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A B S T R A C T

Globally, more than 300,000 fatalities occur from burns annually, and burn-wound healing continues to present 
significant challenges owing to the wound’s propensity for infections, heavy bleeding, poor angiogenesis, and 
persistent inflammatory responses. The immunomodulation of macrophage polarization toward the M2 pheno
type facilitates the healing of burn wounds by controlling the tissue microenvironment and expediting the 
transition from the inflammatory phase to proliferation. Here, a polydopamine-mediated graphene oxide (GA), 
tannic acid (TA), and magnesium ion (Mg2+)-incorporated multifunctional gelatin (Gel) scaffold (GTMG) is 
developed to accelerate wound healing by modulating the inflammatory microenvironment of burn wounds. GA 
and Mg2+ confer the scaffold with the conversion of M1-type to M2-type macrophages and vascular regeneration. 
TA and GA synergistically provide with antimicrobial capabilities to the hydrogel. Additionally, the multifunc
tional hydrogel shows strong hemostatic, anti-inflammatory and biocompatible properties. Due to its strong 
tissue adhesion and injectability, the hydrogel can also be used for various forms of dynamic burn wounds. In vivo 
research shows that the hydrogel may have hemostatic, anti-inflammatory, and M2-phenotypic macrophage- 
polarization effects, which increase the regeneration and repair effects of burn sites and shorten the burn-healing 
time. The results indicate that this multifunctional hydrogel offers a promising therapeutic approach for the 
treatment of burn wounds by altering the immunological microenvironment and accelerating the three phases of 
wound healing.

1. Introduction

According to the World Health Organization, burns affect millions of 
people and cause more than 300,000 deaths annually. Deep burns result 
in tissue damage, large irregularly shaped wounds, severe bleeding, 
increased susceptibility to wound infection, and accelerated production 
of free radicals [1,2]. In addition, inflammatory cytokines are overex
pressed in the wound microenvironment owing to epithelialization 
dysfunction and the long-term inflammatory state of burn wounds. 
Delaying the healing process of the wound from the inflammation to 
proliferation-phase leads to difficulty in wound healing, which may lead 
to sepsis or even be life-threatening in severe cases [3–7]. The primary 
cause of chronic inflammatory excess burns results in a dysregulated 

macrophage response with an impaired phenotypic transition from an 
inflammatory (M1) to an anti-inflammatory (M2) state [8–10]. Our 
previous studies have shown that the M2-type macrophages not only 
contribute to tissue repair and reduce inflammation, but they also 
release angiogenic substances such as vascular endothelial growth factor 
(VEGF), which is essential for revascularization. In contrast, an exces
sive inflammatory response severely disrupts blood-flow reconstruction 
and tissue regeneration in wounds [11–13]. Although various clinical 
treatments have been developed to treat burn wounds, including skin 
grafts, dressings, and medications, the long hospitalization time 
required for patients and high cost of surgery make burn treatments 
unsatisfactory [14–16]. Therefore, novel and affordable therapeutic 
methods, such as multifunctional biomaterial dressings that modulate 
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chronic inflammation and angiogenic disorders in burn wounds, may be 
widely applied to accelerate the healing of burn wounds.

Currently, hydrogels are considered as the most promising wound 
dressings because they possess a hydrophilic three-dimensional (3D) 
network structure that facilitates oxygen exchange, creates a breathable 
and moist environment for wounds by absorbing the excess wound 
exudate, and provides a suitable delivery system for cells and other 
biomolecules to promote wound healing [17–21]. However, traditional 
hydrogel dressings currently available in the market are unable to meet 
the required characteristics for wound healing; they exhibit a low 
degradation rate, single functionality, and an inability to adapt to 
irregularly shaped wounds [14–16]. The ideal wound dressing should 
have a variety of functions to meet different pathological conditions. 
Recently, many efforts have been devoted to develop multifunctional 
hydrogel for skin wound healing. For example, Zhang et al. designed a 
hydrogel with a “Pull− Push” Approach, integrating antibacterial and 
anti - inflammatory functions to jointly promote wound healing [17]. 
Chen et al. designed a multifunctional fibrin gel, which demonstrated 
good local analgesic effects, as well as rapid hemostasis, 
anti-inflammatory and antibacterial functions, accelerating the wound 
closure time [18].

The immune system plays a crucial role in the regeneration of 
damaged tissues. Recently, biomaterials that can regulate immune cells 
especially macrophages have been spotlighted in tissue regeneration. 
However, the development of multifunctional hydrogel dressings with 
intrinsic macrophages modulation ability, antioxidant, hemostatic, and 
antibacterial property for burn wound healing remains challenging and 
has been rarely reported. Graphene oxide (GO), with its various physi
cochemical properties, such as biocompatibility, hydrophilicity, and 
ease of functionalization, has considerable potential in the medical in
dustry for drug delivery and tissue engineering. GO has been shown to 
enhance the presence of pre-regenerated M2 macrophages effectively 
and inhibit macrophage cytokine production [10,22,23]. Based on these 
studies, GO-based composite hydrogels can alter the macrophage 
phenotype and contribute to diabetic wound healing in vivo to activate 
the immune system.

Redox balance plays a key role in wound healing and skin tissue 
regeneration. Tissue damage produces excess reactive oxygen species 
(ROS), prolongs the inflammatory response and leads to oxidative 
damage to subcellular components, preventing tissue regeneration. 
Therefore, dynamic modulation of ROS levels is essential for effective 
wound treatment [24]. TA is a natural polyphenol extracted from plants 
with a glucose core attached to five phenylenediol groups and five 
catechol groups. Its abundant phenolic hydroxyl groups can be easily 
combined with various natural polymers through various interactions 
(non-covalent and ligand bonds) to form hydrogel systems. TA confers 
the inherent anti-inflammatory and antioxidant properties of hydrogels, 
and achieves anti-inflammatory properties by scavenging ROS to 
accelerate wound repair. In addition, TA also enhances the hemostatic 
effect of hydrogels through interactions with blood proteins. TA is also 
the natural antimicrobial agents, which can deprive microorganisms of 
the essential element [25–27]. In addition, polydopamine (PDA)-modi
fied GO (GA) can effectively interact with bacterial cell membranes. 
Disruption of the integrity of the cell membrane allows the internal 
contents of the cell to leak out, which leads to the death of bacteria [28,
29]. TA and GA synergistically antibacterial and improved antibacterial 
efficiency. This combination is considered a promising non-antibiotic 
strategy.

Mg2+ is an abundant transition-metal ion in the human body. An 
increasing number of studies suggest that Mg2+ promotes angiogenesis 
and plays an important role in the maintenance of homeostasis, immune 
function, and oxidative stress [30–32]. Gelatin is a hydrolysate of 
collagen, which has the advantages of biodegradability, good biocom
patibility and non-immunogenicity. It is functionally and physically 
similar to the extracellular matrix (ECM), which provides important 
advantages as a burn-wound dressing [33–35]. However, gelatin 

hydrogels with multifunctional properties, such as shape adaptation, 
biodegradability, hemostasis, anti-inflammatory, and antimicrobial 
properties, have not been reported as burn-wound dressings.

In this study, we design a gelatin-based PDA-modified GO hydrogel 
(GTMG) containing TA and Mg2+ to modulate immune cells and pro
mote burn-wound healing. The GTMG hydrogel possesses shape- 
adaptive, biodegradability, effective antimicrobial, hemostatic, antiox
idant, and conductive properties. The effects of the hydrogel on 
macrophage polarization, cell proliferation, migration, and angiogenesis 
are also investigated. A burn model is used to evaluate the healing ef
fects of the GTMG hydrogel. The results demonstrate that the GTMG 
hydrogel greatly reduces the burn-healing time and accelerates the 
reconstruction of skin structure and function. This study suggests that 
GTMG multifunctional hydrogel has considerable potential for appli
cation as a burn-wound dressing.

The results showed that the hydrogel greatly reduced burn healing 
time and accelerated the reconstruction of skin structure and function.

2. Materials and methods

2.1. Materials

Dopamine (DA), TA and MgCl2 were purchased Sigma-Aldrich. GO 
was obtained from Nanjing Muke nano-technology Co. Ltd (China). 
methacrylated gelatin (GelMA, EFL-GM-60) and lithium phenyl-2,4,6- 
trimethybenzoylphosphinate (LAP) were bought from Suzhou Intelli
gent Manufacturing Research Institute (China). All other reagents used 
in the experiments were of analytical grade and did not require further 
purification.

2.2. Synthesis of GA and hydrogels

100 mg of DA was added to 10 mL of GO solution and sonicated for 
20 min at room temperature followed by stirring for 30 min to obtain a 
GA solution for subsequent experiments.

LAP was dissolved in PBS (pH 7.4) at 55 ◦C to obtain a LAP solution 
at a concentration of 0.25 % (w/v). Subsequently, GelMA powder was 
dissolved in LAP solution at a concentration of 11 % (w/v). Finally, 
photocrosslinking (Suzhou Institute of Intelligent Manufacturing, Suz
hou, China) was performed by dissolving 1 mg of MgCl2, 25 mg of TA, 
and 55 μL of GA solution in 1 mL of GelMA solution, sonicated for 10 
min, and then stirred at 50 ◦C followed by using a flashlight with visible 
light (405 nm, 30 mW/cm2) for 15 s in order to obtain a GTMG hydrogel. 
The hydrogel of undoped GA solution was GTM.

2.3. Characterization

Scanning electron microscopy (SEM), Mapping, UV–Vis spectro
photometry, FT-IR spectroscopy, were used to examine physical prop
erties of the hydrogels. The mechanical properties of the hydrogels were 
examined by a dynamic mechanical analyzer TA instrument (DMA 
Q800).

2.4. Swelling and degradation of the hydrogels

The swelling and degradation of the hydrogels (Gel, GTM and 
GTMG) were measured with the swelling ratio and residual mass ratio, 
respectively.

2.5. Adhesive, injectability and shape adaptability of the GTMG hydrogel

The adhesive property of the hydrogels (Gel, GTM and GTMG) was 
assessed by quantitative and macroscopic qualitative experiments. The 
tests of injectability of the GTMG hydrogel are described in the sup
porting information. Preparation of GTMG hydrogel by star-shaped 
molds to evaluate the shape adaptability.
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2.6. Cytocompatibility, migration and tube formation of the hydrogels

Cytocompatibility of the hydrogels was tested by a Live & Dead 
staining. The cell proliferation was measured by cell counting Kit-8 
(CCK-8). The NIH-3T3 cells were used for cell scratch tests to obtain 
the cell migration ability. The in vitro angiogenic effect of hydrogels 
(Gel, GTM and GTMG) was assessed by the human umbilical vein 
endothelial (HUVEC) tube formation assay. The detailed procedure was 
provided in the Supporting Information.

2.7. Antioxidant and antibacterial properties of hydrogels

The antioxidant property of the hydrogel (Gel, GTM and GTMG) was 
studied by the DPPH method. The cellular ROS scavenging activity was 
tested by the reactive oxygen species assay kit (2′,7′-dichloro fluorescein 
diacetate, DCFH-DA). RAW 264.7 cells (3 × 105 cells per well) were 
cultured with the extract of the hydrogels (Gel, GTM and GTMG) for 12 
h, then the ROS levels were measured by CLSM and flow analyzer.

The antibacterial property was investigated by using S. aureus and 
E. coli contact with the hydrogels (Gel, GTM and GTMG). The detailed 
process is provided in Supporting Information.

2.8. Assessment of M2 macrophage-polarized in vitro

To assess hydrogel-induced macrophage polarization, Raw 264.7 
was incubated in 6-well plates for 12 h. The medium was replaced with 
lipopolysaccharide (LPS) or interleukin-4 (IL-4) solution. After 24 h, the 
above solutions were removed and the collected cells were co-cultured 
with the hydrogel extracts. The extract of the hydrogel was prepared 
in complete medium at 37◦C for 5 d. Cells treated with fresh medium 
after LPS or IL-4 served as controls [11].

The cells were then incubated in an incubator for 12 h to allow 
reattachment. The walled cells were fixed with 4 % paraformaldehyde 
and blocked with 1 % bovine serum albumin. Then, the cells were 
incubated with CD206 primary and secondary antibodies and Hoechst 
33258 and imaged by CLSM. For flow cytometry, cells were incubated 
with CD86 and CD206 antibodies.

Concentrations of cytokines (Interleukin-10 (IL-10), interleukin-6 
(IL-6) and tumor necrosis factor-α (TNF-α)) in cell culture superna
tants were measured using ELISA kits as directed by the manual.

2.9. In vivo hemostasis properties of the hydrogels

All animal experimental procedures were approved by the Ethics 
Committee of Fourth Military Medical University (approval reference 
number KY20193145) in full accordance with the ethical guidelines of 
the National Institutes of Health for the care and use of laboratory ani
mals. The hemostatic properties of GTMG hydrogel in vivo were evalu
ated by using a mouse hemorrhagic liver model.

2.10. In vivo degradation of the hydrogels

In vivo biodegradability of GTMG hydrogels was evaluated by sub
cutaneous injection. Masson trichrome and hematoxylin-eosin (H&E) 
stained tissue sections to evaluate the histocompatibility of GTMG 
hydrogels.

2.11. Evaluation of burn wound healing in vivo

A deep second-degree model was established on the back of Balb/c 
mice (female, 5–6 weeks old, 30–40 g) using preheated aluminum metal 
rods to evaluate the therapeutic effect of GTMG hydrogel on burn 
wounds. GTMG hydrogel (GTMG group) and Urgotul silver sulfadiazine 
(SSD) dressing (SSD group) were applied to the backs of mice for wound 
treatment, and the untreated group served as a control group (Con 
group). Regenerated tissues were evaluated by H&E, Masson trichrome 

staining, immunohistochemistry and immunofluorescence staining. IL- 
6, TNF-α, neovascularization (CD31 and α-SMA), collagen deposition, 
M1 macrophage markers (CD86 and iNOS), VEGF and M2 macrophage 
markers (CD206 and Arg-1) were observed and quantified. Specific 
experimental methods are in the Supporting Information.

2.12. Statistical analysis

The analysis data was expressed as mean ± standard deviation. 
Statistical significance between the results was determined by one-way 
or two-way ANOVA and Student’s t-test. P < 0.05 was considered to be 
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).

3. Results and discussion

3.1. Design and structural characterization of the GTMG hydrogels

The GTMG-hydrogel production and its application to burn wounds 
are shown in Scheme 1. The rapid healing of burn wounds was aided by 
the outstanding antibacterial and antioxidant properties of GTMG and 
M2 polarization of macrophages. Owing to its redox activity, stability, 
and binding properties, PDA first reduced GO and polydopamine- 
functionalized graphene oxide (GA) (Fig. S1). The GTMG 
multifunctional-hydrogel system was then effectively created by intro
ducing TA, Mg2+, and GA into the interior of GelMA. GelMA is a 
photosensitive biohydrogel made of gelatin and methacrylic anhydride 
with excellent biocompatibility. When cured with ultraviolet (UV) or 
visible light, GelMA forms 3D structures with a degree of intensity that is 
conducive to cell development and differentiation. As illustrated in 
Fig. 1D, the photoinitiator LAP was photocrosslinked at 405 nm and 30 
mW/cm2 for 15 s under UV irradiation to form a hydrogel system. The 
hemostatic process was enhanced by the hydrogel’s fast capture of blood 
cells owing to the reduced gelation period. Fig. 1 shows the typical 
microstructure and physicochemical properties of the hydrogel. The 
porous morphology of the hydrogel was observed by scanning electron 
microscopy (SEM). As shown in Fig. 1A–C, the hydrogel exhibited a clear 
3D porous architecture, and the addition of GA gradually increased the 
average pore size of the hydrogel. This shows that the addition of GA 
establishes both dynamic hydrogen bonds with GelMA and GA/Mg2+

metal-ligand linkages with Mg2+ in a competitive manner, reducing the 
cross-linking density of GelMA/TA, resulting in a looser network of 
GTMG hydrogels than GTM hydrogels. The porous, loose network 
structure of the hydrogel dressing simplifies the exchange of gases and 
nutrients at the wound site while enabling better absorption of tissue 
exudates [33].

Elemental mapping (Fig. 1E) revealed that the elements C, N, O and 
Mg were distributed throughout the GTMG hydrogel uniformly. A 
typical GA absorption peak was observed at 280 nm in the UV- 
absorption spectrum of GTMG (Fig. 1F), indicating that GA was suc
cessfully incorporated into the core of the hydrogel. Fourier transform 
infrared spectroscopy (FITR) spectra observed near 1659, 1535, and 
1334 cm− 1 revealed typical peaks of GelMA (RNH, R2NH, and R3N, 
respectively; Fig. S2). The FTIR results of GTM and GTMG revealed 
similar characteristic peaks, indicating that the structure of the gel- 
dominant material had a disordered conformation in all the hydrogels. 
Both had a typical broad peak at 3270 cm− 1, which suggests that 
hydrogen bonds were formed between TA and GelMA. The stretching 
vibrations of the aromatic ester C=O, aromatic C=C, and aromatic C-C 
groups were observed in the TA spectra at 1698, 1606, and 1532 cm− 1, 
respectively. The structures of GTM and GTMG exhibited the afore
mentioned TA band as well as the C-H telescoping gelatin vibration at 
2957 cm− 1. The C=O stretching-vibration band of gelatin at 1659 cm− 1 

was comparable to the C=O group stretching vibration of TA at 1698 
cm− 1 (the stretching vibration of the C=O group in the aromatic ester of 
TA). It merged with the absorption band (aromatic C=C stretching) at 
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1606 cm− 1 to form a broad band at 1641 cm− 1, demonstrating that TA 
successfully entered the inner part of the hydrogel system.

3.2. Mechanical property, adhesive, injectable and shape adaptability 
property of the hydrogels

Rheological tests were performed to assess the mechanical charac
teristics of the hydrogels under various conditions. For a frequency 
range between 0.1 and 100 rad/s, the storage module (G′) of the 
hydrogel greatly outweighed the loss module (G″), thereby validating 
the elastic behavior and superior mechanical qualities of the hydrogels 
(Fig. 1G). The two curves in Fig. 1H intersect at a tension of 750 %. The 
collapse of the GTMG hydrogel structure and the transition from a solid 
state with gel characteristics to a liquid state with liquid characteristics 
are manifested by a sharp decrease in the G′ value and an abrupt increase 
in the G″ value [36].

The addition of GA reduced the Yang’s modulus of the hydrogel 
(Fig. S3A), indicating that GTMG was more flexible and suitable for 
filling burn surfaces. In addition, the GTMG hydrogel exhibited a shear- 
thinning ability. The GTMG precursor solution was filled into a star- 
shaped model with a needle and solidified into a star hydrogel under 
UV irradiation (Fig. 1J). The viscosity of the GTMG hydrogel steadily 
decreased with increasing shear rate (Fig. 1I), demonstrating a shear- 
thinning capability, which was the main contributing factor to inject
ability. To demonstrate the injectability, the GTMG hydrogel was drawn 
from the needle’s tip and continually formed the letters "AFMU" 
(Fig. S4). Injectable hydrogels are morphologically adaptable and can be 
flexibly injected according to the uneven shape of burn wound, and have 
great potential in the treatment of facial burns due to the larger and 
more irregular wound shape of burns than other wounds [37].

In contrast, the adhesive hydrogel can adhere to the tissue 
completely and fuse with it. This not only prevents infection but also 
makes it suitable for dynamic wounds with high-frequency movement. 
The GTM and GTMG hydrogels exhibited stronger adhesion to the tissue 
surfaces (Fig. S3B). The adhesive properties of the hydrogels were 
further evaluated using the tissue adhesion (Fig. S5). The GTMG 

hydrogel adhered to major organs, including the heart, liver, kidney, 
spleen, and lung, without falling under the influence of gravity.

The GTMG hydrogel firmly adhered to freely twisted pigskin and a 
freely bent elbow joint (Fig. 1K), indicating its good adhesion properties. 
The hydrogel may be used to establish a stable connection between the 
burn wound and dressing for various dynamic burn wounds. The main 
reasons for the high adhesion of hydrogels are as follows: First, inspired 
by the strong adhesion of mussels, the introduction of catechol groups 
into hydrogels can enhance adhesion and further improve adhesion 
strength [38]. Second, the good adhesion of the hydrogels to tissues was 
mainly attributed to the interaction between the hydrogels and tissues 
(Fig. 1L). The catechol moiety formed strong covalent bonds with 
different nucleophilic reagents, such as imidazole, thiols, and amines, as 
well as hydrogen bonds [39]. The adhesion strength of the GTMG 
hydrogel makes it a promising candidate for application to dynamic 
burn wounds, even in organ tissues with frequent movement, such as 
joints.

Healthcare professionals must change dressings frequently for pa
tients during the process of wound healing, which often causes sec
ondary damage to the wound and prolongs healing time. Therefore, 
hydrogel dressings with degradation ability appear to be better choices 
for treating burn wounds [40]. Then the swelling property and de
gradability of hydrogels were evaluated (Fig. S3C). The good swelling 
properties of hydrogels facilitated the absorption of wound exudate, 
thereby accelerating wound repair. Over time, we observed that the 
hydrogel could be degraded slowly by absorbing water, thus avoiding 
secondary damage to the wound during dressing changes (Fig. S3D). 
These results indicate that GTMG hydrogel has good swelling and 
degradation properties, which is conducive to its application in wound 
and tissue regeneration.

3.3. Cytocompatibility of the hydrogels

Good cytocompatibility is the most essential property of biomaterials 
and plays an important role in biomaterial research [41]. CCK-8 ex
periments showed that compared with the Con group, the proliferation 

Scheme 1. Schematic illustration of the preparation of the GTMG hydrogel and the multifunctional display of GTMG hydrogel for promoting burn wound healing.
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of NIH-3T3 cells in all hydrogel groups showed a significant increase 
trend within 3 days, indicating that the hydrogel groups had good 
biocompatibility and non-toxicity (Fig. 2A and D). Live/dead cell 
staining further confirmed the impact of the hydrogel on cell viability 
(Fig. 2A). All experimental groups showed normal cell growth and high 
expression of green fluorescence, with few dead cells after hydrogel 
administration.

3.4. Effectiveness of hydrogels in promoting cell migration and tube 
formation in vitro

Previous studies have shown that enhanced cell migration acceler
ates wound healing [42]. The effect of cell migration was assessed using 
an in vitro wound-healing scratch assay in which a straight line was 
drawn into a confluent NIH-3T3 cell monolayer to create an artificial 
wound that filled the gap by facilitating cell migration.

After 24 h of co-incubation with cells, all hydrogel groups showed 
higher cell migration efficiency than the Con group (Fig. 2B and E). The 
main reason is that gelatin is a hydrolysate of collagen that promotes cell 
adhesion and migration. After culturing the cells for 24 h, the GTM and 
GTMG groups exhibited higher migration rates than the Gel group. 
There are two main reasons: first, cells co-cultured with hydrogels with 
higher elastic modulus and stronger adhesion exhibit faster migration 
[43,44]; second, Mg2+ stimulates cell migration and proliferation to 
promote angiogenesis and accelerate wound closure [30–32].

The angiogenic ability of the GTMG hydrogel was further evaluated 
by performing an in vitro angiogenesis assay. The results showed that 
angiogenesis of HUVEC cells in the GTM and GTMG groups was 

significantly increased compared with that in the Con group, and the 
branch point and mean tube length were significantly increased (Fig. 2C 
and F). In summary, we successfully verified the ability of the GTMG 
hydrogel to promote cell migration and angiogenesis in vitro, laying a 
good foundation for its ability to promote wound healing in vivo.

3.5. Antioxidative properties

Antioxidant, conductive, and antimicrobial properties are important 
bioactive multifunctional properties. High levels of ROS severely 
impede tissue regeneration, which is one of the main reasons why burn 
wounds are difficult to heal [45]. A 1,1-diphenyl-2-picrylhydrazyl 
(DPPH) free-radical scavenging assay was used to evaluate the antioxi
dant activity of the hydrogels [33,34]. The Gel solution was purple in 
color and had little antioxidant capacity, whereas the solution of the 
GTMG and ascorbic acid groups was light yellow, indicating that the 
GTMG hydrogel was effective in scavenging free radicals with an anti
oxidant efficiency of up to 90 % (Fig. 3A and B). However, in the Gel 
group, the DPPH scavenging rate was only 8 %, owing to the absence of 
catechol groups. The main reason for the excellent antioxidant activity 
of the GTMG hydrogels is the presence of catechol groups in TA and GA. 
The catechol groups present in TA and GA directly scavenge ROS and 
reduce inflammation through reduction reactions.

Excellent antioxidant properties protect cells from ROS-induced 
damage. The level of intracellular ROS scavenging by the GTMG 
hydrogel was assessed using the DCFH-DA probe. The fluorescence in
tensity of the hydrogel after co-culture with RAW 264.7 cells could 
determine the level of intracellular ROS; the Gel group exhibited 

Fig. 1. Characterization of hydrogels. (A–C) SEM images of the Gel, GTM and GTMG. (D) Macroscopic observation of the hydrogels formation through photo- 
crosslinking. (E) Distribution of elements (C, N, O, Mg) of the GTMG. (F) UV–vis spectra of Gel, GTM, and GTMG hydrogels. (G) G′ and G″of the hydrogels (Gel, 
GTM, and GTMG) under angular frequency sweep. (H) G′ and G″of the GTMG hydrogel under strain amplitude sweep. (I) Shear thinning properties of the GTMG 
hydrogel. (J) The injectability and photocuring of GTMG hydrogel. (K) Adhesion effect of the GTMG hydrogel on human elbow and porcine skin during exercise. (L) 
The adhesive mechanism of the GTMG hydrogel. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant difference).
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stronger fluorescence intensity, whereas the GTMG hydrogel had the 
lowest fluorescence intensity (Fig. 3D). Flow cytometry was used to 
confirm the intracellular antioxidant activity. The ROS-positive rate of 
the GTMG hydrogel was 14.44 %, which was similar to that of the 
negative control group (Fig. 3E). These results showed that the GTMG 
hydrogel effectively prevented cell damage caused by excessive ROS 
under oxidative stress. The electrical conductivity of the GTMG hydrogel 
was significantly higher than that of the other groups, which was mainly 
owing to the good electrical conductivity of GA (Fig. S6A). Therefore, 
GTMG hydrogel can be combined with electrical stimulation for the 
treatment of burn wounds [10].

3.6. Antibacterial capability of the hydrogels

Burn wounds produce more exudates than other wounds and have a 
higher risk of bacterial infection, which leads to delayed healing. The 
inherent antimicrobial properties of hydrogel dressings protect the 

wounds from external bacterial infections and remove bacteria from the 
wound site. We tested the antimicrobial ability of the GTMG hydrogels 
not only in vitro against Escherichia coli (E. coli, a gram-negative bac
terium) and Staphylococcus aureus (S. aureus, a gram-positive bacte
rium) but also in vivo against E.coli (Fig. 3C, Fig. S6B-C and S7). The 
antimicrobial properties of the GTM and GTMG hydrogels were signif
icantly better than those of Gel hydrogels. Considering the potential 
antibacterial ability, the addition of TA destabilized the microbial 
cytoplasmic membrane, increased membrane permeability, and inter
acted with bacterial proteins to produce enzyme inhibition. In addition, 
the hydroxyl group of TA reacted with the sulfhydryl group (-SH) in the 
pathogen protein to destroy its structure, ultimately leading to the loss of 
its proliferative ability [46,47].

The above results indicated the excellent antibacterial capability of 
the GTMG hydrogel in vivo and in vitro. Due to the synergistic antimi
crobial activity of TA and GA, the antimicrobial activity of GTMG 
hydrogels was better than that of GTM hydrogels. GA can not only 

Fig. 2. Cytotoxicity, cell migration and tube formation of the hydrogels. (A) Live/dead staining of NIH-3T3 cells. (B) Cell migration of NIH-3T3 cells. (C) Images of 
tube formation by HUVECs. (D) Cell viability (n = 6) and (E) cell mobility (n = 3) of the hydrogels. (F) The number of tubes per field of the hydrogels (n = 3). (*P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant difference).
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disrupt the bacterial membrane structure, but also interact with bacteria 
to cover the bacterial surface, isolate the bacteria from the external 
environment and block their active sites. This led to a significant 
decrease in bacterial bioactivity, which helped TA further capture the 
surrounding bacterial cells. In addition, the antibacterial activity of 
GTMG was more effective against S. aureus than E. coli owing to the 
different cell-wall compositions and structures of S. aureus and E. coli 
(Fig. 3C). The cellular affinity of the catechol moiety enabled the GTMG 
hydrogel to exhibit excellent antibacterial activity, while maintaining 
good cytocompatibility.

3.7. Immunomodulatory activity of the GTMG hydrogel in vitro

Persistent inflammation is one of the most prominent features of 
burn wounds, and the transition from the inflammatory to the prolif
erative phase is a key regulatory point for wound healing. Hydrogel 
dressings with functional properties that modulate inflammation are 
required to effectively promote wound healing. M1 macrophages secrete 
pro-inflammatory mediators when they receive stress-factor signals, 
whereas M2 macrophages secrete anti-inflammatory cytokines and 

therapeutic growth factors when they receive immune signals. However, 
the burn-tissue microenvironment prevents the phenotypic shift of 
macrophages from the pro-inflammatory (M1) to anti-inflammatory 
(M2) phase, resulting in chronic inflammation and delayed wound 
healing. RAW 264.7 macrophages were co-cultured with the hydrogels 
to explore the regulatory effects of GTMG hydrogel on macrophages. LPS 
and IL-4 were used to produce M1 and M2 phenotypes in macrophages, 
respectively, as previously reported [19]. Immunofluorescence staining 
with CD206 (a marker for M2 macrophages) was used to assess the 
transformation and maintenance of the M1 and M2 phenotypes after the 
hydrogel treatment. Compared with the IL-4 control group (0 h), the 
relative expression level of CD206 was significantly lower in the IL-4 
control group (72 h) without the hydrogel (Fig. 4A and S8A). Howev
er, no significant difference in the relative expression levels of CD206 
and IL-4 (0 h) was observed after 72 h of the GTMG hydrogel treatment, 
suggesting that the GTMG hydrogel maintained the M2 phenotype of 
macrophages. The relative expression levels of CD206 were almost ab
sent in the LPS control group (0 h) (Fig. S8B). The results demonstrated 
that GTMG hydrogel can effectively activate macrophage polarization to 
M2 phenotype.

Fig. 3. Antioxidative and antibacterial property of the hydrogels in vitro. (A) Optical photograph of the color change and (B) DPPH-scavenging efficiency of Gel, 
GTM, GTMG hydrogels and VC. (C) Images of survival bacterial (S. aureus and E. coli) CFUs on agar plates after contact with various hydrogels. (D) Intracellular ROS- 
scavenging performance of different hydrogels (Gel, GTM and GTMG). (E) Flow cytometric analysis of 2′,7′-dichloro fluorescein diacetate (DCFH-DA)-labeled cells on 
the Gel, GTM and GTMG hydrogels. (the data are presented as the mean ± SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant 
difference). (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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We selected CD86 (a marker for M1 macrophages) and CD206- 
positive cells to test macrophage polarization using flow cytometry to 
further demonstrate the effectiveness of the GTMG hydrogel in polar
izing the macrophage phenotype. RAW 246.7 cells were converted to the 
M1 phenotype after LPS stimulation. The polarization of M1 macro
phages decreased, and the proportion of M2 macrophages increased in 
the GTMG hydrogel group (Fig. 4B). Previous studies have shown that 
GO activates polarization of M2 macrophages and promotes angiogen
esis [22,23]. The results of Fig. 4B showed that under the stimulation of 
GTMG hydrogel, macrophages had significantly higher CD206 positive 
staining levels than other groups, confirming that the polarization state 
of macrophages was related to the M2 phenotype. At the same time, the 
expression of M1 and M2 biomarkers was consistent with the results in 
Fig. 4A, which indicates that the GTMG hydrogel successfully stimulated 
M2 macrophages and inhibited M1 phenotype. The above results 
strongly demonstrate the ability of GTMG hydrogel to promote M2 
phenotype polarization of macrophages in vitro, which should be mainly 
induced by the GO and GA components of the hydrogel. According to 
reports, GA has abundant carboxyl and hydroxyl groups, which can 

interact with growth factors or other proteins through covalent, elec
trostatic, and hydrogen bonds, thereby affecting cell reactions while 
promoting cell differentiation and inducing macrophages from M1 to 
M2 phenotype [22,23]. Therefore, chemical clues and binding in
teractions with GA are highly likely to lead to M2 polarization of mac
rophages. Together with the above results, it can be inferred that the 
GTMG hydrogel effectively stimulated macrophages polarized into M2 
phenotype and increased the proliferation and migration of cells 
involved with healing through the paracrine pathway from M2 macro
phages. However, whether the GTMG hydrogel stimulated M2 polari
zation functions in burn wounds remains unclear.

An enzyme-linked immunosorbent assay showed that the proin
flammatory mediators (IL-6 and TNF-α) secreted by M1 macrophages in 
the GTMG hydrogel group were effectively suppressed compared with 
the Con group (Fig. 4D and E). In contrast, the anti-inflammatory factor 
IL-10 was significantly increased (Fig. 4C). These results indicated that 
GTMG could reduce the production of inflammatory cytokines and 
accelerate burn-wound repair by regulating the microenvironment of 
the wound tissue.

Fig. 4. Immunomodulatory property of the hydrogels in vitro. (A) Photographs of RAW 264.7 stained with CD206 after cultured with different hydrogels (Gel, GTM, 
GTMG). (B) Polarization of macrophages was evaluated by expression of CD86 (M1) and CD206 (M2) using flow cytometry. ELISA assay of (C) IL-10, (D) TNF-α, and 
(E) IL-6 in cell culture supernatants. (the data are presented as the mean ± SD (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no signifi
cant difference).
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3.8. Hemostatic performance of the hydrogels

Massive bleeding from the skin occurs in burns, and the hemostatic 
phase is the initial stage of wound healing [39]. Excellent hemostatic 
capability is essential for hydrogel dressings. We established a hepatic 
hemorrhage model to evaluate the hemostatic ability of the GTMG 
hydrogel (Fig. 5A). After injecting the hydrogel solution into the wound, 
the solution rapidly gelled with blood in situ under UV irradiation and 
hemostasis was achieved as it adhered to the wound surface. Almost no 
bleeding was observed in the GTMG hydrogel group, which greatly 
reduced the bleeding volume and shortened the bleeding time 
(Fig. 5C–E). The excellent hemostatic performance of the GTMG 
hydrogel was attributed to the synergistic effects of its bioadhesive and 
procoagulant activities. Rapid gelation of the hydrogel accelerated the 
capture of blood cells, and the strong adhesion of the GTMG hydrogel 
tightly adhered to the bleeding site, serving as a physical barrier to 
facilitate the hemostatic process. Gelatin can also provide 
arginine-glycine-aspartic acid peptide sequences, which can lead to 
good cell adhesion and higher hemostatic capacity for GTMG. In addi
tion, TA can bind to proteins on cell membranes through strong 
hydrogen bonding and hydrophobic interactions, and catechol groups 
can enhance the adhesion and activation of blood cells and improve 

their clotting ability. Hemocompatibility plays an important role in the 
study of biological materials. The hemolysis test showed that none of the 
blood cells ruptured upon contact with the hydrogel (Fig. 5B), proving 
its good blood compatibility [48,49].

3.9. Biodegradability study of the GTMG hydrogel

The advantage of innovative hydrogel dressings is their ability to 
degrade during wound healing. Based on in vitro studies, the hydrogel 
was fully destroyed on day 13 ((Fig. S3D). Next, the reaction between 
the hydrogel and tissue was observed by the subcutaneous injection of 
the GTMG hydrogel prepolymer to evaluate the histocompatibility and 
biodegradability of the hydrogels. The volume of both the hydrogels 
decreased considerably over time, with moderate degradation on day 3, 
significant degradation after day 6, and complete hydrogel destruction 
by day 15 (Fig. 5F and G).

No significant signs of tissue necrosis, swelling, or hemorrhage were 
observed in the subcutaneous-implantation areas of the hydrogels. The 
inflammatory response of the tissues was characterized by H&E and 
Masson staining. H&E and Masson staining of the tissues on days 1, 4, 7, 
10, and 13 showed almost no inflammatory cells (Fig. 5H), indicating 
that the degradation products of the hydrogel did not exacerbate the 

Fig. 5. Hemostatic properties and degradability of the GTMG hydrogel. (A) Schematic illustration of the hydrogel hemostasis process; (B) The hemolytic activity of 
hydrogels; (C) Bleeding loss in various groups. (D) Photograph of hemostasis process (Scale bar = 1 cm). (E) Blood time in various groups. (F) Degradation time curve 
of hydrogels in vivo. (G) The photographs of GTMG hydrogel in vivo on day 1, 6, and 13. (H) Hematoxylin-eosin staining and Masson’s trichrome of the tissues around 
the injection sites. (the data are presented as the mean ± SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant difference).
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inflammatory response. In conclusion, the in vitro and in vivo studies 
demonstrated that the GTMG hydrogel had good biocompatibility and in 
vivo degradability, laying a safe foundation for further in vivo studies.

3.10. In vivo wound healing efficacy study

In vitro studies demonstrated that GTMG hydrogels have various 
excellent bioefficacies, including antimicrobial, hemostatic, tissue- 
adhesion, and shape-adaptation properties. Therefore, GTMG hydrogel 
is expected to be a promising dressing for the treatment of burn wounds. 
We evaluated the efficacy of the GTMG hydrogel using a burn-wound 
model (Fig. 6A), where Urgotul silver sulfadiazine (SSD) dressings 

were set as the commercial group and untreated wounds were set as the 
blank control group (Con). The therapeutic efficacies of the Con, SSD, 
and GTMG groups were assessed by observation and tissue collection on 
days 0, 5, 10, and 15. Macroscopically, the SSD and GTMG hydrogels 
exhibited faster wound healing than the Con group (Fig. 6B). On day 5, 
the GTMG group had a smaller wound area than the Con and SSD 
groups, and its superior anti-inflammatory properties reduced inflam
mation. On day 10, the GTMG hydrogel-treatment group showed a 95 % 
wound-healing rate, and the Con and SSD treatment groups also showed 
a significant tendency to shrink their wounds. On day 15, the wound- 
healing rate was more than 80 % in both the Con and SSD groups, 
whereas the wound in the GTMG group was completely healed (Fig. S9). 

Fig. 6. Treatment efficiency of the burn wound. (A) Schematic illustrations of the burn wound healing process and treatment. (B) Photographs of burn wounds 
healing with different treatment methods on days 0, 5, 10 and 15. (C) Histomorphological evaluation of different groups. (D) Immunostaining of TNF-α and IL-6 on 
day 5. (E) Masson staining of wound tissues on days 5, 10 and 15.
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These results showed that the GTMG hydrogel accelerated burn-wound 
healing.

3.11. Histological examination and pro-inflammatory cytokine 
expression in skin-tissue regeneration

H&E staining was performed to further examine the therapeutic role 
of the GTMG hydrogel in wound healing from a histological perspective 
(Fig. 6C). Owing to the anti-inflammatory properties of the GTMG 
hydrogel, inflammatory-cell infiltration rarely occurred in the initial 
stages of wound healing. In addition, the hemostatic properties of the 
GTMG hydrogel permitted the early activation of the inflammatory 
phase. On day 10, the GTMG and SSD groups showed rapid wound 
contraction, and the neoepithelialization stage was first observed, 
whereas the Con group was in the epithelial regeneration stage. This 
finding indicated that the remodeling phase of the GTMG hydrogel 
started earlier and accelerated the rate of re-epithelialization by pro
moting proliferation and migration of fibroblasts, which facilitated the 
wound-healing process. On day 15, the GTMG hydrogel group showed a 

higher percentage of neovascularization and hair follicles and healed 
more completely than the Con and SSD groups. In addition, the human 
epidermis has a natural endogenous “battery” that generates a small 
electric current when injured, and wound healing stops when the cur
rent is disturbed; so the conductivity of GA might contribute to the skin 
tissue regeneration via transmitting electrical signals between wound 
sites and stimulating excitable skin cells. Masson staining revealed that 
the GTMG hydrogel-treated group had the thickest wound-granulation 
tissue on day 10 (Fig. 6E). In summary, the multifunctional GTMG 
hydrogel has considerable potential for the treatment of burn wounds 
because it can promote skin-structure repair more efficiently than the 
other groups.

Wound healing is a modular process involving three overlapping but 
distinct phases: inflammation, proliferation, and remodeling [50]. Next, 
we evaluated the effects of the GTMG hydrogel on different stages of 
tissue repair. Pro-inflammatory cytokines such as IL-6 and TNF-α are 
strongly associated with the recovery of the inflammatory response in 
the initial phase (Fig. 6D). Immunohistochemistry was used to assess the 
therapeutic effect of GTMG hydrogel during the inflammatory stage. 

Fig. 7. The biological functional assay of GTMG hydrogel in vivo. (A) Representative images and (B) quantified analysis of VEGF (red) on day 10. (C) Representative 
images of CD31 structures (red) and α-SMA positive cells (green). (D) Quantified analysis of CD31. (E) Representative images of collagen I (green) and fibroblast 
marker vimentin (red). (F) Quantified analysis of collagen; (For all data, the control group was set as 100 %). (G) Immunofluorescence staining of tissue sections of 
wound area for CD86 and iNOS (M1-like), CD206 and Arg-1 (M2-like) at day 5 and 10. (the data are presented as the mean ± SD (n = 3), *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001, ns: no significant difference). (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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Compared with the Con and SSD groups, the GTMG group showed the 
lowest expression of pro-inflammatory factors (IL-6, TNF-α) in the 
wound area, which accelerated the transition from the 
anti-inflammatory phase to the proliferative phase [51]. Inflammatory 
cells continued to infiltrate and displayed a strong inflammatory 
response in the Con group. The results showed that GTMG hydrogel 
shortened the duration of the inflammatory phase and accelerated 
wound healing.

3.12. Study on hydrogels promoting neovascularization and collagen- 
deposition in regenerated skin tissue

During the proliferative phase, the formation of new blood vessels is 
essential for maintaining fibroblast proliferation, collagen synthesis, and 
dermal regeneration [33]. Burns cause more blood loss than other 
wounds. Therefore, VEGF immunostaining was used to evaluate the 
impact of the hydrogel on angiogenesis in vivo. The GTMG hydrogel 
group displayed the highest VEGF expression on day 10 (Fig. 7A and B 
and S10). α-SMA (vascular smooth muscle cell marker) and CD31 
(vascular endothelial specific marker) immunofluorescence staining was 
used to assess neointimal formation. The GTMG hydrogel group showed 
the highest CD31 expression compared to the Con and SSD groups 
(Fig. 7C–D and S11). The main reasons for this are as follows: the 
addition of Mg2+ induced angiogenesis and GA-polarized M2-phenotype 
macrophages, which accelerated neovascularization. Therefore, GTMG 
hydrogels can effectively promote angiogenesis and the 3D assembly of 
vascular networks, accelerate the process of epithelial remodeling, and 
achieve burn-wound healing.

The remodeling phase is the third stage of wound healing, in which 
more fibroblasts promote the synthesis of a stable ECM that produces a 
denser collagen reticular skeleton [52]. Double immunofluorescence 
staining was performed to assess the effect of collagen deposition. 
Vimentin is the hallmark of fibroblasts, while collagen I is the main 
component of the skin. During the remodeling phase, the proportion of 
collagen I in the skin increases. Compared with the Con and SSD groups, 
the GTMG hydrogel group produced more vimentin and type I collagen 
deposits, generating a denser collagen reticular skeleton (Fig. 7E–F and 
Fig. S12). These results suggest that the gelatin skeleton in GTMG 
hydrogel can promote the migration and proliferation of fibroblasts, as 
well as collagen deposition and burn wound healing.

3.13. In vivo immune activation of the GTMG hydrogel

Combined with the in vitro results of GTMG hydrogel stimulation of 
M2 macrophage polarization, we further investigated whether reduced 
inflammation and improved healing were associated with the polariza
tion status of macrophages in burn wounds. On days 5 and 10, M1 (CD86 
and iNOS) and M2 macrophages (CD206 and Arg-1) were stained with 
immunofluorescence to further examine the phenotypic alterations in 
burn wounds macrophages in vivo. The results showed that the GTMG 
hydrogel group had the highest expression of M2-type macrophages, 
which effectively reversed the M1-type macrophages to the M2 pheno
type and accelerated the transition from the inflammatory to the pro
liferative phase (Fig. 7G and S13). On day 5, the GTMG hydrogel 
significantly increased the expression and dispersion of M2-type mac
rophages (CD206 and Arg1) and considerably decreased the expression 
of iNOS M1-type macrophages. On day 10, the Con group, which was 
still in the inflammatory phase, exhibited expression of M1-type mac
rophages (CD86and iNOS). In contrast, the wound in the GTMG 
hydrogel group progressed to the proliferative phase with a decrease in 
macrophage density. Macrophages play a significant role in the local 
immune response after tissue injury. The transition from pro- 
inflammatory (M1) to anti-inflammatory phenotype (M2) is improp
erly regulated in burn tissues, thereby slowing wound healing. The 
above results showed that GTMG hydrogel effectively stimulates the 
presence of a large number of M2 macrophages compared to the other 

groups, suggesting that GA should be the main component in inducing 
M2 macrophages. With the increase of M2 macrophages, anti- 
inflammatory cytokines or restorative growth factors are secreted, 
which changes the microenvironment of the wound tissue and facilitates 
the healing of burn wounds.

Compared with the Con and SSD groups, the GTMG hydrogel 
considerably accelerated wound healing, promoted the reconstruction 
of skin structure, aided blood-vessel regeneration, accelerated collagen 
deposition, and had a greater therapeutic effect on burn wounds. The 
excellent injectability, shape adaptability, and adhesion properties of 
the GTMG hydrogel enabled its application to burn sites with high- 
frequency movement, such as the groin and joints. These results indi
cated that the GTMG hydrogel has great potential for treating burn 
wounds.

4. Conclusions

In this study, we developed an injectable, strongly adhesive, shape- 
adaptable multifunctional hydrogel dressing, GTMG, to promote burn 
wound healing and tissue regeneration. The GTMG hydrogel can stim
ulate the transformation of macrophages from the M1 phenotype to the 
M2 phenotype, reduce the expression of pro-inflammatory cytokines, 
promote collagen deposition, regulate the inflammatory microenviron
ment, and significantly accelerate wound healing. The combination of 
GA and TA endows GTMG with excellent antioxidant activity, as well as 
antibacterial and hemostatic properties. Moreover, GTMG not only has 
good biocompatibility but also can degrade in vivo, thus preventing 
damage to the skin during dressing changes. The incorporation of Mg2+

imparts good angiogenic properties to the hydrogel. In vitro and in vivo 
studies have shown that, compared with SSD dressings, the GTMG 
hydrogel shortens the wound-healing time and promotes the complete 
restoration of skin structure. In summary, the GTMG hydrogel signifi
cantly promotes burn wound healing by regulating macrophage phe
notypes and reducing the inflammatory response. It shows significant 
potential in immunomodulation-related wound treatments and provides 
a promising approach for treating burn wounds.
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