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A B S T R A C T

Gelatin-based biomaterials have emerged as promising candidates for bioadhesives due to their biodegradability 
and biocompatibility. However, they often face limitations due to the uncontrollable phase transition of gelatin, 
which is dominated by hydrogen bonds between peptide chains. Here, we developed controllable phase tran-
sition gelatin-based (CPTG) bioadhesives by regulating the dynamic balance of hydrogen bonds between the 
peptide chains using 2-hydroxyethylurea (HU) and punicalagin (PA). These CPTG bioadhesives exhibited sig-
nificant enhancements in adhesion energy and injectability even at 4 ◦C compared to traditional gelatin bio-
adhesives. The developed bioadhesives could achieve self-reinforcing interfacial adhesion upon contact with 
moist wound tissues. This effect was attributed to HU diffusion, which disrupted the dynamic balance of 
hydrogen bonds and therefore induced a localized structural densification. This process was further facilitated by 
the presence of pyrogallol from PA. Furthermore, the CPTG bioadhesive could modulate the immune microen-
vironment, offering antibacterial, antioxidant, and immune-adjustable properties, thereby accelerating diabetic 
wound healing, as confirmed in a diabetic wound rat model. This proposed design strategy is not only crucial for 
developing controllable phase-transition bioadhesives for diverse applications, but also paves the way for 
broadening the potential applications of gelatin-based biomaterials.

1. Introduction

Due to excellent biocompatibility and biodegradability, gelatin [1] 
has been widely utilized in a larger number of fields like biosensors [2], 
soft robotics [3], wearable [4] and implantable electronics [5], 
three-dimensional (3D) printing [6], biomedicine [7,8] and tissue en-
gineering [9]. However, its uncontrollable phase transition compro-
mises its properties [10–12], particularly in terms of injectability and 
adhesiveness, significantly limiting its potential applications. As the 
temperature gradually decreases, the peptides in gelatin usually transi-
tion from a random coil state to a left-handed helix [13]. The adjacent 
left-handed helices then form a right-handed superhelical structure 
through hydrogen bonding, creating crosslinking points [14]. In 
gelatin-based bioadhesives, an increase in crosslinking points causes the 

gelatin sol to gradually transform into a gel, leading to increased stiff-
ness and brittleness [10,15]. Furthermore, as crosslinking points in-
crease, the gelatin network becomes tighter, reducing the number of 
exposed adhesive groups and thereby weakening the adhesion strength 
and stability to a certain extent [12,16]. Additionally, environmental 
factors such as ionic strength [17], pH and solvents [18] can also exert 
an crucial impact on the gelatin-based bioadhesives.

Generally, the imbalance in the inflammatory response is a critical 
factor impeding the healing of diabetic wounds [19]. Elevated systemic 
blood glucose levels lead to excessive protein glycosylation, resulting in 
the formation of advanced glycation end products. This, in turn, acti-
vates the immune system, causing the recruitment of excessive inflam-
matory cytokines and infiltrating immune cells [20]. The inflammatory 
environment particularly hinders the transition of pro-inflammatory M1 
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macrophages to pro-healing M2 macrophages [21]. This dysregulation 
of the immune microenvironment inhibits the proliferation of endo-
thelial cells, fibroblasts, and keratinocytes, and thereby hampers 
re-epithelialization and angiogenesis, which severely impedes diabetic 
wound healing. To this end, strategies targeting the regulation of the 
immune microenvironment and promoting M2 macrophage polarization 
have been proposed as effective methods to enhance the healing of 
diabetic wounds [22,23]. In recent years, biocompatible hydrogels and 
bioadhesives with immunomodulatory properties have been explored 
for applications in diabetic wound healing [24–27]. However, the 
incorporation of bioactive compositions, such as cytokines, stem cells, 
and engineered nanoparticles, poses considerable challenges related to 
therapeutic costs and scalability for clinical translation [28].

Here, we develop controllable phase-transition gelatin-based (CPTG) 
bioadhesives mainly composed of gelatin, 2-hydroxyethylurea (HU) and 
punicalagin (PA), where the hydrogen bond dominated self-crosslinking 
of gelatin and the resultant phase transition are controllably inhibited by 
allowing the specific functional molecules including HU and PA, to 
interact with the peptides in gelatin. Essentially, HU can disrupt the 
hydrogen bonds between gelatin molecules, thereby modulating the 
phase transition of gelatin at different temperatures (Scheme 1A). 
Meanwhile, PA may form additional hydrogen bonds with gelatin, 
enhancing its adhesion strength to biological tissues. In comparison to 
traditional gelatin-based bioadhesives, the developed CPTG bioadhesive 

can achieve significant enhancements in adhesion energy and inject-
ability at temperatures as low as 8 ◦C (Scheme 1B), due to the effective 
inhibition of hydrogen bonding between gelatin molecules. Once the 
bioadhesive contacts moist wound tissues, the HU molecules, acting as 
hydrogen bond de-crosslinking agents, can diffuse out of the bio-
adhesive. This disrupts the dynamic balance of hydrogen bonds between 
gelatin molecules, leading to localized strengthening in the gelatin- 
based bioadhesive with the aid of pyrogallol from PA, thereby forming 
self-reinforcing interfaical adhesion to the wound tissues. We also 
demonstrate that the developed CPTG bioadhesives possess the ability to 
modulate the immune microenvironment for diabetic wound healing 
(Scheme 1C), as confirmed in an in vivo diabetic rat model.

2. Materials and methods

2.1. Materials

Gelatin (GE, purity: BR) and 2-Hydroxyethylurea (HU, purity > 95%) 
were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. Puni-
calagins (PA, chemical formula: C48H28O30, purity > 40%) was supplied 
by Beijing Feimo Bio life science Co., Phosphate Buffer Saline (PBS, pH 
= 7.4) and Dulbecco’s Modified Eagle’s medium (DMEM) were derived 
from Thermo Fisher Scientific. RPMI 1640 medium and fetal bovine 
serum (FBS) were purchased from Gibco. All chemicals were used as 

Scheme 1. Design and fabrication of controllable phase-transition gelatin-based (CPTG) bioadhesives to regulate immune microenvironment for diabetic wound 
healing. (A) Schematic diagram illustrating the regulatory effect of the HU molecules on the hydrogen bonds formed between gelatin peptide chains. The HU 
molecules could disrupt the formation of intrinsic hydrogen bonds between gelatin peptides, thereby altering their phase transition temperature. (B) Comparison of 
mechanical properties and interfacial adhesion capabilities between traditional gelatin-based bioadhesive and the newly developed G-H4-P4 bioadhesive at 8 ◦C. The 
traditional gelatin based bioadhesive was brittle and exhibited weak adhesion, whereas the G-H4-P4 bioadhesive demonstrated injectability and strong adhesion. (C) 
Schematic representation illustrating the application of the CPTG bioadhesives in the healing process of diabetic wounds.
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received.

2.2. Fabrication of the G-Hx solution and sol-gel transition analysis of 
gelatin

2-Hydroxyethylurea (HU) was dissolved in deionized water to pre-
pare a buffer, which was then used to dissolve gelatin, creating a gelatin 
solution with a mass fraction of 10%. The detailed compositions of the 
G-Hx solution are listed in Table S1, where “x” denotes 0, 1, 2, 3, 4, 
respectively. The relationship between the phase-transition temperature 
(i.e., sol-gel transition temperature Tgel) of gelatin and the HU content 
was determined using the G′–G″ crossover temperature method [29]. 
The G-Hx solutions were loaded into a rotary rheometer (Anton Paar, 
MCR302), and dynamic temperature sweep measurements were con-
ducted. The solutions were equilibrated at 40 ◦C for 10 min between the 
plates. Subsequently, the temperature was ramped from 40 ◦C to 10 ◦C at 
a rate of 2 ◦C min− 1, with a frequency of 10 rad s− 1 and a torque of 70 
μNm. In the experiments, Tgel was defined as the temperature at which 
G′ = G″.

2.3. Molecular dynamics simulation of G-Hx solution

Molecular dynamics simulation was carried out by using LAMMPS. 
The triple helix structure of gelatin was obtained from the Protein Data 
Bank (Protein Data Bank (PDB) entry 1cgd [30]). CHARMM-GUI [31] 
were utilized to construct implicit solvent models of Gel and G-H with 
periodic boundary conditions (PBCs). For Gel, energy minimization was 
performed using conjugate gradient algorithm until the energy conver-
gence accuracy was less than 1e− 8 kcal/mol. The model was equilibrated 
at 273, 278, 283, 288, 293, 298, 303, 308 K at 10 ns in the canonical 
ensemble. For G-H, additional 95 HU molecules were placed in the 
simulation box, and the system was relaxed in the isothermal-isobaric 
ensemble at 303 K for 200 ps before being treated with the same 
approach as described above. During the simulations, the CHARMM36m 
[32] force field was employed to determine the atomic interactions 
between gelatin, water and hydroxyethyl urea molecules. The temper-
ature and pressure of the system were controlled using the Nosé-Ho-
over6 thermostat and barostat. Electrostatic interactions and van der 
Waals forces were computed based on the particle-particle particle-mesh 
(PPPM) method [33] and Lennard-Jones potential, respectively. The 
Tip3p water model was used to describe the interactions between water 
molecules, with constraints applied to specified bonds and angles of 
water during the molecular dynamics [34]. The time step was set to 1 fs. 
The model structure was provided in this paper using the Visual Mo-
lecular Dynamics (VMD) software [35]. The radius of gyration of gelatin 
was estimated to analyse the compactness of the three chains based on 
the expression 

Rg =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i
mi(ri − rC)

2

∑

j
mj

√
√
√
√
√
√ (1) 

where, i denotes the atomic number, ri represents the coordinates of 
atom i, and rC corresponds to the coordinates of the centroid of the 
gelatin chain. The radius of gyration was calculated every 2 ps during 
the last 1 ns of the simulation, and the average value was obtained to 
ensure the accuracy of the results. The interaction energy among the 
three gelatin chains was calculated via the following formula 

Einteraction energy = Etotal-Echain A-Echain B-Echain C                                (2)

where Einteraction energy represents the interaction energy among the three 
gelatin chains, Etotal denotes the energy of gelatin; Echain A, Echain B and 
Echain C are the energies of individual chains A, B and C, respectively. For 
the hydrogen bond statistics, we assumed that a hydrogen bond was 
formed if an atom with a bonded hydrogen (the donor, D) and another 

atom (the acceptor, A) had a D-A distance of less than 3.5 Å and a D-H-A 
angle of less than 30◦ [36].

2.4. Synthesis of the G-P/G-H4-Py bioadhesives

To prepare the G-P bioadhesive, 10% (w/v) gelatin was dissolved in 
deionized water, followed by the direct addition of 10% (w/v) PA. After 
stirring for 30 s, the precipitated material was collected as the G-P 
bioadhesive. For the synthesis of G-H4-Py bioadhesives, gelatin was 
dissolved in a 3.84 mol L− 1 HU solution at a concentration of 10% (w/v). 
This solution was then mixed with varying amounts of punicalagin (PA). 
After stirring for 30 s, the precipitates formed were collected as the G- 
H4-Py bioadhesives. The detailed compositions of the G-P and G-H4-Py 
bioadhesives are listed in Table S2, where “y” denotes 0, 1, 2, 3, and 4, 
respectively.

2.5. Characterization of the G-P/G-H4-Py bioadhesives

2.5.1. Fourier transform infrared spectroscopy (FTIR)
The hydrogen bonding interactions between G-Hx and the formation 

of G-H4-Py bioadhesives were characterized using Fourier transform 
infrared (FTIR) spectroscopy (Bruker Tensor 27 FTIR spectrometer) 
[37]. Each spectrum was obtained by averaging 16 scans over a wave-
number range from 4000 to 400 cm− 1 with a resolution of 2 cm− 1.

2.5.2. 1H NMR
The hydrogen bonding interactions between HU and Gel were 

characterized by 1H solution-state NMR spectra (Bruker Avance III HD 
500Hz) in D2O at 287 K [38]. A solid-state NMR was carried out to 
clarify the molecular interactions between HU, PA, and gelatin (Bruker 
Avance Neo 400WB).

2.5.3. Scanning electron microscopy (SEM)
The lyophilized bioadhesive samples were coated with gold and 

analyzed using a TESCAN MAIA3 ultra high-resolution field emission 
scanning electron microscope (SEM) at an acceleration voltage of 5 kV to 
observe the structure of the bioadhesive networks [37].

2.5.4. Mechanical properties
The mechanical properties of the bioadhesives were characterized 

using a rotary rheometer (Anton Paar, MCR302) in frequency sweep 
mode, ranging from 0.1 to 100 Hz with a 5.0% strain amplitude at 25 ◦C.

2.5.5. Self-healing properties
An alternate step strain sweep test was conducted to evaluate the 

self-healing capacity of the bioadhesive. The storage modulus (G′) and 
loss modulus (G″) of the G-H4-P4 bioadhesive were measured at 25 ◦C 
with a frequency of 10 rad s− 1. The measurements were taken over three 
cycles, alternating between a small oscillation strain (γ = 5.0%) and a 
large oscillation strain (γ = 400%), ensuring a duration of 200 s for each 
strain value.

2.5.6. Injectability assessment
To investigate the injectable properties of G-P and G-H4-P4 bio-

adhesives at low temperatures, the linear viscosity (η) was measured 
under frequency sweep mode.

2.5.7. Adhesiveness evaluation
The adhesion strengths of the bioadhesives to biological tissues, 

including dry or wet fresh porcine skin, stomach, liver, and colon, were 
quantified using a lap-shear test at room temperature (RT) [39]. The 
bioadhesive was applied between two tissue slides, each measuring 30 
mm in length and 5 mm in width. After pressing for 10 s, the lap-shear 
test was conducted on an STS10N tensometer (Xiamen East Instrument 
Co. Ltd.) at a speed of 5 mm min− 1. The contact area between the two 
tissue pieces bonded by the bioadhesive was measured with a ruler, 
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ranging from 10 to 100 mm2. The effect of temperature on adhesive 
energy was evaluated by the T-peeling test [7] and lap-shear test at 4, 25 
and 37 ◦C, respectively. To assess the impact of water on adhesive 
behaviour, the prepared testing samples were washed with 20 mL of 
distilled water using a dropper.

2.5.8. Hydrogel degradation
The in vitro degradation of the bioadhesives was examined by placing 

the bioadhesives in 30 mL PBS and incubated in a 37 ◦C shaker [7]. At 
each time interval, the dry weights were measured.

2.6. Evaluation of HU and PA diffusion

HU solutions of varying concentrations (0.5, 2.5, 5, 10, and 20 μg 
mL− 1) and PA solutions of varying concentrations (6.125, 12.5, 25, 50, 
and 100 μg mL− 1) were prepared with deionized water. To obtain the 
standard curve of HU, high-performance liquid chromatography (HPLC) 
was performed using a 1260 Infinity II system (Agilent, USA) with a 120 
EC-C18 column (Agilent, USA). The eluent was ultra-pure water, and the 
analysis was conducted under isocratic conditions at room temperature 
(RT) with a flow rate of 0.8 mL min− 1 and an injection volume of 10 μL. 
The detection wavelength was set at 194 nm. For PA, the standard curve 
was obtained using HPLC with gradient elution (0–15 min, 95% A; 
15–17 min, 70% A; 17–18 min, 95% A). The mobile phase consisted of 
0.2% phosphoric acid aqueous solution (mobile phase A) and 0.1% 
acetonitrile (mobile phase B). The detection wavelength was set at 
258.7 nm. For the actual diffusion measurements, a G-H4-P4 bio-
adhesive column with a diameter of 6 mm and a height of 3 mm was 
placed in 40 mL of deionized water. Samples of 1 mL were collected at 
different time intervals and analyzed using HPLC. The concentrations of 
HU and PA were determined at these intervals by referencing the 
respective standard curves.

2.7. In vitro experiments

2.7.1. Cell biocompatibility and hemocompatibility
Cell counting kit-8 (CCK-8, Bimake) and live/dead assays (Invi-

trogen) [39] were employed to evaluate the cytotoxicity of the bio-
adhesives. To this end, L929 cells were cultured in RPMI 1640 medium 
supplemented with 10% FBS and 1% penicillin-streptomycin in a CO2 
incubator at 37 ◦C. The cells were then seeded into 96-well plates at a 
density of 1.5 × 103 cells/well and incubated with extracts of the 
G-H4-Py bioadhesive. For the CCK-8 assay, the extracts were removed, 
and fresh medium containing 10% CCK-8 reagent was added. Absor-
bance was measured at 450 nm using a Multiskan FC Microplate Reader 
(Thermo, USA). For the Live/Dead staining, cells were incubated with 2 
μM calcein AM (live) in DPBS and 4 μM EthD-1 (dead) working solution 
in the dark. The morphologies of the samples were observed using a laser 
scanning confocal microscope (Nikon, Japan).

The hemocompatibility of the bioadhesives was assessed by incu-
bating rat red blood cells (RBCs) with G-H4-Py bioadhesives [40]. Spe-
cifically, purified RBCs were suspended in 50 mL of phosphate-buffered 
saline (PBS). Bioadhesive extracts, distilled water, and normal saline 
(NS) were then added to the RBC suspension in a ratio of 1:1. The 
absorbance was then measured at 540 nm through a Multiskan FC 
Microplate Reader (Thermo, US).

2.7.2. In vitro model of diabetes and RNA-Seq analysis
RAW 264.7 cells were cultured in high glucose DMEM supplemented 

with 10% FBS in a CO2 incubator at 37 ◦C. Cells were seeded at a density 
of 1 × 104 cells per well in a 24-well plate and cultured for 24 h with 
lipopolysaccharide (LPS) treatment to simulate in vitro diabetes (LPS 
group). Following incubation with the bioadhesive extract for 24 h, cells 
were lysed using Trizol buffer. Total RNA was extracted and purified, 
followed by reverse transcription to cDNA. The amplified and enriched 
cDNA was then analyzed based on the Illumina NGS platform.

2.7.3. Antibacterial activity of the bioadhesives
The antibacterial properties of the G-H4-P4 bioadhesives were 

evaluated using the colony-forming unit (CFU) counting method [41]. 
Both Gram-negative bacteria (E. coli) and Gram-positive bacteria 
(S. aureus) served as bacterial models. A bacterial suspension (PBS, 
OD600 = 0.5) was mixed with the bioadhesive extract, while an equal 
volume of sterile PBS was used as a blank control. After incubation for 
24 h at 37 ◦C, the CFUs on the Petri dishes were counted to quantita-
tively assess the antibacterial efficacy.

2.7.4. Antioxidant efficiency of the bioadhesives
The in vitro antioxidant efficiency of the bioadhesives was evaluated 

using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging 
assay (Shanghai Yuanye Bio-Technology Co.) [42]. DPPH and various 
G-H4-Py bioadhesives were each dissolved in ethanol. The mixtures 
were stirred and incubated in the dark. Absorbance was measured at 
517 nm. A reactive oxygen species (ROS) assay kit (Yeasen) was 
employed to investigate the intracellular ROS scavenging ability of the 
bioadhesive. RAW264.7 (5 × 105 cells/well) were seeded in a 24-well 
plate. The cells were then treated with a ROS-up reagent (working so-
lution, 100 μM) and DMEM without FBS, serving as positive and nega-
tive controls, respectively. The experimental group was treated with the 
bioadhesive extract containing 100 μM ROS-up reagent. After incuba-
tion, the oxidant-sensing probe 2′,7′-dichlorodihy-dro-
fluoresceindiacetate (DCFH-DA, 10 μM) was added. The intracellular 
ROS levels were observed by a laser scanning confocal microscope 
(Nikon, Japan).

2.7.5. Evaluation of immune microenvironment modulation
In vitro immunomodulatory assessment was performed using 

morphological analysis, fluorescence-activated cell sorter (FACS), 
immunofluorescence staining, and RT-PCR [43]. RAW 264.7 cells were 
seeded in a 24-well plate and incubated with LPS for 24 h to (hereafter 
referred to as the LPS group). Subsequently, the cells were treated with 
extracts from the G-H4-Py bioadhesives, which were designated as the 
LPS + G-H4-Py groups. To visualize cell morphological changes, cells 
were fixed with 4% paraformaldehyde and stained with phalloidin for 
F-actin and 4′,6-diamidino-2-phenylindole (DAPI) for nuclei. Morphol-
ogies were observed using a laser scanning confocal microscope (Nikon, 
Japan). Ten random cells from each group were selected to quantify the 
average area using the ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

For the FACS analysis, cells were fixed, permeabilized, and blocked, 
followed by incubation with primary antibody CD206 and Alexa Fluor 
488-conjugated secondary antibody (Abcam). For the iNOS staining, 
Alexa Fluor 594-conjugated iNOS antibody (Biolegend) was used. After 
washing, cells were stored at 4 ◦C for the subsequent FACS analysis. For 
the immunofluorescence analysis, cells were fixed, permeabilized, and 
blocked, then incubated overnight with primary antibody CD206 
(Abcam) and subsequently with Alexa Fluor 488-conjugated secondary 
antibody (Abcam). For the iNOS staining, Alexa Fluor 594-conjugated 
iNOS antibody was incubated with the cells overnight at 4 ◦C. DAPI 
was used to stain the cell nuclei. The stained cell samples were imaged 
with a laser scanning confocal microscope (Nikon, Japan).

For the RT-PCR analysis, total RNA was extracted using the RNA- 
Quick Purification Kit (Shanghai Yishan Bio-Technology Co.) and 
reverse-transcribed with PrimeScript RT Master Mix (Takara). Gene 
expression was quantified using SYBR Premix Ex Taq (Takara) on a Bio- 
Rad RT-PCR system (Bio-Rad). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as the housekeeping gene. M1 markers 
included iNOS and IL-1β, while M2 markers included CD206 and Arg-1. 
Primer sequences and specific qRT-PCR steps were listed in Table S2. 
Relative gene expression levels were normalized to the GAPDH level by 
means of the ΔΔCt method [44].
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2.8. In vivo experiments

2.8.1. Diabetic wound healing assessment
Eight-week-old female SD rats were acclimated for one week. The 

type I diabetic rat model was established as previously described [41]. 
Briefly, the rats were fed with a high-fat, high-sugar diet for 2 weeks, 
followed by intraperitoneal injections of streptozotocin (50 mg kg− 1) 
after a 12-h fast for five consecutive days. The glucose levels of 
STZ-treated rats were monitored using a glucometer (Yuwell, China). 
The induction was considered successful when fasting blood glucose 
levels consistently exceeded 300 mg dL− 1 (16.7 mmol L− 1) for 2 weeks. 
The rats were anesthetized with isoflurane (5% for induction and 
1.5–2.5% for maintenance) and shaved in preparation for surgery. 
Full-thickness wounds were created on the shaved back with 12 mm 
biopsy punches. The wounds were treated with the pre-sterilized 
G-H4-P4 bioadhesive, Tegaderm™ film, or left untreated (n = 3). The 
wound areas were photographed with a digital camera on days 1, 3, 5, 7, 
10, and 14 post-surgery, with a ruler used as a reference. The corre-
sponding wound closure areas were quantified using the ImageJ 
software.

2.8.2. Histological analysis and immunofluorescence staining
Animals were euthanized using carbon dioxide on days 3, 7, and 14 

for analyses of inflammation, fibroblast-to-myofibroblast conversion, 
and tissue or blood vessel regeneration, respectively [41]. The wound 
tissues were fixed, embedded, and sectioned for subsequent procedures. 
Sections from day 14 were deparaffinized, rehydrated, and stained with 
hematoxylin and eosin (H&E) and Masson’s Trichrome (MST). For the 
immunofluorescence staining, goat serum was employed to block 
non-specific binding. To detect myofibroblasts, we adopted a rabbit 
anti-α-SMA primary antibody (1:500, KALANG, KL-0189R) and a goat 
anti-rabbit IgG/TRITC secondary antibody (1:1000, ZSGB, Beijing, 
China). For the angiogenesis detection, we utilized a rabbit anti-CD31 
primary antibody (1:400, SMN, Wuhan, China) and a goat anti-rabbit 
IgG/TRITC secondary antibody (1:1000, ZSGB, Beijing, China). Sec-
tions from day 3 were selected to monitor the inflammatory environ-
ment. For the macrophage detection, we used a mouse anti-F4/80 
primary antibody (1:200, Bioss, Beijing, China) and a goat anti-mouse 
IgG/FITC secondary antibody (1:1000, ZSGB, Beijing, China). M1 
macrophages were identified with a rabbit anti-iNOS primary antibody 
(1:500, Abcam) and a goat anti-rabbit IgG/TRITC secondary antibody 
(1:1000, ZSGB, Beijing, China). M2 macrophages were identified with a 
rabbit anti-CD163 primary antibody (1:400, Bioss, Beijing, China) and a 
goat anti-rabbit IgG/TRITC secondary antibody (1:1000, ZSGB, Beijing, 
China). Cell nuclei were stained with DAPI. Immunohistochemical 
staining was carried out to evaluate the expression levels of cytokines, 
including IL-1β, TNF-α, Arg-1 and IL-10. The slides were imaged with a 
pathology panoramic scanner (3DHISTECH), and the corresponding 
quantitative analysis was carried out using the ImageJ software.

2.9. Statistical analysis

Statistical analysis was conducted using the Origin 2018 software. 
Data from at least three independent experiments were expressed as 
Mean ± Standard Deviation (SD). One-way ANOVA was adopted for 
pairwise comparisons. The p values (p < 0.05) were considered statisti-
cally significant. The p ≤ 0.05 was considered statistically significant 
and denoted by *, while p ≤ 0.01 was denoted by ** in our statistical 
analysis.

3. Results and discussion

3.1. Design and preparation of the CPTG bioadhesives

The essence of achieving controllable phase transitions in gelatin- 
based biomaterials lies in diminishing hydrogen-bond interactions 

between gelatin molecules, thereby effectively preventing self- 
crosslinking induced by environmental temperatures. To this end, we 
first introduced the HU molecules to disrupt the hydrogen bonds be-
tween gelatin molecules because it could form hydrogen bonds with the 
amino and carbonyl groups in gelatin molecules, therefore occupying 
the self-crosslinking sites (Sheme 1A). Our rheological data revealed a 
significant decrease in the phase-transition temperature Tgel with 
increasing the HU concentration. Notably, when the weight ratio of 
gelatin to HU reached 1:4 (hereafter referred to as G-H4), the phase- 
transition temperature dropped to 8 ◦C (Fig. 1A). Fig. S1A showed the 
sol-gel states of the prepared “G-Hx” bioadhesives at various tempera-
tures, whose compositions were listed in Table S1 with “x” denoting 0, 1, 
2, 3, and 4, respectively, in the “G-Hx” bioadhesives. As shown in the 
Fourier Transform Infrared (FTIR) analysis (Fig. 1B), peaks near 3320 
cm− 1 are characteristic of hydroxyl and amine groups in gelatin [45]. In 
the groups of G-H2 and G-H4, the peak shifted to a lower wavenumber, 
which indicated the formation of additional hydrogen bonds. Further-
more, the peaks of the pure gelatin solution (Gel) and the G-H2 group in 
the amide I band are above 1650 cm− 1 (triple helix, intramolecular 
H-bonds), while the peak for G-H4 is at 1648 cm− 1 (random coil and 
solvent-Gly H-bonds) [46]. The 1H NMR spectra of G-H4 revealed 
characteristic peaks corresponding to the -OH groups of HU (~4.42 
ppm) and the C-H protons (~7.72 ppm and 7.18 ppm) on the benzene 
ring of Gel. In addition, the 1H NMR signal for the -OH group in HU 
displayed a downfield shift, while the 1H NMR signal for Gel shifted to a 
lower frequency (Fig. S2C). These findings confirm that a high content of 
HU interacts with gelatin through hydrogen bonds, preventing 
self-crosslinking of gelatin and thus modulating its phase transition at 
different temperatures (Fig. 1C).

We subsequently employed molecular dynamic (MD) simulations to 
investigate the hydrogen bonding interactions between HU and gelatin 
molecular chains (Fig. 1D). To this end, we created the triple helix 
structures in gelatin in both the absence and presence of HU to quantify 
the hydrogen bonding interactions modulated by HU (Fig. 1E). The 
molecular conformations of gelatin and the corresponding G-Hx bio-
adhesive were presented, with the maximum diameters of the gelatin 
triple helix structure measured at 283 K. The addition of HU was 
observed to expand the maximum diameters of gelatin from 13.85 Å to 
16.08 Å. Concurrently, the gyration radius of gelatin increased from 
24.07 to 34.09 Å (Fig. 1F). These suggest that HU occupies the 
hydrogen-bonding sites responsible for gelatin self-crosslinking, result-
ing in a looser gelatin structure and preventing its renaturation. More-
over, the interaction energy between the three chains of gelatin in the G- 
Hx model was − 272.79 kcal/mol, significantly higher than that in the 
Gel model (Fig. 1F and Fig. S1B). This demonstrates that the introduc-
tion of HU destabilizes the triple helix structure of the gelatin chains. 
Likewise, Fig. 1G shows that numerous hydrogen bonds were formed 
between N–H (Gly) and C=O (Xaa, other amino acid residues) in the Gel 
model. In contrast, some of these bonds were replaced by N–H (Gly) and 
C=O (HU) in the G-H model, leading to a random coil structure. This 
finding is consistent with the FTIR spectra results (Fig. 1B).

The natural polyphenol macromolecule punicalagin (PA), known for 
its diverse biological activities, was utilized to enhance binding with 
gelatin through hydrogen bonds and dynamic chemical bonds [47], 
which contributed to the formation of the CPTG bioadhesives (Fig. 2A 
and Fig. S2A). The 1H NMR signal of G-H4-P4 exhibited an upfield shift 
relative to G-P, suggesting that the addition of HU competed with PA 
and disrupted the hydrogen bonding interactions between gelatin and 
PA (Fig. S2G). Also, PA exhibited a range of biological activities, such as 
modulating the immune microenvironment [48]. In this study, PA 
reacted adequately when the weight ratio of PA to G was at least 2:1 
(Figs. S2B and S2D). As the PA content increased, the cross-linking 
density increased, resulting in a more tightly knit network (Figs. S2E 
and S2F), as confirmed by the SEM analysis. Consequently, once PA 
saturation was reached, the total weight of the G-H4-Py bioadhesives 
increased less than the weight of the added PA. Therefore, PA to gelatin 
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Fig. 1. Dependence of gelatin’s phase-transition temperature on HU content at various temperatures. (A) Plots of modulus versus temperature for the G-Hx bio-
adhesives (where x equals 0, 1, 2, 3, and 4, respectively). The gelation temperature (Tgel) was defined as the temperature at which the storage modulus (G′) equals the 
loss modulus (G″). (B) The FTIR spectra for the G-Hx bioadhesives (where x equals 0, 2, and 4, respectively). (C) Schematic illustration of the hydrogen bonding 
interactions between HU and gelatin molecular chains at 40 ◦C. (D) Molecular dynamics simulation snapshot depicting the atomic-level interactions within system. 
(E) Molecular dynamics simulation results delineated the triple helix structures in gelatin in both the absence and presence of HU. (F) Molecular dynamics simu-
lations presented the interaction energy between gelatin chains and the radius of gyration of gelatin at 283 K. (G) Molecular dynamics simulations depicted the 
hydrogen bonding interactions in gelatin, both in the absence and presence of HU.
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weight ratios between 2 and 4 were selected for subsequent 
investigations.

3.2. Mechanical properties, injectability, and adhesive capabilities of the 
CPTG bioadhesives

The CPTG bioadhesives exhibited liquid-like behavior, as evidenced 
by the loss modulus (G″) being close to or even slightly higher than the 

Fig. 2. Characterization of mechanical properties, injection and adhesion properties of the developed CPTG bioadhesives. (A) Synthesis of the G-H4-Py bioadhesives. 
(B) Rheological analysis of the G-Hx-Py bioadhesives in the frequency sweep mode (where x = 0, and 4 and y = 1, 2, 3, and 4, respectively, in the “G-Hx-Py” 
bioadhesives). (C) Storage modulus at 1 Hz for the G-Hx-Py bioadhesives. (D) Diffusion of HU and PA in water. The bioadhesive samples were soaked in 40 mL of pure 
water at room temperature to monitor the diffusion of HU and PA into the surrounding water over time. Experimental data are represented as dots, while the release 
curves are fitted. (E) Changes in the storage modulus of the G-H4-P4 bioadhesive before and after washing with water. (F) Shear-thinning tests of the bioadhesives at 
4 ◦C. (G) Stability of the G-H4-P4 bioadhesive adhesion on porcine skin after stretching, twisting, and bending the skin. Sealing of a fluid-leaking ex vivo porcine 
stomach using a film adhered with G-H4-P4 bioadhesive. (H) Average adhesion strength of the G-P1 and G-H4-Py (y = 1, 2, 3, and 4) bioadhesives on fresh porcine 
skin (n = 3). (I) Average adhesion strength of G-H4-P4 bioadhesives on dry or wet fresh porcine skin (n = 3). (J–M) Lap-shear adhesion strength as a function of 
washing time with water (J) or NS (L) after adhesion to porcine skin, and representative lap-shear adhesion curves for rinsing with water (K) or NS (M). (N) and (O) 
Average lap-shear adhesion strength of the G-H4-P4 and G-P bioadhesives on porcine skin at different temperatures, respectively. (P) and (Q) T-peeling curves of G- 
H4-P4 and G-P bioadhesives on porcine skin at different temperatures, respectively.
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storage modulus (G′), which was crucial for the development of size- 
adaptable bioadhesives (Fig. 2B and Video S4). The bioadhesive with 
the highest PA content (G-H4-P4) demonstrated the highest storage 
modulus when the HU content was kept constant (Fig. 2C). Furthermore, 
the mechanical strength of the developed CPTG bioadhesive without HU 
was much higher than that of the bioadhesives containing HU, indi-
cating that HU adversely affected the strength of the bioadhesives 
(Figs. S3F–S3G). When they were immersed in an aqueous environment, 
the storage modulus of the fabricated CPTG bioadhesives increased by 
nearly an order of magnitude due to the diffusion-triggered structural 
densification (Fig. 2D and E). Accordingly, the color of the bioadhesives 
changed immediately (Fig. S3A and Video S1), and the pore size 
decreased (Fig. S3B), as HU diffused much faster than PA (Fig. 2D). This 
rapid diffusion released hydrogen-bonding interaction sites on gelatin, 
enhancing the interaction between PA and gelatin.

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.bioactmat.2024.12.014

It is worth noting that with increasing oscillation frequencies, both 
the storage modulus (G′) and loss modulus (G″) of the developed CPTG 
bioadhesives increased, indicating dynamic crosslinking [12] (Fig. 2B). 
The bioadhesives (G-H4-Py) composed of a dynamic crosslinking 
network also demonstrated good self-healing properties (Fig. S3C). 
Increasing the shear rate reduced the viscosity of both bioadhesives 
(Fig. 2F). However, due to the uncontrollable phase transition of the 
traditional gelatin-based bioadhesives at low temperatures, the viscosity 
of G-P was too high (1100.00 Pa⋅s) for injection at 4 ◦C. In contrast, the 
viscosity of the G-H4-P4 bioadhesive was 8.56 Pa⋅s under the same 
conditions, which was suitable for injection [49].

The CPTG bioadhesives demonstrated efficient adhesion to fresh 
porcine skin within 10 s, achieving a maximum adhesion strength of 
30.92 ± 1.95 kPa (Fig. 2H). The porcine samples adhered with the GPTC 
bioadhesive, which had an adhesion area of 0.62 cm2, were able to 
support a minimum weight of 200 g, as confirmed in Video S2 (Sup-
porting Information). This bioadhesive adhered tightly to the porcine 
skin without detachment after bending, twisting, and stretching 
(Fig. 2G). As expected, the diffusion-triggered transition enhanced the 
adhesion strength [45]. The GPTC bioadhesive (G-H4-P4) showed 
higher adhesion strength to wet porcine skin compared to dry porcine 
skin (Fig. 2I). Furthermore, the adhesion strength increased significantly 
after rinsing the adhesive samples with distilled water or NS (Fig. 2J–M). 
The maximum adhesion strength reached 151.63 ± 10.79 and 192.69 ±
6.81 kPa after rinsing with water or saline, respectively. These findings 
indicated the GPTC bioadhesive possessed the capability of 
self-enhanced interfacial adhesion upon contact with moist wound tis-
sues. As such, the CPTG bioadhesive (G-H4-P4) maintained high adhe-
sion energy at lower temperatures compared to the conventional 
gelatin-based bioadhesive (G-P). The adhesion energies of G-H4-P4 
were 52.6, 51.3, and 47.8 J m− 2 at 37, 25, and 4 ◦C, respectively 
(Fig. 2P). The adhesion energies of G-P were 132.8, 32.0, and 8.2 J m− 2 

at 37, 25, and 4 ◦C, respectively, indicating significant differences 
(Fig. 2Q). Likewise, the G-P bioadhesive presented notable varations in 
the shear adhesion strengths across different temperatures (Fig. 2O). In 
contrast, the shear adhesion strengths of the G-H4-P4 bioadhesive 
remained consistent regardless of temperature fluctuations (Fig. 2N). 
These findings demonstrated that the CPTG bioadhesive (G-H4-P4) 
maintained stable adhesion properties across a range of temperatures. 
Besides, the CPTG bioadhesives exhibited universal adhesion to various 
tissues, including the stomach, colon, and liver (Figs. S3H, S3E, and S3I). 
Furthermore, this bioadhesive could also effectively seal leakage in the 
porcine stomach (Fig. 2G).

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.bioactmat.2024.12.014

3.3. Degradability, biocompatibility and biological activities of the CPTG 
bioadhesives

The CPTG bioadhesives presented superior biodegradability, with 
their dry weight decreasing to ~20% within 5 days (Fig. S4A). Likewise, 
they exhibited favorable biocompatibility and hemocompatibility 
(Fig. S4B, S4C and S4D). These findings suggest that the CPTG bio-
adhesive is a promising candidate for use as an effective wound dressing. 
To investigate the biological activities of the CPTG bioadhesives, we 
induced RAW 264.7 macrophage cells with lipopolysaccharide (LPS) 
[50,51] to mimic the imbalanced microenvironment of diabetes. We 
then analyzed gene expression in RAW 264.7 cells treated with the CPTG 
bioadhesives using RNA-seq (Fig. 3A). The hierarchical cluster analysis 
revealed that the expression of pro-inflammatory M1 phenotype-related 
genes (CCL2, CCL3, CCL4, CCL5, CXCL10, CXCL2, IL-6, TNF, NOS2, 
PTGS2, and IL-1β) decreased in the experimental group treated with the 
bioadhesives (Fig. 3B). At the same time, the expression of 
anti-inflammatory M2 phenotype-related genes (S100A4 and CXCR4) 
and angiogenesis-related genes (Ang) increased following treatment 
with the bioadhesives. The Gene ontology (GO) analysis demonstrated 
that these genes were primarily enriched in biological processes related 
to wound healing, immune response, bacterial defense, and response to 
oxidative stress (Fig. 3C). Further, the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway classification analysis indicated enrichment 
of differentially expressed genes associated with immune and diabetes 
pathways, such as cytokine-cytokine receptor interaction, JAK-STAT 
signalling pathway, and AGE-RAGE signaling pathway (Fig. 3D).

Subsequently, we demonstrated that the CPTG bioadhesives exhibi-
ted efficient anti-Gram-positive bacterial activity, as confirmed by our in 
vitro experiments (Fig. S5A). The number of bacteria in the experimental 
groups was significantly lower than in the control group, showing a 
56.0% decrease in E. coli colonies, while the killing ratio against 
S. aureus was 97.6% (Fig. S5B). Likewise, each bioadhesive exhibited 
excellent ROS scavenging performance, with DPPH scavenging reaching 
nearly 80% (Fig. S5C). Compared to the ROS-up mediated positive 
control group, significant fluorescence quenching was observed in the 
bioadhesive-treated group, with fluorescence intensity comparable to 
that of the negative control group (Fig. 4A). Similar results were 
observed in the L929 fibroblast cells (Fig. S5D).

3.4. Modulation of the immune microenvironment by the CPTG 
bioadhesives

The CPTG bioadhesives demonstrated a significant capability to 
regulate the immune microenvironment. RAW 264.7 cells incubated 
with LPS exhibited notable deformation compared to those treated with 
PBS (blank group), showing expanded lamellar cellular structures and 
elongated filopodia. Notably, the addition of the bioadhesive extract 
caused the filopodia to retract, resulting in cells becoming more spher-
ical with a considerable reduction in area (Fig. 4B). Our quantitative 
analysis revealed that the average cell area expanded 5.89-fold for LPS- 
treated cells and 2.88-fold for cells treated with both LPS and G-H4-P4, 
compared to the blank group (Fig. 4C), which aligns with the charac-
teristics of M1 and M2 phenotypes [52]. Fluorescence-activated cell 
sorter (FACS) analysis indicated that the LPS-treated cells had the 
highest density of inducible nitric oxide synthase (iNOS+) cells (M1 
phenotype), while the addition of the bioadhesive extract significantly 
induced macrophage mannose receptor (CD206+) cells (M2 phenotype), 
suggesting that the G-H4-P4 bioadhesive can modulate macrophage 
phenotype transformation (Fig. 4D and E, and S5E).

Immunofluorescence staining indicated that the group treated with 
LPS resulted in the most intense iNOS staining, implying a pronounced 
proinflammatory response, whereas the group cotreated with LPS and G- 
H4-P4 displayed weaker fluorescence intensity (Fig. 4J). Meantime, the 
group cotreated with LPS and G-H4-P4 showed a significant increase in 
CD206 staining compared to other groups. Real-time quantitative PCR 
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(RT-qPCR) further revealed that the expression levels of the M1-related 
genes (e.g., IL-1β and iNOS) were elevated in the LPS group but 
decreased after they were treated with the G-H4-P4 bioadhesve. 
Conversely, the expression levels of the M2-related genes (e.g., Arg-1 and 
CD206) were upregulated in cells treated with the G-H4-P4 bioadhesive 
extract (Fig. 4F–I). Consequently, the developed CPTG bioadhesives are 
well-suited for wound closure due to their immune microenvironment 
regulation properties.

3.5. Diabetic wound healing assays based on the CPTG bioadhesives

The developed CPTG bioadhesives were evaluated for their effec-
tiveness in diabetic wound healing assays (YSY-DWLL-2021031). Spe-
cifically, the G-H4-P4 bioadhesive was applied to full-thickness wounds 
on diabetic mice using a syringe (Fig. 5A). For comparison, the com-
mercial Tegaderm film was employed to treat the diabetic mouse 
wounds. Additionally, untreated full-thickness wounds were included as 
a control group in the diabetic wound healing assays. Our experimental 
results demonstrated that the G-H4-P4 bioadhesive adhered firmly to 
the wound within just 10 s of gentle pressing, facilitating subsequent 
applications (Video S3). Compared to the commercial group, the 

bioadhesive remained firmly adhered to the wound even after 3 days. 
Furthermore, the bioadhesive had the fastest healing efficiency, with 
nearly complete healing observed by the 14th day (Fig. 5B). On the third 
day, the bioadhesive-treated group exhibited 59.4% wound closure, 
outperforming both the control group (39.1%) and the commercial 
group (45.5%). On the 14th day, the wound area in the untreated control 
group remained at 15.86%, while that in the commercial group was 
13.53%. In contrast, the G-H4-P4 bioadhesive group reduced the wound 
area to 6.86% (Fig. 5C). Besides, the untreated control group showed a 
pronounced inflammatory response characterized by severe neutrophils 
infiltration, while the groups using the Tegaderm film and G-H4-P4 
bioadhesive demonstrated only a mild inflammatory response (Figs. S7A 
and S7B). In comparison with the untreated and commercial groups, the 
bioadhesive-treated group exhibited a significant decrease in the M1 
macrophages (F4/80+, iNOS+) but a simultaneous increase in the M2 
macrophages (F4/80+, CD163+) (Fig. 5D). These findings suggested that 
the bioadhesive possessed the capacity to regulate macrophage polari-
zation in vivo. Furthermore, the immunohistochemical staining of cy-
tokines, including IL-1β, TNF-α, Arg-1 and IL-10, confirmed the ability of 
the G-H4-P4 bioadhesive to modulate the immune microenvironment. 
The G-H4-P4 bioadhesive group exhibited the lowest expression levels 

Fig. 3. Gene expression and functional enrichment analysis. 
(A) Schematic representation of diabetes mimicking in RAW264.7 cells and subsequent treatment with the G-H4-P4 bioadhesive. (B) Heat map showing upregulated 
and downregulated genes in LPS-treated RAW264.7 cells after treatment with the G-H4-P4 bioadhesive. (C) Gene ontology (GO) enrichment analysis of biological 
processes. (D) KEGG pathway enrichment analysis for the G-H4-P4 bioadhesive.
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of IL-1β and TNF-α (pro-inflammatory cytokines) as showed in 
Fig. 6A–C. Additionally, the signals for Arg-1 and IL-10 (Anti-inflam-
matory cytokines) in the G-H4-P4 bioadhesive group were much stron-
ger than the untreated control and Tegaderm groups (Fig. 6D and E). 
These results illustrated the ability of the G-H4-P4 bioadhesive to 
effectively modulate the immune microenvironment.

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.bioactmat.2024.12.014

Moreover, we observed that rinsing the bioadhesive covering the 

wound with normal saline (NS) enhanced the expression of αSMA 
(Fig. 5E), a marker indicative of fibroblast to myofibroblast conversion. 
The percentage of αSMA+ cells in the G-H4-P4 bioadhesive-treated 
group (26.7%) was higher than that in the untreated control group 
(20.8%), with the NS-rinsed G-H4-P4 group showing the highest per-
centage (37.69%) (Fig. 5F). We hypothesize that the diffusion of HU 
accelerated the adhesion process, thereby creating contractile stress on 
the wound and activating a greater number of αSMA+ cells. Our histo-
logical staining revealed that, compared to other groups, the 

Fig. 4. In vitro immune microenvironment regulation of the G-H4-P4 bioadhesive. (A) DCFH-DA fluorescence staining on RAW264.7 macrophages to assess the anti- 
oxidative capability of the G-H4-Py bioadhesives (y = 1, 2, 3, 4). (B) F-actin staining to observe membrane morphological alterations in RAW 264.7 cells. Phalloidin 
(red) stains F-actin, and DAPI (blue) stains nuclei. (C) Quantitative analysis of cell areas. Data are expressed as Mean ± SD (n = 10). (D) and (E) Fluorescence- 
activated cell sorter (FACS) analysis of protein expression levels of M1 (iNOS) and M2 (CD206), respectively, after 48 h of treatment (n = 3). (F) and (I) Real- 
time quantitative PCR analysis of gene expression levels of M1 (IL-1β, iNOS) and M2 (Arg-1, CD206), respectively, after 24 h of treatment (n = 3). (J) Fluores-
cence images of RAW 264.7 cell phenotypes after different treatments. Blue, red, and yellow colors represent DAPI, iNOS, and CD206, respectively. *p < 0.05, **p <
0.01, ***p < 0.001.
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Fig. 5. In vivo diabetic wound healing assays. (A) Schematic representation of the establishment of the diabetic chronic wound rat model and the operational 
timeline. (B) The G-H4-P4 bioadhesive promoted diabetic wound repair and regeneration in vivo, demonstrating the progression of wound closure on days 1, 3, 5, 7, 
10, and 14. (C) Quantitative analysis of wound area for each group, with pvalues indicating comparisons between the untreated control and the G-H4-P4 group. (D) 
Immunofluorescence images of macrophages in wound tissues on day 3, stained with F4/80 (green), iNOS (red), and CD163 (yellow). Nuclei were stained with DAPI 
(blue). (E) Representative immunofluorescence images for the αSMA cells on day 7, where the illustration showed wound contraction after washing with normal 
saline (NS). HPE was the abbreviation of hyperproliferative epidermis. (F) Statistical results of αSMA+ cells per 100 cells based on the immunofluorescence images as 
presented in (E). (G) Statistical results of granulation tissue thickness. (H) Statistical results of the area of CD31. (I) H&E staining of the wound area on day 14. (J) 
Masson staining of the wound area on day 14. (K) CD31 staining of angiogenesis in the wound area on day 14. Data are presented as Mean ± SD (n = 3).
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bioadhesive-treated group formed mature epithelial structures, 
including hair follicles (blue arrows), squamous epithelium (green ar-
rows), sebaceous glands, and ducts of sweat glands (orange arrows) 
(Fig. 5I). Additionally, the thickness of granulation tissue (red arrows) 
was significantly increased in the bioadhesive group. Specifically, the 
thickness of granulation tissue in the G-H4-P4 bioadhesive group was 
2.1- and 1.4-fold higher than in the untreated and commercial groups, 
respectively (Fig. 5G). Also, the bioadhesive group had the highest 
collagen deposition (Fig. 5J), consistent with visual observations in the 
digital photographs. The concentrations of blood glucose levels were 
higher than 16.7 mmol L− 1 during the animal experiments (Fig. S6).

Finally, angiogenesis in the chronic wound healing was assessed 
using the CD31 antibody, which was highly expressed by endothelial 
cells and also known as platelet endothelial cell adhesion molecule 
(PECAM-1) [50]. It was found that the commercial Tegaderm 
film-treated group led to a partial enhancement in the area of CD31+

cells, but this effect was inferior to that of the bioadhesive-treated group 
(Fig. 5K). The area of CD31+ cells in the bioadhesive-treated group was 
15.7- and 3.4-fold higher than in the untreated and commercial Tega-
derm film-treated groups, respectively (Fig. 5H). These results indicated 
that treatment with the G-H4-P4 bioadhesive could effectively promote 
angiogenesis. In summary, the developed CPTG bioadhesive demon-
strated superior performance compared to the commercial wound 
dressings due to its stable adhesion and ability to regulate the immune 
microenvironment, making it a promising biomaterial for biomedical 
engineering applications.

4. Conclusion and perspectives

Owing to the excellent biocompatibility and biodegradability, 
gelatin-based biomaterials have been widely applied in various engi-
neering fields like biomedicine, biomanufacturing, soft robotics, tissue 
engineering and wearable and implantable electronics. In this work, we 
developed CPTG bioadhesives primarily composed of gelatin, HU and 
PA, which enabled a controllable phase transition. As a result, these 
bioadhesives exhibited adjustable mechanical properties, excellent 
injectability, and stable adhesion to biological tissues even at 4 ◦C. As 
the HU molecules diffused out of the bioadhesives at the adhesive in-
terfaces, they achieved self-reinforcing interfacial adhesion upon con-
tact with the moist wound tissues. More importantly, we reported that 
the designed bioadhesives had the capability to regulate the immune 
microenvironment due to the introduction of PA. Using a diabetic 
chronic wound rat model, we demonstrated that these bioadhesives 
could significantly accelerate diabetic wound healing, which presents an 
alternative therapeutic strategy for the clinical management of chronic 
diabetic wounds through immune regulation. Also, this work provides 
new insights into the design of controllable phase-transition gelatin- 
based biomaterials, which are expected to have important applications 
in various engineering fields.

There remains significant potential for exploration regarding the 
clinical applications of this bioadhesive. Diabetic foot ulcers (DFUs) 
represent a severe complication of diabetes and are the leading cause of 
non-traumatic lower limb amputations [53], posing substantial threats 

Fig. 6. In vivo immunological assays of cytokine levels. (A) Representative immunohistochemistry pictures for IL-1β, TNF- TNF-α, Arg-1 and IL-10 on day 3. (B) 
Statistical results of the area of IL-1β, TNF- TNF-α, Arg-1 and IL-10. Data are presented as Mean ± SD (n = 3).
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to patient health [54]. The standard clinical management process for 
DFUs typically extends over a duration of 12 weeks or longer [20,55]. 
However, the GPTC bioadhesive demonstrated a rapid degradation rate 
within five days. It is essential to adjust the degradation rates according 
to different wound types and clinical scenarios. It is well-known that 
polyvinyl alcohol (PVA) is an FDA-approved biocompatible synthetic 
polymer that can interact with the pyrogallol structure [56] and exhibits 
a notably slow degradation rate [57,58]. Thus, it is possible that the 
introduction of PVA may contribute to an extension of the degradation 
time of the CPTG bioadhesives. Although the GPTC bioadhesive pro-
vides acceleration of diabetic wound healing in rat models, the devel-
oped GPTC bioadhesive requires further validation in large animal 
models. Furthermore, the GPTC bioadhesives are synthesized using a 
two-step method, which is inherently suitable for large-scale produc-
tion. The formulation of the developed adhesive includes several ma-
terials with good biocompatibility. Gelatin is recognized as an 
FDA-approved pharmaceutical excipient, while the natural PA and HU 
are widely utilized as raw materials in moisturizing and skincare prod-
ucts. Although the development of GPTC bioadhesives is still in its early 
stages, it presents a promising candidate for diabetic wound healing 
materials.
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