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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-

Received 8th September 2023, oxidation, anti-inflammatory effect, self-healing, and conductivity. We further discuss the challenges

Accepted 18th December 2023 encountered during the healing of different types of wounds, particularly diabetic wounds, and outline
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
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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


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 prosince 2023. Downloaded on 15.08.2024 17:15:48.

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

(cc)

Review

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
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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

1370 | Mater. Adv.,, 2024, 5,1364-1394

View Article Online

Review

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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Fig. 5 The hemostatic property of hydrogel-based dressings. (a) Schematic figure showing a self-gelling powder based on polyacrylic acid/
polyacrylamide/quaternate chitosan for rapid hemostasis. Reprinted and modified with permission from ref. 112. Copyright 2023 Elsevier. (b) Sealant
composition and interactions with tissue and ePTFE graft. Reprinted and modified with permission from ref. 125. Copyright 2022 Wiley-VCH.

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 