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ARTICLE INFO ABSTRACT

Keywords: Poor wound healing after diabetes mellitus remains a challenging problem, and its pathophysiological mecha-
Diabetic wound nisms have not yet been fully elucidated. Persistent bleeding, disturbed regulation of inflammation, blocked cell
Bi‘.’ma.te"ials o proliferation, susceptible infection and impaired tissue remodeling are the main features of diabetic wound
Is—ll;lgr:)l;::lle engineering healing. Conventional wound dressings, including gauze, films and bandages, have a limited function. They

generally act as physical barriers and absorbers of exudates, which fail to meet the requirements of the whol
diabetic wound healing process. Wounds in diabetic patients typically heal slowly and are susceptible to infection
due to hyperglycemia within the wound bed. Once bacterial cells develop into biofilms, diabetic wounds will
exhibit robust drug resistance. Recently, the application of stimuli-responsive hydrogels, also known as “smart
hydrogels”, for diabetic wound healing has attracted particular attention. The basic feature of this system is its
capacities to change mechanical properties, swelling ability, hydrophilicity, permeability of biologically active
molecules, etc., in response to various stimuli, including temperature, potential of hydrogen (pH), protease and
other biological factors. Smart hydrogels can improve therapeutic efficacy and limit total toxicity according to the
characteristics of diabetic wounds. In this review, we summarized the mechanism and application of stimuli-
responsive hydrogels for diabetic wound healing. It is hoped that this work will provide some inspiration and
suggestions for research in this field.

Smart responsiveness

1. Introduction

As a complex metabolic disease that impairs the health of people
worldwide with increasing prevalence, the number of diabetic patients
worldwide was estimated to be 285 million in 2010 and is projected to
rise to 439 million by 2030 [1,2]. The hazards of diabetes are associated
with many serious complications, including poor wound healing, car-
diovascular disease, eye disease, nerve damage, and lower extremity
amputation due to foot ulcers. Approximately 20% of diabetic patients
worldwide suffer from poor diabetic wound healing [3]. In diabetic
wounds, skin regeneration is often disrupted, which prevent wounds
from healing normally. More than half of diabetic wounds develop into
chronic wounds, with increased risks of amputation and death.
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Additionally, diabetic wounds are 60-70% more likely to recur, which
makes their treatment cost significantly more expensive [4-6]. Conse-
quently, the high morbidity rate due to the complex pathogenesis and
susceptibility increases the cost and difficulty of treatment for diabetic
wounds, which places a heavy burden both on the health of patients and
health care systems worldwide [7-9].

Normal wound healing usually proceeds through specific stages of
haemostasis, inflammation, proliferation and remodeling, while in dia-
betic wounds, this process may be disrupted or delayed due to various
deleterious factors. Biochemical disorders in diabetic wounds, including
hyperglycaemia, dyslipidaemia, and insulin resistance, can cause tissue
damage that hinders the normal wound healing process (Fig. 1) [10].
These harmful factors lead to excessive inflammation in diabetic wounds
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Fig. 1. Schematic representation of the main stages of normal wound healing (A) and delayed healing of diabetic wounds (B).

followed by continuous destruction of the wound tissue and prolong
wound healing [11]. The abnormality of immune cells in diabetic
wounds makes it difficult to suppress inflammation and greatly increases
the susceptibility to infection. Once a chronic wound becomes infected,
increased inflammation will persist and keep the wound in a constant
cycle of infection, inflammation, and inadequate repair. In addition,
studies have shown that another key factor in the nonhealing of diabetic
wounds is excessive oxidative stress and decreased antioxidant capacity
of tissues, which causes a redox imbalance [12]. The normal vascular
system is in a quiescent state due to the balance between proangiogenic
factors (e.g., vascular endothelial growth factor A and fibroblast growth
factor) and antiangiogenic factors (e.g., angiopoietin 1 and pigment
epithelium-derived factors). When the vasculature is at rest, blood vessels
can be adequately perfused to deliver adequate nutrients and oxygen to
tissues [13]. However, diabetic states can significantly disrupt this bal-
ance and cause reduced angiogenesis, which hinders the normal wound
healing and restoration of a healthy vascular system [14]. Recent studies
have revealed that neuropathy is also associated with an impaired wound
healing process [15], due to the oxidative stress caused by diabetes that
mediates nerve cell dysfunction and death. Apart from hyperglycaemia,
the reduction of several neuropeptides associated with neuropathy im-
pairs the vasodilation and angiogenesis. Decreased vasodilation leads to
microcirculatory disturbance and functional wound ischaemia [16].
Therefore, how to treat diabetic wounds more effectively has always
been a huge challenge for the medical system.

In the past, the treatment of diabetic wounds was not unlike tradi-
tional wound treatment, i.e., it mainly uses dry dressings such as ban-
dages and gauze with antibiotic supplements to absorb wound exudates
and prevent infection. However, as a passive intervention strategy, the
use of dry dressings fails to adapt to the diabetic wound microenviron-
ment and may cause secondary damage due to adhesion between
dressings and wounds [17-20]. In addition, the lack of knowledge of the
most appropriate treatment and management of diabetic wounds by
health care professionals contributes to delayed wound healing.
Recently, tissue engineering strategies are seeking advanced bioactive
platforms that can artificially mimic or fully restore the function of native
skin tissue. The healing of diabetic wounds does not follow the normal
phases of wound healing as acute wounds do, and diabetic wound
healing may stall at a particular stage of the process, which prolongs
wound healing. To address this concern, modern functional wound
dressings have attracted great attention in this field.

The significant therapeutic effects of modern functional wound
dressings, including nanofibre, hydrophilic colloids, foams, and hydro-
gels, have been demonstrated in diabetic wounds. These new dressings

can provide a moist, antibacterial healing environment and carry
bioactive molecules or drugs to accelerate wound healing. The capacity
of wet dressings to speed up the healing process has been tested [21]. The
method of delivering drugs through nanomaterials to reduce the dose of
drugs with increased drug utilization efficiency is considered a promising
strategy to promote wound healing [22,23]. At present, most nano-
materials are widely used as drug carriers. However, some nanomaterials
have a low loading capacity and have difficulties in avoiding the toxic
effects of the carrier itself. They also have a single function in the
treatment of wounds and cannot keep the wound moist and isolated from
the external environment [24,25]. Hydrogels with three-dimensional
network structures are soft materials that can be physically and chemi-
cally tailored for various applications in the biomedical field. In addition
to their strong water absorption and moisturizing properties, hydrogels
have many similar physical and chemical properties to the natural
extracellular matrix (ECM), which provide a more ideal management for
diabetic wounds [26,27]. Similar to a 3D carrier, hydrogels can be easily
loaded with drugs or cytokines that specifically target the main diffi-
culties of diabetic wounds, such as blood sugar control agents, antibac-
terial agents, and angiogenic factors. Many designed strategies of
hydrogels have been proposed and developed for wound healing. How-
ever, among these strategies, conventional designed hydrogels as a drug
delivery system mainly rely on the diffusion of the drug itself or its own
solution to release the drug, which is uncontrollable and may not achieve
the expected effect of drug delivery.

Recently, smart hydrogels with stimulus-responsive functions have
attracted considerable attention. Briefly, stimulus-responsive hydrogels
can respond to internal physiological signals (i.e., temperature [28,29],
pH [30,31], redox [32,33], glucose [34,35], or enzymes [36,37]),
external stimuli (i.e., temperature [38,39], magnetic field [40,41],
pressure [42,43], reactive oxygen species (ROS) [44,45], light [46,47]
and electric field [48,49]) or a combination of the above, which can
reversibly or irreversibly change the physical properties or chemical
structure (Fig. 2). Therapeutic strategies based on smart responsive
hydrogels offer a promising platform to address the multistage
complexity and difficult regulation of molecular expression during
chronic wound healing [50,51]. “Smart” hydrogels can be easily
cross-linked using different chemical or physical strategies. These
hydrogels have high tensile strength, compressive elasticity, flexibility
strong skin adhesion, the ability to attach to complex curved surfaces and
dynamic objects, the ability to adapt to complex wounds and other ki-
nematic properties. Smart hydrogels show rapid and autonomous
self-recovery after damage caused by external forces and may maintain
their structural stability during the wound healing process. With these
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Fig. 2. Typical alterations in diabetic wounds and a summary of the classifi-
cation and biological functions of smart hydrogels.

properties, they can adapt to complex wound changes to ensure a com-
plete fit between wound and dressing to facilitate access and release of
the contained medication. Smart hydrogels also have adjustable chemical
and physical properties, are biocompatible, biodegradable and create a
moist environment similar to an extracellular matrix for wound healing.
Smart hydrogels can change their shape/size/volume in response to
different stimuli and may have other functional properties to facilitate
targeted drug release to specific injury areas [52]. This smart on-demand
stimulus-responsive hydrogel can control drug release, maximize thera-
peutic efficacy and reduce adverse side effects because they can their
ability to rapidly detect and respond to the diabetic environment and
deliver therapeutic effects without damaging healthy tissues [53,54].
Therefore, designing and developing stimuli-responsive hydrogels based
on the complex pathophysiological microenvironment of diabetes pro-
vides a promising avenue to better manage diabetic wounds.

Herein, we review various stimulatory responsive hydrogel structures
and their release mechanisms and systematically describe their applica-
tions in diabetic wound healing. Furthermore, we highlight the existing
evidence for the application of various stimuli-responsive hydrogels in
diabetic wounds and summarize the mechanisms and limitations of
stimuli-responsive hydrogels. This review will provide scientific guid-
ance for the clinical application of stimuli-responsive hydrogels and
promote the development of smart medical materials.

2. Advances in understanding the pathophysiology of diabetic
wounds

In healthy individuals, wound healing is generally a dynamic and
orderly process of skin repair, which can be divided into four overlapping
but distinct phases: hemostasis, inflammation, proliferation and remod-
eling [55]. However, the wound healing process may be disturbed in
some particular circumstances, such as diabetes mellitus [56,57]. Dia-
betes is able to impair wound healing in various ways and stages. First,
diabetes-related hyperglycemia leads to elevated levels of advanced
glycation end products (AGEs) in blood. AGEs directly lead to the for-
mation of high concentrations of ROS and reactive nitrogen species
(RNS). When the level of ROS/RNS exceeds the antioxidant capacity of
tissue, it causes damage to the host tissue and perpetuates inflammation
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[58,59]. Second, high blood sugar causes the narrowing and occlusion of
the capillaries around the wound. So that nutrients and oxygen failed to
be transported smoothly. Worse still, changes in hemoglobin glycosyla-
tion and erythrocyte membrane structure aggravate the insufficient ox-
ygen and nutrient supply, contributing to dysregulated macrophage
polarization. Activation of macrophages can enhance the abnormal
apoptosis of fibroblasts and keratinocytes with an excessive release of
proinflammatory cytokines. Furthermore, a sustained period of inflam-
mation promotes the recruitment of macrophages into the wound site,
which maintains the inflammatory state of the wound via polarization,
forming a positive feedback loop [60].

pH plays an important role in the cellular processes of wound healing
[61]. As one of the basic parameters of the diabetic wound microenvi-
ronment, changes in pH influence these four phases of cellular processes
and cell cycle processes. A series of pathophysiological changes accom-
pany the different wound healing stages, and the microenvironmental pH
is constantly and dynamically altered [62]. The normal pH of the skin is
weakly acidic (5.5-6) [63], but chronic wounds have an elevated pH on
their surface due to microvascular leakage [64]. As a result, the pH on the
surface of chronic wounds becomes more alkaline, which can cause
increased inflammation of the wound, resulting in a prolonged failure to
heal. Even worse, this alkaline microenvironment is conducive to bac-
terial growth, resulting in an increase in the number of bacteria on the
surface of the wound, which can lead to wound infection [65]. However,
chronic wounds with pus or necrotic tissue show an acidic pH. Also, as
chronic wounds heal, the physiological microenvironment begin to
naturally restore the acidic environment [64,66,67]. Therefore, it is
important to make changes according to the changes in pH during the
wound healing process to accelerate the wound healing.

ROS are key regulators of several stages of wound healing. It is well
established that an appropriate level of ROS can act as a signal trans-
duction to enhance wound healing through the accumulation of in-
flammatory cells and enhanced bacteriostatic effects [12,68,69].
However, the redox imbalance caused by excessive oxidative stress and
decreased antioxidant capacity of tissues can result in the prolonged
healing time of diabetic wounds. In diabetic patients, the activated polyol
pathway, hexosamine pathway, AGE pathway, PKC pathway and some
other pathways jointly stimulate the overproduction of ROS in mito-
chondria [70-72]. Studies have found that high levels of ROS not only
impair normal collagen synthesis and re-epithelialization in fibroblasts
and keratinocytes, but also induce an increase in serine proteases and
matrix metalloprotein (MMP) leading to an excess inflammatory
response with the degradation of ECM, growth factors and protease in-
hibitors [73-75]. In addition, hypoxia arising from vascular defects de-
prives diabetic wounds of proper perfusion, leading to the increased
release of ROS and degradation of proteins. These proteolytic lesions
result in severe ECM degradation that prevents normal matrix-cell in-
teractions required for wound repair [74,75]. Oxidative stress can also
hinder diabetic wound healing through skin damage, neuropathy,
ischemic lesions, etc. In conclusion, diabetic wounds have become a
difficult problem for researchers due to their complex microenvironment
(Fig. 3).

3. Application of stimuli-responsive hydrogels in diabetic
wounds

In standard hydrogel therapeutic systems, the active substance is
released through shrinkage, swelling, diffusion and matrix breakdown of
the hydrogel. If the properties of a hydrogel can change in response to the
surrounding environment, it is called a stimuli-responsive hydrogel,
which is also known as a smart hydrogel [76]. Smart on-demand stim-
uli-responsive hydrogels can rapidly deliver therapeutic effects in disease
environments and maintain the physiological health of cells and tissues
[77,78]. Based on these concepts, biofunctional materials with intelligent
stimulus-responsive therapeutic and regenerative capabilities have been
developed, which can respond to external physical stimuli (such as
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Fig. 3. Differences between the normal wound microenvironment and the diabetic wound microenvironment.

ultrasound, light irradiation, electric and magnetic fields), endogenous
disease microenvironments (such as excessive expressed ROS, pH, spe-
cific ion concentration, secreted enzymes, specific immune environment)
or a combination of these factors through reversible or irreversible
changes in physical properties or chemical structure [79-81]. Among
these biomaterials, stimuli-responsive hydrogels have achieved initial
success in promoting diabetic wound healing. Here we classify and
summarize the current application of stimuli-responsive hydrogel
dressings for diabetic wound healing according to different stimuli
conditions.

3.1. pH-responsive hydrogels

pH can serve as a significant indicator of the wound status because it
is associated with many physiological processes, including bacterial
infection and angiogenesis [82]. The pH of normal skin or healed wounds
is slightly acidic (pH: 4-6) due to the production of fatty acids and amino
acids secreted by keratinocytes [83]. However, chronic wounds can
persist for months in alkaline conditions (pH: 7-9), which facilitates the
colonization and growth of pathogenic microorganisms and makes the
wounds more susceptible to bacterial infection [82]. Therefore, moni-
toring wound pH can clarify the wound status and provide meaningful
indicators for early warning of infection risk. When the pH in the sur-
rounding environment changes, the pH-responsive hydrogel will change
its volume and release the drug [84,85]. pH-responsive hydrogels consist
of polymers with acidic or basic groups that can exchange protons
depending on pH. When the pH and ionic strength of the environment
change, the degree of dissociation of these groups also changes, which
decreases the crosslinking points of the gel network and a change in the
swelling degree of the hydrogel [86,87]. For example, polymers with
acidic groups such as carboxyl groups form new hydrogen bonds under
low pH conditions, which reduces the hydrogel volume. Therefore, the
drug release rate of this hydrogel significantly decreases when the pH
decreases. In contrast, when the pH increases, the hydrogel swells due to
the electrostatic repulsion between the ionized carboxyl groups. As a
result, more water is adsorbed into the hydrogel, followed by faster drug
release. Similarly, for polymers containing basic groups, acidic

conditions will increase the volume of the hydrogel, while basic condi-
tions will make the hydrogel shrink. Hence, the diffusion and release
rates of drugs from pH-responsive hydrogels are controlled by regulating
the shrinkage or swelling of the hydrogels. Commonly used
acid-responsive materials are protonated polymers, such as poly-
methacrylic acid (PMAA), polyacrylic acid (PAA), and phenylboronic
acids (PBAs).

As mentioned above, due to the increased pH in the early stages of
diabetic wounds, bacterial colonization and biofilm formation are
accelerated, prolonging the inflammatory state and impairing angio-
genesis. Therefore, bacterial infection can be better inhibited in the early
stages of diabetic wounds [88]. Wang et al. fabricated a novel
pH-responsive calcium alginate (CaAlg) hydrogel loaded with protamine
nanoparticles (NPs) and hyaluronan oligosaccharides (HAO) (Fig. 4A). As
a pH-sensitive dressing material, CaAlg can more quickly and completely
trigger drug release. The authors first evaluated the swelling capacity of
the hydrogels and found that the protamine NP/HAO CaAlg hydrogels
could absorb more water, and the swelling ratio increased with the pH of
the medium. In the medium of pH 3.0, most of the carboxylic acid groups
in the CaAlg hydrogel exist in the form of —COOH, which causes
polymer-polymer bonding and shrinking of the CaAlg hydrogel. When
CaAlg hydrogels were soaked in PBS solution at pH 6.0 and 8.0, the
carboxylic acid groups in CaAlg hydrogels were ionized and mainly
existed in the form of -COO—. The swelling of the hydrogel results from
electrostatic repulsion between —-COO— groups. The easy formation of
hydrogen bonds between -CoO— and H2O0 significantly enhances this
trend, so at pH 8.0, the hydrogels significantly swells in a liquid medium
mimicking diabetic wounds. Second, for the drug release process, when
the pH value of the simulated acidic microenvironment is 3.0, the gel
shrinks due to the protonation of ionized CoO— groups, which reduces
the drug release rate. In the diabetic trauma stimulation medium at pH
8.0, the CaAlg hydrogel swells due to the absorption of more water,
destroys and loosens the CaAlg gel structure, which can rapidly promote
the release of NPs and HAO. The protamine NP/HAO CaAlg hydrogel has
a fast cumulative drug release process and releases 98.7% of HAO within
8 h, and the drug release rate at pH 8.0 is approximately 2.2 times that at
3.0. These results demonstrate the increased drug release of the CaAlg
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Fig. 4. (A)The primary hypothesis of this study. Protamine NPs and HAO were loaded into the pores of Ca-alginate hydrogel and showed complete and fast release at
the alkaline diabetic wound site. Protamine NPs/HAO Ca-alginate hydrogel was placed on the wound in streptozotocin-induced type 1 diabetic rats, and protamine
NPs exhibited antibacterial activity by damaging the cell wall, thus reducing the inflammatory response. Moreover, HAO significantly enhanced HUVEC migration and
capillary-like tube formation with HAO-induced stimulation of VEGF, leading to rapid diabetic wound healing. (i) Schematic representation of protaimine NPs/HAO
CaAlg hydrogel. TEM image of protamine NPs and DLS analysis of the obtained protamine NPs. SEM image of protamine NPs/HAO CaAlg hydrogel and zeta potential
distribution of protamine NPs. (ii) SEM images of bacteria treated with protamine NPs/HAO CaAlg hydrogel. (iii) VEGF secretion by HUVECs treated with different
kinds of CaAlg hydrogels by ELISA. (iv) H&E staining of tissue sections treated with PBS, CaAlg hydrogel, and protaimine NPs/HAO CaAlg hydrogel on days 1, 3, 7,
and 14 (Reproduced with permission of Ref. [89]). (B)Schematic illustration of Gel@fMLP/SiO2-FasL for transiently heightened inflammatory response to initiate
refractory wound healing. SiO2-FasL, silicon dioxide nanoparticles conjugated with FasL; Gel@fMLP/SiO2-FasL, pH-responsive hydrogel matrix loaded with fMLP and
SiO2-FasL. (v) IR spectrometry of CS-FPBA, fMLP and Gel@fMLP/SiO2-FasL. Photographs of the gelation process of Gel@fMLP/SiO2-FasL with a solution containing
RhB (representing fMLP) and SiO2-FasL after incubation at pH 7.4. The decomposition of Gel@fMLP/SiO2-FasL at pH 5.5. (vi) Critical-sized calvarial bone defects
were generated in 8-week-old female C57BL/6 mice and treated with hydrogels hybridized with different components. The mice were sacrificed at different time
points post operation for further examination. Micro-CT analysis of bone defects (Reproduced with permission of Ref. [91]).

hydrogel at pH 8.0 due to its pH dependence. The mechanism of faster
drug release may result from the increased absorption of CaAlg hydrogels
under weakly alkaline conditions, which promotes the faster release of
protamine NPs and HAO from CaAlg hydrogels. As a result, protamine
NP/HAO CaAlg hydrogels can specifically and effectively deliver drugs to
diabetic wounds [89]. However, the drug release properties of alginate
hydrogels have several major drawbacks. First, the alkaline pH envi-
ronment of alginate hydrogels more rapidly degrades, which may lead to
an explosive release of the drug. Second, the degradation of alginate
hydrogels is controlled by the diffusion of cations, which is a slow and

uncontrollable process. Finally, the weak mechanical properties and lack
of cellular interactions of this hydrogel may affect practical applications
[90]. During the healing process of diabetic wounds, the wound surface
will gradually return to acidic conditions. This restoration of an acidic
environment is a natural physiological response that restores various
internal cellular processes and improves wound hypoxia, which has
positive implications for wound healing. Therefore, Liu et al. combined
formyl-methyl-leucine-phenylalanine (fMLP) and FasL-coupled silica NPs
(SiO_2-FasL) to synthesize a PBA-based polymer hydrogel (Gel@fML-
P/SiO_2-FasL) and loaded them into the hydrogel matrix (Fig. 4B). The
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hydrogel produced significant pH-induced dissociation when the pH
decreased to ensure the rapid release of SiO2-FasL mediated by low pH.
In vitro release profiles from the hydrogels indicated that acidic pH
significantly = promoted the release of SiO2-FasL  from
Gel@fMLP/SiO2-FasL, which demonstrated the pH responsiveness of this
hydrogel [91]. Although PBA-based hydrogels have more stable pH
responsiveness, covalently bonded hydrogels are not sufficiently sensi-
tive at the small pH ranges in tissues with local acidosis (diabetic
wounds). The responsive sensitivity must be selective, i.e., the hydrogel
must adjust the drug release on demand in a timely and rapid manner.
Simultaneously, no drug is released at physiological pH to ensure
maximum biosafety [92].

Due to the lack of injectability, mechanical stability, and self-healing,
the application of pH-responsive hydrogels consisting of ionic polymers
was limited in minimally invasive implants and elastic tissues. In addi-
tion, the pH range in local acidotic tissues is too small for some con-
ventional pH-responsive hydrogels [53]. Recently, dynamic covalent
chemistry has attracted considerable attention in the preparation of
pH-responsive hydrogels. Dynamic bonds can be permanent covalent
bonds or reversibly formed bonds. Due to the formation of covalent
bonds, these hydrogels are more stable than hydrogels cross-linked
through noncovalent interactions [93]. Schiff base formation has
become one of the most common methods to synthesize of pH-responsive
hydrogels. In mildly acidic environments, Schiff bases or imines with pH
sensitivity and reversibility are formed by the condensation reaction of
aldehydes and nucleophilic amines. Hence, hydrogels with Schiff base
bonds can serve as drug delivery systems to treat local acidosis.

Wang et al. [94] synthesized an injectable FHE@exosome hydrogel
composed of Pluronic F127 (F127), oxidized hyaluronic acid (OHA), and
Poly-e-i-lysine (EPL) (Fig. 5A). The hydrogel was fabricated via the
reversible Schiff base reaction between OHA and EPL and the thermal
response properties of F127. The FHE@exosome hydrogel exhibits
self-healing ability, injectability, and excellent biocompatibility and has
pH-responsive drug delivery capability. Due to the higher hydrolytic
stability of Schiff base bonds at neutral pH, the release rate of FHE
hydrogels at pH 7.5 is slower, and fewer exosomes are released than
those at pH 5.5. These results suggest that FHE hydrogels are suitable for
drug delivery to tissues with acidic microenvironments (diabetic
wounds) and do not significantly affect nontargeted healthy tissues.
Similarly, Liang et al. introduced a pH-responsive injectable hydrogel
with Schiff base bonds. The pH/glucose dual-responsive hydrogel
PBA-BA/CS-DALAG (PC) was prepared based on the Schiff base of
dihydrocaffeic acid and r-arginine cografted chitosan (CS-DA-LAG) and
phenylboronic acid-benzaldehyde bifunctional polyethylene glycol ester
(PEGS-PBA-BA). Moreover, polydopamine-coated graphene oxide
(rGO@pda) and metformin (Met) were added to improve the ability to
promote the recovery of diabetic wounds (Fig. 5B). Under acidic condi-
tions, the pH responsiveness of the drug was tested by using PC/GO/Met
hydrogels to simulate diabetic wounds and physiological pH conditions.
The gel had a higher crosslink density at pH 7.4 than at pH 5.5. The
release of metformin was lower because the Schiff base structure has
higher hydrolytic stability under neutral pH conditions. In contrast, when
the pH of the PC/GO/Met hydrogel was 5.5, the amount of drug released
was 12.7% higher than that at pH 7.4, possibly due to the dissociation of
the Schiff base structure under acidic conditions. These results suggest
that PC/GO/Met hydrogels are suitable for drug delivery into the acidic
microenvironment of diabetic wounds with reduced drug effects on other
tissues [95].

Hydrogels with Schiff base bonds are self-healing and biocompatible
and can be beneficial for diabetic wound healing. Due to their excellent
biocompatibility and self-healing properties, hydrogels composed of
Schiff base bonds can be injected in situ and integrated as a whole and
can be position- or shape-independent. Notably, while Schiff base bonds
provide self-healing and stimulus responsiveness to hydrogels, they
reduce the bulk mechanical strength and long-term stability due to their
reversibility. Overall, hydrogels with Schiff base bonds have a promising
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future in skin tissue engineering due to their simplicity, reversibility, and
pH responsiveness [96,97].

Another pH-responsive dynamic build is double hydrogen bonds,
which have been reported to treat diabetic wounds. Jia et al. suggested
the use of another dynamically constructed pH-responsive hydrogel for
diabetic wounds: double hydrogen bonds (hydrogen bonds and hydra-
zone bonds) (Fig. 5C). In this study, the authors designed an injectable,
self-healing, and pH-responsive “double H-bond” (hydrogen and hydra-
zone bond) cross-linked hyaluronic acid-collagen (HA-Col) hydrogel,
followed by methionine gelatine microspheres (GMs) incorporated into
HA-Col hydrogels to form pH-responsive hyaluronic acid hydrogels. The
stability of hydrogels cross-linked through such dynamic bonds was
largely pH dependent. The drug release profiles of Met-loaded hydrogels
were studied at pH 6.5 and 7.4; after 24 h, the release of Met at pH 6.5
significantly exceeded that at pH 7.4 because of the instability of the
hydrazone bond under acidic conditions [98]. This study has increased
the diversity of dynamic crosslinked networks in hydrogels. Therefore,
skin tissue engineering still requires the development of next-generation
smart hydrogels using various types of dynamic bonds.

pH-responsive hydrogel injectable hydrogels have been intensively
explored for practical application to treat diabetic wounds and have
made significant progress. When the pH of the pathological tissue differs
from that of normal tissue, pH-responsive hydrogels can be selected for
drug delivery applications. Despite the significant progress that has been
made, some issues remain to be addressed. First, the change in pH in the
treated area of the local wound is not significant and therefore does not
stimulate the release of the drug from the many pH-responsive hydrogels,
which makes it difficult to achieve a therapeutic effect. Second the use of
pH-responsive hydrogels may cause adverse local tissue reactions due to
the difficult clinical prediction of pH at the site of disease. Finally, it is a
great challenge to economically and conveniently synthesize pH-
responsive hydrogels with well-defined physical and chemical proper-
ties [99,100].

3.2. Temperature-responsive hydrogels

In response to temperature changes in the external environment,
temperature-responsive hydrogels change their volume to release drugs
[101,102]. Temperature is the most common trigger to modulate the
properties of hydrogels. A short response time, simple operation, and
adjustable switching temperature contribute to its wide application.
Temperature-responsive hydrogels have both hydrophobic and hydro-
philic groups, so an increase or decrease in temperature will affect the
hydrophobic interactions and hydrogen bonds between polymer chains,
which change the structure and volume of the hydrogel [103]. Ther-
moresponsive polymers are generally divided into two opposite types
according to their solubility changes with temperature: polymers with a
lower critical solution temperature (LCST) or polymers with an upper
critical solution temperature (UCST) [104]. The LCST is the critical
temperature below which the hydrogel contracts or shrinks, which de-
creases its water solubility. This volume change of the hydrogel is called
the negative temperature dependence. Negative thermosensitive hydro-
gels are usually composed of polymer chains with a high proportion of
hydrophobic groups. When the temperature is higher than the LCST, the
hydrophobic interaction force between hydrophobic units of the polymer
chain is stronger than the hydrogen bond interaction force, which results
in the volume shrinkage of the hydrogel. However, at temperatures
below the LCST, the hydrogel swells due to the increased force of
hydrogen bonds between the hydrophilic units of the polymer chain and
water. Notably, this trend becomes more pronounced as the temperature
increases. In other words, the persistent inflammatory response in
chronic wounds can cause an increased local temperature, this may in-
crease the local drug concentration and have the advantage of preventing
its dispersion in healthy tissue [105]. The LCST can be altered due to
different ratios of hydrophilic and hydrophobic groups in the polymer: a
high proportion of hydrophobic or hydrophilic groups can lead to low or
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Fig. 5. (A) Synthesis of oxidized hyaluronic acid (HA); Schiff base reaction between oxidized HA and polypeptide (e-poly-i-lysine, EPL); thermal-responsive sol-gel
process of double network hydrogel composed of F127-EPL and oxidized HA. (i) pH-dependent release profile of loaded exosomes in the FHE hydrogel. (ii) Repre-
sentative images of the healing process in wounds treated with FHE, exosomes, FHE@exosome and control (Reproduced with permission of Ref. [94]). (B) Schematic
diagram of the preparation and application of the PC/GO/Met hydrogel. Preparation of dihydrocaffeic acid and r-arginine cografting chitosan (CS-DA-LAG) and

phenylboronic acid and benzaldehyde difunctionalized polyethylene glycol-co

-poly (glycerol sebacic acid) (PEGS-PBA-BA) and polydopamine coated rGO

(rGO@PDA). (iii) Schematic of self-healing, responsive drug release, and removability given by dual dynamic bonds: self-healing mechanism and representative

pictures of PC hydrogel and release mechanism of metformin in response to pH and

glucose and representative display pictures of removability. (iv) Representative HE

staining results of wound tissue on days 3, 7, 14, and 21 (Reproduced with permission of Ref. [95]). (C)The sketch map of “Double-H bonds™ in the hydrogel. (v)
Live/dead staining of NIH-3T3 cells (scale bar = 200 mm, green — live cells, and red — dead cells) and the cytoskeleton staining of NIH-3T3 cells 3D cultured in
hydrogels. (vi) Drug release curves of Met from HA-COL-GMs. (vii) Migrated fibroblast staining and collagen secretion staining (Reproduced with permission

of Ref. [98]).

high LCST, respectively. Compared with LCST-type hydrogels, most
polymers are more soluble in water with increasing temperature in UCST
hydrogels, which is positive temperature dependent. Positive thermo-
sensitive hydrogels swell above the UCST but shrink below this tem-
perature [106,107]. Compared with LCST-type hydrogels, UCST
hydrogels are less explored, mainly because of the few polymer

candidates available. Common thermoresponsive hydrogels are
composed of natural polymers [108,109], peptides [110,111], and co-
polymers based on PCL [112-114], poly (N-isopropyl acrylamide)
(PNIPAAm) [115,116], poly (d,i-lactide) (PLA) [117,118], PEG [114,
119], and poly (amino ester urethane) (PAEU) [120].

As a temperature-responsive polymer for drug delivery, PNIPAAm
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can hydrate and dehydrate with changes in temperature. Since the LCST
of PNIPAAm is 32-34 °C, which is close to body temperature, PNIPAAm
has been used in various biomedical applications [121]. When the tem-
perature is higher than the LCST, the balance of hydrophilic and hy-
drophobic forces of the PNIPAAm hydrogel changes, which results a
transition from coiled to spherical. Therefore, the PNIPAAm hydrogel has
areduced volume at physiological temperature [122]. Chen et al. created
responsive and self-healing structurally coloured supramolecular
hydrogel patches with N-acryloyl glycinamide (NAGA) and 1-vinyl-1,2,
4-triazole (VTZ) hybrid polymers as inverse opal scaffolds and
temperature-responsive PNIPAM hydrogels as fillers (Fig. 6A). To verify
the properties of the temperature-responsive hydrogel patch, the
(NAGA-VTZ) & PNIPAM hydrogel (NNH) patch was first placed in a
simulated chronic infection wound environment, and the shrinkage
process was observed at 37 °C and suitable pH. The volume of the NNH
patch was gradually reduced and its structural colour changed from red
to green, which results from the decreasing distance between adjacent
nanopore centres in the inverse opal. These results suggest that the NNH
patch with colour-sensitivity properties to temperature changes can play
a crucial role in wound infection monitoring and has broad prospects in

Breaking Heating |
Healing= ~C ‘ooling
Broken patch NNH patch Shrunken patch
Anti-inflammation e Angiogenesis
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Anti-bacteria H Drag release

Materials Today Bio 18 (2023) 100508

clinical use. To demonstrate the effect of temperature changes on the
release of FITC-BSA, the authors performed drug release experiments
under body temperature stimulation (37 °C) and room temperature (25
°C). The body temperature stimulation (37 °C) exceeded the volume
phase transition temperature (VPTT) of the PNIPAM hydrogel, which
made the patch shrink and exhibited more rapid drug release than that at
room temperature. Additionally, the dynamic changing ability of
different NNH patches to temperature stimuli was investigated. The re-
sults showed that the displacement ratio of the plaque gradually
decreased with increasing PNIAPM concentration. A higher hydrogel
monomer concentration corresponded to greater intermolecular forces
and more resistance to temperature effects. Furthermore, the hydrogel
patch has temperature-responsive properties due to the presence of
PNIPAM hydrogel. The hydrogel patch utilizes an inverse opal structure
with temperature changes and colour-sensitive properties to monitor
wound infection, effectively manage the wound, and guide clinical
treatment [123]. However, PNIPAAm-based hydrogels have several
limitations. First, PNIPAAm-based hydrogels exhibit a low compressive
modulus and poor elastic recovery after drug loading and insufficient

drug release when the temperature changes [124-126]. Most
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(Reproduced with permission of Ref. [127]).



S. Zhang et al.

importantly, the hydrogel is a nonbiodegradable hydrogel because the
cross-linked bonds in the PNIPAAm hydrogel are not biodegradable.
Although the hydrogel has excellent cytocompatibility, it can cause a
local inflammatory response that can prevent diabetic wound healing.
The nondegradable nature of PNIPAM hydrogels limits their usefulness in
many biomedical applications [101]. Therefore, many studies have
attempted to introduce a biodegradable and biocompatible linker to the
PNIPAM backbone. For example, Zhu et al. reported an injectable
hydrogel of a thermosensitive biodegradable polymer loaded with poly
(polyethylene glycol citrate-N-isopropylacrylamide) (PPCN) to treat
diabetic wounds (Fig. 6B) [127].

Another important feature of thermosensitive hydrogels is that they
are liquid or semisolid at room temperature and undergo a sol-to-gel
transition when exposed to body temperature. This feature allows the
hydrogel to be loaded with therapeutic compounds in a liquid state and
easily administered [128]. LCST is the temperature below which
hydrogels in liquid or semisolid form are completely soluble/miscible
and above which the increase in hydrophobicity and insolubility leads to
the formation of gels. Therefore, for injectable biomedical applications,
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the LCST of the hydrogel solution must be higher than 25 °C and lower
than 37 °C. For hydrogels cured at low temperatures, such as gelatine
hydrogels, there is a UCST, but above this temperature, the compatibi-
lity/solubility of the hydrogel in the gel state significantly increases
[129].

Recently, temperature-sensitive hydrogel systems developed using
natural and synthetic polymers have found a wide range of applications
in the biomedical field. Thermosensitive hydrogels can form a gel at
higher temperatures and revert to a liquid at lower temperatures within a
certain temperature range. Thermal gels that can gel in the range of
25-37 °C to undergo a phase transition from room temperature to body
temperature are noteworthy in the biomedical field. Due to the phase
change at physiological temperatures, thermogels have been used to
manage diabetic wounds [130]. For example, Jiang et al. [131] reported
a temperature-responsive hydrogel patch composed of polymeric gallic
acid (PGA) and gelatine methacryloyl (GelMA) to treat diabetic wounds.
Due to the high density of noncovalent bonds, the PGA-GelMA hydrogel
has temperature-triggered adhesion and detachment properties (Fig. 7A).
Once in contact with the skin surface, the GelMA chains breakdown at
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hydrogels for treating chronic diabetic wound (Reproduced with permission
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body temperature (37 °C), form a soft hydrogel that is easily bonded to
the skin surface. Meanwhile, the freely mobile GelMA in the hydrogel
chain exposes many reactive motifs, including amino and carboxyl
groups, which enable the hydrogel to form multiple interfacial bonds on
the skin surface and exhibit strong adhesion. After the ice pack is cooled,
the GelMA chains are re-entangled due to the formation of intermolec-
ular hydrogen bonds, restrict the movement of the GelMA chains and
break the adhesive bonds. In vivo experiments also demonstrate that the
hydrogels are skin-friendly for nonallergic adhesion and nondestructive
separation. Similarly, Yang et al. [132] developed a novel therapeutic
strategy based on injectable heat-sensitive chitosan/collagen/p-glycer-
ophosphate hydrogels and 3D MSC spheroids to accelerate wound heal-
ing in a mouse model of diabetes (Fig. 7B).

Although temperature-sensitive and injectable hydrogels have shown
great potential in different biomedical applications, these hydrogels still
have some limitations in the preparation and injection process. For
example, a long time of low temperature is required in the preparation
process to form a uniform sol, and due to the high viscosity of the sol at
room temperature, it may be difficult to inject due to clogging of pinholes
[133]. More importantly, it is difficult to balance the fluid-like and
solid-like properties of hydrogels composed of dynamic covalent bonds
(e.g., boronic acid bonds [134,135], Schiff base reactions [136,137]) or
noncovalent bonds (e.g., hydrogen bonds [138]). Hydrogels with pre-
dominantly fluid properties do not provide sufficient mechanical prop-
erties to protect wounds, while hydrogels with predominantly solid
properties have difficulty quickly filling irregular deep wounds. To
address this issue, Zhou et al. [139] fabricated a hydrogel with
temperature-sensitive shape-adaptive behaviour to promote diabetic
wound healing (Fig. 7C). Due to the presence of boronate linkages, the
hydrogel is liquid at body temperature (37 °C) and solid at room tem-
perature (25 °C). Hence, the thermosensitive hydrogel has more
fluid-like properties at skin wound temperature to fill deep wounds and
protect wounds through its solid-like properties which proves that the
hydrogel exhibits stronger shape adaptability to deep wounds.

Temperature-responsive hydrogels can be rapidly transformed from a
flowing solution state to a semisolid gel with nonchemical cross-linking
properties by temperature changes. Compared with traditional drug de-
livery methods, temperature-responsive gels have the advantages of
being highly targeted and having fewer toxic side effects, which can
effectively reduce the cost of patient treatment and improve the quality
of patient compliance survival. However, temperature-responsive
hydrogels have some obvious limitations. Since the mechanical proper-
ties of the scaffold for cell growth should match those of the host tissue,
the poor mechanical properties of temperature-responsive hydrogels
simply cannot satisfy the mechanical strength required for cells of
different tissues. In addition, the slow response rate of temperature-
responsive hydrogels makes them unable to release sufficient drug due
to the small difference in temperature between pathological and normal
tissues in vivo [140].

3.3. Glucose-responsive hydrogels

Diabetes is a group of metabolic diseases characterized by hyper-
glycaemia that seriously threatens human health. The treatment of
chronic wounds such as diabetic ulcers has always been a huge challenge.
Impaired angiogenesis, reduced growth factors, and hyperglycaemia
during diabetic wound healing lead to delayed wound healing and cause
other complications. Hyperglycaemia also makes the wound more sus-
ceptible to microbial infection [141]. In this context, wound dressings
that can respond to blood glucose levels have received widespread
attention in the management of diabetic wounds. Among many of the
proposed  systems,  glucose-responsive  hydrogel-based  drug
self-regulating delivery systems can release necessary drugs in response
to changes in blood glucose concentration. Glucose-responsive hydrogels
are mainly divided into three categories: glucose oxidase (GOx) hydro-
gels, concanavalin A (ConA) hydrogels and PBA hydrogels [142].
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3.3.1. Glucose oxidase hydrogels

A common glucose-responsive hydrogel that has been widely used in
recent decades is GOx hydrogels. GOx is an enzyme that can oxidize
monosaccharides, nitroalkanes, etc. The typical synthesis method of GOx
hydrogels uses pH-responsive hydrogels as the backbone and GOx as the
glucose-sensitive segment [143]. The pH-responsive hydrogel contains
immobilized GOx with glucose-sensing properties. In the presence of
glucose and oxygen, GOx can catalyse glucose to gluconic acid, as shown
in the following reaction:

Gicacilucose + H,O + O, — Gluconic acid + H,O,

Due to the pH-responsive backbone, glucose is converted to gluconic
acid at high blood glucose levels, which changes the ambient pH. This
triggers a volume change in the pH-responsive hydrogel, which changes
its pore size, triggers the release of the encapsulated drug from the
hydrogel and makes it valuable in regulating (self-regulating) drug de-
livery. There are two distinct mechanisms in self-regulating drug release.
When the pH decreases, the volume of the pH-responsive hydrogel
shrinks or collapses to release the drug from the hydrogel network. In
contrast, when the pH increases, the volume of the pH-responsive
hydrogel swells, and the drug is released [142].

Yang et al. designed a glucose-responsive multifunctional metal-
organic drug-loaded hydrogel (DG@Gel) that incorporated GOx to heal
diabetic wounds (Fig. 8A). In this investigation, the authors added
glucose solutions of different concentrations to the DG@Gel hydrogels
and incubated them for 24 h to measure the pH changes. They found that
when the glucose concentration increased, the pH of the solution
significantly decreased. The pH dropped to approximately 4.3 when
approaching the 4 mg/mL glucose solution of the diabetic wound glucose
concentration. The significant decrease in pH during this process implied
that GOx at diabetic wounds might facilitate the degradation of the
hydrogel and the release of loaded deferoxamine mesylate (DFO). In
subsequent in vivo applications, DG@Gel significantly promoted local
diabetic wound healing without significantly affecting the systemic
blood glucose, which indicates that DG@Gel may serve as a feasible
candidate for diabetic wound repair [144]. Metal-organic hydrogels
loaded with GOx have achieved applications in diabetic wounds, but the
ZIF system has more distinct advantages. ZIF-8 readily decomposes in
acidic environments (pH 5.0-6.0), and drug delivery and release via pH
control is beneficial for diabetic wound healing. Most importantly, ZIF-8
has hollow nanomaterials with adjustable dimensions and unique 3D
internal voids that prevent the leakage of GOx and maintain its biological
activity. The good hydrothermal and chemical stability of ZIF-8 ensures
that the system is not damaged by external stimuli [145]. Similarly, the
emergence of metal-organic frameworks (MOFs) with a large specific
surface area provides new ideas for solving drug delivery problems [146,
147]. Zhang et al. first assembled GOx on a copper ion-doped graphitized
imidazole framework (ZIF-8) to construct a MOF-based biomimetic
nanoreactor Cu@ZIF/GOx. Then Cu@ZIF/GOx was encapsulated in a
biocompatible hybrid hydrogel composed of bacterial cellulose (BC) and
guar gum (GG) (Fig. 8B). Due to the abundant glucose around diabetic
wounds, glucose can be consumed by GOx to generate H,O5 and gluconic
acid, which subsequently trigger the Cu-mediated peroxidase (POD)--
mimetic activity of Cu@ZIF to generate oxidativeeOH to kill bacteria. In
addition, the BC/GG-Cu@ZIF/GOx hydrogel exhibits a high water
swelling ratio, excellent biocompatibility, and rapid haemostasis both in
vitro and in vivo [148]. For diabetic wounds, bacterial infection and
bacterial biofilm formation are more likely to occur. Since the
high-glucose environment around the wound creates an excess source of
nutrients for bacteria and promotes biofilm formation, the conventional
use of antibiotics has a very limited effect. Therefore, researchers expect
to reduce the local glucose in diabetic wounds through the catalytic re-
action of GOx to improve the therapeutic effect of antibiotics. Shi et al.
developed GOx and azithromycin (AZM) bifunctional hollow meso-
porous silica NPs (GOx-HMSN- AZM) with antibacterial and local
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Fig. 8. (A) Schematic of the preparation of DG@Gel. (i) Change in the pH of DG@Gel over 24 h in different glucose concentrations. (ii) Photographs of wound tissues
treated with different sample groups on days 0, 3, 7, and 14, and wound healing boundaries in different treatment groups in vivo (Reproduced with permission of
Ref. [144]). (B) Schematic illustration of preparing procedure of Cu@ZIF and Cu@ZIF/GOx. (iii) Antibacterial efficacy of Cu@ZIF/GOx treated with different con-
centration of glucose after 6 h incubation (Reproduced with permission of Ref. [148]). (C) Schematic illustration of the synthetic route of GOx-HMSN-AZM. (v) He
glucose concentration variation under the catalyst of 200 pg/mL GOx-HMSN-AZM on different reaction times. (vi) The concentration of generated H,O, catalyzed by
200 pg/mL GOx-HMSN-AZM on different reaction times. (vii) Photographs of bacterial colonies formed by S. aureus in biofilms which were treated with 500 pg/mL of
PBS, HMSN, HMSN-AZM, GOx-HMSN and GOx-HMSN-AZM (Reproduced with permission of Ref. [149]).

hypoglycaemic effects to promote infected diabetic wound healing
(Fig. 8C). This is attributed to the special spatial structure, high specific
surface area, and modification sites of HMSN, which can realize GOx
functionalization of the material and load AZM into its lumen [149].
However, hydrogels containing GOx are insensitive to glucose and
may leak drugs prematurely because of their low mechanical strength
[150,151]. More importantly, the accumulation of H,O, caused by the
rapid removal of glucose may disrupt the redox homeostasis of the local
wound microenvironment, generate excess ROS and cause toxic side ef-
fects [152-154]. These are the reasons for the limited application of GOx.
A viable solution to this problem is to create a carrier that consumes its
harmful byproducts and sequentially generate the required downstream
actions. Yu et al. developed a glucose/ROS cascade reaction nanometre
(CHA@GOx) coassembled by special dual ligands (alendronic acid and
2-methylimidazole) and Gox (Fig. 9A). The hydrogel has superoxide
dismutase and catalase (CAT) mimetic activities, which can remove
H20,, the secondary product of GOx, and produce a cascade effect to
further catalyse its production of oxygen. This process improves hypoxia
while addressing the side effects of HoOy accumulation. In vitro and in
vivo experiments demonstrate that CHA@GOx can remove excess
glucose and ROS and facilitate the cell tube formation and cell migration.
In a mouse model with diabetic wounds, CHA@GOx also enhanced
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re-epithelialization and collagen deposition, which can significantly
promote diabetic wound healing [155]. Similarly, Liu et al. developed a
self-regulating dynamic nanohybrid material that could sensitively
respond to a hyperglycaemic microenvironment. The authors synthe-
sized a core/shell structured nanohybrid, where drug-loaded porous
silicon (PSi) nanoparticles were encapsulated by a HyO5 responsive
polymer, 4-(hydroxymethyl)-phenyl-boronic acid pinacol ester conju-
gated with oxidized dextran (POD) (Fig. 9B). Then the nanocomposite
was embedded in a collagen patch for application in diabetic wounds.
Furthermore, the excess aldehydes on the outer surface of POD can
immobilize GOx by forming pH-responsive dynamic covalent bonds to
simultaneously anchor other amine-containing drugs. When glucose is
elevated, GOx can initiate the glucose oxidation and produce gluconic
acid and H05. Then, POD can consume the produced HyO, for degra-
dation to further release the encapsulated drug. Interestingly, oxidized
dextran (Odex), which is a degradation product of POD, can form a
hydrogel in situ with the collagen membrane, which creates a moist
environment around the diabetic wound and changes the stiffness of the
patch to mimic the elastic properties of natural soft tissue [156].
Another transdermal drug delivery method is the microneedle drug
delivery system (MDDS), which has attracted attention due to its pain-
less, noninvasive route of administration [157]. MDDS have recently
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Fig. 9. (A) Schematic diagram of Ce-driven coassembly multi-enzymatic activity of nanozyme for diabetic wound healing (Reproduced with permission of Ref. [155]).
(B) Schematic illustration of the construction of glucose responsive delivery system and the orchestrated cascade for diabetic wound care. The detrimental side product
of H,O,, was utilized and consumed, further aiding the close-loop system (Reproduced with permission of Ref. [156]). (C) Schematic representation of the
glucose-sensitive insulin delivery system using glucose-sensitive BGNs; after the treatment with diabetic rats, the glucose-sensitive insulin released from the MNs in

vivo (Reproduced with permission of Ref. [158]).

attracted much attention. MNs offer many advantages as an emerging
drug delivery modality, such as macromolecular drug delivery, ease of
administration, painlessness, targeted drug targeting, and improved drug
delivery efficiency. Researchers have developed glucose-responsive
microneedles to treat diabetic wounds. Jiang et al. synthesized BGNs
with an enzyme layer by electrostatic interaction of polyethyleneimine
PEI and enzymes (GOx/CAT) on the surface of bioactive glass nano-
particles (BGNs). The material combines the porous properties of BGNs
and glucose sensitivity of the enzyme layer. Then the authors combined
polymer microneedles (MNs) with glucose-responsive mesoporous
bioactive glass nanoparticles (BGNs) to treat diabetic wounds via trans-
dermal delivery of insulin (Fig. 9C). After the MN has been inserted into
the skin, the insulin-loaded BGN can easily spread to the surrounding
skin tissue. Glucose in body fluids diffuses and penetrates into the com-
plex enzyme layer (CEL), where it is converted into gluconic acid and
H,0; under the catalysis of GOx/CAT, which decreases the pH of CEL.
CAT can also consume the generated H>O5 for degradation to catalyse its
production of oxygen to improve hypoxia. Gluconate lowers the pH of the
microenvironment and increases the permeability of the enzymatic layer,
which structurally disrupt the CEL and releases the preloaded drug (in-
sulin) from the BGN [158].

3.3.2. Phenylboronic acid (PBA)-based hydrogels

As mentioned above, GOx is the most common protein-based glucose
response system in the treatment of diabetic wounds. However, the
composition of proteins is susceptible to environmental changes due to
instability, antigenicity and high cost. Therefore, they are not suitable for
storage or long-term use [159-161]. PBA-based materials have been
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investigated for glucose-responsive drug delivery in recent years. Unlike
protein-based systems such as Gox, PBA-based materials have versatile
reactivity and high stability, which make them ideal for use in physio-
logical conditions [162]. PBA is can reversibly combine with diols,
including glucose, to form a stable five-membered ring complex. There-
fore, PBA-modified polymers with diol-containing polymers enable the
hydrogels to release the encapsulated drugs subsequently in response to
blood glucose level changes. The principle of the PBA-mediated gluco-
se-sensitive drug delivery system is based on the reversible reaction be-
tween PBA and cis-diol compounds. In aqueous solutions with higher pH
than the pKa of PBA (pKa~8.6) [163-165], most PBA moieties are
negative and relatively hydrophilic. However, when the pH of the solu-
tion is lower than the pKa of PBA, the PBA moiety is neutral and hy-
drophobic. When glucose is added, the charged form of phenyl borate can
form a stable complex with glucose through a reversible covalent bond.
Thus, the equilibrium shifts in the direction of increasing the hydrophilic
(single) forms of phenylborates. The increased hydrophilicity of the
PBA-modified material results in its swelling, disassembly, and degra-
dation, which releases the payload [151,166].

To treat diabetic wounds, the decomposition and degradation of
hydrogels have achieved practical application. In the presence of glucose,
drug release due to breakdown and degradation relies on breaking the
structure of the hydrogel. Xu et al. [167] fabricated a novel
glucose-responsive hydrogel for diabetic wound healing. They modified
PBA with unique glucose sensitivity to a hyaluronic acid (HA) chain and
added it to a polyethylene glycol diacrylate (PEGDA) hydrogel matrix to
produce a hybrid hydrogel (PEGDA/HAPBA). Then, through the forma-
tion of dynamic boronic acid bonds between the polyphenol group of
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myricetin and the phenylboronic acid group of HA-PBA, the myricetin
(MY) molecule was immobilized into the hybrid hydrogel to obtain the
PEG-DA/HA-PBA/MY(PHM) hybrid hydrogel (Fig. 10A). Additionally,
the authors measured myricetin release by adding (PHM) hybrid
hydrogel to PBS and PBS containing glucose. Their data indicated that
elevated glucose levels accelerated the release rate of myricetin
(>60.0%) and increased the total release amount (>170%), which im-
plies that the PHH hybrid hydrogel with unique glucose responsiveness
served as a promising candidate for diabetic wound therapy. The appli-
cation of chitosan systems in drug delivery has attracted great interest
because their physicochemical properties can be easily and precisely
altered [168]. Zhu et al. synthesized polyethylene glycol poly
[3-acrylamidophenylboronic acid-copolystyrene] (PEGb-P(PBA-co-St))
for insulin loading to form insulin micelles. Insulin micelles and
epidermal growth factor (EGF) were embedded in the composite
hydrogel (Fig. 10B). When the glucose concentration increases, the

Materials Today Bio 18 (2023) 100508

micelle structure can release the loaded insulin due to the binding of
phenylboronic acid and glucose, which decreases the blood sugar level.
Simultaneously, with the increase in glucose concentration, the release
rate of insulin loaded in micelles significantly increases. In vivo experi-
ments revealed that when insulin micelles were combined with glucose
and cleaved, the released insulin promoted the reduction in blood
glucose concentration and indirectly improve the repair efficiency and
directly promoted wound repair [169]. In complex diabetic wounds
(with sinus tracts or fistulas), conventional hydrogels do not completely
cover the wound, which results in a high rate of wound recurrence due to
the inability to internally heal the wound, since conventional hydrogels
cannot adapt to various wound shapes and there is limited treatment of
diabetic wounds [170]. Therefore, it is necessary to develop a hydrogel
with autoadaptation to trea diabetic wounds. Recently, bioactive metal
ions and bioactive glasses (BGs) have been increasingly used in soft tissue
[171-175]. Zhu et al. synthesized an injectable, adaptive, self-healing,
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and adhesive hydrogel dressing formed by the phenylborate ester bond
within diols and hyaluronic acid modified with phenylboronic acid
(HA-PBA) and electrostatic interactions between HA-PBA, quaternized
chitosan (QCS), and magnesium-containing bioactive glasses (MgBGs).
(Fig. 10C). Interestingly, the introduction of MgBGs enhanced the me-
chanical properties of the hydrogels and endowed them with bioactivity.
In the degradation experiments of the hydrogel dressing under different
conditions, the loss of hydrogel mass was more severe when the glucose
increased or the pH decreased, which is due to the cleavage of the
boronic ester bond under conditions of high glucose concentration and
low pH. In vitro experiments demonstrate that the hydrogel is a multi-
functional hydrogel with excellent antibacterial properties and
self-healing, injectable, and adhesive properties. In vivo experiments also
demonstrate the positive effect of this hydrogel on diabetic wound
healing [176]. However, injectable hydrogels based on dynamic covalent
bonds also have some limitations. For example, the requirements of thick
needles and high injection pressure may increase pain [177-180].
Temperature-responsive injectable hydrogels are the most commonly
used hydrogels for in situ drug delivery because they can undergo a phase
transition through the temperature difference. When glucose-responsive
hydrogels have temperature-responsive properties, they can be injected
in a sol state and locally transformed into a gel state at body temperature.
Moreover, patient comfort in this injection process is improved due to the
relatively lower injection pressure and thinner needles. Hu et al. reported
a novel injectable hydrogel for the in situ delivery and controlled release
of insulin to treat diabetes. They copolymerized 3-acrylamidophenylbor-
onic acid (AAPBA) and N-isopropylacrylamide (NIPAM) and grafted
them with alginate to obtain a temperature-sensitive/glucose dual--
responsive copolymer alginate-g-P (NIPAM-co-AAPBA) (Alg-g-PNA)
(Fig. 10D). When injected into the local site, since the LCST of Alg-g-PNA
is lower than body temperature (37 °C, the copolymer solution rapidly
becomes a gel locally. When the pH rises higher than the pKa of
Alg-g-PNA, due to the presence of glucose, the PBA group in Alg-g-PNA
can effectively combine with the cis-diol structure of glucose to form
borate. Borate, which is hydrophilic in nature, increases with increasing
glucose concentration and makes the LCST of Alg-g-PNA exceed 37 °C. At
this point, the gel transforms into a sol state and rapidly releases insulin
locally. In contrast, a reduction in borate amount after blood glucose
concentrations dropped to normal levels results in an LCST of Alg-g-PNA
below 37 °C. The Alg-g-PNA copolymer changes from a sol state to a gel
state and stopps releasing insulin. Therefore, the hydrogel can
self-regulate the release of insulin at the action site, which may provide a
very promising strategy to treat diabetic wounds [181].

3.3.3. Glucose-responsive microneedles (MN)

Although PBA-based hydrogels are sensitive to glucose, the limita-
tions of implantation of bulk hydrogels and injection of hydrogels have
resulted in limited applications of glucose-sensitive hydrogels for self-
regulating drug delivery [182]. In recent years, glucose-responsive
hydrogel microneedle (MN) patches, which can detect blood glucose
levels and regulate insulin release over time, have become a research
hotspot in insulin release [183,184]. A glucose-responsive MN is an
efficient blood glucose-responsive system that links blood glucose
sensing and insulin release and may reduce the risk of hypoglycaemia
[185,186]. Glucose-sensitive MNs typically consist of insulin, a
glucose-sensing element, and a cross-linking agent. Glucose-sensing el-
ements are generally composed of GOx, glucose-binding protein, and
PBA [187]. When the hydrogel microneedles are inserted into the skin,
the skin interstitial fluid can be rapidly absorbed and swelled to a
hydrogel state, which results in a slow and continuous release of the
loaded drug. By controlling the crosslinking density to adjust the swelling
ability of the hydrogel polymer, the transdermal absorption efficiency
and drug release behaviour can be improved. Due to the toughness of the
cross-linked matrix, the hydrogel MNs can be completely removed from
the skin without any polymer residue, which is required for frequent
dosing [188,189]. Therefore, the advantages of the MN patch are: precise
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drug loading, a high drug loading rate, instant transdermal drug delivery,
unique swelling ability, no polymer residue, easy removal after treat-
ment, appropriate biosafety, etc. [190].

The most widely used glucose-responsive delivery systems are PBA
and its derivatives. The high stability and persistence of PBA in physio-
logical environments make it a reliable glucose sensor in glucose-
responsive MNs. Guo et al. designed a glucose-responsive insulin-
releasing hydrogel for microneedle dressing. A hydrogel system
composed of biocompatible methacrylate gelatin, the glucose-responsive
monomer 4-(2-acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid
(AFPBA) and glucose insulin (INS) replicated the polydimethylsiloxane
mold and prepared a gel-forming-polymethyl methacrylate-insulin
hydrogel MN dressing (Fig. 11A). In vitro experiments found that after
the Gel-AFPBA-INS hydrogel was soaked in glucose solution, the pore
size ratio of the hydrogel was significantly larger than that in PBS solu-
tion, and the pore size of the hydrogel gradually increased with
increasing concentrations of glucose. The change in pore size of the
hydrogel is consistent with the change in its morphological expansion.
After soaking in the glucose solution, the glucose molecules diffused into
the hydrogel. The anionic boronate species in the hydrogel will prefer-
entially bind to the glycol of glucose molecules to form cyclic boronate
esters. The formation of borate anions increases the osmotic pressure of
the hydrogel, resulting in swelling of the hydrogel. The authors also
assessed the effect of different concentrations of glucose on the kinetics of
insulin release from the hydrogels. Insulin from hydrogels was released
more rapidly in high glucose environments, and the drug release profile
was dependent on glucose concentration. In contrast, the drug release
rate was significantly slowed down in low-sugar or sugar-free PBS solu-
tion. In vivo experiments, the authors found that Gel-AFPBA-INS
hydrogels healed faster in diabetic wounds, and the blood glucose
levels in this group of mice were significantly lower than those in other
groups, suggesting that controlling blood sugar can significantly promote
wound healing. Hydrogel microneedle dressings have sufficient me-
chanical properties, excellent biocompatibility, glucose-responsive
release behaviour, etc.,, and show great potential in diabetic wound
management [191]. However, in the face of the complex diabetic
microenvironment, hierarchical therapy has gradually attracted the
attention of researchers [192]. Hierarchical therapy not only improves
the utilization of drugs, but also allows the use of substances produced
upstream to achieve certain biological functions or to eliminate poten-
tially toxic substances. For example, Yang et al. encapsulated GOx into
Fe-doped ZIF and constructed a hierarchically porous MOF based on a
properly controlled tannic acid (TA) etching process. Since the etching of
MOF with TA can form hierarchical channels, the Fe(II)/Fe(IlI) redox
conversion can be realized. Finally, it was wrapped in soluble poly-
vinylpyrrolidone (PVP) to obtain stimuli-responsive microneedles for
infected diabetic wound healing (Fig. 11B). The authors used Escherichia
coli as an example to study the glucose-responsive antibacterial activity of
GOx@Fe-ZIF-TA. When the glucose concentration increased, colonies
could no longer be observed in the GOx@Fe-ZIF-TA group, which indi-
cated that GOx@Fe-ZIF-TA had good antibacterial activity under high
glucose concentrations. These results confirmed that GOx@FeZIF-TA can
kill pathogens in a glucose-responsive manner for use in treating
diabetic-infected wounds. Under the local acidic environment generated
by gluconic acid, TA is able to reduce Fe(IIl) to Fe(I), catalyse the
degradation of Hy05 to generate ROS, and achieve an antibacterial effect
[193]. Although the advent of microneedling has made drug delivery
convenient and painless, it still has some limitations. The main problem
of microneedling technology is the risk of skin irritation and redness. In
addition, the lack of drug loading of microneedling can significantly limit
its development. Moreover, the insufficient mechanical strength and
poor control of drug delivery of microneedles also hinder their practical
application [194]. Environmental changes in the body are generally
subtle and instantaneous due to the buffering effect of the physiological
environment. Therefore, the development of microtargets that can
respond rapidly to the environment is more relevant for diabetic wound
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therapy. For the treatment of diabetes, it has always been a huge chal-
lenge to accurately monitor blood sugar and give suitable hypoglycemic
drugs, leading to serious complications, including hypoglycemia, blind-
ness, and amputation [195,196]. Previous reports confirmed that poly
(2-(hexamethyleneimino) ethyl methacrylate) (PHMEMA) possesses ul-
trasensitive pH responsiveness with a response time less than 5 ms [197].
Luo et al. designed an ultra-pH-responsive and glucose-responsive MN
array patch for insulin delivery. The authors first encapsulated insulin in
pH-sensitive nanoparticles (SNPs(I)) composed of polyethylene
glycol-b-PHMEMA (mPEGb-PHMEMA). iSNPs were subsequently pre-
pared with polyethylene glycol poly (2-cyclohexyl ethyl methacrylate)
(mpeg-b-PCHMA). To alleviate the H202 generated during glucose
oxidation, CAT and GOx were coencapsulated in iSNPs (iSNPs(G + C)).
Finally, for convenient and painless administration, both iSNP(G + C)
and SNP(I) were incorporated into the MNs (Fig. 11C). In vitro experi-
ments found that the insulin release rate increased significantly with
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increasing glucose concentration, showing that the amount of insulin
released was glucose concentration-dependent. Under hyperglycemic
conditions, GOx in iSNP(G + C) catalyzes the oxidation of glucose to
gluconic acid, resulting in a local pH decrease and triggering rapid pro-
tonation of the tertiary amino group of the PHMEMA fragment. This
transition from hydrophobicity to hydrophilicity triggers the structural
disassembly of SNP(I), leading to the rapid release of insulin. At the same
time, the CAT loaded in iSNP(G + C) is able to consume excessive H202,
thereby reducing the damage to normal skin. In addition, the MN patch
also showed excellent regulation and a rapid response to blood glucose
levels (BGLs) [198].

Glucose-responsive hydrogels are usually based on GOx, ConA and
PBA, which can respond to glucose. Therefore, they have been used in
glucose sensing systems to manage diabetic wound. Despite the great
progress that has been made in glucose-responsive hydrogels, many
limitations in this field should be addressed before their real application.
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Despite the advantages of biocompatibility and biodegradability, GOx
and ConA are unstable due to environmental changes that can cause
denaturation and loss of activity. Although PBA-responsive hydrogels
have good stability as synthetic glucose-based materials, PBA-responsive
hydrogels have disadvantages such as poor glucose selectivity, poor
biodegradability, and a slow response rate. The advent of MNs has pro-
vided additional advantages and approaches to treat diabetic wounds,
but some limitations remain, such as the stability of the glucose sensing
portion, large safety in animals or humans, and possible local production
of toxic substances [142].

3.4. ROS-responsive hydrogels

ROS are a class of highly reactive ions and free radicals produced by
the human body, including superoxide, hypochlorite ion, and singlet
oxygen, which can be transformed from one to the other through a series
of reactions [199]. The three main sites of endogenous ROS production
are mitochondria, endoplasmic reticulum, and NADPH oxidase, which
generate superoxide [200]. Moderate levels of ROS play a crucial role in
regulating cellular signalling pathways, inflammation, and cell prolifer-
ation [201]. However, when ROS overwhelm the antioxidant defence
system, oxidative stress can cause toxic effects, which are associated with
a range of pathological conditions, including diabetes [202].

ROS-responsive hydrogels are hydrogels that can sense oxidative
stress in the local environment, modulate cellular behaviour, facilitate
the release of desired drugs, and eliminate excess ROS production.
Therefore, ROS-responsive hydrogels provide a promising practical tool
for the presence of high levels of ROS locally in diabetic wounds. To make
hydrogels ROS-responsive, the current strategy is to add ROS-responsive
moieties to the backbone of the block copolymer to form the hydrogel or
use polymers with ROS-responsive side chains. When ROS are elevated in
the surrounding environment, the ROS-responsive unit can lead to the
controlled release of drugs by degrading bonds in an oxidative environ-
ment, which leads to hydrophobic-to-hydrophilic transition or polymer
chain scission. Most importantly, several factors affecting the drug
loading and drug release should also be considered. These factors affect
the structure, morphology, and mechanical properties of hydrogels and
regulate the removal time of hydrogels [203].

As stated before, low levels of ROS are of great significance to pro-
mote normal wound healing [204,205]. Nevertheless, immune cells
produce a large amount of ROS in diabetic wounds, which exceeds their
antioxidant capacity. The accumulation of ROS can produce a long-term
inflammatory response that makes the wound vulnerable and inhibits
tissue regeneration around diabetic wounds [204]. With the progress of
the antioxidant theory in recent years, various antioxidant hydrogels for
chronic wound healing have been fabricated by antioxidant drug loading
or antioxidant group modification [206]. For example, Zhao et al. mixed
PVA (alcohol hydroxyl group) and N1-(4-boronobenzyl)-N3-(4-bor-
onophenyl)-N1, N1, N3, N3-tetramethylpropane-1, 3-diaminium (TPA)
(phenylboronic acid) to obtain a ROS-responsive hydrogel after reaction
crosslinking. Then, they evaluated the degradation behaviour of the
ROS-responsive hydrogel in PBS containing different concentrations of
H50,. Their results showed that the structure of the hydrogel was grad-
ually destroyed after the incubation with HyO4, while the degradation of
the hydrogel was accelerated with increasing HyO5 concentration.
Moreover, the effectiveness of the ROS-responsive hydrogel in inhibiting
H,0; production and promoting wound healing has been demonstrated
in a mouse infected wound model [207]. Likewise, Wang et al. synthe-
sized a boronate-based ROS-responsive hydrogel. Since boronate esters
can be selectively degraded by ROS, the hydrogels help to modulate in-
flammatory responses and induce drug release through ROS scavenging.
The authors synthesized a DPE stock solution using DL-dithiothreitol,
polyethylene glycol diacrylate and phenylboronic acid-modified e-poly-
lysine (EPL). This hydrogel can serve as a physical barrier to fill wound
defects for protection by light-induced in situ gelation. The authors found
that DPE2 exhibited rapid EPL release by testing the release properties of
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EPL from hydrogels in an HoO2 PBS solution. Furthermore, the release
rate of EPL incubated with HpOy PBS solution was higher than that
incubated with PBS alone. In vivo experiments indicate that DPE2 has an
excellent antibacterial effect and significant anti-inflammatory activity
and can promote collagen deposition. These results indicated the
important role of DPE2 hydrogels in promoting infected diabetic wound
healing [208].

Despite obvious developments in ROS responsiveness, a single
responsive hydrogel cannot satisfy the growing demand due to the
constantly tricky and complex environment of diabetic wounds. There-
fore, the development of multiresponsive hydrogels is warranted. In
recent years, the formation of reversible covalent chemical bonds,
including Schiff base bonds, disulfide bonds, and borate esters, has been
considered a potential strategy to design injectable multiresponsive
hydrogels. Many of these dynamic covalent bonds can be broken down in
response to stimuli from the surrounding environment, such as pH, ROS,
temperature, enzymes, etc. [209-211] Wang et al. designed a boronate
bond-based hydrogel (hydrogel & vancomycin-conjugated silver nano-
cluster (VAN-AgNC) & micelle (MIC)) for application in infected diabetic
wounds (Fig. 12A). Due to the dynamic phenylboronic acid-diol ester
bond, the hydrogel exhibits dual-responsive properties to pH and ROS. In
vitro degradation results show that the degradation rate of the hydrogel
is slightly slower in PBS than in low pH and H»O». In the presence of low
pH and high ROS, the stable hydrogels rapidly transform into a
liquid-like state and rapidly released VAN-AgNCs, which was attributed
to the dissociation of the phenylboronic acid-diol ester bonds in the
hydrogels. The subsequent sustained release of NIM from the MIC under
acidic conditions result from the collapse of the MIC in an acidic envi-
ronment. These results demonstrate the programmed release of encap-
sulated VAN-AgNCs and NIMs in an inflammatory environment. This
approach gradually treats infected chronic diabetic wounds by providing
antimicrobial therapy prior to administrating anti-inflammatory therapy.
Additionally, the smart hydrogel has hemostatic and anti-inflammatory
functions with excellent cytocompatibility in vivo, which can strongly
promote the healing of infected chronic diabetic wounds [212]. Simi-
larly, Xu et al. synthesized a glucose- and ROS-responsive smart hydrogel
using boronate linkages to treat diabetic wounds [213]. However, from a
clinical perspective, the use of single-factor delivery to treat diabetic
wounds is highly inefficient. This is not surprising considering the
complexity of the diabetic wound healing process. For the process of
wound repair, biological phenomena, including angiogenesis, inflam-
mation and tissue remodeling, are complex, interconnected and
controlled in a spatiotemporal manner. Therefore, there is a need to
design a material that can control the release of multiple factors so that
specific factors have different releases over time. Recently, dual-dynamic
covalently constructed smart hydrogels have begun to be applied to
diabetic wounds. Wu et al. fabricated a dual-dynamic covalently con-
structed hydrogel to spatiotemporally control the release of diclofenac
sodium (DS) and mangiferin (MF) through an ROS/pH dual response,
which inhibited the inflammatory response and promoted the healing of
diabetic infected wounds (Fig. 12B). Due to the breakdown of the gel
network after the hydrolysis of Schiff bases and boronate linkages, when
the DS&MIC@MF hydrogel was added to HCl or HyO,, the hydrogel
gradually disintegrated in a short time. Both MF and DS particles ach-
ieved controlled release under acidic and oxidative conditions. Although
MEF could be continuously and slowly released over a week, the amount of
DS particles released at 24 h was significantly higher than that of MF.
Their data suggested that the sequential collapse of the hydrogel and MIC
leads to the spatiotemporal release of DS and MF. This delivery property
is beneficial for infected diabetic wound healing because the
DS&MIC@MF hydrogel with antibacterial and antioxidant properties is
involved in the anti-apoptotic activity and promotion of angiogenesis.
More importantly, the spatiotemporal transmission behaviour of DS and
MF is highly consistent with the programmed process of infected wound
healing [214].

ROS-responsive hydrogels have been developed as some of the most



S. Zhang et al. Materials Today Bio 18 (2023) 100508

A
3
‘&m B—OM 2

Gel-BA
‘w“;("‘f?f‘ > >
2 /

pen aiiRRe N - e 3 1D
ef p< ::, : : - 7 » High ROS
b ‘D S s 7 RS . ‘-sg.g - -

- Rapid release of DS Sustained release of MF
; Arstscacat sveny

ek S
) - o
{8 weawr @) os O Bacteria G Ros D Schift Borenlo
Bi""" Sof-adaptiontothe |
C Curcumin i CNPs g CNPs@GMs D S wen,
- r

oy

I 00
(VS solution © o  Emulsion
-~ Ll —— o&o_“
1 [ exchange U5 process

1
1
1
1
1
1
1
1
|
1
1
Diabetic Mice :
1
‘ MMP9 :
@ Curcumin Nanoparticies I
(CNPs) '
@ GNP londedin -
microspheres (CNPs@GMs) |-
F127/F68 Hydrogel |
1
(ii !
» I
%4 S4 1
S - « Ctrl 1
£ = + Cur |
=2 82 + CNPs !
@
o = + CNPs@GMs |
© + CNPs@GMs+MMP9
@° 'k | o0 *%° @
0 20 40 60 8 £ 0 20 40 60 80 NS ~— [S) o
Time (h) Time (h) |  QCSF PVA DFO@GMs  DFO ROS Hydrogel

Fig. 12. (A) Diagrams displaying the formation of NIM-Loaded Micelle, VAN-AgNCs, Hydrogels, and the mechanisms of accelerating wound healing (Reproduced with
permission of Ref. [212]). (B) Schematic diagram of the fabrication procedures of the DS& MIC@MF embedded POD/CE hydrogels and illustration of spatiotemporally
drugs release behaviour of the hydrogel, and the mechanism of the hydrogel for accelerating wound healing on the infected diabetic cutaneous wound model
(Reproduced with permission of Ref. [214]). (C) Schematic representations of CNPs@GMs/hydrogel preparation and the process of drug release at the wound bed in
diabetic mice. Preparation of pure CNPs via a solution exchange method. CNPs loaded into GMs by the emulsion process to get CNPs@GMs. CNPs@GMs mixed with
the thermos-sensitive hydrogel and covered on the wound in diabetic mice. Under the microenvironment of a nonhealing wound, GMs were degraded by MMPs, and
specifically the drug was specifically released. (ii) Cell migration/invasion in real time was monitored by the xCELLigence RTCA for 72 h (Reproduced with permission
of Ref. [223]). (D) The fabrication and application of self-adaptive DFO@G-QCSFP for accelerating diabetic wound healing on the full-thickness diabetic wound of a
diabetic SD rat. a) The chemical structure of the hydrogel and the mechanism of the hydrogel for accelerating diabetic wound healing. b) The self-adaption of the
hydrogel to wound microenvironment. The hydrogel reduced oxidative stress and released DFO@G on demand. Then DFO was released and promoted angiogenesis
(Reproduced with permission of Ref. [224]).

promising biomaterials in biomedicine. ROS-responsive hydrogels are 3.5. Other responsive hydrogels

antioxidant hydrogels that stimulate drug release through redox re-

actions and have been extensively studied, specifically in chronic wound MMPs are a family of zinc- and calcium-dependent endopeptidases
healing and cardiovascular diseases. However, the clinical application of that play a role in many normal physiological functions [215,216].
ROS-responsive hydrogels remains limited mainly because the difference Studies have shown that the overexpression of MMP-9 hinders chronic
in ROS between pathological and normal tissues is not obvious. In diabetic wound healing, and the reduction in MMP-9 expression pro-
addition, the adequacy of the controlled redox homeostasis cannot be motes the healing of diabetic wounds [217,218]. Therefore, wound
resolved, which causes a large uncertainty in the release of loaded drugs. dressings that inhibit the expression of MMP-9 provide a scientific basis
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for diabetic wound healing. A strategy to generate MMP responsiveness is
to incorporate matrix metal oxide matrices into carriers, but most of the
available natural matrices are macromolecular proteins, which limits
their use in drug delivery [219]. In contrast, synthetic MMP substrates
are mostly short linear polypeptides that can be easily incorporated into
NPs, which has attracted great attention in the field [220,221]. Due to
the small size of the MMP-sensitive polypeptides, the physicochemical
properties of the NPs are not significantly affected by loading them into
the NPs [222]. However, the presence of MMPs in nanomaterials can
affect their structure, conformation, hydrophobicity/hydrophilicity, and
charge changes, which are sufficient to affect the size, morphology and
stability of these NPs. These changes may disintegrate, aggregate, and
rearrange NPs to achieve responsive effects.

Liu et al. reported the encapsulation of an MMP-9 responsive and
thermosensitive dual-responsive hydrogel to improve diabetic wound
healing. The authors first self-assembled curcumin (Cur) to obtain CuR
nanoparticles (CNPs) and subsequently encapsulated them in GMs to
obtain CNPS@GMs. Finally, CNPS@GMs were mixed with a
temperature-sensitive hydrogel (CNPS@GMs/hydrogel) to cover diabetic
skin wounds (Fig. 12C). Since the CNPs were encapsulated in GMs, the
hydrogel could respond to MMP-9 in diabetic skin wounds. In the release
experiments in vitro, the authors found that with increasing MMP-9
concentration, the Cur released by CNPs@GMs gradually increased.
This result suggested that a large amount of Cur could be released from
CNPs@GMs to disrupt GMs by treatment with MMP-9. Nevertheless,
without MMP-9, the Cur release of CNPs@GMs was much lower than that
in the presence of MMP-9, which confirms that CNPs@GMs can specif-
ically react with MMP-9 and release Cur through cleavage. In a diabetic
wound model, CNPs@GMs exhibited excellent wound healing promotion
and excellent biocompatibility [223]. Similarly, Shao et al. synthesized a
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microsphere-based MMP-9-responsive hydrogel to manage diabetic
wounds. Due to the boronate bond, the hydrogel reacts to high concen-
trations of glucose and Hy0,, which can more effectively treat diabetic
wounds. The hydrogel exhibits excellent MMP-9 responsiveness, glucose
responsiveness, biocompatibility, and the ability to facilitate diabetic
wound healing [224]. Sonamuthu et al. [225] designed a natural protein
hydrogel wound dressing based on MMP-9-responsive L-carnosine
dipeptide induction for the accelerated treatment of infected diabetic
wounds (Fig. 12D). The histidine residue (b-alanine-histidine) of the
L-carnosine dipeptide has a strong zinc ion binding ability and inactivates
MMP-9 through its strong complexation with zinc ions at the active
centre of MMP-9. Therefore, 1-carnosine-based biohydrogels can effec-
tively enhance diabetic wound healing by inhibiting MMP-9.

3.6. Dual stimulus-response strategy for diabetic wounds

Due to the multifactorial nature of diabetic wounds, single-responsive
hydrogel dressings have limited effects on complete wound healing. As a
result, multiresponsive dressings have been developed to better heal
wound by satisfying multiple stimuli. With the increasing demand for the
precision of drug controlled release, different stimuli can be combined to
synergistically regulate drug release and improve the therapeutic effect
of drug loading. Due to the synergistic effect of multiple treatment mo-
dalities, combination therapy can often achieve better therapeutic effects
than single treatment modalities. Therefore, multiresponsive hydrogel
dressings are rationally designed with multiple therapeutic modalities
and provide a platform for chronic diabetic wounds. For instance, Guo
et al. designed a PH and ROS dual-responsive hydrogel with intelligent
targeting of refractory wound characteristics (Fig. 13A). They achieved
low pH and ROS stimuli-responsive reversal of the harmful

TNF-a

Fig. 13. (A) Illustration of microenvironment-Responsive Hydrogel fabrication stragety. (ii) The release tendency of nZnO and Pf (iii) over 54 h (Reproduced with
permission of Ref. [226]). (B) Schematic illustration of the preparation of stimuli-responsive MXene-based hydrogel system. The formation and drug release process of
the MXene-based hydrogel system. (iv) Thermal images of AgNPs-loaded MXene-based hydrogel applied to the rat subcutaneous before and after near-infrared
irradiation. (v) Photos of the subcutaneous tissue of the diabetic rats and immunostaining of IL-6 and TNF-a (Reproduced with permission of Ref. [231]). (C)
Schematic diagram illustrating FEMI hydrogel for MDR bacteria-infected diabetic wound healing. (vi) Representative SEM images of MRSA cells after different
treatments. The yellow pseudocolor indicates the MRSA bacterial cells and blue pseudocolor indicates the surrounding materials (Reproduced with permission

of Ref. [227]).
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microenvironment in wounds by introducing Schiff base bonds and ROS-
responsive paeoniside (Pf) micelles to the backbone of the hydrogel. In
degradation assays in vitro, the hydrogels decomposed significantly
faster over time when exposed to HoO5 and an acidic environment than in
PBS solutions. More importantly, we found that zinc oxide nanoparticles
(nZnO) and MIC@Pf could be released from the hydrogel due to pH-
sensitive Schiff base bonds in the hydrogel, but Pf release from MIC
particles was mediated by ROS-induced MIC collapse. Guided. Therefore,
this hydrogel can promote infected chronic diabetic wound healing in a
step-by-step manner by rapidly releasing nZnO followed by sustained
release of Pf-mediated continuous antibiotic and angiogenic activity. In a
diabetic wound model, the hydrogel accelerates wound healing by
combining hemostatic and antibacterial activities, alleviating inflam-
matory responses, and promoting angiogenic activities [226]. However,
infected diabetic wounds are susceptible to multidrug-resistant bacterial
infections due to their long healing time. Due to the strong infectiousness,
high recurrence rate, and high lethality of multidrug-resistant bacteria,
treating this type of bacterium has been a great clinical challenge. In
addition, Wang et al. obtained FeMI hydrogels by a Schiff group reaction
of insulin-preloaded Pluronic F127 (FCHO) micelles and e-polylysine
functionalized manganese dioxide nanosheets (EM) (Fig. 13C). The au-
thors investigated the in vitro insulin release behaviour of FEMI hydro-
gels and found that the release of insulin under acidic and oxidative
conditions was significantly greater than that of the control group,
showing a unique pH/redox dual-responsive insulin release profile.
These results are attributed to the destruction of the cross-linking points
of the Schiff bases in the acidic environment and the decomposition of
EM nanosheets by HoOz-promoted redox reactions. Animal experiments
have demonstrated that FeMI hydrogels can reduce inflammation, pro-
mote angiogenesis, and facilitate granulation tissue growth to enhance
diabetic wound healing [227].

Although many stimuli including pH, ROS and temperature have been
applied in the treatment of chronic wounds, alternating magnetic fields
and near-infrared have unique advantages, including tissue penetration
and high-sensitivity remote control capabilities [228-230]. A smart
responsive hydrogel drug delivery system developed by Yang et al. is
composed of MXene-wrapped Fe304@SiO2 magnetic colloid and
PNIPAM-alginate double network hydrogel (Fig. 13B). As a
temperature-responsive polymer, PNIPAM repels water and shrinks near
the LCST. In other words, the hydrogel system shrinks with increasing
temperature of MNPs@MZXene in a near-infrared or alternating magnetic
field, thereby precisely controlling the release of silver nanoparticles
(AgNPs). Furthermore, in a deep wound diabetic rat model,
MNPs@MZXene hydrogels not only possessed excellent cytocompatibility
and biological utility but also exhibited desirable properties. These
characteristics suggest that they may serve as promising candidates for
the treatment of chronic wounds [231].

4. Conclusion and future perspectives

Diabetes mellitus is one of the fastest growing diseases globally, and
the poor wound healing caused by diabetes remains a significant clinical
problem. During chronic wound repair, bacterial infections are inevitable
and may even lead to serious complications. Therefore, better control of
infection is considered one of the most critical challenges in skin tissue
engineering. When a normal wound is infected, although local immune
cells can play a bactericidal role, the bacteria can still cause persistent
inflammation at the local site causing the healing process of the in-
flammatory phase to be prolonged indefinitely resulting in nonhealing of
the wound. However, in diabetic wounds, many harmful factors prolong
the healing process of the inflammatory phase of the wound. First, hy-
perglycemia increases oxygen consumption leading to cellular hypoxia
and promoting the production of ROS. Second, the local hypoxic state is
further enhanced by the lack of oxygen delivery due to impaired angio-
genesis of the wound microvasculature. The hypoxic state and increased
ROS in diabetic wounds significantly increase the inflammatory response
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of the wound. Finally, the increase in proinflammatory cytokines and
AGEs around the local wound further exacerbates the inflammatory
response. Hence, the inflammatory period of diabetic wound healing is
more permanent than that of normal infected wound healing , increasing
the difficulty of treatment [232,233].

Hydrogels have been widely applied in wound therapy owing to their
unique properties, including biocompatibility, hydrophilicity and
biodegradability. However, the drug release of conventional designed
hydrogels is uncontrollable and may not achieve the ideal treatment ef-
fect. Recently, responsive hydrogels that can change their properties in
response to environmental stimuli have provided a new idea for research
in this field. Stimuli-responsive hydrogels are able to sense changes in
key environments (e.g., changes in pH, glucose, temperature, and en-
zymes) and release the optimal dose of drug to the target area at the
appropriate time. Glucose-responsive hydrogels, in particular, have the
potential to significantly improve compliance and quality of life in dia-
betic patients. In addition, using physiological factors as triggers, sus-
tained and stable release of therapeutic drugs can be achieved for the
long-term treatment of diabetic wounds. As we have discussed in this
review, smart responsive hydrogels are very attractive in the manage-
ment of diabetic wounds. Different responsive strategies have different
advantages, so it is essential that we choose the right stimulus response
when designing the hydrogel. Second choosing a hydrogel that matches
the healing process is another important factor that will not only improve
drug utilization but also better promote wound healing. As the reactivity
of gel systems evolves, it is clear that the combined application of two or
more reactive strategies holds great promise for gel carriers, as this al-
lows for more precise control of gel degradation and drug release [234].

The degradation of nanomaterials, including hydrogels, is a key
parameter for scaffold suitability due to the need to accommodate cell
proliferation and extracellular matrix production. The appropriate rate of
degradation of biomaterials is very important for biomedical applica-
tions. For example, determining the optimal degradation rate and water
content of a hydrogel can better accelerate wound healing. For wound
healing, degradable nanomaterials must have the following properties:
first, the nanomaterial must not only be cytocompatible, but the degra-
dation products should be nontoxic and able to be metabolized and
cleared from the body. Second, the degradation time should be matched
to the healing or regeneration process, otherwise a mechanical barrier
would be formed to prevent the normal healing process. Finally the
nanomaterial should have mechanical properties suitable for the partic-
ular application and the mechanical properties should change with
degradation to match the healing or regeneration process [235,236].

The use of smart hydrogels as delivery vehicles is a popular area for
future research. Despite these achievements, smart hydrogels still have
serious limitations as a drug delivery system, including insufficient
responsiveness, poor mechanical properties, lack of biocompatibility,
and poor biodegradability. There are also many critical issues that need
to be investigated in future clinical applications. First, many of the pro-
cesses and parameters involved in diabetic wound healing are dynamic,
which makes it difficult to find an ideal dressing that can simultaneously
meet the requirements of the entire wound healing process [237].
Despite the encouraging results of the studies outlined in this review,
further evaluation is needed for the potential application of reactive
hydrogels. Second, in targeted drug delivery systems, although two or
more reactive strategies have been developed for combined application,
it remains a great challenge to integrate the different stimuli and exploit
synergistic effects. Finally, many smart hydrogels have achieved desir-
able rapid results in vitro or in experimental animals [238,239], but their
true performance all need to be re-evaluated in humans because the
switch in drug release is subject to interference from more complex
stimuli. The appropriate concentration of responsive hydrogels is still
unknown, so the dose and release rate of hydrogel-loaded drugs should
be precisely quantified to avoid adverse effects [240]. Therefore,
research on the development of smart hydrogels with good biocompati-
bility, biodegradability and appropriate controlled release properties is a
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major goal of future research. As a new clinical drug delivery system,
hydrogels may be a promising candidate for the management of local
wounds.
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