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A B S T R A C T   

Diabetic wound healing is delayed due to persistent inflammation, and macrophage-immunomodulating bio-
materials can control the inflammatory phase and shorten the healing time. In this study, acellular embryoid 
bodies (aEBs) were prepared and mixed with thermosensitive hydroxybutyl chitosan (HBC) hydrogels to produce 
aEB/HBC composite hydrogels. The aEB/HBC composite hydrogels exhibited reversible temperature-sensitive 
phase transition behavior and a hybrid porous network. In vitro analysis showed that the aEB/HBC composite 
hydrogels exhibited better antimicrobial activity than the PBS control, aEBs or HBC hydrogels and promoted M0 
to M2 polarization but not M1 to M2 macrophage repolarization in culture. The in vivo results showed that the 
aEB/HBC composite hydrogels accelerated cutaneous wound closure, re-epithelialization, ingrowth of new blood 
vessels, and collagen deposition and reduced the scar width during wound healing in diabetic mice over time. 
Macrophage phenotype analysis showed that the aEB/HBC composite hydrogels induce M2 macrophage re-
actions continually, upregulate M2-related mRNA and protein expression and downregulate M1-related mRNA 
and protein expression. Therefore, the aEB/HBC composite hydrogels have excellent antimicrobial activity, 
promote M2 macrophage polarization and accelerate the functional and structural healing of diabetic cutaneous 
wounds.   

1. Introduction 

Wound healing in patients with diabetes, aging, obesity or vascular 
insufficiency is delayed, resulting in chronic wounds, which are a major 
public health issues [1–3]. The natural wound healing process consists 
of three dynamically overlapping phases: inflammation, proliferation, 
and remodeling. Chronic wound healing is characterized by persistent 

inflammatory reactions that inhibit proliferation and remodeling [2,4, 
5]. Macrophages are key regulators of the wound healing process. 
Macrophages can exhibit different phenotypes due to different stimuli 
and play a central role in promoting inflammation or regeneration [6,7]. 
There are two sources of macrophages in tissues: the self-renewal of 
tissue resident macrophages and the migration and differentiation of 
bone marrow-derived monocytes from the blood circulation to tissues 
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[8]. Activated macrophages are divided into M1 macrophages (classi-
cally activated macrophages) and M2 macrophages (alternatively acti-
vated macrophages) [9]. Both types of macrophages are involved in 
inflammatory responses, and M1 macrophages exert proinflammatory 
effects, while M2 macrophages exert anti-inflammatory effects and 
support wound healing [10]. The transition of pro-inflammatory (M1) 
macrophages into anti-inflammatory (M2) phenotypes in wounds is 
impaired in chronic wounds. As macrophages play a key role in the 
persistence of chronic wound inflammation, immunomodulation is a 
crucial aspect of treating chronic wounds. Macrophage polarization can 
be induced by the extracellular environment. Increasing M2 macro-
phage activation and M2 macrophage-associated cytokine expression in 
the inflammatory environment is an effective method for wound healing 
[11–14]. 

A variety of medical wound dressings are available today as tem-
porary coverings for wounds. Ideal wound dressings should have good 
histocompatibility, biological safety, adequate physical-mechanical 
strength, appropriate microstructure and biochemical properties, a 
moist wound microenvironment, and easy removal from tissue [15]. A 
single dressing has limitations that cannot meet all of these needs due to 
the complexity and dynamism of wound repair [16]. Materials for 
wound dressings include film dressings, foam dressings, alginate dress-
ings, hydrogel dressings and hydrocolloid dressings. Biomaterials, 
especially macrophage-immunomodulating biomaterials, have been 
successfully used to control the inflammatory phase and shorten the 
healing time [17–24]. Embryonic stem cells (ESCs) can be isolated from 
early embryos or primordial gonads and show unlimited proliferation 
and multidirectional differentiation in vitro [25]. These cells can be 
induced to generate embryoid bodies (EBs) in serum-free medium. As an 
embryo-like tissue, EBs can form extracellular matrix (ECM) skeletons 
[26]. In tissue engineering research on biomaterials from natural sour-
ces, acellular technology is widely used to remove the cellular compo-
nents of tissues or organs while retaining the ECM [27–29]. Due to their 
off-the-shelf applications, mouse or human EBs have been decellularized 
and successfully used as scaffold materials in tissue engineering research 
[30–33]. Although ESC-derived acellular EBs (aEBs) have been proven 
to promote tissue regeneration, their effects on wound healing need to 
be further clarified. Moreover, aEBs cannot tightly couple with the 
surface of wounds during healing due to their loose surface textures. 

Hydrogels are one of the best candidates for wound healing and have 
the advantages of moisturization, bioactive factor release and antimi-
crobial activity [34–36]. Hydrogels formed in situ can adapt to uneven 
wound beds and be used as a minimally invasive regeneration system 
[37]. Thermosensitive hydroxybutyl chitosan (HBC) hydrogels can 
spontaneously form gels at body temperature without any additional 
driving factors or chemical reactions [38–40]. HBC hydrogels can 
generate a durable barrier between the wound and the outside world but 
have mild cytotoxicity to fibroblasts and vascular endothelial cells [41]. 
HBC-based composite hydrogels have been extensively used to promote 
wound healing [42–45]. 

In this study, aEBs were prepared and mixed with thermosensitive 
HBC hydrogels, and the in vitro antimicrobial activity and effect of the 
aEB/HBC composite hydrogels on M0 and M1 macrophage polarization 
were evaluated. Moreover, the in vivo effect of aEB/HBC composite 
hydrogels on mouse diabetic wound healing and macrophage polariza-
tion around the wound site were investigated. We hypothesized that the 
aEB/HBC composite hydrogels could exhibit better in vitro antimicrobial 
activity and in vivo wound healing performance than the blank control or 
aEBs or HBC alone and present different in vitro and in vivo macrophage 
polarization. 

2. Materials and methods 

2.1. Acquisition of aEBs 

The mouse ESC line D3 was purchased from the Shanghai Cell Bank 

of the Chinese Academy of Sciences. The resuscitated cells were cultured 
in a mouse stem cell serum-free feeder layer-free culture system (Milli-
pore, Billerica, MA, USA). After 20–30 passages, ESCs were isolated from 
gelatin-coated Petri dishes with Accutase cell separation solution, and 
the cell density was adjusted to 4 × 106 cells/mL for further use. Dy-
namic suspension culture was carried out in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 15 % calf serum, 1 % penicillin‒strepto-
mycin, 2 mM L-glutamine and 0.1 mM β-mercaptoethanol at 37 ◦C and 5 
% CO2 with rotation at 40 rpm for 3 days, and EBs were collected by 
gravity sedimentation [46]. The EBs were decellularized with 0.5 % w/v 
sodium dodecyl sulfate (SDS) at 37 ◦C for 24 h, treated with 
phosphate-buffered saline (PBS) containing 20 U/mL DNase I and 0.2 
mg/mL RNase A at 37 ◦C for 24 h, and finally rinsed with a large amount 
of sterile PBS. aEBs were suspended in sterile PBS (approximately 1 ×
104/mL) with 5 % penicillin‒streptomycin and stored at 4 ◦C for further 
use. 

2.2. Histological evaluation of aEBs 

Tissue samples were fixed with 4 % formaldehyde for paraffin 
sectioning. Routine hematoxylin and eosin (H&E) staining was used to 
detect the degree of cellular removal. After the EBs and aEBs were 
freeze-dried, DNA was extracted, and the DNA content before and after 
decellularization (n = 10) was determined with the PicoGreen dsDNA 
quantitative detection kit (Invitrogen, Thermo Fisher Scientific, Carls-
bad, CA, USA) [47]. Collagen fibers were stained by the Masson’s tri-
chrome method, and glycosaminoglycans (GAGs) were examined by 
Scott’s Alcian blue staining. Collagen I, collagen IV, fibronectin and 
laminin components were examined by immunofluorescence staining 
with rabbit anti-collagen I monoclonal antibodies (1:200, Abcam, 
Cambridge, UK), rabbit anti-collagen IV monoclonal antibodies (1:100, 
Abcam), rabbit anti-fibronectin monoclonal antibodies (1:100, Abcam), 
and rabbit anti-laminin polyclonal antibodies (1:50, Abcam). Alexa 
Fluor 488-labeled goat anti-rabbit IgG (1:1000, Abcam) was used as the 
secondary antibody, and cell nuclei were stained with DAPI. The 
immunofluorescence staining procedure was previously described [48]. 

2.3. aEBs mixed with HBC hydrogel 

Commercial thermosensitive HBC hydrogels (Horizon International 
Medical Equipment Co., Ltd., Beijing, China) were stored at 4 ◦C for later 
use. HBC hydrogel preparation was previously described [41]. In brief, 
10 g chitosan was alkalinized at 15 ◦C by 100 mL KOH (50 %, w/w) with 
N2. The chitosan was dispersed in 200 mL isopropanol/water (8:1) and 
mixed with 200 mL 1,2-butene oxide in an autoclave after additional 
KOH solution was removed. The excess alkylating agent was removed 
via nitrogen bubbling after 96 h of reaction time at room temperature. 
The filtrate was then reduced in a rotary evaporator following pressure 
filtration to remove any unreacted components. In the end, the precip-
itation was gathered on a glass sintering suction filter, extensively rinsed 
with 8–10 times its volume of acetone, and dried at 50 ◦C in a vacuum 
drying cupboard. The 2 % HBC solution was then prepared and stored at 
4 ◦C until used. When the temperature was higher than 24 ◦C, the HBC 
became hydrogels. aEBs and thermosensitive HBC hydrogels were mixed 
at 4 ◦C (vol/vol 1:2) for further use. The aEB/HBC composite hydrogels 
were lyophilized for 24 h, and the ultrastructure was examined with a 
Hitachi S4800 scanning electron microscope (Hitachi, Tokyo, Japan); 
aEBs and HBC hydrogels were used as controls. 

2.4. Antimicrobial activity evaluation 

The in vitro antibacterial activity of the aEB/HBC composite hydro-
gels was evaluated by inoculating with Staphylococcus aureus (S. aureus, 
a gram-positive bacteria) and Escherichia coli (E. coli, a gram-negative 
bacteria) respectively; PBS, aEBs and HBC hydrogels were used as con-
trols. Samples of aEBs, HBC hydrogels and aEB/HBC composite 
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hydrogels were sterilized by irradiation with ultraviolet light for 48 h. 
The bacteria were inoculated in sterilized broth for 24 h at 37 ◦C and 
200 rpm in a shaking incubator and diluted with fresh Luria–Bertani 
(LB) broth to a concentration of 1 × 106 CFU/mL for further use. Sub-
sequently, 1 mL of PBS, aEB, HBC hydrogel or aEB/HBC composite 
hydrogel was mixed with 1 mL of diluted bacteria in a sterile 2-mL EP 
tube and incubated at 37 ◦C and 200 rpm for 12 h. Finally, the solution 
was removed and diluted 1 × 104 times, and 20 μL of the diluted solution 
was inoculated on LB agar plates and cultured for 18 h. The bacterial 
clone number was counted, and the bacterial survival rate was calcu-
lated using the following equation:  

Bacterial survival rate (R %) = 100 × Cx/C0 %                                    (1) 

Where C0 represents the clone number of the PBS control solutions and 
Cx represents the clone number of aEBs, HBC hydrogels or aEB/HBC 
composite hydrogels. All measurements were performed in triplicate. 

2.5. In vitro macrophage induction and immunophenotype detection 

2.5.1. Macrophage culture and induction 
Mouse bone marrow-derived macrophages (M0) were purchased 

from ScienCell (m1920). After resuscitation, macrophages were cultured 
on sterile 6-well plates in macrophage culture medium (ScienCell, 
m1921) containing 1 % macrophage growth supplement (MAGS), 5 % 
fetal bovine serum and 1 % penicillin‒streptomycin at 37 ◦C and 5 % 
CO2 for 3 days. The cell concentration was adjusted to 1.5 × 105 cells/ 
mL in macrophage culture medium for further induction. The aEB/HBC 
composite hydrogels (100 μL) were added to the above M0 macrophages 
containing culture medium (1 mL), with PBS, aEBs and HBC hydrogels 
used as controls. The incubation lasted for 24 h for further testing. For 
analysis of the influence of the aEB/HBC composite hydrogels on M1-to- 
M2 polarization, M0 macrophages were induced to M1 macrophages 
with 100 ng/mL lipopolysaccharide (LPS) from E. coli (Sigma-Aldrich, 
St. Louis, MO, USA) and 20 ng/mL mouse interferon γ (IFN-γ, Sigma- 
Aldrich) as described by Anders and colleagues [49]. PBS, aEBs, HBC 
hydrogels and aEB/HBC composite hydrogels (100 μL) were added to 
the above M1 macrophage-containing culture medium (1 mL) and 
incubated at 37 ◦C and 5 % CO2 for 24 h for further investigation. 

2.5.2. Cell growth analysis 
Light microscopy examinations were performed by fluorescein 

diacetate (FDA) and propidium iodide (PI) staining for live and dead 
cells (n = 8) as previously described [47]. The macrophage numbers (n 
= 8) were detected with the alamarBlue assay [50]. The Supplementary 
file 1 presents the cell proliferation assay conducted on L929 mouse 
fibroblast cells. 

2.5.3. Immunofluorescence staining for macrophage polarization 
Immunofluorescence staining was performed to identify macro-

phages and their subtypes. Total macrophages were stained with rat 
anti-F4/80 monoclonal antibodies (1:50, Invitrogen). M1 and M2 mac-
rophages were stained with rat anti-CD86 and anti-CD206 monoclonal 
antibodies (1:200, Invitrogen), respectively. Alexa Fluor 555-labeled 
donkey anti-rat IgG (1:1000, Abcam) was used as the secondary anti-
body, and cell nuclei were stained with DAPI. The immunofluorescence 
staining procedure was previously described [48,51]. 

2.5.4. Quantitative real-time polymerase chain reaction (qRT–PCR) 
RNA was isolated using TRIzol reagent (Invitrogen). The PCR 

primers for TNF-α, arginase-1 (ARG1) and GAPDH were previously 
described [51]. PCR was conducted with a LightCycler 96 System 
(Roche, Basel, Switzerland). The gene expression levels of TNF-α and 
ARG1 were normalized to that of GAPDH (n = 8). Macrophage polari-
zation was quantified by determining the ARG1/TNF-α gene expression 
ratio [52]. 

2.5.5. Cytokine detection with enzyme-linked immunosorbent assays 
(ELISAs) 

The cell culture supernatants were collected, and TNF-α and TGF-β 
levels in the supernatants (n = 8) were assayed with an ELISA kit (R&D 
Systems, Minneapolis, MN, USA) according to the manufacturer’s 
protocol. 

2.6. Effect of the aEB/HBC composite hydrogels on healing of diabetic 
cutaneous wounds 

2.6.1. Animals 
The protocols and procedures for animal experiments were approved 

by the Animal Care and Use Committee of Xi’an Jiaotong University (No. 
XJTUAE2023-1376). Healthy 8-week-old male BALB/c mice without 
specific pathogens (body mass approximately 20 g) were intraperito-
neally injected with 10 mg/mL streptozotocin (50 mg/kg) once per day 
for 5 days [53]. During this period, the blood glucose level was moni-
tored at 9:00 a.m. If the blood glucose level was higher than 16 mmol/L, 
the diabetic mice were successfully established. The mice were fed 
high-fat and high-sugar feed for another 2 weeks before the wound was 
created. 

2.6.2. Induction of cutaneous wounds and treatment protocol 
The mice were anesthetized by an intraperitoneal injection of 50 mg/ 

kg pentobarbital sodium (concentration 10 mg/mL), and then, the back 
surface hair was shaved. Immediately after the sterile full-thickness skin 
defect wound was produced with a 6-mm diameter punch, the wound 
was covered with 200 μL of PBS or 200 μL of aEBs (concentration 1 ×
104/mL), HBC hydrogel or aEB/HBC composite hydrogel (n = 18) in the 
liquid state (4 ◦C). The wound was bound with a sterile bandage. The 
wound was treated in the same way every two days unless the wound 
was closed. Six mice in each group at different time points were used. At 
0 (immediate), 3, 7 and 14 days after injury, the wound healing area was 
imaged with a camera, and the unhealed area of the wound was eval-
uated with ImageJ 1.52a image analysis software (NIH, Bethesda, MD, 
USA). The wound healing rate was calculated using the following 
equation:  

Wound healing rate (%) = 100 × (A0-Au)/A0                                       (2) 

Where Au represents the unhealed area of the wound and A0 represents 
the related original wound area. At different time points after injury, the 
mice (n = 6) were killed by decapitation after being anesthetized. Skin 
tissue 5 mm around the wound surface and wound margin was collected 
and divided into two parts. One part of the wound tissue was fixed in 4 % 
paraformaldehyde for paraffin sectioning. The other part of the wound 
tissue was frozen for further analysis. 

2.6.3. Histological and immunohistochemical/immunofluorescence staining 
for wound healing 

Paraffin sections were stained with H&E and Masson’s trichrome to 
investigate wound healing. Re-epithelialization, granulation tissue 
width and collagen area were quantified with ImageJ [54]. Collagen I 
and collagen III monoclonal antibodies (1:100, Abcam) were used to 
investigate mature type I and newly formed type III collagens. The 
immunohistochemical staining procedures were previously described 
[55]. CD31 monoclonal antibodies (1:100, Abcam) and α-SMA mono-
clonal antibodies (1:200, Abcam) for double immunofluorescence 
staining were used to detect microvessels [48,56]. Alexa Fluor 
555-labeled donkey anti-rat IgG (1:1000, Abcam) and Alexa Fluor 
488-labeled goat anti-rabbit IgG (1:1000, Abcam) were used as sec-
ondary antibodies. Cell nuclei were stained with DAPI. 

2.6.4. Macrophage polarization evaluation for wound healing 
Immunofluorescence staining was performed to identify macro-

phages and their subtypes. Rat anti-F4/80 monoclonal antibodies (1:50, 
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Invitrogen) were used to stain total macrophages. Dual staining of the 
macrophage M1/M2 subtypes was conducted with rat anti-mouse CD86 
monoclonal antibodies (1:200, Invitrogen) and rabbit anti-mouse 
CD206 antibodies (1:500, Abcam). RNA was isolated from the har-
vested skin tissues surrounding the wound site using TRIzol reagent 
(Invitrogen). Macrophage polarization in the tissues was also quantified 
by determining the ARG1/TNF-α gene expression ratio as in the cell 
culture. For western blot analysis, tissues around the wound site were 
harvested, weighed, and sliced into pieces. Proteins were extracted and 
assayed and then separated by SDS‒PAGE as previously described [51]. 
The protein bands (n = 6) for TNF-α, ARG1, and β-actin were scanned 
and quantified with ImageJ software. Protein expression values were 
normalized to the β-actin levels. 

2.7. Statistical analysis 

The results are presented as the mean ± standard deviation (SD). 
Statistical analyses were performed using IBM SPSS Statistics (version 

26.0, IBM Corp., Armonk, NY, USA). Statistical comparisons were per-
formed with one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparisons test. The Kruskal‒Wallis test and pairwise Dunn’s 
multiple comparisons test were used to compare cytokine levels of 
macrophage culture. A value of p < 0.05 was considered statistically 
significant. 

3. Results and discussion 

The delayed healing of diabetic wounds can be attributed to the 
presence of persistent inflammation. However, the utilization of 
macrophage-immunomodulating biomaterials has demonstrated the 
ability to regulate the inflammatory phase, resulting in a reduction of 
healing time [18,19,22]. In the present study, aEBs were prepared and 
combined with thermosensitive HBC hydrogels to fabricate a biomate-
rial with macrophage-immunomodulating properties, intended for the 
purpose of promoting diabetic wound healing. 

Fig. 1. Representative histological properties of native and aEBs. (A) Native EB under a light microscope. (B) Comparison of the DNA content of EBs before and 
after cell removal (n = 10, ***p < 0.001). (C–E) H&E staining showing cellular removal, Masson staining showing collagen fibers and Scott’s Alcian blue staining 
showing GAGs in native and aEBs. (F–I) Collagen I, collagen IV, fibronectin and laminin immunofluorescence analysis of native and aEBs. 
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3.1. Successful preparation of aEBs 

Fig. 1 shows that the cellular structures of the aEBs were completely 
removed, and the components of the ECM were unchanged compared 
with those of the native EBs. Fig. 1A shows light microscopy images of 
EBs, which had a diameter of approximately 200 μm. Fig. 1B shows that 
the DNA content of aEBs was significantly lower than that of native EBs 
(0.77 versus 86.91 ng/mg, p < 0.001). Cellular removal shown by H&E 
staining, collagen fibers shown by Masson staining and GAGs shown by 
Scott’s Alcian blue indicated that the cellular components of the aEBs 
were completely removed, while collagen and GAGs were basically 
retained (Fig. 1C–E). Collagen I, collagen IV, fibronectin and laminin 
immunofluorescence staining (Fig. 1F–I) indicated that collagen I and 
fibronectin were well preserved after cell removal. However, collagen IV 
and laminin, which are the main components of the basement mem-
brane, became dispersed. In this study, we used mouse ESCs to produce 
EBs, used SDS to decellularize the EBs, and obtained ECM scaffolds with 
radical cellular removal and almost complete preservation of the ECM 
composition and structure. The maintenance of ECM structural proteins, 
GAGs and bound matrix-associated growth factors is important in tissue 
regeneration [57,58]. This finding shows that the aEB scaffold is suitable 
as a tissue engineering material and is worthy of further study and use. 

3.2. Preparation of aEB/HBC composite hydrogels 

Fig. 2A shows the preparation procedure of the aEB/HBC composite 
hydrogels. aEBs and HBC composite hydrogels were mixed at 4 ◦C to 
produce the aEB/HBC composite hydrogels. Fig. 2B shows that aEBs 
were kept in the solution state from 4 to 37 ◦C. HBC and the aEB/HBC 
composite showed reversible temperature-sensitive phase transition 
behavior, maintaining the solution state at low temperatures (4 ◦C) and 
converting to hydrogels at elevated temperatures (higher than 25 ◦C). 
SEM examination showed porous surfaces for aEBs, connected porous 
networks for HBC hydrogels, and aEBs embedded in the connected 
porous structure of HBC hydrogels for aEB/HBC composite hydrogels 

(Fig. 2C). Thermosensitive HBC hydrogels remained in a liquid state at 
low temperature to permit the loading of biological components for 
wound healing [42]. The aEB/HBC composite hydrogels have the ad-
vantages of thermosensitive hydrogels and ESC-derived ECM composi-
tion and structure. However, the aEB/HBC composite hydrogels have 
limitations including potential local cytotoxicity and stability over time. 

3.3. The aEB/HBC composite hydrogels show in vitro antimicrobial 
activity 

The aEB/HBC composite hydrogels exhibited excellent antibacterial 
activity. As shown in Fig. 3A and B, the aEB group exhibited S. aureus 
viability similar to that of the PBS control group (97.85 % versus 100 %, 
p = 0.769), and the HBC group had fewer S. aureus colonies than the PBS 
control group (2.82 % versus 100 %, p < 0.001). The aEB/HBC group 
had the fewest S. aureus colonies (1.34 % versus 2.82 % compared with 
the HBC group, p = 0.003) among the four groups. Fig. 3A and C shows 
that the aEB group had fewer E. coli colonies than the PBS control group 
(86.59 % versus 100 %, p = 0.043), and the aEB/HBC group had fewer 
E. coli colonies than the HBC group (2.96 % versus 5.01 %, p = 0.009). 
The HBC group showed fewer E. coli colonies than the aEB group (p <
0.001). In chronic wounds such as in diabetes, damage to the physio-
logical structure of the skin promotes the colonization of pathogens 
[59]. Smart hydrogels or coacervates can be used as wound dressings to 
prevent bacterial colonization at the wound site [60–63]. The HBC 
hydrogels had excellent antibacterial properties due to the high content 
of chitosan. The aEB/HBC group exhibited better antibacterial proper-
ties than the HBC group, which could be due to the hydrogel compo-
nents and antibiotic residues during preparation and preservation. 

3.4. The aEB/HBC composite hydrogels induce different macrophage 
polarization for M0 and M1 macrophages in culture 

M0 naive macrophages are induced and differentiated from mono-
cytes by macrophage colony stimulating factor (M-CSF) [64]. These cells 

Fig. 2. Preparation procedure and ultrastructural comparisons of aEBs, temperature-sensitive HBC hydrogels and their mixtures. (A) Schematic showing 
the preparation of the aEB/HBC composite hydrogels. (B) Representative gross appearance of the aEBs, HBC hydrogels and aEB/HBC composite hydrogels at 4 ◦C and 
37 ◦C. (C) Representative SEM examination of original and amplified images. 
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are highly plastic and can be induced to polarize M1 macrophages by 
IFN-γ and LPS. In the present study, the effect of aEB/HBC composite 
hydrogels on naive M0 and polarized M1 macrophages was investigated. 

3.4.1. The aEB/HBC composite hydrogels promote M0 to M2 macrophage 
polarization 

The live/dead cell staining of the M0 macrophages cultured at 24 h, 
as shown in Fig. 4A, revealed that the HBC group had a similar circular 
shape to the PBS control group, while the aEB and the aEB/HBC groups 
presented the most macrophage tentacle-like processes. The aEB group 
had the fewest red-stained dead cells. Fig. 4B shows that the aEB group 
had lower cell numbers per well than the control group (p = 0.003). The 
HBC and aEB/HBC groups had equivalent cell numbers to the control 
group (p = 0.696 and 0.152), but the aEB/HBC group had higher cell 
numbers than the HBC group (p = 0.014). HBC hydrogels were reported 
to be cytotoxic to fibroblasts and vascular endothelial cells [41], but the 
present results indicated little cytotoxicity to macrophages, as well as to 
L929 mouse fibroblast cells (Supplementary file 1, Fig. S1). Moreover, 
the HBC and aEB hybrid hydrogels showed better support of macro-
phage and fibroblast cell proliferation than the aEBs or the HBC 
hydrogels. 

Fig. 4C shows that most of the cells were F4/80 positive. Fig. 4C and 
D reveal that the HBC group had the largest number of CD86-positive 

cells, while the aEB/HBC group had the lowest number. The aEB 
group had fewer CD86-positive cells than the control group (p < 0.001). 
Fig. 4C and E shows that the aEB/HBC group had the largest number of 
CD206-positive cells, while the control group had the lowest number. 
The aEB group had more CD206-positive cells than the HBC group (p <
0.001). Fig. 4F reveals that the mRNA ratio of ARG1/TNF-α was lowest 
in the control group and highest in the aEB/HBC group. The HBC group 
had a lower ARG1/TNF-α ratio than the aEB group (p < 0.001). Cytokine 
analysis showed that the HBC group expressed the highest TNF-α levels, 
and the control group expressed the second highest TNF-α levels 
(Fig. 4G). The aEB group had similar TNF-α expression as the aEB/HBC 
group (p = 0.822). The TGF-β expression shown in Fig. 4H indicates that 
the lowest expression level was in the control group and the highest 
expression in the aEB/HBC group. The aEB group had higher TGF-β 
expression than the HBC group (p = 0.026). This finding demonstrated 
that both aEBs and aEB/HBC composite hydrogels upregulated M2- 
related cytokine expression and downregulated M1-related cytokine 
expression. 

3.4.2. The aEB/HBC composite hydrogels fail to induce M1 to M2 
macrophage polarization 

Fig. 5A shows a schematic illustration of the induction of M0 mac-
rophages into M1 macrophages with LPS and IFN-γ, and the M1 

Fig. 3. Antimicrobial activity of the PBS control, aEBs, HBC hydrogels and aEB/HBC composite hydrogels. (A) Representative S. aureus and E. coli colony 
formation on LB plates. (B) Quantitative S. aureus viability (n = 3). (C) Quantitative E. coli viability (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001. 
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macrophages were identified by dual positive staining with F4/80 and 
CD86 (Fig. 5B). Fig. 5C and D shows that the control group, the aEB 
group and the HBC group had similar numbers of CD86-positive cells, 
and the aEB/HBC group had the lowest number of CD86-positive cells. 
Fig. 5C and E shows that the four groups had similar numbers of CD206- 
positive cells. Fig. 5F shows that the mRNA ratio of ARG1/TNF-α was 
highest in the aEB/HBC group, and the other three groups had similar 
ARG1/TNF-α ratios. Fig. 5G shows that the aEB group had similar TNF-α 
levels to the control group and the aEB/HBC group (p = 0.504 and 
0.321) but had lower TNF-α levels than the HBC group (p = 0.027). The 
aEB/HBC group had lower TNF-α levels than the control and HBC groups 
(p = 0.019 and p < 0.001). Fig. 5H shows that the four groups had 
similar TGF-β expression levels. The results confirmed that the aEB/HBC 
composite hydrogels fail to promote M1 to M2 transformation but have 
an inhibitory effect on M1 macrophages. This finding is consistent with a 
previous study showing that the formed M1 macrophages attenuated 
mitochondrial oxidative phosphorylation, lacked plasticity and could 
not be repolarized to M2 macrophages [65]. As a result, the prohealing 
M2 macrophages must come from precursor macrophages rather than be 
reprogrammed from M1 macrophages. 

3.5. The aEB/HBC composite hydrogels promote cutaneous wound 
healing in diabetic mice 

Fig. 6A and B shows images of wound healing and the wound healing 
rate for the wounds treated with the PBS control, aEBs, HBC hydrogels 
and aEB/HBC composite hydrogels at different time points. The wound 
area in the four groups decreased with time. On Day 3, the PBS control 
group and the aEB group had similar wound healing rates, as did the 
aEB/HBC group and the HBC group. However, the two latter groups had 
higher wound healing rates than the two former groups (p < 0.001). On 
Days 7 and 14, the PBS control group had the lowest wound healing rate, 
and the HBC group had a similar wound healing rate as the aEB group (p 
= 0.784 and 0.138). The aEB/HBC group had a similar wound healing 
rate as the HBC group on Day 7 (p = 0.273) and had a higher wound 
healing rate than the HBC group on Day 14 (p = 0.031). The trends in 
wound healing rate decreased over time for the four groups, especially 
for the control group. These results demonstrated that aEBs or HBC 
hydrogels accelerated wound healing in diabetic mice, and the aEB/HBC 
composite hydrogel exerted the best effect on wound healing. The loose 
surface textures of aEBs prevent them from tightly adhering to wounds 
during healing, while the HBC hydrogels form spontaneously at body 
temperature and generate a durable barrier between the wound and the 
outside world but have a mild cytotoxic effect. The aEB/HBC composite 
hydrogels work better than aEB or HBC alone duo to integrating the 

Fig. 4. The in vitro polarization of M0 macrophages treated with the PBS control, aEBs, HBC hydrogels and aEB/HBC composite hydrogels. (A) Repre-
sentative light microscopic examination and FDA-PI staining of live/dead cells at 24 h culture. (B) Live cell number comparisons for the four groups. (C) Repre-
sentative immunofluorescence images of F4/80+ cells (red, pan macrophage marker), CD86+ cells (red, M1 marker), CD206+ cells (red, M2 marker) and nuclei 
(DAPI, blue). (D, E) M1 macrophage (D, CD86+) and M2 macrophage (E, CD206+) number comparisons for the four groups. (F) Relative ratios of ARG1 and TNF-α 
mRNA in the four groups. (G, H) The M1 macrophage-related cytokine TNF-α (G) and the M2 macrophage-related cytokine TGF-β (H) were assayed by ELISAs (n = 8). 
*p < 0.05, **p < 0.01 and ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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advantages of both while removing their drawbacks. 
Fig. S2 shows H&E and Masson’s trichrome staining of normal mouse 

skin. The normal skin structure includes epidermis, dermis and subcu-
taneous tissue. The epidermis is thinner and lacks blood vessels, the 
dermis is thicker and consists of collagen fibers, blood vessels, nerve 
bundles, lymphatic vessels, and hair follicles, and the subcutaneous 
tissue is the thickest and includes adipocytes, smooth muscles, and 
connective tissues. Fig. 6C shows the histological performance of wound 
healing at different time points. An inflammatory response around the 
wound was observed on Day 3 in the four groups. The epithelial defects 
and widths of granulation tissues were decreased, and collagen deposi-
tion density increased with time. The epithelial defects were almost 
closed in the aEB, HBC and aEB/HBC groups on Day 14. Accessory 
structures in the skin, such as hair follicles and nerves, were observed in 
the aEB group and the aEB/HBC group, especially in the aEB/HBC 
group. This finding indicated that aEBs promoted skin structural and 
functional healing and reduced scar healing, and the aEB/HBC com-
posite hydrogels showed the advantages of aEBs and accelerated wound 
structural and functional healing. 

Wound re-epithelialization of the epidermis (Fig. 6D) and collagen 
area in the dermis (Fig. 6F) continually increased, and scar width 
(Fig. 6E) continually decreased from Day 3 to Day 14. Wound re- 
epithelialization induced by the aEB/HBC composite hydrogels on Day 
3 was higher than that in the other groups (p < 0.001). On Day 7 and Day 
14, the aEB/HBC group had similar re-epithelialization as the HBC 
group. The scar width in the aEB/HBC group was similar to that in the 

aEB group but smaller than that in the PBS control group or the HBC 
group on Day 3 (p < 0.001). The aEB/HBC group had the smallest scar 
width on Days 7 and 14. The PBS control group had the smallest collagen 
area from Day 3 to Day 14. The aEB/HBC group had a similar collagen 
area as the HBC group on Day 7 and the largest collagen area on Day 3 
and Day 14 compared with the other groups. 

Furthermore, the collagen type I and III immunohistochemical 
staining and relative positive area on Day 14 are shown in Fig. 7A–C. 
The control group had a collagen type I-positive area comparable to that 
of normal mouse skin (p = 0.363) but presented a lower collagen type I- 
positive area than the HBC group (p = 0.004). The aEB/HBC group had 
the highest collagen type I-positive area, and the aEB group had the 
second highest positive area. The normal mouse skin group had the 
lowest collagen type III-positive area, and the aEB group had the second 
lowest positive area. The other three groups had similar collagen type 
III-positive areas. 

The ingrowth of new blood vessels accelerates the wound healing 
process. CD31 and α-SMA double immunofluorescence staining on Day 
14 was used to evaluate microvessels. The CD31-positive area represents 
the newly formed microvessels, and the CD31 and α-SMA double- 
positive area represents the mature newly formed microvessels. As 
shown in Fig. 7D and E, the normal mouse skin group had the fewest 
newly formed microvessels. The aEB, HBC and aEB/HBC groups had 
similar microvessel numbers. The aEB and the aEB/HBC groups had 
more microvessels than the control group (p = 0.021 and p < 0.001). 
Fig. 7D and F shows that the control group had the lowest proportion of 

Fig. 5. The in vitro phenotypic transformation of M1 macrophages. (A) Schematic illustration of the induction of M0 macrophages into M1 macrophages. (B) M1 
macrophages were identified by dual staining with F4/80 and CD86, and nuclei were stained with DAPI. (C) Representative immunofluorescence images of M1 
(CD86+) and M2 macrophages (CD206+) after M1 macrophages were treated with the PBS control, aEBs, HBC hydrogels and aEB/HBC composite hydrogels. (D, E) 
M1 (D) and M2 macrophage (E) number comparisons. (F) Relative ARG1 and TNF-α mRNA ratios in the four groups. (G, H) The expression levels of TNF-α (G) and 
TGF-β (H) were assayed by ELISAs (n = 8). *p < 0.05, ***p < 0.001 and NS, no significance. 
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CD31 and α-SMA double-positive newly formed microvessels. The aEB/ 
HBC group had a similar mature microvessel proportion as the normal 
mouse skin group. These groups both had a larger proportion of mature 
microvessels than the aEB and HBC groups. Fig. 7G shows that the aEB/ 
HBC group had more microvessels with larger diameters, suggesting the 
maturation of blood vessels in the aEB/HBC composite hydrogel group 
over time. 

Wounds do not heal in nonbleeding tissues, and tissue ischemia is the 
main obstacle to wound healing [66]. The wound healing process can be 
accelerated by treatment or delayed by factors such as diabetic, venous, 
and pressure ulcers [67,68]. The increase in new microvessel growth 
accelerates the wound healing process. In the present study, the 

aEB/HBC composite hydrogel group had accelerated mature newly 
formed microvessels, which promoted the wound healing process. 

3.6. The aEB/HBC composite hydrogels promote in vivo M2 macrophage 
polarization 

Fig. S3 shows the F4/80 immunofluorescence staining for mouse 
normal skin and wound skin on Day 3. F4/80-positive total macrophages 
were present in the dermis and subcutaneous tissue of mouse normal 
skin and abundantly enriched at the junction of wounds and normal 
tissues. Immunofluorescence dual staining of CD86 and CD206 on M1 
and M2 macrophages for mouse normal skin is shown in Fig. S4, and for 

Fig. 6. The gross investigation and histological staining of diabetic wound healing at different times. (A) Representative gross appearance of full-thickness 
skin wound healing on Days 0, 3, 7 and 14 in the blank control, acellular EB, HBC hydrogel and aEB/HBC composite hydrogel groups. (B) Quantification of the 
wound healing area in the four groups (n = 6). (C) Representative H&E staining and corresponding Masson’s trichrome staining in the four groups on Days 3, 7 and 
14. (D) Quantification of wound re-epithelialization, as shown by the distance between the green arrows of H&E staining (n = 6). (E) Quantification of scar widths, as 
shown by the distance between the black arrows of H&E staining (n = 6). (F) Quantification of mean collagen deposition, as shown by Masson’s trichrome staining (n 
= 6). *p < 0.05, **p < 0.01 and ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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wounds, it is shown in Fig. 8A. The quantification of M1 and M2 
macrophage numbers is shown in Fig. 8B and C, and the ratio of M2/M1 
macrophages is shown in Fig. 8D. The normal skin had many CD206- 
positive M2 macrophages and a small number of CD86-positive M1 
macrophages (Fig. S4). At different times, the HBC group had the 
greatest number of infiltrated M1 macrophages (CD86+), and the con-
trol group presented the second greatest number (Fig. 8A and B). From 
Day 3 to Day14, the M1 macrophage numbers continually decreased 
with time for the control group and the HBC group. On Days 3 and 14, 
the aEB/HBC group had similar M1 macrophage numbers to the aEB 
group (p = 0.411 and 0.202). On Day 7, the aEB/HBC group had a 
greater number of M1 macrophages than the aEB group (p = 0.002). As 
shown in Fig. 8A and C, on Day 3, the HBC group had a greater number 
of M2 macrophages (CD206+) than the aEB group (p = 0.001). The aEB/ 
HBC group had a similar number of M2 macrophages to the control 
group (p = 0.313). The aEB/HBC group and the control group had more 

M2 macrophages than the aEB group and the HBC group (all p < 0.001). 
On day 7, the aEB, HBC, and aEB/HBC groups had similar numbers of 
M2 macrophages, while the control group had the smallest number of 
M2 macrophages. On Day 14, the HBC group had the most M2 macro-
phages, while the control group had the fewest. The number of M2 
macrophages in the aEB/HBC group was similar to that in the aEB group. 
Fig. 8D reveals that the aEB/HBC group had the highest M2/M1 
macrophage ratio, while the HBC group had the lowest M2/M1 
macrophage ratio at the wound site on Day 3. On Days 7 and 14, the aEB 
group had the highest M2/M1 macrophage ratio, and the aEB/HBC 
group had the second highest, but the control group had the lowest M2/ 
M1 macrophage ratio. These results demonstrated that the HBC hydro-
gels promote M1 macrophage infiltration in the early inflammatory 
phase, but the aEB/HBC composite hydrogels continually induce M2 
macrophage reactions. 

Fig. 8E shows that the mRNA ratios of ARG1/TNF-α (M2/M1 

Fig. 7. Immunohistochemical and immunofluorescence staining of tissue healing in diabetic wounds on Day 14. (A) Representative type I and type III 
collagen immunohistochemical staining of granulation tissues for the four groups and normal skin control. (B, C) Quantification of the positive areas of type I (B) and 
type III collagen (C) (n = 6). (D) Representative immunofluorescence double staining of CD31 and ɑ-SMA for microvessels in granulation tissues. Mature microvessels 
were positive for both CD31 and ɑ-SMA (white arrows). (E) Quantification of the number of microvessels (n = 6). (F) Mature microvessel proportion assay (n = 6). 
(G) Microvessel diameter distribution. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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polarization) increased with time for the HBC group. On Day 3, the aEB/ 
HBC group had the highest ARG1/TNF-α mRNA ratio, while the HBC 
group had the lowest ratio. On Days 7 and 14, the aEB/HBC group 
presented the highest ARG1/TNF-α mRNA ratio, the aEB group pre-
sented the second highest, and the control group had the lowest ARG1/ 
TNF-α mRNA ratio. Fig. 8F and G shows the western blot analysis of 
TNF-α levels. The TNF-α levels increased from Day 3 to Day 7 but 
decreased from Day 7 to Day 14 for the control, aEB and aEB/HBC 
groups. For the HBC group, the TNF-α levels on Day 7 were similar to 
those on Day 3 but decreased on Day 14. The HBC group had the highest 
TNF-α levels, and the control group had the second highest on Days 3, 7 
and 14. The aEB/HBC group had similar TNF-α levels as the aEB group 
on Days 3 and 7 (p = 0.055 and p = 0.556) but had lower TNF-α levels 
than the aEB group on Day 14 (p = 0.004). Fig. 8F and H shows that the 
ARG1 levels continually decreased in the HBC group but increased from 
Day 3 to Day 7 and decreased from Day 7 to Day 14 in the control and 
aEB/HBC groups. The ARG1 levels of the aEB group on Day 7 were 

similar to those on Day 3 but decreased on Day 14. The aEB group 
exhibited the highest and the aEB/HBC group exhibited the second 
highest ARG1 levels at different times. On Day 3, the HBC group had 
higher ARG1 levels than the control group (p < 0.001). On Days 7 and 
14, the HBC group had similar ARG1 levels to the control group (p =
0.872 and p = 0.068). The results indicated that both aEBs and aEB/HBC 
composite hydrogels upregulated M2-related mRNA and protein 
expression and downregulated M1-related mRNA and protein 
expression. 

For natural biomaterials based on acellular ECM scaffolds, the matrix 
material itself and degradation products after in vivo implantation 
induce tissue resident macrophages or bone marrow monocyte-derived 
macrophages to transform into M2 cells [69]. The three-phase natural 
wound healing process takes place at approximately 72 h for the in-
flammatory phase, from Day 4 to Day 21 for the proliferative phase, and 
from 3 weeks to more than 1 year for the remodeling phase [19]. Normal 
acute wounds progress to the inflammatory state in a timely manner. In 

Fig. 8. The immune phenotype and polarization of macrophages at different times during diabetic wound healing. (A) Representative immunofluorescence 
double staining with CD86 (M1) and CD206 (M2), and nuclei were stained by DAPI. (B) M1 macrophage numbers in the blank control, acellular EB, HBC hydrogel 
and aEB/HBC composite hydrogel groups (n = 6). (C) M2 macrophage number comparisons (n = 6). (D) The M2/M1 ratio (CD206+ cells/CD86+ cells) (n = 6). (E) 
Relative ARG1 and TNF-α mRNA ratios in the four groups (n = 6). (F) Representative western blot of TNF-α, ARG1 and β-actin on Days 3, 7 and 14. (G, H) 
Quantitative analysis of the relative protein band density of TNF-α (G) and ARG1 (H). *p < 0.05, **p < 0.01 and ***p < 0.001. 
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the brief inflammatory phase, macrophages play proinflammatory roles, 
and the major macrophage phenotype in this phase is the classically 
activated M1 phenotype. In the proliferative phase, macrophages sup-
port healing and stimulate fibroblasts, keratinocytes and endothelial 
cells to produce ECM, supporting epithelialization and neo-
vascularization. The primary phenotype of macrophages in this phase is 
the alternatively activated M2 phenotype [70]. These cells generate 
anti-inflammatory cytokines and play key roles in ECM formation and 
angiogenesis [71,72]. The predominant macrophage phenotype 
switches from the M1 proinflammatory phenotype during the inflam-
matory phase to the M2 healing phenotype during the proliferative 
phase. During the initial phases of typical wound healing, approximately 
85 % of macrophages present in the wound exhibit the M1 
pro-inflammatory phenotype, which subsequently transitions to 
approximately 80 %–85 % anti-inflammatory M2 macrophages between 
days 5 and 7 [73]. An increased blood glucose level exerts a substantial 
impact on the immune system, potentially resulting in modifications to 
the quantity and phenotype of macrophages associated with the wound. 
The wound-derived macrophages in diabetic mice exhibited an absence 
of phenotypic transition towards the M2 phenotype. This imbalance in 
macrophage phenotypes results in a prolonged state of inflammation 
within the diabetic wound, thereby impeding the pro-healing functions 
of endothelial cells, keratinocytes, and fibroblasts. The impaired shift of 
macrophages from M1 to M2 phenotypes in diabetic wounds leads to the 
accumulation of inflammatory M1 macrophages [74]. Nevertheless, 
recent studies have shown that M1 and M2 macrophages play different 
but equally important roles in accelerating wound healing [75]. The 
transition of M0 to M2 macrophages is not always the solution to 
accelerate the diabetic wound healing. It is important to maintain a 
delicate balance between macrophage phenotypes during different 
phases of wound healing. Macrophage phenotype changes during 
wound healing from a pro-inflammatory (M1) profile in early stages to a 
more pro-healing (M2) profile in later stages. Activated macrophages 
with M1 phenotype provided on day 1 after injury (non-chronic wound) 
are shown to promote wound healing in a study [76]. Conversely, a 
diabetic mouse model that administered ex-vivo-activated murine 
macrophages with IL-4 or IL-10 during the early inflammatory phase 
after wounding showed impaired skin healing and delayed 
re-epithelialization [77]. Conditioned media from M1 macrophages 
promoted epidermal differentiation and keratinization [78]. Chronic 
wounds exhibit delayed healing due to the prolongation of the inflam-
matory state [79]. Macrophages also affect fibroblast responses and 
fibroblast-associated phenotypic transformation to myofibroblasts, 
which control scar tissue formation [80]. A prolonged inflammatory 
phase can delay the phenotypic transformation of macrophages and lead 
to fibrotic wound healing [81]. Hydrogel dressings currently available 
target only one phase of diabetic wound healing. 

The use of hydrogels in biomaterial-based immunomodulation has 
recently attracted considerable research interest due to their hydrophilic 
polymer chains, which can replenish wound moisture. Bioactive mole-
cules and cells can be combined with hydrogels to regenerate and repair 
tissue in a unique way [82]. Collagen/hyaluronan-based hydrogels 
developed by Hauk and colleagues were found to promote M2 macro-
phage polarization and suppress M1 macrophage activation in diabetic 
wounds [83]. Mei and colleagues have recently developed an injectable 
photocrosslinking silk hydrogel treatment for diabetic wounds, and the 
hydrogel system improved diabetic wound healing via spatiotemporal 
immunomodulation [84]. Xiong and colleagues present a 
whole-course-repair system exert pro-healing effects throughout the 
inflammation and proliferation stages of diabetic wound healing [85]. 
The results of the present study indicated that the HBC hydrogels pro-
mote the infiltration of M1 macrophages in the inflammatory phase of 
wound healing. In the proliferative phase, the HBC hydrogels also 
increased the infiltration of M2 macrophages. However, M1 macrophage 
hyperplasia and an inappropriate M2/M1 ratio induced epithelial hy-
perplasia and fibrous scar hyperplasia in the wound site. A mixture of 

crosslinked bioactive proteins in the decellularized ECM has demon-
strated immunomodulatory properties, guiding cell migration, prolif-
eration, and differentiation [22]. aEBs inhibit M1 macrophages in the 
inflammatory and proliferative phases and increase M2 macrophages in 
the proliferative phase. Nevertheless, the aEBs lacked timely epidermal 
healing. The aEB/HBC composite hydrogels could both inhibit M1 
macrophages and promote M2 macrophages in the inflammatory and 
proliferative phases as the HBC hydrogels contain bioactive cytokines 
and molecules from aEBs. As a result, the aEB/HBC composite hydrogels 
induced proper M2 macrophage polarization around the wound site, 
playing an important role in the accelerated wound healing process. 

4. Conclusions 

In summary, aEB/HBC composite hydrogels were successfully pre-
pared and exhibited reversible temperature-sensitive phase transition 
behavior. The in vitro antimicrobial activity of the aEB/HBC composite 
hydrogels was excellent. The novel findings of this study are that aEB/ 
HBC composite hydrogels induced M0-to-M2 polarization but not M1- 
to-M2 macrophage repolarization in culture. The most significant find-
ings of this study are that Full-thickness diabetic wounds treated with 
the aEB/HBC composite hydrogels exhibited early wound closure, 
increased collagen deposition, increased M2/M1 macrophage ratios and 
increased levels of M2 macrophage-related protein expression compared 
to those treated with the PBS control, aEBs or HBC hydrogels. Moreover, 
accessory structures in the skin increased in the aEB/HBC composite 
hydrogel group over time. These results suggest that wound healing in 
the aEB/HBC composite hydrogel group is both functional and struc-
tural. Therefore, the aEB/HBC composite hydrogel is a promising ther-
apeutic agent for accelerating diabetic wound healing. Based on the 
findings of this study, human derived embryonic stem cell or induced 
pluripotent stem cell derived aEBs can be used to promote diabetic 
wound healing in combination with HBC hydrogels for clinical trans-
lation in the future. 
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