Paneysar, S. Barton, P. Ambre and E. Coutinho,
J. Pharm. Sci., 2022, 111, 810-817.

M. Wypij, M. Rai, L. F. Zemlji¢, M. Braci¢, S. Hribernik and
P. Golinska, Front. Bioeng. Biotechnol., 2023, 11, 1241739.

L. Zhang, X. Liu, Y. Mao, S. Rong, Y. Chen, Y. Qi, Z. Cai and
H. Li, Front. Oncol., 2023, 13, 1126094.

G. P. A. Braga, K. S. Caiaffa, J. A. Pereira, V. R. D. Santos,
A. C. A. Souza, L. D. S. Ribeiro, E. R. Camargo, A. Prakki
and C. Duque, J. Funct. Biomater., 2022, 13(4), 305.

7746 | Mater. Adv., 2025, 6, 7722-7747

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

View Article Online

Review

D. Zheng, C. Huang, X. Zhu, H. Huang and C. Xu, Int.
J. Mol. Sci., 2021, 22(19), 10563.

S. Pardeshi, F. Damiri, M. Zehravi, R. Joshi, H. Kapare,
M. K. Prajapati, N. Munot, M. Berrada, P. S. Giram,
S. Rojekar, F. Ali, M. H. Rahman and H. R. Barai, Polymers,
2022, 14(15), 3126.

B. Yuan, Y. Zhang, Q. Wang, G. Ren, Y. Wang, S. Zhou, Q. Wang,
C. Peng and X. Cheng, Int. J. Pharm., 2022, 627, 122225.

J. Jiang, J. Ding, X. Wu, M. Zeng, Y. Tian, K. Wu, D. Wei, J. Sun,
Z. Guo and H. Fan, J. Mater. Chem. B, 2023, 11, 4934-4945.
L. Zhao, L. Niu, H. Liang, H. Tan, C. Liu and F. Zhu, ACS
Appl. Mater. Interfaces, 2017, 9, 37563-37574.

Q. Ma, X. Zhao, A. Shi and J. Wu, Int. J. Nanomed., 2021, 16,
297-314.

C. Namuga, H. Muwonge, K. Nasifu, P. Sekandi, T. Sekulima
and J. B. Kirabira, BMC Complement Med. Ther., 2024, 24, 236.
H. Chen, T. Zheng, C. Wu, J. Wang, F. Ye, M. Cui, S. Sun,
Y. Zhang, Y. Li and Z. Dong, Pharmaceuticals, 2022,
15(11), 1422.

H. Zhao, ]J. Huang, Y. Li, X. Lv, H. Zhou, H. Wang, Y. Xu,
C. Wang, ]J. Wang and Z. Liu, Biomaterials, 2020,
258, 120286.

N. Kulkarni, S. D. Shinde, M. Maingle, D. Nikam and
B. Sahu, Int. J. Biol. Macromol., 2023, 242, 125074.

Y. Wu, Y. Wang, L. Long, C. Hu, Q. Kong and Y. Wang,
J. Controlled Release, 2022, 341, 147-165.

S. Ghattavi and A. Nezamzadeh-Ejhieh, Composites, Part B,
2020, 183, 107712.

S. A. Mirsalari and A. Nezamzadeh-Ejhieh, Sep. Purif.
Technol., 2020, 250, 117235.

M. Farsi and A. Nezamzadeh-Ejhieh, Surf. Interfaces, 2022,
32, 102148.

N. Omrani and A. Nezamzadeh-Ejhieh, Sep. Purif. Technol.,
2020, 235, 116228.

Y. Xing, B. Zeng and W. Yang, Front. Bioeng. Biotechnol.,
2022, 10, 1075670.

Q. Wei, Y. Wang, H. Wang, L. Qiao, Y. Jiang, G. Ma,
W. Zhang and Z. Hu, Carbohydr. Polym., 2022, 278, 119000.
Z. Y. Li, X. J. Zhang, Y. M. Gao, Y. Song, M. X. Sands,
S. B. Zhou, Q. F. Li and J. Zhang, Adv. Healthcare Mater.,
2023, 12, €2202770.

A. C. R. Dos Santos, G. R. Teodoro, J. Ferreira-Strixino and
L. B. Sant’Anna, J. Funct. Biomater., 2023, 14(3), 151.

C. Hu, F. Zhang, Q. Kong, Y. Lu, B. Zhang, C. Wu, R. Luo
and Y. Wang, Biomacromolecules, 2019, 20, 4581-4592.

J. K. Carrow, K. A. Singh, M. K. Jaiswal, A. Ramirez,
G. Lokhande, A. T. Yeh, T. R. Sarkar, I. Singh and A. K.
Gaharwar, Proc. Natl Acad. Sci. U. S. A., 2020, 117,
13329-13338.

Y. Gu, Y. You, Y. Yang, X. Liu, L. Yang, Y. Li, C. Zhang,
H. Yang, Z. Sha, Y. Ma, Y. Pang and Y. Liu, ACS Appl. Mater.
Interfaces, 2024, 16, 50238-50250.

R. Ahesteh, A. Nezamzadeh-Ejhieh and S. N. Mirsattari,
Mater. Adv., 2025, 6, 4046-4061.

S. Vahabirad and A. Nezamzadeh-Ejhieh, J. Solid State
Chem., 2022, 310, 123018.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h

View Article Online

Review Materials Advances

222 N. Mehrabanpour, A. Nezamzadeh-Ejhieh, S. Ghattavi and 225 J. Chen, Z. Zhang, J. Ma, A. Nezamzadeh-Ejhieh, C. Lu, Y. Pan,

A. Ershadi, Appl. Surf. Sci., 2022, 614, 156252. J. Liu and Z. Bai, Dalton Trans., 2023, 52(19), 6226-6238.

223 A. Yousefi, A. Nezamzadeh-Ejhieh and M. Mirmohammadi, 226 N. Raeisi-Kheirabadi and A. Nezamzadeh-Ejhieh, Chemis-
Environ. Technol. Innovation, 2021, 22, 101496. trySelect, 2022, 7(44), €202203788.

224 N. Raeisi-Kheirabadi, A. Nezamzadeh-Ejhieh and H. Aghaei, 227 R. Maji, N. S. Dey, B. S. Satapathy, B. Mukherjee and
ACS Omega, 2022, 7, 31413-31423. S. Mondal, Int. J. Nanomed., 2014, 9, 3107-3118.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 September 2025. Downloaded on 2/24/2026 6:08:42 AM.

(cc)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2025, 6, 7722-7747 |

7747


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00832h



