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A B S T R A C T   

Diabetes causes a loss of sensation in the skin, so diabetics are prone to burns when using heating devices. 
Diabetic scalded skin is often difficult to heal due to the microenvironment of high glucose, high oxidation, and 
low blood perfusion. The treatment of diabetic scald mainly focuses on three aspects: 1) promote the formation of 
the epithelium; 2) promote angiogenesis; and 3) maintain intracellular homeostasis. In response to these three 
major repair factors, we developed a cadherin-responsive hydrogel combined with FGF21 and dental pulp stem 
cells (DPSCs) to accelerate epithelial formation by recruiting cadherin to the epidermis and promoting the 
transformation of N cadherin to E cadherin; promoting angiogenesis to increase wound blood perfusion; regu-
lating the stability of lysosomal and activating autophagy to maintain intracellular homeostasis in order to 
comprehensively advance the recovery of diabetic scald.   

1. Introduction 

Skin is the first line of defense of the human body against the envi-
ronment, which has functions such as resisting microbial invasion, 
maintaining body fluid and water balance, and regulating body tem-
perature [1,2]. The main damage of scald injury is skin necrosis, and the 
high temperature could destroy the skin barrier function accompanied 
by a large amount of fluid exudation [3]. The repair of scald wounds is a 
very complex biological process, including the proliferation and 
migration of encapsulated cells, the deposition of collagen and extra-
cellular matrix, and re-epithelialization [4]. Diabetes mellitus (DM) is a 
metabolic disease with persistent hyperglycemia, which can cause 
microvascular lesions in the body, resulting in disorders of blood cir-
culation and nerve transmission, blunted sensation, and low sensitivity 
to heat [5]. Therefore, patients with DM often suffer from scalds due to 

improper use of heating equipment during heating [6]. In a state of high 
glucose, the blood perfusion and collagen deposition of the scald wound 
are reduced and epithelial keratinization becomes difficult, which could 
further delay wound healing [7,8]. Therefore, a scald with diabetes is a 
special type of pathological scald and requires a comprehensive remedy 
that can simultaneously improve the metabolic state of cells in the 
scalded area, promote angiogenesis, and potentiate epithelial keratini-
zation in the state of high glucose. 

Alginic acid is a naturally occurring polysaccharide that forms 
various alginates by combining with different cations present in 
seawater [9]. Sodium alginate exhibits convenient gelation, high affinity 
towards biological systems, excellent drug delivery capabilities, and 
remarkable water absorption properties, making it highly valuable for 
applications in biomedical engineering [10]. Sodium alginate can co-
ordinate with free calcium ions to form a three-dimensional network 
structure of calcium alginate hydrogel. The degree of cross-linking 
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between sodium alginate and calcium ions increases with the concen-
tration of the calcium solution [11]. Calcium ions are essential trace 
elements in the human body and pose no harm [12]. 

Epithelial-mesenchymal transition (EMT) is a key biological process 
that regulates epithelial keratinization, and is characterized by the 
switch of N cadherin and E cadherin [13,14]. Research has demon-
strated that epidermal keratinocytes undergo a phenotypic shift from an 
epithelial to a mesenchymal state during skin wound healing, resulting 
in the manifestation of EMT characteristics [15]. In the context of wound 
epithelium reformation, cell adhesion and gap junction mediating cell 
surface protein E cadherin play a crucial role in maintaining the integ-
rity of the epithelial cytoskeleton and regulating cellular polarity, dif-
ferentiation, growth, and migration [16]. Cadherin is a Ca2+ dependent 
cell adhesion glycoprotein. The expression level and effect strength of 
cadherin are closely related to calcium ion concentration. Recently, 
alginate has also been reported to be able to bind calcium ions into 
hydrogels to up-regulate N cadherin and E cadherin expression at the 
injury junction while avoiding calcium overload [17]. Therefore, 
whether cadherin-responsive hydrogels can promote EMT to facilitate 
epithelialization has aroused great interest. 

In diabetic conditions, the high glucose environment in the body 
often increases the endogenous oxidative stress response, resulting in 
cell membrane organelles being affected [18,19]. Therefore, a drug with 
hypoglycemic function is needed to regulate the high glucose internal 
environment and improve the metabolic efficiency of cells while pro-
tecting cells [20]. Fibroblast growth factor 21 (FGF21) is a growth factor 
with glucose and lipid metabolism function first discovered in mouse 
embryos [21]. Studies have shown that FGF21 can regulate gluconeo-
genesis, increase peroxisome activity, and modulate metabolism in vivo 
[22,23]. Recent studies have confirmed that FGF21 has the ability to 
promote lysosomal stabilization and enhance autophagy, however, 
whether FGF21 can regulate the repair of diabetic scald skin through 
autophagy pathway is not clear [24,25]. 

Dental pulp stem cells (DPSCs) are fibroblasts derived from dental 
pulp tissues, which have the ability of self-renewal and multi-directional 
differentiation [26]. DPSCs have attracted great attention in stem cell 
therapy in recent years due to their abundant sources, low immune 
rejection property and no ethical controversy [27]. It is evident that the 
diabetic blood vessels often shrink due to high glucose and high 
oxidation microenvironment, and blood perfusion is significantly 

reduced accompanied with slow recovery of the scald. Studies suggest 
that DPSCs might have their ability to differentiate into endothelial cells, 
effectively promote the regeneration of the blood vessels, and tolerate 
high glucose environment to promote scald wounds of angiogenesis [28, 
29]. 

Therefore, in this study, we designed a therapeutic system combining 
DPSCs and FGF21 in cadherin-responsive hydrogel to treat diabetic 
scald by regulating EMT and necroptosis, as well as promoting angio-
genesis and epithelialization. 

2. Experimental section 

2.1. Materials 

3T3-L1 cells were supplied by OTWO (Shenzhen, China). Fetal 
bovine Serum (FBS) and RPMI 1640 medium (1640) were obtained from 
Gibco (California, USA). D-(+)-Glucose Solution (20 %, sterile) was 
obtained from Beyotime Biotechnology (Shanghai, China). FGF21, 
CAY10650, and 1-Dodecylimidazole (NDI) were bought from MedChe-
mExpress (New Jersey, US). Primary antibodies against CTSD (69854S), 
C-CASP8 (8592S), and β-catenin (8480S) were purchased from Cell 
Signaling Technology (US). Primary antibodies against P62 (ab109012) 
and N-cadherin (ab98952) were supplied by Abcam (Cambridge, UK). 
Primary antibodies against α-SMA (701457) were obtained from 
Thermo Fisher Scientific (Massachusetts, US). Primary antibodies 
against LC3B (A17424) were obtained from ABclonal (US). Primary 
antibodies against E-cadherin (AF0131) were bought from affinity (OH, 
US). Primary antibodies against α-Tubulin (R23454), β-actin (R23613), 
anti-mouse and anti-rabbit secondary antibodies IgG-conjugated with 
horseradish peroxidase (HRP) and Ultrasensitive enhanced chem-
iluminescence (ECL) kit were obtained from ZenBioScience (Chengdu, 
China). Donkey Anti-Rabbit/Mouse IgG H&L (Alexa Fluor® 488) pre- 
adsorbed, Donkey Anti-Rabbit/Mouse IgG H&L (Alexa Fluor® 647) 
pre-adsorbed were obtained from Abcam (Cambridge, UK). 

2.2. Synthesis and characterization of hydrogel 

2.2.1. Synthetic method 
0.05 g sodium alginate (Sigma-Aldrich, St Louis, Missouri, US) and 

10 μg FGF21 (MedChemExpress, New Jersey, US) were dissolved in 1 mL 
150 mM NaCl and 20 mM HEPES, free acid (pH 7.4) (Beyotime 
Biotechnology, shanghai, China) to form solution A. Then, 1 × 106 

DPSCs were dyed by CM-DiI (Invitrogen, California， US) that resus-
pended in solution A to form homogeneous solution B. Then we evenly 
spread solution B in the culture dish and added 1 mL 100 mM CaCl2 and 
10 mM HEPES, free acid (pH 7.4). Let the solution incubated for 10 min. 
The excess solution was then sucked up, and 2 ml 150 mM NaCl and 10 
mM HEPES, free acid (pH 7.4) was added for washing. The washing 
process lasted for 2 min, 3 times in total. The material produced by the 
above process is cadherin-responsive hydrogel combined with DPSCs 
and FGF21. Gel means that FGF21 and DPSCs were not added in the 
simple gelation of sodium alginate and calcium, and Gel + FGF21 means 
that FGF21 was added in the simple gelation without DPSCs. In subse-
quent animal experiments, we used tools to divide the hydrogels into 
round materials with a diameter of 6 mm. The round material of Gel +
DPSC group and Gel + DPSC + FGF21 group consisted of 1 × 104 DPSCs. 

2.2.2. Characterization and testing of materials 

2.2.2.1. The microstructure of the hydrogels and Ca2+ atomic energy. The 
morphology of the hydrogels was detected by scanning electron mi-
croscopy (SEM, Nova 200 NanoSEM, FEI, USA). Ca2+ atomic content 
and distribution of Gel and Gel + FGF21 were quantified by energy 
dispersive spectrometer (EDS) (NOVA 200 NANOSEM, FEI, US). The 
chemical structure of hydrogels was detected by fourier transform 

Abbreviations 

Gel Cadherin-responsive hydrogel 
FGF21 Fibroblast growth factor 21 
DPSC Dental pulp stem cells 
DM Diabetes mellitus 
EMT Epithelial-mesenchymal transition 
FBS Fetal bovine Serum 
NDI N-dodecylimidazole 
HRP Horseradish peroxidase 
ECL: Enhanced chemiluminescence 
HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic 
EDS Energy dispersive spectrometer 
RBCs Red blood cells 
PBS Phosphate Buffered Saline; 
IP Intraperitoneal injection 
BCA Bicinchoninic acid 
PVDF Polyvinylidene fluoride; 
TBST Tris-Buffered Saline and Tween 20 
DMSO Dimethyl sulfoxide; 
DPBS Dulbecco’s Phosphate Buffered Saline; 
TBHP Tert-butyl Hydroperoxide.  
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infrared spectroscopy (FITR, Thermo, NICOLET is20). 

2.2.2.2. Drug release. At 0 h, 6 h, 12 h, 18 h, 24 h, 36 h, 48 h, 60 h, 72 h, 
96 h,108 h, 120 h,132 h,144 h, 156 h, 168 h, we replaced cadherin- 
responsive hydrogel with FGF21 with a new medium and then 
collected the previous medium. The collected medium at each time point 
was detected by enzyme-linked immunosorbent assay Kit (ELISA kit). 
The following parameters and designations were used: Accumulative 
released FGF21(%) = ODx/OD × 100 %. ODx = ODt + Ax; ODx: 
Absorbance of cumulative release of FGF21 at time point X; ODt: 
Absorbance of FGF21 cumulative release at the previous time point of X 
time point; AX: Absorbance of FGF21 released at X time point; OD: 
Absorbance of control group; X = 2, 6, 12, 18, 24 h etc. For example: 
OD2 = OD2, OD4 = OD2+A4. 

2.2.2.3. Mechanical properties and gelling properties of materials. We 
used a universal testing machine (INSTRON, Massachusetts, US) to test 
the mechanical properties of materials. Materials were made into a 
cylinder with a diameter and a height of about 5 mm, and 1000 N was 
applied to it. The moving speed of the machine was 1 mm/min. Finally, 
the results were analyzed by GraphPad Prism 8.4.0, GraphPad Software. 
The rheological properties of the hydrogels were determined by the 
Thermo Fisher HAAKE MARS rheometer. 

2.2.2.4. Hemolysis test. We gently mixed the PBS solution containing 
small particles of cadherin-responsive hydrogel with 5 % v/v red blood 
cells (RBCs) in a volume ratio of 1:1. We centrifuged the sample that was 
left at room temperature for 30 min at 3000 rpm, 4 ◦C for 7 min, and 
then took out the supernatant. 150 μl supernatant was transferred to 96 
well plate and measured with the absorbance at 540 nm. The negative 
control was the same amount of PBS solution, and the positive control 
was the same amount of deionized water. The following parameters and 
designations were used. Hemolysis (%) = (As− Ab)/(Ap− Ab) × 100 %; 
As: sample absorbance, Ab: negative control (PBS), Ap: positive control 
(deionized water). 

2.2.2.5. In vitro degradation properties of the hydrogel. Prior to the 
experiment, a specific weight of dry gel (W1) was measured and then 
mixed with PBS buffer before being placed on a shaker at 37 ◦C and 60 r/ 
min. The solution was changed every other day, and at predetermined 
time points, the gel was removed, dried at 65 ◦C until constant weight 
(W2), and weighed multiple times. The degradation rate was calculated 
using the formula: W2/W1. 

2.2.2.6. Measurement of the cytotoxicity of cadherin-responsive hydro-
gel. 3T3-L1 cells were divided into two groups: the control group and 
the cadherin-responsive hydrogel co-culture group. Only complete me-
dium was added to the control group, and 5 mg of cadherin-responsive 
hydrogel fragments per mL of medium was added to the cadherin- 
responsive hydrogel co-culture group. One day after co-culture, the 
cells were digested with trypsin and then examined for cell survival 
using the Calcein/PI kit (Beyotime Biotechnology, shanghai, China). 
After incubation, we tested the results at the excitation wavelength of 
488 and 560 nm. Green fluorescence represents living cells, and red 
fluorescence represents dead cells. 

3T3-L1 cells were enumerated and evenly distributed into 96-well 
plates, with a cell count ranging from 8000 to 10000 per well. The 
cells were randomly divided into the following groups: control group, 
50 mM Ca2+ group, 100 mM Ca2+ group and 150 mM Ca2+ group, 50 
mM Ca2+ gel group, 100 mM Ca2+ gel group, 150 mM Ca2+ gel group. 
After the cells were completely adherent, 90 μl complete medium and 
10 μl CaCl2 solution were added to each well in the Ca2+ group, and the 
same volume of PBS was added to each well in the control group. The 
Ca2+ gel group was taken from the leaching solution (1 cm3 hydrogel 
was dissolved in 10 ml complete medium for 24 h), and then 100 μl of 

the leaching solution was added to a 96-well plate, and the same amount 
of medium was added to the control group. After 24 h, the absorbance of 
cells in each group was measured at a wavelength of 450 nm using 
CCK8, followed by conversion to determine the cell viability. 

2.3. Animals and experimental model 

All experimental procedures and animals comply with experimental 
animal ethics. One hundred and ninety C57BL/6 male mice (20–22 g) 
were obtained from the Experimental Animal Center of Wenzhou Med-
ical University. 

2.3.1. Normal control mice 
In a preliminary experiment, we divided 60 experimental animals 

into six groups, which were the control group, the burn group, the Gel 
group, the Gel + FGF21 group, the Gel + DPSC group, and the Gel +
DPSC + FGF21 group. All animals lived in a suitable environment, 
where they could get food and water at any time. The surgical envi-
ronment was cleaned and disinfected before surgery. Mice were injected 
with 1 % sodium pentobarbital (50 mg/kg, IP). We set the temperature 
control scald instrument (YiYan Scientific, Jinan, China) to 80 ◦C for 11 
s. An identical burn area appeared on each mouse with the same location 
and surgical means. We applied hydrogel of the same size to the wound 
and covered with Tegaderm films (3 M, USA). The outermost layer is 
covered with a medical bandage. Mice were euthanized after 14 days. In 
0 days, 7 days, and 14 days, the appearance of the mice was taken with a 
digital camera. 

2.3.2. Diabetic mice 
Seventy healthy mice were injected with 150 mg/kg Streptozotocin. 

After 20 days, we selected mice with blood glucose higher than 16.7 
mmol/L. We divided the experimental animals into six groups: the 
control group, the burn group, the Gel group, the Gel + DPSC group, the 
Gel + DPSC + FGF21 group. The following modeling and testing 
methods were consistent with normal control mice. 

2.3.3. Diabetic mice used for mechanism research 
Thirty mice with the cadherin-responsive hydrogel containing 

FGF21 and DPSCs were randomly divided into three groups: the control 
group, the Gel + DPSC + FGF21+NDI (MedChemExpress, New Jersey, 
US) group, and the Gel + DPSC + FGF21+CAY10650 (MedChemEx-
press, New Jersey, US) group. Ten mice were intraperitoneally injected 
with 2.5 mg/kg CAY10650 for 10 days, and ten mice were intragastric 
administration with NDI for 10 days. The following modeling and testing 
methods were consistent with normal control mice. 

Thirty mice without hydrogel application were randomly divided 
into three groups: the control group, the burn group, and the CAY10650 
group. Ten mice were intraperitoneally injected with 2.5 mg/kg 
CAY10650 for 10 days. The following testing methods are the same as 
above. 

2.4. H&E staining and masson trichromatic staining 

We used 4 % paraformaldehyde to fix the tissues. The gradient 
alcohol was dehydrated, and the tissue was sectioned into a 5 μm slice 
with paraffin. After H&E staining and Masson trichromatic staining, the 
sections were imaged by a light microscope (x 10) to measure the 
healing degree of the wound. The skin with unclear hair follicle struc-
ture and no complete epithelium was defined as the skin without 
healing. 

2.5. Western blot (WB) 

We added the treated skin tissue to the tissue lysis buffer at the ratio 
of 100 mg/700 μL. The tissues were homogenized with a grinder 
(JingXin, Shanghai, China) after incubating on the ice for half an hour. 
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The homogenized liquid was centrifuged at 4◦ for 15 min at 12000 
revolutions and repeated twice. The supernatant of fluid was then 
retained. The bicinchoninic acid (BCA) reagents (Thermo, Rockford, IL, 
USA) was used to unify the protein concentration of 40 μg in 10 μL. 
Finally, we added 5 × loading buffer and pure water to the supernatant 
and heated it at 100 ◦C for 5 min. We used a microinjection needle to 
load 10 μ L of protein into the swimming lane of 10 % gels, separated the 

protein and transferred it to the PVDF membrane (Bio-Rad, Hercules, 
CA, USA). Subsequently, the PVDF membrane was sealed with 10 % 
skimmed milk (Bio-Rad) for 1 h and washed with TBST three times. We 
incubated the membrane with the corresponding primary antibody at 4◦

for 12–16 h. The membrane was washed three times by TBST and 
incubated with secondary antibody at room temperature for 1 h. Finally, 
we used TBST to wash the membrane three times and used The 

Fig. 1. Characterization of the cadherin-responsive hydrogel. (A) Morphological display of cadherin-responsive hydrogel. (B) Scanning electron microscope 
images of hydrogels in different groups. Scale: 4 μm. (C) The Ca2+ atomic content of Gel and Gel + FGF21 samples were quantified by energy dispersive spectrometer. 
(D) Element constituents in Gel and Gel + FGF21 samples (atomic percentage) by energy dispersive spectrometer. (E) Ca2+ distribution results of Gel and Gel +
FGF21 samples by energy dispersive spectrometer. (F) The release profile of FGF21 from the hydrogel. (G) A stress-strain curve was obtained using the universal 
mechanical testing machine. (H) Rheological characterization of hydrogel strain sweep, and frequency sweep analyses. (I) Pictures from the hemolytic activity test of 
the hydrogel. (J) Hemolytic percentage of the hydrogel. (K) Live/dead staining of 3T3 cells seeded on hydrogel after a 24 h culture. Live cells (green); Dead cells 
(red). Magnification: 4X; Scale: 500 μm. 

W. Lu et al.                                                                                                                                                                                                                                      



Materials Today Bio 24 (2024) 100919

5

Fig. 2. Wound closure of Gel þ DPSC þ FGF21 treatment in normal control mice. (A) Photographs of four types of treated wounds on day 0, 7, 14. Scale: 2 mm. 
(B) Simulation plots. (C, D) Images of H&E and Masson staining of wound after 14 d of treatments. Scale: 1000 μm. (E) Quantitative analyze of the wound area. (F) 
Quantitative analysis of the wound length rate. * represents P < 0.05. ** represents P < 0.01. *** represents P < 0.001. Data are represented as mean ± SD (n = 3). 
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ChemiDoc XRS+ Imaging System (Bio-Rad) to record the experimental 
results. 

2.6. Immunofluorescence (IF) 

Slices of paraffin were eluted and washed with PBS, which was 
applied for antigen retrieval (3min, 100 ◦C) with citrate buffer solution. 
The corresponding primary antibody incubation is carried out for 12–16 
h at 4 ◦C. Anti-fluorescence quenching sealing solution (Yeasen 
Biotechnology, Shanghai, China) containing DAPI was applied to the 
tissue, and the tissue slice was then processed with a cover slip. Nikon 
laser confocal microscope (Nikon, Japan) was used to record the fluo-
rescence result. 

2.7. Culture of DPSCs and 3T3-L1 

2.7.1. Isolation and culture of DPSCs 
Wenzhou Medical University (No. wykq-2018-008SC) approved the 

following DPSCs experiments. The teeth were obtained the third molars 
of volunteers without oral diseases. An informed consent of the volun-
teers whose teeth were extracted was included as an attachment 1. We 
disinfected the removed teeth and cut them into small pieces with a 
mechanical knife. Then we used 4 mg/mL dispase (Sigma-Aldrich, St. 
Louis, MO, USA) and 3 mg/mL collagenase type I (Gibco, USA) to 
completely digest the tissue in a 37-degree incubator for 30 min. The 
extracted cells were resuspended and cultured in a primary mesen-
chymal stem cell culture system (iCell, Shanghai, China). 

2.7.2. CM-DiI staining of DPSCs 
50 μg CM-Dil was dissolved in 50 μL DMSO to obtain a solution with 

a concentration of 1 mg/mL. After being digested, the cells were 
centrifuged at 1000 rpm for 5 min. After pouring out the culture me-
dium, the cells were resuspended with 1 mL Dulbecco’s Phosphate 
Buffered Saline (DPBS). Then cells were added 2 μl CM-DiI dye and 
incubated at room temperature for 5 min and then 4 ◦C for 15 min. The 
cells were centrifuged at 1000 rpm for 5 min, then resuspended with 
DPBS, and centrifuged again at 1000 rpm for 5 min. 

2.7.3. Culture of 3T3-L1 cells 
We cultured 3T3-L1 cells in 33 mmol/L glucose and 10 % serum for 

one week. Then the cells in the high glucose state were divided into four 
groups, namely the control group, the TBHP group (added 100 nM 
TBHP), the FGF21 group (added 0.375 nM FGF21), and the 
FGF21+TBHP（added 100 nM and 0.375 nM FGF21. After giving FGF21 
for 12 h, TBHP was used to stimulate for 12 h. We took out cells and 
isolated proteins from cells for the WB test. 

2.7.4. CCK-8 test of 3T3-L1 cells 
3T3-L1 cells with a density of 5000 cells/well were seeded on 96 well 

plates. After 24 h, the cells were divided into six groups: the control 
group, the 20 nM TBHP group, 50 nM TBHP group, 100 nM TBHP, 120 
nM TBHP and 200 nM TBHP group. After 12 h, all wells were added with 
CCK8 solution and detected at 450 nm wavelength after 2 h. 

2.8. Statistical analyses 

The present form of the experimental results was expressed as means 
± SEM. Statistics software included Excel, ImageJ and GraphPad Prism 
8. One-way analysis of variance (ANOVA) was used in a statistical 
analysis, and statistical difference with a P value < 0.05 was considered 
significant. 

3. Results and discussion 

3.1. Characterization of the cadherin-responsive hydrogel 

The excessive presence of Ca2+ induces cell death. Therefore, we 
initially screened hydrogels with optimal performance from gels formed 
using CaCl2 solutions at varying concentrations. Mechanical testing 
revealed that the compression modulus of the hydrogel increased pro-
portionally with increasing Ca2+ concentration (Sfig 1A-B). Subse-
quently, we evaluated the degradation performance of the hydrogel and 
observed a slower degradation rate within the first 7 days as Ca2+

concentration increased (Sfig 1C). Fourier transform infrared spectros-
copy experiments demonstrated a decrease in peak intensity with 
increasing Ca2+ concentration (Sfig 1D). Furthermore, CCK8 test results 
indicated that while a standalone use of 50 mM CaCl2 caused significant 
cellular damage, a concentration of 150 mM was required to induce 
damage after incorporating it into the hydrogel system (Sfig 1E-F). Ac-
cording to the above results, 100 mM CaCl2 solution was selected as the 
gelling liquid. 

We successfully prepared the cadherin-responsive hydrogel by 
combining alginate with calcium ions (Fig. 1A) and detected the 
microstructure of the hydrogel by scanning electron microscopy. The 
experimental results showed that the cadherin-responsive hydrogel had 
a good pore structure, and the pore structure was also preserved after 
being coated with FGF21. In Gel + DPSC and Gel + DPSC + FGF21 
groups, it was observed that DPSC could survive in the pores of hydro-
gels (Fig. 1B). We then used energy dispersive spectroscopy (EDS) to 
identify the presence of metal ions. The experiment showed that there 
were five elements of C, O, Na, Cl, and Ca ions participated in the 
composition of the cadherin-responsive hydrogel and was distributed 
evenly (Fig. 1C–E). To verify the ability of cadherin-responsive hydro-
gels to release FGF21 slowly, we performed an FGF21 release assay, and 
the results showed that FGF21 was released slowly within 7 days 
(Fig. 1F). Skin is a relatively soft tissue, and biomaterials with excessive 
hardness could cause skin to slow down the repair process [30]. We 
tested the compression modulus of cadherin in response to hydrogel, and 
the experimental results showed that the hydrogel was relatively soft 
(Fig. 1G). Finally, the gelling properties of hydrogels were detected by 
rheometer, and the results showed that cadherin hydrogels could 
maintain gel properties stably (Fig. 1H). After testing the physico-
chemical properties of the hydrogels, hemolysis test and calcein/PI 
staining were used to identify the bio-affinity of the hydrogels. The 
experimental results showed that the hydrogels had a good bio-affinity 
without causing hemolysis and almost no toxicity to cells (Fig. 1I–K). 
When the hydrogel was applied to the scald wounds of mice, no sig-
nificant lesions were observed in the parenchymal organs of the mice 
(Sfig 2). In summary, the constructed hydrogel has good physical and 
chemical properties and is suitable for skin repair. 

3.2. Cadherin-responsive hydrogel combined with DPSCs and FGF21 
promotes scald repair in normal mice 

To investigate the effect of cadherin-responsive hydrogel combined 
with DPSCs and FGF21 on scald wound repair, we applied it to the 
mouse scald model and recorded the recovery of scald in each group at 0, 
7, and 14 days. The experiment results showed that the cadherin- 
responsive hydrogel combined with DPSCs and FGF21 system had the 
best effect of repair. After 14 days, the scald wounds of mice were nearly 
completely repaired and no obvious scar formation was found 
(Fig. 2A–B, E). Then we used H&E staining to observe the structural 
details of the recovered tissue in the scald area. The cadherin-responsive 
hydrogel combined with DPSCs and FGF21 was found to reduce the 
damaged area compared with other groups, and the repaired area had 
significant hair follicle growth (Fig. 2C, F). At the same time, Masson 
staining was used to detect the collagen deposition, and the results 
showed that the Gel + DPSC + FGF21 group had the best collagen 
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recovery (Fig. 2D). These results confirmed that the system of cadherin- 
responsive hydrogel combined with DPSCs and FGF21 could effectively 
promote the repair of scald wound. 

3.3. Cadherin-responsive hydrogel combined with DPSCs and FGF21 
regulates epithelial EMT 

Skin is the first barrier against the invasion of viruses and bacteria, 
and epithelial integrity plays a crucial role in the skin barrier function 
[31]. After scald, the epithelium is severely damaged, so it is particularly 

important to effectively promote the formation of epithelium [32]. The 
formation of epithelium is closely related to the effect of E cadherin, and 
the expression of E cadherin is often down-regulated after injury [33], 
whereas N cadherin is often up-regulated after skin injury [34]. EMT is 
characterized by a loss of epithelial cell markers with the upregulation of 
N-cadherin, followed by the emerging of mesenchymal cell markers with 
the downregulation of E-cadherin, which is involved in the biological 
processes of skin healing [35]. Therefore, whether cadherin-responsive 
hydrogel combined with DPSCs and FGF21 can regulate the cadherin 
switching of N cadherin to E cadherin in response to hydrogel is of 

Fig. 3. Gel þ DPSC þ FGF21 promotes the transition of N cadherin to E cadherin in normal control mice. (A–C) Immunofluorescence showing the expression 
of N-cadherin (green), E-cadherin (white) in different groups in the epidermis, dermis and subcutaneous tissue. The nuclear is labeled by DAPI (blue). Scale: 50 μm. 
(D–F) Representative images and analysis of western blots of N-cadherin and E-cadherin in the indicated groups. GAPDH was used as a reference. * represents P <
0.05. ** represents P < 0.01. Data are represented as mean ± SD (n = 3). 
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Fig. 4. Wound closure of Gel þ DPSC þ FGF21 treatment in diabetic mice. (A) Photographs of four types of treated wounds on day 0, 7, 14. Scale: 2 mm. (B) 
Simulation plots. (C, D) Images of H&E and Masson staining of wound after 14 d of treatments. Scale: 1000 μm. (E) Quantitative analyze of the wound area. (F) 
Quantitative analysis of the wound length rate. * represents P < 0.05. ** represents P < 0.01. *** represents P < 0.001. Data are represented as mean ± SD (n = 3). 
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critical importance. Immunofluorescence and WB were used to detect 
the expression of E cadherin and N cadherin. The results showed that the 
cadherin-responsive hydrogel was able to recruit cadherin to the 
epidermis, and FGF21 and DPSCs synergistically promoted the recruit-
ment of cadherin to the epidermis by immunofluorescence staining 
(Fig. 3A–C). At the same time, the cadherin responsive hydrogel and 
FGF21 could promote the transition of N cadherin to E cadherin by WB 
analyses (Fig. 3D–F). In summary, cadherin-responsive hydrogel com-
bined with DPSCs and FGF21 achieved rapid epithelial recovery via the 
regulation of EMT as evidenced by cadherin switching. 

3.4. Cadherin-responsive hydrogel combined with DPSCs and FGF21 
promotes scald repair in diabetic mice 

Diabetic scald is a common refractory wound. Due to the microen-
vironment of high glucose and high oxidation, and the decrease in blood 
perfusion, the repair of skin has significantly slowed down [36]. To 
verify whether the cadherin-responsive hydrogel combined with DPSCs 
and FGF21 could promote the repair of diabetic scald wounds, we 
recorded the wound recovery of scalded diabetic mice on day 0, 7, and 
14. The results showed that in the high glucose state, blood vessels and 
subcutaneous fat were reduced, so the skin was thinner than normal skin 
[37]. Notably, the cadherin-responsive hydrogel combined with DPSCs 
and FGF21 could also effectively promote the repair of diabetic wounds 
(Fig. 4A–B, E). The results of H&E staining and Masson staining showed 
that the repair effect of hydrogel on diabetic scald wounds was weaker 
than that of normal control mice. There was no significant hair follicle 
regeneration in the injured center, but the injured area was significantly 
reduced, collagen deposition was increased, and hair follicle regenera-
tion was also observed at the edge of the injured area (Fig. 4C–D, F). 

Next, we used the immunofluorescence to detect the expression of 
the blood vessels, the experimental results showed that in diabetic mice, 
scalded wounds further reduced blood vessels, cadherin-responsive 

hydrogel could not protect scald caused by vascular damage. Interest-
ingly, after adding DPSCs, hydrogel could effectively promote the 
vascular regeneration of diabetic scald wound, indicating that DPSCs 
have vascular differentiation ability. However, the blood vessels formed 
were mainly neovascularization. Remarkably, after the addition of 
FGF21, the ability of hydrogel to promote vascular maturation was 
greatly enhanced with increased CD31+ endothelial cells associated 
with αSMA+ cell, which was predicted to be beneficial to the recovery of 
blood perfusion in diabetic scald skin. We also found a partial colocal-
ization of CD31+ and CMDil+ cells in the Gel + DPSC + FGF21 group 
(Fig. 5A and B). 

We conducted weekly monitoring of the mice’s weight and random 
blood glucose levels throughout the duration of the study. Notably, at 
the conclusion of the experiment, it was observed that both Gel + DPSC 
and Gel + DPSC + FGF21 groups exhibited lower blood glucose levels 
compared to the Burn group (Sfig 3A-C). Furthermore, on days 7 and 14, 
both experimental groups demonstrated a greater increase in body 
weight when compared to the Burn group (Sfig 3D-F), indicating that the 
combination of cadherin-responsive hydrogels with DPSC and FGF21 
improved basal metabolism in diabetic mice. In conclusion, cadherin- 
responsive hydrogel combined with DPSCs and FGF21 could effec-
tively promote the recovery of diabetic scald. 

3.5. Cadherin-responsive hydrogel combined with DPSCs and FGF21 
regulates epithelial EMT in diabetic scald 

Immunofluorescence results showed that diabetic skin had a high 
expression of N-cadherin and a low expression of E-cadherin. After 
treatment, the high expression of E-cadherin in diabetic scald epithelium 
was promoted to accelerate epithelial recovery through the cadherin 
recruitment effect of cadherin-responsive hydrogel with the cadherin 
switching of N cadherin to E cadherin, indicating that EMT has taken 
place (Fig. 6A, C). The immunofluorescence results showed that the 

Fig. 5. Cadherin-responsive hydrogel combined with DPSCs and FGF21 promotes the recovery of blood perfusion in diabetic scald skin. (A) Immuno-
fluorescence images of α-SMA (green), CD31 (purple), CM-Dil (red) and DAPI (blue) in the indicated groups. Scale: 50 μm. (B) Morphometric analysis of new and 
mature blood vessels. * represents P < 0.05. ** represents P < 0.01. Data are represented as mean ± SD (n = 3). PECAM-1/CD31: Platelet endothelial cell adhesion 
molecule-1; α-SMA: α-smooth muscle actin. 
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Fig. 6. Cadherin-responsive hydrogel combined with DPSCs and FGF21 promotes the transition of N cadherin to E cadherin in diabetic mice. (A) 
Immunofluorescence showing the expression of N-cadherin (green) and E-cadherin (purple) in different groups at day 14. The nuclear is labeled by DAPI (blue). 
Scale: 100 μm. A boxed region illustrates a representative region with high power images, scale: 40 μm. (B) Immunofluorescence showing the expression of β-catenin 
(purple) in different groups at day 14. The nuclear is labeled by DAPI (blue). Scale: 200 μm. (C) Mean fluorescence area of E-cadherin/N-cadherin in the indicated 
groups. (D) Mean fluorescence intensity of β-catenin in the indicated groups. *** represents P < 0.001. Data are represented as mean ± SD (n = 3). 
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hydrogel could effectively up-regulate the expression of β-Catenin, an 
important protein that promotes the transition from N cadherin to E 
cadherin, indicative of the regulatory effect of hydrogel on EMT (Fig. 6B, 
D). In conclusion, cadherin-responsive hydrogel combined with DPSCs 
and FGF21 could effectively promote EMT as evidenced by the transition 
of N cadherin to E cadherin accompanied with increased expression of 
β-Catenin in diabetic scald model. 

3.6. Cadherin-responsive hydrogel combined with DPSCs and FGF21 
improves the survival of diabetic scald skin cells 

Reactive oxygen species (ROS) produced in diabetic conditions can 
affect the function of membrane organelles to varying degrees, and the 
high temperature of scald can further damage membrane organelles in 
cells [38]. Our results demonstrated that the expression of lysosomal 
aspartic protease cathepsin D (CTSD) was increased after scald, and 
treatment of cadherin-responsive hydrogel combined with DPSCs and 
FGF21 inhibited the expression of CTSD by confocal microscopy ana-
lyses (Fig. 7A and B) and Western blot assays (Fig. 7C and D), and this 
effect was mainly achieved by FGF21. In addition, cadherin-responsive 
hydrogel combined with DPSCs and FGF21 also led to re-encapsulated 
by lysosomes as evidenced by colocalization of CTSD and Lamp1 by 
confocal microscopy analyses (Fig. 7A and B). Our cell experiments also 
confirmed that FGF21 effectively alleviated the lysosomal hyperfunction 
induced by ROS under high glucose condition (Sfig 4A-C). Then we 
tested the indicators of necroptosis to confirm the survival status of 
scalded epidermis. The results showed that in cadherin-responsive 
hydrogel combined with DPSCs and FGF21 system, FGF21 played the 

most important role in the treatment of the scalded epidermis, and the 
necroptosis marker, p-MLKL expression was significantly inhibited (Sfig 
5A, B). Autophagy is a key pathway for cells to resist external stress and 
improve cell survival rate. The role of lysosomes is closely related to 
autophagy [39,40]. The results showed that after the improvement of 
lysosomal stability with an increased expression of C-CASP8 by hydrogel 
treatment (Sfig 5C, D), autophagy was activated in scald epithelium as 
evidenced with an increased expression of LC3B and a decreased 
expression of p62 (Sfig 6A-C). Taken together, these results suggest that 
cadherin-responsive hydrogel combined with DPSCs and FGF21 atten-
uated necroptosis in diabetic scald by improving lysosomal stability and 
activating autophagy. 

3.7. Cadherin-responsive hydrogel combined with DPSCs and FGF21 
improves autophagic flux and inhibits necroptosis by regulating lysosomal 
stability 

To further test whether hydrogel could inhibit necroptosis by acti-
vating autophagy through regulating lysosomal stability, we used lyso-
somal membrane detergent NDI and cellular phospholipase A2 inhibitor 
CAY10650. The experimental results showed that NDI could effectively 
destroy the lysosomal membrane, accompanied by releasing a large 
amount of hydrolase to cytosol, whereas cadherin-responsive hydrogel 
combined with DPSCs and FGF21 treatment stabilized the lysosomes as 
evidenced by the decreased expression of CTSD by confocal microscopy 
analyses (Fig. 8A and B) and Western blot assays (Fig. 8C and D). In 
addition, after the inhibition of cellular phospholipase A2 by CAY10650, 
the destruction of lysosomal membrane was inhibited, and the hydrolase 

Fig. 7. Lysosomal hyperfunction is significantly improved after the treatment of cadherin-responsive hydrogel combined with DPSCs and FGF21 in 
diabetic mice. (A) Immunofluorescence showing the expression of Lamp (green) and CTSD (purple) in different groups at day 14. The nuclear is labeled by DAPI 
(blue). Scale: 20 μm. (B) Mean fluorescence area of CTSD/Lamp1 in the indicated groups. (C, D) Representative images and analysis of western blots of CTSD in the 
indicated groups. β-actin was used as a reference. * represents P < 0.05. *** represents P < 0.001. Data are represented as mean ± SD (n = 3). LAMP1: lysosomal- 
associated membrane protein 1; CTSD: cathepsin D. 
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was re-encapsulated by lysosomes (Fig. 8A and B). 
At the same time, the apparent repair of the skin was also measured. 

The results showed that NDI could significantly aggravate scald injury, 
whereas CAY10650 could cooperate with the cadherin-responsive 
hydrogel combined with DPSCs and FGF21 to accelerate recovery. The 
visual recovery images of the tissue showed that after 14 days of repair, 
the damaged area after NDI treatment was significantly larger than that 
of the control treatment group, and the damaged area could be repaired 
after CAY10650 which was involved in maintaining the stability of ly-
sosomes (Fig. 9A–B, E). The results of H&E and Masson staining showed 
that the repair rate of diabetic scald significantly slowed down after the 
stability of lysosomes was compromised, while the maintenance of 
lysosomal stability could accelerate the repair process (Fig. 9C–D, F). 

The results of vascular detection showed that NDI destroyed the 
stability of lysosomes and significantly inhibited the transformation of 
neovascularization into mature blood vessels and the stability of blood 
flow channels. The transformation of neovascularization into mature 
blood vessels with an increased CD31+ endothelial cells associated with 
α-SMA+ cell was restored after the inhibition of cellular phospholipase 
A2 by CAY10650 (Fig. 10A and B). 

We monitored the mice’s weight and random blood glucose levels 
weekly throughout the study period. It is worth noting that on day 7 of 
the experiment, the NDI group showed higher blood glucose levels than 
the other two groups, and on day 14, the CAY10650 group showed lower 
blood glucose levels than the other two groups (Sfig 7A-C). In addition, 
on day 14, the NDI group exhibited lower body weight than the other 

two groups (Sfig 7D-F), suggesting that CAY10650 enhanced lysosomal 
membrane stability was beneficial for improving metabolic levels in 
diabetic mice. 

Next, we also measured the EMT level of the tissue. The results 
showed that the transition from N cadherin to E cadherin was signifi-
cantly inhibited and the expression level of β-Catenin was significantly 
down-regulated after the disruption of lysosome stability. When 
CAY10650 was added, the conversion efficiency of N cadherin to E 
cadherin was significantly improved (Fig. 11A. B), and the expression of 
β-Catenin was also significantly increased (Fig. 11C and D). Finally, we 
tested the skin tissue necroptosis and autophagy level. The experimental 
results showed that NDI impaired lysosome stability and activated 
necroptosis, whereas autophagy was significantly inhibited. After lyso-
somal stability was restored by CAY10650, necroptosis was inhibited 
(Sfig 8A-D), and autophagy was reactivated as evidenced with an 
increased expression of LC3B and a decreased expression of p62 (Sfig 
9A-C). 

To mimic the pathophysiological process of normal diabetic burn, 
based on the lysosomal hyperfunction in diabetic burn mice (untreated), 
we further verified that CAY10650 reduced wound area (Sfig 10A-C), 
accelerated repair process (Sfig 10D-F) and inhibited necroptosis (Sfig 
10G-I) by enhancing lysosomal membrane stability. Taken together, 
these results suggest that cadherin-responsive hydrogel combined with 
DPSCs and FGF21 could inhibit necroptosis in diabetic scald by 
enhancing lysosomal stability and activating autophagic flux. 

Fig. 8. Cadherin-responsive hydrogel combined with DPSCs and FGF21 inhibits necroptosis by regulating lysosomal stability in diabetic mice. (A) 
Immunofluorescence showing the expression of Lamp1 (green) and CTSD (purple) in different groups. The nuclear is labeled by DAPI (blue). Scale: 20 μm. (B) Mean 
fluorescence area of CTSD/Lamp1 in the indicated groups. (C, D) Representative images and analysis of Western blots of CTSD in the indicated groups. β-actin was 
used as a reference. * represents P < 0.05. ** represents P < 0.01. Data are represented as mean ± SD (n = 3). LAMP1: lysosomal-associated membrane protein 1; 
CTSD: cathepsin D. 
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4. Discussion 

Due to the high glucose and high oxidation microenvironment, dia-
betic conditions can lead to slowed cell proliferation, reduced blood 
perfusion, and impaired epithelial formation [41]. Aiming at these key 
points of repair, we designed a cadherin-responsive hydrogel combined 
with DPSCs and FGF21 to recruit cadherins to promote epithelial repair 
with the hydrogel, promote angiogenesis with DPSCs, and regulate the 
microenvironment with FGF21 to maintain lysosome stability to achieve 

comprehensive repair of diabetic scald. 
Calcium alginate hydrogel has been widely used in food processing 

and biomedicine [42,43]. Due to its excellent biological affinity, it often 
acts as a drug carrier, but the effect of its own action has not been 
explored [44]. In this study, we propose that it exhibits 
cadherin-responsive characteristics. Our previous study demonstrated 
that alginate calcium hydrogel is a cadherin-responsive hydrogel, which 
can recruit cadherins to the epidermis and regulate EMT through the 
intracellular calcium ions, which is beneficial for epithelial repair [17]. 

Fig. 9. Maintaining the stability of lysosomes promotes the apparent repair of tissue in diabetic mice with the hydrogel containing FGF21 and DPSCs. (A) 
Photographs of wounds in the indicated groups on day 0, 7, 14. Scale: 2 mm. (B) Simulation plots. (C, D) Images of H&E and Masson staining of wound after 14 d. 
Scale: 1000 μm. (E) Quantitative analyze of the wound area. (F) Quantitative analysis of the wound length rate. * represents P < 0.05. ** represents P < 0.01. Data 
are represented as mean ± SD (n = 3). 
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At the same time, calcium ions are locked in the hydrogel without 
causing calcium overload to the tissue, which further improves the 
biosafety [45]. The expression of N cadherin was significantly 
up-regulated in diabetic conditions, and EMT showed a transition trend 
from E cadherin to N cadherin [46]. Our results showed that after scald, 
the expression of total cadherin was significantly down-regulated in the 
epithelial layer but N cadherin was highly expressed in the dermal layer. 
Therefore, a core of treatment strategy was to recruit N cadherin from 
the dermal layer to the upper layer and convert it to E cadherin. We 
found that cadherin-responsive hydrogels successfully achieved cad-
herin recruitment but were not effective in promoting the transition 
from N cadherin to E cadherin, so additional agents were needed to 
promote the transition. 

FGF21 is a glucose-lipid metabolism regulatory protein, which can 
effectively regulate the metabolism of cells in diabetic conditions [47, 
48]. Lin et al. [49] confirmed that FGF21 could effectively up-regulate E 
cadherin, and the efficiency of promoting N cadherin to E cadherin was 
significantly improved after adding FGF21 to the hydrogel in our pre-
vious study. We also examined the protective effect of the hydrogel on 
diabetic scald wounds and found that the cell survival status was 
significantly improved with the addition of FGF21. The high ROS 
microenvironment in diabetic conditions could make intracellular 
membrane organelles more vulnerable to damage [50]. Our previous 
results showed that there was significant lysosomal hyperfunction after 

diabetic scald, and a large number of hydrolases were released into the 
cell body, leading to autophagy inhibition and necroptosis. Further-
more, lysosomal membrane detergent NDI and phospholipase A2 in-
hibitor CAY10650 were used to verify that the protective effect of 
cadherin-responsive hydrogel combined with DPSCs and FGF21 on tis-
sue cells could be achieved by stabilizing lysosomes. 

How to improve tissue blood perfusion after achieving epithelial 
repair and maintaining cell stability is also the key to promote diabetic 
scald wound healing [51]. The skin of diabetic patients is often 
accompanied by a decrease in blood perfusion, which is an important 
factor for the difficulty of diabetic wound healing [52]. In addition, the 
microenvironment of high glucose and high oxidation also greatly limits 
angiogenesis [53]. FGF21 was found to reduce glucose level in the skin 
wound but appeared to have lack of satisfactory effect on angiogenesis. 
Accordingly, DPSCs were introduced to further promote angiogenesis. 
DPSCs have multipotent differentiation properties and can differentiate 
into vascular endothelial cells [54]. After improving cell stability and 
glucose tolerance by FGF21, DPSCs could differentiate rapidly to form 
blood vessels, which could improve tissue blood perfusion, as well as the 
survival and proliferation of cells in diabetic scald wounds. Notably, 
DPSCs have low immune rejection properties suitable for allogeneic 
transplantation and have abundant sources with a very broad potential 
application in the field of regeneration and repair [55]. 

Fig. 10. Restoration of lysosomal stability promotes the recovery of blood perfusion in diabetic mice with the hydrogel containing FGF21 and DPSCs. (A) 
Immunofluorescence images of α-SMA (green), CD31 (purple), and DAPI (blue) in the indicated groups. Scale: 50 μm. (B) Morphometric analysis of new and mature 
blood vessels. * represents P < 0.05. Data are represented as mean ± SD (n = 3). PECAM-1/CD31: Platelet endothelial cell adhesion molecule-1; α-SMA: α-smooth 
muscle actin. 
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5. Conclusions 

In summary, we have designed a cadherin-responsive hydrogel 
combined with DPSCs and FGF21 that can simultaneously promote 
diabetic burn wound healing by 1) promoting cadherin recruitment and 
the transformation of N cadherin to E cadherin, 2) promoting tissue 
blood perfusion, and 3) alleviating necroptosis via maintaining lyso-
somal stability and activating autophagy to improve intracellular 

homeostasis. These three core functions could simultaneously facilitate 
the repair of diabetic scald wounds. 
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Medical University (No. WYDW-2018- 0342). All protocols of collection 

Fig. 11. Maintenance of lysosomal function promotes the transition of N cadherin to E cadherin in diabetic mice with the hydrogel containing FGF21 and 
DPSCs. (A) Immunofluorescence showing the expression of N-cadherin (green) and E-cadherin (purple) in the indicated groups. The nuclear is labeled by DAPI 
(blue). Scale: 100 μm. A boxed region illustrates a representative region with high power images, scale: 40 μm. (B) Mean fluorescence area of E-cadherin/N-cadherin 
in the indicated groups. (C) Immunofluorescence showing the expression of β-catenin (purple) in the indicated groups. The nuclear is labeled by DAPI (blue). Scale: 
200 μm. (D) Mean fluorescence intensity of β-catenin in the indicated groups. * represents P < 0.05. ** represents P < 0.01. *** represents P < 0.001. Data are 
represented as mean ± SD (n = 3). 
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