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Abstract

:

Biofilm-associated infections are a major cause of impaired wound healing. Despite the broad spectrum of anti-bacterial benefits provided by silver nanoparticles (AgNPs), these materials still cause controversy due to cytotoxicity and a lack of efficacy against mature biofilms. Herein, highly potent ultrasmall AgNPs were combined with a biocompatible hydrogel with integrated synergistic functionalities to facilitate elimination of clinically relevant mature biofilms in-vivo combined with improved wound healing capacity. The delivery platform showed a superior release mechanism, reflected by high biocompatibility, hemocompatibility, and extended antibacterial efficacy. In vivo studies using the S. aureus wound biofilm model showed that the AgNP hydrogel (200 µg/g) was highly effective in eliminating biofilm infection and promoting wound repair compared to the controls, including silver sulfadiazine (Ag SD). Treatment of infected wounds with the AgNP hydrogel resulted in faster wound closure (46% closure compared to 20% for Ag SD) and accelerated wound re-epithelization (60% for AgNP), as well as improved early collagen deposition. The AgNP hydrogel did not show any toxicity to tissue and/or organs. These findings suggest that the developed AgNP hydrogel has the potential to be a safe wound treatment capable of eliminating infection and providing a safe yet effective strategy for the treatment of infected wounds.
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1. Introduction


Wound infection is a major medical threat as continuous colonization of pathogens impairs healing and can leads to sepsis [1,2]. Chronic wounds provide a fertile environment for the development of mature biofilms, which offer bacteria protection from antibiotics or host defence proteins [3,4]. Staphylococcus aureus (S. aureus) bacteria has been identified as a leading cause of wound infection with the ability to develop multiple-antibiotic resistance and lead to chronic infections that are hard to combat [5]. Application of higher doses of therapeutic agents is often required for the complete elimination of pathogens because the physical and metabolic barriers provided by biofilms lead to high resistance and poor penetrations of antimicrobials [6]. Moreover, chronic wounds associated with biofilm infection are difficult to heal with subsequent effects on tissue functionality and scarring [7]. Therefore, treatment strategies aimed at the mitigation of bacterial biofilms with the capacity to promote healing have attracted significant attention.



Silver nanoparticles (AgNPs) that have antibiofilm activity, including multimodal efficacy in biofilm pore-forming mechanism and broad-spectrum activity, are regarded as a promising approach to tackle mature biofilm wound infections [8,9]. The biofilm penetration functionality is largely dependent on nanoparticle size, surface charge, and stability with smaller-sized AgNPs showing greater uptake and availability at the site of infection [10]. However, the success of AgNPs in treating wound infections has been constrained, primarily due to their toxicity toward mammalian cells, uncontrolled release of silver ions (Ag+), and susceptibility aggregation in the wound environment, requiring significantly higher concentration for efficacy and often inconsistent bactericidal effects [11,12]. Additionally, the lack of widely available spectroscopic and microscopic real-time approaches to study the interaction between nanoparticles and cells in complex biological system to assess their efficacy and safety further prevents the therapeutic developments of AgNPs [13,14]. The clinical use of currently available silver-based dressings remains controversial due to stability and toxicity problems, as well as microbial resistance development [15].



To overcome these limitations, different types of silver formulations have been developed to enhance performance with emphasis on stability and antibacterial effects [16]. To enhance the antibacterial effect, AgNP hydrogels are often combined with antibiotics to endow greater bactericidal activity; however, the use of antibiotic-free systems is preferred to avoid resistance development [17]. The controlled release of Ag+ from a hydrogel is another important aspect, as studies have shown that AgNPs have a short lifetime (3 h) while the inconsistent and fast release of Ag+ contributes to high wound toxicity [18]. Consequently, the controlled release mechanism of AgNPs has been integrated with different delivery platforms i.e., antibacterial coatings [19], stimuli-responsive hydrogel to provide on-demand release [20], mussel-inspired hydrogels [21], and mesoporous silica nanoparticles with the slow dissolution of Ag+ [22], many of which show promising in-vitro results. While their antibacterial activity is relatively well studied using in-vitro models, the AgNPs’ efficacy against mature biofilms in clinically relevant animal models is unconvincingly reported. Additionally, studies to date have shown that AgNP hydrogels suffer salt instability and rapid aggregation compromising AgNPs’ ability to penetrate biofilms and leading to high cytotoxicity [23]. Therefore, a better understanding of AgNPs’ design and stability is critical for safety, efficacy, and clinical translation. The use of multifunctional materials in AgNP hydrogel design that combine antibacterial and healing promoting properties hold promise for successful clinical regeneration of infected wounds.



Our previous study demonstrated the potential of a thermoresponsive ultrasmall AgNP hydrogel as an antibacterial agent against acute wound infection (resembling planktonic bacterial growth) [24]. Most acute wound infections are transient and resolve spontaneously within 12 weeks depending on host immune responses [25]. However, chronic infections observed in non-healing wounds are usually associated with persistent bacterial colonization accompanied with delayed healing, which often requires long-term antibacterial therapy at a much higher concentration [26]. Despite the benefits of current antibacterial hydrogels to control short-term acute infection [24], the potential of these approaches has not been demonstrated in complex models of mature biofilm wound infection. These biofilm models feature higher levels of pathogenic bacteria—a larger wound size has a high degree of exudate and maceration and they utilize the application of a wound dressing, which not only closely mimics the clinical situation but also promotes mature biofilm development. The treatment of chronic wound infection often requires higher concentrations of antimicrobial agents, which may benefit by rapid killing but also result in mammalian cell toxicity [27]. Unregulated release of Ag+ results in non-selective killing [28] while the use of large size NPs requires higher silver concentrations to obtain efficacy [29]. One strategy to overcome these limitations is the fabrication of a controlled release system containing a stable and optimized concentration of ultrasmall AgNPs, harnessing high bactericidal effects with significantly lower or absent cytotoxicity. This tailored approach has been shown to be effective against planktonic bacteria [24]; however, its ability to overcome resistant mature biofilms in chronic wounds has not yet been reported.



This study investigated the efficacy of a controlled release system of ultrasmall AgNPs against mature and clinically relevant S. aureus biofilms using a validated model of mature biofilm wound infection. Utilizing the inherent nature of water-soluble polymeric hydrogel as a tissue scaffold and integrated thermoresponsive functionality as a controlled release mechanism of ultrasmall AgNPs [30,31], for the first time, we demonstrated the ability of topically administered AgNP hydrogel to clear mature S. aureus biofilms and promote wound healing simultaneously (Scheme 1). The described AgNP hydrogel provides a versatile platform with features of antibacterial efficacy, exudate absorbance, low cost, biocompatibility, hemocompatibility, and improved wound healing, holding a great promise for future clinical translation.




2. Materials and Methods


2.1. Materials


All chemicals are commercially available and used without further purifications. AgNO3, mercaptosuccinic acid (MSA), pluronic f-127 (MW ~ 12,600 g/mol), propylene glycol (PG), resazurin sodium salt, sodium hydroxide (NaOH), sodium borohydride (NaBH4), were purchased from (Sigma Aldrich, Sydney, Australia). Dulbecco’s Modified Eagle Medium (DMEM), fetal calf serum (FCS), and phosphate buffered saline (PBS) were purchased from Gibco Life Technologies. Tryptic soy broth (TSB) and tryptic soy agar (TSA) was purchased from Thermo Fisher Scientific, Oxoid, and prepared according to the manufacturer’s instructions. Silver sulfadiazine (Ag SD) (Flamazine Cream (1%) 50 g) (Smith & Nephew, Sydney, Australia) was purchased from the pharmacy without further modifications. The Ag SD contains (10 mg/g) silver sulfadiazine, equivalent to 3.02 mg/g of Ag.




2.2. Preparation and Characterization of the AgNP Hydrogel


AgNPs were synthesized according to previously published protocol [32]. Briefly, 1 mL of 20 mM silver nitrate (AgNO3) and 1 mL of 20 mM mercaptosuccinic acid (MSA) were mixed in 7.7 mL of MilliQ water under continuous stirring (500 rpm) to form MSA–Ag complex. The 0.05 M sodium borohydride (NaBH4) acting as the reducing agent was added to the reaction with continued stirring for a further 24 h at ambient temperature to form MSA–AgNPs. After the synthesis, the AgNP solution were purified through dialysis (Pur-A-Lyzer™ Maxi Dialysis Kit; MWCO 3.5 kDa, Perth, Australia) against ultrapure water to remove impurities and excess precursors (i.e., NaBH4). The synthesized AgNP solution was characterized using UV-vis spectroscopy, dynamic light scattering (DLS), and transmission electron microscopy (TEM) (JEOL JEM-2100F-HR, Tokyo, Japan). The colloidal stability and primary size distribution of AgNP were confirmed before proceeding to hydrogel synthesis. Subsequently, the AgNP hydrogel was prepared by mixing a solution of AgNP into synthesizing pluronic f-127 (19%) hydrogel via continuous stirring under cold conditions until complete dissolution and distribution of hydrogel components [33]. The final components of the AgNP hydrogel are reported in Table S1. The AgNP hydrogel contained 200 µg/g of AgNPs while the control hydrogel (blank hydrogel) was prepared without AgNP. Both formulations were stored at 4 °C for further use. The interior morphology of hydrogels was characterized using scanning electron microscopy (SEM Carl Zeiss Crossbeam 540 with SDD EDS, Oberkochen, Germany, while the Rheometer (TA Instrument, DE, USA was used to monitor the gelation point of AgNP hydrogel in response to temperature changes (4–40 °C) and simultaneously measure the viscoelastic behavior and shear stress [33].




2.3. Stability and Release Kinetics of the AgNP Hydrogel


The stability of the AgNP was measured using dynamic light scattering (DLS) (Malvern Zetasizer Nano, Worcestershire, United Kingdom, including assessment in biological media (DMEM, supplemented with 10% FCS) to monitor the changes in the hydrodynamic diameter of NPs after 24 h incubation at 37 °C, simulating the physiological system. The in-vitro release of AgNPs from the hydrogel was investigated using a dialysis membrane (Dialysis 12Kda CelluSep, Perth, Australia) [34]. Briefly, the AgNP hydrogel sample (2 mL) was dispensed in the dialysis membrane containing 10 mL PBS as the release medium. The system was gently stirred at 100 rpm. Aliquots were withdrawn at predetermined time intervals (0–24 h) and replaced by the same volume of fresh solution. The samples were digested with nitric acid and Ag content was determined using inductively coupled plasma–optical emission spectrometry (ICP–OES) [34].




2.4. Bacterial Bioluminescent Strain and Growth


The in-vitro and in-vivo antibacterial experiments were undertaken using bioluminescent S. aureus (ATCC12600) carrying a modified lux operon from Photorhabdus luminescence (Xen 29) (PerkinElmer, Beaconsfield, United Kingdom). A stock of S. aureus (Xen 29) was obtained from (−80 °C) and streaked across tryptic soy agar (TSA) supplemented with kanamycin (200 µg/mL) to obtain pure isolated S. aureus (Xen 29) colonies. Thereafter, a single bacterial colony was sub-cultured in tryptic soy broth (TSB) supplemented with 200 µg/mL kanamycin and grown at 37 °C overnight. The optical density was measured at 600 nm (OD600) and standardized by diluting the overnight culture to 0.5, which equates to approximately 5 × 108 CFU/mL. The resulting standardized inoculum was centrifuged, washed twice in PBS, and resuspended to the required density for wound inoculation, while maintaining an aseptic technique in the process.




2.5. In Vitro Cytocompatibility


Cell viability was determined using the resazurin assay and Live/Dead Mammalian™ viability kit (Invitrogen, Thermo Fisher Scientific, Sydney, Australia). Human foreskin fibroblasts (HFFs) were seeded in 96-well tissue culture plates at a density of 3 × 104 cells/well or 24-well tissue culture plate on glass coverslip (1 × 105 cells/well) in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal calf serum (FCS) and 5% penicillin and streptomycin and incubated at 37 °C in 5% CO2 for 24 h. Extracts of the AgNP hydrogel were prepared similar to a previously reported method [33]. After cell confluency, the wells were washed with PBS and treated with hydrogel extracts. Cells treated with fresh DMEM were used as controls. After further incubation for 24 h, the cells were washed and resazurin dye was added and fluorescence intensity was measured after 2 h incubation at 37 °C. Cells that were grown and treated in glass coverslips were stained with Live/Dead staining according to the manufacturers’ instructions, similar to our previous method [20]. Samples were imaged via Olympus IX81 epifluorescence microscope (Olympus, Tokyo, Japan).




2.6. Hemolytic Activity of the Test Hydrogels


Blood was collected from mice using terminal cardiac bleed protocol following approval from UniSA Animal Ethics Committee for scavenging tissue from excess breeding mice at Centralized Animal Facility UniSA following approved protocols. Using mice blood, the red blood cells (RBCs) were isolated by centrifugation at (1000 rpm) for 10 min, and the hemolysis was measured similar to previous published protocol with slight modifications [35]. The obtained erythrocytes were washed three times with PBS and then diluted to a final concentration of 5% (v/v). The 500 µL of the hydrogel test samples were dispersed into an equal volume of RBCs suspension (5%) in a 2 mL centrifuge tube and incubated at 37 °C for 1 h with moderate shaking (120 rpm). Samples were then further centrifuged at (1000 rpm) for 10 min and the supernatants (100 µL) were added into a 96-well plate for measuring the absorbance. The absorbance of the solution was measured using a microplate reader (FLOUstar Optima, BMG Labtech, Melbourne, Australia) at 540 nm. Here the water served as the negative control while the 0.1% Triton X-100 served as the positive control. The percentage of hemolysis of each sample was calculated using the following equation, hemolysis % = (Test sample − Neg control)/(Pos control − Neg control) × 100.




2.7. In Vitro Anti-Biofilm Eradication of AgNP Hydrogel


The in vitro antibiofilm activity of the AgNP hydrogel was evaluated using the Live/Dead Baclight™ viability kit (Invitrogen, Thermo Fisher Scientific, Sydney, Australia) [33]. S. aureus (Xen 29) cells were selectively grown overnight with kanamycin to mid-log phase. The overnight bacterial culture was then adjusted to (2 × 106 CFU/mL) and added to wells containing sterile glass coverslips in a 24-well plate. The plate was statically incubated at 37 °C for 24 h to allow biofilm formation. The planktonic cells were gently washed, and the biofilms were treated with 400 μL of hydrogel extracts together with silver sulfadiazine and the negative control [33]. The final concentration of AgNPs in each well was 40 µg compared to 600.4 µg of silver for the Ag SD group. After a further 24 h of incubation at 37 °C, the coverslips were washed and then stained with 3 μm of SYTO9 and propidium iodide (PI) followed by 15 min in the dark at 25 °C. The excess stain was washed and mounted on a glass slide for confocal imaging. Images were visualized under CLSM and processed with Bitplane Imaris v9.0 3D/4D image analysis software.




2.8. In Vivo Mature Biofilm Wound Infection Animal Model and Treatment


All mice (BALB/C wildtype, M/F 10–12 weeks old, 18–20 g) were obtained from the Animal Resources Centre (ARC, Perth, Australia). All animal experiments were conducted in compliance with the guidelines for the care and use of research animals established by the University of South Australia Animal Ethics committee UniSA AEC (U39-19). After allowing 7 days to acclimatize, male and female mice were randomized into three groups, each group containing (n = 8): the blank hydrogel, Ag SD, and AgNP hydrogel. The pre-surgery anaesthesia was induced by 2% isoflurane in 1.5/L of O2. The backs of the mice were shaved, cleaned, and disinfected before surgery. Pre-operative analgesia was given using a subcutaneous injection of buprenorphine (0.1 mg/Kg) in 60 µL of 0.9% saline. A full-thickness circular (10 mm) excisional wound on the back of each mice was created. Subsequently, each mouse wound was inoculated with bioluminescent S. aureus (Xen 29) 2.5 × 107 CFU in 10 µL PBS, as previously described [36]. Infected wounds were imaged post-inoculation using Xenogen IVIS Bioluminescent Live Animal Imaging (Caliper Life Sciences, Massachusetts, America) and then daily until sacrifice to quantify radiance and correlate the wound bacterial load. The total photon emission from defined wound areas within the images, region of interest (ROI) was quantified with Living Image R software following established protocols [36]. At two-day post-inoculation, once the bacterial infection was well established, and the presence of mature biofilms was evident by the formation of extracellular polymeric substance (EPS), the wounds were treated daily with either 60 µL of AgNP hydrogel (200 µg/g) equivalent to (12 μg of silver) per treatment, blank hydrogel, and 1% Ag SD cream equivalent to (302 μg of silver) until day 9 and imaged daily to monitor the bacterial burden [24]. Wounds were covered with a sterile TegadermTM dressing daily from day 0 to day 10 and post each treatment to create a fertile environment for the development of mature bacterial biofilms and mimic the clinical environment [37]. The infected wounds were also digitally photographed daily throughout the whole trial for macroscopic assessment of wound healing. On the 10th day of the study, all mice were sacrificed, wounds were excised, and major organs (liver, spleen, lung, and kidney) were collected. The wound tissue was halved through the center and half of the tissue was submitted for fixation and subsequent hematoxylin and eosin (H&E) tissue staining for histological analysis of wound healing. The remaining half of the wound was bisected, a quarter was used for bacterial colony counts, and a quarter for live/dead bacterial viability staining [24]. Collected organs were weighed and processed for H&E staining.




2.9. Macroscopic and Microscopic Analysis of Wound Healing


Daily digital wound photographs (0–10 day post-surgery) were used for macroscopic assessment of healing using the ImageProPlus program (Media Cybernetics, Inc., Bethesda, MD, America). This included measurements of surface wound area and gape, which were determined by tracing around the wound margin and measuring the distance across the wound bed, respectively, following established protocols [38]. For microscopic analysis of wound healing, we used histology assessments. Collected wound tissue and major organs from each group of mice were fixed in 10% neutral buffered formalin, processed routinely into paraffin, and sectioned at 4 μm thickness using a microtome (Moss Instruments MHS45) [39]. Sections were then processed and stained for hematoxylin and eosin (H&E) using established protocols [40]. Masson trichrome staining was also implemented to assess the total collagen content using previously described methods [41]. The sections were imaged using Olympus IX81 light microscope (Olympus, Tokyo, Japan) and the ImageProPlus program (Media Cybernetics, Inc., Bethesda, MD, America) to microscopically assess the healing by measurements of wound length, wound gape, and percentage of wound re-epithelisation following established methods [24].




2.10. In Vivo Antibacterial Assessments


2.10.1. CFU Counts


The number of viable S. aureus bacteria from excised wound tissue were determined using the CFU spot plate method in sterile conditions and colony counts were further verified by IVIS bioluminescence imaging of the plates. Tissue samples were resuspended in 200 µL PBS and homogenized by 3× vortexing and 2 min sonication [36]. The homogenates were serially diluted in PBS (20 µL + 180 µL) and spot-plated on the TSA + kanamycin plate allowing for selection of S. aureus. The grown visible colonies were manually counted after overnight incubation (18 h) and verified using bioluminescent imaging following established protocols [24].




2.10.2. Bacterial Viability (Live/Dead Staining)


The collected wound tissue was prepared for staining with the Baclight™ viability kit, as described in the previous section [24]. Briefly, tissue samples were washed with PBS and then stained with the live/dead stain and imaged using CLSM following standard protocols as per manufacturers’ recommendations [24].





2.11. Statistical Analysis


Results are presented as mean ± standard deviation (SD) unless otherwise stated. The data were analyzed by Student’s t-test or one-way ANOVA. When the statistical analysis was significant (p < 0.05), post hoc comparisons were conducted using Dunnett’s multiple comparisons. All statistical analysis was performed using GraphPad Prism version 8.0 (GraphPad, Sacramento, California, America). * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3. Results and Discussion


3.1. Preparation and Characterization of AgNP Hydrogel


Synthesis of ultrasmall silver nanoparticles capped with mercaptosuccinic acid (MSA) was carried out using a protocol previously described [33] and schematically presented in Scheme 1. Here the MSA molecules served as both the primary capping agent and for enhancing the colloidal stability of the AgNPs. The formation of AgNPs was verified using UV vis spectroscopy. As shown in Figure 1A, the absorption peak has no defined prominent peak, suggesting the absence of surface plasmon resonance (SPR). The absence of SPR and the nature of this peak is a strong indication of typical characteristics of ultrasmall AgNPs as we previously demonstrated [32]. The as-prepared AgNPs were light yellow under ambient light (Figure 1A inset). The primary size of AgNPs was verified using TEM displaying a highly monodispersed AgNPs with an average core size of 2.7 nm, hence referred to as ultrasmall AgNPs (<3 nm) (Figure 1B). The incorporation of AgNPs was carried out by adding the pre-made AgNP solution into synthesized pluronic f-127 under continuous stirring to obtain the AgNP loaded hydrogel. Pluronic hydrogels are gaining research interests for drug delivery and tissue engineering applications due to their high biocompatibility, stability with nanoparticles, and thermoresponsive properties. Subsequently, the hydrodynamic diameter of AgNPs was measured when incorporated into the hydrogel. The DLS measurement shows that AgNPs diameter remains unchanged (<5 nm) to those AgNPs in solution (Figure 1C).



The stability of the AgNPs exposed to biological media was also assessed. The result showed that the AgNP hydrogel can maintain its original composition and structure as measured by consistent hydrodynamic diameter after 24 h of exposure to DMEM (10% FBS), Figure S1. Here the collective impact of ultrasmall well-dispersed particles coupled with MSA molecule on the surface of particles acts as an important parameter limiting the immediate formation of protein corona [42]. Additionally, the protein corona formation also depends on the types of protein and incubation period, where longer incubation or circulation could greatly expose the formation of hard or soft corona [43]. The microstructure of both blank and AgNP hydrogel was analysed using Scanning Electron Microscopy (SEM). The SEM images displayed a porous structure with high interconnectivity for both hydrogels with a small change in pore size (Figure 1D). The comparison images show that the blank hydrogel pore is slightly larger (2.1 ± 0.4 µm vs. 1.8 ± 0.6 µm) after AgNP loading however this was not significant. High porosity including the pore size of hydrogel is an important physical property impacting drug diffusion, tissue regeneration, and oxygen and waste removal for cells [44].



The mechanical properties of AgNP loaded and blank hydrogels were measured using a rheometer, showing a similar relationship, irrespective of AgNP addition (Figure S2). The hydrogel presents a typical non-Newtonian fluid behaviour at ambient temperature, where a change in viscosity in response to a change in shear is observed (Figure S2) [45]. The thermoresponsive properties of the AgNP hydrogel were evident through rapid changes in physical properties in response to surrounding temperature (Figure 1E). AgNP hydrogel displayed trends of increasing storage modulus (G’) and loss modulus (G’’) in response to increased temperature with a characteristic cross-over at near-physiological temperature, as indicated where the G’ equilibrate G”, which is defined as the gelation point [46]. This measurement was further supported when the hydrogel viscosity was increased at the defined temperature range (Figure S3). These important viscoelastic properties of the AgNP hydrogel offer ease and flexibility for application, which can be performed using a syringe with an acceptable flow rate, through a conventional topical dispenser or even a laboratory pipette, demonstrating a high degree of hydrogel plasticity (Figure S4). The release of silver from hydrogel was studied over a 24 h period. It displayed a two-phase behaviour release pattern, where the first 6 h showed a fast silver release, followed by a slow and sustained pattern afterward (Figure 1F). This is a consistent pattern for typical sustained release therapeutics [47]. Furthermore, this type of release pattern promotes pathogen elimination, while providing sufficient Ag+ concentration to prevent recurrent infections when wounds are undergoing repair mode.




3.2. In Vitro Biocompatibility of the AgNP Hydrogel


Biocompatibility is an essential factor for the safe clinical application of the AgNP hydrogel. The in vitro cytotoxicity of the developed AgNP hydrogel was assessed against human foreskin fibroblasts (HFFs). Fibroblasts were chosen based on their important role in the wound healing process. The cells remain viable when exposed to either blank or AgNP hydrogel after 24 h of exposure, compared to untreated control (Figure 2A,B). As shown in Figure 2A, fibroblast viability was similar and not statistically significant between the treatment groups. A slightly higher cell viability over 100% is often common in metabolic assays due to different proliferation rate and response to the treatment group. Additionally, the live/dead staining was used to semi-qualitatively measure the fibroblast viability, while also observing cell morphology. The HFFs retained maximum viability after 24 h exposure in all groups, as indicated by a higher ratio of green fluorescence intensity with no major change to cell morphology (Figure 2B). The cell viability assay suggests the potential safe application of AgNP hydrogel for applications in wound management. This further supports our previous studies showing the concentration-dependent cell viability of AgNPs against mammalian cells [32].




3.3. Hemocompatibility of the AgNP Hydrogel


Hemocompatibility of the AgNP hydrogel was investigated in vitro by measuring the absorbance of released hemoglobin after RBC lysis. AgNP hydrogels with different AgNP concentrations ranging from 50 to 200 μg/mL were set as experimental groups, while water and Triton X-100 were used as negative and positive controls, respectively. The supernatant in all experimental groups displayed a pale pink colour with red blood cell pellet at the bottom of the tube, similar to the water (negative control), while Triton X-100 (positive control) showed a bright red supernatant due to ruptured red blood cells (Figure 2C inset). Furthermore, as shown in Figure 2C and consistent with macroscopic colour observation, the AgNP hydrogel in all tested concentrations (50–200 µg/mL) quantitatively displays lower than 10% hemolysis of RBCs, compared to a positive control (Triton X-100). Indeed, the colour observation and quantitative analysis both support the good hemocompatibility of the AgNP hydrogel comparable to that of water (negative control).




3.4. In Vitro Antibiofilm Activity of the AgNP Hydrogel


The in vitro antibiofilm activity of the AgNP hydrogel (200 µg/mL) was carried out for 24 h using S. aureus (Xen 29), similar to our previously established protocol [24]. This bacterium was selected for analysis to provide insight into its biofilm formation and susceptibility to AgNPs prior to use in the in vivo mature biofilm wound infection study. Firstly, mature biofilms of S. aureus were established and treated with a predetermined concentration of AgNP hydrogel, while Ag SD served as the positive control and saline served as the negative control. As shown in Figure 3A–D, there was a striking difference in biofilm composition, as measured via live/dead staining of the 3D biofilm structure. The SYTO9 exhibited green fluorescence in all live bacteria cells, and a fluorescence emission shift toward red (PI) was observed when the bacterial membrane is damaged, indicating dead bacterial cells. The SYTO9/PI staining of 3D mature S. aureus biofilms was mostly stable and intact in structure, as indicated by the high green fluorescence with live cells in response to both control and blank hydrogel treatments (Figure 3A,B). Treatment with current clinical gold standard and positive control Ag SD resulted in physical damage to the cells, as indicated by the increased dead cells while failing to disrupt the structure of mature biofilms. In contrast, treatment with the AgNP hydrogel resulted in a striking difference. Most of the S. aureus cells were killed, leading to severe disruption of mature biofilms, as indicated by high red fluorescence intensity fragments with significantly reduced biofilm biomass (Figure 3D). Hence, this observation indicates the strong in vitro potential of the AgNP hydrogel against mature and established S. aureus biofilms.




3.5. In Vivo Anti-Biofilm Effect of the AgNP Hydrogel


To demonstrate the in vivo potential of the AgNP hydrogel, an established S. aureus (Xen 29) mouse model of mature biofilm wound infection. Wounds were inoculated with S. aureus (Xen 29) (5 × 107 CFU) and biofilms allowed to mature and establish by covering the wounds with a transparent Tegaderm dressing, which is known to promote bacterial proliferation, as facilitated by a moist environment, leading to the establishment of dense and stabilized mature biofilms in the first 48 h [48,49]. Following the establishment of mature biofilms as evident by the presence of thick extracellular polymeric substance [50], the daily treatment with AgNP hydrogel commenced on day 2 and was monitored in real-time for 10 days using IVIS bioluminescent imaging (Figure 4A). In this mature biofilm model of wound infection, the bacterial load significantly increases over time, reaching the highest intensity at 3-days post-infection (~3.5 × 108 photons/s) for the Ag SD control or AgNP hydrogel treatment, while the blank hydrogel treated group continued to increase peaking at 5 days post-infection (~7.0 × 108 photons/s) (Figure 4B,C). The difference in treatment efficacy was apparent from day 4 onwards, where the AgNP hydrogel treatment gradually reduced the S. aureus bacterial load, as quantitively presented in Figure 4C. The treatment with Ag SD was less effective in clearing the infection with only moderate efficacy observed, compared to blank hydrogel at 5 days post-infection. Additionally, antimicrobial effects of Ag SD were not sustained in subsequent days, indicating that Ag SD may require a higher dose (which may also cause cytotoxicity) to combat mature S. aureus biofilms or a longer period of continuous treatment to harness full antibacterial activity. In contrast, treatment with AgNP hydrogel at a much lower concentration resulted in efficient S. aureus bacterial clearance, which was statistically significant from 5 to 10 days post-infection, illustrating superior efficacy in clearing established mature S. aureus biofilms in wounds in vivo (Figure 4A–C).



The endpoint bacterial counts were verified using standard plate count, confirming the strong antimicrobial properties of developed AgNP hydrogel (Figure S5). These data indicate that wound biofilm exposed to daily AgNP hydrogel treatment results in a weakened and disintegrated biofilm structure and highlights the benefits of ultrasmall particles actively penetrating mature biofilms. Effective removal of biofilm depends on the diffusion capacity of antimicrobial agents. A similar observation was also previously reported, showing enhanced penetration of small particles through bacterial biofilms [51]. However, this observation was based on using pyomyositis mice model where the infected muscle was treated with AgNPs injected intramuscularly, hence resulting in higher accumulation and subsequent antibiofilm effect [51]. The successful treatment of biofilms requires the use of optimized AgNPs to facilitate rapid bacterial clearance to prevent systemic infection. Current relevant studies of AgNPs treatments against in vivo skin wound biofilm models are limited to the use of larger AgNP with uncontrolled release mechanisms, and often encounter various stability issues that compromise their potency against bacteria [52,53].




3.6. End-Point Tissue Bacterial Biofilm Analysis


We extended the in vivo biofilm observation by analyzing residual S. aureus bacteria within dissected wounds using live/dead staining. Samples were stained with two nucleic acid dyes and the fluorescence intensity of SYTO9/PI was monitored using CLSM. Treatment of infected wounds with blank hydrogel control resulted in high levels of green fluorescence (merged), indicating the presence of a viable mature biofilm and survival of bacteria in response to blank hydrogel (Figure 5A). Treatment with Ag SD positive control resulted in reduced cell viability, with treatment efficacy showing some success with ~50% of S. aureus bacteria remaining viable in mature biofilms within the wounds (Figure 5A,B). However, treatment with the AgNP hydrogel showed a marked difference in fluorescence intensity with predominately stained red (dead cells) and more dispersed S. aureus biofilms within the wounds. These observations were supported with quantitative analysis showing that the AgNP hydrogel treatment resulted in only ~30% bacterial viability within wound biofilms while the Ag SD and blank hydrogel treatments resulted in 50% and 80% viability, respectively (Figure 5B). The increased membrane permeability (red fluorescence) in response to AgNP hydrogel treatment further supports the role of AgNPs in targeting mature biofilms and leading to improved bacterial killing efficiency. Unlike larger particles or silver salts (Ag SD), the small-sized AgNPs have a significantly higher affinity and tendency to interact with the complex structures of mature biofilms to target bacterial cells [54]. These observations are consistent with our previous study, suggesting that ultra-small AgNPs can effectively damage the structural integrity of the S. aureus cell membrane and increase permeability, resulting in a higher degree of bacterial eradication [33].




3.7. In Vivo Assessment of AgNP Hydrogel Efficacy in Promoting Healing of Infected Wounds


The effect of AgNP hydrogel on healing of S. aureus infected wounds was assessed using macroscopic analysis of surface wound area and gape using digital photographs. Quantitative analysis showed that both the blank hydrogel and Ag SD treatments resulted in slower healing with only ~20% of surface wound closure compared to day 0 over 10 days in both groups, as illustrated by measurements of wound area and gape (Figure 6A–D). In contrast, the AgNP hydrogel treatment resulted in a significantly faster wound closure rate, with ~45% of surface wound closure compared to day 0 over the 10 days period and a concurrent decrease in both wound area and gape, compared to both blank hydrogel and Ag SD treatment controls, which was most pronounced on day 10 of the study (Figure 6A–D).



To further elucidate the capacity of the AgNP hydrogel to promote healing of S. aureus infected wounds, histological analysis of the wounds at the 10-day endpoint was performed, including analysis of wound length, wound gape, and wound re-epithelialization. Treatment of infected wounds with the AgNP hydrogel resulted in significantly smaller wound areas and dermal wound gapes, compared to Ag SD treatment, which showed a trend towards delaying healing compared to blank hydrogel treatment, where only a minimal improvement in wound healing was observed (Figure 7A–F). A striking finding was the significant improvement in wound re-epithelialization observed with AgNP treatment. S. aureus infected wounds treated with AgNP hydrogel showed a 62% improvement in wound reepithelization compared to Ag SD (30%), which is considered the current gold standard treatment, and blank hydrogel control (53%) (Figure 7F). Clinical management of infected chronic wounds has been challenging and number of different combinatory approaches are often employed to achieve wound regeneration. In particular, use of autologous platelet rich plasma (PRP) and cellular therapies, including stromal vascular fraction cells (SVFs) and adipose stem cells (ASCs), are commonly used as treatments for tissue regeneration [55]. Incorporation of AgNP in these therapy approaches, or tissue engineered scaffolds, offers an opportunity for added antimicrobial functionality to prevent bacterial growth and minimize infection. Application of ASCs to wounds has been shown to promote healing at different stages of wound repair by reducing inflammation and promoting cellular proliferation [56] and studies have shown that large AgNP do now cause cytotoxicity to undifferentiated ASCs and can stimulate ASCs secretion of cytokines that promote tissue regeneration [57], suggesting benefits of a combined treatment approach. In the context of the presented results, a previous clinical study has reported that combined PRP and biofunctionalized hyaluronic acid requires 30 days of treatment to achieve 96.7% reepithelialization in human treated samples, compared to our study showing that AgNP hydrogel can improve reepithelization by 62% within 10 days of treatment of the infected mouse wound model [58]. This suggests that a combined treatment with PRP therapy and AgNP may potentially offer more desirable patient outcomes in terms of both management of wound infection and promotion of tissue regeneration and this should be further explored.



Considering observed improvements in the rate of healing and re-epithelization following AgNP hydrogel treatment, we next investigated the impact of AgNP hydrogel on the early deposition of total collagen within the wound bed. Early collagen deposition in the wound is a good predictive indicator of the quality of healing as well as indicating potential impacts on downstream outcomes of tissue regeneration and scarring. Masson’s Trichrome staining for total collagen showed a more dense and organized deposition of collagen in the wound beds of AgNP hydrogel treated mice compared to Ag SD and blank hydrogel treated controls (Figure 8A–C). Quantitative analysis of collagen content within the wound bed showed significantly higher levels of total collagen within the wound bed in response to AgNP hydrogel treatment compared to both Ag SD and blank hydrogel control groups (Figure 8D).



Taken together, these results demonstrate that AgNP hydrogel promotes wound healing, which is consistent with a previous study using a planktonic bacteria wound model, which also showed an improved rate of wound closure in response to AgNP hydrogel treatment [59]. These results could be attributed to the combined effect of hydrogel biocompatibility and cell proliferative and antibacterial properties of ultra-small AgNPs to effectively eliminate bacterial pathogens and allow wound regeneration. Other studies have also emphasized the importance of rapid bacterial clearance from the wound to allow wound recovery post-infections [5,60]. Healing-promoting properties of the AgNP hydrogel can be attributed to the biocompatibility of the hydrogel, sustained release of Ag+ to clear infections, and wound healing functionalities of the pluronic hydrogel. Recently, a number of treatment modalities including both cellular therapies and biofunctionalized materials have gained momentum in regenerative medicine; however, treatment outcomes have been variable and often unsatisfactory as wound infection is still a critical challenge [61]. It is becoming increasingly clear that healing and regeneration of chronic wounds requires powerful and robust antimicrobial agents to clear infection and provide protection against recurrent infections through sustained and prolonged antimicrobial activity [62]. Here we have shown that our AgNP hydrogel not only clears infections by eradicating wound biofilms but also significantly improves the regenerative process through its multifunctional properties. Future studies should examine the effect of this AgNP delivery system on wound regeneration and complete healing in combination with some of the advances wound therapies currently in use, including PRP and ASCs, in order to direct development of next generation of wound-healing therapies.




3.8. Safety of the AgNP Hydrogel Treatment


To address the concerns associated with silver toxicity, the biosafety of AgNP hydrogel treatment was investigated using histological analysis of major organs, including kidney, spleen, lung, and liver. No detectable signs of organ toxicity, silver deposition, development of inflammatory lesions, or any pathological structural changes caused by deposition of metal particles were observed after 10 days of treatment in all tested groups (Figure 9). These results further support the safe topical application of the AgNP hydrogel as a novel antimicrobial treatment for S. aureus infected wounds, highlighting the developed AgNP hydrogel as an attractive therapeutic option for the treatment of any kind of antibiotic-resistant infected chronic wounds.





4. Conclusions


In summary, this study has proposed and validated the use of an AgNP hydrogel for effective and safe elimination of mature S. aureus biofilms, facilitating infection clearance and promotion of wound healing in vivo. The AgNP hydrogel was able to demonstrate sufficient AgNP release capacity while also being able to maintain original delicate properties to facilitate AgNP accumulation and penetration of mature S. aureus biofilms, resulting in biofilm disintegration through the coordinated size-related pathways. The in-vivo studies using the mature biofilm wound infection model demonstrated the strong capacity of the developed AgNP hydrogel to eliminate infection while extending the inherent benefits of accelerated wound closure and re-epithelization coupled with improved deposition of collagen within the wound bed. Importantly, this multifunctional hydrogel delivery system not only controls S. aureus infection but also accelerates the healing of infected wounds, hence providing a safe and promising therapeutic approach in clinical wound care where biofilm-associated infections impair the healing of chronic wounds.
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Scheme 1. Schematic illustration of AgNP hydrogel formation and treatment of bacterial wound biofilms. 
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Figure 1. Physicochemical characterizations of AgNP hydrogel. (A) UV-vis spectrum of MSA_AgNP with respective solution colour. (B) TEM micrographs of AgNPs in water with corresponding size distribution. (C) The hydrodynamic diameter of both AgNPs in solution and hydrogel. (D) microstructure of both AgNP hydrogel and blank analyzed by SEM. (E) AgNP hydrogel gelation point in response to the surrounding temperature. (F) In vitro cumulative release of silver from the hydrogel. 
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Figure 2. In vitro biocompatibility and hemocompatibility in response to treatment groups. (A) HFFs cell viability (%) after 24 h exposure to treatments. (B) Fluorescent images of live/dead assay showing cell viability. (C) Hemolysis (%) of red blood cells treated with different concentrations of AgNP hydrogel. Data are shown as mean ± SD. Scale bar 100 μm. 
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Figure 3. In vitro antibiofilm activity of the AgNP hydrogel. (A–D) CLSM 3D micrographs of S. aureus biofilm structure after treatment with bacterial broth, blank, Ag SD, and AgNP hydrogel. 
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Figure 4. In vivo therapeutic effect of AgNP hydrogel against mature S. aureus biofilms. (A) Schematic illustration of study progression. (B) Representative photographs of IVIS bioluminescent signal differences between treatment groups. (C) Average bioluminescent signals corresponding to bacterial burden expressed as the average total flux (photons/s) over 10 days of treatment. Data are shown as mean ± SEM and the * denotes significant difference compared to blank hydrogel using Student’s t-test ** p < 0.01, and *** p < 0.001. n = 8. 
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Figure 5. In vivo bacterial tissue biofilm staining and viability. (A) CLSM images of S. aureus bacteria showing the ratio of SYTO/PI in response to treatment with blank, Ag SD, and AgNP hydrogel treatments. (B) The corresponding cell viability of each treatment group. Data are shown as mean ± SD and the * denotes significant difference using one-way ANOVA followed by Dunnett’s multiple comparison test. * p < 0.05, *** p < 0.001 and **** p < 0.0001, Scale bar 10 μm, n = 8. 
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Figure 6. Macroscopic analysis of S. aureus infected wound healing following AgNP treatment. (A,B) digital photographs and schematic tracing of wound closure in response to treatment. (C,D) quantitative analysis of wound area (%) and wound gape (%) at different time points. Data are shown as mean ± SD and the * denotes significant difference using one-way ANOVA followed by Dunnett’s multiple comparison test. **** p < 0.0001, n = 8. 
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Figure 7. AgNP treatment improves healing and wound reepithelization. H&E-stained blank hydrogel (A), Ag SD (B), and AgNP hydrogel (C) treated wounds with enlarged areas illustrating dermal gape (yellow arrow) and wound re-epithelization (yellow line). Quantitative analysis of wound length (D), wound gape (E), and percent of wound re-epithelization (F) at day 10 post wounding. Data are shown as mean ± SD and the * denotes significant difference using one-way ANOVA followed by Dunnett’s multiple comparison test. * p < 0.05, ** p < 0.01, and **** p < 0.0001, n = 8. 
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Figure 8. Masson’s trichrome staining of the wound sections showing collagen deposition after treatment for 10 days. (A–C) Images of Masson’s trichrome stained wound tissues of blank hydrogel, Ag SD, and AgNP hydrogel displaying collagen distribution and arrangements. (D) Quantitative analysis of total collagen content detected normalized to the respective wound area (mm2). Data are shown as mean ± SD and the * denotes significant difference using one-way ANOVA followed by Dunnett’s multiple comparison test. **** p < 0.0001, n = 8. 
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Figure 9. Hematoxylin-eosin (H&E) staining of the major organs after 10 days of different treatments, Scale bar 50 μm, n = 8. 
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