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A B S T R A C T   

Chronic diabetic wounds are an important healthcare challenge. High concentration glucose, high level of matrix 
metalloproteinase-9 (MMP-9), and long-term inflammation constitute the special wound environment of diabetic 
wounds. Tissue necrosis aggravates the formation of irregular wounds. All the above factors hinder the healing of 
chronic diabetic wounds. To solve these issues, a glucose and MMP-9 dual-response temperature-sensitive shape 
self-adaptive hydrogel (CBP/GMs@Cel&INS) was designed and constructed with polyvinyl alcohol (PVA) and 
chitosan grafted with phenylboric acid (CS-BA) by encapsulating insulin (INS) and gelatin microspheres con-
taining celecoxib (GMs@Cel). Temperature-sensitive self-adaptive CBP/GMs@Cel&INS provides a new way to 
balance the fluid-like mobility (self-adapt to deep wounds quickly, approximately 37 ◦C) and solid-like elasticity 
(protect wounds against external forces, approximately 25 ◦C) of self-adaptive hydrogels, while simultaneously 
releasing insulin and celecoxib on-demand in the environment of high-level glucose and MMP-9. Moreover, CBP/ 
GMs@Cel&INS exhibits remodeling and self-healing properties, enhanced adhesion strength (39.65 ± 6.58 kPa), 
down-regulates MMP-9, and promotes cell proliferation, migration, and glucose consumption. In diabetic full- 
thickness skin defect models, CBP/GMs@Cel&INS significantly alleviates inflammation and regulates the local 
high-level glucose and MMP-9 in the wounds, and promotes wound healing effectively through the synergistic 
effect of temperature-sensitive shape-adaptive character and the dual-responsive system.   

1. Introduction 

Chronic diabetic wounds are a serious complication of diabetes, 
which often leads to high costs of treatment and high rates of amputa-
tion [1,2]. Many studies have attempted to explore the causes of chronic 
diabetic wound non-healing due to the difference in the physiological 

environment of acute and chronic wounds [3]. The healing of normal 
wounds includes haemostasis, inflammation, proliferation, and remod-
elling; however, high concentrations of glucose and matrix metal-
loproteinases (MMPs) in the wound microenvironment cause hindrance 
for chronic diabetic wounds to enter the tissue remodelling phase [4–8]. 
Prolonged hyperglycaemia leads to advanced glycation end-products 
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(AGEs) accumulation in skin tissues, resulting in a series of changes in 
histology and cytology, such as cell dysfunction and reduced secretion of 
multiple growth factors, especially inflammatory cell dysfunction, 
which exacerbates and prolongs the inflammatory phase of chronic 
diabetic wounds [9–11]. Aberrant inflammation causes the upregulated 
secretion of pro-inflammatory factors, further disturbing the balance of 
MMPs and tissue inhibitors of metalloproteinases (TIMPs) and leads to 
the oversecretion of MMPs in wounds, especially the amount of 
MMP-9—which was enhanced 14 times in diabetic ulcers than in trau-
matic wounds [4,12–14]. The high concentration of MMPs, which 
degrade a variety of growth factors and matrix proteins required for 
wound healing, is considered as one of the main reasons for the trans-
formation of acute wounds into chronic wounds [3,4]. Consequently, 
MMP-9 is regarded as a novel target for the treatment of chronic diabetic 
wounds [15]. In addition, another factor that affects the healing of 
diabetic wounds is the irregular shape of wounds after removing the 
necrotic tissues; traditional clinical dressings give rise to a higher risk of 
infection due to their quite unfitting shape of the irregular wounds 
[16–19]. Overall, it is necessary to develop a wound dressing that fully 
adapts to the wound shape as well as regulates the level of MMP-9 and 
glucose, thereby accelerating the healing of chronic diabetic wounds. 

Hydrogels are reasonable wound dressings that create a moist envi-
ronment for wounds, absorb tissue exudates, and transport functional 
drugs to accelerate wound healing. In recent years, stimuli-responsive 
drug-loaded hydrogels have attracted much attention in biomedicine, 
as they respond to the external environment—such as reactive oxygen 
species (ROS) [20,21], temperature [22], pH [23,24], glucose [23], 
enzymes [8,9]—and provide "smart" control for the release of drugs. 
High concentration of glucose and MMP-9 are important factors hin-
dering chronic diabetic wound healing [6,14], and the double-stimulus 
responsive drug-loaded hydrogel targeting glucose and MMP-9 is a 
promising dressing. Moreover, most drug-loaded hydrogels are hard to 
change their shape again after molding, indicating that they are not fully 
self-adaptive to ever-varying inner wound tissues, especially chronic 
diabetic foot wounds that are constantly deformed during movement 
[19]. Self-adaptive hydrogels, constructed based on the phenomenon of 

fluid quickly filling irregular containers, are a solution to the above is-
sues [25]. However, the fluid-like and solid-like properties of traditional 
self-adaptive hydrogels, which consist of dynamic covalent bonds (such 
as borate bonds [19,26], Schiff base reactions [25,27]) or non-covalent 
bonds (such as hydrogen bonds) are difficult to balance. Self-adaptive 
hydrogels with more fluid-like properties are difficult to provide with 
enough mechanical properties (the cohesive force) to resist forces and 
protect the wounds; hydrogels with more solid-like properties cannot 
easily fill irregular deep wounds quickly. Thus, a novel hydrogel dres-
sing for treating chronic diabetic wounds is eagerly awaited, which 
should meet the needs of chronic diabetic wounds with high levels of 
glucose and MMP-9 and long-term inflammation, fully adaptable to the 
irregular shaped wounds while providing sufficient protection for the 
wounds. 

In this study, we designed a glucose and MMP-9 dual-responsive 
hydrogel with temperature-sensitive shape self-adaptive behaviors for 
the treatment of chronic diabetic wounds (Scheme 1). To our knowl-
edge, this is the first attempt to construct a glucose and MMP-9 dual- 
responsive hydrogel with temperature sensitive self-adaptive shape. 
When the hydrogel was exposed to chronic diabetic wounds, 
temperature-sensitive self-adaptability ensured that the hydrogel on- 
demand provided mobility and elasticity to quickly adapt and protect 
wounds, at the same time, the glucose and MMP-9 double-response 
system facilitated the on-demand release of insulin (INS) and anti- 
inflammatory drug (celecoxib (Cel)). For the temperature-sensitive 
self-adaptability of hydrogels, we drew on the temperature-dependent 
viscoelasticity of polymers formed by borate ester bonds [26,28]. The 
hydrogel was more liquid-like at the body temperature (approximately 
37 ◦C) and more solid-like at room temperature (approximately 25 ◦C); 
therefore, the hydrogel filled the deep wounds owing to the fluid-like 
properties and protected the wounds by the solid-like properties at the 
skin wound temperature, and the hydrogel was more shape self-adaptive 
for deeper wounds. For the glucose and MMP-9 dual-responsive system, 
we uniformly dispersed celecoxib-loaded gelatin microspheres 
(GMs@Cel) and insulin (INS) in the CS-BA-PVA hydrogel (CBP) which 
was constructed using phenylboronic acid-modified chitosan (CS-BA) 

Scheme 1. The design strategy of glucose and MMP-9 dual-responsive shape self-adaptive hydrogels for treating chronic diabetic wound. (A) Preparation of gelatin 
microspheres containing celecoxib (GMs@Cel). (B) Preparation of the CBP/GMs@Cel&INS hydrogel and the characteristics of temperature sensitive shape self- 
adaptive. (C) The process of treating chronic diabetic wounds with the CBP/GMs@Cel&INS hydrogel through the glucose and MMP-9 dual-response system. 
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and polyvinyl alcohol (PVA) via phenylborate ester bonds. The CBP 
network was hydrolysed to release insulin (INS) and GMs@Cel through 
glucose-induced phenylborate ester bond breaking, and the abundant 
amino groups on chitosan reduced the pKa of the phenylborate ester 
bond to enhance the sensitivity of the hydrogel to glucose at pH 7.4 [29]. 
Celecoxib in GMs@Cel was released through the degradation of gelatin 
(an inherent degradation substrate of MMP-9) under the action of 
MMP-9. Moreover, the double encapsulation of microspheres and the 
hydrogel prevented the sudden release of small molecule celecoxib, the 
monolayer encapsulation of the hydrogel ensured the sensitive release of 
macromolecule insulin, thus promoting the full uptake of insulin and 
celecoxib by cells. In short, the CBP/GMs@Cel&INS hydrogel acceler-
ated the healing of chronic diabetic wounds by (i) full adapting to 
irregular wounds, (ii) anti-inflammatory effects, (iii) regulating the local 
levels of glucose and MMP-9 in the wounds, (iv) promoting the secretion 
of vascular endothelial growth factor (VEGF). 

2. Experimental section 

2.1. Materials 

PVA (99.0% alcoholysis, Mr ~ 89,000–98,000), gelatin (>98%), 
chitosan (CS) (MW~100000 Da) was supplied by Shanghai Macklin 
Biochemical Co., Ltd. (China). Bovine insulin, celecoxib, and strepto-
zotocin (STZ) were obtained from Sigma-Aldrich (USA). 3-Carboxyphe-
nylboric acid (BA), N-hydroxysuccinimide (NHS), 1-(3- 
Dimethylaminopropyl)-3-ethylcarbodi-imide hydrochloride (EDC.HCl), 
and all other chemicals were purchased from Shanghai Aladdin Bio- 
Chem Technology Co., Ltd. (China). 5-Ethynyl-2′-deoxyuridine (EdU) 
and all enzyme linked immunosorbent assay (ELISA) kits were from 
Multisciences (Lianke) Biotech, Co., Ltd. (China). Tumor necrosis factor- 
α (TNF-α) antibody, interleukin-10 (IL-10) antibody, vascular endothe-
lial growth factor (VEGF) antibody and matrix metalloproteinase-9 
(MMP-9) antibody were provided by Servicebio Biotech, Co., Ltd. 
(China); and advanced glycation end products (AEGs) antibody was 
from Bioss Biotech, Co., Ltd. (China). 

2.2. Synthesis of 3-carboxylicphenylboric acid modified chitosan (CS- 
BA) 

In accordance with previous studies [23], 2 g of CS was dissolved in 
800 mL of 0.3% acetic acid, according to the unit molar ratio of CS: BA: 
EDC: NHS = 1: 2: 2.5: 2.5, 3-carboxyphenyl boric acid, EDC, and NHS 
dissolved in 40 mL methanol (pH = 5.0) and added to the CS solution. 
The mixture was stirred for 24 h. The mixture was dialysed with ultra-
pure water for 3 days, during which time the water was changed at least 
eight times. 

2.3. Synthesis of gelatin microspheres (GMs) and gelatin celecoxib- 
loading microspheres (GMs@Cel) 

According to previous reports [9], GMs were prepared using an 
emulsion process. In brief, Span 80 (0.5 mL) was added to 30 mL of 
paraffin liquid and stirred for 15 min at 1000 rpm at 45 ◦C for 30 min to 
form an oil phase. A 20 wt% gelatin aqueous solution was prepared, and 
the gelatin aqueous solution was slowly dropped into the oil phase at a 
volume ratio of gelatin solution (water phase): paraffin liquid (oil 
phase) = 6:1, stirring at 1000 rpm for 30 min. Then, the mixture was 
quickly transferred to an ice-water bath, where 1 mL of 15% glutaral-
dehyde solution was added and stirred for another 30 min. The mixture 
was alternately washed several times with diethyl ether and isopropyl 
alcohol, the organic solvent was removed using a rotary evaporator, and 
the GMs were eventually lyophilized. To prepare GMs@Cel, 8 mg cele-
coxib was added to 5 mL of 20% (wt%) gelatin aqueous solution and 
evenly mixed to form an aqueous phase; the remaining steps were the 
same as those used for preparing the GMs. 

2.4. Preparation of CBP/GMs hydrogels (CBP/GMs@Cel&INS 
hydrogels) 

A 5% (wt%) CS-BA solution and 16.7% (wt%) PVA solution were 
prepared with deionised water, 0.4 mL CS-BA solution, 0.6 mL PVA 
solution, and 0.15 g GMs were mixed evenly. To prepare CBP/ 
GMs@Cel&INS hydrogel, according to the method of preparing CBP/ 
GMs, mixing CS-BA and PVA solution, adding 1.28 mg/mL insulin (INS) 
and 0.15 g GMs@Cel in the mixture of CS-BA and PVA solution. 

2.5. Characterisation 

The structure of CS-BA was confirmed by 1H nuclear magnetic 
resonance (1H NMR, Bruker 400M, Germany) and Fourier-transform 
infrared spectroscopy (FT-IR, Thermo Fisher Scientific, Waltham, MA, 
USA). The size distribution of the microspheres was measured using a 
laser particle size analyser (Mastersizer 3000, Malvern, UK). The 
structures of the microspheres and hydrogels were observed using a 
scanning electron microscope (SEM; Carl Zeiss, Oberkochen, Germany). 

2.6. Drug loading and release 

The CBP/GMs@Cel&INS hydrogels (1 g) were placed in 5 mL of 
media (phosphate-buffered saline containing different concentrations of 
glucose and MMP-9, 2% (v/v) Tween 80) at 37 ◦C. At the required time 
point, the release solution (0.5 mL) was collected from the media, and 
fresh media (0.5 mL) was added after each sampling to maintain a 
constant volume of the total medium. The insulin released was measured 
using enzyme linked immunosorbent assay (ELISA) kits (Multisciences, 
China), and the celecoxib released was determined by reversed-phase 
high-performance liquid chromatography (RP-HPLC) with a UV detec-
tor set at 254 nm. The sample (20 μl) was injected into a Diamonsil C18 
column (250 mm × 4.6 mm, 5.0 μm, Dikma, USA) and eluted with a 
mobile phase consisting of ultrapure water/methanol (15/85, v/v) at a 
flow rate of 1 mL/min. On average, three repeated tests were used to plot 
the release results. 

2.7. Rheological tests 

The rheological properties of the hydrogels were determined using a 
rheometer (Anton Paar, MCR302). Rheological testing of hydrogels in-
cludes (1) time sweep tests of hydrogels (25 ◦C), a constant frequency of 
25 rad/s, and a constant strain of 0.05%. (2) Frequency scanning of the 
hydrogels. The scanning frequency varied from 0.1 to 100 rad/s, and the 
constant strain of the frequency scanning test was 0.05%. (3) Strain 
amplitude sweep tests of the hydrogels (25 ◦C), the constant frequency 
of 25 rad/s (4) The G′ and G′′ of hydrogels (25 ◦C) from alternate-step 
strain sweep, the constant frequency of 25 rad/s, when the alternate 
step strain was switched from a small strain of 0.05% and a large strain 
of 200%. 

2.8. Adhesion strength test of hydrogels 

The adhesive properties of the hydrogels were determined using a 
lap shear test at 25℃. Briefly, two pieces of porcine skin tissue were cut 
into rectangles of 10 mm × 80 mm, and grease was thoroughly removed 
from the porcine skin tissues before use. Hydrogels (0.02 g) were used to 
adhere to two pieces of porcine skin tissue, and the adhesive area was 10 
mm × 10 mm. The samples were tested on a tensile testing machine 
(INSTRON 5565, Instron, Norwood, MA, USA) at a speed of 10 mm/min 
until two pieces of skin tissue were separated. The adhesive strength was 
calculated based on the maximum modulus of the adhesive area. 

2.9. Biocompatibility, cell proliferation and migration 

The hydrogel extraction solution was used to evaluate the 
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biocompatibility of the hydrogels. After disinfection with radiation, 
hydrogels were immersed in the Roswell park memorial institute-1640 
cell medium (RPMI-1640) for 72 h at 0.1 g/mL. The mouse fibroblasts 
(L929 cells) were incubated for 24 h. Then, the extraction solution of the 
hydrogels was added. One day and three days later, the absorbance of 
each well was measured to calculate the L929 cell viability, and acridine 
orange-ethidium bromide (AO-EB) staining kits were used with AO-EB 
stain the L929 cells. Each test was repeated six times. Glucose and 
MMP-9 damaged cells were used to evaluate the effect of the hydrogels 
on cell proliferation. In short, the L929 cells were cultured in RPMI- 
1640 cell medium containing 10 mg/ml glucose, 50 nM MMP-9, and 0.1 
g/mL hydrogel for one day and three days. Cell viability was then 
calculated, and each test was performed in sextuplicate. The effect of 
hydrogels on cell migration was evaluated using a cell scratch test. L929 
cells were cultured for 24 h, and the cell layer was scratched with a 200 
μL pipette tip; the cells were then treated with RPMI-1640 cell medium 
containing hydrogels, RPMI-1640 cell medium containing insulin (0.32 
mg/mL), and RPMI-1640 cell medium containing 5 mg/mL glucose. 
Cells were incubated for 12 and 24 h, and wound closure was observed. 
Human umbilical vein endothelial (HUVEC) cells were cultured in 
different environments for 24 h, the concentration of glucose was 5 mg/ 
mL, hydrogels were 0.1 g/mL, and drugs containing 0.32 mg/mL insulin 
and 0.3 mg/mL celecoxib. The proliferation activity of HUVECs was 
evaluated by a BeyoClick™ EdU Cell Proliferation Kit, and the results 
were observed by laser confocal microscopy. 

2.10. Glucose consumption of L929 cells 

L929 cells were cultured in RPMI-1640 cell medium for 24 h, and 
then cultured in RPMI-1640 cell medium containing 5 mg/mL glucose 
for 24 h (different concentrations of insulin and hydrogels loaded with 
corresponding concentrations of insulin were added respectively). 
Glucose consumption of L929 cells was measured using a glucose assay 
kit (Changchun Huili Biotech, Co., Ltd, China). 

2.11. In vitro anti-inflammatory properties of hydrogels 

RAW 264.7 macrophages were cultured in 6-well plates for 24 h in 
dulbecco’s modified eagle medium (DMEM) containing 1 μg/mL LPS. 
Next, RAW 264.7 macrophages were incubated with serum-free DMEM 
containing 1 μg/mL LPS and 0.1 g/mL hydrogel for another 24 h in each 
well. Finally, TNF-α, IL-10, and MMP-9 were detected using ELISA kits 
and immunofluorescent staining. 

2.12. Diabetic rat model of full skin defect 

The animal experiments of this study followed the guidelines set of 
experimental animal management and welfare ethics of Northwest 
University (China) (NWU-AWC-20210314R). Rats with type 1 diabetes 
were induced with STZ. Each rat was intraperitoneally injected with STZ 
at a dose of 65 mg/kg body weight. The SD rats were 8-weeks-old when 
they were first injected with STZ to induce diabetes, and hyperglycemia 
was confirmed when blood glucose levels were stable above 300 mg/dL. 
The full-thickness skin defect model was established after 24 days of 
stable blood glucose, and the blood glucose of SD rats was recorded until 
the complete wound healing. Diabetic rats (male, 14 weeks old) were 
randomly divided into five groups (n = 6). After the rats were anes-
thetized and shaved, two full skin defect wounds (8 mm in diameter) 
were formed on the back of each rat. After rinsing with normal saline, 
the rats were treated in different ways: (1) dressing the wounds with 
gauze (the gauze group, the control group), (2) treating the wounds with 
commercial dressing (the HeraDerm group, the commercial hydrogel 
control group); (3) 0.4 mL the CBP/GMs hydrogel (the hydrogel II 
group) was used to treat the wounds; (4) 0.4 mL the CBP/GMs@INS 
hydrogel (the hydrogel III group) to cover the wounds; (5) treating the 
wounds with 0.4 mL the CBP/GMs@Cel&INS hydrogel (the hydrogel Ⅳ 

group). The hydrogels were injected through a syringe to cover wounds 
with full skin defects. And hydrogels were changed every 48 h in the 
healing process. A camera was used to record the wound area, and blood 
glucose levels were continuously monitored during the experiment. 

2.13. Histological analysis 

The wound sections of rats were stained with hematoxylin and eosin 
(H&E), AGEs, MMP-9, TNF-α, IL-10, and VEGF antibodies to analyse the 
wound healing mechanism under standard procedures. 

2.14. Statistical analyses 

SPSS (IBM SPSS statistical 19) software was used for statistical 
analysis, and the results were expressed as the mean ± standard devi-
ation (SD), and the results of significant differences were as follows: *P 
< 0.05, **P < 0.01, ***P < 0.001). 

3. Results and discussions 

3.1. Synthesis and characterisation of the hydrogels 

To promote the healing of chronic diabetic wounds, medical polymer 
PVA and good biocompatibility of natural polymers such as CS and 
gelatin were used as the main materials of the hydrogels. Gelatin mi-
crospheres containing celecoxib (GMs@Cel) were prepared by an 
emulsion process, and the network of the hydrogel was cross-linked by 
3- carboxyphenylboric acid-modified chitosan (CS-BA) and PVA through 
phenylborate ester bonds. The synthesis route of CS-BA is shown in 
Figs. 1A and S1A. After the carboxyl group of 3-Carboxyphenylboronic 
acid was activated by EDC.HCl and NHS, the boric acid group was 
introduced into the polymer chain of CS through a coupling reaction 
between the amino group in chitosan and the carboxyl group in 3-Car-
boxyphenylboronic acid. To confirm the successful modification of 
chitosan, CS-BA was characterised by FT-IR and 1H NMR spectroscopy. 
As shown in FT-IR (Fig. 1B), C–H out-of-plane bending bands of aro-
matics appeared at 770 cm− 1, while characteristic absorption band of 
benzene ring appeared at 1550 cm− 1, and in the 1H NMR spectrum 
(Fig. 1C), the characteristic peaks of the phenyl group protons at 7.4, 7.8 
and 8.2 PPM, the peak at 2.9 PPM was assigned to methylene protons of 
succinic acid on CS backbone, and a peak appeared at 3.66 PPM was 
considered to be the protons of C2–C6 on CS units, this fully proved that 
the modification of chitosan by 3-Carboxyphenylboronic acid was suc-
cessful. Furthermore, the peak of the B–O formed by the boric acid part 
of CS-BA and the cis dihydroxyl group of PVA was sharp at 1340 cm− 1, 
indicating the formation of the CBP hydrogel and the CBP/GMs (Fig. S1C 
and Fig. S1D). Imine group (-C––N-) appeared at 1643 cm− 1, which 
indicated the successful synthesis of gelatin microspheres (GMs) cross-
linked by Schiff’s base reaction (Fig. S1C), and the amide group (N–H) 
appeared at 1548 cm− 1 was attributed to the fact that the microspheres 
are composed of gelatin (Fig. S1D). To obtain the optimal CBP/ 
GMs@Cel&INS hydrogel, the gelation time of the CBP hydrogel was 
further optimised, and the final gelation time of the CBP hydrogel was 
controlled at 189 s (Fig. 1D). The structures of the selected CBP hydrogel 
were observed by SEM (Fig. 1E), which showed uniform porous struc-
tures with a pore size of approximately 5–30 μm, and the porosity of the 
CBP hydrogel and the CBP@GMs hydrogel were respectively 50.44 ±
3.53% and 29.98 ± 2.36% (Fig. S1B). The encapsulation efficiency (EE 
%) and drug loading efficiency (DL%) of GMs@Cel were 84.03 ± 5.78% 
and 9.6 ± 1.18%, respectively (Figs. 1F and S1E); GMs@Cel were 
smooth microspheres with a diameter of approximately 50–100 μm 
(Fig. 1G). In addition, Fig. 1H shows the formation of the CBP/ 
GMs@Cel&INS hydrogel by mixing the mixed solution of CS-BA and 
insulin (INS) (CS-BA@INS), PVA solution, and gelatin celecoxib-loading 
microspheres (GMs@Cel). 
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3.2. Shape self-adaptive, remodelling, injectable, self-healing properties, 
and rheological curve analysis of hydrogels 

Chronic diabetic wounds often develop into irregular wounds after 
repeated debridement, and frequently active and bent feet are the high- 
risk parts of chronic diabetic wounds. Traditional drug-loaded hydrogels 
cannot completely fill the constant deformation of irregular wounds in 
motion, resulting in a decrease in the drug release efficiency and an 
increase in the risk of wound infection; therefore, a temperature- 
sensitive shape self-adaptive CBP/GMs@Cel&INS hydrogel was 
designed. To simulate the irregular chronic diabetic wound, some beads 
with diameters of 6 mm were packed in beakers (Fig. 2A), CBP/ 
GMs@Cel&INS cross-linked by phenylborate ester bonds flowed slowly 
under gravity to fill the gaps among the beads. at different temperatures, 
the speed of the CBP/GMs@Cel&INS hydrogel filled the gaps among the 
beads. At 45 ◦C, the hydrogel was more fluid-like; at 37 ◦C, the mobility 
of CBP/GMs@Cel&INS was weak, and at 25 ◦C, the CBP/GMs@Cel&INS 
hydrogel was more solid-like and less mobile. The temperature of skin 
wounds is between room temperature and body temperature, and the 
solid-like and liquid-like properties of CBP/GMs@Cel&INS reach a 
relative balance in this temperature range. Under the influence of 
ambient temperature and specific heat capacity of hydrogel, the part of 
hydrogel staying on the skin surface was close to room temperature and 

had more solid-like elasticity to protect the wound. while the other part 
of the hydrogel in the deep wound was close to body temperature and 
was more fluid-like mobility to self-adapt to ever-varying inner wound 
tissues. In addition, the CBP/GMs@Cel&INS hydrogel could be injected 
into the wound through a 1.6 × 30 mm needle and a 0.7 × 32 mm needle 
at 45 ◦C (Fig. 2B). The above results show that the temperature-sensitive 
shape self-adaptive properties of the CBP/GMs@Cel&INS hydrogel 
provided convenience for clinical application and more intelligent 
wound protection. 

In contrast to some hydrogels which are usually formed by rigid 
covalent networks, the CBP/GMs@Cel&INS hydrogel has the properties 
of remodelling and self-healing owing to the formation-breaking cycle of 
phenylborate ester bonds [30]. The spherical hydrogel could be 
remoulded to the maple leaf hydrogel (Fig. 2C), Fig. 2D, S2A and sup-
plementary video showed the rapid self-healing of CBP/GMs@Cel&INS 
and the recovery of mechanical properties after self-healing at 25 ◦C. 
The self-healing and remodeling properties of fractured 
CBP/GMs@Cel&INS prolonged its service life as a wound dressing. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2022.01.004 

To further understand the temperature-sensitive self-adaptability of 
the CBP/GMs@Cel&INS hydrogel, we performed rheological tests. As 
shown in Fig. 2F, dynamic frequency sweep measurements were carried 

Fig. 1. Characterisation of polymers and hydrogels. (A) A synthetic scheme of CS-BA polymer. (B) FT-IR spectra of CS, BA, CS-BA. (C) 1H NMR spectra of CS, BA, CS- 
BA. (D) Optimisation of gelation time of CBP hydrogel (tested by the vial inverting method). (E) The porous structure of the CBP hydrogel, characterised by SEM on a 
scale of 10 μ m. (F) Optimisation of encapsulation efficiency (EE%) of GMs@Cel (X axis: weight of celecoxib fed initially (mg); Y axis: water phase: oil phase (V: V)). 
(G) the SEM characterisation of GMs@Cel, scale bar was 100 μ m. (H) photographs of CS-BA@INS, PVA, and GMs@Cel assembled into a CBP/ 
GMs@Cel&INS hydrogel. 
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out at different temperatures, and the energy storage modulus (G′) and 
loss modulus (G′′) of CBP/GMs@Cel&INS at 25 ◦C surpassed those ob-
tained at 45 ◦C and 37 ◦C. The results showed that the fluidity of CBP/ 
GMs@Cel&INS gradually increased as the temperature increased from 
25 ◦C to 45 ◦C, which was consistent with the macroscopic experimental 
results in Fig. 2A. The increase in the G′ and G′′ values of the CBP/ 
GMs@Cel&INS hydrogel depended heavily on the increasing frequency, 
which is considered to be a notable feature of shape self-adaptive 
hydrogels [27], indicating that CBP/GMs@Cel&INS had liquid-like 
and solid-like properties at the same time; when CBP/GMs@Cel&INS 
was applied to the wound, it self-adapted to the wound with the 
fluid-like property (0.1–6 rad/s) and protected the wound with solid-like 
elasticity when confronted with external forces (15–100 rad/s), and 
CBP/GMs@Cel&INS was still a shape-adaptive hydrogel at 25 ◦C, 
although it had more solid-like characteristics. Moreover, the hydrogel 
at different temperatures always had the fluid-like properties at low 
angular frequencies (0.1–6 rad/s), this showed CBP/GMs@Cel&INS 
could adapt to various shapes at different temperatures, such as syringe 

needles, but the hydrogels needed to be quickly extruded from the sy-
ringe needle to ensure the convenience of clinical application, thus, we 
recommend CBP/GMs@Cel&INS be injected at slightly higher temper-
atures (approximately 45 ◦C). Fig. 2G shows the solid-like elasticity of 
the hydrogel (frequency 25 rad/s, 25 ◦C), and the hydrogel network 
collapsed at a strain of 0.15%. Although the hydrogel withstood a low 
strain, the hydrogel compensated for this deficiency by rapid 
self-healing after collapse. Strain amplitude sweep tests the stability of 
hydrogels under alternately transformed strains at 25 ◦C (Fig. 2H). The 
CBP/GMs@Cel&INS hydrogel was destroyed at 200% of strain, when 
the applied strain returned to 0.05%, the hydrogel rapidly returned close 
to the initial gel-like state, indicating that CBP/GMs@Cel&INS has good 
self-healing property, which is consistent with the macroscopic experi-
mental results of Fig. 2D. 

3.3. Double response of hydrogel and drug release in vitro 

Considering the wound characteristics of chronic diabetic wounds, 

Fig. 2. Temperature-sensitive shape self-adaptive, self-healing, remodelling, injectable and rheological properties of the CBP/GMs@Cel&INS hydrogel. (A) Shape 
self-adaptive properties of the hydrogel at different temperatures. (B) Injectable properties of CBP/GMs@Cel&INS. (C) Remodelling properties of CBP/ 
GMs@Cel&INS. (D) Self-healing properties of the hydrogel. (E) Self-healing mechanism of CBP/GMs@Cel&INS. (F) Frequency scanning test of CBP/GMs@Cel&INS. 
(G) Strain amplitude sweep of CBP/GMs@Cel&INS. (H) The G′ and G′′ of CBP/GMs@Cel&INS from alternate-step strain sweep. 
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we designed a glucose and MMP-9 dual-response hydrogel. The critical 
point of the sol-gel transformation was demonstrated by a time sweep 
rheological test (Fig. 3A). When the energy storage modulus (G′) was 
larger than the loss modulus (G′′), the hydrogel changed from the fluid 
state to the gel state, and the gelation time of the hydrogel was within 3 
s. However, when 5 mg/mL glucose was added to the medium, the G′

and G′′ decreased obviously, indicating that high levels of glucose 
decreased the crosslinking density of the CBP/GMs@Cel&INS hydrogel 
network. This might be because phenylborate ester bonds were formed 
between phenylborate group and the hydroxyl group of glucose more 
easily than the hydroxyl group of PVA [31]. Thus, high glucose levels 
might promote the release of insulin and GMs@Cel by decomposing 
hydrogels. Moreover, gelatin as the definite substrate of MMP-9 [9], the 
size of the GMs@Cel became smaller and the shape of the GMs@Cel 
became irregular after 50 nM MMP-9 treatment for 72 h (Fig. 3B and C), 
this indicated that high concentration of MMP-9 could accelerate the 
release of celecoxib by degrading gelatin microspheres. The concentra-
tion of glucose in diabetic rats was about 5 mg/mL (Fig. S5B). And as 

shown in Fig. 3D, when the concentration of glucose increased from 0 to 
5 mg/mL, the release of insulin increased from 36 ±2.23% to 75 ±
2.22% within 72 h. Fig. 3E and Fig. S4A showed that more celecoxib was 
released from the hydrogel at the higher concentration of MMP-9, when 
MMP-9 was changed from 0 nM to 50 nM, the release of celecoxib 
increased from 18 ±2.57% to 40 ±3.12% within 120 h. These results 
fully indicated that the CBP/GMs@Cel&INS hydrogel released insulin 
and celecoxib on demand in response to high levels of glucose and 
MMP-9. Importantly, the release of celecoxib reached 62.31 ±1.91% 
within 120 h under 5 mg/mL glucose and 50 nM MMP-9, suggesting that 
the disintegration of hydrogels could be accelerated by the synergistic 
effect of glucose and MMP-9. Fig. 3F showed that the 
CBP/GMs@Cel&INS hydrogel network was hydrolysed after treatment 
with 5 mg/mL glucose and 50 nM MMP-9 for 100 h. In addition, the 
release kinetics of insulin and celecoxib in different environments are 
shown in Figs. 3G and S3. Insulin was released following first-order ki-
netics, which was attributed to drug diffusion and hydrogel network 
swelling, suggesting that glucose reduced the crosslinking density of the 

Fig. 3. In vitro release of the CBP/GMs@Cel&INS hydrogel via the glucose and MMP-9 dual response system. (A) G′ and G′′ of the CBP/GMs@Cel&INS hydrogel on 
time sweep tests. (B) The size distribution of GMs@Cel treated with 50 nM MMP-9 for 72 h. (C) The changes of GMs@Cel after 50 nM MMP-9 treatment for 72 h. (D) 
The insulin cumulative release of the CBP/GMs@Cel&INS hydrogels. (E) The celecoxib cumulative release of the CBP/GMs@Cel&INS hydrogels. (F) a photograph 
that CBP/GMs@Cel&INS hydrogels were treated for 100 h under different concentrations of glucose and MMP-9. (G) The release kinetics of insulin and celecoxib. 
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CBP network and caused swelling of the hydrogel to release insulin. The 
release of celecoxib at 0 nM MMP-9 followed first-order kinetics, and 
that at 50 nM MMP-9 followed Korsmeyer-Peppas formula (n = 0.5), 
which might be due to the accelerated diffusion of celecoxib caused by 
the dissolution of gelatin at 50 nM MMP-9. In Korsmever Peppas ki-
netics, the release of celecoxib at 5 mg/mL glucose and 50 nM MMP-9 
was consistent with non-Fickian diffusion caused by drug diffusion 
and polymer dissolution (n > 0.5), indicating that the swelling and 
collapse of CBP/GMs@Cel&INS hydrogels accelerated the release of 
celecoxib under the synergistic effect of glucose and MMP-9. In addition, 
the release of celecoxib at 5 mg/mL glucose and 50 nM MMP-9 envi-
ronment was more consistent with first-order release kinetics, which 
might be due to the fact that celecoxib was released through both CBP 
hydrogel and GMs, indicating that the double-layer encapsulation of 
CBP hydrogel and gelatin microspheres was more effective in preventing 
the sudden release of the small molecule celecoxib. 

3.4. Adhesive property of the hydrogels 

Traditional hydrogel dressings should be fixed on gauze or other 
extra fixation methods, which causes the traditional hydrogel dressing 
to easily fall off and wound infection. Diabetic foot ulcers occur in the 
foot of regular exercise; thus, strongly adhering hydrogel dressings are 
required to follow the movement of diabetic wounds. Moreover, most of 

the hydrogels with tissue adhesion properties are focused on enhancing 
the interfacial force with the tissue to improve the adhesion properties of 
hydrogels, such as the mussels-inspired hydrogels [32], or oxidized 
dextran hydrogel via Schiff’s base reaction with amines in tissue [33]. 
However, the effect of the physical properties of hydrogels on the 
enhancement of adhesive strength is often overlooked [34]. We believe 
that the frequency-dependent viscoelasticity of the CBP/GMs@Cel&INS 
hydrogel has a profound effect on its adhesion [27,34]. Fig. 4B was 
plotted as the damping factor tan (δ), the ratio of G′′ to G′ represented 
the relative influence of viscous and elastic behaviour, this meant the 
viscosity of the hydrogels on long time scale (the CBP@INS hydrogel 
corresponded to 0.1–25 rad/s, and the CBP/GMs@Cel&INS hydrogel 
corresponded to 0.1–15 rad/s) and the elasticity of hydrogel on the short 
time scale (the CBP@INS hydrogel corresponded to 25–100 rad/s, and 
the CBP/GMs@Cel&INS hydrogel corresponded to 15–100 rad/s) exis-
ted simultaneously, therefore, on the one hand, due to the fluid-like 
properties of the CBP@INS and CBP/GMs@Cel&INS hydrogels at low 
frequencies, the two hydrogels completely fitted the uneven surface of 
the skin so that had sufficient adhesion areas with the skin for sufficient 
interfacial forces, on the other hand, the solid-like elasticity (cohesive 
force) of the two hydrogels at high frequencies allowed them to maintain 
elastic enough to withstand sudden forces. More importantly, the 
CBP/GMs@Cel&INS hydrogel changed from viscous dominance to 
elastic dominance faster than the CBP@INS hydrogel at low frequencies, 

Fig. 4. Adhesion strength and adhesion mechanism of hydrogels. (A) The adhesion mechanism of the CBP/GMs@Cel&INS hydrogel. (B) Tan (δ) showed the 
frequency-dependent viscoelasticity required for hydrogels adhesion. (C) The deformation of the CBP/GMs@Cel&INS hydrogel under forces. (D) Adhesion properties 
of the CBP/GMs@Cel&INS hydrogel on porcine skin. (E) The mechanism of lap shear test for the adhesion of hydrogels to porcine skin. (F) Load-displacement curves 
of hydrogels on lap shear test of porcine skin. (G) Adhesion strength of hydrogels. (H) Adhesion of the CBP/GMs@Cel&INS hydrogel to moving joints. 
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indicating that the addition of GMs@Cel improved the rigidity and 
elasticity of the hydrogel; therefore, the CBP/GMs@Cel&INS hydrogel 
formed a durable bond with the skin without succumbing to weak 
destructive forces. In addition, as shown in Fig. 4C, when a 
CBP/GMs@Cel&INS hydrogel was stretched, it was deformed rather 
than stripped from the skin surface, indicating that the 
CBP/GMs@Cel&INS hydrogels as a dynamic network dissipated energy 
through deformation, resulting in a decrease in the forces acting on the 
adhesive interface, thus enhancing the adhesion strength of the hydrogel 
[35]. Fig. 4D showed two pieces of skin were tightly bonded together 
with a CBP/GMs@Cel&INS hydrogel (2.0 cm × 2.0 cm), and the 
hydrogel could maintain 200 g of weight, and the adhesive strength of 
hydrogels was evaluated employing a lap shear test at the room tem-
perature [32] (Fig. 4F and G). The adhesive strength of the CBP@INS 

hydrogel was 22.83 ± 3.91 kPa, after adding gelatin microspheres, the 
adhesive strength of the CBP/GMs@Cel&INS hydrogel (39.36 ± 6.58 
kPa) was five times larger than commercial fibrin glue (Bioseal®, (7.19 
± 1.04 kPa)). Moreover, the adhesive strength of the 
CBP/GMs@Cel&INS hydrogel exceeded that of many hydrogels with 
tissue adhesive properties [30,32,36]. The improvement in the adhesion 
of the CBP/GMs@Cel&INS hydrogel was due to the addition of 
micron-sized gelatin microspheres which enhanced the mechanical 
properties of the hydrogel (usually equal to the bonding force) [35,37], 
which is consistent with the results in Fig. 4B. Moreover, CS in the 
hydrogel also provided sufficient interface force through electrostatic 
and hydrophobic interactions with the skin [30]. 

Fig. 5. The cytotoxicity, cell proliferation and cell migration ability of hydrogels. (A) Effects of different hydrogels on Cell viability of L929 cells for 24 h, 48 h and 
72 h. (B) Live/dead staining of L929 cells cultured with different hydrogels for 72 h, scale bar: 100 μm. (C) Cell viability of L929 cells cultured in different envi-
ronments for 24 h and 72 h. (D) Live/dead staining of L929 cells cultured in different environments for 72 h, scale bar: 100 μm. (E) Cell migration ability of L929 cells 
cultured in different environments for 12 h and 24 h. (F) Cell migration of L929 cells cultured in different environments for 12 h and 24 h, scale bar: 100 μm. Note: 
Hydrogel I: the CBP hydrogel; Hydrogel II: the CBP/GMs hydrogel; Hydrogel III: the CBP/GMs@INS hydrogel; Hydrogel Ⅳ: the CBP/GMs@Cel&INS hydrogel. 
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3.5. Promotion of cell proliferation and migration 

Hydrogels with good biocompatibility are considered safe wound 
dressings [36]. On day 3, all the experimental groups with hydrogels 
I–IV added showed a significant proliferation trend than the control 
group, and there were almost no dead fibroblasts, indicating that 
hydrogels I–IV had good biocompatibility (Fig. 5A and B). The 

proliferation of fibroblast is an important factor in promoting skin 
wound healing [38,39]. We simulated the high levels of glucose and 
MMP-9 in chronic diabetic wounds and used rat fibroblast L929 cells to 
evaluate the possibility of hydrogel IV promoting cell proliferation. As 
shown in Fig. 5C, and D, the cell viability of the hydrogel IV group 
increased compared with that of the control group in 72 h, probably due 
to the hydrogel IV composed of chitosan and gelatin simulated the 

Fig. 6. In vitro properties of the CBP/GMs@Cel&INS hydrogel to promote glucose consumption, cell proliferation, anti-inflammatory. (A) Glucose consumption in 
L929 cells. (B) Relative amount of EdU positive HUVEC cells. (C) Hemolysis rate of hydrogels. (D, E, F) ELISA for the detection of IL-10, TNF-α, MMP-9. (G) EdU 
staining of HUVEC cells, scale bar: 200 μm. (H) Immunofluorescence staining of IL-10, TNF-α and MMP-9 in macrophages, scale bar: 100 μm. Note: Hydrogel I: the 
CBP hydrogel, Hydrogel II: the CBP/GMs hydrogel, Hydrogel III: the CBP/GMs@INS hydrogel, Hydrogel Ⅳ: the CBP/GMs@Cel&INS hydrogel. 
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extracellular matrix (ECM) [40–42]. The cell viability of fibroblasts 
cultured with the hydrogel Ⅳ for 72 h in the high levels of glucose and 
MMP-9 increased by 36.54 ± 7.38% compared with that of the glucose 
+ MMP-9 group, may be attributed to the synergistic effect: insulin was 
released from the hydrogel Ⅳ through response to the environment, and 
insulin promotes cell proliferation [43]; the hydrogel IV promoted cell 
proliferation by being degraded in the high levels of glucose and MMP-9 
[42]. Improving migration has also been shown to promote wound 
healing [36], and insulin stimulates the migration of fibroblasts [44]. 
The results of the scratch assay and the wound closure rate are shown in 
Fig. 5E and F. Compared with the control group, the cell mobility of the 
hydrogel Ⅳ group increased by 30.83 ± 6.19% within 24 h, which may 
be attributed to the fact that the hydrogel Ⅳ simulated the ECM to 
promote cell adhesion [42]. At high glucose concentrations (***P <
0.001), the increased migration ability of fibroblasts incubated with 
hydrogel IV within 24 h may be due to the fact that the hydrogel Ⅳ 
simulated the ECM while releasing insulin [44]. Celecoxib had no sig-
nificant effect on the migration of fibroblasts for 24 h, and the small 
increase of cell mobility in the MMP-9 + hydrogel IV group within 24 h 
might be added the hydrogel Ⅳ. The increased migration of cells in the 
MMP-9 + Glucose + Hydrogel Ⅳ group in 24 h was attributed to the 
synergistic effect of the above reasons, and the hydrogel Ⅳ degraded 
faster in the high concentration of glucose and MMP-9, which also 
promoted fibroblasts adhesion and migration [42]. Importantly, 
compared with the glucose + insulin group, the glucose + hydrogel IV 
group promoted the migration of fibroblasts in the high concentration of 
glucose, which might be attributed to the use of hydrogel IV 
sustained-release insulin, which increased the utilization of insulin 
which with a short half-life [45]. Furthermore, the migration of fibro-
blasts in the hydrogel IV group was more significant than that in the 
control group (**p < 0.01, ***p < 0.001), which showed that hydrogel 
IV also promoted wound healing when the high levels of glucose and 
MMP-9 were controlled. 

3.6. In vitro glucose consumption, HUVEC cell proliferation, and anti- 
inflammatory activities 

Insulin promotes glucose consumption in L929 cells, but insulin with 
a short half-life has difficulty maintaining long-term high activity [43, 
46]. The glucose consumption of L929 cells co-cultured with hydrogel Ⅳ 
for 24 h increased by 17.22 ± 0.12% at 5 mg/mL glucose, while the 
glucose consumption of L929 cells added with a high concentration of 
insulin (0.32 mg/mL) increased by only 0.43 ± 0.11%, this fully showed 
that insulin encapsulated by hydrogel Ⅳ was more active, thus pro-
moting glucose consumption by cells (Fig. 6A and Fig. S4C). 

Vascular lesions are also a cause of chronic diabetic wound healing. 
Hyperglycemia leads to macrovascular and microvascular complications 
by damaging vascular endothelial cells, resulting in limb ischaemia and 
loss of sensation, eventually leading to the development of gangrene 
[47]. Insulin stimulates endothelial cell proliferation by activating the 
Ras-MAPK (mitogen-activated protein kinase) cascade, thereby pro-
moting angiogenesis [48]. To demonstrate that insulin effectively 
released from hydrogel IV promotes endothelial cell proliferation, 
HUVECs were treated with EdU to evaluate the early phase of cell cycle 
progression [40]. S phase cells in the control group, hydrogel IV group, 
glucose group, glucose + hydrogel IV group, and glucose + drugs (in-
sulin and celecoxib) groups were 35.9 ± 7.26%, 35.05 ± 6.28%, 18.96 
± 2.35%, 32.62 ± 4.25%, and 28.39 ± 4.66%, respectively (Fig. 6B and 
G). The results showed that high levels of glucose significantly reduced 
the number of HUVECs entering the proliferative phase, and the insulin 
effectively released by hydrogel IV promoted the transformation of 
G0/G1, thus fully improving the viability of HUVEC cell proliferation. In 
addition, the hemolysis rates of hydrogels I-IV were 0.99 ± 0.47%, 0.7 ±
0.21%, 1.18 ± 0.19%, and 1.79 ± 0.98% (Fig. 6C), and excellent blood 
compatibility ensured the possibility of hydrogels as wound dressings. 

Early in wound healing, inflammatory cells secrete several key in-

flammatory cytokines to promote local or systemic defence responses, 
which are critical for wound healing [36]. However, chronic diabetic 
wounds are in the long-term inflammatory phase due to macrophage 
dysfunction, which hinders the development of damaged tissue to the 
proliferation and remodelling phase of wound healing [9,13], and the 
high expression of MMP-9 in chronic diabetic wounds was also an 
important reason for the non-healing [15]. To simulate chronic 
inflammation and oversecretion of MMP-9 in chronic diabetic wounds, 
LPS was used to induce macrophages (RAW264.7) to secrete inflam-
matory factors and MMP-9 via the 3 mitogen-activated protein kinase 
(MAPK) pathways and the NF-κ B signalling pathway [20,49,50]. ELISA 
was used to quantify the secretion of pro-inflammatory cytokines 
(TNF-α), anti-inflammatory cytokines (IL-10), and MMP-9 to demon-
strate the anti-inflammatory ability of hydrogel IV. Fig. 6D and E shows 
that the secretion of TNF-α by LPS-induced RAW264.7 cells was 
increased by 29.52 ± 3.76% and IL-10 was down-regulated by 38.74 ±
5.55% under high levels of glucose. Persistent hyperglycemia was the 
most significant biochemical characteristic of diabetes, which indicated 
that chronic diabetic wounds were more prone to long-term inflamma-
tion. After treatment with hydrogel Ⅳ, the secretion of TNF-α and IL-10 
in LPS-induced RAW264.7, which were injured by high concentrations 
of glucose, decreased by 29.38 ± 2.30% and increased by 121.46 ±
11.42%, indicating that hydrogel IV had excellent anti-inflammatory 
properties due to the effective release of the anti-inflammatory drug 
(celecoxib). As shown in Fig. 6F, MMP-9 was secreted by RAW264.7 
cells in the glucose, glucose + hydrogel Ⅳ, and glucose + drugs (insulin 
and celecoxib) group at 1215.98 ± 43.96 pg/mL, 927.43 ± 64.08 
pg/mL, 1015.47 ± 76.8 pg/mL, indicating that hydrogel IV could reduce 
the oversecretion of MMP-9. TNF-a promotes the expression of MMP-9 
through the NF-κ B pathway [45]; therefore, high levels of glucose 
might promote the secretion of MMP-9 by increasing the expression of 
TNF-α, and the downregulation of MMP-9 might be attributed to the 
anti-inflammatory ability of hydrogel Ⅳ. In addition, the 
anti-inflammatory effect of the hydrogel-treated group was superior to 
that of the drug-treated group, which might be due to the higher cell 
utilization rate of hydrophobic celecoxib through the encapsulation of 
hydrogel IV. Finally, immunofluorescence staining was used to detect 
TNF-α, IL-10, and MMP-9 in RAW264.7 cells (Fig. 6H). Immunofluo-
rescence staining of the merge of TNF-α and IL-10 were shown in 
Fig. S4D. All the above results showed that hydrogel IV decreased the 
expression of TNF-α, enhanced the expression of IL-10, and decreased 
the expression of MMP-9, which was consistent with the results shown in 
Fig. 6D–F. 

3.7. Skin wound healing of diabetic rats 

Hydrogels are widely used as wound dressings for the skin, which 
provide a moist environment and accelerate tissue repair [63–65]. STZ 
can destroy the pancreatic β-cells of rats after a single injection of high 
dose, which inhibits insulin synthesis and release and induces type I 
diabetes [23]. Therefore, this study used full-thickness wounds in 
STZ-induced diabetic rats to evaluate the efficacy of hydrogels in help-
ing diabetic wound healing. As shown in Fig. 7C and supplementary 
video, the CBP/GMs@Cel&INS hydrogel showed good injectable ability, 
and the new granulation of the wound was not damaged when the 
hydrogel was removed. In addition, the hydrogels showed strong 
adhesion to follow the movement of rat wounds without falling off 
(supplementary video). In summary, the CBP/GMs@Cel&INS hydrogel 
has the advantages of shape adaptation, injectability, strong adhesion, 
and strippability, which makes it convenient for clinical applications. 
The wound of the gauze control group and the commercial hydrogel 
control group were treated with gauze and commercial hydrogel (Her-
aDerm®) respectively, the properties of hydrogel II–IV to promote 
wound healing were evaluated (Fig. 7B). As shown in Fig. S5B, all SD 
rats maintained stable hyperglycemia (blood glucose >300 mg/dL) 
before wound formation. On day 7, there was redness and swelling 
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around the wounds treated with gauze and the HeraDerm hydrogel; 
however, the hydrogel IV group had almost no swelling or redness. 
Long-term inflammation is one of the main causes of difficulty in healing 
chronic diabetic wounds. The results showed that hydrogel IV could 
reduce wound inflammation, which was related to the long-term release 
of insulin and celecoxib in hydrogel IV. Wound healing was statistically 
analysed (Figs. 7D, E, and S5A). On day 7, the wound areas of the 
hydrogel III–IV group were significantly smaller than that of the gauze 
control group and the HeraDerm group, and the hydrogel Ⅳ-treated 
wounds were also smaller at day 7 than those in some previous studies 
[51–54]. On day 10, the wound contraction of the hydrogel II group was 
about 4.84 ± 2.19% higher than that of the HeraDerm group, while the 
wound healing rate of the hydrogel IV group surpassed approximately 
20.1 ± 2.48% of that of the HeraDerm group, indicating that the release 
system of hydrogel Ⅳ could release insulin and celecoxib effective in 
wounds, and hydrogel II containing CS and gelatin can also promote 
wound healing. On day 14, the wound contraction of the gauze and the 

HeraDerm groups was 76.63 ± 1.73% and 82.87 ± 3.46%, and the 
wound healing rate of the hydrogel Ⅳ group was 96.68 ± 2.04%, the 
results showed that the hydrogel Ⅳ was more effective in accelerating 
wound healing than commercial hydrogels. In summary, the healing 
time of the gauze group was longer than 18 days, and hydrogel IV 
reduced the wound healing time to 14 days and had an excellent ther-
apeutic effect and convenient clinical application during the whole 
wound healing process. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2022.01.004 

3.8. Histological evaluation of wound regeneration 

Histological evaluation revealed the treatment effect of the hydrogel 
on chronic wounds of diabetes by clarifying the healing process of re-
generated tissue. HE staining was performed on days 7 and 14 to eval-
uate wound healing (Fig. 8A), and the results of HE staining in normal 

Fig. 7. Analysis of skin wound healing in diabetic rats. (A) Mechanism of wound healing induced by CBP/GMs@Cel&INS hydrogel. (B) Photos of the wounds at days 
0, 3, 7, 10, 14. (C) Photographs of injection and stripping of hydrogels, and the adhesion of gauze to wounds during stripping. (D) Wound healing rate at days 3, 7, 10, 
14. (E) Analysis of wound healing trace on days 0, 3, 7, 10, 14. Note: Hydrogel II: the CBP/GMs hydrogel; Hydrogel III: the CBP/GMs@INS hydrogel; Hydrogel Ⅳ: the 
CBP/GMs@Cel&INS hydrogel. 
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skin tissue of diabetic rats are shown in Fig. S5C. On day 7, significant 
inflammatory cells infiltrating the granulation tissue were observed in 
the gauze, HeraDerm, and the wounds of hydrogel III and hydrogel IV 
groups contained fewer inflammatory cells and formed epithelial layers. 
This was attributed to the release of insulin from the hydrogel III and 
hydrogel Ⅳ in response to high levels of glucose around chronic diabetic 
wounds. Insulin accelerated wound healing by promoting the prolifer-
ation, migration, and secretion of keratinocytes, endothelial cells, and 
fibroblasts [44,55]; also, insulin reduced the inflammation, caused by 
PI3K/Akt/Rac-1 and PPAR-γ pathways [56]. In addition, hydrogel IV 
released celecoxib in response to high concentrations of MMP-9, short-
ening the inflammatory stage of wounds. As shown in Fig. 8B, the 
capillary density of the wounds in each group was quantitatively ana-
lysed on day 7. The hydrogel III and hydrogel IV groups had more new 
blood vessels, which was attributed to the promotion of cell proliferation 
and migration by hydrogels III–IV, and the long-term release of insulin 
promoted angiogenesis [57]. Re-epithelialisation is the thinning and 
maturation of epithelial structures and is an important stage of skin 
regeneration. From 7 days to 14 days, the epithelial thickness of 
hydrogel III and the hydrogel Ⅳ groups tended to be thinner in the 
healing process, and on day 14, each group formed epithelial structures. 
The epithelium thickness of the hydrogel IV group was the thinnest and 
similar to that of the normal group, while the other groups had signifi-
cantly thicker epithelium (Fig. 8C). In addition, hair follicles were used 
to evaluate the integrity of tissue regeneration as an important func-
tional skin structure. On day 14, the density of hair follicles in the 
hydrogel IV group was significantly higher than that in the other groups 
(Fig. 8D and Fig. S5C), suggesting that glucose and MMP-9 

dual-response thermosensitive shape self-adaptive hydrogel could 
effectively accelerate the healing of chronic diabetic wounds. 

3.9. Pre-healing factor analysis 

To further study the mechanism by which the CBP@Cel&INS 
hydrogel promoted wound healing, the typical pre-healing factors were 
analysed. The typical chronic diabetic wound was in the inflammation 
phase for a long time [11,13]. As the typical pro-inflammatory cytokine 
and the anti-inflammatory cytokine, TNF-α and IL-10 were important 
indicators of inflammatory response during the early healing phase [8], 
on day 7 (the phase of inflammation in naturally healing chronic dia-
betic wounds), compared with the gauze group and the HeraDerm 
group, the concentration of TNF-α increased and the concentration of 
IL-10 decreased in the hydrogel III group, and the highest levels of IL-10 
and almost no levels of TNF-α were detected in hydrogel IV treated 
wounds, suggesting that the anti-inflammatory effect of hydrogel III was 
limited, and hydrogel Ⅳ had excellent anti-inflammatory properties 
(Fig. 9A, B, and C). The anti-inflammatory effect of hydrogel III might be 
due to the effective release of insulin, and the anti-inflammatory effect of 
hydrogel IV was mainly attributed to the long-term release of celecoxib 
in the wound on-demand. In addition, the Maillard reaction caused by 
continuous hyperglycemia in diabetic patients promoted the accumu-
lation of advanced glycation end products (AGEs), which is also an 
important factor in chronic diabetic wound non-healing [51]. AGEs in 
skin collagen are directly related to long-term glucose control [58], and 
topical application of insulin to wounds could reduce the accumulation 
of AGEs [59]. On day 7, fewer AGEs accumulated in hydrogels III and IV 

Fig. 8. Analysis of wound healing process. (A) H&E stain image of regenerated skin tissue, 100 μm on the scale (yellow dotted line denoted epithelial-dermal 
boundary, purple arrows denoted capillaries, and green arrows denoted hair follicles), scale bar: 100 μm. (B) Capillary densities density of granulation tissue 
under different treatments, data were normalised against the results of the gauze group at day 7, and the data of the gauze group was defined as 100%. (C) Epithelial 
thickness of granulation tissues following different treatments at day 14. (D) Hair follicle density of regenerated skin tissues in each group on day 14, data were 
normalised against the normal skin tissues of diabetic rats at day 14, and the data of the normal skin tissues was defined as 100%. Note: Hydrogel II: the CBP/GMs 
hydrogel; Hydrogel III: the CBP/GMs@INS hydrogel; Hydrogel Ⅳ: the CBP/GMs@Cel&INS hydrogel. 
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Fig. 9. Immunofluorescence staining analysis of Pre-healing factor. (A) On day 7, immunofluorescence staining of TNF-α, IL-10, AGEs, MMP-9, and VEGF was 
performed on the wounds of different groups, scale bar: 20 μm. (B, C, D, E, F) The relative quantitative analysis of the expression of TNF-α, IL-10, AGEs, MMP-9, and 
VEGF data were normalised against the results of the gauze group at day 7, and the data of the gauze group was defined as 100%. Note: Hydrogel II: the CBP/GMs 
hydrogel; Hydrogel III: the CBP/GMs@INS hydrogel; Hydrogel Ⅳ: the CBP/GMs@Cel&INS hydrogel. 
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than that in the other groups (Fig. 9A and D), suggesting that hydrogels 
III and IV were effective in the release of insulin, and hydrogel Ⅳ could 
also reduce the accumulation of AGEs via excellent anti-inflammatory 
effect [60]. Moreover, many studies have shown that sustained high 
concentrations of pro-inflammatory cytokines and AGEs induce high 
expression of MMPs in chronic diabetic wounds [9,61,62], while the 
oversecretion of MMP-9 continuously degrades various growth factors 
and extracellular matrix (ECM) required for wound healing, which is not 
conducive to the healing of chronic diabetic wounds. On day 7, a lower 
concentration of MMP-9 was detected in wounds of the hydrogel IV 
group (Fig. 9A and E); therefore, the more effective reduction of MMP-9 
in the hydrogel IV group might be attributed to the hydrogel IV effec-
tively releasing insulin and celecoxib. Furthermore, the proliferation 
and activity of vascular endothelial cells and fibroblasts were reduced 
due to the damage of vascular endothelial cells by AGEs and the 
degradation of ECM by oversecretion of MMP-9, resulting in the 
destruction of peripheral vasculature and the reduction of new blood 
vessels, which reduces the nutrient supply of new granulation tissues 
and prolongs the wound healing time. VEGF was included as an 
important indicator to evaluate the ability of wound dressings to pro-
mote angiogenesis. On day 7, the secretion of VEGF in hydrogel IV was 
the highest, followed by hydrogel III (Fig. 9A and F). This was due to 
insulin in hydrogel III and hydrogel IV was sensitively released at high 
levels of glucose, which promoted the secretion of VEGF through the 
PI3K/AKT pathway [48,57], and the lower secretion of MMP-9 in 
wounds of the hydrogel IV group reduced the damage to the viability of 
vascular endothelial cells. These results indicate that the 
CBP/GMs@Cel&INS hydrogel promoted chronic diabetic wound heal-
ing by exerting anti-inflammatory effects, reducing the accumulation of 
AGEs and the oversecretion of MMP-9, upregulating the secretion of 
VEGF, and promoting angiogenesis. 

4. Conclusion 

In summary, this study prepared a glucose and MMP-9 dual-response 
temperature-sensitive shape-adaptive hydrogel (CBP@GMs/Cel&INS) 
for the treatment of chronic diabetic wounds. When CBP@GMs/ 
Cel&INS was exposed to wounds, on the one hand, the thermosensitive 
adaptability of the hydrogel ensured that quickly adapt to deep wounds 
and provided mechanical properties to protect wounds; on the other 
hand, CBP@GMs/Cel&INS on-demand released insulin and the anti- 
inflammatory drug (celecoxib) under the special wound environment 
of high concentrations glucose and MMP-9 in chronic diabetic wounds, 
CBP@GMs/Cel&INS promoted chronic diabetic wound healing more 
efficiently through the synergistic effect of glucose and MMP-9 dual 
response system and temperature-sensitive adaptation. In addition, 
CBP@GMs/Cel&INS with excellent remodeling, adaptability, and 
enhanced adhesion strength fitted the wound completely, thus reducing 
the risk of wound infection and improving the efficiency of drug release, 
while rapid self-healing prolonged the service life of the hydrogel. 
CBP@GMs/Cel&INS composed of CS, gelatin, and PVA had excellent 
biocompatibility and effectively promoted cell proliferation and 
migration, effectively releasing insulin and celecoxib, thus exerting anti- 
inflammatory, hypoglycaemic, and promoting angiogenesis. In a full- 
thickness skin defect model of diabetic rats, wounds treated with 
CBP@GMs/Cel&INS healed faster than those treated with other groups 
with the most idealized epithelial structure and angiogenesis along with 
hair follicle regeneration. Further mechanistic studies showed that 
CBP@GMs/Cel&INS down-regulated the expression of inflammatory 
cytokines and downstream MMP9, down-regulated the expression of 
AGEs, and accelerated angiogenesis, thus having significant therapeutic 
effects on chronic diabetic wounds. These results suggest that 
CBP@GMs/Cel&INS is a promising wound dressing for chronic diabetic 
wounds. 
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