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Hydrogels patches hold significant promise for wound healing. Endeavors have22

been dedicated to the improvement of hydrogel patch functionalities, with the aim of23

achieving systematic wound management. Herein, we present liquid metal (LM)24
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hybrid antibacterial hydrogel scaffolds for wound healing via the 3D printing strategy.25

Gelatin/gellan gum-based hydrogel ink is adopted for printing the scaffolds, with LM26

microdroplets integrated within. Due to the excellent photothermal responsiveness of27

LM microdroplets, the LM hybrid scaffolds can convert the received near infrared28

light energy into heat energy, demonstrating controllable antibacterial ability. In29

addition, vascular endothelial growth factor is introduced into the scaffolds, which30

can be sustainably released and play an angiogenesis role. In vivo animal experiments31

demonstrate that this hydrogel scaffolds can effectively assit wound closure by32

eradicating bacterial infection and promoting angiogenesis. Thus, we believe that the33

proposed LM hybrid hydrogel scaffolds show promising prospects in wound34

treatment.35

Keywords: liquid metal; antibacterial; hydrogel scaffolds; 3D printing; wound healing36

Introduction37

Wounds are prevalent and severe complications with typical symptoms such as38

infection, ulcer, and hemorrhage, which affect millions of people worldwide.[1-3] A lot39

of biomedical patches have been developed for the management of wounds, including40

adhesives, hydrogels, scaffolds, microneedles, etc.[4-10] Among them, hydrogels show41

immense potential due to their advantages of tunable compositions and42

physicochemical properties.[11-13] Notably, various effective bioactive molecules, such43

as anti-inflammatory agents, antibacterial drugs, or growth factors, can be44

encapsulated in hydrogels, which accelerate the damage repair and tissue45

reconstruction processes through drug release.[14-17] Although significant progress has46

been achieved, there is still room for improvement regarding the design of47

methodologies for intelligent drug delivery. Of particular interest is the controllability48

of the antibacterial activity in accordance to the complex would healing process,49

which is vital for achieving satisfactory therapeutic effects while reducing the risk of50
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toxicity. As such, novel hydrogel patches with the desired functionalities are still51

highly anticipated.52

In this paper, we proposed multifunctional liquid metal (LM) hybrid hydrogel53

scaffolds from 3D printing for effective treatment of infected wound, as illustrated in54

Figure 1. LM is a type of metal with a melting point at or near room temperature.[18-20]55

It possesses favorable flowability while maintaining metallic bonding between atoms56

like solid metals.[21, 22] Gallium indium eutectic (EGaIn) is widely attractive LMs.[18, 23]57

They exhibit various intriguing and excellent characteristics such as high58

thermal/electrical conductivity, biocompatibility, and photothermal59

responsiveness.[24-28] These advantages make them highly promising in electronics,60

soft robotics, sensors, and healthcare.[29-35] Notably, the distinctive photothermal61

responsiveness property is conducive to controllable antibacterial effect, from which62

novel composite hydrogel patches can be constructed for efficient wound repair.63

Compared to traditional block hydrogel, the 3D printing strategy enabled better shape64

flexibility and adaptability, making the scaffold a better solution for wound65

dressing.[10]66

Herein, we developed the desired LM hybrid antibacterial hydrogel scaffolds for67

wound healing via the 3D printing strategy. Under the action of sonication,68

micro-sized LM droplets were generated in a gelatin solution through ultrasonication.69

By employing the gelatin and gellan gum, together with LM microdroplets as the70

hydrogel ink, LM hybrid hydrogel scaffolds were printed. Due to the integration of71

gelatin and gellan gum, the hydrogel ink showed good temperature sensitive72

performance and printability. Benefitting from the advantageous photothermal73

responsiveness of LM, the LM hydrogel scaffolds could effectively convert light74

energy into heat, which contributed to controllable antibacterial effect. In addition,75

vascular endothelial growth factor (VEGF) was encapsulated in the hydrogel scaffolds,76

which was driven to release with the temperature rise of the hydrogel scaffold. Based77

on these properties, it was demonstrated by in vivo animal experiments that the78
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hydrogel scaffolds effectively accelerated wound closure by eradicating bacterial79

infection and promoting angiogenesis. These features of the LM hybrid hydrogel80

scaffolds suggested that they would play an attractive role in wound treatment.81

82

Figure 1 Schematic of the LM hybrid hydrogel scaffold fabrication through the 3D printing83

technique and its application in treating infected wounds.84

Results and Discussion85

In a typical experiment, LM microdroplets were prepared by sonication, which86

mechanically broke a large volume of LM into micro-sized droplets, as shown in87

Figure 2a. The LM microdroplets were produced by sonication of LM bulk in gelatin88

solution, and subsequently the sonicated LM/gelatin mixture was stored at 4℃ for89

solidification, thus preventing LM microdroplets from settling. The microstructure of90
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the LM microdroplets was characterized by a scanning electron microscope (SEM),91

which showed good sphericity (Figure 2b). The particle size statistics showed that the92

size of the LM microdroplets was 2.199 ± 0.994 μm (Figure S2a). Zeta potential93

analysis indicated that the LM microdroplets obtained by sonication in DI water and94

gelatin all carried positive charges (Figure S2b).95

96

Figure 2 Generation and characterization of the LM hybrid scaffolds. (a) Schematic diagram of97

the generation of LM microdroplets by ultrasonication in a liquid gelatin solution. (b) SEM98

images of LM microdroplets. (c) The relationship between viscosity and shear rate of the LM99

hybrid hydrogel ink. (d) Digital photograph of a printed LM hybrid scaffold. (e) Optical100

microscopic image of a single-layer LM hybrid scaffold. (f) Optical microscopic image of the101

intersection of the lateral and vertical paths. (g, h) SEM images of (g) a LM hybrid scaffold and (h)102

the high-magnification view. (i) EDS analysis results. Scale bars are 10 μm in (b), 2mm in (d), 500103

μm in (e-g), and 10 μm in (h, i).104
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To construct the hybrid scaffolds, the LM/gelatin mixture was mixed with a105

solution of gellan gum and gelatin to prepare the hydrogel ink for printing (Figure106

S1). The obtained hydrogel ink exhibited gel-to-sol transition at elevated temperatures107

(Figure S3) and showed a typical shear-thinning behavior (Figure 2c). Given this, the108

ink can be easily extruded from a needle to form a strip-like structure (Figure S4a).109

When the external force was removed, it maintained a complete and clear pattern110

(Figure S4b). With this, LM hybrid scaffolds were printed (Figure 2d) with the LM111

microdroplets embedded in the hydrogel matrix (Figure 2e, f). Moreover, to enhance112

the mechanical strength and stability, the scaffolds were immersed in a calcium113

chloride (CaCl2) solution to allow the subsequent ionic cross-linking between gellan114

gum and Ca2+. The morphologies of LM hybrid hydrogels soaked with and without115

CaCl2 solution before and under NIR irradiation were recorded (Figure S4c). The LM116

hybrid hydrogel soaked in CaCl2 solution remained its original morphology under117

NIR-induced heating. In contrast, the LM hybrid hydrogel without soaking in CaCl2118

melted quickly. The uniform distribution of LM microdroplets in the hydrogel119

scaffold could be observed from SEM images (Figure 2g, h). The high-magnification120

element distribution of LM hybrid scaffold was also characterized by energy121

dispersive spectroscopy (EDS) analysis (Figure 2i). The uniform distribution of122

gallium (Ga) and indium (In) in the field of view indicated good dispersion of LM123

microdroplets. Similarly, in EDS mapping of transverse and vertical intersections,124

four elements (Ga, In, C, O) also showed the uniform distribution in the LM hybrid125

scaffold (Figure S5). The compression test showed that the modulus of the hydrogel126

scaffolds increased with more doping of LM microdroplets (Figure S6).127

Due to the excellent photothermal conversion performance of the embedded LM,128

the hybrid hydrogel scaffolds would exhibit photothermal. To investigate this, a129

flower-patterned LM hybrid hydrogel scaffold was constructed, which showed130

elevated temperatures under NIR irradiation (Figure S7). To in-depth explore their131

photothermal behavior, two parameters involving LM content and NIR energy density132

were analyzed. It was found that the hybrid hydrogel scaffolds with higher LM133
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content resulted in faster rise of temperature, and had higher equilibrium temperature134

(Figure 3a, Figure S8). In contrast, the temperature of the scaffolds without LM135

increased only 4℃ after 5 min. Additionally, the temperature of the LM hybrid136

hydrogel scaffolds gradually increased with the irradiation time, and their heating rate137

and equilibrium temperatures could be controlled by the NIR energy density (Figure138

3b). Typically, the temperature of the hybrid hydrogel scaffolds with 16 mg/mL LM139

content reached 45℃ after 100 s, and slowly rose to about 50℃. Considering that140

excessively high temperature will be harmful to normal cells and tissues, the hybrid141

hydrogel scaffolds with 16 mg/mL LM content under 1 W/cm2 NIR irradiation was142

selected for all subsequent photothermal experiments, and the maximum temperature143

was kept slightly below 50℃. Notably, the LM hybrid hydrogel scaffolds144

demonstrated cyclic photothermal behavior under periodic NIR irradiation (1 W/cm2)145

(Figure 3c). Collectively, these results implied that the LM hybrid hydrogel scaffold146

had controllable and NIR responsiveness, allowing dynamic interactions with the147

surrounding environment and regulation of local temperature.148
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149

Figure 3 The photothermal properties and antibacterial test of LM hybrid hydrogel scaffolds. (a)150

Temperature changes of LM hybrid hydrogel scaffolds with different LM concentrations under151

NIR irradiation (808 nm, 1 W/cm2). (b) Temperature changes of 16 mg/mL LM hybrid hydrogel152

scaffolds with NIR irradiation at different intensities (808 nm, 0.5, 1.0, 1.5 W/cm2). (c) The153

temperature changes of 16 mg/mL LM hybrid hydrogel scaffolds during 5 laser on/off cycles. (d)154

The drug release curve of 16 mg/mL LM hybrid hydrogel scaffolds with and without NIR (808 nm,155

1 W/cm2). The red area means that NIR was turned on during that period. (e, f) Live/dead staining156

of (e) E. coli and (f) S. aureus treated with (i) PBS, (ii) pure scaffolds without LM, (iii) LM hybrid157

scaffolds and (iv) LM hybrid scaffolds + NIR. (g, h) Bacterial viability of (g) E. coli and (h) S.158

aureus in each group. (i) Hemolysis test. The concentrations of LM in the low LM hybrid159

scaffolds and high LM hybrid scaffolds were 16 mg/mL and 32 mg/mL respectively. Scale bars are160

all 200 μm.161
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VEGF, which has been widely recognized for its role in promoting angiogenesis,162

was encapsulated in LM hybrid hydrogel scaffolds. We reasoned that the163

photothermal behavior of the scaffold may have a positive influence on drug release.164

To simulate the drug release process, fluorescein isothiocyanate labeled bovine serum165

albumin (FITC-BSA) was applied as a model drug. It was found that LM hybrid166

hydrogel scaffolds with NIR irradiation exhibited an elevated cumulative amount of167

drug release compared with that without NIR irradiation (Figure 3d). This could be168

attributed to the enhancement of molecular thermal motion induced by the169

temperature rise of LM hybrid hydrogel scaffold. Compared with the scaffolds170

without NIR irradiation, the scaffolds with 5 cycles of NIR irradiation showed weaker171

fluorescence, indicating a larger amount of release of FITC-BSA (Figure S9).172

Similarly, after each cycle, scaffolds with NIR irradiation released more VEGF than173

the scaffolds without NIR irradiation (Figure S10). The above results demonstrated174

that controlled drug release could be achieved by applying appropriate NIR irradiation175

to the LM hybrid hydrogel scaffolds.176

The photothermal effect of the LM microdroplets would endow the LM hybrid177

hydrogel scaffold with antibacterial ability. To investigate this, we evaluated the178

killing ability of the LM hybrid hydrogel scaffolds against Escherichia coli (E. coli)179

and Staphylococcus aureus (S. aureus) respectively. Fluorescent staining images180

showed that the antibacterial ability of LM hybrid scaffold + NIR group was superior181

to other groups (Figure 3e, 3f). Meanwhile, the quantitative analysis of antibacterial182

efficacy was conducted (Figure 3g, 3h). LM has been applied to wound dressings due183

to its antibacterial effect under certain conditions. Many of the current studies184

achieved antibacterial effects by releasing gallium ions.[36] In the present study, the185

LM hybrid hydrogel scaffolds without NIR irradiation did not exhibit significant186

antibacterial activity, probably due to the slow release of gallium ions through the187

hydrogel scaffolds. By contrast, the bacteria death rate of LM hybrid scaffold + NIR188

group exceeded 95%, proving that the antibacterial effect way mainly induced by189

photothermal effect. Compared to the control group, the group exposed to NIR190
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irradiation had faster degradation rates in day 1 and day 2, but both groups exhibited191

remaining weights above 85% at day 3, which might be attributed to the good stability192

of the gellan gum (Figure S11).193

Because of inevitable contact with blood when applied to wounds, the194

hemocompatibility of LM hybrid hydrogel scaffolds was evaluated based on in vitro195

hemolysis analysis (Figure 3i). After different concentrations of LM hybrid hydrogel196

scaffolds were incubated with RBCs, the measured relative hemolysis rates were all197

lower than 4%, demonstrating the good blood compatibility of hydrogel scaffolds198

with/without LM. Besides, the biocompatibility of the LM hybrid hydrogel scaffolds199

was evaluated by culturing with mouse embryonic fibroblast cells (NIH 3T3 cells)200

and human umbilical vein endothelial cells (HUVEC cells). For all experimental201

groups, the corresponding scaffolds were soaked in the cell culture-medium to obtain202

the leachate for follow-up experiments. To quantitatively evaluate the cell viability,203

Cell Counting Kit-8 (CCK-8) method was utilized. Results showed that the LM204

hybrid scaffolds with and without NIR irradiation had the similar cell viabilities as the205

control group (Figure 4a, 4b), and the CCK-8 data further confirmed the206

biocompatibility of the LM hybrid hydrogel scaffold (Figure 4d, 4e). Further, we207

explored the direct effects of LM hybrid scaffolds under NIR irradiation on HUVEC208

cells. For the LM hybrid scaffold + NIR group, no large numbers of dead cells were209

observed in the fluorescence staining images, and the cell viability was above 86%210

compared to the control group (Figure S12).211

To examined the proangiogenesis function of the VEGF released from the scaffolds,212

the human umbilical vein endothelial cells (HUVECs) were utilized for tube213

formation assay. The corresponding scaffolds were soaked in the cell culture-medium214

to obtain the leachate for follow-up experiments. More junctions and denser tubes215

were observed in the VEGF-loaded LM hybrid hydrogel scaffolds (with or without216

NIR irradiation) groups than in the LM hybrid hydrogel scaffolds (without VEGF)217

group and control group, as shown in Figure 4c. Statistical analysis demonstrated that218
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the tube lengths of the VEGF-loaded LM hybrid hydrogel scaffolds (with or without219

NIR irradiation) groups were obviously larger than the other two groups (Figure 4f).220

221

Figure 4 Cytocompatibility and angiogenesis evaluation. (a, b) Fluorescence images of (a) NIH222

3T3 cells and (b) HUVEC cells cultured in (i) control group, (ii) LM hybrid hydrogel scaffolds223

group, and (iii) LM hybrid hydrogel scaffolds with NIR irradiation group during 3 days of culture.224

(c) Fluorescence images of HUVEC cells cultured in (i) control group, (ii) LM hybrid hydrogel225

scaffolds group, (iii) VEGF-loaded LM hybrid hydrogel scaffolds group and (iv) VEGF-loaded226

LM hybrid hydrogel scaffolds with NIR irradiation group. (d, e) Cell viability of NIH 3T3 cells227

and (e) HUVEC cells cultured in different groups measured by CCK-8. (f) Tube length in different228

groups. Scale bars are all 200 μm.229
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Furthermore, to evaluate the potential capability of the LM hybrid hydrogel230

scaffolds in promoting wound healing, in vivo animal experiments were performed.231

The rats were divided equally into five different groups, including PBS group (control232

group), LM hybrid hydrogel scaffolds group (Group I), VEGF-loaded LM hybrid233

hydrogel scaffolds group (Group II), LM hybrid hydrogel scaffolds + NIR group234

(Group III) and VEGF-loaded LM hybrid hydrogel scaffolds + NIR group (Group IV).235

The status of the wound sites in different groups were photographed at the236

corresponding time points, as shown in Figure 5a. It was found that the wound area237

of all groups decreases from day 0 to day 9. Under the action of increased temperature238

brought by NIR, Group IV showed the fastest closure rate, thanks to the inactivation239

of bacteria at the wound site and greater VEGF release. In contrast, the wounds in240

control group and LM hybrid hydrogel scaffolds group (Group Ⅰ) healed relatively241

slowly (Figure 5a, 5b). The formation of granulation tissue is one of the key stages in242

the healing of skin wounds. To evaluate the regeneration of granulation tissues, the243

tissue samples of corresponding groups were treated with hematoxylin-eosin (H&E)244

staining (Figure 5d). With the increase of collagen in the granulation tissue, the skin245

wound shrank and the granulation tissue width decreased gradually. Compared to246

other groups, the Group IV possessed the minimum wound width, as validated in247

Figure 5c. Moreover, the VEGF-loaded LM hybrid hydrogel scaffolds group (Group248

Ⅱ) and the LM hybrid hydrogel scaffolds + NIR group (Group Ⅲ) also showed249

decreased granulation tissue width. These results indicated that the photothermal250

antibacterial effect of the scaffolds and the doping of VEGF both had the function of251

repairing wounds, and could work synergistically.252
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253

Figure 5 Wound healing application for rats treated with different groups: control group254

(PBS-treated), Group I (LM hybrid hydrogel scaffolds), Group II (VEGF-loaded LM hybrid255

hydrogel scaffolds), Group III (LM hybrid hydrogel scaffolds +NIR), and Group IV256

(VEGF-loaded LM hybrid hydrogel scaffolds +NIR). (a) Representative photographs of the skin257

wounds. (b) The statistical result of the wound closure situation. (c) Quantitative analysis of the258

wound width from the HE staining. (d) HE staining of wounds after 9 days, and the double-head259

arrows represent the width of wounds. Scale bars are 5 mm in (a) and 1 mm in (d).260

Inflammation and tissue remodeling are important processes in the wound healing.261

Accordingly, the levels of inflammatory factors and collagen deposition are important262

indicators to evaluate the recovery level of the wound site. Immunostaining of263

Interleukin-6 (IL-6) showed that Group IV had the least level of IL-6 (Figure 6a, 6d),264

which can be attributed to the photothermal antibacterial effect of the hybrid scaffold265

under NIR. The IL-6 levels in Group II and Group III were also partly suppressed.266
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Additionally, Masson staining was performed, revealing that Group IV owned the best267

collagen deposition (Figure 6b, 6e), which were consistent with the HE staining268

results. Moreover, immunostaining of CD31 and α-SMA was applied to reveal the269

degree of angiogenesis in wound site (Figure 6c, 6f). In the control group, a minimal270

amount of neovascularization was observed. In contrast, the density of271

neovascularization was significantly higher in Group IV, which confirmed the role of272

VEGF in accelerating angiogenesis. Thus, benefit from the combined therapy based273

on NIR and VEGF, Group IV exhibited superiority over the other groups in274

suppressing infection, depositing collagen, promoting angiogenesis and regenerating275

tissue.. These outcomes validated the applicability of this LM hybrid scaffold in the276

field of wound treatment.277

278

Figure 6 Histological staining analysis of different groups on day 9: control group (PBS-treated),279

Group I (LM hybrid hydrogel scaffolds), Group II (VEGF-loaded LM hybrid hydrogel scaffolds),280
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Group III (LM hybrid hydrogel scaffolds +NIR), and Group IV (VEGF-loaded LM hybrid281

hydrogel scaffolds +NIR). (a) Immunohistochemistry images of IL-6. (b) Masson’s trichrome282

staining images. (c) Double staining of α-SMA and CD31. (d-f) Quantification of the (d) IL-6 area,283

(e) the collagen deposition area, and (f) the coverage area of CD31. Scale bars are all 100 µm.284

Experimental Section285

Materials and Reagents286

EGaIn was obtained from dingguan metal Co., Ltd. Gelatin and calcium chloride287

(CaCl2) were all obtained from Sigma-Aldrich (USA). Gellan gum was brought from288

Macklin (Shanghai, China). FITC-BSA was purchased from Meilunbio (Liaoning,289

China). PBS buffer solution and VEGF were purchased from Solarbio (Beijing,290

China). VEGF ELISA Kit was obtained from Elabscience (Wuhan, China). All animal291

experiments involved in this work were conducted after the permission of Animal292

Ethics Committee of WIUCA (Wenzhou Institute, University of Chinese Academy of293

Sciences) (Issue No.: WIUCAS23110203).294

Preparation of the LM hybrid hydrogel ink and LM hybrid hydrogel scaffolds295

To prepare hydrogel ink with LM microdroplets, we first prepared 10% (w/v)296

gelatin solution and 3% (w/v) gellan gum solution. Next, the gelatin solution was297

heated to melt and mixed with LM bulk, and then immediately sonicated (25 kHz, 130298

W) them in an ice bath for 3 min (2 s work/4 s stop) to obtain LM/gelatin mixture.299

Finally, LM/gelatin mixture, 10% gelatin and 3% gellan gum were mixed at 1:1:2300

ratio to achieve LM hybrid hydrogel ink. The final concentrations of LM in the ink301

were 16 mg/mL and 32 mg/mL (as different groups in subsequent experiments). The302

LM hybrid hydrogel scaffolds were generated by 3D printing method at room303

temperature using a flat needle (orifice diameter: 200 μm) connected with a syringe.304

The LM hybrid hydrogel ink extruded from the needle was printed along preset paths.305

After printing, it was soaked in CaCl2 solution (2% w/v). Finally, the LM hybrid306
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hydrogel scaffold was obtained after sufficient ion crosslinking reaction of gellan gum307

and Ca2+.308

In vitro photothermal antibacterial test309

In vitro antibacterial activity of LM hybrid scaffolds against S. aureus and E. coli310

was investigated . PBS was used as the control group. Hydrogel scaffolds (1 cm × 1311

cm × 2 mm) with 16 mg/mL LM or without LM were first prepared and placed in the312

48-well plates. Subsequently, they were sterilized with a UV lamp for more than 1h.313

The scaffolds (without LM) group, hybrid scaffolds group and hybrid scaffolds + NIR314

group were co-incubated with 40 µL bacterial solution and 1mL nutrient broth for 6 h,315

respectively. Among them, the hybrid scaffolds + NIR group received NIR (808 nm, 1316

W/cm2) before adding nutritional broth. The NIR was set to repeat for two cycles and317

the maximum temperature was kept below 50℃. The antibacterial properties of318

hybrid scaffolds were tested by the bacterial live/dead staining assay. Briefly, after319

different treatments, the bacteria cells were co-stained by propidium iodide (PI) for 2320

min and SYTO 9 for 20 min in the dark. Subsequently, a fluorescent microscope was321

utilized to observe and record the bacterial survival states, and then quantification322

analysis was performed by image processing.323

In vitro drug release test324

To prepare FITC-BSA-loaded LM hybrid hydrogel scaffolds, FITC-BSA (the final325

concentration was 1 mg/mL) was mixing with the LM hybrid hydrogel ink (with 16326

mg/mL LM). LM hybrid hydrogel scaffolds (1 cm × 1 cm × 2 mm) were placed in327

5 mL PBS under 37℃. For NIR(+) group, the LM hybrid hydrogel scaffolds were put328

under the 808 nm NIR laser and the NIR irradiation was repeated for 5 cycles. For329

NIR(-) group, the LM hybrid hydrogel scaffolds were not irradiated with NIR.330

Afterwards, 100 µL of the soaking solution was collected at the designated time331

points to measure the fluorescence intensity, and subsequently, an equal volume of332

PBS solution was added. Before and after five cycles, different groups of scaffolds333
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were observed and photographed with a fluorescence microscope. To prepare334

VEGF-loaded LM hybrid hydrogels, 0.4 mL LM hybrid hydrogel ink was mixed with335

100 ng VEGF, and then soaked in 3 mL CaCl2 solution for a cross-linking reaction for336

12 h. The hydrogels were then immersed in DI water for the VEGF release337

experiment, utilizing the VEGF ELISA kit. For NIR(+) group, the NIR laser was338

modulated to repeat for 5 cycles. Samples were taken for detection at the end of each339

cycle. For NIR(-) group, the hydrogels were not irradiated with NIR and the samples340

were taken at the same time points as the NIR(-) group.341

In vitro degradation test342

Two groups of scaffolds were prepared for degradation testing, with 6 samples per343

group. For each sample, 0.4 mL LM hybrid hydrogel ink (with 16 mg/mL LM) was344

completely made into scaffolds by 3D printing, and then soaked in CaCl2 solution for345

a cross-linking reaction for 12 h. Each scaffold was then washed with DI water and346

weighed. Subsequently, for NIR(+) group, the NIR was set to repeat for two cycles.347

For NIR(-) group, the hydrogels was not irradiated with NIR. All scaffolds were348

individually soaked in PBS solution and weighed every 24 h.349

In vitro hemolysis analysis350

Fresh rat blood was centrifuged (3000 rpm, 5 min) five times and the supernatant351

was removed. The obtained clean red blood cells were resuspended in PBS for352

subsequent use. Water, PBS, scaffolds without LM, and hybrid scaffolds containing353

low (16 mg/mL) and high (32 mg/mL) LM concentrations were co-incubated with red354

cell suspension (37℃, 2 h), respectively. Red blood cells (RBCs) co-incubated with355

water was used as the positive control group (water group), and that co-incubated with356

PBS was used as the negative control group (PBS group). Thereafter, the mixed357

solutions were centrifuged, and the supernatant was collected to measure the optical358

density at 540 nm absorbance.359

In vitro cytotoxicity test360
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The effect of the LM hybrid scaffolds on the growth status of the cells was361

investigated. LM hybrid scaffolds with and without NIR irradiation were set as the362

experimental groups, and equal amounts of the LM hybrid scaffolds were immersed363

in the cell culture-medium for 24 h. For the group of LM hybrid scaffolds with NIR364

irradiation, the scaffolds were exposed to 2 cycles of NIR irradiation at the beginning365

of immersion. Then the impurities were filtered out to obtain the leachates. Cell366

culture-medium was used as the control group. These leachates were separately367

cocultured with NIH 3T3 cells and HUVEC cells. Moreover, the toxicity of the hybrid368

hydrogel to the HUVEC cells under the NIR irradiation was also investigated.369

HUVEC cells were seeded into a 48-well plate at a density of 104 cells per well and370

cultured for 12 hours. The NIR group was exposed to 2 cycles of NIR irradiation, and371

the hybrid scaffolds + NIR group was exposed to 2 cycles of NIR irradiation after the372

addition of the LM hybrid scaffolds. Cell morphology and proliferation were373

visualized using Calcein-AM staining. It was also quantified using CCK-8.374

Angiogenesis test375

The angiogenesis ability of VEGF-loaded LM hybrid scaffolds was analyzed. 10376

μL of matrigel was coated at the bottom of 96-well plates and solidified at 37 °C. 100377

μL of HUVEC cells (the density was 2×105 cells/mL) were subsequently seeded. The378

cell culture-medium was set as the control group. LM hybrid hydrogel scaffolds,379

VEGF-loaded LM hybrid hydrogel scaffolds and VEGF-loaded LM hybrid hydrogel380

scaffolds with NIR irradiation were used as experimental groups. For the381

experimental groups, scaffolds were soaked into cell culture-medium for 24 h to382

obtain the leachate. Among them, for the group of VEGF-loaded LM hybrid hydrogel383

scaffolds with NIR irradiation, the scaffolds were exposed to 2 cycles of NIR384

irradiation at the beginning of immersion. Then these leachates were separately385

cocultured with HUVEC cells. After 10 h of culture, the formation of capillary-like386

tubes after Calcein-AM staining was taken by fluorescence microscopy.387

Wound healing experiments388
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We constructed full-thickness skin defect rat models with bacterial infection. After389

anesthesia, the hairs on the back of the SD rats were shaved with an animal razor.390

Then we constructed 1 cm diameter circular skin wounds with surgical scissors.391

Subsequently, 200 μL mixture of E. coli and S. aureus was applied to the surface of392

the wounds. Briefly, we randomly divided these rats into five groups, including the393

PBS group (control group), the LM hybrid hydrogel scaffolds group, the394

VEGF-loaded LM hybrid hydrogel scaffolds group, the LM hybrid hydrogel scaffolds395

+ NIR group, and the VEGF-loaded LM hybrid hydrogel scaffolds + NIR group. For396

all groups involving NIR irradiation, the NIR was set to repeat for two cycles. The397

wound status of all rats was recorded on day 0, 3, 5, 7, and 9 using a camera. On day398

9, these nascent skin tissues were collected. These tissues were subsequently399

embedded in paraffin, sectioned, and processed for subsequent staining. H&E staining,400

immunohistochemical staining for IL-6, Masson trichrome staining, and401

immunohistochemical staining for CD31 and α-SMA were performed.402

Characterization403

An optical microscope (Olympus) equipped with a CCD camera was applied for404

bright-field photography. The microstructure of the LM microdroplets and LM hybrid405

scaffolds were characterized with SEM (Hitachi, Japan). For zeta potential analysis,406

The LM bulk was sonicated in DI water and gelatin solution to obtain LM407

microdroplets at DI water and LM microdroplets at gelatin solution, respectively, and408

then the LM microdroplets at gelatin solution were washed with DI water for 5 times.409

The zeta potential of the LM microdroplets were measured by Zetasizer Nano ZS410

(Malvern, UK). The rheological property of hydrogel ink was tested by a rheometer411

(DHR-2, TA Instruments, USA) with a temperature control system. The fluorescence412

density of FITC-BSA was measured using a full-wavelength microplate reader413

(ThermoFisher, USA). The mechanical property of hydrogel scaffolds was measured414

by an universal material testing machine (Instron, USA).415

Statistical Analysis416
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Unless otherwise stated, all data was presented as the format of mean ± standard417

deviation (SD). All statistical sample sizes n≥3. The significant difference analysis418

involved was calculated through one-way analysis of variance. Specifically, *p < 0.05,419

**p < 0.01, and ***p < 0.001.420

Conclusion421

In conclusion, we have developed VEGF-loaded liquid metal hybrid antibacterial422

hydrogel scaffolds for wound healing from 3D printing. LM microdroplets, together423

with gelatin and gellan gum, jointly maintained the shape of the hybrid scaffolds. In424

addition, the ionic crosslinking reaction between gellan gum with Ca2+ enhanced the425

stability of the printed LM hybrid scaffolds. Owing to the excellent photothermal426

responsiveness of LM microdroplets, the hybrid hydrogel scaffolds were imparted427

with controllable antibacterial and drug release effects, and could effectively428

accelerate wound closure by eradicating bacterial infection and promoting429

angiogenesis. Thus, we believe that the proposed LM hybrid hydrogel scaffolds are430

expected to provide a new perspective on multifunctional hydrogel dressings in the431

field of wound healing and other related biomedical applications. Additional cellular432

gene level analysis can be explored in the future research.433

434
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