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The escalating prevalence of wounds, particularly chronic wounds, poses significant challenges in terms
of treatment management and has led to an increase in healthcare expenditure. Hydrogel-based
dressings play a crucial role in wound management due to their unique properties. However, there
remains a lack of comprehensive reviews on the use of hydrogel-based dressings for wound healing.
This review commences with an overview of the process and characteristics of wound healing.
Furthermore, we summarize the various functions of hydrogel-based dressings in promoting wound
healing, including adhesive property, antibacterial efficacy, hemostasis, angiogenesis promotion, anti-
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oxidation, anti-inflammatory effect, self-healing, and conductivity. We further discuss the challenges
encountered during the healing of different types of wounds, particularly diabetic wounds, and outline
DOI: 10.1039/d3ma00682d the latest advancements in the application of hydrogel-based dressings in the management of different

types of wounds. In addition, we conclude and provide an outlook on the application of hydrogel-based
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1. Introduction

The human skin, the largest organ in the body, serves as a
remarkable protective barrier that separates the internal
environment from the external surroundings. With its multi-
functional nature, the skin plays crucial roles in moisturization,
thermoregulation, sensory perception, humoral equilibrium,
and defense against pathogens.! However, prolonged exposure
to various external factors can impose a significant burden on
this vital organ, making it susceptible to a wide range of
stimuli. When the integrity of the skin is compromised, such
as through the formation of wounds, it becomes a predisposing
factor for the development of various diseases.” The formation
of wounds can result in significant discomfort and pain, with
severe cases potentially leading to disability.> In accordance
with the duration of wound healing, wounds can be categorized
as acute or chronic. Acute wounds are characterized by skin
damage resulting from causes such as surgical incisions or
bites, and they exhibit the capacity for self-healing through
normal and predictable processes, even in the absence of
external intervention. The typical healing time for acute
wounds is approximately 8 to 12 weeks.? Chronic wounds, on
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dressings in wound healing, with the aim of further enhancing their ability to promote wound healing.

the other hand, are characterized by an inability to complete
the normal healing process within 12 weeks or a prolonged
timeframe, often exhibiting recurrent tendencies.” Common
causes of these chronic wounds include untreated or impro-
perly treated acute traumas. Chronic wounds associated
with chronic diseases such as diabetes and vascular disorders
present a greater challenge in terms of treatment and manage-
ment, primarily due to the complexity of underlying pathologi-
cal mechanisms.®” Chronic wounds fail to undergo normal
healing processes, resulting in prolonged inflammation, insuf-
ficient angiogenesis, and severe complications.® The surge in
chronic wounds presents substantial challenges in terms of
therapeutic management and contributes to a significant
increase in healthcare costs.” Consequently, the pursuit of
straightforward and effective wound treatments remains a
formidable challenge, posing significant dilemmas for the
healthcare system.

Wound healing is a complex process that involves multiple
phases and requires appropriate management, particularly in
the case of chronic wounds. Upon the occurrence of a wound,
appropriate wound care plays a pivotal role in preventing
bacterial infections and expediting the healing process. Banda-
ging is the most basic treatment in clinic.'® Various treatment
modalities are available for wound management, and while
invasive surgical interventions like debridement and skin graft-
ing can be effective, they carry risks such as bleeding, tissue
injury, and prolonged recovery periods.”* In contrast, wound
dressings assume a pivotal role in wound management by
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offering a protective barrier that safeguards the wound against
external infections.'® Furthermore, they serve as scaffolds that
facilitate the reorganization of skin cells, thereby fostering the
infiltration and integration of host tissues into the wound
bed.'*'* The choice of wound dressing can have a significant
impact on the wound healing process. Conventional wound
dressings, including gauze, cotton, and bandages, are designed
to prevent external contamination of the wound. However, they
fail to maintain a moist wound environment.'> As exudate
solidifies and the wound heals, the dressing adheres to the
wound, and the fibers within the dressing become enveloped by
new tissue or blood clots. During dressing changes, damage is
inflicted on newly formed tissue, causing pain to the patient
and impeding the healing process.'® Conventional wound
dressings primarily rely on passive protection to prevent exter-
nal contamination of the wound rather than actively promoting
wound healing."” Moreover, conventional wound dressings lack
functionality and specificity, resulting in poor efficacy in treat-
ing chronic wounds such as diabetic wounds.'® Hence, there is
a necessity to develop novel multifunctional dressings that can
provide both physical protection and facilitate wound tissue
regeneration for the treatment of skin wounds. Numerous
wound dressing materials have been innovated to facilitate
the process of wound healing, encompassing semipermeable
membranes, semipermeable foams, and hydrocolloids."*?°
However, some of the currently used wound dressings have
limitations. For example, they may impede gaseous exchange
between the wound and its surroundings, making it difficult for
oxygen and nutrients to reach the wound bed. Some dressings
are challenging to remove, may not provide adequate protec-
tion against microbial infections or maintain sterility, and can
potentially induce allergic reactions. Furthermore, they may
have limited absorption capacity for wound exudates and fail to
maintain an optimal moist environment that is conducive to
expedited wound healing.”’ In recent years, hydrogels have
gained significant attention in the field of wound healing due
to their unique properties.

Hydrogels are three-dimensional network structures made
up of polymers that are crosslinked chemically or physically
(Fig. 1). Physical crosslinking refers to transient crosslinking,
usually arising from interactions such as physical entangle-
ment of polymer chains, ionic interactions, electron interac-
tions, hydrogen bonding, etc. These interactions allow the
hydrogel to revert to a soluble state when external conditions
change. On the other hand, chemical crosslinking involves
chemical reactions that create a permanent three-dimensional
network through irreversible covalent bonds. Therefore, che-
mically crosslinked hydrogels possess a stable and permanent
structure. They have exceptional hydrophilic (water-loving)
properties and remain flexible when in contact with water
molecules.”*>* Due to their elevated water content, supple
structure, and porous nature, hydrogels bear a remarkable
resemblance to living tissues.>® The development of hydrogels
as biomaterials can be traced back to 1960, when Wichterle
and Lim pioneered their synthesis.>® They created a hydrogel
using poly2-hydroxyethyl methacrylate (PHEMA), which was
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Fig. 1 The structure of hydrogels (physical crosslinking and chemical
crosslinking).

subsequently used as a filler in eye enucleation procedures
and as a material for contact lenses. Compared to traditional
dressings, hydrogels offer several advantages in wound
healing.” They can alleviate patients’ pain, improve the wound
microenvironment, combat infections, and facilitate the heal-
ing process. Additionally, hydrogels can serve as targeted
delivery vehicles for drugs, proteins, or cells.*® The extracellular
matrix (ECM), which is a network of molecules surrounding
cells, plays a vital role in creating a favorable microenvironment
for wound healing by promoting wound re-epithelialization
(regrowth of the epidermal layer) and angiogenesis (formation
of new blood vessels).>*° Because hydrogels structurally
resemble the ECM, they have gained significant research atten-
tion and have wide-ranging applications in the field of biome-
dical sciences.*®*'*? Recently, there has been a shift in the
functionality of hydrogels from singular physical coverage or
individual functionalities to combining diverse functionalities.
Multifunctional hydrogels have been successfully used in the
repair of various types of wounds.**”*> Overall, hydrogels are
versatile biomaterials with unique properties that make them
suitable for medical applications. Their resemblance to living
tissues, ability to retain water, and capacity for targeted drug
delivery make them valuable tools in tissue engineering, wound
healing, and other biomedical fields. Ongoing research in this
area continues to explore and expand the potential uses and
functionalities of hydrogels in healthcare.

This article presents a comprehensive review of the research
progress regarding the application of hydrogel-based dressings
in wound healing. Firstly, we provide an overview of the process
and characteristics of wound healing. Secondly, we summarize
the various functionalities of hydrogel-based dressings in pro-
moting wound healing, including adhesive property, antibac-
terial efficacy, hemostasis, angiogenesis promotion, anti-
oxidation, anti-inflammatory effect, self-healing property, and
conductivity. We also discuss the challenges encountered

Mater. Adv., 2024, 5,1364-1394 | 1365


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00682d

Open Access Article. Published on 20 December 2023. Downloaded on 10/26/2025 1:55:50 AM.

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

(cc)

Materials Advances

during the wound healing process, particularly in the context
of different wound types (especially diabetic wounds), and
outline the latest advancements in the use of hydrogel-based
dressings in diverse wound management. Finally, we conclude
and provide an outlook on the application of hydrogel-based
dressings in wound healing, aiming to further enhance their
capacity to promote wound healing.

2. Process and characteristics of
wound healing

The wound healing process is a complex mechanism that
facilitates the regeneration of damaged skin tissue. The phases
of wound healing play a crucial role in determining the appro-
priate wound dressing for effective wound management. The
process of wound healing consists of four sequential phases:
hemostasis, inflammation, proliferation, and remodeling,
which may also overlap (Fig. 2).*°

The hemostasis phase begins promptly after an injury and
progresses rapidly. During this phase, blood vessels constrict,
limiting blood flow.*” Platelets aggregate to form a clot, sealing
the ruptured vessel wall and stopping the bleeding.>” Blood
clots attract various relevant cells to collectively form a protec-
tive scab, which covers the wound until blood vessels dilate.>®
Coagulation factors significantly contribute to the facilitation
of targeted cell infiltration, with a specific emphasis on
macrophages.®® In the inflammatory phase, neutrophils, reac-
tive oxygen species (ROS), and proteases released by phagocytic
cells clear debris and bacteria, thereby establishing a favorable
milieu for the progression of the healing process.*® The injured
blood vessels produce transudate, resulting in swelling. Con-
trolled inflammation is beneficial during this phase as it helps
prevent infection and manage bleeding.*’ The inflammatory
response is a complex process influenced by various intrinsic
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Fig. 2 Process and characteristics of wound healing.
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and extrinsic factors.*” Uncontrolled, prolonged, or excessive
inflammation can lead to tissue damage and hinder the healing
process.*? Different types of innate immune cells play a central
role during this phase.** Neutrophils, serving as the primary
responders to epithelial injury, infiltrate the wound tissue,
eliminating bacteria, restraining infection, and secreting rele-
vant pro-inflammatory cytokines, consequently promoting
fibroblast proliferation and angiogenesis.*>*® Macrophages,
on the other hand, serve as master effector cells in tissue
repair, demonstrating remarkable versatility and plasticity.*’
The transition from inflammation to proliferation is a critical
step in the wound healing process.*®

The proliferative phase involves the synthesis of connective
tissue, including blood vessels and granulation tissues, at the
injury site to replace necrotic cells.*” The ECM, comprising
proteoglycans, elastin, hyaluronic acid, and collagen, plays a
crucial role in the formation of granulation tissue, replacing the
original blood clot.’>*! During this phase, there is a noticeable
increase in the production of various cells, such as keratino-
cytes, fibroblasts, and endothelial cells. These cells collectively
contribute to wound healing, ECM deposition, and
angiogenesis.>” Fibroblasts play a vital role in the conversion
of the temporary fibrous matrix rich in fibronectin into a more
resilient granulation tissue during the wound healing
process.>® Angiogenesis, the process of new blood vessel for-
mation, occurs to meet the demand for various nutrients
necessary for tissue proliferation.>® Hypoxia acts as a trigger
for angiogenesis, leading to the upregulation of hypoxia-
inducible factors (HIFs) and cyclooxygenase 2, thereby inducing
increased production of angiogenic factors.’>”>” Macrophages
significantly contribute to angiogenesis by facilitating micro-
vascular endothelial cell behaviors.’®*® Remodeling and scar
formation represent the final phases of wound healing, persist-
ing for up to a year or longer, contingent upon the specific
severity of tissue damage and the progress of wound healing.**
An imbalanced equilibrium between ECM synthesis and degra-
dation can result in non-healing wounds or the development of
pathological scars.”®" During this phase, collagen remodeling
occurs through crosslinking, leading to a reduction in scar
thickness as the wound achieves complete closure.®® Addition-
ally, apoptosis occurs, leading to the removal of cells that
played a role in the wound healing process but are no longer
needed.®>**

3. Multiple functions of hydrogel-
based dressings

Hydrogels were initially utilized as wound dressings to provide
physical isolation and create a moist environment. However,
with the emergence of challenging non-healing wounds in
clinical practice and the increasing demands for effective
wound healing, both medical professionals and patients are
seeking enhanced performance from hydrogel-based dressings.
Consequently, there has been a surge in the development of
hydrogel-based dressings with multiple functionalities. In this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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review, we will provide a comprehensive summary of the
various functions of hydrogel-based dressings that contribute
to promoting wound healing.

3.1 Adhesive property

Sutures and staples, while considered the “gold standard” for
wound closure, may not be suitable for all types of wounds.
These traditional closure methods have drawbacks such as an
increased risk of secondary tissue injury and infection, which
can impede optimal wound healing.®® As an alternative, adhe-
sive hydrogels have gained increasing attention in the field of
wound healing due to their less invasive and more effective
nature.®® Presently, an array of adhesive hydrogels have been
synthesized with a categorization into nature-inspired adhesive
hydrogels and supramolecular-based adhesive hydrogels,
aimed at augmenting the interfacial interaction between hydro-
gels and tissues.®”®® Nature-inspired adhesive hydrogels pre-
dominantly emulate structures and constituents observed in
mollusks, such as mussels, and certain marine organisms like
sandcastle worms. On the other hand, supramolecular-based
adhesive hydrogels predominantly rely on mechanisms such as
hydrogen bonding, host-guest interactions, or molecular topol-
ogies. However, one limitation of adhesive hydrogels is their

View Article Online

Materials Advances

insufficient mechanical strength, leading to reduced cohesion
and restricting their potential applications in wound healing.®
To address this issue, researchers have developed innovative
hydrogels with enhanced mechanical performance and adhe-
sive capabilities. Dopamine (DA) is a compound that contains
multiple catechol groups, which have been identified as crucial
factors in achieving rapid and robust adhesion to wet tissues.
In a study, researchers fabricated a gelatin-DA conjugated
hydrogel and found that the adhesive properties of the hydrogel
were dependent on the DA content, with the highest adhesive
value observed at a substitution formula of 46%. The formula-
tion exhibited excellent adhesive performance, measuring
approximately 43 kPa (Fig. 3a).”° Shao et al. introduced a novel
adhesive hydrogel (CP-Lap hydrogel) composed of chitosan and
e-polylysine (EPL), with modifications involving gallic acid. Due
to its dual crosslinking nature, the hydrogel exhibited satisfac-
tory mechanical strength ranging from 150 to 240 kPa, while
also demonstrating notable resistance to swelling and degrada-
tion. Furthermore, the apparent adhesive strength of CP-Lap
hydrogel showed a significant improvement, measuring
approximately 30 kPa (Fig. 3b).”" Recently, a novel hydrogel

was developed, consisting of catechol-modified oxidized hya-
e-poly-L-lysine,

luronic acid, and Fe®'. By synergistically
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Fig. 3 The adhesive property of hydrogel-based dressings. (a) Schematic figure showing the synthesized Gel-dop conjugate were activated by using
sodium periodate chemistry and showing its applicability as tissue adhesive. Reprinted and modified with permission from ref. 70. Copyright 2020
Elsevier. (b) Schematic figure showing LAPONITE® stabilized endogenous antibacterial hydrogel as wet-tissue adhesive. Reprinted with permission from

ref. 71. Copyright 2023 Elsevier.
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employing the mussel-inspired strategy, dehydration effect,
and cohesion enhancement, the hydrogel achieved a remark-
ably high wet adhesion strength of approximately 78 kPa.”?

Despite the effective wound closure achieved by adhesive
hydrogels, their removal can cause pain and potentially inter-
fere with the wound healing process. To tackle this concern,
Jiang et al. utilized a protein-polyphenol complexation techni-
que to fabricate an adhesive hydrogel patch, with the objective
of establishing a thermoresponsive mechanism that is respon-
sive to the temperature of the human body. The hydrogel’s
adhesion was intelligently triggered upon contact with warm
skin, while painless detachment can be easily achieved by
applying an ice bag to the surface of the hydrogel.”> Han
et al. devised a two-step procedure to create a polydopamine-
clay-polyacrylamide (PDA-clay-PAM) hydrogel with exceptional
adhesion and toughness. The process involved the insertion of
DA into clay nanosheets and partial oxidation between the
layers, resulting in the presence of free catechol groups within
the polydopamine-inserted clay nanosheets. Subsequently,
acrylamide monomers were introduced and polymerized
in situ, yielding a hydrogel with repeatable and durable adhe-
sion. It is noteworthy that this hydrogel had the ability to
adhere directly to the surface of human skin without eliciting
an inflammatory response in the body. Moreover, it can be
easily removed as needed without causing damage to the skin
tissue.”* Liu et al introduced a composite hydrogel named
PBOF, formulated using multi-reversible bonds involving poly-
vinyl alcohol (PVA), borax, oligomeric procyanidin, and ferric
ion. This innovative hydrogel demonstrated remarkable proper-
ties, including an ultra-stretch ability that was 100 times greater
than its initial size, a highly tissue-adhesive strength of 24 kPa,
and rapid shape adaptability within 2 minutes. When the
removal of the hydrogel-based dressing is required, it can be
easily detached within a span of 10 minutes using water as a
simple triggering agent.”®

3.2 Antibacterial efficacy

In general, when skin tissue is compromised due to various
factors, it loses its normal barrier function, rendering the
human body susceptible to the invasion of various pathogenic
microorganisms from the external environment, including
bacteria, fungi, and viruses.”®”” Wound infections caused by
various pathogenic microorganisms significantly impede the
normal process of wound healing. In severe cases, these infec-
tions can further propagate to various organs, leading to severe
damage to the overall health of the human body.”® The devel-
opment of antibacterial hydrogels has shown remarkable effi-
cacy in preventing infection and promoting wound healing.
Based on their constituent raw materials, antibacterial agents,
and mechanisms of action, antibacterial hydrogels can be
classified into three distinct types: (1) inherent antibacterial
hydrogel; (2) antibacterial agent-containing hydrogel; and (3)
environmental stimulus-responsive antibacterial hydrogel.”
3.2.1 Inherent antibacterial hydrogel. Hydrogel wound
dressings with inherent antibacterial properties can be created
using various natural polymer materials. Materials such as
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chitosan, antimicrobial peptides, organic acids, and plant
essential oils are frequently employed in the preparation of
antimicrobial hydrogels due to their advantages such as bio-
compatibility and degradability.® The presence of functional
groups within the molecular structure of natural polymers
contributes to their antibacterial activities, which are essential
for the construction and efficacy of antibacterial hydrogel
wound dressings. As a result, these inherent antibacterial
hydrogels can exhibit sustained and persistent antibacterial
activity.’* One example of such a hydrogel is the carboxyl-
modified cellulosic hydrogel developed by Tavakolian and
colleagues. They covalently attached e-poly-L-lysine, a natural
polyamide with antibacterial properties, to the hydrogel
through a bioconjugation process. The antibacterial activity of
this hydrogel was evaluated against Staphylococcus aureus and
Pseudomonas aeruginosa. The results of the antibacterial activity
experiment demonstrated significant efficacy, as the antimicro-
bial hydrogel eradicated approximately 99% of Staphylococcus
aureus and Pseudomonas aeruginosa after a 3-hour exposure
period (Fig. 4).% However, it is important to note that hydrogels
made from natural antimicrobial agents do possess certain
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limitations in their application. The antimicrobial action of
these hydrogels typically relies on a mechanism that involves
the disruption of bacterial cell membranes. While this can be
effective, it may result in relatively low sterilization efficiency in
some cases. Therefore, it’s crucial to consider the specific
requirements of the wound and carefully evaluate the antimi-
crobial efficacy of natural antibacterial hydrogels to ensure
their suitability for use in wound dressings. The development
of an injectable hydrogel using quaternary ammonium chito-
san (QCS) and tannic acid (TA) as the main constituents is a
notable advancement. Under physiological conditions, this
hydrogel is easily miscible, and the integrity of its structure
relies on the dynamic ion bonds and hydrogen bonds formed
between QCS and TA constituents.®* Additionally, the incor-
poration of quaternized chitosan provides the hydrogel with
broad-spectrum antibacterial capacity, enhancing its therapeu-
tic potential. The concept of directly incorporating antibacterial
moieties within the hydrogel matrix is an interesting approach
to enhance the antibacterial characteristics of hydrogels. In a
study conducted by Wang et al., they successfully developed
stretchable hydrogels with inherent antibacterial properties
through copolymerization of zwitterionic monomers with ionic
monomers. The zwitterionic moieties contain abundant
quaternary ammonium (QA) groups, and additional QA
groups were introduced during the copolymerization process.
As a result, the hydrogel-based demonstrated exceptional anti-
bacterial efficacy, with a reduction in bacterial growth of over
99%.%*

3.2.2 Antibacterial agent-containing hydrogel. An addi-
tional effective strategy for addressing bacterial infections
involves the incorporation of antibacterial agents into hydro-
gels, thus conferring exceptional antibacterial properties. Inor-
ganic metal ions (such as Ag, Zn, Au, Cu, and Mg) and metal
oxide nanoparticles have been observed to possess a wide range
of antibacterial properties.”> The incorporation of inorganic
metal ions and metal oxide nanoparticles into hydrogels has
been demonstrated to significantly enhance their antimicrobial
efficacy. However, concerns regarding the cytotoxicity and
biocompatibility of metal-based biomaterials necessitate
further comprehensive investigation. Despite these challenges,
the development of metal-based composite antibacterial hydro-
gels remains a prominent and active area of research within the
field of antibacterial biomaterials. Jiang et al. conducted a study
detailing the fabrication of a multifunctional hydrogel, which
incorporated fusiform-like zinc oxide nanorods (brZnO) into
carboxymethyl chitosan (CMCS). In this formulation, the brZnO
served a dual purpose, acting as both a crosslinker and a nano-
filler. The synergistic combination of CMCS matrix and ZnO
nanorods exhibited efficient antibacterial effects, while the
hydrogel demonstrated controlled and sustained release of
Zn>*.%% In addition, the incorporation of antibiotics, synthetic
antibacterial agents, and antibacterial peptides within hydro-
gels can enhance their infection-resistant properties.**"*® Drug-
loaded hydrogels have demonstrated superior wound healing
capabilities, making them promising candidates for promoting
efficient tissue regeneration. Moreover, these hydrogel systems

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibit potential in effectively mitigating bacterial drug
resistance.®” The antibiotics frequently incorporated into anti-
bacterial hydrogels can be categorized into aminoglycosides
(such as gentamicin and streptomycin), glycopeptides (such
as vancomycin), and quinolones (such as ciprofloxacin and
levofloxacin).”® For instance, Zhang and colleagues achieved
controlled drug delivery by incorporating vancomycin reversibly
into a hydrogel synthesized from sodium alginate and citric
acid as precursor materials. The resulting vancomycin-loaded
hydrogel displayed significant antibacterial activity, particularly
in weak acid environments. The combination of citric acid and
vancomycin also exhibited a synergistic therapeutic effect,
proving advantageous in the treatment of acute infections.”'
Prolonged utilization of antibiotics may contribute to the
emergence of drug-resistant bacteria, prompting researchers
to investigate various synthetic antimicrobial agents as
potential alternatives to conventional antibiotics. Hydrogels
loaded with synthetic antibacterial agents offer a promising
approach for precise drug delivery, providing a viable clinical
solution to achieve targeted antibacterial effects and facilitate
efficient wound healing. Antimicrobial peptides have been
scientifically substantiated for their broad-spectrum antibacter-
ial potential, along with their diverse properties, wide applic-
ability, and reduced propensity to induce resistance mutations
in target bacteria, thus presenting significant advantages.’>"*
As a result, they represent an effective antimicrobial material to
address the challenge of antibiotic resistance. A notable study
by Wu et al. involved the preparation of a pH-sensitive hydrogel
by integrating DP7 antibacterial peptide and oxidized dextran
through reversible covalent bonding, specifically Schiff base
linkages. Additionally, ceftazidime was loaded into the pH-
sensitive hydrogel. This hydrogel demonstrated a synergistic
antibacterial effect, resulting from the combined actions of the
antibacterial peptide and the antibiotic. As a result, the hydro-
gel not only effectively mitigated bacterial resistance but also
contributed to a reduction in antibiotic consumption.®*

3.2.3 Environmental stimulus-responsive antibacterial
hydrogel. Photothermal agents or photosensitizers offer a pro-
mising approach for conferring antibacterial properties by
manipulating the local environment upon their introduction.
When incorporated into hydrogel wound dressings, these
agents enable responsive antibacterial functionality. The ther-
apeutic approaches involving the utilization of photothermal
agents and photosensitizers to exert antibacterial effects are
respectively designated as photothermal therapy (PTT) and
photodynamic therapy (PDT). Moreover, investigators have
delved into the advancement of ultrasound-responsive hydro-
gels, a methodology known as sonodynamic therapy (SDT).

(1) PTT: under sole near-infrared radiation, there is an
absence of significant antibacterial effects. However, near-
infrared radiation, when employed as an external stimulus,
can stimulate photothermal agents to generate substantial
heat, resulting in bacterial demise by protein destruction.’*
The implementation of PTT in addressing bacterial infections
is advantageous in preventing the development of drug-
resistant bacteria, as PTT induces physical hyperthermia,
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causing rapid damage to bacteria.’® Notably, among photother-
mal agents, inorganic nanomaterials such as noble metals
(such as Au, Ag), MoS,, CuS, and innovative two-dimensional
materials have garnered considerable attention due to their
cost-effectiveness, convenient fabrication processes, remark-
able and broad light absorption capabilities, and favorable
biocompatibility.”® Nevertheless, the thermal energy produced
by photothermal antibacterial agents carries the risk of adverse
effects, potentially causing damage to healthy tissues.’® A viable
solution involves the strategic design of PTT-based antibacter-
ial agents that exhibit either local or bacterial specificity,
thereby enabling precise elimination of pathogenic bacteria
while minimizing collateral damage to surrounding tissues.

(2) PDT: PDT represents a minimally invasive approach
employing light-responsive photosensitizers and appropriate
excitation sources to generate ROS. The resulting ROS, formed
through an oxidative process, exhibit the capability to detri-
mentally affect surrounding biomolecules such as proteins,
lipids, and nucleic acids, thereby leading to the eradication of
pathogenic microorganisms.””*® Typically, photosensitizers
fall into two primary classifications: organic and inorganic
photosensitizers. Organic photosensitizers predominantly
encompass macrocyclic compounds such as porphyrins, phtha-
locyanines, indocyanine dyes, phenothiazines, and photosensi-
tizers exhibiting aggregation-induced luminescence properties.
Inorganic-based photosensitizers consist of ZnO, TiO,, and
graphene quantum dots (GQDs).”” However, owing to the
diminished stability of photosensitizers in physiological condi-
tions, coupled with their low water solubility and photostabil-
ity, the majority of photosensitizers encounter challenges in
persisting at the defect site for repeated photodynamic
stimulation.”® To surmount this constraint, photosensitizers
are integrated into diverse carriers such as hydrogels. Zheng
and colleagues have developed an innovative hydrogel platform
that utilizes atomically precise gold nanoclusters-embedded
natural polysaccharide carrageenan for single near-infrared
light-triggered PTT and PDT.'® In this hydrogel-based dres-
sing, the incorporation of Au,sCapt;s as a single-component
phototherapeutic agent exhibited significant thermal effects
and generated singlet oxygen ('O,) upon irradiation with a
single near-infrared light source. This unique combination
allows for the rapid elimination of bacteria.

(3) SDT: sonosensitizers refer to pharmaceutical agents
necessitating ultrasound activation for its efficacy.'®" Ultra-
sound possesses the capability to penetrate deeply within the
body, facilitating SDT in effectively targeting bacteria located
deeply within an organism.'®® The ultrasound-responsive
hydrogel takes advantage of the non-invasive, safe, and cost-
effective characteristics of ultrasound technology. Ultrasound
has the ability to notably enhance the permeability of internal
and external membranes, decrease the fluidity of bacterial cell
membranes, and induce membrane depolarization, resulting
in effective bacterial eradication.'® Porphyrin derivatives
stand as the most extensively investigated sonosensitizers in
research.'® Additional organic dyes, such as methylene
blue, emodin, and acridine orange, have been employed as
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sonosensitizers in SDT.'%

Due to its piezoelectric effect, bar-
ium titanate (BaTiO;) has witnessed further advancement in its
potential application as a highly efficient sonosensitizer in
sonodynamic antibacterial therapy.'°®'%” Utilizing ultrasound-
triggered piezocatalytic therapy, Liu et al. developed a multi-
functional hydrogel incorporating BaTiO; nanoparticles.
When exposed to ultrasonic vibrations, these embedded nano-
particles promptly generated ROS as a result of the substantial
built-in electric field. This remarkable characteristic imparts
the hydrogel with exceptional antibacterial efficacy.'®® In addi-
tion to the aforementioned stimuli-responsive approaches,
other stimulus-response modalities, such as pH, thermal, and
salt, have also been extensively investigated and have shown
promising results.'°**

3.3 Hemostasis

Hemostasis is a crucial process in wound healing that involves
the formation of blood clots to stop bleeding from injured
blood vessels. However, in cases of severe trauma or surgical
procedures, excessive and uncontrolled bleeding can over-
whelm the body’s natural hemostatic capacity, leading to sig-
nificant blood loss and impaired wound healing. Challenging
scenarios of wound bleeding frequently occur in real-life situa-
tions, imposing stringent requirements for the development of
hemostatic hydrogels capable of effectively addressing these
complexities."*>"* Presently, natural polymers, synthetic poly-
mers, inorganic compounds, and metal-based materials are
utilized in the formulation of hemostatic hydrogels."*> The
common natural polymer hemostatic materials are polysac-
charide and collagen.'*®*'” The main polysaccharide hemo-
static materials are chitosan, cellulose, hyaluronic acid and
alginate. Synthetic polymers made by physical or chemical
methods are easier to functionalize than natural polymers,
such as self-assembling peptides, polyethylene glycol, and
polycaprolactone.'*®**2° The inorganic materials suitable for
hemostasis predominantly encompass zeolite, mesoporous
silica, and graphene.'?’”*** Metal ions such as Ag, Zn and Cu
can also be effectively used in the preparation of hemostatic
materials."*® Liu et al. introduced a study describing the devel-
opment of an injectable thermogelling chitosan/glyceropho-
sphate formulation enriched with dihydrocaffeic acid (DHCA)
to enhance the gel-forming capacity and tissue adherence
properties.’** By integrating DHCA, the researchers achieved
a significant reduction in gelation time, surpassing the dura-
tion of non-composite hydrogels by more than double, parti-
cularly at approximately 37 °C. Notably, the composite hydrogel
exhibited a tissue adhesive strength more than two-fold higher
than both non-composite hydrogels and previously reported
formulations. Moreover, these thermosensitive hydrogels dis-
played significant in vitro effects in reducing the coagulation
time of whole blood. Subsequent in vivo experiments conducted
on rat models of hepatic hemorrhage and tail amputation
revealed that the application of these thermosensitive hydro-
gels resulted in substantial improvements in hemostasis time
and reduced blood loss. Recently, a self-gelling hemostasis
powder has been developed, comprising a combination of
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polyacrylic acid, polyacrylamide, and quaternate chitosan.
Upon contact with water, the powder rapidly fused, forming
a stable hydrogel within an exceptionally short duration
(<0.25 minutes). In vivo hemostatic evaluations demonstrated
the superior performance of this hemostatic powder compared
to commercially available products, specifically chitosan pow-
der. Additionally, the hemostatic efficacy of this powder was
comparable to that of hemostatic zeolite, as evidenced by the
significant reduction in bleeding volume and hemostatic time
(Fig. 5a).""* Researchers have also demonstrated the effective-
ness of a biomaterial composed of oxidized alginate and
oxidized dextran in combination with polyamidoamine dendri-
mer amine. This biomaterial enabled simultaneous electro-
static and covalent interactions with tissue, resulting in
enhanced adhesion. Importantly, experiments conducted on
both rabbit and pig models have demonstrated the exceptional
ability of this biomaterial to withstand supraphysio-
logical pressures (approximately 300 mmHg) and effectively
prevent bleeding (Fig. 5b).'*®> To address the pressing medical
challenges posed by visceral rupture, a multifunctional
hydrogel-based wound dressing has been developed, harnes-
sing the collective advantages of dynamic covalent bonds,

© 2024 The Author(s). Published by the Royal Society of Chemistry

metal-catechol chelation, and hydrogen bonds for multi-
crosslinking. The efficacy of this dressing in promoting hemos-
tasis has been demonstrated through experimentation using a
rat ventricular puncture model, highlighting its potent hemo-
static capability.'*®

3.4 Angiogenesis promotion

In the context of wound healing, nutrition and oxygen supply
through blood vessels are essential for the cells involved in
the healing process.'””'*® Angiogenesis, the formation of
new blood vessels, and revascularization play a critical role in
accelerating wound healing, particularly in chronic wounds."*’
Natural-origin hydrogels can serve as fundamental elements in
pro-angiogenic systems and can be categorized into three major
classes: (i) polysaccharide-based, (ii) protein-based, and (iii)
derived from cellularized tissues.”*® In certain instances, spe-
cific chemical constituents such as collagen and hyaluronic
acid have demonstrated the potential to impart angiogenic
capabilities to hydrogels. In order to enhance and promote
wound angiogenesis, a variety of pro-angiogenic materials,
such as various pro-angiogenic growth factors, copper ions
and VEGF-mimicking peptide, can be incorporated into the
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hydrogel."*'""** Li et al. successfully devised a novel silica-
based nanocomposite hydrogel scaffold, denoted as PABC,
which incorporated polyethylene glycol diacrylate as the
framework and incorporated bioactive glass nanoparticles con-
taining copper and sodium alginate. In vitro investigations
demonstrated that this novel hydrogel formulation exhibited
significant enhancements in the viability, proliferative
capacity, and angiogenic potential of endothelial progenitor
cells. Importantly, in vivo studies indicated that this hydrogel
formulation facilitated the generation and regeneration of
vascular networks in diabetic wounds. This process was
achieved through the upregulation of hypoxia-inducible
factor-1o/vascular endothelial growth factor (HIF-10/VEGF)
expression and collagen matrix deposition, leading to acceler-
ated wound healing and enhanced regeneration of skin
tissue."®* In another study conducted by Jang et al., a gelatin
methacrylate hydrogel incorporating a VEGF-mimicking pep-
tide was formulated using a three-dimensional bio-printer. The
hydrogel patches exhibited controlled release of the VEGF
peptide, which facilitated the accelerated process of angiogen-
esis and promoted wound healing at the application site
(Fig. 6)."*°
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Recently, extracellular vesicles (EVs), also known as exo-
somes, derived from various cell types have emerged as a
pivotal component of cell-free therapies, demonstrating signif-
icant potential in the field of wound healing."*>**® These EVs
offer advantages over cell-based therapies by mitigating immu-
nological risks and improving the homing efficiency of trans-
planted cells. They promote rapid wound healing through
mechanisms involving angiogenesis promotion and inflamma-
tion modulation."*>™**® vang et al. conducted a study where
they encapsulated exosomes derived from human umbilical
cord mesenchymal stem cells (hUCMSC-exos) within a thermo-
sensitive hydrogel called Pluronic F-127 (PF-127). They used a
full-thickness wound model in diabetic rats and found that the
combination of PF-127 hydrogel with hUCMSC-exos led to
increased production of CD31 and upregulation of VEGF
expression. This intervention promoted vascularization at the
wound site, resulting in the acceleration of the wound healing
process."*’

Additionally, previous studies have highlighted the potential
benefits of the “hot spring effect” in wound healing. The
therapeutic benefits of hot springs are attributed to mild
thermal stimulation and the promotion of angiogenesis
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Fig. 6 The angiogenesis promotion of hydrogel-based dressings. (a) Reaction of MA and gelatin. (b) Fabrication of crosslinked hydrogel network of
GelMA included VEGF peptide. (c) Complex viscosity and (d) storage modulus (G’) and loss modulus (G”). It was tested at 20 °C with 35 mm plate and
plate geometry. (e) IF analysis of wounds harvested from pig at 2 and 4 weeks to assess the expression of vascular markers CD31. (f) Quantitative analysis
of CD31. Reprinted and modified with permission under a Creative Commons Attribution 4.0 International License from ref. 133. Copyright 2021 IOP
Publishing.
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mediated by the presence of metal ions."*® Sheng et al. devel-
oped a bioactive photothermal hydrogel by integrating fayalite
and N,O-carboxymethyl chitosan. This hydrogel released bioac-
tive ions and had inherent heating properties, creating a
localized hot ion environment within the wound area. Through
in vivo experiments, the hot spring-mimetic hydrogel formula-
tion has been shown to effectively stimulate angiogenesis in
wound sites.""!

3.5 Anti-oxidation

Oxidative stress has been observed to have a detrimental
impact on the wound healing process. ROS, such as hydrogen
peroxide (H,0,), superoxide (0,° "), the hydroxyl radical (*OH),
and '0O,, are not only strong oxidants but also important
regulators of wound healing.’** Celluar signalling requires
low levels of ROS especially angiogenesis, which is one of the
necessary conditions for wound healing. However, an excessive
presence of ROS in wounds disrupts the balance of the oxida-
tive/antioxidant system, resulting in oxidative stress.'** Addi-
tionally, the overexpression of ROS induces oxidative damage
to various biomolecules (such as protein inactivation, lipid
peroxidation, DNA damage), mitochondrial dysfunction, endo-
plasmic reticulum stress.'** There is a certain degree of cyto-
toxicity associated with ROS overexpression, which can damage
cells involved in wound healing like fibroblasts and vascular
endothelial cells, also negatively affect the reconstruction of the
ECM and the regeneration of blood vessels, ultimately impact-
ing tissue regeneration."*> Accordingly, the inclusion of anti-
oxidant properties in wound healing hydrogel-based dressings
is crucial to address the excessive presence of ROS, thereby
improving the oxidative microenvironment of the wound and
promoting rapid wound healing. There are two primary meth-
ods for preparing antioxidant hydrogels: direct incorporation of
antioxidants into the hydrogel matrix or coupling of antioxi-
dant materials with the polymers that form the hydrogel.'*®
Current research suggests that the majority of hydrogels used
for wound healing are loaded with antioxidants. However,
researchers have also begun exploring hydrogels constructed
from polymers modified with antioxidative materials, as the
stability of antioxidants is a concern.™*?

Hydrogels have emerged as promising intelligent drug
delivery systems that protect bioactive molecules from
degradation."” In the context of cutaneous wound healing,
hydrogel systems loaded with antioxidants have been exten-
sively used and have shown positive outcomes. Natural anti-
oxidants can be categorized into thiol compounds, non-thiol
compounds, vitamins, and various enzymes. In vivo, the major
antioxidants consist of antioxidant enzymes and non-enzymatic
antioxidants. These antioxidants exhibit strong antioxidative
potential and effectively scavenge free radicals within organ-
isms, thereby mitigating oxidative stress.'**'*%1%° Notably,
polyphenols, predominantly found in plant-derived foods, have
been extensively investigated due to their remarkable antiox-
idant properties.">>">! Plant polyphenols constitute a category
of secondary metabolites characterized by a polyphenolic struc-
ture widely distributed in plants. In a strict sense, plant
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polyphenols encompass solely tannins; however, in a broader
context, they also encompass small-molecule phenols, includ-
ing anthocyanins, catechins, resveratrol, quercetin, gallic acid,
ellagic acid, arbutin, and other natural phenols.™** Resveratrol
is non-flavonoid polyphenol compound that has the ability to
anti-inflammation and antioxidant. Li et al. reported the devel-
opment of a natural silk fibroin-gelatin hydrogel-based dres-
sing loaded with resveratrol, which was subsequently employed
for wound healing applications."”” Yu and colleagues formu-
lated a CMCS-plantamajoside hydrogel comprising planta-
majoside, a natural Chinese herbal medicine known for its
antioxidation capabilities. This hydrogel effectively diminished
oxidative stress indicators and exhibited enhanced wound
healing, as evaluated through an in vivo burn wound
model.'>® TA, a naturally occurring plant-derived polyphenolic
molecule, exhibits biocompatibility and possesses antioxidative
and anti-inflammatory characteristics, rendering it a valuable
natural resource for the preparation and modification of
biomaterials. By harnessing the favorable interactions between
fibroin protein and TA, Jing et al. introduced a multifunc-
tional hydrogel. The incorporation of TA imparted notable
antioxidative activity to the hydrogel, as demonstrated by
in vivo experiments, which highlighted the hydrogel’s potential
in promoting wound healing."*

Single antioxidant drug encapsulation alone may present
challenges such as inconsistent performance and irregular
release profiles. In recent years, the integration of nanomater-
ials into hydrogel networks has emerged as a promising strat-
egy for developing antioxidant hydrogels, attracting growing
attention from researchers.'®> Ma et al. reported the develop-
ment of an oxidized alginate/carboxylmethyl chitosan hydrogel
augmented with antioxidative and anti-inflammatory proper-
ties by incorporating silver nanoparticle-coated epigallocate-
chin gallate (EGCG) nanoparticles. EGCG, the primary active
component of tea polyphenols, is well-known for its antioxida-
tive and anti-inflammatory characteristics. In this study, the
ABTS and DPPH radical scavenging rates were quantified, and
their magnitudes showed a direct correlation with the concen-
tration of EGCG nanoparticles.">® In another study, Xu et al.
introduced a multifunctional wound dressing called the Alg-
PDA-Se hydrogel for infected wounds. This hydrogel incorpo-
rated low doses of selenium nanoparticles, as quantitatively
analyzed, and exhibited remarkable ROS scavenging capabil-
ities, effectively alleviating oxidative stress. In vivo experiments
also demonstrated its synergistic effects against Staphylococcus
aureus and Escherichia coli, promoting the healing of bacterial-
infected wounds (Fig. 7)."®” Recently, an ultrasound-assisted
nanozyme hydrogel spray was developed by incorporating
various components such as hyaluronic acid-encapsulated
l-arginine, ultrasmall gold nanoparticles, and Cu; O nano-
particles co-loaded with phosphorus-doped graphitic carbon
nitride nanosheets. Nanoenzymes, characterized by their enzy-
matic activity, have gained significant attention for the treat-
ment of diabetic wounds due to their ability to regulate redox
homeostasis and mitigate ROS-dependent inflammation.
In vitro and in vivo experiments demonstrated that nanoenzyme
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hydrogel sprays can be activated within the diabetic wound
environment, effectively eliminating ROS, alleviating inflam-
mation, mitigating hypoxia, reducing blood glucose levels,
promoting angiogenesis, and eliminating pathogens. Conse-
quently, these effects significantly expedite the healing process
of diabetic wounds.™® Collectively, these studies underscored
the potential of diverse hydrogel-based strategies that incorpo-
rate antioxidants and nanoparticles to enhance wound healing,
mitigate oxidative stress, and alleviate inflammation.

In addition to hydrogels laden with various antioxidants,
researchers in recent years have explored the utilization
of antioxidant materials to modify polymers for the con-
struction of self-antioxidative hydrogels. The majority of these
self-antioxidative ~ hydrogel —matrices involve modified
polyphenols.'**'%° The preparation of chitosan hydrogels mod-
ified with dihydrocaffeic acid manifests notable antioxidative
activity, exhibiting a promotional effect on the healing of
chronic inflammatory wounds.'®>'®® Zhu et al. identified a
peptide derived from laminin with inherent antioxidative prop-
erties. Conjugation of this peptide with poly(polyethylene glycol
cocitric acid-co-N-isopropylacrylamide) results in the formation
of a hydrogel dressing, which can be utilized to facilitate wound
healing. This peptide-hydrogel system demonstrated excellent
antioxidative effects without the necessity for additional biolo-
gical or pharmacological factors, thereby accelerating tissue
regeneration in diabetic wounds.'®*

3.6 Anti-inflammatory effect

Wound healing is a complex process that can be particularly
challenging in the case of chronic wounds, such as diabetic
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ulcers and severe burn injuries. In these situations, various
factors can disrupt the regulation of inflammation, leading to
delays in wound healing.'®**%* Although insufficient wound
inflammation is not commonly observed, excessive inflamma-
tion is nearly ubiquitous in chronic wounds, impeding the
normal tissue repair of the wound.'®* Consequently, addressing
excessive inflammation is crucial for facilitating the wound
healing process. As a result, extensive research has been con-
ducted by investigators in the field of anti-inflammatory hydro-
gels, yielding significant achievements. The classification of
hydrogel dressings with anti-inflammatory properties is deter-
mined by the precise mechanisms through which they exert
their anti-inflammatory activities. These mechanisms include
scavenging excessive ROS, sequestering chemotactic factors,
and promoting the polarization of macrophages.'®

(1) Scavenging excessive ROS: the derivatives of oxygen,
referred to as ROS, have been recognized to play a beneficial
role in promoting wound healing at low concentrations."®
However, certain factors present in wounds, such as hypergly-
cemia and severe infections, can cause persistent infiltration of
inflammatory cells like neutrophils and macrophages,
leading to the production of excessive and harmful ROS.
Oxidative stress, characterized by an imbalance between ROS
production and the body’s antioxidant defense system, con-
tributes to a robust inflammatory response that sustains the
pro-inflammatory phenotype of macrophages and impedes
wound healing, particularly in chronic wounds."®” "% Alleviat-
ing oxidative stress can significantly mitigate inflammatory
responses and expedite the rapid healing of wounds. The
application of antioxidant hydrogel-based dressings in wound
healing has been elucidated in the anti-oxidation property
section.

(2) Sequestering chemotactic factors: chemotactic factors
play a crucial role in all stages of wound healing and can
significantly impact the wound healing process. However, the
presence of excessive chemotactic factors at the wound site can
lead to unfavorable outcomes in wound healing. Therefore,
therapeutic strategies aimed at targeting the excessive pro-
inflammatory chemotactic factors at the wound site have
shown promise in improving the inflammatory condition and
promoting wound healing."”°"'”> Potential approaches for tar-
geting chemotactic factors encompass monoclonal antibodies,
small-molecule antagonists, and glycosaminoglycans (GAGs)
that disrupt the distribution of chemotactic factors."”> Among
these strategies, GAG-based anti-inflammatory hydrogels stand
out as prominent in the field of wound healing therapeutics.
The formulation of hydrogels involves the flexible utilization of
diverse biomimetic materials, guided by the interaction prin-
ciples between GAGs and chemotactic factors. This enables the
hydrogels to capture excessive pro-inflammatory chemotactic
factors in wounds, thereby facilitating the process of wound
healing. A novel hydrogel was developed based on end-
functionalized star-shaped polyethylene glycol (starPEG) and
GAG heparin derivatives. This hydrogel was designed to effec-
tively sequester chemotactic factors. In a study involving
patients with chronic venous leg ulcers, this hydrogel
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demonstrated the ability to efficiently remove inflammation-
associated chemotactic factors from the wound fluid. Addition-
ally, the hydrogel reduced the migratory activity of monocytes
and polymorphonuclear neutrophils. Furthermore, experi-
mental results using a wound delayed healing model in db/
db mice showed the beneficial effect of this hydrogel in
alleviating the inflammatory response.”*

(3) Promoting the polarization of macrophages: chronic
wound healing impairment is closely associated with disrup-
tions in the immune microenvironment, which is characterized
by sustained elevation of inflammatory mediators and abnor-
mal innate and adaptive immune responses.'’”> Given the
critical role of immune cells in each stage of wound healing,
the regulation of immune responses offers a highly promising
strategy for effective wound management. Immune cell repro-
gramming has emerged as a widely adopted approach for
modulating immune reactions and has been successfully
implemented in wound management.'”® This approach often
involves manipulating macrophage polarization, facilitating
antigen-specific differentiation of T cells into T follicular helper
cells, and inducing pro-inflammatory activation markers on
dendritic cells (DCs).'”” Given the critical role of excessive
inflammation in chronic wounds, manipulating macrophage
attachment and polarization to enhance inflammation resolu-
tion has become a prominent approach in wound treatment.
Maintaining a balanced pro-inflammatory/anti-inflammatory
phenotype ratio during the wound healing process is recog-
nized as a critical factor in modulating inflammatory reactions
and transitioning from inflammation to proliferation.'”*°
Macrophages, based on their roles in wound healing, can be
categorized into pro-inflammatory macrophages (M1 macro-
phages) and anti-inflammatory macrophages (M2 macro-
phages). The polarization of macrophages is highly
dependent on the microenvironment of the wound, and detri-
mental factors present at the wound site, such as hyperglycemia
and infection, can impede the polarization of M1 macrophages
towards M2 macrophages. In this scenario, the wound remains
in the inflammatory phase, which can adversely affect the
proliferation of epithelial tissues, deposition of collagen, and
angiogenesis, thereby impeding the normal process of wound
healing."®**® Finding ways to promote the polarization of M1
macrophages towards M2 macrophages in the wound becomes
a challenging issue that needs to be addressed. In recent years,
a spectrum of dressings has been specifically engineered to
modulate the microenvironment of chronic wounds, with the
objective of fostering macrophage polarization during the latter
phases of wound healing. Notably, hydrogel dressings have
emerged as a focal point of interest in this domain. These
hydrogels can be meticulously designed to immunomodulate
chronic wounds by administering bioactive molecules such as
antimicrobial agents, immunomodulatory components, growth
factors, genetic material, and cellular components. This tar-
geted delivery aims to stimulate the transition of M1 macro-
phages to the M2 phenotype, thereby expediting the overall
wound healing process."”” In the study conducted by Sheng
et al., a water-soluble phosphocreatine-grafted methacryloyl
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chitosan (CSMP) was synthesized using a one-step lyophiliza-
tion method. Subsequently, the CSMP hydrogel was fabricated
through a photocrosslinking process. The results demonstrated
that the CSMP hydrogel may exert inhibitory effects on M1
macrophage polarization through the NF-kB signaling pathway.
Moreover, in vivo research findings demonstrated that this
hydrogel significantly enhanced the wound healing process
and reduced the levels of associated inflammatory factors.'®*
Wei et al. devised a multifunctional hydrogel incorporating
three polyphenols, namely TA, oligomeric proanthocyanidins,
and EGCG. In vitro experimental outcomes demonstrated the
hydrogel’s capability to effectively scavenge hydroxyl and ABTS"
radicals, exhibiting potent antioxidant properties. In a mouse
model, this hydrogel promoted M2 macrophage polarization
and cytokine-mediated anti-inflammatory effects, thereby
accelerating wound healing (Fig. 8).'"®® The ion products
derived from bioactive glass have been proven to promote the
polarization of macrophages towards the M2 phenotype, lead-
ing to an increased secretion of anti-inflammatory growth
factors by these cells."**'®” The study conducted by Zhu et al.
investigated the effects of bioactive glass/sodium alginate
hydrogel, demonstrating its ability to induce polarization of
macrophages towards the M2 phenotype and enhance the
expression of anti-inflammatory genes.'®® Exosomes derived
from M2 macrophages (M2-Exos) carry essential regulatory
factors that drive macrophage polarization towards the M2
phenotype. These vesicles have been harnessed to induce the
reprogramming of M1 macrophages into the M2 subtype,
effectively contributing to wound management.'®® Biodegrad-
able and hydrolytically degradable PEG hydrogels (Exogels)
have been designed and developed for sustained release of
exosomes. The Exogels were utilized to encapsulate M2-Exos,
aiming to optimize their therapeutic impact in the context of
wound healing. The localized presence of M2-Exos facilitated a
successful local transition from M1 to M2 macrophages, sus-
taining this transition for a period surpassing 6 days. Subse-
quently, this prolonged effect leads to augmented therapeutic
outcomes, encompassing accelerated wound closure and ele-
vated healing quality, as demonstrated in an animal model for
cutaneous wound healing.”® In addition to a plethora of
biological constituents, several immunomodulatory small
molecules, such as IL-10, resolvin D1, lipoxin A4, and catechol,
have been investigated for their potential in wound
healing."”"*** These molecules demonstrate various effects
on different stages of the wound healing process, notably by
influencing inflammatory reactions through the polarization of
anti-inflammatory phenotypes, augmenting antigen-specific
CD4" T cell responses, and downregulating the expression of
IL-1B. Sok et al. conducted an investigation into the character-
istics of a PEG-based hydrogel. This hydrogel exhibited the
capability of targeted release of aspirin-triggered resolvin-D1, a
specialized pro-resolving lipid mediator, in conjunction with
the binding of recombinant human IL-10. The experimental
findings demonstrated that this approach successfully
recruited and re-educated mononuclear phagocytes within the
hydrogel. Notably, the hydrogel facilitated the localization of
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immune-suppressive subsets, including CD206" macrophages
(M2a/c) and IL-10-expressing DCs. These results provide com-
pelling evidence for the potential of combined delivery strate-
gies in recruiting regenerative cell subsets that contribute to
addressing complications associated with wound healing."**

3.7 Self-healing

There is a greater demand for mechanical durability when
using hydrogel-based dressings over an extended period.
The mechanical forces generated by human activities can
damage the integrity of the hydrogel structure, thereby affect-
ing the reparative efficacy of the hydrogel-based dressings.'®’
However, self-healing hydrogels possess the unique ability to
restore both the structural and functional integrity. Unlike
traditional hydrogels, self-healing hydrogels exhibit reversible
dynamic linkages within their network. As a result, when the
network is damaged, self-healing hydrogels can effectively
restore their original structure without compromising their
functionality."®®'®” Consequently, self-healing hydrogels hold
significant potential for applications in biomedical fields,
particularly in wound dressings. Self-healing hydrogels can be

1376 | Mater. Adv, 2024, 5,1364-1394

classified into two categories based on their healing mechan-
isms: chemical covalent cross-linking hydrogels and physical
noncovalent cross-linking hydrogels.

(1) Chemical covalent cross-linking hydrogels: chemical
covalent interactions, such as Diels-Alder reactions, disulfide
linkages, acylhydrazone bonds, and imine bonds, are the
reversible bonds formed in these self-healing hydrogels."*®
Among them, the reversible imine bond, also known as a
Schiff base, is a dynamic covalent bond formed through the
condensation of an amine and an aldehyde group. The imine
bond is consistently employed as the dynamic crosslinker in
the production of self-healing hydrogels with dynamic
properties.'*>*°° Amino containing polymers, such as chitosan,
gelatin, and polyetherimide, can be prepared as dynamic
hydrogels through the formation of imine bonds with
aldehyde-functionalized polymers.'®®*°12°> The presence of
this chemical bond plays a pivotal role in the self-healing
process of hydrogels, as it enables the occurrence of breakage
and reformation within the network of the hydrogel.”***** Cui
et al. developed an antibacterial hydrogel for facilitating the
effective healing of wounds infected by Staphylococcus aureus.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The presence of dynamic imine bonds in hydrogels, based on
quaternized chitosan and PEG derivative (dialdehyde termi-
nated PEG), imparts self-healing and self-adaptive capabilities
to the material. These unique capabilities enabled the hydrogel
to effectively conform to irregular wound surfaces and
enhanced the safety and efficacy of drug delivery.>°® In another
study by Chen et al., a novel hemostatic hydrogel was developed
by cross-linking inorganic polyphosphate conjugated with
poly(aspartic acid) hydrazide and PEO90dialdehyde. Leveraging
the dynamic nature of acylhydrazone bonds, the hydrogel
demonstrated the ability to repair cracks generated under
external forces. Moreover, the hydrogel exhibited excellent
biocompatibility, tissue adhesion, and remarkable hemostatic
properties (Fig. 9).”°° The thermal reversibility of the Diels-
Alder cycloaddition, involving a conjugated diene and a dieno-
phile, enables its dissociation upon heating and establishment
of a new equilibrium. This reaction is widely favored for its
favorable thermal reversibility characteristics and the simpli-
city of its reaction conditions. Shao et al. presented a rapid self-
healing nanocomposite hydrogel composed of cellulose nano-
crystals (CNCs) and polymer chains of PEG. Fourier-transform
infrared spectroscopy confirmed the presence of a covalent
Diels—Alder click reaction between CNCs and PEGs, which

© 2024 The Author(s). Published by the Royal Society of Chemistry

exhibited excellent thermal reversibility. The results demon-
strated that this hydrogel exhibited excellent self-healing cap-
ability, reaching up to 78%.2%”

(2) Physical noncovalent cross-linking hydrogels: physical
noncovalent interactions, such as hydrogen bonds, hydropho-
bic associations, n-n stacking, and host-guest interactions, can
also be utilized."”® Hydrogen bonding is a crucial physical
interaction involved in the formation of secondary and tertiary
structures in biological systems. This intermolecular inter-
action is induced by the protonation of polar functional groups,
which imparts the ideal characteristics of self-healing to the
wound dressing material.>*®*%° Several polymers, including
polyvinyl alcohol, polyethyleneimine, polyvinylpyrrolidone,
hyaluronic acid, and chitosan, have garnered extensive atten-
tion in the preparation of self-healing hydrogels through
hydrogen-bond crosslinking.?***'° Yu et al. fabricated a self-
healing hydrogel-based dressing using humic acid and poly-
vinylpyrrolidone as materials. In this hydrogel, humic acid
acted as a crosslinker, forming hydrogen bonds with polyvinyl-
pyrrolidone. The dynamic reversibility of the hydrogen bonds
formed between humic acid and polyvinylpyrrolidone endowed
the hydrogel with remarkable self-healing properties. In the
event of significant deformation, the integrity of the internal
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structure of the hydrogel may be compromised; however, it
rapidly reverts back to its original intact state autonomously.>*°
The n-n stacking interaction, a noncovalent interaction, speci-
fically refers to interactions involving aromatic groups that
possess m bonds.>'"*'> Han et al. successfully prepared a
double-layer hydrogel composed of an adhesive layer and a
tough layer through in situ polymerization. The tough layer was
enhanced by the addition of polystyrene particles, improving
the gel’s deformability. On the other hand, the adhesive layer
achieved the adhesion of various interfaces by incorporating
PDA nanoparticles. Furthermore, the double-layer gels exhib-
ited enhanced self-healing properties due to the physical cross-
linking of hydrophobic associations in the ductile layer and the
physical interactions of hydrogen bonding and n-r stacking in
the adhesive layer.>"?

3.8 Conductivity

Previous studies have confirmed the capability of electroactive
materials to influence the behavior of electrically excitable
cells involved in wound healing, such as fibroblasts and
keratinocytes.>'* Consequently, the use of materials with con-
ductive properties holds great potential for enhancing critical
aspects of the wound healing process. Furthermore, the appli-
cation of conductive materials in wound healing has demon-
strated the ability to mitigate oxidative damage by reducing
excessive levels of ROS. Recognizing these beneficial effects, an
increasing number of researchers have proposed incorporating
conductive materials into hydrogel dressings with the aim of
improving the wound healing process.>'*"*'” Conductive hydro-
gels have emerged as promising scaffold materials for tissue
engineering of electroactive tissues. Conductive hydrogels can
serve as bridges between normal and damaged tissues, facil-
itating the transmission of electrical signals between the
tissues.>’*>?° Based on the specific conductive component
used, conductive hydrogels can be classified into five distinct
groups: conductive polymers, carbon nanomaterials, noble
metal nanocrystals, ionic conductive hydrogels, and other
variations.**°

Exemplifying this trend, conductive hydrogels based on
carbon by straightforwardly incorporating CNTs or graphene
into hydrogel matrices. Furthermore, the efficacy of these
materials in facilitating tissue repair has been empirically
validated.”®" CNTs are allotropes of carbon characterized by a
nanostructured tubular form, exhibiting a length-to-diameter
ratio exceeding 1000 000.>** Introducing CNTs into wound
healing processes holds the potential to mediate electrical
signals in the wound area, facilitating and expediting wound
healing by promoting cell migration and blood flow. Liang et al.
presented a study demonstrating the incorporation of CNTs
into wound dressings. In this study, a layer of PDA was initially
used to coat the CNTs’ surface, reducing the strong hydropho-
bic interactions typically associated with them. The modified
CNTs were then integrated into hydrogels, showcasing a posi-
tive correlation between the concentration of CNTs and the
conductive properties of the resulting hydrogel. In vivo experi-
ments conducted in mice demonstrated that these hydrogels
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exhibited desirable antimicrobial, antioxidant, and adhesive
properties, effectively promoting wound healing processes.>"”
Graphene, an electrically conductive two-dimensional material,
possesses several desirable properties including biocompatibil-
ity, high surface area, thermal conductivity, and electrical
conductivity. Its high specific surface area allows for potential
enhancement of the biological activity of hydrogels through
improved interactions between biomolecules, cells, and organ-
isms upon its incorporation. The study conducted by Zhang
et al. focused on the development of a graphene hybrid supra-
molecular hydrogel (GS hydrogel) specifically intended for
wound dressing applications.”®® In animal experiments, the
GS hydrogel exhibited remarkable efficacy in accelerating the
wound healing process. It facilitated microbial clearance, pro-
moted collagen deposition, and stimulated blood vessel for-
mation, all of which are crucial for effective wound healing.
Additionally, the GS hydrogel showed significant antibacterial
activity against methicillin-resistant Staphylococcus aureus
(MRSA), which is a concerning antimicrobial-resistant bacter-
ium. Wu et al. developed a conductive antibacterial hydrogel
that exhibited the sustained release of the pro-angiogenic drug
deferoxamine. This hydrogel facilitated the generation of HIF-
1o and VEGF, thereby promoting angiogenesis. Significantly, it
is noteworthy that the hydrogel, incorporating polyaniline,
facilitated the transmission of electrical signals to the skin.
This property could synergistically combine with electrical
stimulation therapy to promote the healing of diabetic-infected
wounds.”** Wang et al. conducted a research study aimed at
enhancing wound management through the introduction of a
flexible electrical patch integrated with conductive hydrogel
electrodes. The hydrogel was developed by incorporating silver
nanowires (AgNW) and methacrylated alginate (MAA). The
selection of AgNW as the electrode material was motivated by
its antibacterial properties, while MAA was chosen for its
clinical suitability in promoting wound healing. Meticulous
optimization of the hydrogel formulation was carried out to
ensure its compatibility with medical-grade patches, facilitating
personalized wound treatment. In vitro investigations demon-
strated that the application of electrical stimulation led to
increased secretion of growth factors, along with enhanced cell
proliferation and migration capabilities. In vivo experiments
further supported the accelerated wound healing effects asso-
ciated with the implementation of this patch (Fig. 10).>*

4. Application of hydrogel-based
dressings in different types of wounds

Cutaneous wounds can be classified into different types,
namely acute wounds and chronic wounds, each with distinct
characteristics. The unique features of each wound type empha-
size the need for specific hydrogel-based dressings that are
tailored to address their specific requirements. In this section,
we will explore the challenges encountered during the wound
healing process across different wound types and provide an
overview of the recent advancements in the application of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrogel-based dressings for diverse wound management
(Table 1). Moreover, an increasing number of researchers have
endeavored to develop various hydrogel dressings capable of
monitoring the wound healing process, and we will conduct a
comprehensive review of these novel hydrogels as well.

4.1 Acute wound

An acute wound refers to a skin injury caused by surgical
incisions, burns, bites, deep lacerations, or abrasions.>*® Acute
wounds have the inherent ability to heal spontaneously
through a well-organized and predictable process, even without

external interventions.” The typical healing time for acute
wounds is approximately 8 to 12 weeks. During the healing
process, acute wounds exhibit low levels of bacteria, inflamma-
tory cytokines, proteases, and reactive oxygen species. Addi-
tionally, they maintain an intact functional matrix, along with
heightened mitotic activity and the proliferative capacity of
cells.”?*” When cultivating fibroblasts from acute wounds, it
was observed that they exhibited a heightened level of mitotic
activity.>*®>*° Researchers have investigated the impact of acute
wound fluid from split-thickness skin graft patients on the
in vitro growth of human dermal fibroblasts and umbilical vein

Table 1 Etiology of different types of wounds and functional requirements of hydrogel dressings

Wound type Etiology Functional requirements Hydrogel dressings (example)
Acute Incisional Surgical incisions, burns, bites, Adhesive property, Antibacterial efficacy, hemostasis, PEGSD/GTU,**' QCS-PA@Fe**?
wound wound deep lacerations, or abrasions self-healing property

Excisional Adhesive property, antibacterial efficacy, hemostasis, HA-DA/rGO,>** PB-EPL/TA@BC,***

wound angiogenesis promotion, anti-oxidation, anti- uGeld particles®®

inflammatory effect, self-healing property, conductivity

Chronic Diabetic Inadequate primary care, bac- Adhesive property, antibacterial efficacy, hemostasis, 0xOBand,”*® HAMA-PBA/cate-
wound wound terial infections, diabetes, or  angiogenesis promotion, anti-oxidation, anti- chol,>”* CBP/GMs@Cel&INS,>*”

vascular disorders

inflammatory effect, self-healing property, conductivity, FEMI,*** BP/CS-bFGF**'

oxygen supply, glucose decreases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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endothelial cells. The findings revealed a stimulating effect of
acute wound fluid on the growth of both cell types, indicating
that the molecular environment of acute wounds promotes
cellular proliferation.>?® In scientific studies, the safety and
effectiveness of wound dressings in promoting the healing of
acute wounds are often assessed by creating incisional or
excisional models on the dorsal area of rats or pigs.

The incisional model is a commonly used experimental
method where surgical wounds are created on the skin of
animals, typically rats or pigs, using sharp surgical blades. This
approach allows for the controlled creation of skin incisions
with minimal accompanying tissue damage. However, conven-
tional suturing methods used to close these wounds have
drawbacks such as secondary tissue damage, increased risk of
infection, and discomfort during suture removal.”*’ In contrast
to sutures, hydrogel-based dressings have emerged as a less
invasive and more effective alternative for wound healing. In
order to promptly close incision wounds, achieve effective
hemostasis, and prevent wound infections, it is essential to
utilize hydrogel dressings with adhesive properties, antibacter-
ial efficacy, hemostatic capabilities, and self-healing properties
to facilitate the repair of the incision wound. Zhao et al
devised a novel injectable self-healing hydrogel adhesive. This
hydrogel adhesive was composed of two components: cate-
chol-Fe** coordination cross-linked poly(glycerol sebacate)-
co-poly(ethylene glycol)-g-catechol and quadruple hydrogen
bonding cross-linked ureido-pyrimidinone modified gelatin.
In in vivo experiments, this hydrogel demonstrated notable
hemostatic properties for treating skin trauma and showed
high efficacy in combatting methicillin-resistant MRSA infec-
tions. Moreover, compared to medical glue and surgical
sutures, the hydrogel adhesive exhibited superior wound clo-
sure and healing capabilities for skin incisions.”*' Another
group of researchers, Liang et al., developed adhesive hydrogels
using a dual-dynamic-bond cross-linking approach. These
hydrogels include Fe*, protocatechualdehyde (PA) containing
catechol and aldehyde groups, and QCS with the aim of
facilitating the closure of skin incisions. The dual dynamic
crosslinking strategy involved pH-sensitive coordination bonds
(catechol-Fe) and dynamic Schiff base bonds, which can
undergo reversible breaking and reformation. This strategy
imparted excellent self-healing properties to the hydrogel-
based dressing, enabling it to undergo self-healing and on-
demand dissolution or removal. Additionally, these hydrogels
possessed injectability, favorable biocompatibility, antibacter-
ial activity, multifunctional adhesiveness, and hemostatic prop-
erties. The positive effects of these hydrogels on wound closure
and post-wound-closure care have been demonstrated through
in vivo evaluations using a rat skin incision model (Fig. 11).>*>

In the establishment of full-thickness excisional wound
models, researchers commonly use blades or punches to
remove the epidermal, dermal, and subcutaneous fat layers,
creating a clearly delineated full-thickness skin excision wound
model. However, this method exposes deep tissues, which can
lead to potential complications such as deep infections, fluid
exudation, and damage to blood vessels and nerves, thereby
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complicating the wound healing process.”** To address com-
plications associated with excisional wounds, hydrogel dres-
sings must possess a variety of functions while meeting
fundamental requirements. These functions include adhesive
properties, antibacterial efficacy, hemostatic capabilities,
promotion of angiogenesis, anti-oxidative features, anti-
inflammatory effects, self-healing, and conductivity. However,
the application of hydrogels in the healing of full-thickness
excision wounds still faces certain limitations, including lim-
ited capacity to manage exudate, the challenge of incorporating
and preserving the bioactivity of loaded bioactive substances,
and low skin adhesion. To enhance the repair of full-thickness
excision wounds and address potential complications, Liang
et al. developed a series of adhesive, hemostatic, antioxidant,
conductive, photothermal, and antibacterial hydrogels. These
hydrogels were fabricated by utilizing hyaluronic acid-graft-DA
and reduced graphene oxide (rGO) through a H,0,/HPR sys-
tem. In a murine full-thickness skin excision wound model,
the hydrogels demonstrated the ability to upregulate the
expression of CD31, leading to a significant enhancement of
vascularization. Furthermore, these hydrogels showed remark-
able improvements in granulation tissue thickness and col-
lagen deposition. As a result, they exhibited enhanced wound
healing and superior therapeutic effectiveness compared to
commercially available Tegaderm membranes.>** Yi et al. devel-
oped a novel hydrogel-based wound dressing by incorporating
TA and EPL modified bacterial cellulose into a PVA and borax
matrix. This hydrogel demonstrated excellent adhesion, strong
antibacterial properties, favorable biocompatibility, and potent
hemostatic effects. Moreover, it accelerated the healing of full-
thickness skin excision wounds by reducing inflammation and
promoting collagen deposition compared to commercially
available Tegaderm membranes.**> However, the application
of hydrogels is limited in highly exudative wounds due to their
limited liquid absorption capacity. To overcome this constraint,
Panwar et al. introduced dehydrated microgel particles (nGely)
capable of rapid swelling and interconnection, leading to the
formation of an integrated hydrogel upon exposure to fluids.
These microgel particles, derived from carboxymethylated
starch and cellulose, efficiently absorbed fluid and released
silver nanoparticles to effectively control infections. This hydro-
gel can effectively regulate wound exudate and create a moist
environment. In a murine full-thickness wound model, this
hydrogel significantly enhanced wound healing.>*® Another
promising substance for promoting skin regeneration is Sub-
stance P (SP). However, the application of SP is hindered by its
poor stability and susceptibility to oxidative reactions during
production, transportation, and storage. To address this limita-
tion, Li et al. developed an SP-conjugated chitosan hydrochlor-
ide hydrogel (CSCI-SP) that exhibited an enhanced capacity
for repairing full-thickness skin defects. CSCI-SP served as
a stable and controlled release system for SP. In vitro
experiments showed that CSCI-SP enhanced the proliferation,
migration, and synthesis of human umbilical vein endothelial
cells (HUVECs) and fibroblasts. Furthermore, it upregulated
genes and proteins associated with angiogenesis. Additionally,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CSCI-SP significantly promoted axonal growth in Neuro2a cells.
In vivo experiments demonstrated that CSCI-SP notably accel-
erated vascularization, ECM deposition and remodeling, and
nerve regeneration. These collective effects ultimately led to a
rapid and effective healing of full-thickness skin defects.”*”

4.2 Chronic wound

Chronic wounds are characterized by their failure to progress
through the normal healing process within a timeframe of
12 weeks or longer, and they often exhibit recurring occur-
rences. These wounds face obstacles in their healing stages due
to physiological conditions, such as bacterial infections and
associated pathologies.” There are several factors that can
complicate the typical course of wound healing, including
inadequate primary care, bacterial infections, diabetes, and
vascular disorders. Chronic wounds encompass a variety of
conditions, such as venous ulcers, diabetic foot ulcers, arterial
ulcers, ischemic ulcers, and pressure ulcers. Some of these
wounds may initially be triggered by traumatic events, similar
to acute wounds.?****° The presence of these associated factors

© 2024 The Author(s). Published by the Royal Society of Chemistry

hinders the healing process, reduces the quality of healing, and
prolongs the overall healing duration. Chronic wounds impose
significant physical and psychosocial stress on patients, lead-
ing to persistent pain and discomfort.>** Due to the accessi-
bility of diabetic wound models, research on chronic wounds
has predominantly focused on diabetic wounds. In this section,
we will review the advancements in the application of hydrogels
in diabetic wound healing. Diabetes mellitus (DM) is a chronic
medical condition characterized by persistently high blood
sugar levels due to insufficient insulin production or utilization
in the body. While injuries can occur in various parts of
the body, diabetic patients often experience leg and foot
ulcers. These ulcers pose significant challenges for healing
due to impaired circulation, which makes them susceptible to
infections and increases the risk of amputation. An increasing
number of researchers contend that the healing of diabetic
wounds is intricately linked to the physiological and patholo-
gical aspects of diabetes.”*"*** Diabetes affects a series of
intrinsic pathophysiological changes within tissues and cells
responsible for repair and regeneration, consequently

Mater. Adv., 2024, 5,1364-1394 | 1381


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00682d

Open Access Article. Published on 20 December 2023. Downloaded on 10/26/2025 1:55:50 AM.

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

(cc)

Materials Advances

impacting wound healing processes.>*> The systemic hyper-
glycemia characteristic of diabetes has the potential to induce
protein glycosylation, resulting in the upregulation of pro-
inflammatory cytokines, peroxide-induced damage, and
alterations in the ECM.>** The substantial accumulation of
ROS in diabetic wounds is known to evoke a vigorous inflam-
matory response by impeding the migration of endogenous
stem cells, phagocytes, and macrophages.”?*>?*® Elevated
blood glucose levels can also suppress the proliferation and
differentiation of cells associated with wound repair (such as
fibroblasts, keratinocytes, and endothelial cells), thereby
impeding angiogenesis and re-epithelialization.>*">**>*
Upon culturing fibroblasts derived from chronic wounds, it
was observed that their mitotic capacity was markedly
diminished.>*®>*® The presence of chronic wound exudate
has been observed to inhibit the proliferation of fibroblasts
and keratinocytes. Additionally, cytokine and growth factor
receptors, such as type II TGF-f receptor, may be downregu-
lated or functionally impaired in the context of chronic
wounds.***72°° Due to the presence of elevated blood glucose,
abnormal blood lipids, insulin resistance, and excessive
inflammation in diabetic wounds, oxidative stress may occur,
consequently resulting in impaired functionality and apopto-
sis of nerve cells within the wound site.>****>>*! Neuropathy
precipitates the loss and alteration of protective sensation,
leading to aberrant biomechanical loading, tissue damage,
and ultimately, the development of peripheral skin
ulcers.”*>?*4?3! particularly noteworthy is the heightened
susceptibility of diabetic patients with compromised immune
function to external infections.**>**® Bacterial infections are
the most common hindrance to the wound healing process.
The presence of bacteria in infected wounds can lead to cell
death and tissue necrosis, resulting in increased and pro-
longed inflammation. Additionally, necrotic tissue obstructs
the growth of new tissue into the wound and provides a
favorable environment for bacterial growth, intensifying the
severity of the infection and creating a vicious cycle.>***>* In
the presence of an exacerbated infection, macrophages pro-
duce higher levels of ROS to combat the invading
pathogens.”>*>*” Excessive production of ROS leads to the
generation of various pro-inflammatory cytokines, disruption
of ECM, and oxidative damage. These factors prolong the
existence of M1 macrophages and impede their polarization
process towards M2 macrophages.>** Moreover, excessive ROS
can cause damage to normal cells and tissues, leading to
malnutrition, impaired vascular regeneration, hypoxia, and
neural disturbances. These factors eventually contribute to
persistent inflammation and the failure of chronic wounds to
heal.>*>**® To address detrimental factors influencing the
wound healing process in diabetic patients and to facilitate
the wound healing, diverse innovative multifunctional hydro-
gel dressings necessitate development. These hydrogel dres-
sings should encompass adhesive properties, antibacterial
efficacy, hemostatic capabilities, promotion of angiogenesis,
anti-oxidative features, anti-inflammatory effects, self-healing,
conductivity, oxygen supply, and glucose reduction.
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During the inflammatory phase of wound healing in dia-
betic patients, there is often an excessive inflammatory
response, which hampers the progression of healing. There-
fore, it is essential to minimize unnecessary inflammation in
order to facilitate wound healing. To address this issue, Shah
and colleagues conducted a study aimed at developing an
injectable hydrogel composed of hyaluronic acid and Pullulan,
with the inclusion of curcumin (Cur) for its potent antioxidant
properties.>®® This hydrogel demonstrated a dual function of
inhibiting various inflammatory cells and promoting collagen
deposition and epithelialization of wounds. As a result, it
exhibited a synergistic effect in enhancing the healing of
diabetic wounds. In another study by Shiekh and colleagues,
they introduced a novel wound dressing called OxOBand, which
incorporated exosomes carrying oxygen-releasing antioxidants.
The dressing consisted of antioxidant polyurethane cryogels
known for their high porosity and sustained oxygen-releasing
capabilities. Additionally, the dressing was enriched with exo-
somes derived from adipose-derived stem cells (ADSCs). The
hydrogel demonstrated effective mitigation of oxidative stress,
thereby reducing the extent of inflammation, while also pro-
moting epithelialization. Consequently, it significantly
enhanced the healing process of diabetic wounds (Fig. 12).>%°
Furthermore, Zhu et al. synthesized a novel hydrogel called
GelMA/SFMA/MSN-RES/PDEVs. This hydrogel was created by
combining methacrylated gelatin (GelMA) and silk fibroin
methacrylate (SFMA). To enhance the release kinetics of the
hydrogel, mesoporous silica nanoparticles (MSNs) were intro-
duced, and subsequently, resveratrol (RES) and platelet-derived
EVs (PDEVs) were incorporated into the hydrogel. The hydrogel
demonstrated the ability to downregulate pro-inflammatory
cytokine expression while upregulating anti-inflammatory
factors, resulting in the reduction of inflammation and oxida-
tive stress in the wound microenvironment. Moreover, the
hydrogel exhibited the capacity to promote angiogenesis,
facilitating rapid healing of diabetic wounds.”®' Facilitating
the polarization of M1 macrophages to the M2 phenotype
has been demonstrated as an effective strategy to suppress
inflammation."® In recent years, an increasing number of
researchers have applied this approach to diabetic wound
healing.>®>%* Jiao et al. developed a hydrogel using PF-127
and sodium ascorbyl phosphate (SAP) as materials, with Whar-
ton’s jelly mesenchymal stem cells (WJMSC) encapsulated
within it. This hydrogel was applied to diabetic wounds, and
the results demonstrated its ability to reduce M1 macrophages
and increase M2 macrophages, thereby promoting macrophage
transformation. Furthermore, the hydrogel facilitated cell pro-
liferation and angiogenesis, synergistically enhancing the rapid
healing of diabetic wounds.***

Elevated blood glucose and elevated levels of ROS in the
wound environment can impede normal wound healing
through complex mechanisms. Elevated blood glucose signifi-
cantly impedes the healing of diabetic wounds, as it hinders the
provision of nutrients and oxygen to cells. Consequently,
researchers have endeavored to ameliorate the local wound
environment by employing hydrogels loaded with glucose

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxidase and insulin, aiming to reduce the blood glucose levels
around the wound site effectively.>*>*®” Developing hydrogels
with responsive functionality towards glucose and/or ROS to
facilitate diabetic wound healing has been a significant
challenge.?*®>”° Xu and colleagues conducted chemical mod-
ifications to hyaluronic acid methacrylate (HAMA) by introdu-
cing phenylboronic acid (PBA) moieties, resulting in the
creation of a glucose-responsive HA derivative called HAMA-
PBA. Subsequently, a glucose-responsive hydrogel dressing,
HAMA-PBA/catechol (HMPC), was synthesized by forming boro-
nic ester bonds between HAMA-PBA and catechol. This hydro-
gel exhibited glucose-responsive behavior and released
catechol, displaying significant antioxidant properties. It effec-
tively scavenged intracellular ROS and protected cells against
oxidative stress damage. In vitro and in vivo experiments con-
firmed that HMPC hydrogel significantly alleviated inflamma-
tory responses, enhanced the wound healing process in
diabetic wounds.>”" Hypoxia is recognized as a key contributing
factor to impaired healing in diabetic wounds.>”*> Pu et al.

© 2024 The Author(s). Published by the Royal Society of Chemistry

developed a novel system for promoting wound healing in
diabetic wounds by combining MnO, nanosheets and a dual-
network hydrogel composed of silk fibroin and carboxymethyl
cellulose (CMC). The MnO, nanosheets, encapsulated within
the hydrogel, have the ability to catalyze excessive ROS in the
wound environment, converting them into essential oxygen.
This process helped alleviate oxidative stress, promote angio-
genesis, and mitigate inflammation in vivo. The system demon-
strated superior potential in enhancing the healing of diabetic
wounds when compared to commercially available
dressings.>”® Similarly, Xu et al. introduced a multifunctional
hydrogel loaded with platelet-rich plasma (PRP) and possessing
dual-responsiveness to both ROS and glucose. This hydrogel
exhibited accelerated degradation in conditions of oxidative
stress and/or hyperglycemia, leading to the release of various
cytokines derived from activated blood platelets. This dynamic
response enabled the rapid resolution of inflammation, polar-
ization of macrophages toward the anti-inflammatory M2 phe-
notype, enhanced migration and proliferation of fibroblasts,
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and increased angiogenesis in diabetic wounds. Overall, this
novel hydrogel demonstrated high efficiency in promoting
healing of diabetic wounds.*>”*

The treatment of infected diabetic ulcers requires a com-
bined approach involving antimicrobial therapy and tissue
repair. In recent years, a multitude of hydrogel-based dres-
sings endowed with antimicrobial properties have been
developed for the treatment of diabetic wounds.>’”>"2”” Liu
et al. created an injectable and self-healing hydrogel by
combining chitosan with Ag* and Cu**. The chitosan chains
were cross-linked with these metal ions through specific
chemical interactions, resulting in the formation of the CS-
Ag-Cu hydrogel. This hydrogel enabled the sustained release
of Ag" and Cu®’, providing antimicrobial activity and pro-
moting vascularization. In in vivo experiments, the CS-Ag-Cu
hydrogel significantly accelerated tissue repair in diabetic
infected wounds, demonstrating its effectiveness in enhan-
cing the healing process.”’® Qin et al. developed a dual-
layered adhesive film composed of sodium alginate/carbox-
ymethyl chitosan (SA/CMCS). The core of the film contained a
small intestine submucosa (SIS) hydrogel composite dressing
loaded with SA-basic fibroblast growth factor (SA-bFGF)
microspheres. Additionally, the film was integrated with a
graphene oxide (GO)-based antisense transformation system.
The SIS-based hydrogel stimulated vascularization, collagen
deposition, and immune regulation, facilitating diabetic
wound healing. The GO-based transformation system exhib-
ited effective antibacterial activity in the treatment of dia-
betic infected wounds through post-transformation
regulation. Furthermore, the SA/CMCS film provided stable
adhesion to the wound, creating a moist wound environment
that facilitated effective wound recovery.?”® Wang et al. devel-
oped an injectable multifunctional hydrogel called FEMI
hydrogel to tackle multidrug-resistant (MDR) bacterial infec-
tions in diabetic wounds. The FEMI hydrogel was formulated
by incorporating EPL and MnO, nanosheets with a
“nanoknife-like”” structure. This combination endowed the
hydrogel with exceptional antimicrobial properties against
MDR bacteria. Additionally, the hydrogel improved the
oxidative-damaged microenvironment commonly observed
in diabetic wounds. By utilizing a pH/redox dual-responsive
mechanism, the hydrogel achieved sustained and spatiotem-
poral insulin release, thereby regulating blood glucose levels.
In vivo experiments demonstrated the positive effect of the
FEMI hydrogel on promoting the healing of diabetic wounds
with MDR bacterial infections.?*° Biofilm formation by bac-
teria on infected wounds is a significant challenge that
impedes the effectiveness of conventional treatments. To
address this issue, researchers have successfully developed
various novel and effective antimicrobial hydrogels.?'"2#
Cai et al. developed a eucalyptus essential oil nanoemulsion
hydrogel specifically for this purpose. In vitro experiments
demonstrated that the hydrogel displayed strong antimicro-
bial activity and inhibited biofilm formation. Moreover,
in vivo experiments further confirmed its effectiveness in
promoting the healing of infected wounds.*%*
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Impaired wound vascularization is a significant contribut-
ing factor to the delayed healing of diabetic wounds. Stimu-
lating angiogenesis in these wounds is crucial to supply
essential nutrients and oxygen to the cells involved in the
healing process, thereby playing a vital role in diabetic
wound healing.'”**® One effective strategy to enhance
angiogenesis is the controlled release of angiogenic growth
factors, such as VEGF.?®® Freudenberg et al. developed a
VEGF-releasing hydrogel, where VEGF was integrated and
protected within the supportive starPEG-heparin hydrogel
matrix. This approach facilitated neovascularization in dia-
betic wounds, resulting in accelerated healing.”®> Moreover,
promising approaches involve the delivery of drugs or stem
cells that induce the upregulation of angiogenesis-associated
genes.”®”?®® Growth factors have gained substantial atten-
tion in the field of drug delivery due to their pivotal role in
promoting wound healing. However, the high presence of
proteases in diabetic wounds poses a challenge as they can
degrade endogenous growth factors and their receptors.>®®
Hence, a crucial focus for researchers is the development of
strategies to deliver growth factors while preserving their
activity. The hydrogel system offers a means to maintain the
bioactivity of growth factors, facilitating their delivery to
diabetic wounds and promoting angiogenesis at the wound
site.>*® Hao et al. proposed a CMCS hydrogel that incorpo-
rated fibroblast growth factor. Experimental findings
revealed that the hydrogel promoted neovascularization in
diabetic wounds by upregulating the expression of CD31 and
CD34, thereby enhancing the wound healing process.”®'
Additionally, certain small molecule drugs have been encap-
sulated within hydrogels to promote angiogenesis.>®> Shao
et al. synthesized a hydrogel by utilizing 3-carboxyl-4-
fluorophenylboronic acid-grafted quaternized chitosan and
PVA as precursors. The hydrogel was designed to incorporate
gelatin microspheres loaded with the pro-angiogenic drug
desferrioxamine. In vivo experiments demonstrated that this
hydrogel upregulated the expression of HIF-1 and VEGF,
leading to accelerated angiogenesis and enhanced collagen
deposition, ultimately accelerating the healing process of
diabetic wounds.?*> Mesenchymal stem cells (MSCs) have
the potential to secrete various growth factors, such as bFGF
and TGF-b1, which can promote diabetic wound healing.
However, their survival rate is often low, and when directly
applied to the wound site, the survival rate after 24 hours can
sometimes be less than 10%.>°*>?® Incorporating MSCs into
hydrogels has proven to be an effective approach to promote
angiogenesis at the wound site, thereby facilitating rapid
healing of diabetic wounds.?**>°® Furthermore, the concur-
rent application of adipose-derived stem cells (ASCs) and
hydrogels has shown substantial potential in aiding the
healing of diabetic wounds.>?**°° In recent years, exosomes
have emerged as a prominent area of research in the biome-
dical field, and the use of exosomes derived from different
stem cell sources for angiogenesis has shown particularly
promising results. Previous studies have demonstrated that
delivering exosomes through hydrogels can effectively

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stimulate neovascularization in diabetic wounds, thereby
facilitating the wound healing process.**'*%*

4.3 Wound monitoring

The dynamic monitoring of physiological parameters and the real-
time quantitative and qualitative assessment of wound healing play
a crucial role in enhancing the effectiveness of wound treatment,
conducting clinical experiments, and expanding treatment options
for wound dressings. Consequently, researchers have proposed the
development of multifunctional hydrogel-based dressings to enable
comprehensive monitoring of various parameters in wound heal-
ing, including pH levels, pressure, infection status, temperature,
and glucose levels.**>%” A novel method has been developed for
the in situ biosynthesis of functional conjugated polymers within
artificial hydrogels, utilizing the biological microenvironment. This

a
e
S 00C-N

on®%Gpo © HO—
on O‘WO
/ on

1no D0 *

SPA "-“\/\/;}\O 'é/o

Y lete

Endogenous H.0;

View Article Online

Materials Advances

approach allowed for the real-time monitoring of wound infection
and the inhibition of bacteria. Specifically, a readily polymeriz-
able derivative of aniline dimer, named N-(3-sulfopropyl) p-
aminodiphenylamine (SPA), was strategically polymerized in situ
to form a polySPA (PSPA) polymer within a calcium alginate
hydrogel. This polymerization process was initiated by the catalytic
activity of H,0,, which is overexpressed in infected wounds,
resulting in the generation of hydroxyl radicals. The presence of
preloaded horseradish peroxidase (HRP) facilitated this catalytic
reaction. The resulting PSPA polymer exhibited remarkable near-
infrared absorption properties, enabling its utilization in the real-
time monitoring of H,0, through visual observation and the
analysis of photoacoustic signals. Additionally, the near-infrared
light-mediated photothermal effect of PSPA was employed to
effectively inhibit bacterial growth (Fig. 13a-c).**® Jiang et al
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developed a temperature-responsive hydrogel wound dressing
using a polymer-based approach. The hydrogel comprised of
polyacrylic acid (PAA)-grafted poly(N-isopropylacrylamide), vinyl-
based polyacrylamide, and silver nanowires. To enable wireless
transmission of temperature changes, the hydrogel matrix was
ingeniously connected to a Bluetooth module, allowing data trans-
fer to a smart device. This innovative design combined conductive
hydrogel dressings with wireless transmission technology, success-
fully achieving real-time wireless monitoring of wound tempera-
ture. This novel dressing holds promise for early detection of signs
of infection during the wound healing process.*® Zong et al.
developed multifunctional chitosan hydrogels using a polymerized
ionic liquid and a near-infrared fluorescent probe known as PIL-CS.
These hydrogels had the ability to visualize wound pH in real-time
through near-infrared fluorescence imaging. By monitoring
changes in pH, the hydrogel could provide insights into the healing
process of diabetic wounds. The hydrogel also demonstrated pH-
responsive drug release, specifically for antioxidants that can
eliminate ROS. This drug release capability could further promote
the healing process of diabetic wounds by reducing oxidative stress
(Fig. 13d).>" On the other hand, Liu et al created a highly
transparent conductive hydrogel patch by incorporating
poly(tannic acid)-doped polypyrrole nanofibrils within a
poly(acrylamide-acrylated adenine) polymer matrix. This patch
had the ability to indirectly monitor glucose levels at the wound
site. By analyzing changes in glucose levels, the hydrogel patch
could provide information on the individual’s blood glucose levels,
which is crucial for diabetic patients. Additionally, the hydrogel
patch offered timely feedback on the individual’s level of physical
activity. This capability could be useful in managing diabetes and
providing personalized care based on glucose levels and activity
levels.*"* Patients suffering from pressure ulcers often experience
limited mobility, making them highly susceptible to secondary
pressure injuries and wound infections. In order to address this
challenge, Li et al. developed a novel hydrogel-based dressing using
a composite of PVA/acrylamide-ionic liquid. This innovative dres-
sing leveraged the inherent antibacterial properties and electrical
conductivity of imidazolidine ionic liquids. Remarkably, the
hydrogel-based dressing exhibited a high sensitivity to pressure
stimuli. Moreover, it demonstrated real-time responsiveness, con-
sistent signal output, and exceptional mechanical characteristics.
By implementing this dressing, extensive monitoring of human
movement on a large scale became possible, enabling the prompt
transmission of wound pressure information to healthcare provi-
ders. Consequently, the dressing played a critical role in prevent-
ing the occurrence of secondary pressure injuries.'?

5. Conclusions and future
perspectives

Wound healing, especially in the context of chronic wounds, is
a complex and multi-step process, posing challenges to the
development of therapeutic approaches for wound manage-
ment. This has driven researchers to delve deeper into the
underlying mechanisms of wound healing, leading to the
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exploration of new treatment modalities aimed at achieving
optimal wound healing outcomes. Despite extensive research
into wound treatment strategies and increased understanding
of wound healing, managing cutaneous wounds, especially
chronic wounds, remains a significant challenge in the field
of wound care. While various therapeutic strategies have
emerged, none have proven universally effective in fully healing
all types of wounds.

In recent years, hydrogels have gained considerable atten-
tion in the literature due to their diverse advantages. Several
hydrogel-based dressings, possessing distinct functionalities,
have been investigated for their potential in wound healing,
resulting in remarkable achievements. Therefore, this article
aims to discuss the intricacies and characteristics of wound
healing processes, followed by a comprehensive overview of the
enhanced functionalities of hydrogel-based dressings and
the strategies employed to achieve these functionalities. Lastly,
the challenges encountered during the healing progression of
different wound types, particularly diabetic wounds, are exam-
ined, culminating in a summary of the advancements in
hydrogel-based dressing applications in diverse wound man-
agement scenarios.

The utilization of multifunctional hydrogel-based dressings
to enhance wound healing stands as a prominent domain for
future investigation. Despite the notable progress achieved in
current research endeavors, there remains a multitude of
significant issues that warrant exploration in the context of
forthcoming clinical applications (Fig. 14). First, given the
varied characteristics of distinct wound types, the mechanisms
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Fig. 14 Current challenges and future perspectives of hydrogel dressings
for wound healing.
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underlying their impaired healing vary, thus precluding a one-
size-fits-all hydrogel-based dressing for all wound types. Addi-
tionally, patients exhibit varying reactivity to hydrogel-based
dressings, with personalized hydrogel-based dressings remain-
ing in a nascent stage. Moreover, wound healing constitutes a
multifaceted and sequential physiological progression, wherein
each stage entails distinct functional requisites for wound
dressings. To date, researchers have not devised hydrogel-
based dressings that comprehensively cater to the diverse
requirements of all phases of wound healing. Consequently,
the development of individualized dressings tailored to the
unique wounds of diverse patients holds profound clinical
significance. To realize this objective, hydrogel-based dressings
must possess the capacity to monitor and acquire precise
wound-specific information, thus facilitating the formulation
of pertinent hydrogel constructs. With the evolution of medical
technology and further probing into wound healing dynamics,
there is a prospect that hydrogel materials will be capable of
real-time monitoring of wound conditions, adeptly executing
requisite functionalities, and adroitly responding to alterations
within the wound environment, thereby ushering in a para-
digm of authentic personalized management. Second, despite
the evident merits associated with the application of multi-
functional hydrogels, their utilization remains predominantly
at the foundational stage of animal experimentation, with a
notable dearth of extensive clinical studies to substantiate their
therapeutic efficacy and safety. Currently, researchers predomi-
nantly opt for establishing wound models in rats or mice;
however, there exist disparities between rodent and human
skin. For instance, rodent skin tends to exhibit contraction
during the healing process, potentially introducing variability
into experimental outcomes. Although large animals (such as
pig) and humans exhibit many similarities in skin morphology
and characteristics, practicality and accessibility issues have
limited their widespread use for establishing wound models. In
the future, it is crucial to place increased emphasis on rigorous
clinical investigations to validate and complement existing
research findings. Furthermore, existing research lacks in-
depth exploration, as many studies have only concluded that
hydrogel-based dressings promote wound healing by facilitat-
ing the resolution of inflammation, angiogenesis, collagen
deposition, bacterial inhibition, among other factors. However,
these studies often lack comprehensive investigations into the
specific underlying mechanisms. Therefore, future research
endeavors should delve deeper into elucidating the intricate
mechanisms through which hydrogel-based dressings facilitate
wound healing. Such efforts are essential to establish a robust
foundation for their secure and effective clinical application.
Moreover, researchers have combined hydrogels with various
other techniques, such as nanomaterials, exosomes, stem cells,
3D bioprinting technology, and cold atmospheric plasma ther-
apy, to enhance wound healing outcomes.***7*!” Although the
synergistic application of these methods has shown promising
results, a more comprehensive investigation into their safety,
efficacy, and underlying mechanisms is necessary. Addition-
ally, these innovative approaches unavoidably introduce
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increased production costs, thereby hindering their widespread
clinical adoption. Therefore, in the future, it is imperative to
optimize manufacturing processes and formulations to design
composite hydrogel-based dressings that are not only safer and
more efficient but also cost-effective, addressing the need for
improved wound management strategies.
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