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Abstract: One of the most advanced, promising, and commercially viable research issues in the
world of hydrogel dressing is gaining functionality to achieve improved therapeutic impact or even
intelligent wound repair. In addition to the merits of ordinary hydrogel dressings, functional hydrogel
dressings can adjust their chemical/physical properties to satisfy different wound types, carry out
the corresponding reactions to actively create a healing environment conducive to wound repair, and
can also control drug release to provide a long-lasting benefit. Although a lot of in-depth research
has been conducted over the last few decades, very few studies have been properly summarized.
In order to give researchers a basic blueprint for designing functional hydrogel dressings and to
motivate them to develop ever-more intelligent wound dressings, we summarized the development
of functional hydrogel dressings in recent years, as well as the current situation and future trends, in
light of their preparation mechanisms and functional effects.

Keywords: hydrogel dressing; functionality; wound repair; biological materials

1. Introduction

In the field of global clinical medicine, the development of excellent wound dressings
has become a central issue in the important challenge of wound repair [1]. It has also been a
long-lasting research hotspot with great interest in a range of medicine and chemistry fields.
According to the data from QY Research [2], it is predicted that the global advanced wound
dressing market will increase from USD 6267 million in 2022 to USD 7230 million in 2027
(Figure 1a). The last two decades have seen a growing trend towards a variety of advanced
wound dressings, such as alginate dressings [3], polymeric film dressings [4], hydrocolloid
dressings [5], and hydrogel dressings [6]. Of particular concern, hydrogel wound dressings
are considered to be the most competitive advanced wound dressing material [7]. This is
because, on the one hand, hydrogel wound dressings have created a big medical market [8].
Figure 1b reveals that there has been a steady rise in the market demand [9] of medical
hydrogels globally and in China since 2020. On the other hand, as shown in Figure 1c, a
number of published papers on hydrogel dressings in different databases have all shown
an exponential growth trend in the past decade (data source: Elsevier Database, PubMed
Database, SCIE Database; 2023). Therefore, hydrogel wound dressings that can promote
wound healing have the benefit of long-term, in-depth research to help them become
advance dressings, and their composition and preparation mechanisms are the keys to their
therapeutic effectiveness.
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Figure 1. (a) Statistics and forecast of global high-end dressing market sales and growth rate
(2016-2027). (b) Global market size of medical hydrogels and Chinese market size of medical
hydrogels. (2020-2026). (¢) Number of papers published per year related to hydrogel dressings in
different databases (2010-2022).

The main components of hydrogel wound dressings are 3D macromolecular networks
and water [10]. In 1962, Winter et al. published a paper describing how skin cells regenerate
faster in a medium-humidity environment [11]. This was the first study to thoroughly
examine the theory of wet healing. According to this theory, hydrogel dressings can not
only help accelerate wound healing [12] but can also help patients alleviate aches by cooling
the wound [13]. Furthermore, as a wound dressing, hydrogel can absorb excess tissue
exudates while also providing good oxygen permeability [14]. These advantages are too
obvious to ignore as they create condition for a potentially ideal wound dressing. However,
traditional hydrogel wound dressings’ ability to become more advanced has been severely
constrained by its poor mechanical performance, inability to avoid wound infection, and
low wound healing efficiency [15]. The best solution to these problems is to develop
hydrogel dressings with more functions, which is inevitable and crucial.

The role of hydrogel dressings is changing from physical coverage to “functionaliza-
tion” as more attention is being paid to functional hydrogel dressings [16]. The urge to
develop a quick response to different wound conditions to improve the healing effect has
been the driving force towards the “functionalization” of hydrogel dressings, including the
application of novel materials and various advanced preparation mechanisms [17]. Most
of functional hydrogel dressings can play vital roles in some or all of the three stages of
wound healing: hemostasis/inflammation, proliferation and remodeling [18,19].

As shown in Figure 2, hydrogel dressings’ self-healing and injectable functions allow
them to completely cover the surface of a wound. The selection of covalent [20] and non-
covalent [21] bonds as the base interactions for the formation of dynamic crosslinking
hydrogels should not only be considered as an effective approach for both injectability and
self-healing applications, but also as affecting the healing efficiency. Currently, hydrogel
dressings with self-healing and injectable functions [22] have the ability of immediate
reorganization and integration and the ability to mold to different shapes of wounds within
a few seconds [23].
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Figure 2. Contents and applications of this review.

Hydrogel dressings can also carry various functional drugs and deliver them directly
to the wound site [24]. In order to obtain this function, the release of the functional drugs
by the hydrogel dressings must be designed and applied according to different wound
microenvironments and use specific signals, such as pH, ROS, glucose, pressure, and
temperature, to control functional drug release, thus greatly promoting the speed and effect
of wound healing [25].

Furthermore, hydrogel dressings can possess a range of functions and properties,
including antibacterial activity, hemostatic ability, and mechanical strength, depending
on the specific design and composition [26]. Chemical particles with strong antibacterial
properties can be utilized for sterilization or bacteriostasis in the vicinity of the wound.
However, it is important to carefully assess the potential negative effects of these chemical
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particles on human health [27-29]. Rapid and successful hemostasis can prevent shock
or life-threatening bleeding when the wound is experiencing continuous blood flow. At
present, functional hydrogel dressings prepared by loading chemical particles have realized
the excellent hemostatic function of blood coagulation in tens of seconds [30]. In terms
of mechanical properties, the adhesion and tensile properties of hydrogel dressings can
be improved. For adhesion [27], the surface bonding or physical actions that can improve
the chemical reaction between chemical particles and other substances can be used to
achieve reasonable changes in adhesion. To improve extensibility [31], the diversity of
evenly dispersed chemical particles and cross-linking points in the hydrogel can be used to
improve the mechanical toughness. Improving the mechanical properties of the hydrogel
can ensure that the dressing does not easily to fall off and that it will not cause secondary
injury in the clinical application process.

Therefore, considering the three most typical functional hydrogel dressings mentioned
above, we must innovate and design new chemicals and manufacturing methods to further
improve their functionality [32].

Herein, this paper aims to unravel the latest progress in functional hydrogel dressings
surrounding their connection mechanisms, composite structures, chemical modification,
and compositions. There are many studies on functional hydrogel dressings at the moment,
but there are few papers that provide a systematic summary of the literature. Thus, the
importance of this review is to explore various research ideas from different preparation
mechanisms couple with their corresponding functionality, which will provide an important
reference for researchers to design novel medical hydrogel dressings with properties such as
injectability, self-healing, controlled drug release, healing promotion, antibacterial activity,
hemostasis, improved mechanical properties, and so on. The information in this review also
has a number of important implications for future research directions in the preparation of
functional hydrogel dressings.

2. Dynamic Crosslinking Hydrogel Dressings

Traditional dressings lack the benefits of self-healing and injectability during the
clinical process [33]. Due to the strong rigidity and nondynamic nature of the skeleton,
hydrogel is prone to deformation or damage caused by external mechanical forces, resulting
in a shortened service life and making it difficult to maintain full contact with the wound,
especially near joints, resulting in an unsatisfactory treatment effect [34,35]. For example,
traditional dressings attached to fingers do not fit to finger wounds well and easily deform
and fall off due to the frequent bending of the fingers [36]. Injectable hydrogels can fill
irregular wound areas and promote in situ tissue regeneration, and self-healing hydrogels
can withstand external mechanical forces, thus extending their service life [37]. So, to
promote a favorable environment for wound repair, functional hydrogel dressings should
have improved resistance to mechanical injury and debridement capability [38] (Figure 3a).

Hydrogels with self-healing and injectable properties can be prepared [39] by linking
together through noncovalent cross-linking or dynamic covalent cross-linking (Figure 3b).
According to the research and development findings of dynamic reversible hydrogel
dressings, Zhang’s team proposed a few research ideas for the further development of
dynamic hydrogels [40]: @ It is necessary to reduce the time required for the dynamic
application of wound treatment. (2 It is necessary to achieve a better balance between
micro-level dynamics and macro-level stability. (3) It is necessary to obtain higher sensitivity
to characterize the dynamic characteristics of hydrogels in real time. (@ It is necessary to
simplify the hydrogel preparation process and promote the wide application of dynamic
hydrogels in basic research and clinical transformation. These ideas indicate direction for
the further development of functional dynamic reversible gel dressings and wound repair.

The balance between the macro-level stability and micro-level dynamics of hydrogel
dressings and the dressings’ application requirements should be taken into consideration
when discussing the general expectations and design principles of the performance of
dynamic hydrogel dressings. In practice, the most common reversible covalent bonds are
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imine bonds. There are also boric acid ester bonds, special dynamic covalent bonds that
can undergo bond exchange reactions in a few seconds at room temperature [41]. Metal
coordinate bonds and hydrogen bonds are the two most typical examples of reversible
noncovalent bonds. This will serve as a starting point in this section to introduce the current
success of research in this field.

Advantages of Dynamic Reversible
Hydrogel Dressings

Reversible covalent  Reversible noncovalent
(@ The internal reversible bonds bonds Research Ideas
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Figure 3. (a) The research ideas and (b) principles of self-healing and injectability of dynamic
reversible hydrogel dressings.
2.1. Reversible Covalent Bonds

Reversible covalent bonds are typically reversible, meaning that bond exchanges
can occur. According to numerous studies, hydrogel dressings can be restored through
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dynamic reversible covalent bonds [42], demonstrating their potential for self-healing
and injectability.

2.1.1. Imine Bonds

Since Schiff successfully prepared an imine bond for the first time in 1864, researchers
have deeply studied the imine bond and lots of research experience has been accumu-
lated [43]. Imine bonds have a dynamic reversible property. The dynamic reversible
covalent bonds between these functional groups are the dominant driving force for the
self-healing of hydrogels, as opposed to the simple physical adhesion among the broken
hydrogel interfaces [44]. Hydrogel dressings dynamically crosslinked by imine bonds have
excellent injectability and efficient self-healing ability [45].

In earlier studies, Chen et al. [46] used dopamine-grafted oxidized sodium alginate
(OSA-DA), polyacrylamide (PAM), and dopamine hydrochloride (DA) as the main raw
materials to prepare OSA-DA-PAM hydrogel dressings. The hydrogel dressing was syn-
thesized by dynamically covalently crosslinking the base reaction formed between the
aldehyde group of the OSA-DA chain and the amino group of the PAM chain (Figure 4a).
The resulting hydrogel can effectively self-heal without any external stimulation. However,
the main weakness of this study is its failure to address injectability. Other preparation
methods that are excellent in terms of both self-healing and injectability need to be found.
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Figure 4. (a) The synthesis process and structural diagram of OSA-DA-PAM hydrogel. (b) The
preparation of OMCM hydrogel based on Schiff base reactions and the scheme of the self-healing
process. (¢) AHA/DHA /oxi CNC hydrogel schematic diagram.

In view of the problems encountered in previous studies, Yin et al. [47] published a
paper in which they described hydrogel dressings constructed using the aldehyde group
of oxidized microcrystalline cellulose (OMCC) from pineapple peel (PP) crosslinked with
the amino group of carboxymethyl chitosan (CMCS) from hericium erinaceus residues (HER)
and using the Schiff base reaction for its construction (Figure 4b). Due to the continuous
fracturing and regeneration of the imine bond, the researchers divided the network com-
posed of the hydrogel dressing into two parts, and it took 5 h to achieve self-healing. For
the requirements of wound dressings, the self-healing time of this product is too long.
Dynamic covalent crosslinking can be achieved in hydrogel dressings through the use of
specific products or components that facilitate the formation and exchange of reversible
covalent bonds. These dynamic covalent crosslinking interactions contribute to the self-
healing and injectable properties of hydrogel dressings. On the other hand, covalently
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crosslinked hydrogel dressings are not blocked during the injection process, showing good
injection performance. These two characteristics aid in reducing pain and hastening the
healing process for patients [48]. Similarly, by using imine bonds, Li et al. [49] gener-
ated self-healing hydrogel dressings composed of aldehyde-modified sodium hyaluronate
(AHA), hydrazine-modified sodium hyaluronate (ADA), and aldehyde modified cellulose
nanocrystals (oxi-CNC) (Figure 4c). When these hydrogel dressings are separated into
two pieces, they can self-heal and rejoin into one cohesive piece after approximately 4 h.
However, the self-healing times of the two items are still not optimal.

In order to improve the injectable ability and self-healing ability of hydrogel dress-
ings, Ding et al. [50] demonstrated that collagen(CoL)—chitosan(CS) complex hydrogel
can be applied to multi-functional wound dressings in the medical field. In their work,
dibenzaldehyde-modified PEG;ypo(DA-PEG), a long-range crosslinker, was introduced in
the mixed COL-CS network and was used as a dynamic crosslinker (Figure 5a). These
characteristics aid in dynamically decoupling and recoupling imine connection, resulting
in a superior self-healing hydrogel dressing. Functional hydrogel dressings’ self-healing
times can be significantly decreased with the help of this preparation technique while
still retaining good injectability. This is the critical stage for applying imine bonds in
hydrogel dressings.
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Figure 5. (a) Construction mechanism of COL-CS hydrogel. (b) The construction mechanism and

functional mechanism of injectable and self-healing HPF@L.rha hydrogel dressings. (c) Design
strategy and application method of CS-TA/OHA composite hydrogel dressings.
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Previous research on the injectability and self-healing ability of hydrogels did not
address the restoration of the original hydrogel’s mechanical properties. Exceptional
performance of both properties is not only necessary to integrate the hydrogel dressing
into a whole, but also to restore its excellent mechanical properties, such as its good tensile
properties [51]. In order to achieve leapfrogging improvements, Mei et al. [52] modified
hyaluronic acid (HA) with adipic hydrazide through acetylation to synthesize hyaluronic
acid adipic hydrazide (HA-ADH). (Pluronic Fy57)-CHO and HA-ADH form dynamic
covalent cross-links through Schiff base reaction interactions in the interventricular or
physiological conditions (Figure 5b). The formation of the dynamic imine connection is
what gives the dressing its self-healing property. It can bear high stress and can easily
reform at low strain levels; meanwhile, the self-healing time is significantly reduced. In
addition, other studies have further improved the performance of hydrogel dressings
constructed by imine bonds. Using the dynamic reversible characteristics of Schiff base
bonds between chitosan (CS), tannic acid (TA), and oxidized hyaluronic acid (OHA) [53],
Liu’s hydrogel dressings were able to achieve traceless repair in a rather short time, which
has a very short self-healing time compared to recent reports (Figure 5c). This excellent
treatment time is a noteworthy achievement for dynamic reversible gel dressings prepared
by imine bonds. It quickly achieves untraceable repair and has good injectability.

2.1.2. Boric Acid Ester Bonds

Boric acid ester bonds are a special type of dynamic covalent bond that may change
dynamically and reversibly at room temperature [54]. The bond exchange and repair times
are also substantially shorter than those for imine bonds [55], which enhances their capacity
for self-healing.

This hydrogel material is based on a dynamically reversible borate ester bond, and
borax is used as a catalyst and dynamic crosslinking agent, expanding the design, formula-
tion, and development possibilities and making it suitable for new hydrogel systems [56].
This prepared hydrogel is favorable for applications in wound dressings. More importantly,
it provides a novel idea that is superior to the imine bond. The excellent self-healing ability
of the borate ester bond has been demonstrated in the field of wound repair.

In order to demonstrate the advantages of borate bonds in the preparation of self-
healing functional hydrogel dressing, Zhong et al. [57] used dopamine-grafted oxidized
carboxymethyl cellulose (OCMC-DA) and cellulose nanofibers (CNF) to build a dynamic
reversible borate ester bond to produce a hydrogel dressing that could quickly complete
self-healing in 12 s and had certain injectability (Figure 6a). This type of excellent hydrogel
dressing also accomplishes the function of degradation. The same research group has other
achievements in the research of hydrogel dressings [58]. Through the dynamic covalent
bond between boric acid and a catechol group, the quaternized chitosan can be loaded
with epigallocatechin-3-gallate (EGCG), which can be used to meet the requirement of
rapid self-healing (Figure 6b). Within 5 min, a hydrogel dressing that has been cut can
be automatically reintegrated into one piece. If the injury is just a scratch, the scratch
will vanish entirely from the healing interface after 20 s, realizing complete recovery. The
adaptability and durability of this hydrogel as a wound dressing are significantly enhanced
by its strong self-healing capacity. Compared to the aforementioned hydrogel dressings, its
injectable properties are superior. Moreover, this hydrogel dressing also has antioxidant
properties and a powerful bactericidal effect.

Other research groups have studied this type of hydrogel dressings. Deng et al. [59]
found that hydroxypropyl cellulose and phenylboronic acid-modified hydrogels could be
constructed through dynamic borate bonds (Figure 7a). The prepared hydrogel dressing has
excellent self-healing performance. The PAHC (phenylboric acid-modified hydroxypropyl
cellulose) hydrogel completely healed after 10 min, which proves that it has excellent
self-healing ability. Through continuous research, the research team has made preliminary
achievements in the research and development of self-healing and injectable dynamic
reversible gel dressings. However, the self-healing time of these dressings still needs
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to be improved. In 2022, Deng’s group [60] grafted 4-carboxylphenylboronic acid onto
the molecular chain of hydroxypropyl chitosan (HPC) through amidation. The dynamic
borate ester bonds are formed between phenylboronic acid and the catechol structure
of polydopamine (PDA)-modified carbon nanotubes (Figure 7b). The final product has
excellent self-healing ability compared to the other self-healing hydrogel dressing products
mentioned above. The new hydrogel dressing developed by Deng’s group in 2022 can
heal itself immediately. The new product developed by this team is more suitable for
wound repair than other self-healing hydrogel dressings mentioned previously. This is
because the self-healing time of the dressing has been significantly reduced compared to its
previous iterations.

7 )
Glycerol '
OCMC-DA/PB Hydrogel Injectable Hydrogel

. Self-healing '
Self-adaptable

Self-healing Hydrogel Damaged Hydrogel Hydrogel

(b) OH OH OH OH
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Figure 6. (a) Schematic illustration and microscopic structure of OCMC-DA /PB hydrogel and an
application diagram of a self-healing and injectable hydrogel. (b) Schematic diagram of QCS-PC
hydrogel preparation and the application of self-healing and injectable properties.
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The most obvious conclusion to be drawn from Table 1 in this section is that dynamic
reversible hydrogel dressings made of borate ester bonds generally have better self-healing
and injectability than those made of imine bonds.

Table 1. The main materials, advantages, and relevant performance parameters of reversible covalent
bond hydrogel dressings.

Hydrogel Components Dynamic Bond Self-Healing Time Injectable Advantages Ref.
g(l:/;cl(;lél;{)m PP+ CMCS Imine bond 5h YES Non-toxicity and biosecurity [47]
Improves hydrogels’ strength
AHA + ADA + oxi-CNC Imine bond 4h YES without sacrificing their [49]
self-healing property
DA-PEG allows the chain
CS + COL Imine bond 45 min YES between the two crosslinking [50]

points to remain flexible
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Table 1. Cont.
Hydrogel Components Dynamic Bond Self-Healing Time Injectable Advantages Ref.

OSA-DA + PAM Imine bond 15 min NO Ultratough and self-healing [46]
The use of biological materials

HA-ADH + PF127-CHO Imine bond 10 min YES greatly improves the performance [52]
of the dressing
Blood compatibility,

HPC + Phenylboronic Acid Borate ester bond 10 min YES anti-oxidation, good tissue [59]
adhesion

boronic acid + Borate ester bond 5 min YES Tr.eats v.vourllds with high 58]

catechol groups microbial bioburdens
Self-heals quickly and its

CS + OHA Imine bond 2 min YES materials have anti-inflammatory [53]
effects

OCMC-DA + PVA + CNF Borate ester bond 12s YES Ultrastretchable and simple (57]
preparation method

Catechin of PDA + . .

Phenylboric Acid Borate ester bond Immediately YES Has the fastest self-healing speed [60]

2.2. Reversible Noncovalent Bonds

Dynamic reversible hydrogel dressings can also be composed of reversible noncovalent
bonds, such as metal coordination bonds and hydrogen bonds. These interactions are
usually always in the dynamic state of fracture and reorganization, which can achieve rapid
and repeated recovery [61].

2.2.1. Metal Coordination Bond

Hydrogels with self-healing properties were prepared by forming cross-linking points
based on ligand-metal coordination bonds on the polymer skeleton. By choosing different
ligands and metal ions, a variety of hydrogels with different mechanical strengths can be
made to satisfy the self-healing requirements of various biomedical applications [62].

Copper ions are a common material used for metal coordination crosslinking in reams
of research. Using hydrazide group as ligand and Cu?* as coordination center, Qian
et al. [63] developed a copper-hydrazide-coordinated, multifunctional hyaluronan hy-
drogel, and the hyaluronic acid (HA)-Cu hydrogel shows practical versatility, including
excellent self-healing and injectability (Figure 8a). Self-healing is achieved after 0.5 h, and
the self-healing hydrogel can even be stretched during this time. From the perspective
of hydrogel restoration, the HA-Cu hydrogel also has good injectability. Most impor-
tantly, this product is not restricted to only reacting in acidic conditions. This is the first
report on hydrogels prepared by aliphatic hydrazine-metal coordination crosslinking for
wound treatment.

We should also note that silver is frequently used for metal coordination crosslinking.
Compared with Cu, Ag is more suitable for wound treatment due to its wider antibacterial
spectrum and stronger antibacterial ability [64]. The hydrogel developed by Chen [65],
which can be used for wound treatment, is prepared by the coordination crosslinking
of dobby thiopenyl glycol (SH-PEG) and silver nitrate (AgNO3) (Figure 8b). Due to the
dynamic nature of the Ag-S coordination bond, the obtained coordination hydrogels have
good self-healing ability and injectability. At room temperature, the hydrogel shows
excellent self-healing performance by restoring its original state from an incision within 15
min. A unique feature of the prepared hydrogel is its ability to have its mechanical strength
adjusted, which is useful for adapting to various wound conditions.
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Figure 8. (a) The fabrication of HA hydrogels through hydrazide-metal coordination crosslinking

and its microstructure. (b) Schematic illustration of the self-healing Ag(I)-thiol (Au-S) coordinative
hydrogel and its self-healing and injectable applications.

Fe3* is very common, and the raw materials are cheap. In addition, Fe3* can also be
converted into Fe?* in an acidic environment [66] (human skin is generally weakly acidic),
which is helpful for the blood supply in the human body during wound healing. Moreover,
this crosslinking method is environmentally friendly, simple, and universal. Based on the
application of metal coordination bonds to prepare hydrogel dressings, the double dynamic
bond crosslinked self-healing hydrogel prepared by Liang’s team [67] used the tricomplex
coordination between the catechol groups from Fe?* and protocatechualdehyde (PA) to
produce hydrogels with excellent self-healing performance and injectability (Figure 9a).
The resulting hydrogel dressing is intelligent and the wound repair efficiency is improved.
The performance test revealed that the hydrogel could be fully repaired after 30 min of room
temperature exposure and that its tensile capacity could be restored after an additional hour.
It was proven that the reversible non-covalent cross-linked hydrogel dressing prepared by
metal coordination has a certain self-healing ability, but the healing efficiency still needs to
be improved.
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(b)

P(AM-HisMA) —Fe’*

Figure 9. (a) The process of preparing double-dynamic-bond crosslinked hydrogels and the applica-
tion of the product in medicine. (b) The preparation and the network structure of the P(AM-HisMA)
—Fe3* hydrogel dressing.

Wound repair requires fast self-healing of the dressing in order to better repair the
wound. Therefore, after using histidine methacrylamide (HisMA) and acrylamide (AM)
to form hydrogel, Zhang [68] added Fe** ions into a P(AM-HisMA) hydrogel to prepare
a P(AM-HisMA)-Fe** hydrogel dressing with good injectability and self-healing ability
(Figure 9b). It is worth noting that the self-healing speed is greatly improved compared
to the hydrogel without Fe**. P(AM-HisMA)-Fe** hydrogel completely heals in 5 min;
however, the P(AM-HisMA) hydrogels without Fe?* crosslinking take 24 h to achieve
self-healing. Since its capacity for self-healing is an important reference scheme for this
kind of hydrogel dressing, it merits special attention.
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2.2.2. Hydrogen Bond

Another type of dynamic noncovalent bond, the hydrogen bond [69], is a noncova-
lent bond that can be destroyed at high temperature and reformed at low temperature.
Therefore, hydrogen bonds can be used to prepare self-healing hydrogel dressings.

In order to improve the self-healing ability and injectability of functional hydrogel
dressings, Zhao [70] developed a simple and fast method to prepare a new hydrogel. This
hydrogel is composed of sodium alginate (SA) and polyacrylamide (PAM). Systematic
characterization revealed the formation mechanism of a layered structure through hydrogen
bonding (Figure 10a). In addition, it takes 0.5 h to achieve self-healing. Hydrogen bonds
allow for the recovery of the mechanical properties of hydrogels with or without the
presence of water.
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Figure 10. (a) Schematic diagram of PAMSA hydrogel preparation based on PAM and SA.
(b) Schematic diagram of HPC hydrogel crosslinked by HA in an ultrafast process and the pos-
sible hydrogen bonding structure of HPC hydrogels. (c) The preparation and microscopic schematic
diagrams of the OHAdop/GG + GC/borax hydrogel and the OHAdop/GG + GC/borax/PDA
hydrogel.

There are also better research results on the self-healing ability and injectability of
hydrogel dressings. Among dynamic crosslinking hydrogel dressings with these properties,
the humic acid/polyvinylpyrrolidone (PVP) complex hydrogel dressings prepared by Yu
et al. [71] are driven by the hydrogen bonds between humic acid and PVP, and these
bonds are easy to form and adjust (Figure 10b). The dynamic reversible hydrogen bonds
distributed in the hydrogel dressing promoted the formation of a dynamic cross-linking
network. The viscosity of the humic acid/PVP complex hydrogel significantly decreases as
the shear rate rises, improving its injectability. At the same time, this hydrogel is endowed
with self-healing performance that can achieve complete self-repair in 10 min.
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Because the force of hydrogen bonds is generally weaker than some of the dynamic
reversible bonds discussed above, hydrogen bonds often do not appear alone; rather,
hydrogels are constructed combing hydrogen bonds with other dynamic cross-linking
bonds. Guo et al. [72] designed and prepared a polysaccharide-based adhesive hydrogel,
in which dynamic hydrogen bonding between catechol-modified oxidized hyaluronic acid
(OHAdop) or hydroxide groups in guar gum led to reversible crosslinking (Figure 10c).
As soon as the two parts come into contact, hydrogen interaction occurs, causing the
fragments to self-heal and unite to form a single hydrogel that can be easily combined with
other parts. This hydrogel dressing heals itself extremely quickly. It has high application
value and competitiveness in the market.

3. Modified Hydrogel Dressings

Nowadays, it is popular to make new hydrogel dressings using modified methods
because existing hydrogel dressings are unable to meet the needs of combined treatment, in-
cluding continuous drug release according to the physiological conditions of the wound [73].
Modification is often carried out through physical or chemical pathways to change the
form or properties of the materials [74]. Hydrogels prepared by modified methods, such
as through changing the composition of the object or the preparation process, gives the
hydrogel excellent performance in many aspects [75]. These attempts provide support
for the research and development of more hydrogel dressings with more functions and
better efficacy through the synthesis and testing of new hydrogel dressings that combine
the advantages of various substances so that more hydrogels can enter the clinic and be
widely used.

The appearance of the wound while healing is a dynamic process, accompanied by
different types of chemical and physical changes. As in Table 2, pH response, reactive
oxygen species (ROS) response, thermal response, glucose response, and many other factors
will affect wound healing. Because they can actively alter the wound environment to main-
tain an appropriate healing process, wound dressings that can react to these changes are
considered targeted and intelligent [76]. Therefore, modified functional hydrogel dressings
can be designed to have many special properties, especially to realize the controllable
transportation of drugs through the hydrogel dressing [77]. Based on the above-mentioned
response signals, we will focus on the common modified stimuli-responsive hydrogel
dressings developed in recent years (Figure 11).
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Figure 11. The general method of drug release of stimuli-responsive modified hydrogel dressings.



Polymers 2023, 15, 2000

16 of 40

Table 2. The modified hydrogel dressings and their stimuli-responsive components, response signals,

and advantages.

Stimuli Stimuli Responsive Component Advantage Ref.
. Drug delivery carrier, can recognize acidic or reducing
oH Cystamine conditions [78]
Oligonucleotides rich in adenine and cytosine Biocompatibility and biodegradability [79]
. . Protected encapsulated mesenchymal stem cells from
Thiol-maleimide cytotoxic doses of ROS [80]
ROS Diclofenac sodium and mangiferin Ehm%nate oxygen free radlcal‘s, inhibit inflammatory [81]
reaction and generate new skin
L-Areinine It has the ability of absorbing wound exudates and [82]
& controlling drug release
rCnl;lttr(i)ian and solubilized placental extracellular Rapid response to temperature changes 83]
Temperature —
%?é(;iﬁ;i:f poloxamer 407 (F-107) and Prevent gel from being diluted in contact with blood [84]
Polyvinyl alcohol and chitosan grafted with The drug is released as needed according to the [85]
Glucose phenylboric acid glucose concentration
Glucose oxidase and DG@Gel Breaks down excess glucose [86]
o Secondary injury caused by unconscious physical
Conductive fillers movement (871
Pressure
F127DA micelles Wounds on frequently moving body parts can be [88]

effectively treated

3.1. pH-Responsive Hydrogel Dressings

Healthy and normal skin [89] is acidic with a pH between 4 and 6 (Figure 12a). After an
injury, the pH value of the wound increases due to microvascular leakage and underlying
tissue exposure, with pH values generally greater than 7. This alkaline environment is
conducive to bacterial infection [90]. pH-responsive hydrogels are widely studied as drug
transport carriers because these hydrogel dressings can respond to changes in the body’s
pH environment. This stimulation can change the drug loading and release behavior
through mesh size control and hydrophobic/electrostatic interactions (Figure 12b) of the
drug with the hydrogel’s polymer network.

A pH-sensitive hydrogel was prepared using the ring opening reaction of the epoxide
group in poly(ethylene glycol) diglycidyl ether (PEGDE) with the amino group of cystamine
(CA) as the crosslinking agent [78]. The hydrogel prepared by modification enters a swelled
and distended state due to amino protonation under acidic conditions, allowing for the
slow diffusion of amino acid drugs from the hydrogel (Figure 12¢). These results indicate
that the drug proteins in the hydrogel can be completely released under reducing conditions
because wound healing provides ideal release characteristics.

Hu et al. [79] formed a copolymer with an acrylamide monomer through the free
radical polymerization of oligonucleotides rich in adenine (A) and cytosine (C). In an acidic
environment (pH 1.2~6.0), the resulting copolymer forms a hydrogel (Figure 12d). The
hydrogel will disintegrate and release drugs at a pH of 7.2, which is appropriate for the pH
value of many types of wounds. This hydrogel can also be used as a dressing to release
drugs in a targeted manner.

Because the pH value is the response signal, the drug released from the modified
hydrogel dressing can accurately act on the wound without affecting the normal skin [91].
In this regard, our research group has also carried out similar research [92,93], and there
are also other relevant research papers to support this view.
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Figure 12. (a) pH differences between healthy skin and infected or chronic wounds. (b) Application
diagram of pH-responsive hydrogel dressings. (c) Schematic diagram of Komatsu’s team’s (2021)
study on the mechanism of the hydrogel dressing. (d) Schematic diagram of Hu’s team’s (2022) study
on the mechanism of the hydrogel dressing.

3.2. ROS-Responsive Hydrogel Dressings

ROS are produced by wounds or bacterial infections in the wound environment [94].
The accumulation of ROS in the wound will lead to serious inflammatory reactions, reduce
the regenerative ability of endogenous stem cells and macrophages, and inhibit wound
repair [95]. Therefore, it is important to determine the content of ROS in the wound
environment as an indicator of controlled drug release (Figure 13a). To design a hydrogel
dressing that can be reactive to ROS and maintain controllable drug release is a good
strategy for clinical wound repair. Utilizing the differences in the biochemical environment
between the wounded skin and the healthy skin, this selective release of the drugs is
made possible.

On one hand, ROS content is an important reaction signal for drug release. When
used as a wound dressing, ROS-responsive hydrogel can release a specific drug while
also self-degrading on its own. There is no need to remove the dressing afterwards, thus
avoiding secondary injury. Martin [80] successfully synthesized poly(ethylene glycol)
(PEG)-based hydrogels crosslinked with ROS-degradable poly(thioketal) (PTK) polymers
through thiol-maleimide (Figure 13b). In addition to using ROS as a response signal, this
hydrogel can also self-degrade, which leads to the realization of drug release. Within the
first 24 h, the majority of the drugs in the product were released.

Too rapid a drug release prevents the dressing from fully fulfilling the goal of speeding
wound healing [96]. Phenylboronic acid-grafted oxidized dextran and caffeic acid-grafted -
polylysine were used to successfully prepare modified hydrogels with ROS responsiveness
(Figure 13c). It can also be used as a wound dressing in drug transportation. The modified
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grafted component was hydrolyzed, and the hydrogel network was destroyed under the
oxidation state. Once the network collapses, the drug will be exposed to the wound itself.
The wound area of the group covered with the ROS-sensitive hydrogel dressing showed
a faster contraction rate than that of the blank group, and the wound treated with this
hydrogel dressing was also basically healed after 14 days [81]. Most importantly, the
hydrogel dressing can be released continuously and slowly within 7 days, improving the
therapeutic ability while reducing the frequency of drug replacement.
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Figure 13. (a) Schematic diagram of the effect of ROS concentration on wound repair. (b) Synthesis
scheme of PEG-MAL-PTK in hydrogel dressing. (c) Schematic diagram of the DS@MF embedded
POD/CE hydrogels and its working mechanism. (d) Schematic diagram of wound treatment using
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On the other hand, drugs with controlled release could also minimize harm to the
human body. It is very important that functional hydrogel dressings have the ability of
drug release with high sensitivity. This can effectively avoid adverse effects on the human
body caused by factors inducing drug release. It has been found that nitric oxide (NO)
plays a key role in regulating various wound healing processes, which is beneficial to cell
proliferation, the antibacterial effect, and angiogenesis [97]. In a study on NO'’s role in
wound healing, Yu [82] reported that an L-Arginine@hydrogel dressing could use different
ROS concentrations to control the speed of NO release. This feature enabled the hydrogel to
expedite the healing process of open wounds without causing any irritation to the patient.
By reacting with L-Arg, a low level of HyO; is introduced to trigger the release of NO in
the dressing, thus realizing a drug release rate that is subject to subjective human control
(Figure 13d). This is a step closer to a more scientific wound repair effect.

3.3. Other Types of Responsive Hydrogel Dressings

The increasing number of clinical cases involving trauma repair has led to a rise in
the number of different kinds of trauma, such as sports injuries, chronic wounds related to
diabetes, burns, and more. Modified functional hydrogel dressings with specific drug de-
livery systems for different trauma have very important research significance [98]. Scholars
have developed new types of modified hydrogel dressings, which could be responsive to
glucose, mechanical properties and heat.

3.3.1. Glucose-Responsive Hydrogel Dressings

In the treatment of chronic wounds in diabetes, Liang et al. [99] successfully prepared
a new hydrogel dressing using glucose as the response signal through the combination of
catechol and phenylboric acid (Figure 14a). The principle here is that glucose can compete
for the combination between catechol and phenylboric acid, which makes the network
part of the hydrogel dissociate and release the corresponding drug. This provides a new
preparation method for the research and development of functional hydrogel dressings. The
final cumulative drug release of the dressing was 23.3% higher than that of the glucose-free
group.

At the same time, according to other needs of wound treatment for diabetes, some
scholars have also used glucose as the corresponding signal to create other repair mech-
anisms. Xu’s team [100] modified phenylboronic acid (PBA), which has unique glucose
sensitivity, onto a hyaluronic acid (HA) chain base to prepare a new hybrid hydrogel (PEG-
DA/HA-PBA) dressing (Figure 14b). This modification realizes the release of myricetin
(MY) in the treatment of diabetic wounds. In the wound healing ability test, the recov-
ery rate of the control group was 65.04% on the 20th day, while the recovery rate of the
PEG-DA /MY group increased to 83.62%, showing an improvement in the wound healing
ability.

Zhou [85] used a modified glucose-responsive hydrogel dressing prepared by polyvinyl
alcohol (PVA) and chitosan-grafted phenylboric acid (CS-BA). Its network regulates drug
release (as shown in Figure 14c) through the glucose-induced cleavage of phenylborate
ester bonds, leading to the hydrolysis and release of drugs. Importantly, the hydrogel
dressing enables the real-time controlled release of drugs based on the conditions of the
wound, thus improving the therapeutic efficiency of the drugs.

3.3.2. Pressure-Responsive Hydrogel Dressings

In the treatment of joint wounds, the skin of the fingers and elbows often deforms
during various daily behaviors. For this very common wound type, researchers take
this deformation as the response signal for drug release. A pressure-responsive hydrogel
dressing was designed based on the excellent antibacterial and conductive properties of
imidazole-based ionic liquids [87]. This hydrogel dressing can be used with good sensitivity
to pressure changes. Fang [88] prepared a pressure-responsive poly(sulfobetaine methacry-
late) hydrogel dressing (Figure 15a). Under tensile and compressive forces, the hydrogel
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network of the modified hydrogel dressing is deformed due to external mechanical forces,
resulting in the release of drug molecules into the hydrogel matrix. Finally, it diffuses into
the external aqueous environment, and the drug release rate can also be controlled.
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Figure 14. (a) Schematic diagram of the preparation and drug release of PC/GO/Met hydrogel.
(b) Diagram illustrating the PHM hydrogel platform for wound healing and the microstructure of
hydrogel dressings. (c) Schematic diagram of the preparation mechanism and the mechanism of
CBP/GMs@Cel&INS hydrogel dressing for drug release.
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Figure 15. (a) Schematic diagram of hydrogel network deformation and drug release caused by
pressure changes caused by mechanical force. (b) Schematic diagram of the structure and thermo-
sensitive mechanism of the hydrogel dressing.

3.3.3. Thermo-Responsive Hydrogel Dressings

Inflammation in a wound can cause symptoms such as redness, swelling, fever, and
pain. These symptoms stimulate the expansion of blood vessels in local tissues, accelerate
blood flow, enhance local catabolism, generate heat, and slightly increase the temperature
near the wound. In view of this characteristic of the wound, Hou et al. [101] designed a
graft-modified thermosensitive hydrogel dressing formed by catechol Fe** and NIPAAm
(N-isopropylacrylamide), which has an intelligent drug transport system (Figure 15b). The
lower critical solution temperature (LCST) of the PNIPAAm thermosensitive hydrogel
in the dressing is close to the physiological temperature of the human body, and it can
respond quickly to external stimuli to achieve controlled drug release.

In the current market, among the hydrogel products that have emerged with related
functions, a large number of clinical manifestations have also proven the importance of such
hydrogel dressings. For instance, Solaraze® [102] has successfully prepared excellent drug
carriers by encapsulating drugs with HA. In clinical trials, 2 g Solaraze® was administered
three times a day, applied locally to the legs of healthy subjects for a total of six days.
Diclofenac was detected in plasma, with average bioavailability parameters of AUCy_¢
9 £+ 19 ng/mL (mean + SD), Cmax 4 = 5 ng/mL, and Tmax 4.5 £ 8 h. This indicates the
sustained and effective drug release ability of the products.

Another example of a commercial application of functional hydrogel dressing is a
dressing controlling the delivery of a drug named Prontosan® [103]. In clinical practice,
seven out of ten patients with similar injuries who participated in the test achieved effi-
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cient wound repair within three weeks, demonstrating the effectiveness of the functional
hydrogel dressing in transporting drugs and achieving wound repair in a short time.

These cases provide strong support for the feasibility and practical application of the
design concept of functional hydrogel dressings in clinical settings.

4. Composite Hydrogel Dressings

In recent years, nanocomposite hydrogels with a polymer matrix doped with certain
particles have received extensive attention [104]. Different chemical particles have different
properties and can be used in the process of wound repair. In particular, composite hydrogel
dressings have strong antibacterial [105], hemostatic [106], and mechanical [107] qualities
that are crucial in the study of functional hydrogel dressings. To maximize their functions,
functional hydrogel dressings made from composite hydrogels were loaded with various
particles using various methods (Figure 16). Early functional hydrogel dressings frequently
used this approach to add new capabilities to a product. As shown in Figure 13, in order
for a composite hydrogel dressing to achieve functional development, different types of
nanoparticles were embedded into the bulk hydrogel framework [108], and a variety of
composite hydrogel dressing materials with a uniform particle distribution were developed.
This was shown to greatly expand the functionality of functional hydrogel dressings.

Good Mechanical

_ Properties
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Figure 16. The effect of chemical particles on wound repair in composite hydrogel dressings.

Simultaneously, according to their most representative functions, composite hydrogel
dressing can be divided into three categories: antibacterial composite hydrogel dressings,
hemostatic composite hydrogel dressings, and compound hydrogel dressings with the
function of improving mechanical properties. These three categories will serve as a start-
ing point to describe the development of the functional research on composite hydrogel
dressings in more detail.

4.1. Antibacterial Composite Hydrogel Dressings

Bacterial infection is one of the most common problems in wound healing [109]. When
a wound is infected, the bacteria will continue to slow down the inflammatory stage’s
healing process and may potentially cause complications [110]. Therefore, hydrogel dress-
ings have good antibacterial properties and thus have important clinical significance [111].
Although there are some common hydrogel copolymers that can provide some antibacterial
properties (Figure 17a,d), researchers should also develop advanced functional hydro-
gel dressings with more specificity and greater wound healing efficiency by preparing
composite hydrogel dressings according to the characteristics of microbial infections.
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It is well known that metals and their compounds are essential trace elements for
the human body [112], including copper, zinc, manganese, chromium, etc. These metal
elements participate in some physiological processes in the body and maintain the normal
functions of the human body. Meanwhile, hydrogels [113] can be compatible with human
systems without risk of toxicity or immunogenicity. Therefore, the combination of metals
and hydrogels will make the new product an ideal candidate for wound healing.

Metals or metal compounds can effectively enhance the antibacterial activity of com-
posite hydrogel dressings. The research works listed in Table 3 combined typical metals or
metal compounds with hydrogel dressing with the aim to enhance the dressing’s antibacte-
rial activity.

Table 3. Typical metals or metal compounds used to enhance the antibacterial activity of hydro-
gel dressings.

Name Classification Component Advantages Refs
Nano-silver hydrogel Nanoparticles Ag-NPs Maintains antibacterial efficacy [114]
PVA/CMCS/AgNPs/Borax . 1. Extended antibacterial activity
hydrogel Nanoparticles Ag-NPs 2. Increased mechanical strength [115]
1. Improved antibacterial
PAA-AuNPs hydrogel Nanoparticles Au-NPs activity of drugs [116]
2. Activates drug precursors
. . 1. Antibacterial proper
2+ prop! ty
PSNZn composite hydrogel Metal ions PDA/PSBMA /NFC/Zn 2 Hemostasis [117]
Ag@7Zn0O NCs impregnated . 1. Antibacterial
hydrogels Nanoparticles PVP/PVA/Ag@Zn0O 2. Anti-biofilm activity [118]
Silver-sulfadiazine-loaded S . . _— 1. Antiresistant
antibacterial hydrogel Sulfa antibiotics with metal Silver sulfadiazine 2 Antibacterial [119]

In the early research, most antibiotics were modified on the surface of gold nanoparti-
cles, and the gold nanoparticles (Figure 17b) made the antibiotics show superior antibac-
terial activity than those without modification [120]. To improve the antibacterial ability,
Mahmoud et al. [116] added prepared AuNDPs as antibacterial substances to hydrogels
to prepare hydrogel dressings. At appropriate concentrations, AuNPs accelerate wound
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healing by inhibiting the growth of multidrug-resistant bacteria (Figure 18a). It has been
proven that AuNPs can not only be used as drug conjugates but can also be used directly
and independently to improve the antibacterial ability of a product. However, the cost
of gold is too high to be put into the market in the near future, and more particles with
lower costs and excellent antibacterial effects are needed to prepare composite hydrogel
dressings. Therefore, other metals or metal compounds have gradually gained the attention
of researchers. Xie et al. [121] also found that reducing the size of the gold nanoparticles
is conducive to obtaining better antibacterial properties. This is also applicable to the
preparation of gold and other nanoparticles for antibacterial composite hydrogel dressings.
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Figure 18. (a) The strategy and in vitro release model of Au loaded into poloxamer 407 hydrogel.
(b) Preparation scheme and schematic diagram of CuS NPs hydrogel. (c) Preparation mechanism and
antibacterial mechanism of poly(Cu-arylacetylide)-derived hydrogel.

Considering that gold has lower availability compared to copper, the long-term pro-
duction costs of the gold smelting process is significantly higher. In contrast, the copper
smelting process is well-established and mature, resulting in lower production costs com-
pared to gold [122]. This perspective highlights that copper is a more cost-effective option
for the large-scale production and commercialization of hydrogel dressings compared to
gold. Therefore, copper is more appropriate than gold for use as an antibacterial component
in composite hydrogel dressings (Figure 17c). The oxidation process in cells is catalyzed
by copper ions, which can inhibit and eliminate viruses and bacteria. Kong [123] et al.
also prepared a composite hydrogel with good antibacterial properties by using mixed
antibacterial particles. This hydrogel, composed of modified CuS NPs, was synthesized as
a multifunctional dressing to improve the dressing’s antibacterial efficiency (Figure 18b). Its
antibacterial efficiency against Staphylococcus aureus and Escherichia coli can reach to 99.62%
and 99.67%, respectively. This can effectively destroy the bacterial cell wall in the clinical
treatment process and ultimately lead to changes in bacterial morphology and finally death.
This dressing therefore meets the requirements for the antibacterial performance of wound
dressings. However, hydrogel dressings made of copper compounds need a certain amount
of light to achieve this ideal antibacterial effect.

Xia et al. [124] reported for the first time that poly(Cu-arylacetylide)-derived hydrogels,
known as poly(Cu-N-isopropylacrylamide) (poly(Cu-NIPAm)) hydrogels, are different
from traditional hydrogel materials due to their special copper arylacetylate chains. These
hydrogels can have excellent antibacterial properties without additional conditions needing
to be met (Figure 18c). In the antibacterial tests, the hydrogel produced minute amounts of
copper ions from the a-chain, which disrupted the biochemical cell pathway of the bacteria
and led to their demise. In HCuMy_y (formed by the Cu'*, M3, and arylacetylide groups on
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PNIPAm side chains, where x is the molar ratio of the Cu to NIPAm and y is the molar ratio
of the M; to the total arylacetylide groups of M; and pNIPAm side chains), the bacterial
treatment solution is challenging to observe. The concentration of these bacteria in the
PNIPAm hydrogel treatment fluid is seven times greater than that in standard hydrogel
under the same circumstances. This high-quality antibacterial property has broad prospects
for the application of wound dressings.

However, although Cu has a reduced cost, there is still more room for improvement
in antibacterial performance [125]. Copper can also damage red blood cells and cause
hemolysis and anemia.

Compared to the above-mentioned gold and copper metals and their compounds,
silver is a better choice for composite hydrogel dressings. Among the typical metals, the
application of Ag (Figure 17e) in antibacterial wound research has a long history. Ag
is cheaper than gold [126], and Ag has better germicidal efficacy than Cu at the same
concentration [127]. The chemical properties of Ag are very stable, and its corrosion
resistance is also strong. Ag can improve the antibacterial activity against Staphylococcus
aureus, Escherichia coli, and other bacteria and reduce the infection rate of the wound.

Many research advances have been made regarding composite hydrogel dressings
prepared using heavy metals such as Au, Ag and Cu. However, due to the shortcom-
ings of these heavy metals, their long-term use as wound dressings is greatly affected.
Scholars have found that composite hydrogel dressings can be prepared by combining
certain antibacterial particles with coordination methods [128]. Composite hydrogel dress-
ing prepared in this wat are more stable than composite hydrogel dressings prepared
by direct injection and can also make the antibacterial effect of the particles used more
sustainable. Zhao et al. [129] prepared a self-assembled supramolecular hydrogel based on
Fluorenylmethyloxycarbonyl-phenylalanine (Fmoc-F) through the simple incorporation of
silver ions, which contributes to the antibacterial activity (Figure 19a). This is one of the
simplest ways to prepare composite hydrogel dressings containing silver. Chen et al. [65]
synthesized hydrogels through the coordination and cross-linking of thiopolyethylene gly-
col (SH-PEG) and AgNOj3 and loaded them with desferrioxamine (DFO) (Figure 19b). This
hydrogel dressing can exert antibacterial and infection prevention effects because of the
reversible Ag-S bond produced by cross-linking SH-PEG and AgNO3 and the interaction
between the hydrogel and sulfur-containing proteins in the bacterial cell membrane. It is
noteworthy that this hydrogel dressing loaded with DFO will neither induce cytotoxicity
nor adversely affect the wound.

Because of the potential adverse effect of heavy metals and the super permeability
of nanoparticles [130], the widespread use of silver nanoparticles will also have adverse
effects on human beings. Now, more research is focusing on combining other metals and
other compounds to prepare composite hydrogel dressings, so that the shortcomings of
both materials can be improved. For example, the toxicity of ZnO NPs [131] (Figure 17d) to
healthy cells and tissues has always been the biggest obstacle to the development of ZnO-
based therapies. Considering these problems, in Khan’s team [118], hibiscus sabdariffa
was used in the processing of Ag NPs, followed by a coating of a thin layer of ZnO on
biogenic Ag NPs to minimize their toxicity towards mammalian cells (Figure 19¢c). This
provides a better approach for the future development of antibacterial composite hydrogel
dressings. We also have reason to believe that this will be an important research direction
in the future.

In the current market, Suprasorb® A + Ag [132] is a hydrogel dressing that employs
the design idea of loading the hydrogel with antibacterial chemical particles to achieve a
high antibacterial efficiency. After 24 h, such a dressing was able to harnesses the excellent
antibacterial ability of silver (Ag). In clinical trials involving 99 individuals with varying
degrees of infection, in vitro observations showed antibacterial effects related to ionic silver
from alginate silver fibers, which remained stable for up to 7 days.
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Figure 19. (a) Composition and antibacterial mechanism of Fmoc-F-based, self-assembled,
supramolecular hydrogel dressing. (b) Schematic illustration of the Ag(I)-thiol (Au-S) hydro-
gel and its antibacterial mechanism. (c) Preparation mechanism and antibacterial mechanism of
PVP/PVA/Ag@ZnO hydrogel dressings.

4.2. Hemostatic Composite Hydrogel Dressings

Hemostasis is an important part of wound repair. Uncontrolled bleeding during
the healing process is one of the most dangerous and potentially lethal issues in wound
healing, which can delay healing and even result in death, especially in very critical
circumstances [133]. It is very important to stop bleeding quickly. Coagulation time is the
most intuitive way to evaluate the hemostatic performance of a hydrogel dressing.

On the one hand, many studies have demonstrated that loading non-metallic particles
into hydrogels to increase cell adhesion can also result in improved hemostasis. For
example, Zhu [134] used a hydrogel (Figure 20a) combined with methacrylated methoxy
polyethylene glycol (mPEG-MA) and chlorhexidine diacetate (CHX)-loaded nanoparticles
(CLNSs) to stop bleeding in 100 s.
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Figure 20. (a) Schematic diagram of the cross-linking process, hemostasis mechanism, and coagu-
lation time of Gel@CLN hydrogel. (b) Schematic diagram of the cross-linking process, hemostasis
mechanism, and coagulation time of LAP: PVA alginate hydrogel. (c) Schematic diagram of the cross-
linking process, hemostasis mechanism, and coagulation time of HNTs-chitin hydrogel. (d) Schematic
diagram of the cross-linking process, hemostasis mechanism, and coagulation time of Ch-nWH hydro-
gel. (e) Schematic diagram of the cross-linking process, hemostasis mechanism, and coagulation time
of C-CTS/SA-Ag/dECM hydrogel. (f) Schematic diagram of the cross-linking process, hemostasis
mechanism, and coagulation time of PAAm-TA-KA hydrogel.
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On the other hand, accelerating the clotting reaction is a better and more common
method. In order to accelerate the blood coagulation reaction during wound repair, mineral
particles that are helpful for hemostasis can be loaded to promote hemostasis. Golaf-
shan [135] et al. successfully prepared a nanohybrid composite hydrogel of laponite:
polyvinyl alcohol (PVA)-alginate (LAP:PVA Alginate). The hemostatic effect was improved
by adding laponite, and it was found that the coagulation time was reduced to 20 min
by increasing the content of alginate. The schematic diagram of the coagulation effect
of Golafshan’s hydrogel dressing products is shown in Figure 20b. In comparison to the
hydrogel dressings without additional particles, this new hydrogel causes the activation of
coagulation factors, which reduces the time needed for coagulation.

Zhao et al. [136] used chitin as the matrix to construct a hydrogel (Figure 20c) that
can stop bleeding within 6 min, and the main hemostatic ingredients, halloysite nanotubes
(HNTs) and chitin, rarely cause immune rejection. Metal particles are often used to achieve
hemostatic performance, and how to improve the hemostatic efficiency is also being stud-
ied constantly. To date, the hemostatic effect has entered the range of a few minutes.
Pillai [137] Jack loaded 2% Ch—4% nWH (nano-whitlockite) to prepare a composite hydro-
gel (Figure 20d). This hydrogel was shown to have a good hemostatic effect, achieving
coagulation in 3.5 & 1.2 min by releasing Ca%*, Mg?*, and PO4>~ from nano-whitlockite.

Based on mussels and barnacles, Pan [138] introduced Ag NPs to develop a new com-
posite hydrogel dressing (Figure 20e). In this hydrogel, Ag NPs can accelerate the produc-
tion of thrombin by activating platelets and increasing the exposure of phosphatidylserine,
thus improving the hemostatic ability. When the blood is in full contact with the hydro-
gel for 120 s, the liquid blood is converted into coagulated blood. This product makes
composite hydrogel a promising emergency hemostatic dressing material.

There are also other particles that can help stop bleeding and have similar hemo-
static efficiency to metal particles. For example, Fan [139] loaded kaolin into a PAAm
(polyacrylamide)-tannic acid (TA)-kaolin (KA) hydrogel (Figure 20f), which greatly en-
hanced the coagulation reaction, thus reducing the coagulation time to 24-31 s. Because
KA is the contact activator of the coagulation effect, the hemostasis speed is very fast, and
this hydrogel has great potential in achieving hemostasis in arterial ruptures.

One feasible example of this preparation method is in clinical trials of existing products,
specifically the Gelatin LAPONITE nanocomposite hydrogel [140]. In these trials, different
concentrations of silicate were incorporated, and it was observed that products with silicate
concentrations of 25%, 50%, and 75% reduced the coagulation time by 32%, 54%, and 77%,
respectively. This demonstrates potential for commercial production and provides support
for the viability of this approach.

4.3. Composite Hydrogel Dressings with Good Mechanical Properties

In the process of preparing traditional hydrogel dressings, researchers often find that
traditional hydrogels have problems such as uneven network structures and a lack of
energy dissipation mechanisms [141]. As a result, the mechanical properties of traditional
hydrogels are poor and their adhesion to skin is weak, which limits their application in
practical production and life to a large extent [142]. The tensile and adhesive capabilities of
hydrogel can be enhanced in composite hydrogel dressings. Adding these new functions
is a good way to improve the mechanical properties of hydrogels (Figure 21). By adding
various nanomaterials to the hydrogel matrix as fillers, the adhesion and tensile mechanical
properties of the nanocomposite hydrogel formed can be significantly improved. Thus,
composite hydrogel dressings can also effectively improve the mechanical properties of
standard dressings [143].
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Figure 21. The effect of good mechanical properties on functional composite hydrogel dressings.

4.3.1. Adhesion

In terms of adhesion, general hydrogel dressings are indeed adhesive and often fall off
in daily application, so the adhesive ability required for ideal dressings can be reasonably
realized by using the diverse functions of functional hydrogel dressings [144]. The hydrogel
with excellent adhesion can prevent bacterial invasion and inhibit its proliferation on
wounds [145].

The team of Professor Liu and Professor Wang [146] developed a new hydrogel
dressing based on supramolecular and metal ion coordination. As an ideal adhesive,
dopamine (DOPA) can provide excellent wound adhesion properties for dressings. Fe** can
form coordination bonds with DOPA to stabilize hydrogels, producing hydrogel dressings
with strong adhesion. When the dressings need to be replaced, a Zn?* aqueous solution
simply needs to be sprayed on the dressing, and the adhesion ability of the hydrogel will be
significantly reduced. At the same time, poly (1-vinylimidazole) (PVI) and Zn?* form stable
coordination bonds, further enhancing the strength of the hydrogel, so that the dressing
can be easily replaced without damage, and there will be no obvious dressing residue at
the site of the wound (Figure 22a). This is a scheme that can improve adhesion and avoid
secondary injury.

In order to avoid secondary injury, there are other design ideas that can use excellent
biodegradability to directly avoid the manual removal of dressings. Qu [147] developed
a hydrogel composed of chitosan (CS), polyacrylamide, etc., in which MgNPs were intro-
duced. They successfully prepared a multi-mesh nanocomposite MgNPs/CS hydrogel
dressing. The MgNPs/CS composite hydrogel dressing showed strong adhesion to skin in
performance tests (Figure 22b). Not only can nonbiological materials improve adhesion,
but biological materials can also achieve this goal. Wang et al. [148] successfully prepared
a gelatin/PHEAA hydrogel dressing after loading a hydrogel prepared by acrylamide
with gelatin from fish (Figure 22¢). This product can adapt to the wounds located in areas
with high-frequency movement. Tests were performed using different concentrations of
gelatin, and it was found that in order applications in human therapy, hydrogel dressings
with concentrations of gelatin between 0.1 and 0.2 g/mL had the best adhesion to the
wound. The controllable mediating function of the adhesion of the hydrogel dressing is
realized. Other research results show that compared with nonbiological materials, bio-
logical materials can not only improve adhesion, but can also avoid the step of removing
dressings, thus essentially avoiding secondary injury. Both gelatin [149] extracted from
fish and MgNP [150] are environmentally friendly materials that are low-cost and easy to
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obtain, in addition to their excellent biodegradability. This also prevents secondary damage
caused by high viscosity when removing the dressings.
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Figure 22. (a) The design strategy of the HB-PBAE/Geln/PVI composite hydrogel dressing and the
mechanism of its special removal method of dynamic dressing. (b) Preparation of the MgNPs/CS
hydrogel dressing and its application in wound healing. (c) Design strategy and dynamic adhesion
mechanism of gelatin/PHEAA composite hydrogel dressings.
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4.3.2. Extensibility

In terms of tensile properties [151], the addition of metal oxides is a common method
to improve the function of hydrogel dressings [152]. Hu et al. [153] synthesized fusiform
zinc oxide nanorods (brZnO) using the hydrothermal method (Figure 23a). A carboxyl
chitosan CMCS zinc bromide oxide composite hydrogel dressing was prepared. In it,
brZnO increases the mechanical properties of the gel networks through the supramolecular
interactions between brZnO and -OH, -COOH, and -NH. The higher the content of brZnO
is, the higher the crosslinking density of the hydrogel is. Thus, the compact network
structure with enhanced mechanical strength can retain more water without breaking [154],
so as to better fit skin wounds.
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Figure 23. (a) The synthesis process of CMCS-brZnO hydrogel and the schematic diagram showing
its strong tensile properties. (b) Preparation diagram of P-L-MMT hydrogel.

In addition, the use of aluminosilicate is another common method to improve the
tensile properties of hydrogel dressings. Using Lycium barbarum L. polysaccharides (LBPs),
montmorillonite (MMT), and polyvinyl alcohol (PVA), Shi et al. [155] invented a compos-
ite hydrogel dressing with LBP-functionalized montmorillonite nanosheets (L-MMT NS)
(Figure 23b). The P-L-MMT hydrogel dressing has excellent swelling performance, which
is conducive to blood adsorption and removal of wound metabolites and promotes the
healing of bleeding wounds. At the same time, the tensile strength of P-L-MMT hydrogel is
still higher than that of human skin. It shows that P-L-MMT hydrogel has good flexibility.

5. Summary and Prospects

The recent progress in the preparation of hydrogel dressings with various functions
conducive to wound repair were highlighted in this review. Functional hydrogel dressings
have become products with excellent therapeutic impacts as a result of ongoing exploration
into their development. Especially in recent years, related research on how to make the
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function of hydrogels more conducive to wound repair has resulted in many breakthroughs,
including dressings with injectability, self-healing capabilities, controlled drug release,
healing promotion, antibacterial activity, hemostasis effects, and improved mechanical
properties. Furthermore, many future prospects can be summarized as follows.

How to ensure hydrogel dressings can quickly self-repair and adapt to a wound by
reversible covalent bonds and noncovalent bonds has always been an important research
question. In this review, we found that borate bonds are generally superior to imine bonds,
hydrogen bonds, and metal coordination bonds. Faced with the need to shorten their
adaptive and self-healing times, combining reversible covalent bonds and noncovalent
bonds in hydrogel dressings to synergistically improve related functions is one potential
focus challenge of future research.

Another significant aspect of functional hydrogel dressings is the controlled release
of drugs. These dressings can be designed to respond to different signals, such as pH,
ROS, glucose, pressure, and temperature, so as to accurately control the release of drugs
into the wound. When treating different wounds, research on how to construct a system
that can control drug release via environmental changes and human subjective factors to
accelerate wound healing will be indispensable in the future. It is also worth noting that
new cells are introduced into tissues through functional hydrogel dressings to achieve
wound self-repair [156,157]. This is a promising and emerging route in the field of hydrogel
dressings, where the dressings act as controlled release systems for delivering cells to the
wound site to promote tissue regeneration. However, further research and development in
this area is still needed for future investigations in the field of hydrogel dressings.

Meanwhile, in order to create an environment conducive to wound repair, the recent
progress of functional hydrogel dressings loaded with chemical particles with different
functions was highlighted. Surprisingly, we found that hydrogel dressings containing
chemical particles can successfully create an ideal environment for wound repair. However,
most of the chemical particles employed today are hazardous and expensive, and extended
use causes some harm to the human body. Therefore, it is necessary to find more and
better chemical particles suitable for wound repair with lower costs. This will directly
determine the evaluation results of functional hydrogel dressings in terms of their ability
to create a therapeutic environment and would thus be a fruitful area for further work.
Furthermore, wounds comprise a dynamic microenvironment that changes throughout
the healing process. Presently, most hydrogel dressings with antibacterial properties focus
on the overall healing process and antibacterial impact, without considering the timing
and effectiveness of the dressings during different stages of healing. Moving forward, our
research will concentrate on developing antibacterial hydrogel wound dressings that can
precisely control the duration of antibacterial activity. This represents a highly promising
research direction for functional hydrogels in the field of wound care.

Based on a market report [158], functional hydrogel dressings have witnessed a grow-
ing adoption rate in clinical wound treatment, holding the largest revenue share in the
chronic wound repair market since 2021. These dressings have shown remarkable thera-
peutic effects for difficult-to-heal chronic wounds. In recent years, there has been a trend
towards reducing raw material costs in both commercialized products and research find-
ings, leading to increased interest in the commercialization of high-end dressing products.

As a result, it is predicted that future research on functional hydrogel dressings will
focus on cost reduction and improved specificity for commercial applications, while con-
tinuing to advance research in acute wound repair. The treatment of chronic wounds with
functional hydrogel dressings will be a major research focus moving forward. To achieve this,
the combinations of preparation methods discussed in this review and exploration of new
methods will be necessary to develop more functional hydrogel dressings. Enhancing the
functionality of dressings, optimizing preparation methods, and selecting cost-effective raw
materials will remain significant challenges for future research and problem-solving efforts.

An large body of literature has been published that emphasizes the value of functional
hydrogel dressings. It would be very beneficial for wound healing if more research was
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conducted in this area. Many efforts are still needed in the following areas: (1) the accelera-
tion of wound adaptation and self-healing; (2) drug selection and reasonable controlled
release systems; (3) enhancing antibacterial safety and ability; (4) shortening time to reach
hemostasis; and (5) improving the mechanical properties of hydrogels. This review has the
potential to enhance not just the meaning of wound healing but also the reach of theoreti-
cal studies in chemistry, clinical medicine, and materials science. When developing and
innovating new functional hydrogel wound dressings, this review can offer new ideas and
mechanisms for researchers in the future, advancing the field of wound dressing therapy
and expanding the market for functional hydrogel dressings.
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ADA: hydrazide-modified sodium hyaluronate; AHA: aldehyde-modified sodium hyaluronate;
APS: ammonium persulfate; AM: acrylamide; A: adenine; BIS: N,N’-methylenebis-acrylamide;
brZnO: zinc oxide nanorods; CMCS: carboxymethyl chitosan; COL: Collagen; CNF: cellulose
nanofibers, CA: cystamine; C: cytosine; CHX: chlorhexidine diacetate; CLNs: CHX-loaded nanogels;
CS: chitosan; CMCS: carboxymethyl chitosan; DA: dopamine hydrochloride; dop: dopamine;
DFO: desferrioxamine; DOPA: dopamine; EGCG: epigallocatechin-3-gallate; EDC: 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide; Fmoc-F: Fluorenylmethyloxycarbonyl-phenylalanine; GC:
glycol chitosan; GA: gallic acid; HER: hericium erinaceus residues; HA-ADH: hyaluronate-adipic
dihydrazide; HPC: hydroxypropyl chitosan; HisMA: histidine methacrylamide; HA: hyaluronic acid;
HNTs: halloysite nanotubes; KA: kaolin; L-Arg: L-arginine; LAP: laponite; LBP: Lycium barbarum L.
polysaccharide; L-MMT NS: LBP-functionalized montmorillonite nanosheets; MY: myricetin; mPEG-
MA: methacrylated methoxy polyethylene glycol; MgNPs: Mg(OH), nanoparticles; MMT: montmo-
rillonite; NHS: N-Hydroxy succinimide; NIPAAm: N-isopropylacrylamide; nWH: nano whitlockite;
OSA-DA: dopamine-grafted oxidized sodium alginate; OMCC: oxidized microcrystalline cellu-
lose; 0xi-CNC: aldehyde-modified cellulose nanocrystals; OHA: oxidized hyaluronic acid; OCMC-
DA: dopamine-grafted oxidized carboxymethyl cellulose; OHAdop: catechol-modified oxidized
hyaluronic acid; PP: pineapple peel; PB: polyol/borax; PDA: polydopamine; PAHC: phenylboric
acid-modified hydroxypropyl cellulose; PA: protocatechualdehyde; P(AM-HisMA): poly(acrylamide-
histidine methacrylamide); PAM: polyacrylamide; PVP: polyvinylpyrrolidone; PBS: Phosphate-
buffered saline; PEGDE: poly(ethylene glycol) diglycidyl ether; PEG: Poly(ethylene glycol); PTK:
polythioketal; PEG-DA: polyethylene glycol diacrylates; PBA: phenylboronic acid; pNIPAm: poly(N-
isopropylacrylamide); poly(Cu-NIPAm): poly(Cu-N-isopropylacrylamide); PVA: polyvinyl alcohol;
PAAm: polyacrylamide; PHEAA: poly(N-hydroxyethyl acrylamide); PVA: polyvinyl alcohol; QCS:
quaternized chitosan; ROS: reactive oxygen species; SH-PEG: thiolated polyethylene glycol; SA:
sodium alginate; TA: tannic acid.
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