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A B S T R A C T   

The development of new wound dressings has always been an issue of great clinical importance and research 
promise. In this study, we designed a novel double cross-linked polysaccharide hydrogel microspheres based on 
alginate (ALG) and hyaluronic acid methacrylate (HAMA) from gas-assisted microfluidics for wound healing. The 
microspheres from gas-assisted microfluidics showed an uniform size and good microsphere morphology. 
Moreover, this composite polysaccharide hydrogel microspheres were constructed by harnessing the fact that 
zinc ions (Zn2+) can cross-link with ALG as well as histidine-tagged vascular endothelial growth (His-VEGF) to 
achieve long-term His-VEGF release, thus promoting angiogenesis and wound healing. Meanwhile, Zn2+, as an 
important trace element, can exert antibacterial and anti-inflammatory effects, reshaping the trauma microen-
vironment. In addition, photo cross-linked HAMA was introduced into the microspheres to further improve its 
mechanical properties and drug release ability. In summary, this novel Zn2+ composite polysaccharide hydrogel 
microspheres loaded with His-VEGF based on a dual cross-linked strategy exhibited synergistic antimicrobial and 
angiogenic effects in promoting wound healing.   

1. Introduction 

The skin serves as a vital barrier for the human body, protecting it 
from damage caused by exogenous harmful substances [1,2]. When the 
epidermis undergoes damage due to trauma or other factors, the wounds 
get directly exposed to the outside air and risk bacterial infection, which 
leads to prolonged healing times [3–6]. Chronic non-healing wounds 
present a significant clinical challenge. They impose a major burden on 
both patients and society [3–5]. Controlling or preventing wound in-
fections can effectively promote efficient healing [7]. However, through 
the misuse of antibiotics, bacteria have gradually developed antibiotic 
resistance [7,8]. Therefore, further development in antimicrobial-based 
dressings has high clinical and economic benefits [3–5]. Recently, a 
wide range of biomaterials has been extensively studied regarding the 
treatment of various traumas, with many showing great potential [6,7, 
9]. 

Hydrogels are a common biomaterial with a three-dimensional 
network structure. They are considered excellent materials for wound 
dressing because of their good drug-carrying capacity, water absorption, 
and moisture retention [10,11]. Currently, there is considerable focus on 

hydrogels based on natural materials with good biocompatibility, de-
gradability, and similarity to the natural extracellular matrix (ECM) [9]. 
Conventional block hydrogels have certain application limitations, 
especially when requiring injections or smaller sizes. Hydrogel micro-
spheres are a class of micro-sized hydrogel particles (~1–1000 μm) and 
demonstrate more adaptability in the biomedical field than bulk 
hydrogels because they can be injected through syringes or catheters, 
facilitating minimally invasive delivery of biological agents [12]. 
Microfluidics refers to a system(s) that uses microtubules (tens to hun-
dreds of microns in size) to handle or manipulate tiny fluids, and is now 
commonly used in the preparation of hydrogel microspheres [13,14]. 
Hydrogel microspheres prepared by gas-assisted microfluidics are uni-
form in size and have good micromorphological characteristics [15–17]. 
Alginate (ALG) is a marine polysaccharide with good biocompatibility. 
It can cross-link with divalent cations and form hydrogels by physical 
cross-linking [18]. Hyaluronic acid is also a common natural poly-
saccharide and is one of the main components of the ECM [19]. By 
modification of hyaluronic acid through methacrylation, a hyaluronic 
acid methacrylate (HAMA) with photo-cross-linking properties can be 
obtained, which is extensively used in biomedical applications [20]. 
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Zinc ions (Zn2+) is a crucial trace element in the human body and is 
widely involved in the synthesis of various living substances [21,22]. It 
plays an important role in several trauma-healing processes, including 
cell proliferation, cellular immune regulation, and ECM deposition [21]. 
Prolonged Zn2+ deficiency in humans can lead to retarded growth and 
poor healing of skin wounds. Some studies have shown that certain 
chronic wounds are accompanied by a loss of Zn2+ [23]. In addition, 
Zn2+ demonstrates antibacterial activity [24]. Sukhodub et al. [25] 
evaluated chitosan alginate hydrogel dressings based on different metal 
ions and found that the Zn2+ based hydrogels showed excellent 
broad-spectrum antimicrobial properties. Therefore, Zn2+ are expected 
to be a critical component of new trauma dressings. Recently, re-
searchers have constructed a hydrogel dressing compounded with Zn2+

and magnesium ions, showing that Zn2+ promotes fibroblast migration 
and contributes to wound healing [22,26]. 

Vascular endothelial growth factor (VEGF) is a prominent class of 
pro-angiogenic factors that promote migration, proliferation, and 
angiogenesis of vascular endothelial cells. Numerous studies have 
shown that VEGF can promote wound healing by promoting trabecular 
angiogenesis [27,28]. However, the direct application of VEGF occurs 
with transient clearance, making it difficult to exert a sustained effect 
[28]. Since wound healing is a long-term process, sustained low doses of 
VEGF can be more effective than administering a single high dosage, 
especially for chronic refractory wounds [28]. However, loading VEGF 
by purely physical adsorption leads to a skewed release of VEGF [29]. 
Since His-tag can bind to divalent metal ions, we use His-tagged VEGF 
(His-VEGF) to achieve a slow release via physical and chemical 
cross-linking [30]. 

In this study, we propose the construction of Zn2+-based His-VEGF- 
loaded double cross-linked hydrogel microspheres for treating infected 

wounds (Fig. 1). The ALG is a linear polymer with three chain segments 
connected by glycosidic bonds and two secondary hydroxyl groups in 
each structural unit of the molecule, all of which have the reactive 
properties of alcoholic hydroxyl groups. The sodium ion (Na+) on the 
ALG unit can undergo an ion-exchange reaction with Zn2+, enabling the 
coordination of the carboxyl group of ALG with Zn2+. The ALG units can 
stack to form a cross-linked network structure, forming a hydrogel. 
HAMA was also added to give the hydrogel microspheres photo-cross- 
linking properties. We prepared double cross-linked hydrogel micro-
spheres (MS) based on metal ion coordination and ultraviolet (UV) 
cross-linking using nitrogen (N2)-assisted microfluidic technology. As 
the histidine tag (His-tag) can also be ligated with Zn2+, we loaded His- 
VEGF into MS and constructed MS@His-VEGF, which can slowly release 
VEGF. The double cross-linking property prolongs the time of VEGF 
release, with Zn2+ also released upon degradation of the microspheres, 
which can exert certain anti-inflammatory and antibacterial effects. In 
conclusion, the MS@His-VEGF designed in this study can achieve anti- 
inflammatory and antibacterial properties along with slowly releasing 
VEGF, giving it good application prospects for chronic wound 
management. 

2. Results and discussion 

2.1. Characterization of MS@His-VEGF 

As mentioned above, Zn2+ can cross-link with both ALG and His- 
VEGF. HAMA was also introduced to further cross-link the micro-
spheres by UV light. Double cross-linking enhances the stability of the 
microspheres while enabling the slow release of VEGF. MS@His-VEGF 
prepared by N2-assisted microfluidics appears milky white and 

Fig. 1. Zn2þ incorporated composite polysaccharide microspheres for sustained growth factor release and wound healing. (a) Schematic diagram of the 
preparation of hydrogel microspheres. (b) Schematic diagram of the release of His-VEGF from microsphere for wound healing. 
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translucent in its microparticle form to the naked eye (Fig. 2 a). It was 
analyzed using a light microscope, and a uniform spherical shape with a 
smooth surface was observed, with a particle size distribution of around 
230 μm (Fig. 2 b, c). The microscopic morphology of the microspheres 
was analyzed by scanning electron microscopy, and the microspheres 
prepared by double cross-linking showed dense and stable spherical 
shapes (Fig. 2 d, e, f). The composition of the microspheres was evalu-
ated via elemental analysis. Zn2+ was verified as the main component 
constituting MS@His-VEGF and, therefore, plays an important role 
(Fig. 2 g, h, i). We evaluated the effect of the cross-linking mode on the 
degradation rate of hydrogel microspheres. MS that did not undergo 
HAMA photo-crosslinking were almost completely degraded within 3 
days at 37 ◦C. In contrast, MS that underwent double cross-linking still 
had a retention rate of 37.45% at day 7 (Figure S1). 

2.2. In vitro drug release and antibacterial properties 

Controlling the efficiency of drug release can prevent transient drug 
clearance and achieve better therapeutic results. Previous studies have 
shown that His-tags can chelate divalent metal ions, prolonging the 
release of His-tagged drugs [30]. The in vitro drug release profile results 
show that His-VEGF could be loaded more efficiently into the micro-
spheres. The release time of the drug was prolonged, with the release of 
His-VEGF observable over a period of up to 7 d. Smaller doses of drugs, 
enabled by slow-release mechanisms, benefit the healing process of the 
wound and can provide better therapeutic results [1,31]. Moreover, we 
analyzed the effect of the cross-linking method on the loaded drug. The 
release time of both VEGF and His-VEGF was prolonged after performing 
photo-crosslinking. A possible reason for this is the double cross-linking 
method enhanced the cross-linking strength and the stabilization of the 

hydrogel microspheres (Figure S2). Additionally, with the degradation 
and absorption of MS@His-VEGF, trace amounts of Zn2+ are also 
released into the wound, which can influence antibacterial and syner-
gistic tissue repair. We evaluated the release of Zn2+ from 
MS@His-VEGF using inductively coupled plasma emission spectroscopy 
(ICP-AES). The release profile of Zn2+ showed a continuous release. 
Approximately 1.87 ppm of Zn2+ was released from the MS@His-VEGF 
within 7 d (Figure S3). 

Staphylococcus aureus (S.aureus) and Escherichia coli (E.coli) are 
classic examples of bacteria. They are representative of gram-positive 
and gram-negative bacteria. Previous studies have reported Zn2+ pos-
sessing broad-spectrum antibacterial effects [26]; hence, the prepared 
MS and MS@His-VEGF were tested for its antibacterial properties. The 
bacterial count significantly reduced post co-culturing using MS and 
MS@His-VEGF with the above-cited bacteria. The results of the bacterial 
coating experiments revealed a considerable reduction in the bacterial 
colonies after treatment (Fig. 3 a, b). The number of live and dead 
bacteria was evaluated by the Live & Dead Bacterial Staining Kit, with 
the results showing a sizeable increase in the percentage of dead bacteria 
after treatment (Fig. 3 c, d). After the treated bacteria are collected, 
fixed, dehydrated, and after surface gold spraying, their microscopic 
morphology is observed under SEM. Compared to the control group, 
both MS and MS@His-VEGF caused the bacteria to shrink and rupture, 
leaving them out of their normal morphology (Fig. 3 e). The prepared 
MS@His-VEGF exhibited broad-spectrum antibacterial properties; the 
addition of His-VEGF did not affect the antibacterial performance of MS. 

2.3. Biocompatibility 

To evaluate the biocompatibility of the prepared microspheres, the 

Fig. 2. Characterization of MS@His-VEGF. (a) General shape. (b) Morphology under optical microscope. (c) Particle size distribution. (d–i) SEM images and 
elemental analysis of MS@His-VEGF. The scale bars are 200 μm, 150 μm, 50 μm in (b), (d), (e), and 20 μm in (f), (g), (h), (i) respectively. 
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cytotoxicity of the microspheres was determined using the cell live/dead 
staining method as well as the Cell Counting Kit 8 (CCK8) method. 
Human umbilical vein endothelial cells (HUVEC) and human skin 
fibroblast cells (HSF) were used to evaluate the effect of the micro-
spheres on cytotoxicity (Fig. 4 a). The results showed that on day 3, 
HUVEC in the MS@His-VEGF group experienced a significant increase in 
the proliferated cells than the control group (Fig. 4 b, Figure S4). There 
was no difference in the survival rate of HSF groups on day 3 (Fig. 4 c). 
The prepared microspheres did not appear to be cytotoxic. We evaluated 
the hematotoxicity of MS and MS@His-VEGF via hemolysis assay. The 
results showed that the prepared microspheres had good hemocompat-
ibility (Figure S5). In addition, we obtained the heart, liver, spleen, 
lungs, kidneys and subcutaneous tissue. We implanted MS@His-VEGF 
subcutaneously and executed them after 7 d to assess potential organ 
toxicity. The results showed no noticeable abnormal alterations in organ 
pathological staining compared to normal mice (Figure S6). 

2.4. In vitro pro-angiogenesis 

VEGF, an important vasoactive substance, promotes the prolifera-
tion, migration and tube-forming ability of HUVEC. The pro-angiogenic 
capacity of MS@His-VEGF was evaluated to demonstrate the biological 
activity of the released His-VEGF. The results of the cell scratch assay 
showed that the MS@His-VEGF group had significantly better cell 
migration ability than the control and MS groups at 24 h (Fig. 5 a, c). In 
addition, the results of the tube formation assay indicated that the 
MS@His-VEGF group displayed stronger tube formation ability at 6 h 
(Fig. 5 b, d). In summary, His-VEGF released by MS@His-VEGF is 

biologically active and can significantly promote angiogenesis. 

2.5. Promote the healing of infected wounds 

To further confirm that MS@His-VEGF promotes infected wound 
healing in vivo, mice with were randomly divided into different groups 
and infected wound models were created. Mice were treated with 
different treatments and the healing process was recorded for 8 d (Fig. 6 
a). The results showed that MS@His-VEGF could promote wound heal-
ing more significantly when compared to MS or His-VEGF-only treat-
ment (Fig. 6 c). Since MS@His-VEGF has a good antibacterial effect, it 
can provide a suitable microenvironment for the healing of wounds. It 
can also exert anti-inflammatory and pro-angiogenic effects through the 
sustained release of Zn2+ and His-VEGF. MS@His-VEGF can act syner-
gistically to promote the healing of infected wounds. The mice were 
euthanized on day 9, and the skin tissue around the wound was fixed and 
stained. The histological changes of the wounds were evaluated by using 
hematoxylin-eosin (H&E) staining (Fig. 6 b). The H&E results showed 
that the wounds in the MS@His-VEGF group healed more completely at 
the base and were significantly thicker than the other groups (Fig. 6 d). 
We also evaluated the effect of the MS@VEGF and MS@His-VEGF 
groups on wound healing separately. Both significantly promoted 
wound healing, with the MS@His-VEGF group being relatively a little 
more effective (Figure S7). We speculate that the possible reason is the 
sustained release of VEGF at very low doses, which is more consistent 
with the biological process of wound healing [1,31]. Particularly in 
chronic wounds, where MS@His-VEGF may show better efficacy. 

Fig. 3. Antibacterial properties of MS@His-VEGF. (a) The antibacterial ability of MS and MS@His-VEGF against S. aureus and E. coli were detected by spread plate 
method. (b) Statistical graph of the number of colonies. (c) Fluorescence photograph of live-dead staining of S. aureus and E. coli. (d) Statistical analysis of living/dead 
bacteria. (e) SEM images of S. aureus. and E. coli. The scale bars are 10 μm in (c), 2 μm in (e), respectively. 
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2.6. Analysis of collagen deposition and proinflammatory factors 

To evaluate the healing of the wounds tissue at the pathological 
level, the collagen deposition in the skin tissue was evaluated by using 
Masson staining. Collagen deposition was most pronounced in the His- 
VEGF group and the MS@His-VEGF group than the control group. The 
MS group also had more collagen deposition compared to the control 
group, but was weaker than the His-VEGF and MS@His-VEGF groups 
(Fig. 7 a, b). The expression of the inflammatory index interleukin (IL-6) 
as well as tumor necrosis factor Alpha (TNF-α) was evaluated by using 
immunohistochemical staining. IL-6 is involved in host defense against 
pathogens in the environment, and IL-6 levels respond to the inflam-
matory response generated locally by the tissues [32]. A drop in IL-6 
levels occurs when the stressor (e.g., bacteria) is removed from the 
host. Conversely, persistent high IL-6 levels lead to a prolonged in-
flammatory response, which affects wound healing and is associated 
with the development of chronic refractory wounds. Immunohisto-
chemical staining results showed that IL-6 expression levels were 
significantly decreased in the MS group versus the MS@His-VEGF group 
compared to the control group (Fig. 7 a, c). The release of Zn2+ has 
antibacterial and anti-inflammatory effects and reduces the inflamma-
tory response of the wounds tissue. TNF-α is a small molecule protein 
secreted by macrophages and is a common indicator of inflammation 

[33]. TNF-α is a pro-inflammatory factor that promotes the proliferation 
and differentiation of immune cells and plays an important role in the 
body’s immune activity. However, excessive TNF-α can damage vascular 
endothelial cells and influence angiogenesis [33]. The results of 
immunohistochemistry showed that TNF-α expression decreased in all 
the remaining groups compared to the control group (Fig. 7 a, d). The 
reduced inflammatory factors in the His-VEGF group could be due to 
angiogenesis. Angiogenesis is important in wound healing. The forma-
tion of new capillaries near the wound surface increases blood perfusion 
to the wound surface, providing the surrounding tissue cells with the 
nutrients necessary for growth, while removing cellular metabolites 
[34]. The above results show that our prepared MS@His-VEGF has a 
positive anti-inflammatory effect and can effectively alleviate the in-
flammatory response of the wound tissue. 

2.7. Neovascularization 

To assess the role of MS@His-VEGF in promoting angiogenesis in 
animals in vivo, we used cluster of differentiation 31 (CD31) and 
α-smooth muscle actin (α-SMA) immunofluorescence staining to assess 
the level of angiogenesis. CD31 and α-SMA are common markers for the 
evaluation of neovascularization. The results of immunofluorescence 
showed a significant increase in the density and degree of 

Fig. 4. Biocompatibility of MS@His-VEGF. (a) Live/dead fluorescent images (green: live cells, red: dead cells) of HUVEC cells and HSF cells after culturing with 
different groups for 3 days. (b), (c) CCK-8 assays. The scale bar is 100 μm. (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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neovascularization in the MS@His-VEGF group compared to the other 
groups (Fig. 8). It indicates that the prepared MS@His-VEGF can 
effectively load His-VEGF, while the released His-VEGF has the effect of 
promoting angiogenesis in vivo, in agreement with the conclusions of 
previous cellular experiments. 

3. Conclusion 

In conclusion, we prepared a novel composite polysaccharide 
microsphere based on a property of Zn2+ that it can cross-link with ALG 
and His-VEGF, and further photo-cross-linked it using HAMA. The pre-
pared composite polysaccharide hydrogel microspheres displayed good 
stability and biocompatibility. Due to the double cross-linking property, 
His-VEGF is tightly bound to the hydrogel microspheres, achieving a 
long-term slow release of His-VEGF. The slow-release properties are 
better matched to the physiological cycle of wound healing, thus 
allowing for better efficacy. At the same time, Zn2+ plays an important 
role in wound healing. As an important trace element, Zn2+ can play 
antibacterial and anti-inflammatory roles, providing a favorable 
microenvironment for wound healing. The above features suggest that 
Zn2+-based double cross-linked hydrogel microspheres can achieve 
efficient loading of His-VEGF as well as long-lasting release, while 
exerting antibacterial and anti-inflammatory influence to synergistically 

promote wound healing. 

4. Materials and methods 

4.1. Materials 

ALG and ZnCl2 were purchased from Sigma (St. Louis, USA). HAMA 
was acquired from Engineering for Life (Suzhou, China). VEGF and His- 
VEGF were purchased from Abcam (Shanghai, China). Matrigel was 
purchased from BD Bioscience (Shanghai, China). Calcein-AM/PI and 
Cell Counting Kit-8 were purchased from Applygen (Beijing, China). 
Live & Dead Bacterial Staining Kit was purchased from Yeason 
(Shanghai, China). VEGF ELISA kits were purchased from Multi Sciences 
(Hangzhou, China). HSF and HUVEC were obtained from Muke Biotech 
(Wenzhou, China). DMEM, Fetal Bovine Serum (FBS) and phosphate 
buffered saline (PBS) were obtained from Gibco, Thermo Fisher Scien-
tific (Suzhou, China). Masson’s trichrome staining and H&E staining kits 
were obtained from Servicebio (Wuhan, China). All antibodies were 
purchased from Abcam (Cambridge, UK). Eight-week-old C57/BL6J 
mice were purchased from Jiake Biotechnology (Shanghai, China). All 
animal study protocols were approved by the Institutional Animal Care 
and Use Committee of Wenzhou Medical University(wydw2023-0142). 

Fig. 5. Scratch and tube formation experiments. (a) HUVEC migration in different treatments. (b) HUVEC tube formation in different treatments. (c) Quantitative 
analysis of cell migration rate. (d) Quantitative analysis of the length of tube formation. The scale bar is 100 μm. 
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4.2. Preparation of MS@His-VEGF 

We prepared a double cross-linked hydrogel microspheres by N2 
blow-off method combined with UV light curing. The solution contain-
ing 2 %ALG and 5%HAMA was squeezed out drop by drop through the 
microfluidic devices with the assistance of N2 purge, so that the large 
droplets were broken up into small uniform droplets. Small droplets fell 
into the container containing ZnCl2 solution below, and Zn2+ cross- 
linked with ALG and polymerized into hydrogel microspheres. Here, 
the crosslinking was rapid and small droplets crosslinked to form 

microspheres within 30 s after being added into the ZnCl2 solution. Next, 
they were further cross-linked using UV irradiation for 30 min. The 
resulting microspheres were collected into centrifuge tubes and washed 
repeatedly using ultrapure water to remove any uncross-linked Zn2+. 
The cleaned microspheres were transferred to a PBSsolution containing 
His-VEGF and then incubated at room temperature for 1 h. His-tag can 
be cross-linked with Zn2+, thus allowing His-VEGF to be loaded into the 
microspheres. The microspheres prepared by double cross-linking have 
good stability and maintain a stable morphology in pure aqueous solu-
tions as well as in PBS solutions. In addition, the microscopic 

Fig. 6. Wound healing and histological analysis. (a) Photos of the wounds in the different treatment groups at day 0,2,4,6,8. (b) H&E staining in different groups. (c) 
Quantification analysis of wound closure at day 2, 4, 6 and 8. (d) Quantitative analysis of the basal thickness of the wound. The scale bars are 5 mm in (a) and 500 μm 
in (b). 
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morphology as well as the elemental composition of the microspheres 
was determined by scanning electron microscopy. 

4.3. Microsphere degradation experiments 

The 10 mg lyophilized MS and 10 mg lyophilized MS (without UV 
photo-crosslinking) were weighed and then were placed separately into 
2 ml PBS at 37 ◦C. At the designed time, after removing the PBS, the 
remaining microcapsules were freeze-dried and then their weight was 
measured. The degradation of MS was determined by the ratio of the 
residual weight to the initial weight. 

4.4. In vitro drug release capacity 

Equal amounts of MS and MS (without UV photo-crosslinking) were 
placed in PBS solutions containing the same concentrations of VEGF and 
His-VEGF, respectively. The supernatant was taken and the VEGF con-
tent in the supernatant was measured according to the instructions of the 
VEGF ELISA kits, and the loading efficiency of MS was calculated from 
the loss of VEGF in the supernatant. Afterwards, the supernatant was 
discarded and an equal volume of PBS was added and incubated at 4 ◦C. 
VEGF concentrations in the leachate were measured at 6, 12, and 24 h, 
and at fixed times for the following 7 d. We evaluated the effect of both 

Fig. 7. Analysis of collagen deposition and proinflammatory factors. (a) Staining of collagen, IL-6, and TNF-α. (b–d) Quantitative analysis of collagen deposition, IL6, 
and TNF-α in different groups. The scale bars are 50 μm. 

Fig. 8. Neovascularization of the tissues surrounding the wound. (a) Immunohistochemistry for CD31 and α-SMA. (b) Quantitative analysis of vessel density. The 
scale bar is 50 μm. 
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double cross-linked MS and single cross-linked MS on the release rate of 
VEGF and His-VEGF. The release curves were plotted by Origin. 

To investigate the release profiles of Zn2+ from MS, the samples were 
submerged in a 1 ml PBS solution and kept at 37 ◦C for 0.5, 1, 3, 5 and 7 
d. We measured the rate of Zn2+ release from the supernatant using ICP- 
AES. 

4.5. Antibacterial test 

E. coli and S. aureus were sourced from our laboratory and cultured 
using Luria-Bertani (LB) medium. The MS, MS@His-VEGF and was co- 
cultured with bacterial medium for 2 h, and an equal volume of sterile 
PBS was added to the control group. After diluting the bacterial solution 
100,000 times, 200 μl of the solution was evenly applied to LB solid 
medium. After incubation at 37 ◦C for 24 h, photographs were taken 
using a camera to count the number of colonies. After collecting the 
remaining bacteria, they were washed twice with PBS and stained using 
Live & Dead Bacterial Staining Kit stain (DASO/EyhD-III stain). We 
added 1 μl of DASO/EyhD-III stain per 100 μl of bacterial solution and 
incubated the resulting solution for 20 min away from light. The bac-
terial solution was dropped on a slide and the bacterial survival was 
observed using a fluorescent microscope. The treated bacteria were 
collected and fixed in 2.5% glutaraldehyde for 12 h. Bacteria at the end 
of fixation were gradient dehydrated in different concentrations of 
alcohol, gold sprayed on the surface and microscopic morphology was 
observed under SEM. 

4.6. Cytocompatibility test 

The prepared MS and MS@His-VEGF were placed in a serum-free 
DMEM medium and incubated, after which they were filtered using a 
0.22 μm filter. Cells were digested using 0.25% trypsin and counted 
using the cell counting plate. The cells were resuspended using a serum- 
free DMEM medium, DMEM containing His-VEGF, MS leachate, and 
MS@His-VEGF leachate, respectively. The cell density was adjusted to 
50,000 cells/ml and inoculated in 96-well plates at 200 μl per well with 
5 replicates per group. Cell activity was evaluated using Calcein-AM/PI 
staining as well as the CCK8 kit. The Calcein-AM/PI stain comprised 5 μl 
of Calcein-AM and 12.5 μl of PI using PBS diluted to a 5 ml configura-
tion, with 100 μl added to each well of a 96-well plate. After incubation 
at 37 ◦C for 15 min protected from light, fluorescence photographs were 
taken using a fluorescence microscope. CCK8 reagent 96-well plates at 
10 μl per well were incubated at 37 ◦C for 2 h, and then the absorbance 
values were detected at 450 nm band using an enzyme marker. 

4.7. Cell scratch migration assay 

After digestion of HUVECs, counts were performed using cell 
counting plates. The cells were resuspended using a 10% FBS + DMEM 
medium, cell density was adjusted to 200,000 cells/ml, and then added 
into 12-well plates at 1 ml per well. After 24 h of incubation at 37 ◦C, the 
cell status was observed under the microscope to ensure that the cell 
density was above 90%. The cells were washed twice with PBS and a 
straight line was drawn on the culture plate using 10 μl tip. Cells were 
washed twice again with PBS and imaged using a microscope. After that, 
the leaching solution from the microspheres was added at 1 ml per well 
and three replicate wells were set up for each group. The control group 
was added as equal volumes of serum-free DMEM medium. The cells 
were cultured for 24 h and then imaged again using a microscope. The 
migration ability of the cells was assessed using ImageJ software. 

4.8. Tube formation assay 

The Matrigel matrix gel was placed for one night in advance in a 4 ◦C 
refrigerator to re-warm. All items used in this experiment needed to be 
pre-cooled at 4 ◦C in advance. The Matrigel matrix was spread on a 96- 

well plate at 50 μl per well, and the plate was placed in a 37 ◦C cell 
incubator for 2 h. Cells were resuspended using microsphere leachate 
and cell density was adjusted to 200,000 cells/ml. Cells were added into 
96-well plates lined with Matrigel matrix gel at 100 μl per well. After an 
6 h incubation, cells were stained using a Calcein-AM staining solution 
(1 μl Calcein-AM diluted to 1 ml using PBS), 100 μl per well, and 
incubated for 15 min protected from light. They were imaged with a 
fluorescent microscope. The tube-forming ability of HUVEC was 
assessed using ImageJ software. 

4.9. Animal experiment 

In this study, the wound healing-promoting properties of MS@His- 
VEGF were evaluated using mice infected skin defects model. Mice 
were anesthetized, and after dorsal debridement, an infected skin defect 
model was established with a wound diameter of approximately 15 mm, 
and 107 CFU of S. aureus was injected. PBS, His-VEGF, MS, and MS@His- 
VEGF were given after 6 h. The His-VEGF group was supplemented with 
a single dose on day 3. Each mouse was housed in a separate cage and 
wound healing was recorded by taking photographs at the same time 
every alternate day. On day 9, the mice were euthanized and skin tissues 
around the wounds were obtained for subsequent experiments. The 
tissue specimens were fixed with 4% paraformaldehyde solution and 
sections were stained. 

4.10. Hemolysis test 

The prepared MS and MS@His-VEGF were put into a PBS solution 
and soaked at 37 ◦C for 24 h to obtain the soaking solution. At the time of 
execution of the mice, whole blood was obtained using a blood collec-
tion tube containing heparin and centrifuged at 1500 rpm for 5 min to 
obtain blood cell precipitate. The blood cells were washed 2–3 times 
with PBS. A 10% blood cell solution using PBS was then prepared. 50 μl 
of blood cells were taken and added to 950 μl of distilled water as a 
positive control group. 500 μl of 10% blood cells were taken and 500 μl 
of PBS was added as a negative control. For the experimental group, 500 
μl of the microsphere leaching solution was added. It was incubated at 
37 ◦C for 2 h and then centrifuged at 2500 rpm for 5 min; subsequently, 
hemolysis was observed. 
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