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Abstract: Chronic wounds are a major health challenge that require new treatment strategies. Hydro-
gels are promising drug delivery systems for chronic wound healing because of their biocompatibility,
hydration, and flexibility. However, conventional hydrogels cannot adapt to the dynamic and com-
plex wound environment, which involves low pH, high levels of reactive oxygen species, and specific
enzyme expression. Therefore, smart responsive hydrogels that can sense and respond to these
stimuli are needed. Crucially, smart responsive hydrogels can modulate drug release and eliminate
pathological factors by changing their properties or structures in response to internal or external stim-
uli, such as pH, enzymes, light, and electricity. These stimuli can also be used to trigger antibacterial
responses, angiogenesis, and cell proliferation to enhance wound healing. In this review, we introduce
the synthesis and principles of smart responsive hydrogels, describe their design and applications for
chronic wound healing, and discuss their future development directions. We hope that this review
will inspire the development of smart responsive hydrogels for chronic wound healing.

Keywords: smart responsive hydrogel; chronic wound healing; drug delivery system; stimuli-

responsive material; wound environment modulation

1. Introduction

Chronic wounds do not heal normally over a long period and are usually a comorbidity
of individuals with underlying diseases [1]. Chronic wounds include diabetic feet, venous
legs, and pressure ulcers. In particular, the long healing time of chronic wounds imposes a
huge health burden on patients and increases the healthcare costs of society [2,3].

Normally, wound healing occurs in four stages: haemostasis, inflammation, prolif-
eration, and remodelling. These stages are linear and dynamic but overlap. However,
chronic wounds remain in the inflammatory phase for an extended period. The main
reasons for long-term non-healing are the prevention of angiogenesis, damage caused by
reactive oxygen species (ROS), and bacterial infection [4-6]. Various treatment options for
chronic wounds are available. Debridement is essential for good wound bed preparation
and involves the removal of all necrotic and devitalised tissue that is incompatible with
healing, as well as the removal of the surrounding callus. Sharp debridement is the simplest
option, but enzymatic debridement and biosurgery offer more options for patients who
reject anaesthesia or are concerned about pain. Oxygen therapy and negative pressure
wound therapy are also tremendously helpful in wound healing; the former ameliorates
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the problems associated with the low oxygen supply arising from vascular disease, and
the latter absorbs excess exudate. Wound offloading is an important adjunct therapy that
relieves pressure and shear stress to promote healing and prevent wounds [7-10].

There is consensus in reports on the care of chronic wounds that the site should be
maintained as moist, and wound dressings are the most widely used option to achieve such
a humid environment [11,12]. Ideal wound dressings should (i) be non-toxic, (ii) retain
moisture, (iii) protect the wound from friction, (iv) absorb exudate, (v) allow gas/vapor
exchange [3,13], and (vi) be easily removable. Hydrogels possess these properties [14],
and stimuli-responsive bio-based polymers have, thus, attracted significant attention for
diverse biomedical applications [15]. With recent technological advances, hydrogels can
be designed as carriers for the timed release of biomolecules or drugs to eliminate over-
expressed pathological products, promote vascularisation, and provide antioxidant, anti-
inflammatory, and antimicrobial properties to promote wound repair [16,17].

This review describes the recent developments in hydrogels for the treatment of
chronic wounds, particularly smart responsive hydrogels that control the release of drugs
on demand and eliminate pathological factors by exploiting internal /external stimuli. In
particular, we focus on describing design ideas for multiresponsive hydrogels and introduce
key functional groups or polymerisation methods to promote the development of future
smart medical biomaterials.

2. Chronic Wound Characteristics and Hydrogel Design

Chronic wound formation as a result of vascular injury, localised pressure, bacterial in-
fection, and uncontrolled inflammation results in a complex wound microenvironment [13].
Traditional wound dressings such as gauze and cotton balls only cover the wound and do
not address the underlying problem. Fortunately, the emergence of smart multiresponsive
hydrogels in recent years has addressed this problem. Depending on pathological changes
such as those in the pH, body temperature, ROS, enzymes, glucose (diabetes), and external
stimuli (light, heat, electricity), various different hydrogel designs have been developed, as
shown in Scheme 1.

Scheme 1. Smart responsive hydrogel wound dressings for chronic wound treatment.
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Skin injury and healing are dynamic processes influenced by various factors, and skin
wounds have a wide range of pH values [4]. The normal skin surface is slightly acidic,
having a pH of 4.0-6.5. However, wounds become alkaline because of injury and the
subsequent exposure of internal tissue and body fluids to the external environment [18,19].
Further, if the damage is severe, the wound site can become acidic owing to bacterial
infection caused by the lack of an immune barrier, anaerobic respiration, and persistent in-
flammation resulting from defective capillaries in the wound tissue, and this is particularly
common in chronic wounds [4,20,21]. In addition, in wound healing, ROS is a double-
edged sword. Inflammatory monocyte activation leads to an increase in pro-inflammatory
cytokines and ROS levels. However, the excess production of ROS exacerbates tissue
damage [22,23]. Further, the dysregulation of macrophage function in individuals with
diabetes leads to a reduced ability to switch to the more reparative M2 phenotype [24], and
the high-glucose environment of the wound promotes bacterial growth [25]. Normally,
matrix metalloproteinases (MMPs) help remove the damaged extracellular matrix (ECM)
and play a role in remodelling. In chronic wounds, the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«B) is activated depending on the wound severity and
ROS levels, and this upregulates MMPs, but excess unregulated MMPs are detrimental, de-
stroying the ECM and preventing wound healing [26]. Together, these factors constitute the
unique pathological environment of chronic wounds. Hydrogels are designed to respond
dynamically to the characteristics and the pathological products of the wound. They can
shrink/swell on demand at the wound site or degrade to release a drug, thus alleviating
symptoms and eliminating the pathological products.

Hydrogels that are responsive to external stimuli have several advantages, including
controllability and versatility. For example, light energy can be used as a polymeriza-
tion initiator [27], thereby controlling the mechanical strength of the gel and improving
stability [28]. In addition, light can act as a switch for photothermal and photodynamic
reactions to achieve wound shape adaptation, drug release, and antimicrobial effects by
generating thermal and reactive oxygen radicals [29-31]. In addition, damage to the skin
induces an endogenous electric field (EF), and previous studies have shown that electrical
stimulation has a strong influence on the adhesion, migration, and proliferation of fibrob-
lasts and endothelial cells [32,33]. Thus, endowing a hydrogel with electrical conductivity
and applying electrical stimulation to the wound can aid in the healing process. Several
groups have developed hydrogel systems with specific targets by integrating these internal
factors and manipulating external conditions. They have also made their own choices
about how to embed different response switches into hydrogels.

Generally, the chemical modification or the copolymerisation of various monomers are
the most commonly used method for synthesising multi-stimuli-sensitive hydrogels [34,35].
By attaching different reactive groups to the monomers or forming functional chemical
bonds between them, hydrogels can respond to pathological conditions or external stim-
uli. Generally, two main processes are employed: physical and chemical crosslinking.
Physically cross-linked hydrogels are easier to prepare but have low stability and me-
chanical strength and are non-permanent. These physical interactions are typically based
on hydrogen bonds, ionic chelation, hydrophobic associations, and chain entanglement.
In contrast, chemically crosslinked hydrogels are permanent three-dimensional network
polymers formed by irreversible covalent bonding and are structurally stable [36], as shown
in Figure 1. Several chemical species and reactions are exploited in multiresponsive gels,
including polymerisation (including bulk, solution, suspension, and emulsion polymeri-
sation), enzyme-mediated reactions, click chemistry using Schiff bases, Michael addition,
etc. [37-40]. Earlier reviews have discussed synthetic methods for hydrogels in detail, and
the reader is directed to these for further information [41-44].
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Figure 1. Cross-linked mesh structure of hydrogels observed using scanning electron microscopy [45].

The design of drug delivery systems aims to achieve controlled drug release in diseased
tissue, and the type of stimulus that triggers the release can influence the synthetic method
used to prepare responsive hydrogels. For example, hydrogels formed by physical cross-
linking through non-covalent interactions are generally less stable and more sensitive to
stimuli. Thus, they are suitable for rapid drug release. On the other hand, hydrogels formed
by chemical cross-linking are more stable and controllable, making them more favourable
for slow-release drugs [46]. For application in complex chronic wound environments, it is
increasingly agreed that hydrogels should not be limited to only one type of cross-linking.
Rather, hydrogels should release a certain amount of drug in a certain time to eliminate
pathological factors, and the selective combination of internal and external stimuli should,
thus, achieve a fine-tuned release. In particular, smart responsive hydrogels used in chronic
wounds should be composed of biocompatible natural or synthetic polymers; the products
of chemical bond breakage or phase transition should be easily eliminated or degraded [47].
To achieve this, different modified polymers and appropriate cross-linking methods have
been chosen, and the stage at which drugs, metal ions, or bioactive substances are added
has been tailored to achieve the desired effect for smart response therapy.

3. Smart Responsive Hydrogel Design
3.1. pH-Responsive Gels
3.1.1. pH-Responsive Design

Changes in pH are typical of chronic wounds. Therefore, one of the most common
types of hydrogels used in chronic wound care are those designed for acidic environments.
There are several ways to construct pH-responsive hydrogels. One is to use hydrogels
that contain bonds that break within a certain pH range (Figure 2A). Typically, these
bonds are stable at physiological pH but hydrolysed under weakly acidic conditions. The
second approach is the use of pH-sensitive polymeric materials. Most of these polymeric
materials are polyelectrolytes, the pK, of which is within the physiological pH range [48].
In addition, pH-responsiveness can be achieved using acid-catalysed hydrolysis [49,50],
nanoparticles [51], and electrostatic interactions [45].

3.1.2. Schiff Bases

Schiff bases form reversible imine bonds, which impart smart response properties
to hydrogels in acidic environments [52,53]. The flexibility and versatility of Schiff bases
make them important for chemical and biological research [54,55]. Further, there is a wide
degree of flexibility for the selection of different carbonyl compounds for reaction with
different amines [56], and it is relatively easy to introduce amino or aldehyde groups
into polymeric compounds via chemical modification [48,57]. Crucially, Schiff bases can
coordinate with metal ions via the hybrid orbitals of their nitrogen atoms and lone pairs to
form metal complexes with different stabilities and functions [58], and some such ligands
and their complexes have shown good antibacterial, anti-inflammatory, antioxidant, and
other biological activity [59-61].
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The structural and functional characteristics of aldehydes and amines are key to the
formation of Schiff bases [62]. For example, chitosan (CS) contains amino and hydroxyl
groups and provides a rich backbone that can be chemically modified for various pur-
poses [63]. Further, CS is inexpensive and readily available [64,65]. However, modified
chitosan has better antibacterial and free radical scavenging ability than pristine CS [66-68].
Therefore, CS and its derivatives are often used as monomers in pH-responsive hydro-
gels. For example, Fang et al. reported a novel multi-functional hydrogel comprising two
components. Schiff bases were formed between aldehyde-modified polyethylene glycol
(PEG) and quaternised chitosan (QCS) N [66]. Similarly, tunicate cellulose nanocrystals
(TCNCs) can be isolated from the mantle of marine animals, and polydopamine (PDA)-
coated TCNCs have been used as the reinforcing agent of QCS. Crucially, the quinone group
of PDA can interact with the amino group of QCS to form a Schiff base [30]. To achieve
better mechanical properties, Hu et al. designed a double-crosslinked hydrogel. Briefly,
oxidised dextran-dopamine (OD-DA) was prepared by forming a Schiff base structure
between the amino group in DA hydrochloride and the aldehyde group in oxidised dextran.
Subsequently, the amino group in the QCS reacts with the aldehyde group in OD-DA via
a Schiff base reaction. The hydrogel achieved antimicrobial and angiogenesis-promoting
effects after encapsulating Ag-NPs and deferoxamine (DFO) [69]. Similarly, Liu produced
hydrogels by modifying CS with 4-formylphenylboronic acid (FPBA) and innovatively
combined the pH-responsiveness with an immune response. Specifically, a Schiff base bond
was formed between the amino group of CS and the aldehyde group of FPBA. In addition,
the presence of N-formyl-met-leu-phe (fMLP) recruited a large number of neutrophils to
gather at the site of infection, creating a low-pH microenvironment that triggered hydrogel
degradation. The Fas ligand then induces apoptosis in activated neutrophils and promotes
inflammation resolution. Further, macrophages remove apoptotic neutrophils, and this
process activates key signalling pathways to promote the anti-inflammatory phenotypic
transformation of macrophages and tissue regeneration [70,71].

Catechol groups are widespread in nature and have been particularly studied in
marine mussels, where they act as glues. They can be oxidised or coordinated with metal
ions [72]. Notably, the catechol moiety functionalisation of QCS enhances its adhesion for
use as a dressing, and the tensile adhesion strength of acid-treated hydrogel adhesives is
significantly reduced such that they can be removed on demand [31,73,74]. Cationic amino
acids can also promote the destruction of the hydration layer between the catechol and
the tissue, thus enhancing its adhesion. For example, L-arginine side chains contain many
amino groups that favour the formation of Schiff base bonds [17]. Tannic acid (TA) is rich
in catechol units and contains several highly concentrated phenolic groups (Figure 2B). TA
can chelate europium ions, and these complexes promote angiogenesis. Specifically, under
acidic conditions, the metal-phenol coordination bonds break and release metal ions that
facilitate wound healing [29]. In addition, there is no clear indications to suggest that Eu
ions is particularly toxic compared to other heavy metals [75,76].
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Figure 2. (A) Chemical bonding during hydrogel preparation [77]. (B) TA-metal ion coordination

complex crosslinked citrate-based mussel-inspired bio-adhesives [29]. Reproduced with permission.

3.1.3. Boronic Ester Bonds

Polymers containing borate bonds are ideal pH-responsive biomaterials [78]. Boronate
bonds are formed by the condensation of molecules containing 1,2- or 1,3-diols with boronic
acid derivatives [79]. Benzene boric acid (BA) is a Lewis acid with a unionised hydrophobic
form and an ionised hydrophilic form in aqueous solution. Notably, ionised BA easily
bonds with sodium alginate containing 1,2-diol groups via reversible covalent bonds to
form a more hydrophilic structure. When the hydrogel is exposed to an acidic wound,
the hydrogel structure is destroyed because of the dissociation of the boronic ester, thus
facilitating drug release [80].

3.14. pK,

Usually, pH-responsive hydrogels contain either weakly acidic or basic groups. These
groups can accept or release protons at different pH values. Acrylic acid (AA) is a weak
acid and undergoes deprotonation at pH values above the dissociation constant of its
carboxylic acid group, resulting in hydrogel swelling. Weak polycations contain derivatives
of ammonia, such as chitosan, p(L-lysine). Notably, the protonation of nitrogen via its
lone pairs provides a positive charge to the macromolecular chain. The consequent charge
repulsion causes the hydrogels to swell in acidic media below the pK; [20,46]. Accordingly,
Cui et al. created a hydrogel that actively regulated wound pH; briefly, the hydrogel could
release or remove H* jons from different microenvironments to tune the pH of the wound
surface precisely and accelerate wound healing [81].

3.1.5. Electrostatic Interactions

Bovine serum albumin (BSA) is a natural protein that can be crosslinked with internal
electron-deficient polyesters to form hydrogels via amino-yne click chemistry [82-86].
Crucially, BSA chains are negatively charged in neutral environments, and, under these
conditions, basic fibroblast growth factor (bFGF) can bond to the BSA chain segments
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via electrostatic interactions. In a weakly acidic microenvironment, the charge of BSA is
eliminated, resulting in the release of bonded bFGEF, which promotes wound healing [45].

The pH plays a key role in physiological processes involved in wound healing [81].
pH-responsive hydrogels not only release drugs at the wound sites but also act as pH
regulators. However, pH differences between individuals can affect drug release behaviour
and must be considered when designing the hydrogel.

3.2. Thermoresponsive Gels

Materials with a lower critical solution temperature (LCST) between room temperature
and physiological temperature have been widely used in biomedical engineering (Figure 3).
Notably, such hydrogels solidify when their temperature exceeds the LCST, making them
ideal candidates for use in irregular wound dressings [87,88].

N-Isopropylacrylamide (NIPAM) is often used for hydrogel preparation [89,90]. For
example, Yan et al. incorporated Ag-nanoparticle-modified reduced graphene oxide
nanosheets (Ag@rGO) into a polymer containing NIPAM. On phrase transformation into a
hydrogel, strong synergistic coordination interactions between the Ag@rGO nanosheets
and collapsed PNIPAM chains maintained the hydrogel state and enhanced its stability at
low temperatures [36]. However, patients with chronic wounds do not experience signif-
icant changes in body temperature; therefore, the temperature stimulus is often used in
conjunction with other stimuli when designing hydrogels.

Figure 3. Phase transition of gels at different temperatures and their behaviour on porcine skin [91].
Reproduced with permission.

3.3. ROS-Responsive Gels

Excess ROS accumulated in wounds not only induce strong inflammatory responses
but can also restrict angiogenesis and hinder wound tissue regeneration [92-96]. The design
of ROS-responsive hydrogels is typically based on borate ester bonds and thiol groups.
However, an alternative design is the incorporation of ROS-responsive nanoparticles and
cross-linking agents. For example, catechol groups can scavenge overproduced ROS and
shorten the inflammatory phase [53]. Furthermore, in the presence of ROS, the oxidation
of TA to its quinone form can increase the degradation of the hydrogel network, thereby
promoting rapid drug release [97]. For example, Li et al. encapsulated copper ions in an
ROS-sensitive TA scaffold, and copper-based metal-phenolic networks (MPNs) released
the drug to the wound upon an increase in the ROS levels [98]. In addition, Zhao et al.
developed an ROS-responsive hydrogel that was cross-linked by the reaction between
phenylboronic acid (PBA) and hydroxyl groups. This hydrogel was gradually degraded
with an increase in the concentration of HO,, demonstrating that such hydrogels have
the ability to respond to ROS [93]. Similarly, TA-conjugated nanoparticles (PPBA-TA NPs)
with ROS-scavenging and antimicrobial properties were prepared based on the antioxidant
effects of TA and ROS-responsive phenylboronic acid ester (PBAE). The PPBA-TA NPs
were then reacted with a polyvinyl alcohol (PVA) solution to form injectable hydrogels.
This hydrogel acts as an effective ROS-scavenging agent to alleviate inflammation, pro-
mote cell migration, and accelerate wound closure [99]. Wu developed a dual-carrying
hydrogel that possessed good biodegradability and could achieve the spatio-temporal
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delivery of diclofenac sodium and Mangifera [94], as shown in Figure 4. It promotes blood
vessel proliferation and accelerates wound healing. Guo et al. also developed a hydrogel
containing micelles (MIC). The thiol groups present in amphiphilic polymers make the
MIC responsive to ROS exposure, which could disrupt the MIC and cause the release of
encapsulated paeoniflorin [100].

A B DS MIC@WF DS&MIC@MF
Blank M MIC@MF L929
—~ 150 Control 1 DS&MIC@MF 5
X DS 2
< NS s
2 [ 11 I
= 1004 o
e} 3
© ‘ E
s g
3 50
o £
2
0 2 b
1 2 3
Time (days) £
2
2
C Blank Hydrosorb Control DS MIC@MF  DS&MIC@MF
A Day 0
z £ B £
é E 10 (AL E1o 2 E1o a\ 4 s:z:
\ |} | \| L J
1 i @@ | 2.
5 7 5 & 5 T
o @ oay14
/
§1 5 10 5 10 5 10
N Distance (mm) Distance (mm) Distance (mm)
Blank Hydrosorb Control

(mm)
(mm)

t:
p
"
"

10 Days.

5 10 5 10 5 10
Distance (mm) Distance (mm) Distance (mm)

DS MIC@VF DS&MIC@MF

14 Days

Wound trace

Figure 4. (A) Cell viability after incubation with the different hydrogel groups. (B) Cell scratch assay,
to validate effects on promoting cell growth/migration. (C,D) In vivo experiments to validate the
effect on wound model healing. Reproduced with permission [94].

ROS-responsive hydrogel dressings reduce ROS levels in the wound environment
while enabling intelligent drug release. However, as mentioned above, ROS can be a
double-edged sword. For example, maintaining ROS at normal levels allows antimicrobial
activity to occur without causing a dramatic inflammatory response [101]. This can reduce
the use of exogenous antimicrobials, further reducing the risk of side effects.

3.4. Glucose-Responsive Gels

Hyperglycaemia is typical in diabetes, and glucose-responsive hydrogels are com-
monly used to treat diabetic ulcers. Glucose contains an ortho-diol group, and PBA forms a
more hydrophilic structure when combined with glucose after ionisation, thereby facilitat-
ing drug release. In addition, hydrogels doped with glucose oxidase (GOX) and cutanea
lectin A can be used for glucose-responsive hydrogel design. Based on this, a glucose-
responsive hydrogel microneedle was prepared by the in situ copolymerisation of gela-
tine methacrylate, the glucose-responsive monomer 4-(2-acrylamide-ethylaminoformyl)-3-
fluorobenzene-boric acid (AFPBA), and gluconic insulin (G-insulin). Thus, this hydrogel
could control glucose levels by releasing insulin in diabetic patients [102]. Similarly, by
grafting PBA onto poly(ethylene glycol) succinate-benzaldehyde (PEGS-BA), the PBA
moiety formed a dynamic phenylboronic acid ester with a catechol structure. Thus, the
hydrogel released metformin in highly glycaemic environments [17]. Yang used a hydrogel
loaded with GOX to break down excess glucose into hydrogen peroxide and glucuronic
acid, thereby altering the microenvironment of hyperglycaemic wounds [103]. The hydro-
gel particles contain complexes of the lectin concanavalin A (ConA) and 2-glucosyloxyethyl
methacrylate (GEMA). The GEMA-ConA gel particles selectively recognised glucose, and
the swelling ratio of the GEMA-ConA gel particles gradually increased with the increase in
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glucose concentration. These results indicate that smart gel particles can be used as tools in
drug delivery systems to treat diabetes [104].

Diabetic ulcers are typical chronic wounds, and the high glucose concentration in
diabetic wounds causes vasoconstriction and inhibits blood vessels, which blocks the
supply of O; and impedes the healing process. Further, a high glucose environment can
exacerbate bacterial infection [17,105,106]. Therefore, controlling blood glucose levels at
the wound site is key in the design of hydrogels for the treatment of diabetic ulcers.

3.5. Enzyme-Responsive Gels

Wound-specific enzyme expression can be used to design smart-response hydrogels,
for example, the degradation of hyaluronan-based hydrogels that are cross-linked by
an ethylenediaminetetraacetic acid (EDTA)—Fe®" complex by bacterial hyaluronidase
(HAase). On hydrogel degradation, Fe3* is rapidly absorbed by the surrounding bacteria
and subsequently reduced to Fe?*, which reacts with H,O, to form hydroxyl radicals that
damage the proteins and nucleic acids, thus yielding an antibacterial effect [107].

MMPs can also degrade the extracellular matrix, which is involved in tissue remod-
elling, and the overexpression of MMPs can contribute to the development of chronic
wounds. Therefore, exosomes have been loaded into MMP-degradable PEG smart hydro-
gel, and this has been shown to be beneficial for diabetic wound healing [108].

Enzyme-responsive hydrogels degrade only in the presence of certain enzymes but
remain stable in other environments. Therefore, these smart responsive hydrogels are very
specific [109]. Crucially, depending on the severity of the wound, the level of enzyme
expression varies, and, accordingly, the ability of a hydrogel to release a drug varies,
achieving controlled release. If designed as a multi- or cascade response system, they may
be favourable for achieving successful wound control.

3.6. Photo-Responsive Gels

The use of light as a stimulus provides a wealth of inspiration for hydrogel design.
Altered polymer conformations or degradation on exposure to light can trigger drug re-
lease, and photocurable hydrogels can be used for 3D printing and the development of
customised wound dressings [46,110]. In existing studies, photothermal therapy (PTT) and
photodynamic therapy (PDT) have been widely used for chronic wound treatment. The
combination of these novel therapies with photo-responsive hydrogels not only maintains
the time- and position-controlled release of the cargo but has also been adopted for antibac-
terial treatment. For example, the heat generated by near-infrared (NIR) radiation can be
used to achieve physical sterilisation, promote micro-blood circulation, and release drugs or
metal ions [111-115]. In addition, the heat generated can be used to induce a phase change
in the hydrogel to match the shape of a wound [116]. During PDT, photosensitisers (PSs)
can produce cytotoxic ROS at specific wavelengths and induce bacterial death through
oxidative stress. However, some PSs can be repelled by negatively charged bacterial cell
membranes. To solve this problem, metal-organic frameworks (MOFs), porous materials
comprising organic linkers and metal nodes, are often used for PDT [117]. The combined
use of PDT and PTT can often yield enhanced results [91]; see Figure 5.

Photo-responsiveness can also be achieved using encapsulated drug carriers. For
example, a carrier encapsulating a drug that breaks down under ultraviolet (UV)/NIR
irradiation. In one example, Pluronic F127 containing azo groups was prepared, and
cyclodextrin (CD) was used to modify QCS because of the inherent photosensitivity of CDs
to azo groups. Under 365 nm UV irradiation, micelles loaded with curcumin were released
from the hydrogel, yielding antibacterial effects and encouraging wound healing [30].
In another example, on NIR-II light irradiation (1064 nm), the shell of liposomes burst
to release an encapsulated drug, thus enhancing the PTT effect for synergistic bacterial
elimination [116].
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Figure 5. (A,B) The antibacterial activity of hydrogels against S. aureus, E. coli, and MRSA. (C) An-
tibacterial capacity displayed with SEM images of biofilms after different treatments. Reproduced
with permission [91].

The role of oxygen in wound therapy has long been recognised. Wang et al. developed
a NIR-excitation-based device that increases the portability of oxygen therapy. The device
consisted of an upper layer for replaceable oxygen generation, a unidirectional delivery
system, and a lower layer of perfluorinated hyperbranched polymer/gelatine hydrogel.
This hydrogel could be used as an oxygen reservoir for precise delivery to wounds. In
contrast, Zhang et al. proposed an interesting material that was not strictly a photo-
responsive hydrogel. They used calcium alginate hydrogels loaded with Weissella and
lipid-membrane-encapsulated Chlorella vulgaris to reduce inflammation and the hypoxic
microenvironment for chronic wound healing by producing NO and O; in dark and light
environments, respectively [118].

Photo-responsive hydrogels offer the advantage of controlling the release behaviour
of the hydrogel by adjusting the timing and intensity of light irradiation. Moreover, light
irradiation is a non-contact method that requires inexpensive and portable equipment,
making it convenient for clinical use. Common light sources for photo-responsive hydrogels
are UV and IR light. However, it should be noted that UV light may cause further damage
to the fragile wound tissue after long-term exposure, whereas IR light is safer and can
penetrate deeper into the tissue [119]. In addition, sunlight is also an important factor to
consider in practical applications.

3.7. Electro-Responsive Gels

Electroactive hydrogels can be constructed using conductive polymers as monomers.
In addition, the introduction of metal nanoparticles, metal ions, or carbon compounds
(e.g., graphene) can provide hydrogels with conductivity [120] and confer additional
benefits [121-123], such as enhanced physical properties and antimicrobial effects. However,
the homogeneity of the dispersion of the conductive medium inevitably affects electrical
conduction and must be considered when designing such hydrogels.
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Tang et al. designed a conductive scaffold by homogeneously dispersing PDA-reduced-
graphene oxide (pGO) in a polymer system. The distribution of pGO in the hydrogel pro-
vided a channel for the transmission of electrical signals, which affected cell affinity [124].
In addition, Walker et al. recently prepared a biocompatible conductive hydrogel using
a choline-based bio-ionic fluid [32]. Moreover, Lei created electroactive hydrogels by
crosslinking with dynamic borate ester bonds and hydrogen bonds, which improved the
current transmission and facilitated intercellular signalling in the tissue [33]. Further-
more, Jiang et al. developed a dual-conducting (electrical and ionic) hydrogel with a low
impedance across a wide frequency range, resulting in more efficient charge injection
during stimulation. This ensured efficient signal exchange and energy delivery between
the circuits and soft skin tissue [125].

Crucially, this hydrogel can conduct electricity, allowing it to be connected to smart
electronic devices that can be loaded with modules for various functions. Hydrogel dress-
ings are now evolving into intelligent integrated treatment-monitoring platforms (Figure 6).

Electronic
components

C \\\\ Wireless
smart
bandage

Circuit
traces

Hydrogel
interface

Figure 6. (A) Conductivity of hydrogels [124]. (B) Intelligent wound monitoring [19]. (C) Smart
bandage with integrated sensors and stimulators [125]. Reproduced with permission.

In the sections above, we have categorised hydrogels based on their reactions and
responsiveness. Next, we will summarise the recent research. In particular, labelled
materials, loading, responsive unit, release behaviour and effect will be described. The
details are given in Table 1.
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Table 1. Construction and function of smart responsive hydrogels.

Tvpe of Release
Res glrfsiveness Materials Cargo Responsive Unit Behaviour Effect Reference
P Study
Curcumin
Polycaprolactone Curcumin con]ugatéd cffect Wound monitoring [19]
and reciprocal
isomer
Carboxymethyl-CS, Sodium alginate Mn2* MnSiO3 v/ Antibacterial [51]
Electrostati Proliferation and differentiation of
PEG, Acetylenedicarboxylic acid BSA ir?tfer;c tiecl)nc v fibroblasts, collagen accumulation, [45]
epidermal layer stacking
pH-Responsive - - ; : — -
Catechol-QCS, Dibenzaldehyde-PEG / Schiff base v/ Antibacterial, antioxidant, haemostasis [53]
s quaternary;g;ﬁl:ril;il salt, Oxddised Ag NPs, DFO Schiff base v Antibacterial, angiogenesis [69]
FPBA-CS 5i0O,-Fas Ligand Schiff base v Activating immune response [70]
Hydroxypropyl acrylate, Acrylic acid, 24 } : Angiogenesis, proliferation and migration
CMCS Mg COOH, -NH, X of fibroblasts, polarization of macrophages [81]
Guar gum, Polyvinyl alcohol Borax-TA Boi‘)aotig:ter v/ Antibacterial, wound monitoring [126]
Proliferation of human dermal fibroblasts,
Sodium alginate, Pectin, PEG-thioketal Substance P Thioketal v/ Tinflammation-related genes in [15]
macrophages
Polyvinyl alcohol, Gl\;[;}zlllr(());:lr;é_ Scavenge ROS, |pro-inflammatory
N1-(4-boronobenzyl)-N3-(4-boronophenyl)- macro hz o TPA v cytokines, 93]
) N1,N1,N3,N3-tetramethylpropane-1, Colonv-s tfmu%a tin 1T™2 phenotype macrophages,
ROS-Responsive 3-diaminium (TPA) yfac tor & angiogenesis, production of collagen
TA, Polyvinyl alcohol, PBA-modified / Phenylborate % Anh_mﬂan:r?gg;?:eiilv enge ROS, [99]
polyphosphazene ester bond Re-epithelialization, fgranulation tissue
Sodium hyaluronate, polyvinyl alcohol MnCoO@PDA /CPH Catalase-mimic % Anti-inflammatory, re-epithelialization [127]

nanozyme

Tcollagen deposition, angiogenesis
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Table 1. Cont.
Release
Type of . . . .
. Materials Cargo Responsive Unit Behaviour Effect Reference
Responsiveness
Study
Gelatine methacrylate,
4—(2—acrylam1doethylcarbamoyl)—3— G-insulin Borate ester v Anti-inflammatory, fcollagen deposition, [102]
Fluorophenylboronic bonds glucose control
Glucose-Responsive acid
N,N-Diethylaminoethyl methacrylate, Reversible
PEG-dimethacrylate, 2-glucosyloxyethyl Con A cross-link X Delivery system [104]
methacrylate, Modified-ConA
Hyaluronic acid Fe3* Hyaluronidase v Antibacterial, angiogenesis [107]
Enzyme-Responsive Matrix metallo- Antioxidant,
Four-armed PEG, PEG-sulfhydryl group Exosome proteinase v proliferation and migration of cells [108]
Poly (ethylene glycol) diglycidyl ether,
. 1,8-octanediamine, .
Photo-Responsive 3-perfluorohexyl-1,2-epoxypropane / PDA v Improvement of hypoxia [128]
Gelatine
QCS grafted polyaniline, Oxidised dextran / Polyaniline X Antibacterial, proliferation of cells [67]
4-Arm-PEG-Thiol, Carbon nanotubes Exosome . . . .
Electro-Responsive (CNTs) Metformin CNTs Proliferation of cells, angiogenesis [120]
PDA-reduced-graphene, oxide (pGO), €5, PGO PGO Antioxidant [124]
Silk fibroin
Electro- Borate ester bond, JROS and MMP-9,
ROS-Res or;sive Polyvinyl alcohol, Human-like collagen, TA TA, siRNA electric v Tpolarization of macrophages, production [33]
P stimulation of collagen, angiogenesis
-OH. hvdrogen Antibacterial,
Electro-, pH-Responsive Polyacrylamide, Starch Drug /bgn d & v Tcollagen deposition, angiogenesis, [49]

epidermis formation
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Table 1. Cont.
Type; of Materials Cargo Responsive Unit Effect Reference
Responsiveness
Polyaniline,
QCS grafted polyaniline, Benzaldehyde NH,
roug —PEG—EO— yol (gl ’cerol sebaca}’:e) / quaternary Antibacterial, antioxidant [68]
Electro-, group POyl&y ammonium
Thermo-Responsive groups
. . LCST, I
Poly-(3,4-thylenedioxythiophene), / Jinterfacial Activation of monocyte and macrophage [125]
Polystyrene sulfonate, NIPAM, Acrylamide ) cell, monitoring wound
impedance
Alginic acid sodium salt, HA, Amikacin, Boronic ester . . ..
3-aminophenyl boronic acid Naproxen bond, micelle Antibacterial, anti-inflammatory [80]
Boronic ester Antibacterial
PBA-grafted oxidised dextran, Caffeic Mangiferin bonds, .. !
. . . . . anti-inflammatory [94]
. acid-grafted e-poly-lysine Diclofenac sodium Schiff base, o . .
pH, ROS-Responsive - antioxidant, angiogenesis
micelle
HA-PBA, TA Ag NPs Bor‘;r(‘)‘ﬁ;smr Antibacterial, antioxidant [97]
Aminated gelatine, Oxidised dextran ZnO.NPs. SC.hlff base Haemostatic, antibacterial, angiogenic [100]
Paeoniflorin Thiol group
(Dihydrocaffeic acid and ¥-Arg).—CS, (PBA Metformin Schiff base,. Antibacterial
and benzaldehyde bifunctional PBA (Reduced-GO) Phenylboronic antioxidant. haemostasis [17]
PEG)-co-p(glycerol sebacic acid) ester bond /
Glucose—F;{I;I; onsive Zn**, DFO, GOX Antibacterial, angiogenesis
p 4,5-Imidazoledicarboxylic acid Glucose oxidase Metal-organic lucose’ cor%tr(ﬁ [103]
(GOX) hydrogels &
S S GOX . . . .
Hyaluronic acid methacryloyl, Acrylic acid pKa Antibacterial, angiogenic [129]

Copper peroxide
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Table 1. Cont.

Tvpe of Release
ype Materials Cargo Responsive Unit Behaviour Effect Reference
Responsiveness
Study
. . Schiff base, Angiogenesis, re-epithelization, collagen
F127, Oxidative-HA, Poly-¢-L-lysine Exosome LCST v/ deposition [6]
pH, Thermo-, CMC-Na Diclofenac sodium -COOH v/ Anti-inflammatory [18]
Responsive
P NIPAM, AA Ag NPs pKa, LCST v Antibacterial [20]
Hydroxypropyl chitin, TA-Fe3* / TA-Fe3* v Antibacterial [72]
PTT
F127, Hydroxypropyl methyl cellulose, . PDT . . .
Cellulose nanofibril Prussian blue (Protoporphyrin v/ Antibacterial, haemostasis [91]
IX)
. PTT Antibacterial,
4-Octyl itaconate, PEG, GelMA Black phosphorus PDT v antioxidant, angiogenesis [96]
Black phosphorus . . . .
. Thermo-, Fibrinogen, Thrombin (BP) PTT v . ti_fsgﬁfaf;;““:scfﬁe . [112]
Photo-Responsive Lidocaine Y anglogenes
_ . ROS-scavenging
PLGA PEG PLGA Niobium carbide PTT X . . . [113]
antibacterial, haemostasis
PLGA PEG PLGA ImlPenem@Au PTT v Antlbac'tferlal, haemostasis [116]
liposome anti-inflammatory
Antibacterial,
Alginate, F127 Zn* PDT (Ceb) v collagen deposition, [117]
re-epithelialization
Schiff base,
. “ 1 _ 3+
Poly(pentahydrqpyrlmldme), TA-Fe’*, / Phenylborate v Antibacterial, angiogenesis [77]
) Polyvinyl alcohol ester bond,
pH, Photo-Responsive PTT (TA—Fe3*)
_ EBa3+
Protocatechualdehyde—Fe3+, QCs / Catechol —Fe X Antibacterial, haemostatic [114]

Schiff base, PTT
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Table 1. Cont.

Tvpe of Release
ype Materials Cargo Responsive Unit Behaviour Effect Reference
Responsiveness
Study
Electro-, ROS, Ge?lMA, [2—(acryloyloxy) . . Bio-IL T™M2 phenotyI:.Je:* macropha}ges,
. ethyl]-Trimethylammonium-chloride Doxycycline - v collagen deposition, antioxidant, [32]
Photo-Responsive . Thioketal . b O
(Bio-IL), angiogenesis, re-epithelialization
Metal-phenolic . .
TA-Europium / coordination v . .AnhbactegaI . [29]
antioxidant, angiogenesis
bonds
Schiff base
. Host-guest
Phenylazo-F127, QCS .—graft—cyclo-dextrm, Curcumin interaction of v Antibacterial, haemostasis [30]
PDA coated tunicate cellulose .
cyclodextrin and
pH, Thermo-, azobenzene
Photo-Responsive Boronic ester
bond,
. . Schiff base, . . .
Gelatine, TA quinone, Borax / Polyphenol, v Antibacterial, haemostasis [31]
PTT (Quinone
group)
. . Succinyl groups
Hydroxybutyl C.S’. Methacryhc anhydride, / Photoinitiator X Delivery systems [110]
Succinic anhydride
(LAP)
. Boronic ester Antibacterial, anti-inflammatory,
P%}g;gf;:‘e Os_’c)G;;f]ise’ HA-PBA, Gelatine, Hyaluronic acid @ Cll\ill ?g]?)lznll\rflps bonds v/ angiogenesis, [111]
P PTIT deposition of ECM and collagen

“4/” means that the authors conducted a study of release behaviour, “ X ” means that the authors did not design release behaviour experiments; “1” means to promote or adjust upwards,
“|” means to inhibit or adjust downwards.
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4. Discussion and Prospects

Chronic wounds are challenging to treat because they involve vascular damage, bacte-
rial infection, and uncontrolled inflammation. These factors lead to abnormal conditions
in the wound environment, such as pH imbalance, ROS accumulation, specific enzyme
expression, and blood glucose dysregulation. To address these issues, smart hydrogels
can be designed to respond to the specific characteristics of chronic wounds and external
stimuli. In particular, smart hydrogels can modulate the wound environment by removing
pathological factors or delivering drugs in a controlled manner. Moreover, smart hydro-
gels can also serve as integrated platforms for diagnosis, treatment, and wound healing
monitoring. Coupling the action of different structures for achieving multifunctional
platforms is the most exciting advance in the field. For example, the development of a
light-responsive smart nanoplatform, activated by plasmonic particles, enables on-demand
drug release while doubling the amount of drug released [130]. At the same time, the
external connection of smart chips or the development of terminal applications can be used
for diagnosis and monitoring. Other than this, we know that the inherent properties of
hydrogels promote chronic wound healing. Seeking a combination with other therapies
can lead to better results [131]. For example, biological therapy [132,133], antibiotics [134],
acupuncture [135], etc. The promise of smart response hydrogels for the treatment of
chronic wounds is promising. However, designing smart hydrogels for wound healing is
not a simple task because it requires the consideration of the complexity and diversity of
the human body and the wound conditions. Chronic wounds are vulnerable due to the
disruption of the skin barrier and various pathological factors. Therefore, hydrogels must
be designed with biocompatibility in mind, including long-term effects and degradation
by-products [136,137]. Overly complicated hydrogel designs may not be effective, reliable,
or affordable for clinical use. Therefore, research is required to find a balance between the
desirable and the practical aspects of smart hydrogel design for wound healing.
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Abbreviations

AA, acrylic acid; ADSC-exo, adipose-derived stem cell-derived exosomes; Ag@rGO, silver-
nanoparticle-modified reduced graphene oxide nanosheets; BA, benzene boric acid; BSA, bovine
serum albumin; CD, cyclodextrin; ConA, concanavalin A; CS, chitosan; DFO, deferoxamine; EDTA,
ethylenediaminetetraacetic acid; EF, electric field; fMLP, N-formyl-met-leu-phe; FPBA, 4-formylphenyl
boronic acid; GeIMA, glycidyl methacrylate; GEMA, 2-glucosyloxyethyl methacrylate; GOX, glucose
oxidase; HA, hyaluronic acid; HBC, hyperbranched copolymer; LCST, lower critical solution tem-
perature; MIC, micelles; MMPs, matrix metalloproteinases; MOF, metal-organic framework; MPN,
metal-phenolic network; NIPAM, N-isopropylacrylamide; OD-DA, oxidised dextran-dopamine; PBA,
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phenylboronic acid; PBAE, phenylboronic acid ester; PDA, polydopamine; PEGS-BA, poly(ethylene
glycol) succinate-benzaldehyde; PEG, polyethylene glycol; PTT, photothermal therapy; PDT, photo-
dynamic therapy; PSs, photosensitisers; QCS, quaternised chitosan; ROS, reactive oxygen species; TA,
tannic acid; TCNCs, tunicate cellulose nanocrystals.

References

1. Sen, C.K. Gordillo, G.M.; Roy, S.; Kirsner, R.; Lambert, L.; Hunt, TK.; Gottrup, F; Gurtner, G.C.; Longaker, M.T. Human Skin
Wounds: A Major and Snowballing Threat to Public Health and the Economy. Wound Repair. Regen. 2009, 17, 763-771. [CrossRef]

2. Graves, N,; Phillips, C.J.; Harding, K. A Narrative Review of the Epidemiology and Economics of Chronic Wounds. Br. |. Dermatol.
2022, 187,141-148. [CrossRef]

3.  Derakhshandeh, H.; Kashaf, S.S.; Aghabaglou, F.; Ghanavati, 1.O.; Tamayol, A. Smart Bandages: The Future of Wound Care.
Trends Biotechnol. 2018, 36, 1259-1274. [CrossRef]

4.  Huang, F; Lu, X; Yang, Y,; Yang, Y.; Li, Y.;; Kuai, L.; Li, B.; Dong, H.; Shi, J. Microenvironment-Based Diabetic Foot Ulcer
Nanomedicine. Adv. Sci. 2023, 10, €2203308. [CrossRef]

5. Zhao, Y; Luo, L; Huang, L.; Zhang, Y.; Tong, M.; Pan, H.; Shangguan, J.; Yao, Q.; Xu, S.; Xu, H. In Situ Hydrogel Capturing Nitric
Oxide Microbubbles Accelerates the Healing of Diabetic Foot. J. Control. Release 2022, 350, 93-106. [CrossRef]

6. Wang, C.; Wang, M.; Xu, T.; Zhang, X,; Lin, C.; Gao, W.; Xu, H.; Lei, B.; Mao, C. Engineering Bioactive Self-Healing Antibacterial
Exosomes Hydrogel for Promoting Chronic Diabetic Wound Healing and Complete Skin Regeneration. Theranostics 2019, 9, 65-76.
[CrossRef]

7. Noor, S.; Khan, R.U.; Ahmad, J. Understanding Diabetic Foot Infection and Its Management. Diabetes Metab. Syndr. Clin. Res. Rev.
2017, 11, 149-156. [CrossRef]

8. Everett, E.; Mathioudakis, N. Update on Management of Diabetic Foot Ulcers. Ann. N. Y. Acad. Sci. 2018, 1411, 153-165. [CrossRef]

9. Powers, J.G.; Higham, C.; Broussard, K.; Phillips, T.J. Wound Healing and Treating Wounds. J. Am. Acad. Dermatol. 2016, 74,
607-625. [CrossRef]

10. Dixon, D.; Edmonds, M. Managing Diabetic Foot Ulcers: Pharmacotherapy for Wound Healing. Drugs 2020, 81, 29-56. [CrossRef]
[PubMed]

11.  McColl, D.; Cartlidge, B.; Connolly, P].I. Real-Time Monitoring of Moisture Levels in Wound Dressings in Vitro: An Experimental
Study. Int. ]. Surg. 2007, 5, 316-322. [CrossRef] [PubMed]

12. Wang, T; Yi, W.,; Zhang, Y.; Wu, H.; Fan, H.; Zhao, ].; Wang, S.].C. Sodium Alginate Hydrogel Containing Platelet-Rich Plasma for
Wound Healing. Colloids Surf. B Biointerfaces 2023, 222, 113096. [CrossRef] [PubMed]

13.  Jones, R.E.; Foster, D.S.; Longaker, M.T. Management of Chronic Wounds-2018. JAMA 2018, 320, 1481-1482. [CrossRef] [PubMed]

14. Mao, G,; Tian, S.; Shi, Y.; Yang, ]J.; Li, H.; Tang, H.; Yang, W. Preparation and Evaluation of a Novel Alginate-Arginine-Zinc Ion
Hydrogel Film for Skin Wound Healing. Carbohydr. Polym. 2023, 311, 120757. [CrossRef] [PubMed]

15. Zhu, Y;; Yao, Z; Liu, Y.; Zhang, W.; Geng, L.; Ni, T. Incorporation of Ros-Responsive Substance P-Loaded Zeolite Imidazolate
Framework-8 Nanoparticles into a Ca?+-Cross-Linked Alginate/Pectin Hydrogel for Wound Dressing Applications. Int. J.
Nanomed. 2020, 15, 333-346. [CrossRef] [PubMed]

16. Mirbagheri, M.S.; Akhavan-Mahdavi, S.; Hasan, A.; Kharazmi, M.S.; Jafari, S.M. Chitosan-Based Electrospun Nanofibers for
Diabetic Foot Ulcer Management; Recent Advances. Carbohydr. Polym. 2023, 313, 120512. [CrossRef] [PubMed]

17. Liang, Y.; Li, M,; Yang, Y.; Qiao, L.; Xu, H.; Guo, B. Ph/Glucose Dual Responsive Metformin Release Hydrogel Dressings with
Adhesion and Self-Healing Via Dual-Dynamic Bonding for Athletic Diabetic Foot Wound Healing. ACS Nano 2022, 16, 3194-3207.
[CrossRef]

18. Maver, T.; Gradisnik, L.; Smrke, D.M.; Stana Kleinschek, K.; Maver, U. Systematic Evaluation of a Diclofenac-Loaded Car-
boxymethyl Cellulose-Based Wound Dressing and Its Release Performance with Changing Ph and Temperature. AAPS Pharm-
SciTech 2019, 20, 29. [CrossRef]

19. Pan, N.; Qin, J.; Feng, P, Li, Z.; Song, B. Color-Changing Smart Fibrous Materials for Naked Eye Real-Time Monitoring of Wound
Ph. J. Mater. Chem. B 2019, 7, 2626-2633. [CrossRef]

20. Haidari, H.; Vasilev, K.; Cowin, A.J.; Kopecki, Z. Bacteria-Activated Dual Ph- and Temperature-Responsive Hydrogel for Targeted
Elimination of Infection and Improved Wound Healing. ACS Appl. Mater. Interfaces 2022, 14, 51744-51762. [CrossRef]

21. Agrawal, K; Sarda, A.; Shrotriya, R.; Bachhav, M.; Puri, V.; Nataraj, G. Acetic Acid Dressings: Finding the Holy Grail for Infected
Wound Management. Indian |. Plast. Surg. 2017, 50, 273-280. [CrossRef]

22.  Wilaschek, M,; Singh, K.; Sindrilaru, A.; Crisan, D.; Scharffetter-Kochanek, K. Iron and Iron-Dependent Reactive Oxygen Species
in the Regulation of Macrophages and Fibroblasts in Non-Healing Chronic Wounds. Free Radic. Biol. Med. 2019, 133, 262-275.
[CrossRef]

23. Wang, Y.; Wu, Y,; Long, L.; Yang, L.; Fu, D.; Hu, C.; Kong, Q.; Wang, Y. Inflammation-Responsive Drug-Loaded Hydrogels with
Sequential Hemostasis, Antibacterial, and Anti-Inflammatory Behavior for Chronically Infected Diabetic Wound Treatment. ACS
Appl. Mater. Interfaces 2021, 13, 33584-33599. [CrossRef]

24. Aitcheson, S.M.; Frentiu, ED.; Hurn, S.E.; Edwards, K.; Murray, R.Z. Skin Wound Healing: Normal Macrophage Function and

Macrophage Dysfunction in Diabetic Wounds. Molecules 2021, 26, 4917. [CrossRef]


https://doi.org/10.1111/j.1524-475X.2009.00543.x
https://doi.org/10.1111/bjd.20692
https://doi.org/10.1016/j.tibtech.2018.07.007
https://doi.org/10.1002/advs.202203308
https://doi.org/10.1016/j.jconrel.2022.08.018
https://doi.org/10.7150/thno.29766
https://doi.org/10.1016/j.dsx.2016.06.023
https://doi.org/10.1111/nyas.13569
https://doi.org/10.1016/j.jaad.2015.08.070
https://doi.org/10.1007/s40265-020-01415-8
https://www.ncbi.nlm.nih.gov/pubmed/33382445
https://doi.org/10.1016/j.ijsu.2007.02.008
https://www.ncbi.nlm.nih.gov/pubmed/17499032
https://doi.org/10.1016/j.colsurfb.2022.113096
https://www.ncbi.nlm.nih.gov/pubmed/36542954
https://doi.org/10.1001/jama.2018.12426
https://www.ncbi.nlm.nih.gov/pubmed/30326512
https://doi.org/10.1016/j.carbpol.2023.120757
https://www.ncbi.nlm.nih.gov/pubmed/37028858
https://doi.org/10.2147/IJN.S225197
https://www.ncbi.nlm.nih.gov/pubmed/32021183
https://doi.org/10.1016/j.carbpol.2022.120512
https://www.ncbi.nlm.nih.gov/pubmed/37182929
https://doi.org/10.1021/acsnano.1c11040
https://doi.org/10.1208/s12249-018-1236-4
https://doi.org/10.1039/C9TB00195F
https://doi.org/10.1021/acsami.2c15659
https://doi.org/10.4103/ijps.IJPS_245_16
https://doi.org/10.1016/j.freeradbiomed.2018.09.036
https://doi.org/10.1021/acsami.1c09889
https://doi.org/10.3390/molecules26164917

Pharmaceutics 2023, 15, 2735 19 of 23

25.
26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhang, Y.; Li, D.; Xu, Y.; Niu, Y. Application of a Cascaded Nanozyme in Infected Wound Recovery of Diabetic Mice. ACS
Biomater. Sci. Eng. 2022, 8, 1522-1531. [CrossRef]

Chang, M.; Nguyen, T. Strategy for Treatment of Infected Diabetic Foot Ulcers. Acc. Chem. Res. 2021, 54, 1080-1093. [CrossRef]
Flory, PJ. Principles of Polymer Chemistry; Cornell University Press: Ithaca, NY, USA, 1953.

Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, Properties, and
Biomedical Applications of Gelatin Methacryloyl (Gelma) Hydrogels. Biomaterials 2015, 73, 254-271. [CrossRef]

Fu, M.; Zhao, Y.; Wang, Y.; Li, Y.; Wu, M; Liu, Q.; Hou, Z; Lu, Z.; Wu, K,; Guo, J. On-Demand Removable Self-Healing and
Ph-Responsive Europium-Releasing Adhesive Dressing Enables Inflammatory Microenvironment Modulation and Angiogenesis
for Diabetic Wound Healing. Small 2023, 19, €2205489. [CrossRef]

Liu, X.; Zhang, Y.; Liu, Y,; Hua, S.; Meng, F; Ma, Q.; Kong, L.; Pan, S.; Che, Y. Injectable, Self-Healable and Antibacterial
Multi-Responsive Tunicate Cellulose Nanocrystals Strengthened Supramolecular Hydrogels for Wound Dressings. Int. J. Biol.
Macromol. 2023, 240, 124365. [CrossRef]

Kang, X.; Guan, P; Xiao, C.; Liu, C.; Guan, Y,; Lin, Y,; Tian, Y.; Ren, K.; Huang, Y.; Fu, R; et al. Injectable Intrinsic Photothermal
Hydrogel Bioadhesive with on-Demand Removability for Wound Closure and Mrsa-Infected Wound Healing. Adv. Healthc.
Mater. 2023, 12, €2203306. [CrossRef] [PubMed]

Cao, W.; Peng, S.; Yao, Y.; Xie, J.; Li, S.; Tu, C.; Gao, C. A Nanofibrous Membrane Loaded with Doxycycline and Printed with
Conductive Hydrogel Strips Promotes Diabetic Wound Healing in Vivo. Acta Biomater. 2022, 152, 60-73. [CrossRef]

Lei, H.; Fan, D. A Combination Therapy Using Electrical Stimulation and Adaptive, Conductive Hydrogels Loaded with Self-
Assembled Nanogels Incorporating Short Interfering Rna Promotes the Repair of Diabetic Chronic Wounds. Adv. Sci. 2022,
9,2201425. [CrossRef]

Andrade-Vivero, P.; Fernandez-Gabriel, E.; Alvarez-Lorenzo, C.; Concheiro, A. Improving the Loading and Release of Nsaids
from Phema Hydrogels by Copolymerization with Functionalized Monomers. J. Pharm. Sci. 2007, 96, 802—-813. [CrossRef]

Dai, H.; Chen, Q.; Qin, H.; Guan, Y.; Shen, D.; Hua, Y.; Tang, Y.; Xu, J. A Temperature-Responsive Copolymer Hydrogel in
Controlled Drug. Macromolecules 2006, 39, 6584-6589. [CrossRef]

Yan, X.; Fang, WW.; Xue, J.; Sun, T.C.; Dong, L.; Zha, Z.; Qian, H.; Song, Y.H.; Zhang, M.; Gong, X.; et al. Thermoresponsive in
Situ Forming Hydrogel with Sol-Gel Irreversibility for Effective Methicillin-Resistant Staphylococcus Aureus Infected Wound
Healing. ACS Nano 2019, 13, 10074-10084. [CrossRef]

Hu, W.,; Wang, Z.; Xiao, Y.; Zhang, S.; Wang, ]. Advances in Crosslinking Strategies of Biomedical Hydrogels. Biomater. Sci. 2019,
7, 843-855. [CrossRef]

Zhengda, Z.; Weizhong, Y.; Shuying, G.; Tianfu, R.; Jie, R. Click Chemistry and Its Growing Applications in Biomedical Field.
Prog. Chem. 2010, 22, 417-426.

van Dijk, M.; van Nostrum, C.; Hennink, W.; Rijkers, D.; Liskamp, R.J.B. Synthesis and Characterization of Enzymatically
Biodegradable Peg and Peptide-Based Hydrogels Prepared by Click Chemistry. Biomacromolecules 2010, 11, 1608-1614. [CrossRef]
[PubMed]

Qizhi, Y,; Jia, L.; Yulin, J. Application of Click Chemistry in Biomedical Polymers. Prog. Chem. 2010, 22, 2377-2387.

Hennink, W.E.; van Nostrum, C.F. Novel Crosslinking Methods to Design Hydrogels. Adv. Drug Deliv. Rev. 2002, 54, 13-36.
[CrossRef]

Jiang, Y.; Chen, J.; Deng, C.; Suuronen, E.J.; Zhong, Z. Click Hydrogels, Microgels and Nanogels: Emerging Platforms for Drug
Delivery and Tissue Engineering. Biomaterials 2014, 35, 4969-4985. [CrossRef]

Chacko, R.T.; Ventura, J.; Zhuang, J.; Thayumanavan, S. Polymer Nanogels: A Versatile Nanoscopic Drug Delivery Platform. Adv.
Drug Deliv. Rev. 2012, 64, 836-851. [CrossRef]

Hajebi, S.; Rabiee, N.; Bagherzadeh, M.; Ahmadi, S.; Rabiee, M.; Roghani-Mamagqani, H.; Tahriri, M.; Tayebi, L.; Hamblin, M.R.
Stimulus-Responsive Polymeric Nanogels as Smart Drug Delivery Systems. Acta Biomater. 2019, 92, 1-18. [CrossRef]

Zhang, R.; Tian, Y.; Pang, L.; Xu, T; Yu, B.; Cong, H.; Shen, Y. Wound Microenvironment-Responsive Protein Hydrogel Drug-
Loaded System with Accelerating Healing and Antibacterial Property. ACS Appl. Mater. Interfaces 2022, 14, 10187-10199.
[CrossRef]

Korzhikov-Vlakh, V.; Tennikova, T. Tunable Hydrogels: Smart Materials for Biomedical Applications; Springer: Berlin/Heidelberg,
Germany, 2021.

Nagahama, K.; Mori, Y.; Ohya, Y.; Ouchi, T.J.B. Biodegradable Nanogel Formation of Polylactide-Grafted Dextran Copolymer
in Dilute Aqueous Solution and Enhancement of Its Stability by Stereocomplexation. Biomacromolecules 2007, 8, 2135-2141.
[CrossRef]

Qu, X;; Yang, Z. Synthesis of Ph Responsible Drug Delivery Systems by the Inclusion of a Dynamic Covalent Bond, Benzoic-Imine.
Acta Polym. Sin. 2011, 11, 1118-1124. [CrossRef]

Lin, X.; Mao, Y.; Li, P; Bai, Y.; Chen, T.; Wu, K.; Chen, D.; Yang, H.; Yang, L. Ultra-Conformable Ionic Skin with Multi-Modal
Sensing, Broad-Spectrum Antimicrobial and Regenerative Capabilities for Smart and Expedited Wound Care. Adv. Sci. 2021,
8,2004627. [CrossRef]

Jayaramudu, T.; Ko, H.-U.; Kim, H.C.; Kim, ].W.; Li, Y.; Kim, ]J. Transparent and Semi-Interpenetrating Network P(Vinyl Alcohol)-
P(Acrylic Acid) Hydrogels: Ph Responsive and Electroactive Application. Int. J. Smart Nano Mater. 2017, 8, 80-94. [CrossRef]


https://doi.org/10.1021/acsbiomaterials.1c01590
https://doi.org/10.1021/acs.accounts.0c00864
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1002/smll.202205489
https://doi.org/10.1016/j.ijbiomac.2023.124365
https://doi.org/10.1002/adhm.202203306
https://www.ncbi.nlm.nih.gov/pubmed/36708290
https://doi.org/10.1016/j.actbio.2022.08.048
https://doi.org/10.1002/advs.202201425
https://doi.org/10.1002/jps.20761
https://doi.org/10.1021/ma060486p
https://doi.org/10.1021/acsnano.9b02845
https://doi.org/10.1039/C8BM01246F
https://doi.org/10.1021/bm1002637
https://www.ncbi.nlm.nih.gov/pubmed/20496905
https://doi.org/10.1016/S0169-409X(01)00240-X
https://doi.org/10.1016/j.biomaterials.2014.03.001
https://doi.org/10.1016/j.addr.2012.02.002
https://doi.org/10.1016/j.actbio.2019.05.018
https://doi.org/10.1021/acsami.2c00373
https://doi.org/10.1021/bm070206t
https://doi.org/10.3724/SP.J.1105.2011.11181
https://doi.org/10.1002/advs.202004627
https://doi.org/10.1080/19475411.2017.1335247

Pharmaceutics 2023, 15, 2735 20 of 23

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Niu, Z.; Xie, M.; Wei, Z.; Guo, Y.; Han, M.; Ding, Y.; Huang, J.; Zheng, K.; Zhang, Y.; Song, Y.; et al. In Situ Structure Transformation
of a Sprayed Gel for Ph-Ultrasensitive Nano-Catalytic Antibacterial Therapy. Adv. Healthc. Mater. 2023, 12, €2202441. [CrossRef]
Jia, Y.; Yan, X.; Li, J. Schiff Base Mediated Dipeptide Assembly toward Nanoarchitectonics. Angew. Chem. Int. Ed. 2022,
61, €202207752. [CrossRef]

Fang, W.; Yang, L.; Chen, Y.; Hu, Q. Bioinspired Multifunctional Injectable Hydrogel for Hemostasis and Infected Wound
Management. Acta Biomater. 2023, 161, 50-66. [CrossRef]

Senkala, S.; Matecki, J.; Vasylieva, M.; Labuz, A.; Nosek, K.; Piwowarczyk, K.; Czyz, J.; Schab-Balcerzak, E.; Janeczek, H.;
Korzec, M. Hydrolysis of Schiff Bases with Phenyl-Ethynyl-Phenyl System: The Importance for Biological and Physicochemical
Studies. J. Photochem. Photobiol. B Biol. 2020, 212, 112020. [CrossRef]

Barbosa, H.; Attjioui, M.; Leitao, A.; Moerschbacher, B.; Cavalheiro, E.J. Characterization, Solubility and Biological Activity of
Amphihilic Biopolymeric Schiff Bases Synthesized Using Chitosans. Carbohydr. Polym. 2019, 220, 1-11. [CrossRef]

Adrover, M.; Vilanova, B.; Muiioz, F.; Donoso, J. Unexpected Isomeric Equilibrium in Pyridoxamine Schiff Bases. Bioorg. Chem.
2009, 37, 26-32. [CrossRef]

Masson, C.; Garinot, M.; Mignet, N.; Wetzer, B.; Mailhe, P.; Scherman, D.; Bessodes, M. Ph-Sensitive Peg Lipids Containing
Orthoester Linkers: New Potential Tools for Nonviral Gene Delivery. J. Control. Release 2004, 99, 423-434. [CrossRef]

Sonawane, H.; Vibhute, B.; Aghav, B.; Deore, ].; Patil, S. Versatile Applications of Transition Metal Incorporating Quinoline Schiff
Base Metal Complexes: An Overview. Eur. |. Med. Chem. 2023, 258, 115549. [CrossRef]

Xin, F. Synthesis and Antibacterial Studies of Asymmetric Di-Schiff Bases Master; Qingdao University of Sciense & Technology:
Qingdao, China, 2012.

Wei, Z. Synthesis, Characterization and Biological Activities of Transition Metal Complexes Derived from 2-Hydroxy-1-
Naphthaldehyde Schiff Base Ligands. Master’s Thesis, Guangxi Normal University, Guilin, China, 2020.

Qian, L. Synthesis and Biological Activity of Schiff Bases and Its Metalcomplexes. Master’s Thesis, South-Central University for
Nationlities, Wuhan, China, 2013.

Dutta, B.; Halder, S. Schiff Base Compounds as Fluorimetric Ph Sensor: A Review. Anal. Methods 2022, 14, 2132-2146. [CrossRef]
Mourya, V.K.; Inamdar, N.N. Chitosan-Modifications and Applications: Opportunities Galore. React. Funct. Polym. 2008, 68,
1013-1051. [CrossRef]

Song, F; Kong, Y.; Shao, C.; Cheng, Y.; Lu, ].; Tao, Y.; Du, J.; Wang, H. Chitosan-Based Multifunctional Flexible Hemostatic
Bio-Hydrogel. Acta Biomater. 2021, 136, 170-183. [CrossRef]

Zhao, J.; Qiu, P.; Wang, Y.; Wang, Y.; Zhou, ]J.; Zhang, B.; Zhang, L.; Gou, D. Chitosan-Based Hydrogel Wound Dressing: From
Mechanism to Applications, a Review. Int. ]. Biol. Macromol. 2023, 244, 125250. [CrossRef]

Pathak, K.; Misra, S.K.; Sehgal, A.; Singh, S.; Bungau, S.; Najda, A.; Gruszecki, R.; Behl, T. Biomedical Applications of Quaternized
Chitosan. Polymers 2021, 13, 2514. [CrossRef]

Zhao, X,; Li, P; Guo, B.; Ma, PX. Antibacterial and Conductive Injectable Hydrogels Based on Quaternized Chitosan-Graft-
Polyaniline /Oxidized Dextran for Tissue Engineering. Acta Biomater. 2015, 26, 236-248. [CrossRef]

Zhao, X.; Wu, H.; Guo, B.; Dong, R.; Qiu, Y.; Ma, P.X. Antibacterial Anti-Oxidant Electroactive Injectable Hydrogel as Self-Healing
Wound Dressing with Hemostasis and Adhesiveness for Cutaneous Wound Healing. Biomaterials 2017, 122, 34-47. [CrossRef]
Hu, C.; Long, L.; Cao, J.; Zhang, S.; Wang, Y. Dual-Crosslinked Mussel-Inspired Smart Hydrogels with Enhanced Antibacterial
and Angiogenic Properties for Chronic Infected Diabetic Wound Treatment Via Ph-Responsive Quick Cargo Release. Chem. Eng.
J. 2021, 411, 128564. [CrossRef]

Liu, X.; Dou, G; Li, Z,; Wang, X,; Jin, R.; Liu, Y.; Kuang, H.; Huang, X.; Yang, X.; Yang, X.; et al. Hybrid Biomaterial Initiates
Refractory Wound Healing Via Inducing Transiently Heightened Inflammatory Responses. Adv. Sci. 2022, 9, €2105650. [CrossRef]
[PubMed]

Tauzin, S.; Starnes, T.; Becker, F; Lam, P.; Huttenlocher, A. Redox and Src Family Kinase Signaling Control Leukocyte Wound
Attraction and Neutrophil Reverse Migration. . Cell Biol. 2014, 207, 589-598. [CrossRef]

Ma, M.; Zhong, Y.; Jiang, X. Thermosensitive and Ph-Responsive Tannin-Containing Hydroxypropyl Chitin Hydrogel with
Long-Lasting Antibacterial Activity for Wound Healing. Carbohydr. Polym. 2020, 236, 116096. [CrossRef]

Wang, G.; Meng, X.; Wang, P.; Wang, X.; Liu, G.; Wang, D.; Fan, C. A Catechol Bioadhesive for Rapid Hemostasis and Healing of
Traumatic Internal Organs and Major Arteries. Biomaterials 2022, 291, 121908. [CrossRef]

Xu, J.; Strandman, S.; Zhu, ].; Barralet, J.; Cerruti, M. Genipin-Crosslinked Catechol-Chitosan Mucoadhesive Hydrogels for Buccal
Drug Delivery. Biomaterials 2015, 37, 395-404. [CrossRef]

Destefani, C.A.; Motta, L.C.; Costa, R.A.; Macrino, C.J.; Bassane, ].EP; Filho, ].E.A_; Silva, EM.; Greco, S.J.; Carneiro, M.TW.D.;
Endringer, D.C,; et al. Evaluation of Acute Toxicity of Europium-Organic Complex Applied as a Luminescent Marker for the
Visual Identification of Gunshot Residue. Microchem. J. 2016, 124, 195-200. [CrossRef]

Rim, K.T.; Koo, K.H.; Park, J.S. Toxicological Evaluations of Rare Earths and Their Health Impacts to Workers: A Literature
Review. Saf. Health Work. 2013, 4, 12-26. [CrossRef] [PubMed]

Li, W.; Chen, H.; Cai, ].; Wang, M.; Zhou, X.; Ren, L. Poly(Pentahydropyrimidine)-Based Hybrid Hydrogel with Synergistic
Antibacterial and Pro-Angiogenic Ability for the Therapy of Diabetic Foot Ulcers. Adv. Funct. Mater. 2023, early view.

Zhou, P; Wu, S.; Hegazy, M.; Li, H.; Xu, X,; Lu, H.; Huang, X. Engineered Borate Ester Conjugated Protein-Polymer Nanoconju-
gates for Ph-Responsive Drug Delivery. Mater. Sci. Eng. C 2019, 104, 109914. [CrossRef] [PubMed]


https://doi.org/10.1002/adhm.202202441
https://doi.org/10.1002/anie.202207752
https://doi.org/10.1016/j.actbio.2023.01.021
https://doi.org/10.1016/j.jphotobiol.2020.112020
https://doi.org/10.1016/j.carbpol.2019.05.037
https://doi.org/10.1016/j.bioorg.2008.11.002
https://doi.org/10.1016/j.jconrel.2004.07.016
https://doi.org/10.1016/j.ejmech.2023.115549
https://doi.org/10.1039/D2AY00552B
https://doi.org/10.1016/j.reactfunctpolym.2008.03.002
https://doi.org/10.1016/j.actbio.2021.09.056
https://doi.org/10.1016/j.ijbiomac.2023.125250
https://doi.org/10.3390/polym13152514
https://doi.org/10.1016/j.actbio.2015.08.006
https://doi.org/10.1016/j.biomaterials.2017.01.011
https://doi.org/10.1016/j.cej.2021.128564
https://doi.org/10.1002/advs.202105650
https://www.ncbi.nlm.nih.gov/pubmed/35603963
https://doi.org/10.1083/jcb.201408090
https://doi.org/10.1016/j.carbpol.2020.116096
https://doi.org/10.1016/j.biomaterials.2022.121908
https://doi.org/10.1016/j.biomaterials.2014.10.024
https://doi.org/10.1016/j.microc.2015.08.021
https://doi.org/10.5491/SHAW.2013.4.1.12
https://www.ncbi.nlm.nih.gov/pubmed/23516020
https://doi.org/10.1016/j.msec.2019.109914
https://www.ncbi.nlm.nih.gov/pubmed/31500030

Pharmaceutics 2023, 15, 2735 21 of 23

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Wu, H.L.; Zheng, D.; Wu, X,; Luo, W,; Yuan, C.; Dai, L. Dynamic Boronate Ester Bond Manipulating Catechol Groups for the
Design of Functional Adhesive Polymers. Acta Polym. Sin. 2022, 53, 796-811.

Hu, C.; Zhang, F;; Long, L.; Kong, Q.; Luo, R.; Wang, Y. Dual-Responsive Injectable Hydrogels Encapsulating Drug-Loaded
Micelles for on-Demand Antimicrobial Activity and Accelerated Wound Healing. |. Control. Release 2020, 324, 204-217. [CrossRef]
Cui, T,; Yu, J.; Wang, C.F; Chen, S,; Li, Q.; Guo, K,; Qing, R.; Wang, G.; Ren, ]. Micro-Gel Ensembles for Accelerated Healing of
Chronic Wound Via Ph Regulation. Adv. Sci. 2022, 9, €2201254. [CrossRef]

Moreno, A.; Lligadas, G.; Adamson, J.; Maurya, D.; Percec, V. Assembling Complex Macromolecules and Self-Organizations of
Biological Relevance with Cu(I)-Catalyzed Azide-Alkyne, Thio-Bromo, and Termini Double “Click” Reactions. Polymers 2023,
15, 1075. [CrossRef] [PubMed]

Moses, J.; Moorhouse, A.J. The Growing Applications of Click Chemistry. Chem. Soc. Rev. 2007, 36, 1249-1262. [CrossRef]

Li, Q; Li, G,; Fan, L.; Yu, Y;; Liu, J. Click Reaction Triggered Turn-on Fluorescence Strategy for Highly Sensitive and Selective
Determination of Steroid Hormones in Food Samples. Food Chem. 2022, 374, 131565. [CrossRef]

Taiariol, L.; Chaix, C.; Farre, C.; Moreau, E.J. Click and Bioorthogonal Chemistry: The Future of Active Targeting of Nanoparticles
for Nanomedicines? Chem. Rev. 2022, 122, 340-384. [CrossRef]

Parker, C.; Pratt, M.]J.C. Click Chemistry in Proteomic Investigations. Cell 2020, 180, 605-632. [CrossRef]

Graham, S.; Marina, PFE,; Blencowe, A. Thermoresponsive Polysaccharides and Their Thermoreversible Physical Hydrogel
Networks. Carbohydr. Polym. 2019, 207, 143-159. [CrossRef]

Fu, H.; Xue, K.; Zhang, Y.; Xiao, M.; Wu, K,; Shi, L.; Zhu, C. Thermoresponsive Hydrogel-Enabled Thermostatic Photothermal
Therapy for Enhanced Healing of Bacteria-Infected Wounds. Adv. Sci. 2023, 10, €2206865. [CrossRef]

Long, S.; Huang, J.; Xiong, J.; Liu, C.; Chen, F; Shen, ].; Huang, Y.; Li, X.].P. Designing Multistimuli-Responsive Anisotropic Bilayer
Hydrogel Actuators by Integrating Lcst Phase Transition and Photochromic Isomerization. Polymers 2023, 15, 786. [CrossRef]
[PubMed]

Li,J.; Ma, Q.; Xu, Y,; Yang, M.; Wu, Q.; Wang, F,; Sun, P. Highly Bidirectional Bendable Actuator Engineered by Lcst-Ucst Bilayer
Hydrogel with Enhanced Interface. ACS Appl. Mater. Interfaces 2020, 12, 55290-55298. [CrossRef] [PubMed]

Shi, X.; Chen, Z.; He, Y,; Lu, Q.; Chen, R.; Zhao, C.; Dong, D.; Sun, Y.; He, H. Dual Light-Responsive Cellulose Nanofibril-Based in
Situ Hydrogel for Drug-Resistant Bacteria Infected Wound Healing. Carbohydr. Polym. 2022, 297, 120042. [CrossRef] [PubMed]
Schéfer, M.; Werner, S. Oxidative Stress in Normal and Impaired Wound Repair. Pharmacol. Res. 2008, 58, 165-171. [CrossRef]
[PubMed]

Zhao, H.; Huang, J.; Li, Y,; Lv, X,; Zhou, H.; Wang, H.; Xu, Y.; Wang, C.; Wang, ].; Liu, Z. Ros-Scavenging Hydrogel to Promote
Healing of Bacteria Infected Diabetic Wounds. Biomaterials 2020, 258, 120286. [CrossRef]

Wu, Y,; Wang, Y,; Long, L.; Hu, C.; Kong, Q.; Wang, Y. A Spatiotemporal Release Platform Based on Ph/Ros Stimuli-Responsive
Hydrogel in Wound Repairing. J. Control. Release 2022, 341, 147-165. [CrossRef]

Peng, Y.; He, D.; Ge, X,; Ly, Y.; Chai, Y,; Zhang, Y.; Mao, Z; Luo, G.; Deng, J.; Zhang, Y. Construction of Heparin-Based Hydrogel
Incorporated with Cu5.40 Ultrasmall Nanozymes for Wound Healing and Inflammation Inhibition. Bioact. Mater. 2021, 6,
3109-3124. [CrossRef]

Ding, Q.; Sun, T.; Su, W.; Jing, X.; Ye, B.; Su, Y.; Zeng, L.; Qu, Y.; Yang, X.; Wu, Y.; et al. Bioinspired Multifunctional Black
Phosphorus Hydrogel with Antibacterial and Antioxidant Properties: A Stepwise Countermeasure for Diabetic Skin Wound
Healing. Adv. Healthc. Mater. 2022, 11, €2102791. [CrossRef]

Shi, W.; Kong, Y.; Su, Y.; Kuss, M.A; Jiang, X,; Li, X.; Xie, J.; Duan, B. Tannic Acid-Inspired, Self-Healing, and Dual Stimuli
Responsive Dynamic Hydrogel with Potent Antibacterial and Anti-Oxidative Properties. J. Mater. Chem. B 2021, 9, 7182-7195.
[CrossRef] [PubMed]

Li, D,; Li, J.; Wang, S.; Wang, Q.; Teng, W. Dually Crosslinked Copper-Poly(Tannic Acid) Nanoparticles with Microenvironment-
Responsiveness for Infected Wound Treatment. Adv. Healthc. Mater. 2023, 12, €2203063. [CrossRef] [PubMed]

Ni, Z,; Yu, H.; Wang, L.; Huang, Y.; Lu, H.; Zhou, H.; Liu, Q. Multistage Ros-Responsive and Natural Polyphenol-Driven Prodrug
Hydrogels for Diabetic Wound Healing. ACS Appl. Mater. Interfaces 2022, 14, 52643-52658. [CrossRef] [PubMed]

Guo, C;; Wu, Y,; Li, W,; Wang, Y.; Kong, Q. Development of a Microenvironment-Responsive Hydrogel Promoting Chronically
Infected Diabetic Wound Healing through Sequential Hemostatic, Antibacterial, and Angiogenic Activities. ACS Appl. Mater.
Interfaces 2022, 14, 30480-30492. [CrossRef]

Chen, Y;; Wang, X,; Tao, S.; Wang, Q.; Ma, P-Q.; Li, Z.-B.; Wu, Y.-L.; Li, D.-W. Research Advances in Smart Responsive-Hydrogel
Dressings with Potential Clinical Diabetic Wound Healing Properties. Mil. Med. Res. 2023, 10, 37. [CrossRef]

Guo, Z,; Liu, H; Shi, Z; Lin, L.; Li, Y.; Wang, M.; Pan, G.; Lei, Y.; Xue, L. Responsive Hydrogel-Based Microneedle Dressing for
Diabetic Wound Healing. J. Mater. Chem. B 2022, 10, 3501-3511. [CrossRef]

Yang, J.; Zeng, W.; Xu, P; Fu, X.; Yu, X,; Chen, L.; Leng, E; Yu, C.; Yang, Z. Glucose-Responsive Multifunctional Metal-Organic
Drug-Loaded Hydrogel for Diabetic Wound Healing. Acta Biomater. 2022, 140, 206-218. [CrossRef]

Kawamura, A.; Hata, Y.; Miyata, T.; Uragami, T. Synthesis of Glucose-Responsive Bioconjugated Gel Particles Using Surfactant-
Free Emulsion Polymerization. Colloids Surf. B Biointerfaces 2012, 99, 74-81. [CrossRef]

Wimmer, R.; Leopoldi, A.; Aichinger, M.; Wick, N.; Hantusch, B.; Novatchkova, M.; Taubenschmid, J.; Himmerle, M.; Esk, C.;
Bagley, J.; et al. Human Blood Vessel Organoids as A model Of diabetic Vasculopathy. Nature 2019, 565, 505-510. [CrossRef]


https://doi.org/10.1016/j.jconrel.2020.05.010
https://doi.org/10.1002/advs.202201254
https://doi.org/10.3390/polym15051075
https://www.ncbi.nlm.nih.gov/pubmed/36904317
https://doi.org/10.1039/B613014N
https://doi.org/10.1016/j.foodchem.2021.131565
https://doi.org/10.1021/acs.chemrev.1c00484
https://doi.org/10.1016/j.cell.2020.01.025
https://doi.org/10.1016/j.carbpol.2018.11.053
https://doi.org/10.1002/advs.202206865
https://doi.org/10.3390/polym15030786
https://www.ncbi.nlm.nih.gov/pubmed/36772087
https://doi.org/10.1021/acsami.0c17085
https://www.ncbi.nlm.nih.gov/pubmed/33232107
https://doi.org/10.1016/j.carbpol.2022.120042
https://www.ncbi.nlm.nih.gov/pubmed/36184149
https://doi.org/10.1016/j.phrs.2008.06.004
https://www.ncbi.nlm.nih.gov/pubmed/18617006
https://doi.org/10.1016/j.biomaterials.2020.120286
https://doi.org/10.1016/j.jconrel.2021.11.027
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1002/adhm.202102791
https://doi.org/10.1039/D1TB00156F
https://www.ncbi.nlm.nih.gov/pubmed/33651063
https://doi.org/10.1002/adhm.202203063
https://www.ncbi.nlm.nih.gov/pubmed/36842067
https://doi.org/10.1021/acsami.2c15686
https://www.ncbi.nlm.nih.gov/pubmed/36382579
https://doi.org/10.1021/acsami.2c02725
https://doi.org/10.1186/s40779-023-00473-9
https://doi.org/10.1039/D2TB00126H
https://doi.org/10.1016/j.actbio.2021.11.043
https://doi.org/10.1016/j.colsurfb.2011.10.008
https://doi.org/10.1038/s41586-018-0858-8

Pharmaceutics 2023, 15, 2735 22 of 23

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Zhu, Y.; Zhang, J.; Song, J.; Yang, J.; Du, Z.; Zhao, W.; Guo, H.; Wen, C.; Li, Q.; Sui, X; et al. A Multifunctional Pro-Healing
Zwitterionic Hydrogel for Simultaneous Optical Monitoring of Ph and Glucose in Diabetic Wound Treatment. Adv. Funct. Mater.
2019, 30, 1905493. [CrossRef]

Tian, R.; Qiu, X.; Yuan, P; Lei, K.; Wang, L.; Bai, Y.; Liu, S.; Chen, X. Fabrication of Self-Healing Hydrogels with on-Demand
Antimicrobial Activity and Sustained Biomolecule Release for Infected Skin Regeneration. ACS Appl. Mater. Interfaces 2018, 10,
17018-17027. [CrossRef] [PubMed]

Jiang, T,; Liu, S.; Wu, Z; Li, Q.; Ren, S.; Chen, J.; Xu, X.; Wang, C.; Lu, C.; Yang, X,; et al. Adsc-Exo@Mmp-Peg Smart Hydrogel
Promotes Diabetic Wound Healing by Optimizing Cellular Functions and Relieving Oxidative Stress. Mater. Today Bio 2022, 16,
100365. [CrossRef] [PubMed]

Chandrawati, R. Enzyme-Responsive Polymer Hydrogels for Therapeutic Delivery. Exp. Biol. Med. 2016, 241, 972-979. [CrossRef]
[PubMed]

Che, Q.T.; Charoensri, K.; Seo, ] W.; Nguyen, M.H.; Jang, G.; Bae, H.; Park, H.]. Triple-Conjugated Photo-/Temperature-/Ph-
Sensitive Chitosan with an Intelligent Response for Bioengineering Applications. Carbohydr. Polym. 2022, 298, 120066. [CrossRef]
Zhu, S.; Zhao, B.; Li, M.; Wang, H.; Zhu, J.; Li, Q.; Gao, H.; Feng, Q.; Cao, X. Microenvironment Responsive Nanocomposite
Hydrogel with Nir Photothermal Therapy, Vascularization and Anti-Inflammation for Diabetic Infected Wound Healing. Bioact.
Mater. 2023, 26, 306-320. [CrossRef]

Ouyang, J.; Ji, X.; Zhang, X.; Feng, C.; Tang, Z.; Kong, N.; Xie, A.; Wang, J.; Sui, X.; Deng, L.; et al. In Situ Sprayed Nir-Responsive,
Analgesic Black Phosphorus-Based Gel for Diabetic Ulcer Treatment. Proc. Natl. Acad. Sci. USA 2020, 117, 28667-28677. [CrossRef]
Chen, J.; Liu, Y.; Cheng, G.; Guo, J.; Du, S.; Qiu, J.; Wang, C,; Li, C.; Yang, X.; Chen, T.; et al. Tailored Hydrogel Delivering Niobium
Carbide Boosts Ros-Scavenging and Antimicrobial Activities for Diabetic Wound Healing. Small 2022, 18, €2201300. [CrossRef]
Liang, Y.; Li, Z.; Huang, Y.; Yu, R.; Guo, B. Dual-Dynamic-Bond Cross-Linked Antibacterial Adhesive Hydrogel Sealants with
on-Demand Removability for Post-Wound-Closure and Infected Wound Healing. ACS Nano 2021, 15, 7078-7093. [CrossRef]
Liu, P-Y,; Miao, Z.-H.; Li, K,; Yang, H.; Zhen, L.; Xu, C.-Y. Biocompatible Fe®+-Ta Coordination Complex with High Photothermal
Conversion Efficiency for Ablation of Cancer Cells. Colloids Surf. B Biointerfaces 2018, 167, 183-190. [CrossRef]

Pan, W.; Wu, B.; Nie, C.; Luo, T,; Song, Z.; Ly, J.; Tan, Y,; Liu, C.; Zhong, M.; Liao, T.; et al. Nir-Ii Responsive Nanohybrids
Incorporating Thermosensitive Hydrogel as Sprayable Dressing for Multidrug-Resistant-Bacteria Infected Wound Management.
ACS Nano 2023, 17, 11253-11267. [CrossRef]

Zhang, W.; Wang, B.; Xiang, G.; Jiang, T.; Zhao, X. Photodynamic Alginate Zn-Mof Thermosensitive Hydrogel for Accelerated
Healing of Infected Wounds. ACS Appl. Mater. Interfaces 2023, 15, 22830-22842. [CrossRef] [PubMed]

Chen, H.-H.; Fu, E-S.; Chen, Q.-W.; Zhang, Y.; Zhang, X.-Z. Two-Pronged Microbe Delivery of Nitric Oxide and Oxygen for
Diabetic Wound Healing. Nano Lett. 2023, 23, 5595-5602. [CrossRef] [PubMed]

Raza, A.; Hayat, U.; Rasheed, T.; Bilal, M.; Igbal, HM.N. “Smart” Materials-Based near-Infrared Light-Responsive Drug Delivery
Systems for Cancer Treatment: A Review. ]. Mater. Res. Technol. 2019, 8, 1497-1509. [CrossRef]

Zhang, Y; Li, M; Wang, Y;; Han, F; Shen, K,; Luo, L.; Li, Y;; Jia, Y.; Zhang, J.; Cai, W.; et al. Exosome/Metformin-Loaded
Self-Healing Conductive Hydrogel Rescues Microvascular Dysfunction and Promotes Chronic Diabetic Wound Healing by
Inhibiting Mitochondprial Fission. Bioact. Mater. 2023, 26, 323-336. [CrossRef] [PubMed]

Gerasimenko, A.Y.; Morozova, E.A ; Ryabkin, D.I.; Fayzullin, A.; Tarasenko, S.V.; Molodykh, V.V.; Pyankov, E.S.; Savelyev, M.S.;
Sorokina, E.A.; Rogalsky, A.Y.; et al. Reconstruction of Soft Biological Tissues Using Laser Soldering Technology with Temperature
Control and Biopolymer Nanocomposites. Bioengineering 2022, 9, 238. [CrossRef] [PubMed]

Popovich, K.D.; Vagner, S.A.; Murashko, D.T.; Ten, G.N.; Ryabkin, D.I.; Savelyev, M.S.; Kitsyuk, E.P.; Gerasimenko, E.A;
Edelbekova, P.; Konovalov, A.N.; et al. Stability and Thrombogenicity Analysis of Collagen/Carbon Nanotube Nanocomposite
Coatings Using a Reversible Microfluidic Device. Membranes 2023, 13, 403. [CrossRef]

Zhao, Z.; Li, G.; Ruan, H.; Chen, K,; Cai, Z; Lu, G.; Li, R,; Deng, L.; Cai, M.; Cui, W. Viacapturing Magnesium Ions Microfluidic
Hydrogel Microspheres for Promoting Cancellous Bone Regeneration. ACS Nano 2021, 15, 13041-13054. [CrossRef]

Tang, P.; Han, L,; Li, P; Jia, Z.; Wang, K.; Zhang, H.; Tan, H.; Guo, T.; Lu, X. Mussel-Inspired Electroactive and Antioxidative
Scaffolds with Incorporation of Polydopamine-Reduced Graphene Oxide for Enhancing Skin Wound Healing. ACS Appl. Mater.
Interfaces 2019, 11, 7703-7714. [CrossRef]

Jiang, Y; Trotsyuk, A.A.; Niu, S.; Henn, D.; Chen, K.; Shih, C.C.; Larson, M.R.; Mermin-Bunnell, A.M.; Mittal, S.; Lai, ].C.; et al.
Wireless, Closed-Loop, Smart Bandage with Integrated Sensors and Stimulators for Advanced Wound Care and Accelerated
Healing. Nat. Biotechnol. 2023, 41, 652-662. [CrossRef]

Zhang, H.; Li, W.X,; Tang, S.; Chen, Y.; Lan, L.M.; Li, S.; Xiong, M.; Hu, X.; Liu, Y.H.; Sun, J.; et al. A Boron-Based Probe Driven
Theranostic Hydrogel Dressing for Visual Monitoring and Matching Chronic Wounds Healing. Adv. Funct. Mater. 2023, early view.
Zhao, Y.; Wang, D.; Qian, T.; Zhang, J.; Li, Z.; Gong, Q.; Ren, X.; Zhao, Y. Biomimetic Nanozyme-Decorated Hydrogels with
H202-Activated Oxygenation for Modulating Immune Microenvironment in Diabetic Wound. ACS Nano 2023, 17, 16854-16869.
[CrossRef]

Yang, J.; Jin, X.; Liu, W.; Wang, W. A Programmable Oxygenation Device Facilitates Oxygen Generation and Replenishment to
Promote Wound Healing. Adv. Mater. 2023, early view.

Wang, L.; Chen, G.; Fan, L.; Chen, H.; Zhao, Y.; Lu, L.; Shang, L. Biomimetic Enzyme Cascade Structural Color Hydrogel
Microparticles for Diabetic Wound Healing Management. Adv. Sci. 2023, 10, 2206900. [CrossRef]


https://doi.org/10.1002/adfm.201905493
https://doi.org/10.1021/acsami.8b01740
https://www.ncbi.nlm.nih.gov/pubmed/29693373
https://doi.org/10.1016/j.mtbio.2022.100365
https://www.ncbi.nlm.nih.gov/pubmed/35967739
https://doi.org/10.1177/1535370216647186
https://www.ncbi.nlm.nih.gov/pubmed/27188515
https://doi.org/10.1016/j.carbpol.2022.120066
https://doi.org/10.1016/j.bioactmat.2023.03.005
https://doi.org/10.1073/pnas.2016268117
https://doi.org/10.1002/smll.202201300
https://doi.org/10.1021/acsnano.1c00204
https://doi.org/10.1016/j.colsurfb.2018.03.030
https://doi.org/10.1021/acsnano.2c10742
https://doi.org/10.1021/acsami.2c23321
https://www.ncbi.nlm.nih.gov/pubmed/37129874
https://doi.org/10.1021/acs.nanolett.3c01023
https://www.ncbi.nlm.nih.gov/pubmed/37327393
https://doi.org/10.1016/j.jmrt.2018.03.007
https://doi.org/10.1016/j.bioactmat.2023.01.020
https://www.ncbi.nlm.nih.gov/pubmed/36950152
https://doi.org/10.3390/bioengineering9060238
https://www.ncbi.nlm.nih.gov/pubmed/35735481
https://doi.org/10.3390/membranes13040403
https://doi.org/10.1021/acsnano.1c02147
https://doi.org/10.1021/acsami.8b18931
https://doi.org/10.1038/s41587-022-01528-3
https://doi.org/10.1021/acsnano.3c03761
https://doi.org/10.1002/advs.202206900

Pharmaceutics 2023, 15, 2735 23 of 23

130.

131.

132.

133.

134.

135.

136.

137.

Haghighat Bayan, M.A.; Dias, Y.J.; Rinoldi, C.; Nakielski, P.; Rybak, D.; Truong, Y.B.; Yarin, A.L.; Pierini, F. Near-Infrared light
Activated Core-Shell Electrospun Nanofibers Decorated with Photoactive Plasmonic Nanoparticles for on-Demand Smart Drug
Delivery Applications. J. Polym. Sci. 2023, 61, 521-533. [CrossRef]

da Silva, L.P; Reis, R.L.; Correlo, V.M.; Marques, A.P. Hydrogel-Based Strategies to Advance Therapies for Chronic Skin Wounds.
Annu. Rev. Biomed. Eng. 2019, 21, 145-169. [CrossRef] [PubMed]

Yu, Y; Jin, H.; Li, L.; Zhang, X.; Zheng, C.; Gao, X.; Yang, Y.; Sun, B. An Injectable, Activated Neutrophil-Derived Exosome
Mimetics/Extracellular Matrix Hybrid Hydrogel with Antibacterial Activity and Wound Healing Promotion Effect for Diabetic
Wound Therapy. J. Nanobiotechnol. 2023, 21, 308. [CrossRef] [PubMed]

Wang, X.; Ma, Y.; Niu, X,; Su, T.; Huang, X.; Lu, F; Chang, Q. Direct Three-Dimensional Printed Egg White Hydrogel Wound
Dressing Promotes Wound Healing with Hitching Adipose Stem Cells. Front. Bioeng. Biotechnol. 2022, 10, 930551. [CrossRef]
[PubMed]

Huang, K,; Liu, W.; Wei, W.; Zhao, Y.; Zhuang, P; Wang, X.; Wang, Y.; Hu, Y.; Dai, H. Photothermal Hydrogel Encapsulating
Intelligently Bacteria-Capturing Bio-Mof for Infectious Wound Healing. ACS Nano 2022, 16, 19491-19508. [CrossRef]

Chen, T.-Y,; Wen, T.-K.; Dai, N.-T.; Hsu, S.-H. Cryogel/Hydrogel Biomaterials and Acupuncture Combined to Promote Diabetic
Skin Wound Healing through Immunomodulation. Biomaterials 2021, 269, 120608. [CrossRef]

Ribeiro, M.P; Morgado, P1.; Miguel, S.P.; Coutinho, P; Correia, L.]. Dextran-Based Hydrogel Containing Chitosan Microparticles
Loaded with Growth Factors to Be Used in Wound Healing. Mater. Sci. Eng. C 2013, 33, 2958-2966. [CrossRef]

Beninatto, R.; Barbera, C.; De Lucchi, O.; Borsato, G.; Serena, E.; Guarise, C.; Pavan, M.; Luni, C.; Martewicz, S.; Galesso, D.; et al.
Photocrosslinked Hydrogels from Coumarin Derivatives of Hyaluronic Acid for Tissue Engineering Applications. Mater. Sci. Eng.
C 2019, 96, 625-634. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/pol.20220747
https://doi.org/10.1146/annurev-bioeng-060418-052422
https://www.ncbi.nlm.nih.gov/pubmed/30822099
https://doi.org/10.1186/s12951-023-02073-0
https://www.ncbi.nlm.nih.gov/pubmed/37649022
https://doi.org/10.3389/fbioe.2022.930551
https://www.ncbi.nlm.nih.gov/pubmed/36072289
https://doi.org/10.1021/acsnano.2c09593
https://doi.org/10.1016/j.biomaterials.2020.120608
https://doi.org/10.1016/j.msec.2013.03.025
https://doi.org/10.1016/j.msec.2018.11.052

	Introduction 
	Chronic Wound Characteristics and Hydrogel Design 
	Smart Responsive Hydrogel Design 
	pH-Responsive Gels 
	pH-Responsive Design 
	Schiff Bases 
	Boronic Ester Bonds 
	pKa 
	Electrostatic Interactions 

	Thermoresponsive Gels 
	ROS-Responsive Gels 
	Glucose-Responsive Gels 
	Enzyme-Responsive Gels 
	Photo-Responsive Gels 
	Electro-Responsive Gels 

	Discussion and Prospects 
	References

