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Abstract

:

Wound infections caused by Staphylococcus aureus often result in localized suppurative lesions that severely impede the healing process, so it is urgent to develop a dress with efficient antimicrobial and pro-healing functions. In this study, the bifunctional injectable hydrogel lactoferrin (Lf)/NZ2114/lithium magnesium silicate hydrogel (LMSH) was first successfully prepared through the electrostatic interaction method. The physical, biological, and efficacy properties are systematically analyzed with good shear-thinning capacity and biocompatibility. More importantly, it inhibits infection and promotes wound healing in a mouse wound infection model after 14 d treatment, and the bactericidal rate and healing rate were over 99.92% and nearly 100%, respectively. Meanwhile, the massive reduction of inflammatory cells, restoration of tissue structure, and angiogenesis in mice showed the anti-inflammatory and pro-healing properties of the hydrogel. The healed wounds showed thickening with more hair follicles and glands, suggesting that the hydrogel Lf/NZ2114/LMSH (Three in One) could be a better dressing candidate for the treatment of S. aureus-induced wound infections.
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1. Introduction


Wound infection is a frequent disease in humans and animals (including pets). Usually, some purulent bacteria such as Staphylococcus aureus (S. aureus) invade the skin by mechanical, thermal, and other damages, causing local inflammation and suppuration, delaying wound healing, and even endangering the life and health of the individual or animal [1,2,3,4]. Therefore, an anti-infective and pro-healing bifunctional therapeutics was needed.



Currently, traditional antibiotics are usually used to kill the bacteria in a wound, but have significantly reduced therapeutic effect due to the emergence of resistant bacteria [5,6,7]. Some antibiotic alternatives combined with new materials have been studied such as silica, nanogold, and nanosilver. These materials have a better antimicrobial effect and penetration ability for drug-resistant bacteria, but their synthesis methods are complicated and their toxicity problems have not been resolved [7,8]. Wound dressings are considered as one of the most effective strategies to protect wounds from bacterial infection and moisture loss [9,10]. Among the wound dressings, hydrogels have received extensive attention from researchers for their better moisturization and biocompatibility properties, as well as their ability to act as a carrier for the delivery of body systems, which provide a moist environment that can promote wound healing [11,12]. However, traditional hydrogels exist in a specific form and need to be fixed to the wound location which may cause a longer healing cycle and discomfort. For this reason, it is important to prepare an effective antimicrobial and highly adaptable hydrogel dressing [13,14].



Injectable hydrogels are widely used for drugs, bioactive small molecules, and cellular delivery systems because of their ability to inject specific sites with low toxicity compared to the original hydrogels [15,16]. They are mainly formed by physical and chemical cross-linking, in which the former has the advantages of simple operation, no need for a catalyst, and no heat production compared to chemical cross-linking, to achieve the efficient absorption and utilization of the specific site [17,18,19]. They mainly include temperature-sensitive gels, pH gels, and electrostatic interaction gels, which are widely used as drug carriers and wound dressings for the treatment of wound infections, in which collagen (COL) and hyaluronic acid (HA) form hydrogels and intervene with gallic acid to have significant antioxidant functions and alleviate wound-induced oxidative damage [20,21,22]. Chitosan combined with glycerol phosphate or sodium alginate form an injectable hydrogel to promote wound angiogenesis and healing [3].



This paper is devoted to the preparation of a bifunctional (anti-inflammatory and antimicrobial) injectable hydrogel, while the hydrogel preparation methods are mainly classified into three types, among which the electrostatic interaction method is the simplest to prepare at a low cost. The Lf is mainly extracted from bovine milk and is active and expensive. It has gained attention as a candidate for wound treatment due to its multi-function as an anti-inflammatory, immunomodulatory, and antimicrobial agent. Although the Lf and LMSH matrix physically crosslinked can form an injectable hydrogel for the treatment of a wound by promoting wound angiogenesis, antimicrobial properties, and healing efficacy, the high cost limits its clinical application [23]. The antimicrobial peptide is a small peptide molecule, an important part of the body’s defense system, with cationic characteristics that can interact with the negative charge on the bacterial surface to quickly kill bacteria. This process does not easily induce drug resistance in bacteria, provides a next-generation alternative to antibiotics, and has received extensive attention from researchers [24,25]. NZ2114 is an excellent plectasin-derived peptide from Pseudoplectania nigrella, with a molecular weight of 4400 Da, PI of 8.4, and it behaves as a cationic peptide in environments below the isoelectric point [26]. It has a strong inhibitory effect on gram-positive bacteria, especially S. aureus, and has good biocompatibility at appropriate concentrations, which makes it a candidate for wound treatment. NZ2114 cannot form a hydrogel by itself and is unstable in vivo, so it can be used to form a hydrogel through the interaction between the positive charge and negative charge on its surface. The Lf is an iron-binding glycoprotein with a molecular weight of 70–80 kDa, an isoelectric point of 8.4–9.0, and a positive charge over a wide pH range [27]. The Lf is one of the multifunctional proteins in mammals, with anti-inflammatory, immunomodulatory, anticancer, antiviral, and antibacterial functions; the first two are the main functions of lactoferrin, also reported to have antibacterial activity, but requires a high mg/mL concentration level, increasing the cost of drugs and causing application difficulties. The use of Lf in combination with other drugs is a better choice [28,29,30,31]. The antimicrobial and anti-inflammatory properties of Lf have the potential to be a candidate for the treatment of wound infections, but low adsorption, weak stability, and short duration of efficacy when used alone requires carrier delivery such as hydrogels. Because of the cationic surface, it can be crosslinked with an anionic gel matrix to form an injectable hydrogel [32,33].



The LMSH is an excellent hydrogel matrix material with negatively charged sheet surfaces and positively charged edges, forming a hydrogel with a three-dimensional mesh structure through the unique mutual attraction of positive and negative charges [34]. It is also found to have antibacterial, anti-inflammatory, antitumor, antioxidant, and immunomodulatory functions. The LMSH also exhibits better biocompatibility, promotes cell adhesion and proliferation, promotes platelet agglutination, and exerts hemostatic effects [35,36,37]. The negative surface charge of LMSH can interact with the positive surface charge of lactoferrin and antimicrobial peptide NZ2114 to easily form an injectable hydrogel, which meets the requirements of antimicrobial and pro-healing as part of a high-quality wound dressing [38,39,40,41].



In this study, the bifunctional injectable hydrogel Lf/NZ2114/LMSH as a wound dressing including physicochemical properties (antimicrobial, anti-inflammatory, and biocompatible) was prepared using electrostatic interaction. The hydrogels can be used as lactoferrin and NZ2114 delivery carriers, and their good shear-thinning ability and porous mesh structure enable sustained drug release at the wound site to promote healing. With good antimicrobial, anti-inflammatory, biocompatible, and pro-angiogenic characteristics, this gel “Three in One” may be an excellent dressing candidate for promoting Staphylococcus aureus infection wound healing.




2. Results and Discussions


2.1. Preparation and Characterization of Lf/NZ2114/LMSH


2.1.1. Preparation Scheme of Lf/NZ2114/LMSH


The 3D structures of Lf and the antimicrobial peptide NZ2114 have been well studied, where the lactoferrin sequence contains a 700 amino acid peptide chain consisting of two symmetrical globular regions at the N-terminal and C-terminal ends, each of which contains an iron-binding site with an isoelectric point of 8.7; its N-terminal end is a multifunctional region of Lf, with a large amount of positive charge distributed on the surface [42]. The sequence of the antimicrobial peptide NZ2114 contains a 40 amino acid peptide chain with a typical CSαβ structure, an isoelectric point of 8.4, and a positive charge of 3.5 distributed on its surface [43]. When LMSH is dissolved in water, the surface of the lamellae is negatively charged with a small positive charge at the edges due to the protonation of Mg-OH [44]. The positively charged Lf/NZ2114 was homogeneously mixed with the negatively charged LMSH solution, and the 1.5% Lf/NZ2114/LMSH and 1% Lf/NZ2114/LMSH hydrogels were prepared by electrostatic interaction at room temperature (Graph abstract and Figure 1). The physical and chemical properties were studied comprehensively and systematically, and their effects on wound infections were investigated for antimicrobial, anti-inflammatory and pro-healing qualities, aiming to provide an antimicrobial and pro-healing injectable hydrogel wound dressing.




2.1.2. Formulas and Good Antimicrobial Activity of Lf/NZ2114/LMSH


At room temperature, Lf and NZ2114 were able to form a milky, pale-yellow solution with LMSH where 0.25% LMSH, 0.5% LMSH could not form a gel, and 1% LMSH and 1.5% LMSH were able to form a hydrogel within 5 s after a rapid sol–gel transition (Figure 1a). It was observed that the hydrogel preparation of 1% Lf/NZ2114/LMSH showed less effect on the antimicrobial activity of NZ2114; no significant effect of a 3% Lf/NZ2114/HACC on antimicrobial activity was observed by inhibition zone assay (Figure 1b). The above results show the successful preparation of hydrogels, which can efficiently inhibit Staphylococcus aureus with a slight reduction of antimicrobial activity related to possible partial neutralization of the positive charge of AMP and its slow release.




2.1.3. FIR Analysis of Lf/NZ2114/LMSH (Three in One)


The synthetic hydrogels were characterized by FTIR analysis (Figure 1c). The LMSH displayed characteristic absorption peaks at 3366 nm and 1055 nm, si–o and -OH bonds, and chitosan showed characteristic absorption peaks at 1420 nm, 1550 nm, and 1650 nm for a methyl group and amide group I and II, respectively [45]. Meanwhile, Three in One Lf/NZ2114/LMSH showed characteristic peaks of Lf, NZ2114, and LMSH at the corresponding wavelength, indicating that the three materials were successfully compounded by using the simple physical means described in the previous section without chemical interaction.




2.1.4. Lamellar Porous Mesh Structure of Lf/NZ2114/LMSH (Three in One)


Scanning electron microscopy showed that the surface morphology of 1% Lf/NZ2114/LMSH had a lamellar porous mesh structure (Figure 2), which acts as a good transport channel for nutrients or drug small molecules, and can be effectively delivered and released to play a role in promoting cell proliferation and wound healing [46]. In contrast, 0.5% Lf/NZ2114/LMSH had a large lamellar structure, indicating that the self-assembly of LMSH at a low concentration reduces the negative charge, which prevents the formation of hydrogel by attraction from electrostatic interactions. The specific surface area of the lamellar structure increases the contact area with bacteria, and its surface electrification also promotes the interaction with the surface charge of the bacterial membrane, which gives it certain anti-inflammatory and antibacterial activities. Meanwhile, 3% Lf/NZ2114/HACC presents large lamellar protruding structures, consistent with conventional encapsulation.





2.2. Better Shear-Thinning Characteristics of Lf/NZ2114/LMSH


A 1% Lf/NZ2114/LMSH can form hydrogel with typical injectable characteristics. The results of rheological characteristics show that with the increase in shear force from 0-4000 Mpa.s, 1% Lf/NZ2114/LMSH gradually and uniformly tends to decrease from 9–0 Pa, which has better shear-thinning ability, while 3% Lf/NZ2114/HACC does not show this characteristic due to its a poor gelation ability (Figure 3a,b). The results of rheological characterization of the 1% Lf/NZ2114/LMSH and 1.5% Lf/NZ2114/LMSH groups are shown in Figure 3c. The NZ2114/LMSH group shows storage modulus (G′) > loss modulus (G″) at the beginning, and the gels inclined to the elastic solid state, indicating that the hydrogel phase is more resilient [47]. Further, G′ decreases with shear running was in the range of 0.1–1, while G″ increases with running, and a sol–gel transition occurs at about 20% of shear stress, with severe disruption of the gel structure, transforming it from a viscoelastic solid to a liquid. Then, G′ and G″ are converted to a liquid after which G′ and G″ both showed a decreasing trend, further indicating that 1% Lf/NZ2114/LMSH has significant shear-thinning properties and can be injected into specific sites to exert effects. The 0.5% Lf/NZ2114/LMSH showed a similar trend, indicating that the preparation of LMSH, being homogeneous and consistent, did not affect the sol–gel transition behavior [48]. On the contrary, the 3% Lf/NZ2114/HACC did not have this property, and thus did not have an injectable gel property and could be used as a conventional gel [48] (Figure 3c).




2.3. Good Antimicrobial and Biocompatible Properties


One of the important properties of wound dressings is antimicrobial properties, which can prevent the bacterial infection of wounds and remove pathogenic bacteria from infected wounds to promote the wound healing process [49]. The Lf requires a high concentration to exert weak antimicrobial activity, and LMSH also has weak antimicrobial activity, which not only leads to a significant increase in the cost of the new product, but at the same time, the newly prepared gel will not exert superior antimicrobial properties [50]. Therefore, it is necessary to introduce the antimicrobial peptide NZ2114, which has better antimicrobial properties and biocompatibility, so that the prepared hydrogel has better antimicrobial properties [51]. The antimicrobial results of the prepared hydrogels are shown in (Figure 3d). The 1% Lf/NZ2114/LMSH had a stronger inhibitory effect on S. aureus CAAS-FRI-2023-02, with an inhibition rate of 99.99% close to that of NZ2114, indicating it can normally show activity after the formation of hydrogel, whereas the inhibition rate of S. aureus by using LMSH and/or Lf alone was about 99.99%, 42%, and 53%, respectively, which indicates that the introduction of the trace antimicrobial peptide NZ2114 significantly enhanced its inhibition on S. aureus. The preparation gel was lower than that of the antimicrobial peptide NZ2114 alone, and it is possible that part of the positive charge of the antimicrobial peptide NZ2114 was bound to LMSH, leading to a reduction in the charge acting with the bacteria and a slight decrease in the antimicrobial activity, but it can still completely eliminate S. aureus (inhibition rate of 99.99%). Generally, the experimental results showed that 1% Lf/NZ2114/LMSH has good antibacterial activity and can be used as a dressing for the treatment of wound infections.



The biocompatibility analysis of the injectable hydrogel is a prerequisite to ensure its safety for in vivo administration, and the hemolytic test and cytotoxicity test were performed, respectively [52]. The hemolytic test method refers to the previous work in this laboratory [41], and the results (Figure 4a,b) showed that the three key groups of treatment were almost non-hemolytic to mouse erythrocytes, and the rate of hemolysis was less than 5%, which showed better biocompatibility. The cytotoxicity of the prepared hydrogels was examined using MTT assay and Calcein–AM/PI double staining assay, respectively. On the first day, the cell survival rate of the 1% Lf/NZ2114/LMSH group was up to 95%, which was higher than that of Lf alone, NZ2114, and LMSH. Its lamellar mesh structure probably contributes to cell growth. On the second day, the changing trend of cell viability was similar to that of the first day, in which the cell viability of the 1% Lf/NZ2114/LMSH group, Lf + NZ2114 group, and Lf increased significantly. The cell viability was all higher than 100%, and the cell viability of the NZ2114 and LMSH groups alone had a decreasing trend, but was higher than 80%. On the fourth day, the change trend of each group was consistent with Day 1 and Day 2, which had better biocompatibility for human immortalized epidermal HACAT cells (Figure 4c). Further confirming the results of MTT assay, Calcein–AM/PI double staining assay for the live and dead cell determination was carried out. The results are shown in Figure 4d. The number of live cells increased with the incubation time in the control and treatment groups (in 1% Lf/NZ2114/LMSH group, Lf + NZ2114 group, LfNZ2114, LMSH group). The cell growth status was good, there was no obvious change in morphology, and only a small number of dead cells. It indicates that the prepared hydrogel has good biocompatibility. Next, an in vivo trial would be conducted to verify the treatment efficacy of the injectable hydrogel.




2.4. Antimicrobial and Pro-Healing Effects In Vivo


2.4.1. Wound Infection Model and Treatment


To further evaluate the antimicrobial and healing effects of hydrogels on wounds, Staphylococcus aureus-infected Balb/c mouse wound models were set up. The demonstration treatment groups were 1% Lf/NZ2114/LMSH and 3% Lf/NZ2114/HACC, respectively, and blank control and model infection groups were set up. Skin homogenates were collected at 4 d post-treatment, diluted, and coated on MHA plates, and the bactericidal rate was over 99.92%. Meanwhile, wound images were recorded at 4 d, 8 d, 12 d, and 14 d after treatment, and the wound size was calculated by Image J.JS software (https://ij.imjoy.io/) for each group to calculate the wound healing rate. The results showed that the wound area changed significantly 4 d, 8 d, 12 d, and 14 d after treatment in each treatment group; there are significant difference in wound healing rate. The wound healing increased significantly with time at 4 d, 8 d and 12 d, but increased slightly from 12 d to 14 d in the 1% Lf/NZ2114/LMSH group, showing good treatment results around 12 d. The infecting wound showed extensive damage compared to the control group and inflammatory reaction before 8 d; the wound size was reduced by some extent after 8 d, the wound size was significantly reduced at 14 d, and the recovery of the wounds was slower in the blank (CK) and infection groups (positive). The healing rate of the Lf/NZ2114/LMSH group was significantly different from that of positive group at 4 d, 8 d, 12 d, and 14 d. Among all the groups, 1% Lf/NZ2114/LMSH had the best healing effect with a healing rate close to 100%, indicating that it exerted antibacterial and pro-healing action, and possesses the characteristics of a desirable wound dressing. The healing rates of the CK, positive, and 3% Lf/NZ2114/HACC groups after 14 d of treatment were 92%, 78% and 96%, respectively (Figure 5).




2.4.2. HE Stain of Skin


Wound healing is a complex process that includes the following four processes: hemostasis, inflammatory response, proliferation, and tissue remodeling [53]. Wound infection hinders the normal progression of the four processes and seriously interferes with healing [5,54]. In addition to observing the wound images, HE staining was used to further reveal the wound healing process. Normal tissues had a clear and regular structure of the keratinized layer, granular layer, basal layer, dermis, adipose layer, and muscle layer, but for wounds and infections, there were obvious changes in the structure of the tissues, with the thickening of epithelial layer, the basal layer of cells changing from 2 to 4 layers, the necrosis of lymphatic vessels in the dermis, the blurring of the structure, and the appearance of redness in the blood vessels. Wounds and infected tissues were diffused with a large number of inflammatory cells, and severe inflammatory reactions resulted in the appearance of pestle-like structures. In some cases, lymphovascular necrosis was accompanied by a large number of inflammatory cells and lymphocyte infiltration [54]. After 4 d treatment of 1% Lf/NZ2114/LMSH, NZ2114 exerted excellent antimicrobial function, Lf exerted important anti-inflammatory function, the tissue inflammatory cells were reduced, and the inflammatory reaction was greatly reduced. On the 8th day after treatment, there were a large number of inflammatory cells in the wounds of the blank control group, and the tissue structure was irregular. After 1% Lf/NZ2114/LMSH treatment, the inflammatory cells were greatly reduced; the tissue structure was gradually clear and regular, thickened, with a large number of neovascularizations; and the glands were restored to normal status after 14 d of treatment (Figure 6).





2.5. The Pro-Healing Mechanism of Lf/NZ2114/LMSH


2.5.1. The qPCR Analysis for Factors IL-6, CD31, EGFR, and VEGF of Skin


Neovascularization is a key element in tissue regeneration, providing nutrients and oxygen for cell and tissue growth and promoting cell proliferation and wound healing, in which the vascular endothelial cell marker protein (CD31), epidermal growth factor receptor (EGFR), and vascular endothelial growth factor (VEGF) are wound-healing-associated growth factors that play an important role in cell proliferation, angiogenesis, and epithelialization [55,56]. After 14 d of treatment with 1% Lf/NZ2114/LMSH hydrogel, the EGFR, CD31, and VEGF factors showed an increase in expression and neovascularization in tissues with increasing days of treatment. Angiogenesis can increase cellular proliferation and neo-tissue production, and promote wound healing (Figure 7).




2.5.2. IHC Assay


Inflammatory factor expression in tissues is the body’s immune response to external stimuli and can respond to the inflammatory response after local trauma and infection [57]. Excessive inflammatory exudation, edema, and suppuration of tissues can cause excessive inflammatory response of the organism [58]. To further investigate the anti-inflammatory function of 1% Lf/NZ2114/LMSH hydrogel, the expression levels of inflammatory factors IL-6 were measured in the tissues, and it was found that the expression of inflammatory sub-levels significantly decreased in the treatment with the prepared hydrogel. A treatment of 1% Lf/NZ2114/LMSH can restore the normal inflammatory level of tissues and promote wound healing by inhibiting the expression of pro-inflammatory factors in tissues. Therefore, this Three in One can be used as a wound dressing to promote wound healing.



In conclusion, the injectable hydrogel Three in One of 1% Lf/NZ2114/LMSH has better shear-thinning, antibacterial, anti-inflammatory, and biocompatibility properties. In the mouse wound infection model, it exerted a better antibacterial, pro-angiogenic, and anti-inflammatory effect, thus greatly enhancing the wound healing rate close to 100% after 14 d of treatment, which possesses great potential for antibacterial and anti-inflammatory dual-energy dressings (Figure 8). Antibiotics are commonly used as antibacterial and anti-inflammatory materials, but facing bacterial resistance, new materials are needed. Lactoferrin is an anti-inflammatory and antibacterial multifunctional material, which is mainly anti-inflammatory and biocompatible. In addition, the antimicrobial peptide shows better antibacterial activity, low drug resistance and biocompatibility, and synergizes with the anti-inflammatory material lactoferrin, which can make the preparation of novel dressings with antibacterial and anti-inflammatory functions more feasible and allow for greater application potential. The injectable hydrogel dressing prepared in this study can be used for wound infection and can be precisely applied to various wound shapes while avoiding secondary damage to the wound.






3. Material and Method


3.1. Materials and Animals


The Lf and LMSH were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China); NZ2114 (pdb number: 6K50) was prepared in our laboratory (>90% purity); chitosan quaternary ammonium salt and sodium alginate were purchased from Macklin Biochemical Co. Biochemical Co., Ltd., Shanghai, China; S. aureus CAAS-FRI-2023-02 were separated from Huanxian Sheep Farm Gansu, China; HaCaT cells were obtained from Peking Union Medical College (Beijing, China). The MTT (3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was supplied by Sigma (Beijing, China). The calcein–AM/PI was purchased from Solepol (Beijing, China); other reagents were analytical grade.



The BALB/c mice (6–8 weeks, SPF) were purchased from the Vital River Laboratories (VRL, Beijing, China). Animal experiments strictly complied with the requirements for animal handling and welfare of the Laboratory Animal Ethical Committee and its Inspection of the Feed Research Institute of Chinese Academy of Agricultural Sciences (CAAS) (AEC-CAAS-20090609).




3.2. Method


3.2.1. Preparation of Injectable Hydrogel Lf/NZ2114/LMSH


The Lf and NZ2114 were put in a 100 mL beaker, the appropriate ddH2O was added with final concentrations of 20 mg/mL, 40 mg/mL, 80 mg/mL, 160 mg/mL, 320 mg/mL and 200 µg/mL, 400 µg/mL, 800 µg/mL, and 1600 µg/mL, respectively, the solution was stirred in a magnetic agitator until fully dissolved, and the pH value of the solution was adjusted to 6–7. The LMSH was placed in a 50 mL beaker, the appropriate ddH2O was added, the solution was stirred in a magnetic agitator for 30 min, and completely dissolved by ultrasonication at room temperature for another 30 min. The Lf/NZ2114 was mixed with LMSH, and the final concentrations of LMSH were 0.5%, 1%, 1.5%, 0.5%, and 1%. The 1.5% lithium magnesium silicate (LMSH) was configured and mixed with final concentrations of 20 mg/mL, 40 mg/mL, 80 mg/mL, 160 mg/mL, and 320 mg/mL Lf, respectively, with thorough stirring and ultrasonication to homogeneity; the same process was used for NZ2114 with final concentrations of 200 µg/mL, 400 µg/mL, 800 µg/mL and 1600 µg/mL, respectively, with thorough stirring and sonication to desirable homogeneity. Different combinations of gel-forming states were observed, and the lowest gel-forming concentrations of LMSH, Lf, and NZ2114 were screened. Finally, it was found that 1.5%, 1% LMSH were ultrasonically mixed with 40 mg/mL Lf and 400 µg/mL NZ2114 to prepare Lf/NZ2114/LMSH hydrogels for follow-up studies. According to the previous laboratory report, 3% chitosan hydrogel can encapsulate NZ2114 to form a hydrogel. This experiment set the 3% HACC hydrogel encapsulated with the above concentration of Lf and NZ2114 to prepare hydrogel Lf/NZ2114/HACC as a control [3]. The obtained materials were further used for the following experiments.




3.2.2. Antimicrobial Assay, FT–IR, and SEM of Lf/NZ2114/LMSH


Firstly, an inhibition zone assay was performed to initially screen the effect of hydrogels on the antimicrobial activity of Lf/NZ2114/LMSH, and the detailed manipulations were previously described [3]. Briefly, the prepared hydrogels (1% Lf/NZ2114/LMSH, 1.5% Lf/NZ2114/HACC) and controls (CK, Lf, NZ2114, Lf + NZ2114) were incubated with 30 µL of suspensions on MHA plates (containing logarithmic-phase Staphylococcus aureus, 1 × 106 CFU/mL) for 16 h in a 37 °C incubator for observation of the inhibition zone.



The chemical structure of Lf, NZ2114, LMSH, HACC, Lf/NZ2114, 1.5% Lf/NZ2114/LMSH, 1% Lf/NZ2114/LMSH, and 3% Lf/NZ2114/HACC were detected by the BRUKER FT–IR TENSOR 27 (FT–IR, wavelength range 400–4000 cm−1) [23]. Briefly, all samples were dried and powdered with potassium bromide, ground and mixed, pressed, and placed into the instrument for examination). The surface morphology of the above samples was observed by scanning electron microscopy (SEM, Hitachi SU8000, Tokyo, Japan). Briefly, the lyophilized samples were immobilized on silicon wafers, sprayed with gold, and placed into the instrument for observation. All samples were freeze-dried.




3.2.3. Rheological Analysis


The rheological properties including viscosity and shear-thinning of 1% Lf/NZ2114/LMSH, 1.5% Lf/NZ2114/LMSH, and 3% Lf/NZ2114/HACC hydrogels were observed by Physica Rotational Rheometer Model MCR 301 at room temperature [39]. Briefly, the hydrogels (2–3 mL) were taken and spread uniformly on the rheometer disc and a small amount of silicone oil was added to prevent water evaporation. The relationship of hydrogel between shear and viscosity was determined at different frequencies (0.01–100 s−1). The shear-thinning ability of hydrogel was also investigated at a fixed frequency (1 Hz) and shear-strain scanning range of low (0.1%)-high (1000%)-low (0.1%) to detect the storage modulus (G′) and loss modulus(G″) of samples in the group of 1% Lf/NZ2114/LMSH, 1.5% Lf/NZ2114/LMSH, and 3% Lf/NZ2114/HACC.




3.2.4. Antimicrobial Properties


The antimicrobial activity (MIC values) of Lf, NZ2114, and LMSH on S. aureus CAAS-FRI-2023-02 was determined by a method previously described by CLSI 2021 guidelines [40].



Hydrogels were sterilized by cobalt 60 radiation and set aside. The Logarithmic stage bacteria was diluted to 1 × 106 CFU/mL, and incubated with sterile hydrogel for 16–18 h. After that, a gradient dilution of individual samples was performed, and 100 µL of the samples were uniformly coated with the MHA plate, and then incubated at 37 °C for 16 h. The number of colonies was recorded in the incubator.




3.2.5. Biocompatibility


The biocompatibility of the synthetic hydrogel was tested for hemolysis and cytotoxicity. The hemolytic assay has been described previously [41]. In short, fresh red blood cells were collected from normal mice, diluted to 8% concentration and co-incubated with aseptically prepared groundwater gels with PBS and 0.1% Trix-100 blank and positive group; all groups were set up in three replicates. The MTT assay was used to determine the cytotoxicity of gels to HaCaT cells with three replicates set up in each group, as has been described previously [3]. Optimal-state HACAT cells were diluted to 2 × 105 cells/mL and co-incubated with the gel for 1 d, 2 d, and 4 d. After washing with PBS, Calcein–AM/PI live/dead cell double-staining kit was used to detect cell survival; 1 mL of cell volume was added with 1 µL of Calcein–AM and 3 µL of PI, and washed thrice with PBS, and observed by fluorescence microscopy (Excitation wavelength 490 nm, emission wavelength 545 nm).




3.2.6. Animal Experiment of Wound Infection


Forty-eight female BALB/c mice, randomly divided into four groups, were sterilized and shaved before the experiment. The mice were anesthetized by isoflurane respiration and appropriate equal area sizes of whole skin were clipped. The uninfected group was the negative control, and the infected group had 100 µL of logarithmic S. aureus CAAS-FRI-2023-02 (2 × 108 CFU/mL) uniformly applied to the wounds in the positive group. The treatment group was coated with 100 µL of 1% Lf/NZ2114/LMSH and 3% Lf/NZ2114/HACC hydrogel. Wound healing was observed and recorded at 4, 8, 12, and 14 days after treatment, while the wound area was analyzed and calculated using ImageJ software. The wound healing rate was calculated according to the following formula: healing rate = (A0 − At)/A0, (Note: “A0” is the initial wound area, “At” is the healed area.)



The skin tissues were collected at different times and fixed in 4% paraformaldehyde, HE staining was performed to observe the tissue sections, and the expression levels of inflammatory factors IL-6, vascular endothelial growth factor (VEGF), epidermal growth factor receptor (ECFR), and pro-angiogenic factor CD31 in the skin tissues were measured at the RNA level at the same time. The expression levels of inflammatory factors IL-6 and pro-angiogenic factor CD31 at the protein level were measured by immunohistochemistry assay.




3.2.7. Statistical Analysis


GraphPad Prism (version 8, USA) was used to analyze the data, and T-test and ANOVA methods were used to determine statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001).






4. Conclusions


To prepare antibacterial, anti-inflammatory, and low-cost wound dressings, the injectable antibacterial/anti-inflammatory bifunctional hydrogel was prepared by successfully complexing trace antibacterial peptide NZ2114 and Lf with hydrogel LMSH Three in One through simple electrostatic interaction. The hydrogel has good injectable properties, antibacterial, anti-inflammatory, biocompatibility, and efficient pro-healing ability. Its wound healing rate is close to 100% and the wound is completely recovered after 14 d of treatment in a mouse wound infection model. Although the preparation of injectable hydrogels has great potential for application in the treatment of wound infections, further in-depth studies on the formulation and mechanism are needed at a later stage.







Author Contributions


K.Z., X.M. and J.W. conceived and designed the research. D.T., R.M., N.Y. and Y.H. conducted experiments. K.Z. and J.W. evaluated the data. K.Z., X.M. and J.W. wrote and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (Grant No. 31872393). National Key Research and Development Plan—High Expression of Thiopeptides and their Analogs (Grant No. 2022YFC2105000-03, 2022–2026). The Innovation Program of Agricultural Science and Technology (ASTIP) in CAAS (Grant No. CAAS-ASTIP-2017-FRI-02) and its key projects (Grant No. CAAS-ZDRW202111 and Grant No. CAAS-ZDXT 201808).




Institutional Review Board Statement


Ethical approval: The mouse experiment was performed according to the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences (CAAS) and approved by the Laboratory Animal Ethical Committee and its Inspection of the Feed Research Institute of CAAS (AEC-CAAS-20090609).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in this published article.




Acknowledgments


We acknowledge Chunli Li from the Core Facility at the Institute of Microbiology at the Chinese Academy of Sciences (CAS) for the technical support with SEM, Tong Zhao for her technical support with FACS analysis.




Conflicts of Interest


The authors declare no competing interests.




References


	



Serra, R.; Grande, R.; Butrico, L.; Rossi, A.; Settimio, U.F.; Caroleo, B.; Amato, B.; Gallelli, L.; De Franciscis, S. Chronic wound infections: The role of Pseudomonas aeruginosa and Staphylococcus aureus. Expert Rev. Anti-Infect. Ther. 2015, 13, 605–613. [Google Scholar] [CrossRef] [PubMed]

	



Roy, S.; Santra, S.; Das, A.; Dixith, S.; Sinha, M.; Ghatak, S.; Ghosh, N.; Banerjee, P.; Khanna, S.; Mathew-Steiner, S. Staphylococcus aureus biofilm infection compromises wound healing by causing deficiencies in granulation tissue collagen. Ann. Surg. 2020, 271, 1174–1185. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Yang, N.; Teng, D.; Mao, R.; Hao, Y.; Ma, X.; Wei, L.; Wang, J. Antibacterial peptide nz2114-loaded hydrogel accelerates Staphylococcus aureus-infected wound healing. Appl. Microbiol. Biotechnol. 2022, 106, 3639–3656. [Google Scholar] [CrossRef] [PubMed]

	



Martin, P.; Nunan, R. Cellular and molecular mechanisms of repair in acute and chronic wound healing. Br. J. Dermatol. 2015, 173, 370–378. [Google Scholar] [CrossRef]

	



Huang, C.; Leavitt, T.; Bayer, L.R.; Orgill, D.P. Effect of negative pressure wound therapy on wound healing. Curr. Probl. Surg. 2014, 51, 301–331. [Google Scholar] [CrossRef]

	



Nandi, A.; Mondal, S.; Das, S. A review on recent advances in polymer and peptide hydrogels. Soft Matter 2020, 16, 1404–1454. [Google Scholar]

	



Krychowiak, M.; Grinholc, M.; Banasiuk, R.; Krauze-Baranowska, M.; Głód, D.; Kawiak, A.; Królicka, A. Combination of silver nanoparticles and drosera binata extract as a possible alternative for antibiotic treatment of burn wound infections caused by resistant Staphylococcus aureus. PLoS ONE 2014, 9, e115727. [Google Scholar] [CrossRef]

	



Kaul, S.; Sagar, P.; Gupta, R.; Garg, P.; Priyadarshi, N.; Singhal, N.K. Mechanobactericidal, gold nanostar hydrogel-based bandage for bacteria-infected skin wound healing. ACS Appl. Mater. Interfaces 2022, 14, 44084–44097. [Google Scholar] [CrossRef]

	



Chaby, G.; Senet, P.; Vaneau, M.; Martel, P.; Guillaume, J.C.; Meaume, S.; Téot, L.; Debure, C.; Dompmartin, A.; Bachelet, H. Dressings for acute and chronic wounds: A systematic review. Arch. Dermatol. 2007, 143, 1297–1304. [Google Scholar] [CrossRef]

	



Kannon, G.; Garrett, A. Moist wound healing with occlusive dressings. Dermatol. Surg. 1995, 21, 175–181. [Google Scholar] [CrossRef]

	



Yang, Z.; Huang, R.; Zheng, B.; Guo, W.; Wang, H. Highly stretchable; adhesive; biocompatible, and antibacterial hydrogel dressings for wound healing. Adv. Sci. 2021, 8, 2003627. [Google Scholar] [CrossRef] [PubMed]

	



Peng, W.; Li, D.; Dai, K.; Wang, Y.; Song, P.; Li, H.; Tang, P.; Zhang, Z.; Li, Z.; Zhou, Y. Recent progress of collagen, chitosan, alginate and other hydrogels in skin repair and wound dressing applications. Int. J. Biol. Macromol. 2022, 208, 400–408. [Google Scholar] [CrossRef]

	



Mathew, A.; Uthaman, S.; Cho, K.; Cho, C.; Park, I. Injectable hydrogels for delivering biotherapeutic molecules. Int. J. Biol. Macromol. Struct. Funct. Interact. 2018, 110, 17–29. [Google Scholar] [CrossRef]

	



Zhao, G.; Sun, Z.; Wang, J.; Xu, Y.; Li, L.; Ge, Y. Electrochemical properties of a highly biocompatible chitosan polymer actuator based on a different nanocarbon/ionic liquid electrode. Polym. Compos. 2017, 269, 118333. [Google Scholar] [CrossRef]

	



Seo, J.; Shin, S.; Lee, M.; Cha, J.; Bae, H. Injectable hydrogel derived from chitosan with tunable mechanical properties via hybrid-crosslinking system. Carbohydr. Polym. 2021, 251, 117036. [Google Scholar] [CrossRef] [PubMed]

	



Jin, Q.; Xin, Z.; Yongping, L.; Tianlong, Z.; Ma, P.X.; Baolin, G. Antibacterial adhesive injectable hydrogels with rapid self-healing, extensibility and compressibility as wound dressing for joints skin wound healing. Biomaterials 2018, 183, 185–199. [Google Scholar]

	



Yuan, H.; Li, W.; Song, C.; Huang, R. An injectable supramolecular nanofiber-reinforced chitosan hydrogel with antibacterial and anti-inflammatory properties as potential carriers for drug delivery. Int. J. Biol. Macromol. 2022, 205, 563–573. [Google Scholar] [CrossRef] [PubMed]

	



Lo, Y.; Sheu, M.; Chiang, W.; Chiu, Y.; Tu, C.; Wang, W.; Wu, M.; Wang, Y.; Lu, M.; Ho, H.O. In situ chemically crosslinked injectable hydrogels for the subcutaneous delivery of trastuzumab to treat breast cancer. Acta Biomater. 2019, 86, 280–290. [Google Scholar] [CrossRef]

	



Cui, Z.; Milani, A.H.; Greensmith, P.J.; Yan, J.; Adlam, D.J.; Hoyland, J.A.; Kinloch, I.A.; Freemont, A.; Saunders, B.R. A study of physical and covalent hydrogels containing pH-responsive microgel particles and graphene oxide. Langmuir 2014, 30, 13384–13393. [Google Scholar] [CrossRef]

	



Torres, J.; Meng, F.; Bhattacharya, S.; Buno, K.; Ahmadzadegan, A.; Madduri, S.; Babiak, P.; Vlachos, P.; Solorio, L.; Yeo, Y.; et al. Interpenetrating networks of collagen and hyaluronic acid that serve as in vitro tissue models for assessing macromolecular transport. Biomacromolecules 2023, 24, 4718–4730. [Google Scholar] [CrossRef]

	



Li, Z.; Fan, Z.; Xu, Y.; Lo, W.; Wang, X. pH-sensitive and thermosensitive hydrogels as stem-cell carriers for cardiac therapy. ACS Appl. Mater. Interfaces 2016, 8, 10752–10760. [Google Scholar] [CrossRef] [PubMed]

	



Nakahata, M.; Takashima, Y.; Harada, A. Redox-responsive macroscopic gel assembly based on discrete dual interactions. Angew. Chem. Int. Ed. Engl. 2013, 53, 3617–3621. [Google Scholar] [CrossRef] [PubMed]

	



Bei, W.; Yuan, Z.; Xin, L.; Ya, M.; Sen, W.; Li, A.; Jie, F. The preparation of lactoferrin/magnesium silicate lithium injectable hydrogel and application in promoting wound healing. Int. J. Biol. Macromol. 2022, 220, 1501–1511. [Google Scholar]

	



Zhu, Y.; Hao, W.; Wang, X.; Ouyang, J.; Deng, X.; Yu, H.; Wang, Y. Antimicrobial peptides; conventional antibiotics, and their synergistic utility for the treatment of drug-resistant infections. Med. Res. Rev. 2022, 42, 1377–1422. [Google Scholar] [CrossRef] [PubMed]

	



Hancock, R. The role of cationic antimicrobial peptides in innate host defences. Trends Microbiol. 2000, 8, 402–410. [Google Scholar] [CrossRef]

	



Zhang, Y.; Teng, D.; Mao, R.; Wang, X.; Xi, D.; Hu, X.; Wang, J. High expression of a plectasin-derived peptide NZ2114 in Pichia pastoris and its pharmacodynamics, postantibiotic and synergy against Staphylococcus aureus. Appl. Microbiol. Biotechnol. 2014, 98, 681–694. [Google Scholar] [CrossRef]

	



Antoshin, A.; Shpichka, A.; Huang, G.; Chen, K.; Lu, P.; Svistunov, A.; Lychagin, A.; Lipina, M.M.; Sinelnikov, M.Y.; Reshetov, I.V. Lactoferrin as a regenerative agent: The old-new panacea? Pharmacol. Res. Off. J. Ital. Pharmacol. Soc. 2021, 167, 105564. [Google Scholar] [CrossRef]

	



Puddu, P.; Grazia, M.; Filippo, C.; Piera, B.; Sandra, V. Role of endogenous interferon and lps in the immunomodulatory effects of bovine lactoferrin in murine peritoneal macrophages. J. Leukoc. Biol. 2007, 82, 347–353. [Google Scholar] [CrossRef]

	



Baveye, S.; Elass, E.; Mazurier, J.L.; Spik, G.; Legrand, D. Lactoferrin: A multifunctional glycoprotein involved in the modulation of the inflammatory process. Clin. Chem. Lab. Med. 1999, 37, 281–286. [Google Scholar] [CrossRef]

	



Moreno-Expósito, L.; Illescas-Montes, R.; Melguizo-Rodríguez, L.; Ramos-Torrecillas, C. Multifunctional capacity and therapeutic potential of lactoferrin. Life Sci. 2018, 195, 61–64. [Google Scholar] [CrossRef]

	



Kell, D.; Heyden, E.; Pretorius, E. The biology of lactoferrin, an iron-binding protein that can help defend against viruses and bacteria. Front. Immunol. 2020, 11, 1221. [Google Scholar] [CrossRef] [PubMed]

	



Elhabal, S.; Ghaffar, S.; Hager, R.; Elzohairy, N.; Khalifa, M.; Mohie, P.; Gad, R.; Omar, N.; Elkomy, M.; Khasawneh, M. Development of thermosensitive hydrogel of amphotericin-b and lactoferrin combination-loaded plga-peg-pei nanoparticles for potential eradication of ocular fungal infections: In-vitro, ex-vivo and in-vivo studies. Int. J. Pharm. 2023, 5, 100174. [Google Scholar] [CrossRef] [PubMed]

	



Jing, H.; Huang, X.; Du, X.; Mo, L.; Ma, C.; Wang, H. Facile synthesis of pH-responsive sodium alginate/carboxymethyl chitosan hydrogel beads promoted by hydrogen bond. Carbohydr. Polym. 2022, 278, 118993. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Zhang, K.; Hao, Y.; Liu, M.; Wu, W. Osteoblast/bone-tissue responses to porous surface of polyetheretherketone–nanoporous lithium-doped magnesium silicate blends’ integration with polyetheretherketone. Int. J. Nanomed. 2019, 14, 4975–4989. [Google Scholar] [CrossRef]

	



Andersen, F. Final report on the safety assessment of aluminum silicate, calcium silicate, magnesium aluminum silicate, magnesium silicate, magnesium trisilicate, sodium magnesium silicate, zirconium silicate, attapulgite, bentonite, fuller’s earth, hectorite, kaolin, lithium magnesium silicate, lithium magnesium sodium silicate, montmorillonite, pyrophyllite, and zeolite. Int. J. Toxicol. 2003, 22 (Suppl. 1), 37–102. [Google Scholar]

	



Cao, L.; Weng, W.; Chen, X.; Zhang, J.; Su, J. Promotion of in vivo degradability, vascularization and osteogenesis of calcium sulfate-based bone cements containing nanoporous lithium doping magnesium silicate. Int. J. Nanomed. 2017, 12, 1341–1352. [Google Scholar] [CrossRef]

	



Wang, W.; Cui, J.; Chou, S.; Wen, Y.; Sun, H. Electrospun nanosilicates-based organic/inorganic nanofibers for potential bone tissue engineering. Colloids Surf. B Biointerfaces 2018, 172, 90–97. [Google Scholar] [CrossRef]

	



Liu, S.; Wang, Y.; Ma, B.; Shao, J.; Liu, H.; Ge, S. Gingipain-responsive thermosensitive hydrogel loaded with sdf-1 facilitatesin situperiodontal tissue regeneration. Acs Appl. Mater. Interfaces 2021, 13, 36880–36893. [Google Scholar] [CrossRef]

	



Ramachandran, S.; Chen, S.; Etzler, F. Rheological characterization of hydroxypropylcellulose gels. Drug Dev. Ind. Pharm. 1999, 25, 153–161. [Google Scholar] [CrossRef]

	



Wiegand, I.; Kai, H.; Hancock, R. Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [Google Scholar] [CrossRef]

	



Zhang, K.; Yang, N.; Teng, D.; Mao, R.; Hao, Y.; Wang, J. Expression and characterization of the new antimicrobial peptide ap138l-arg26 anti Staphylococcus aureus. Applied microbiology and biotechnology. Appl. Microbiol. Biotechnol. 2024, 108, 111. [Google Scholar] [CrossRef] [PubMed]

	



Xie, W.; Song, L.; Wang, X.; Xu, Y.; Liu, Z.; Zhao, D.; Wang, S.; Fan, X.; Wang, Z.; Gao, C. A bovine lactoferricin-lactoferrampin-encoding Lactobacillus reuteri co21 regulates the intestinal mucosal immunity and enhances the protection of piglets against enterotoxigenic Escherichia coli k88 challenge. Gut Microbes 2021, 13, 1956281. [Google Scholar] [CrossRef] [PubMed]

	



Yang, N.; Zhang, Q.; Mao, R.; Hao, Y.; Ma, X.; Teng, D.; Fan, H.; Wang, J. Effect of NZ2114 against Streptococcus dysgalactiae biofilms and its application in murine mastitis model. Front. Microbiol. 2022, 13, 1010148. [Google Scholar] [CrossRef]

	



Yang, C.; Xue, R.; Zhang, Q.; Yang, S.; Liu, P.; Chen, L.; Wang, K.; Zhang, X.; Wei, Y. Nanoclay cross-linked semi-ipn silk sericin/poly(nipam/lmsh) nanocomposite hydrogel: An outstanding antibacterial wound dressing. Mater. Sci. Eng. C-Mater. Biol. Appl. 2017, 81, 303–313. [Google Scholar] [CrossRef]

	



Yuan, N.; Xu, L.; Xu, B.; Zhao, J.; Rong, J. Chitosan derivative-based self-healable hydrogels with enhanced mechanical properties by high-density dynamic ionic interactions. Carbohydr. Polym. 2018, 193, 259–267. [Google Scholar] [CrossRef]

	



Sherje, A.; Dravyakar, B.; Kadam, D.; Jadhav, M. Carbohydrate polymers scientific & technological aspects of industrially important polysaccharides. Carbohydr. Polym. 2017, 173, 37–49. [Google Scholar]

	



Yang, Y.; Zhang, C.; Bian, X.; Ren, L.; Ma, C.; Xu, Y.; Su, D.; Ai, L.; Song, M.; Zhang, N. Characterization of structural and functional properties of soy protein isolate and sodium alginate interpenetrating polymer network hydrogels. J. Sci. Food. Agric. 2023, 103, 6566–6573. [Google Scholar] [CrossRef]

	



Ying, Y.; Huang, Z.; Tu, Y.; Wu, Q.; Li, Z.; Zhang, Y.; Yu, H.; Zeng, A.; Huang, H.; Ye, J. A shear-thinning, ROS-scavenging hydrogel combined with dental pulp stem cells promotes spinal cord repair by inhibiting ferroptosis. Bioact. Mater. 2023, 22, 24–290. [Google Scholar] [CrossRef] [PubMed]

	



Tak, N.; Rashid, S.; Kour, P.; Nazir, N.; Zargar, M.; Dar, A. Bergenia stracheyi extract-based hybrid hydrogels of biocompatible polymers with good adhesive, stretching, swelling, self-healing, antibacterial, and antioxidant properties. Int. J. Biol. Macromol. 2023, 234, 123718. [Google Scholar] [CrossRef]

	



Dominique, L. Overview of lactoferrin as a natural immune modulator. J. Pediatr. 2016, 173, S10–S15. [Google Scholar]

	



Xiong, Y.; Hady, W.; Deslandes, A.; Rey, A.; Fraiss, L.; Kristensen, H.; Yeaman, M.; Bayer, A. Efficacy of NZ2114, a novel plectasin-derived cationic antimicrobial peptide antibiotic, in experimental endocarditis due to methicillin-resistant Staphylococcus aureus. Antimicrob. Agents Chemother. 2011, 55, 5325–5330. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, T.; Li, X.; Zhou, Y.; Song, Q.; Zhang, R. Glycosylation-enhanced biocompatibility of the supramolecular hydrogel of an anti-inflammatory drug for topical suppression of inflammation. Acta Biomater. 2018, 73, 275–284. [Google Scholar] [CrossRef] [PubMed]

	



Velnar, T.; Bailey, T.; Smrkolj, V. The wound healing process: An overview of the cellular and molecular mechanisms. J. Int. Med. Res. 2009, 37, 1528–1542. [Google Scholar] [CrossRef] [PubMed]

	



Robson, C. Wound infection. A failure of wound healing caused by an imbalance of bacteria. J. Urol. 1998, 159, 1414–1415. [Google Scholar] [CrossRef]

	



Veith, A.; Henderson, K.; Spencer, A.; Sligar, A.; Baker, A. Therapeutic strategies for enhancing angiogenesis in wound healing. Adv. Drug Deliv. Rev. 2019, 146, 97–125. [Google Scholar] [CrossRef] [PubMed]

	



Toda, M.; Suzuki, T.; Hosono, K.; Kurihara, Y.; Kurihara, H.; Hayashi, I.; Kitasato, H.; Hoka, S.; Majima, M. Roles of calcitonin gene-related peptide in facilitation of wound healing and angiogenesis. Biomed. Pharmacother. 2008, 62, 352–359. [Google Scholar] [CrossRef]

	



Ahmed, S.; Saeid, A. The role of phytochemicals in the inflammatory phase of wound healing. Int. J. Mol. Ences 2017, 18, 1068. [Google Scholar]

	



Glass, G.; Murphy, G.; Esmaeili, A.; Lai, L.; Nanchahal, J. Systematic review of molecular mechanism of action of negative-pressure wound therapy. Br. J. Surg. 2014, 101, 1627–1636. [Google Scholar] [CrossRef]








[image: Antibiotics 13 00889 g001] 





Figure 1. The photograph, antimicrobial activity and FT–IR spectrum of the injectable hydrogel Lf/NZ2114/LMSH. (a) The photograph of the synthetic injectable hydrogel; (b) Inhibition zone of NZ2114, Lf, 1% LMSH/Lf/NZ2114, 3% HACC/Lf/NZ2114, 3% SA, 1% LMSH; (c) The FT–IR spectra of 1% LMSH, 1% LMSH + Lf, 1% LMSH + NZ2114, 1% LMSH + Lf + NZ2114, 1.5% LMSH + Lf + NZ2114, 3% HACC, 3% HACC + Lf, 3% HACC + NZ2114, 3% HACC + Lf + NZ2114. 
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Figure 2. The morphology of the synthetic injectable hydrogel. The SEM image of 0.5% LMSH + NZ2114, 1% LMSH + Lf + NZ2114, 1% LMSH + Lf + NZ2114, 3% HACC + Lf + NZ2114, 1% LMSH, 3% HACC, Lf + NZ2114. 
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Figure 3. The viscosity, modulus, and bactericidal properties of different hydrogel samples. (a) The viscosity of 0.5% Lf/NZ2114/LMSH and 1% Lf/NZ2114/LMSH during sheer increase from 0.01 to 100 s−1; (b) The viscosity of 3% Lf/NZ2114/HACC during sheer increase from 0.01 to 100 s−1; (c) The storage modulus (G′) and loss modulus (G″) of 0.5% Lf/NZ2114/LMSH, 1% Lf/NZ2114/LMSH, and 3% Lf/NZ2114/HACC during strain increase from 0.1% to 1000% at the frequency of 1 Hz; (d,e) The bactericidal rate of 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, Lf + NZ2114, Lf, NZ2114, 1% LMSH, 3% HACC against S. aureus CVCC 546 (n = 3). These (−2, −3, −4, −5) are the number of dilutions. (* p < 0.05, *** p < 0.001). 
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Figure 4. The biocompatibility of different hydrogel samples. (a,b) The images and hemolysis rate of Lf, Lf + NZ2114, 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, 1% LMSH, 3% HACC, 0.1% Trix-100; (c) Cytotoxicity of HACAT cells co-cultured with Lf, Lf + NZ2114, 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, 1% LMSH, 3% HACC. Samples at 1, 2, and 4 days, n = 3; (d) The images of calcein–AM/PI double staining of the HACAT cells that were incubated with 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, 1% LMSH, 3% HACC for 1, 2 and 4 days. (Scale bar = 100 μm). * p < 0.05, *** p < 0.001. 
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Figure 5. The body weight, skin load, and wound diagram of mice (n = 3). (a) The weight of mice untreated and treated with Lf + NZ2114, 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, 1% LMSH, 3% HACC for 0–14 days; (b) The bacteria of skin untreated and treated with Lf + NZ2114, 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, 1% LMSH, 3% HACC samples for 4 d; (c) The macroscopic images of wounds untreated and treated with 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC samples for 4, 8, 12 and 14 d; (d) The wound healing rate of mice untreated and treated with Lf + NZ2114, 1% Lf/NZ2114/LMSH, 3% Lf/NZ2114/HACC, 1% LMSH, 3% HACC samples for 4, 8, 12, and 14 d. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6. HE staining of the wounds without any treatment or treated with 1% Lf/NZ2114/LMSH and 3% Lf/NZ2114/HACC samples for 14 days. 
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Figure 7. The cytokine secretion without any treatment or treated with 1% Lf/NZ2114/LMSH and 3% Lf/NZ2114/HACC samples for 14 days. (a–c) The expressions of IL-6, VEGF and EGFR were measured by ELISA kit. (d–g) The expressions of IL-6, VEGF, EGFR, and CD31 were measured at RNA level by qPCR. 
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Figure 8. The immunohistochemistry of without any treatment or treated with 1% Lf/NZ2114/LMSH and 3% Lf/NZ2114/HACC samples for 14 days. CD31 staining of the wounds without any treatment or treated with different hydrogel samples for 14 days. IL-6 staining of the wounds for 14 days. (Red arrows are CD31 binding sites). 
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