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Bioactive glass (BG) occupies a significant position in the field of hard and soft tissue regeneration. Different processing techniques and formulas have been introduced to expand their regenerative, angiogenic, and antibacterial properties. In the present study, a new formula of bborosilicate bioactive glass nanofibers was prepared and tested for its wound-healing efficacy in a rabbit animal model. The glass formula ((1–2) mol% of B2O3 (68–69) mol% of SiO2, and (29–30) mol% of CaO) was prepared primarily by the sol-gel technique followed by the electrospinning technique. The material was characterized for its ultrastructure using scanning electron microscopy, chemical composition using FTIR, and its dynamic in vitro biodegradability using ICP-AES. Twelve rabbits were subjected to surgical induction of full-thickness skin defects using a 1 cm2 custom-made stainlessteel skin punch. The bioactive glass nanofibers were used as a grafting material in 6 experimental rabbits, while the defects in the remaining rabbits were considered as the negative control samples. All defects were assessed clinically for the decrease in wound size and clinical signs of healing and histologically for angiogenesis, collagen density, inflammatory response, cell recruitment, epithelial lining, and appendages at 1,2 and 3 weeks following the intervention. Structural analysis of the glass fibers confirmed their nano-size which ranged from 150 to 700 nm. Moreover, the chemical analysis confirmed the presence of SiO2 and B2O3 groups within the structure of the nanofibers. Additionally, dynamic biodegradation analysis confirmed the rapid degradation of the material starting from the first 24 h and rapid leaching of calcium, silicon, and boron ions confirming its bioactivity. The wound healing study of the nanofibrous scaffold confirmed its ability to accelerate wound healing and the closure rate in healthy rabbits. Histological analysis of the defects confirmed the angiogenic, regenerative and antibacterial ability of the material throughout the study period. The results unveil the powerful therapeutic properties of the formed nanofibers and open a new gate for more experimental and clinical applications.
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1 INTRODUCTION
Bioactive glass-a third-generation biomaterial-has occupied a significant position in many clinical applications of tissue engineering, regenerative medicine, and dentistry fields throughout the last 2 decades up till now (Jones, 2015; Montazerian and Zanotto, 2017; Carvalho et al., 2019). The gold standard 45S5 bioactive glass was mainly invented to target bone regeneration through initiating bone formation in its biological environment (Hench, 2006; Jones, 2015). However (Wilson et al., 1981) were the first to prove its ability to contact and promote soft tissue regeneration as well. It prompts specific responses on the molecular level of cells, leading to the initiation of in situ tissue regeneration (Bellucci et al., 2019) (Sergi et al., 2020). The bioactivity of bioactive glass is mediated by the formation of the hydroxycarbonate apatite layer (HCA) on the surface of bioactive glass when it contacts body fluids. This formed layer allows the bioactive glass to form a stable bond with soft and hard tissues without fibrous tissue formation (Jones, 2015) (Hench, 2006).
Throughout the years, additional types of bioactive glass have been developed and involved different kinds of therapeutic ions such as zinc, silver, copper, sodium, and boron ions (Rahaman et al., 2011; Jones, 2015). Boron-containing bioactive glass gained special attention due to its ability to enhance glass bioactivity and tissue reaction (Mazzoni et al., 2021). Indeed, the incorporation of borate ions influences the regenerative potentiality of living tissues (Mazzoni et al., 2021). Furthermore, the bioactivity levels of borate or borosilicate bioactive glass exceed that containing silicate ions alone (Huang et al., 2006). For that reason, it reacts with surrounding body fluids in a faster pattern and converts more rapidly to the hydroxy carbonate apatite layer (HCA)allowing rapid tissue reaction and regeneration (Jung and de, 2009; Bi et al., 2013). In context with that, borate-containing bioactive glass has the upper hand when targeting soft tissue regeneration (Rahaman et al., 2011).
The regenerative efficacy of bioactive glass as a single scaffold or in combination with cells or other scaffolds such as collagen and chitosan has been reported (Baino et al., 2018; Kargozar et al., 2019). Indeed, adding BG to polymers and other biocomposites stimulates wound regeneration and diminishes the infection at the implantation site (Sarker et al., 2015; Nour et al., 2019; Sergi et al., 2020). This potentiality is highly related to the ionic dissolute and the ultra-structure of the bioactive glass (Sergi et al., 2020). Certainly, it is well known that BG leaching ions regulate gene expression, cell apoptosis, progenitor cell migration, proliferation, and differentiation at the wounding area (Labbaf et al., 2011; Gong et al., 2012). Moreover, they influence angiogenesis and the formation of a fibrin clot, collagen, and epithelial tissue regeneration (Lin et al., 2014; Zhao et al., 2015). For instance, the leached silicate and borate ions have a significant role in angiogenesis by allowing endothelial cell proliferation and the formation of endothelial tubules (Zhao et al., 2015). Moreover, they increase the secretion of vascular endothelial growth factor (VEGF) and its gene expression in fibroblast cells (Li and Chang, 2013; Kargozar et al., 2018). In addition to that, borate ions also help in the regulation of extracellular matrix (ECM) and boost the collagenase and cathepsin D activity in fibroblast cells (Nzietchueng et al., 2002; Pizzorno, 2015). In concomitant with that, calcium ions are well known for their role in initiating hemostasis at the early stage of wound healing. Besides, they diminish the inflammatory response and accelerate epidermal cell regeneration, proliferation, and migration (Kargozar et al., 2019). Also, they contribute to the antibacterial action of bioglass through bacteria calcification and raising the alkaline PH at the injury site (Ma et al., 2014; Naseri et al., 2017; Kargozar et al., 2019). Thus, bioactive glass expends its therapeutic effect on all three stages of wound healing allowing it to culminate in wound regeneration.
The ultra-structure Bioactive glass also influences its regenerative ability, as the higher surface area is expected to increase the material bioactivity through increasing solubility rate, resulting in faster ions leaching, and protein adsorption (Hench and Polak, 2002; Hench, 2009; Hajiali et al., 2010; Sergi et al., 2020). For that reason, porous nanoscale bioactive glass provides a suitable environment for soft tissue regeneration (Ma et al., 2014; Zhao et al., 2015). This mimics the natural extracellular matrix (ECM) and results in the enhancement of cell proliferation and migration (Xu et al., 2015). Moreover, its huge surface area and a multiscale large percentage of porosity and interconnective pores grant cell growth and spreading (Webster et al., 2000; Xu et al., 2015). Besides, it indorses cell communication with the surrounding environment which promotes the flow of nutrients and growth factors toward cells and the waste products outside the cells (Peter, 2011; Ma et al., 2014). Among different techniques used to produce nanofibers, electrospinning is a simple, low cost and controllable technique able to produce contentious and diameter controllable bioactive glass scaffold mimicking ECM (Kim et al., 2006; Ma et al., 2014; Deliormanlı, 2015).
Our group has previously confirmed the regenerative ability of borate-based bioactive glass nanofibers (BGNF) composed of (1–2) mol% of B2O3 (68–69) mol% of SiO2, and (29–30) mol% of CaO in promoting oral mucosal regeneration in diabetic rabbits (Elshazly et al., 2020). The used nanofibers-initiated reepithelization of wound defects as early as 1 week after grafting. Moreover, they stimulated angiogenesis by increasing VEGF production levels and stasis of bacterial growth at the wounding area.
As the mucosal tissue has a higher potentiality to wound healing when compared to the skin tissue, the present study aimed at preparing, characterizing, and evaluating the same formula of borate bioactive glass nanofibers on full-thickness skin wounds created in normal rabbits. We investigated the fibers’ regenerative, angiogenic, and antibacterial properties using different means of clinical and histological analysis.
2 MATERIALS AND METHODS
2.1 Bioactive glass preparation
Borate-based bioactive glass nanofibers of composition ((1–2) mol% of B2O3(68–69)mol% of SiO2 (29–30)mol% of CaO) were prepared using the low-temperature sol-gel technique as previously described by our group in the following sequence: addition of polyvinyl butyral (PVB), Tetra Ethyl ortho silicate (TEOS), Tributyl borate (TBB) and Calcium nitrate tetrahydrate (CaNO3.4H2O) (Sigma Aldrich, Bangalore, India), was done in a 1N HCl solution for the preparation of glass sol. The glass sol was mixed with a 1.8% polyvinyl butyral polymer solution (70% ethanol solution) in a ratio of 3:2 in order to improve glass sol rheological properties. Following that, Bioactive glass nanofibers were prepared by electrospinning glass sol/polymer mixture using a nanofiber electrospinning unit (Nano NC, Seoul, Republic of Korea). During this procedure, a 15 cm glass syringe with an 18 gauge metallic needle was charged with the glass/polymer mixture. The electrospinning unit was operated under 18 kV DC voltage, with sol injected speed of 0.4 mL/h. At about 5 cm from the capillary, the nanofibers were gathered on Teflon-coated aluminum foil that was put on a plate connected to the device. All the previous procedures were done at The Central Glass and Ceramic Research Institute (CGCRI), Kolkata, India and fully described by (Elshazly et al., 2020; Saha et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Illustration of borate bioactive glass nanofibers preparation. Where (A) are serial steps for preparation of glass sol and formation of glass/polymer mixture to control sol viscosity. (B) Diagram of the electrospinning process. (C) Image of the final formed borate bioactive glass nanofibers after heat treatment.
2.2 Glass nanofibers characterization
Glass nanofibers were characterized for their diameter, porosity and crosslinking using transmitted scanning electron microscopy (JEOL 7900F, Japan) (Elshazly et al., 2020). Analysis of chemical bonds of the formed nanofibers was performed using Fourier Transform Infrared Spectroscopy (FTIR) (Bruker Equinox 55) (Saha et al., 2020). The spectra in absorbance mode were recorded using the KBr pellets. The resolution used was 4 cm-1, and the functional groups obtained were within the wave number range of 4,000–400 cm-1 (Deliormanlı, 2015). Finally, Dynamic in vitro biodegradation of the glass fibres was done by soaking BGnf at a concentration of 0.0004 g/ml at 37°C in simulated body fluid (SBF) under contentious stirring to simulate the dynamic nature of the body fluids (Figures 3C, E) (Saha et al., 2020). Analysis of the BG extract was done at 24, 48, and 150 h time intervals. The BGs extract was analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Spectro Analytical, Kleve, Germany) to determine the amount of B, Si, and Ca ions released in the SBF.
2.3 Sterilization of the glass fibres
The bioactive glass nanofibers were primarily sterilized by gamma rays followed by vacuum sealing. At the time of experiments, BGnf were re-sterilized under UV light (Wavelength of 200–280 nm) for 2 h (Yang et al., 2015; Dai et al., 2016).
2.4 In vivo wound healing study
2.4.1 Animals
Twelve Male New Zealand white rabbits with an average age of 2, 3 months and weighing about 2.5–4 Kg were utilized in the in-vivo studies. The animals were housed in separate standard cages and the standard amount of pelleted food (133 g daily), as well as freshwater, was supplied. Rabbits were subjected to equal cycles of daylight and dark. The standard temperature ranged from 10°C in winter to 30°C in summer. All the experiments followed the NIH guidelines for animal care and welfare (National Research Council, 2011). Experiments were approved by the Institutional Animal Care and Use Committee of Alexandria University, Egypt, a member of the International Council for Laboratory Animal Science (ICLAS30.1.2019). All studies were performed under standard sterile conditions.
2.4.2 Effect of BGnf on full-thickness skin wound healing in healthy rabbits
Based on the previous study conducted by our group on the oral mucosa, the experimental and control wounds were separated into two different groups of rabbits. The separation was aimed at avoiding the indirect effect of the BGnf graft by leaking to the subcutaneous tissues of the other groups of defects. A total of 12 rabbits were randomly and equally divided into a sham control (n = 6) and an experimental group (n = 6) with a total number of 36 defects. For each rabbit, the back was shaved, and the rabbit was anesthetized by intramuscular administration of xylazine HCL in a dose of 5 mg/kg (Sigma-tech pharma industries, sixth of October City, Egypt) followed by ketamine in a dose of 50 mg/kg (Rotexmedica, Trittua, Germany). After that, the back was then disinfected using betadine. Following that, full-thickness skin defects of 1 cm2 were created on either side of the rabbit’s back using a custom-made stainless-steel circular skin punch (Dong et al., 2017) (Figures 2A,B). For the experimental group, the full thickness defects (n = 18) were grafted with a single application of 0.07–0.09 g of borate-based bioactive glass nanofibers (Figure 2C). On the other hand, defects of the sham control group (n = 18) were left untreated for the whole study period. The wound areas were then covered with Tegaderm (TM, 3M- Healthcare, Germany) (Figure 2D). Post-operative analgesic and antibiotic cefotaxime (Cefotax 1g, Egyptian. Int. Pharmaceutical (E.I.P.IC.O).10th of Ramadan city. Egypt) in a dose of 150 mg\kg\day and ketorolac (Ketorolac, AmryaPharm.IND., Alexandria—Egypt) in a dose of 60 mg\day were given to rabbits for 3 days after surgery (Dong et al., 2017).
[image: Figure 2]FIGURE 2 | Clinical pictures of the Creation of full-thickness skin defects. (A) Diagrammatic illustration of the full thickness skin defects and their position on rabbit back. (B) Creation of full-thickness skin defects using a custom-made stainless-steel punch. (C) Four full-thickness skin defects were grafted with 0.07–0.09 g of bioactive glass nanofibers. (D) Skin wounds covered with Tegaderm.
2.4.3 Clinical scoring and wound closure rate
All groups of wounds were photographed on days 0,5,7,14, and 20 at a standardized distance of 10 cm using a digital camera (Sony DSC-T7) and a gross clinical scoring and assessment were done by two blinded researchers following the scoring criteria presented in (Table 1) (Fletcher, 2010; Lin et al., 2012). Furthermore, the decrease in wound area was measured at the same time intervals using ImageJ software (Li et al., 2022). The progress in the percentage of wound area reduction over different time intervals was calculated according to the following equation (Thomas and Wysocki, 1990; Li et al., 2022):
[image: image]
TABLE 1 | Demographics of animal model.
[image: Table 1]Where A0: The initial wound surface area. A1: The wound surface each day.
2.4.4 Tissue preparation and histological staining
Rabbits were euthanized at 1-, 2- and 3-week intervals using an overdose of xylazine, and ketamine followed by cervical dislocation (Gail, 2013). The wound area and 1 cm2of surrounding intact skin were harvested (Lin et al., 2012; Zhao et al., 2015). For histological evaluation, the samples were subjected to fixation in formalin 10% then samples were dehydrated in graded series of different concentrations of ethanol (70%, 80%, 90% and 100%). Dehydrated samples were cleared using xylene, embedded in paraffin wax, and were then cut into 7 µm thin sections. Embedded sections were stained with haematoxylin and eosin (H&E) (Biotec, Chelopech,Bulgaria) and then evaluated and photographed by light microscopy (Olympus, Tokyo, Japan) (Elshazly et al., 2020). Table 2 For Gomori trichrome staining; sections were primarily stained with Haematoxylin, rinsed with water and soaked in the trichrome stain for 25 min. Following that sections were rinsed twice in glacial acetic acid (0.2%) for 1 min each. Finally, sections were dehydrated with alcohol 100%, then xylene and mounted to be evaluated and photographed using light microscopy (Olympus, Tokyo, Japan) (Zaki, 2015).
TABLE 2 | Scoring of macroscopic assessment of wound healing.
[image: Table 2]2.4.5 Histomorphometric analysis
Analysis of epithelial thickness was performed using ImageJ software (NIH, United States), where a skilled histologist blindly evaluated the analyses of tissue slices by choosing three random, non-overlapping areas at a magnification of ×10 per tissue section. The epithelial gap as well as percentage of reduction in wound size were measured using four panoramic images of different histological sections following the protocol described by Hou et al. (2022).
For collagen density measuring, random areas (four-five) at a magnification of ×10 of trichrome stained sections of 2 and 3 weeks’ time intervals were blindly assessed using the color threshold method of the ImageJ software following the protocol described by Hong et al. (2020) (Figures 8A, B).
Blood vessel density at different time intervals was measured by a new software called IKOSA software (KML Vision GmbH, 8,020 Graz, Austria). Briefly, a number of (20–25) images per each time interval were uploaded to the software, and the blood vessels were annotated by a blind histologist. Following that the software was trained and using the machine learning concept the software was able to determine all the blood vessels in the randomly selected images and calculate the percentage of blood vessels area/total area (Figure 9A).
2.4.6 Statistical analysis
Statistical analysis was carried out by SPSS 16.0 software Both the paired and unpaired t-tests were used to analyse statistical differences. When p ≤ 0.05, significance was taken into account. For each and every variable across all groups, means, and standard deviations were calculated. Table 3.
TABLE 3 | Mean percentage of wound closure rate.
[image: Table 3]3 RESULTS
3.1 Structural evaluation of bioactive glass nanofibers
Structural characterization of BG nanofibers revealed the presence of crosslinked fibers with multiscale porosity resembling that of the fibrin clot. The fibers’ diameters ranged from 150 nm to 740 nm which confirms the nanoscale range of the formed fibers (Figures 3A, B).
[image: Figure 3]FIGURE 3 | Invitro characterization of glass nanofibers (A, B) Scanning electron microscopy photographs showing Crosslinked BG nanofibers of a diameter ranging from (150 - 740 nm) (C–F) Invitro dynamic ionic dissolution of BG nanofibers (C–E) Showing gradual degradation of the BG nanofibers soaked in simulated body fluid under stirring at different time intervals (24, 48, and 150 h successively). (F) The concentration of the Ca and Si ions dissolute from BG nanofibers soaked in simulated body fluid over 1 week time period shows a gradual increase of both ions across time. (G) FTIR analysis of the chemical composition of nanofibers.
3.1.1 Chemical evaluation
Fourier analysis of the formed BG nanofibers revealed different bands at 3,450, 2,278, 1,627, 1,411, 1,072, and 468.72 (Figure 3G). The bands corresponding to (OH) stretching groups are shown at peaks 3,450 and 1,627 (Jabeen and Rafique, 2014; Abdellaoui et al., 2018). While the band at 2,278 indicated the presence of (Ca (CO3)2) bond in the formed nanofibers (Abdellaoui et al., 2018). Moreover, the peak at 1,411 is assigned to the (BO3/2) bond according to (Abdellaoui et al., 2018) and (Shao et al., 2015). On the other hand, the band at 1,072 can be assigned for asymmetric (Si-O-Si) bond along with borate in the BO4group (Shao et al., 2015; Abdellaoui et al., 2018). Furthermore, the chemical analysis revealed a (Si-O-Si) bond at band 468.72 (Jabeen and Rafique, 2014). Chemical analysis confirmed the chemical compositions of the BG nanofibers.
3.1.2 Dynamic biodegradation
Dynamic in vitro biodegradation of the glass nanofibers showed a gradual increase of the Si and Ca ions over time reaching their maximum amount after 7 days. The rate of Ca ions leaching in the SBF was double that of the Si ions over the same period as shown in (Figure 3).
3.2 In vivo wound healing study
3.2.1 Clinical scoring and wound closure rate
3.2.1.1 Clinical assessment of scoring criteria
Clinical scoring within the first week of the skin wounds grafted with borate-based bioactive glass nanofibers showed complete material disappearance from the wound bed and pigmentation at the wound edge after 1 day postoperative. In addition to that, a decrease in wound moisture level, as well as peri-wound erythema, was also observed over time. Tissue creeping from wound edges started from day five postoperative reaching granulation tissue coverage of wound bed and beginning of hair growth around the wound with no signs of infection at the end of the first week were observed (Figures 4, 5A). Within the second-week time intervals, complete re-epithelialization was observed in the wound grafted with borate-based bioactive glass nanofibers when compared to the control wound. At the third week time interval, healed skin of both wounds was observed.
[image: Figure 4]FIGURE 4 | Clinical assessment of full-thickness skin wounds at 1, 2, 3 weeks time intervals using the scoring system mentioned in Table 1 ((A) Scoring of wound exudates level of the treated and untreated group of wounds. (B) Clinical scoring of the wound moisture level. (C) Macroscopic grading of the level of granulation tissue formation.
3.2.1.2 Measuring rate of wound contraction
The mean percentage of wound contraction of borate-based bioactive glass nanofibers grafted wounds, as well as control wounds, were fit into several curves representing the wound contraction rate as a function of healing days as shown in the graph in Figure 5C. Borate-based bioactive glass nanofibers grafted wounds showed a statistically significant (p = 0.0086) contraction rate reaching 65.3% of wound size at a 1-week time interval in comparison to 49.5% contraction of the control wound (Figures 5A–C). The wound contraction rate of the BGnf grafted wounds reached 97.05% at 2 weeks time intervals (p = 0.0173) and 100% at 3weeks time intervals (p = 0.103) while that of the control wound increased to 91.5% at 2 weeks’ time intervals and 98.3% at 3 weeks’ time intervals. (Figure 5C).
[image: Figure 5]FIGURE 5 | Effect of Borate bioactive glass nanofibers on full-thickness skin wound healing in rabbit model. (A) Clinical pictures of the wound areas for different groups (BGnf, Control) on 0, 5, 7, 14, 20 days postoperative. (B) ImageJ illustrative diagram of the remaining wound area for the different group invivo where the red circle represents the wound area on day 0 and the yellow circle present the wound area in day n. (C) Statistical analysis of the percentage of reduction in wound size in different groups at 0, 5, 7, 14, and 20 days postoperative. Values are demonstrated as mean ± standard deviation (n = 6) (*p ≤ 0.05).
3.2.1.3 Histological examination using H&E stain
Histological examination of the control and BGnf grafted wounds in the healthy rabbits expressed differences in the tissue response at 7, 14 and 21 days’ time intervals. The histological results for the different groups of wounds at 7 days are demonstrated in Figure 6. Variabilities in the degree of the inflammatory response, angiogenesis, formation of granulation tissues, cell recruitment, epithelial closure and thickness and arrangement of collagen fibres of both groups were very noticeable. Despite the granulation tissue formed within the wounds treated with BGnf being thinner than that formed within the sham group, it was significantly more cellularized and vascularized (Figure 6II a, g). Moreover, although the collagen fibers were dense disorganized fibers in both groups, they also represented significantly higher cellular infiltration and vascularization when compared to the control wounds (Figure 6II h, b). There was a pronounced inflammatory response in the superficial granulation tissue and deep connective tissue layers in the BGnf grafted wounds. In the deep connective tissue layer, there were inflammatory cells as well as multinucleated giant cells engulfing the remaining BGnf (Figure 6II i). On the other hand, the control wounds showed a regular inflammatory response in both the superficial granulation tissue layer and the connective tissue layer.
[image: Figure 6]FIGURE 6 | Light Microscope images of H&E stained sections of untreated (control)wounds and BGNF grafted wounds at different time intervals (I) Panoramic view of the wounds at different time interval (scale bar = 1 mm) the full width representing the defect while the blue arrow showing the neoepithelization (II) Histological images of the untreated and BGNF grafted wounds at higher magnification (scale bar ranges from 500 to 20 µm) giving detailed description of full thickness skin wounds at 1, 2, 3 weeks time intervals (a, c, e) images of the epithelial lining of the untreated wound at different time intervals showing the transformation from crust tissue till complete reepithelization (b, d, f) light microscope images of the connective tissue lining of the untreated wounds showing the spreading of collagen fibers, blood vessels and fibroblast cells (g, j, m) images of the epithelial lining of the BGNF grafted wounds at different time intervals showing the transformation from crust tissue till complete reepithelization while (h, k, n) representing a higher magnification of the connective tissue. (i) Showing the deep connective tissue layer of the 1-week BGNF treated wound having traces of the glass biomaterial engulfed by multinucleated giant cells and surrounded by newly formed blood vessels (scale bar 20 µm) (l) showing multinucleated giant cells (white cycles) in the deep connective tissue layer at 2 weeks time intervals of BGNF treated wounds (scale bar 20 µm)(o) images of traces of BGNF in the deep connective tissue layer of BGNF treated wound at 3 weeks time interval confirming the presence of the material throughout the study period (III) Measuring of the epithelial gap, microscopic reduction in wound size, and epithelial thickness of the control and BGNF treated groups at different time intervals (the data were presented as mean and standard deviation, (p ≤ 0.005).
The histological results at 14 days postoperatively are shown in Figures 6I, II), BGnf-treated group showed closed thin keratinized epithelial lining with an active basal cell layer (stratum basalis showed deeply stained prominent nuclei (Figure 6II j). The same findings were observed in the control group of wounds although the basal cell layer missed the prominent appearance of the nuclei (Figure 6II c). On the level of the connective tissue layer, BGnf grafted wounds manifested with well-organized horizontally oriented dense collagen fibers with a high cellular distribution. The collagen fibers ran parallel to the overlying epithelium except at the center of the defect where the fibers took a vertical arrangement and then followed the ordinary horizontal direction (Figure 6II k). On the other hand, the control wounds were presented with horizontally oriented collagen fibers that ran parallel to the overlying epithelial lining with a regular cellular distribution (Figure 6II d). Bioactive glass grafted wounds showed excessive dispensation of blood vessels giving an indication of high angiogenic activity (Figure 6II k). In the center of the defect, some newly formed blood vessels took a vertical direction and were surrounded by high cellular activity. It was observed that the pool of the fibroblast-like cells followed the direction of these blood vessels. The control wounds at the same time interval demonstrated a noticeable decrease in angiogenic activity and cell recruitment. The absence of skin appendages was observed in both groups of wounds. Besides, the inflammatory response was mild in both groups. In the deep subcutaneous layer of BGnf treated group traces of BGnf engulfed by multinucleated giant cells were observed (Figure 6II l).
Histological examination of the wounds at 3 weeks is shown in Figures 6I, II). Both groups presented with a thin keratinized epithelial lining that cover the wound area. The connective tissue layer at the BGnf grafted wounds showed densely organized collagen fibers horizontally arranged parallel to the surface epithelium with regular vascular distribution and skin appendages that did not reach the full thickness of the dermal layer. While the control wound presented with loosely organized collagen fibers that ran parallel to the epithelial lining. The connective tissue layer in the control group also manifested with a higher vascular and cellular distribution with skin appendages that did not reach the full thickness of the dermal layer. This gave the indication that the experimental group of wounds were still in their active regeneration phase meaning a dimmish of the future scar tissue formation. Traces of bioactive glass nanofibers were still observed (Figure 6II o).
3.2.1.4 Histological examination using gomori trichrome stain
Ttichrome stained sections of 2 and 3 weeks time intervals (Figures 7A, B) revealed well organized densily arranged collagen fibers of the BGnf treated wounds when compared with loosely arranged collagen fibers of control wounds.
[image: Figure 7]FIGURE 7 | Light Microscope images of Gomori stained sections of untreated and BGNf grafted wounds. (A) low (×1) and high magnification (×10)trichrome stained images of untreated and BGNF grafted wounds showing collagen fibers and blood vessels arrangement and density. (B) Microscopic images of trichrome stained sections at 3 weeks time interval.
3.2.1.5 Histomorphometric analysis of histological sections
Histomorphometric analysis BGnf treated group panoramic images showed a significant decrease in the epithelial gap that reached 3.35 mm when compared with 12.21 mm of the control group at 1 week time interval (p = 0.0002). During 2 weeks time interval this gap decreased to reach 0.49 mm in the BGnf treated wounds when compared to 0.49 mm of the control wound which was not statistically significant. On 3 weeks time interval both wounds showed 0 mm epithelial gap (Figure 6III).
When it comes to epithelial thickness, the BGNF treated wound showed the mean epithelial thickness of 96.22 μm when compared to 57.40 µm of the control wound at 1 week time intervals (p = 0.0001). At 2 weeks, time interval the mean epithelial thickness of the BGnf treated group decreased to 88.73 µm while that of the control wounds reached to 38.88 µm (p = 0.0001). On 3 weeks’ time interval, epithelial thickness of BGnf treated wound was 66.54 µm while that of the control wound was 22.6 µm (p = 0.001) (Figure 6III).
Histomorphometric analysis of collagen density of trichrome stained wounds ranged from 49.14% - 59.74% at 2 and 3 weeks time intervals respectively BGnf treated group compared to 29.24% - 56.04% at 2 and 3 weeks time intervals for the control wounds respectively (p ≤ 0.00001) indicating higher collagen density in the BGnf treated group of wounds when compared to the control wounds (Figures 8B, C).
[image: Figure 8]FIGURE 8 | Assessment of Collagen fiber density. (A) Collagen density measuring using color threshold method in ImageJ (B) Collagen mask of different wound groups at different time intervals (2 and 3 weeks). (C) mean percentage of collagen density of control and BGNF-treated groups at 2 and 3 weeks.
Measuring the mean percentage of total area of blood vessels in the experimental and control wounds at 1, 2, and3 weeks time intervals showed unexpected fluctuation of the blood vessels density values of (0.89%, 0.739% and 2.6%) at 1, 2 and3 weeks time intervals respectively for the experimental groups of wounds. The same was observed for the control group of wounds with blood vessel density values of (0.723%, 0.093% and 1.65%) at 1, 2 and 3 weeks (p = 0.608, 0.001 and 0.0517) respectively (Figure 9B). This indicate the higher blood vessel density in the experimental groups at all time intervals when compared to the control group especially at 2 weeks’ time interval where a significant difference was found between groups.
[image: Figure 9]FIGURE 9 | Measuring blood vessels density of untreated and BGNF-treated wounds using IKOSA software. (A) Light microscopic images of untreated and BGNF-treated groups processed by the IKOSA software showing blood vessel distribution at different time intervals. (B) Mean percentage of blood vessel area of both groups of wounds at different time intervals.
4 DISCUSSION
Wound healing is a highly dynamic, organized, and interactive series of events aimed at reestablishing the integrity and function of tissues. Effective management of wounds significantly enhances the speed of healing and the cosmetic appearance of the wounds (Singer and Clark, 1999; Lin et al., 2012). Full-thickness skin wound healing is composed of three overlapping phases of events overall described as inflammation, proliferation, and remodeling (Singer and Clark, 1999). Interruption to any of these three phases may lead to the development of nonhealing chronic wounds which mostly happen in diabetes mellitus (Agren et al., 2000; Lin et al., 2012; Han and Ceilley, 2017). Indeed, the healing of diabetic wounds is sophisticated as a result of vascular, immune function, neurologic and biochemical abnormalities accompanying it (Agren et al., 2000; Han and Ceilley, 2017).
Bioactive glass launched forth a new age in healthcare, laying the foundation for biomaterial-driven regenerative applications (Hench, 2006; Rahaman et al., 2011; Baino et al., 2018). Many different compositions and various types of BGs have been introduced during the last 4 decades to optimize the body’s response to certain therapeutic uses such as bone, neurological, and soft tissue wound healing (AM, 2018; Baino et al., 2018; Cannio et al., 2021). This current work reported the effect of a new formula of borosilicate BG nanofibers composed of ((1–2) mol% of B2O3 (68–69) mol% of SiO2, and (29–30) mol% of CaO) on full-thickness skin wound healing in a rabbit model. Our results demonstrated that in response to BG, the wound healing rate was significantly shorter than that of the control group. As for the histological evaluation, the BG grafted wounds illustrated significant neovascularization, fibroblast-like cells recruitment, collagen fibers deposition and wound remodeling when compared to the controlled wounds.
Indeed, the regenerative, angiogenic and antibacterial properties of borate-containing bioactive glass put it on top of the biomaterials hierarchy suitable for stimulating wound healing in healthy and immunocompromised conditions (Ma et al., 2014; Naseri et al., 2017; Kargozar et al., 2019). For example, Day and his research group produced borate bioactive glass micro/nanofibers (13–93B3 glass) with a microstructure simulated that of the fibrin clot (Peter, 2011). These fibers could initiate rapid wound healing in diabetic patients whose wounds were resistant to conventional therapies. The group reported that these fibers could initiate angiogenesis and epidermal cell proliferation and migration thus accelerating wound closure. This material has been commercially available since 2017 for veterinary use (Kargozar et al., 2019). Another study conducted by (Lin et al., 2012) reported the same results when using three different types of bioactive glass microparticles which were (SGBG-58S, NBG-58S, and 45S5) loaded on a gel vehicle for full-thickness skin wound healing in diabetic mice model. Moreover, they informed that all used types of bioactive glass have simulated proliferation and activation of fibroblast cells and have accelerated neovascularization. Furthermore, the bioactive glass used was responsible for the production of VEGF and FGF2 which possess an important role in the process of wound healing, especially in diabetes.
Bioactive glass influences all stages of wound healing as it controls and program cells’ proliferation, migration, and apoptosis (Xynos et al., 2000; Hench, 2009; Sergi et al., 2020). As it is generally understood, fibrin clot formation and the inflammatory response mark the initial stage of wound healing (Singer and Clark, 1999; Tsirogianni et al., 2006; Lin et al., 2012). Indeed, Inflammatory cells clear the wound of foreign particles and germs before being extruded with the eschar or phagocytized by macrophages, whose presence indicates that the inflammatory phase is winding down and the proliferative phase is about to begin (Tsirogianni et al., 2006). In the course of our clinical observation, we noticed that starting from 2 days following surgery, a yellow translucent membranoid material developed in the bioactive glass groups and was hardened across time turning to tissue crust. Histological analysis of this crust tissue at 7 days postoperatively showed the presence of many inflammatory cells, BG nanofibers engulfed by phagocytes in addition to different secretions. These observations suggested that bioactive glass nanofibers may have a role in absorbing exudations from the wound at the initial stage of wound healing. In the same context, Lin and his team reported similar clinical and histological observations when using different formulas of BG gel in treating full-thickness skin wounds in diabetic and healthy mice (Lin et al., 2012). The same clinical observation was also reported by Day and his colleagues (Peter, 2011) after a single application of 13–93B3 borate bioactive glass nanofibers to treat non-healed chronic wounds in diabetic patients. They reported that leaving this layer in the wound bed resulted in a beneficial influence on the wound healing cascade. They also reported material disappearance from the wound bed after 1–3 days of application which was another observation reported by our group suggesting the rapid material dissolution and reaction with body fluids. Indeed, this is considered a privilege of borate containing BG over the silicate containing one which was reported to react five times faster with the simulated body fluids (Huang et al., 2006; Jung and de, 2009).
Naturally, the word inflammation may suggest a lousy perspective as inflammation is confused with infection, and inflamed tissues were considered to be bad. However, some inflammation is good and essential for releasing growth factors that trigger cell proliferation moving the wound into the proliferation phase (Tsirogianni et al., 2006; Peter, 2011). Moreover, macrophages recruited during the inflammatory phase play a significant role in all the following stages of wound healing (Peter, 2011; Krzyszczyk et al., 2018). It is well known that the classically activated macrophages have the microbial capacity and secrete high levels of proinflammatory cytokines which consider helpful during the early stages of wound healing. On the other hand, alternatively activated macrophage (M2) is involved in debris scavenging, inflammation resolution, tissue remodelling and wound regeneration (Krzyszczyk et al., 2018). It is considered a transient cell between the inflammatory phase and proliferation phase of wound healing (Dong et al., 2017; Krzyszczyk et al., 2018).
In the same perspective, Dong and his colleague reported that 45S5 BG directed macrophages toward M2 (Dong et al., 2017). They also reported that BG increased the expression of growth factors such as VEGF, IL10 and TGF β while declining the expression of inflammatory cytokines such as IL1β and TNFα (Dong et al., 2017). (Zhao et al., 2015) also reported that Cu dopped and undoped borate BG increased the expression of VEGF in vitro and in vivo (Lin et al., 2012) also reported that BG-grafted wounds either diabetic or healthy showed a higher rate of fibroblast cells and newly formed blood vessels when compared to the control groups allowing the formation and sustaining of granulation tissues. In the same context, our group reported that Borate BG with formula (1); formula 2) mol% of B2O3 (68–69) mol% of SiO2 and (29–30) mol% of CaO) increased the expression of VEGF and Collagen I when used to treat the oral mucosal wound in a diabetic rabbit model (Elshazly et al., 2020). We also observed that bioactive glass grafted wounds at 14 days time intervals revealed a higher number of phagocytic cells and fibroblast-like cells that dived from the deep mucosal layers toward the tissue surface. This may suggest the activation of M2 cells and stem cells to take part in the proliferation phase of wound healing even in the presence of diabetic impact on the wound healing cascade. Similar results were clinically and histologically observed during the present study at 7 and14 days time intervals where the BG grafted wounds showed granulation tissue formation that was characterized histologically by a pool of newly formed blood vessels invading the center of the wound following a vertical direction and surrounded by fibroblast-like cells and collagen bundles. We suggest that part of these cells could be related to the ongoing neovascularization process and the formation of the blood vessel walls. This observation was accompanied by the presence of phagocytic cells in the deep subcutaneous layers that surrounded and engulfed the fibers remanent. Granulation tissue formation in BGnf grated wounds in diabetic and healthy patients was also reported by Day and his colleagues, and Simons and his research group as well starting from 7 days time intervals (Peter, 2011; Simons, 2017).
The histomorphometric analysis of the blood vessels in the present study demonstrated higher blood vessel density of the BGNF grafted wounds when compared with the control wounds with statistical significance at 2 weeks time interval. Indeed, angiogenesis is crucial element for all stages of wound healing as blood allows the recruitment of platelets, inflammatory cells, and stem cells to the site of the wound (Singer and Clark, 1999; Ma et al., 2014; Han and Ceilley, 2017; Kargozar et al., 2019). Besides, it provides the newly formed tissue with the required nutrients, growth factors and oxygenation. In addition, it helps in washing tissue sites from the formed waste products and toxins. As previously mentioned, many studies confirmed that BG contributed to the induction of neovascularization at the site of application (Li and Chang, 2013; Lin et al., 2014; Zhao et al., 2015; Baino et al., 2018; Kargozar et al., 2018; Mazzoni et al., 2021). Certainly, this effect is highly related to the chemical composition and the material form. As BG dissolute when contacting the tissue fluids, its leaching ions start to exert their effect and initiate angiogenic differentiation of different stem cells by upregulating genes related to angiogenesis such as VEGF and bFGF (Nzietchueng et al., 2002; Hench, 2009; Peter, 2011; Kargozar et al., 2018). Also, it is well known that silicate ions induce endothelial cell formation and migration leading to acceleration of blood vessels formation (Xynos et al., 2000; Kargozar et al., 2019; Elshazly et al., 2020; Saha et al., 2020). Incorporation of boron ions in BG helps in rapid glass dissolution and therefore allows rapid ion leaching to the surrounding tissue fluid. Moreover, boron ions can increase the translation of mRNAs encoding angiogenesis and wound-healing growth factors including VEGF and transforming growth factor b (TGF-b) (Nzietchueng et al., 2002; Pizzorno, 2015). In addition, the nanofibrous amorphous form of the glass boosts the degradation of the material and gives a suitable environment that mimics the natural ECM which also influences cell behaviour (Peter, 2011; Ma et al., 2014; Deliormanlı, 2015; Xu et al., 2015; Li et al., 2022). In our study, we concentrated on achieving all these targets by preparing bioactive glass nanofibers (360–740 nm) with crosslinked fibers and multiscale porosity as observed by the SEM. Moreover, the incorporation of the boron ions leads to rapid material degradation within 1 week with a higher level of Si & Ca ions that were detected in-vitro using SBF allowing controlling of cell genes involved in the wound healing process. Moreover, as previously mentioned the clinical and histological findings and analysis of newly formed blood vessels in BGnf grafted wounds, at 1, 2 and 3 weeks time intervals showed a noticeable rise in neovascularization when compared to the control wounds. Besides that, these findings were confirmed in our previous in vivo and in-vitro studies (Elshazly et al., 2020; Saha et al., 2020).
The absence of clinical and histological signs of bacterial infection is another observation in the current study. Our previous study has shown the antibacterial properties of the used formula through in vitro studying of its antibacterial potentiality (Saha et al., 2020). It has been found that the BG nanofiber extracts exhibited a higher antibacterial efficacy than tobramycin antibiotic against Gram-positive strains S. Aureus. Besides, our previous in vivo study confirmed the antibacterial properties of the same formula of bioactive glass nanofibers when used for oral mucosa wound healing (Elshazly et al., 2020). Other studies also confirmed the same observation with other BG formulas (Jones et al., 2006; Chandrasekar et al., 2015; Simons, 2017; Drago et al., 2018). Without doubt, ionic dissolution plays a major role in the antibacterial properties of the BG. The contentious leaching of the ions into the surrounding tissues allows for the rise of the alkaline pH leading to the bactericidal effect of the glass (Xynos et al., 2000; Hench, 2006; Jones et al., 2006; Lin et al., 2012; Li et al., 2022).
The wound closure rate of the BG nanofibers treated wounds revealed faster closure when compared with the control group of wounds. Additionally, on the histological level, the BG-treated group showed complete wound reepithelization observed at 14 days’ time intervals. The epithelial layer of the BG wound also manifested with active deeply stained basal cell layer indicating ongoing cell division. Indeed, these results are highly correlated with the nanofibrous form of the material that gives the suitable ECM for initiating and accelerating the wound healing cascade (Kim et al., 2006; Li et al., 2014; Deliormanlı, 2015). Moreover, rapid epidermal migration and wound re-epithelialization are the final desired results and it is highly related to all previously mentioned properties of BG as angiogenic potentiality, antibacterial properties, and cell programming. It was reported that bioactive glass can enhance epidermal closure by different mechanisms (Kargozar et al., 2019). One of these mechanisms was mentioned by (Li et al., 2016) who found that 45S5 BG extract activates protein connexin 43 (which allows intercellular gap junction communications) at the gap junctions (Cx43). In skin tissue, this protein is in different sites such as cutaneous vasculature, fibroblasts, dermal appendages as well as the basal and lower spinous cell layers of the epidermis, and its activation prompts wound healing (Coutinho et al., 2003; Wong et al., 2016). Another study conducted by (Yu et al., 2016) reported BG stimulation of fibroblasts to assert essential growth factors such as VEGF, bFGF, and epidermal growth factor (EGF), collagen type I, and fibronectin. The invivo observation of the previous study also confirmed the migration of fibroblast cells to the wound bed and the formation of the thick layer of neo epidermis in the BG grafted wounds. In our previous study (Elshazly et al., 2020)., we also observed an increase in the collagen I expression in the BG-treated wounds at 1- and 3-week time intervals when compared with the control groups which coincide with Yu and his team’s findings (Yu et al., 2016). Moreover, the wound healing study conducted by (Zhao et al., 2015) using Cu dopped and undoped borate bioactive glass nanofibers confirmed the valuable effect of angiogenesis and antibacterial properties on speeding up the wound healing rate. The same results were confirmed in the recent study where the BGNF grafted wounds reported higher collagen density at 2 and3 weeks time intervals when compared to the control group.
Despite the disappearance of the material from the wound bed after 1/2 days of application, the wound showed superior clinical and histological manifestations over the control wounds. One reason for that is the existence of material remnants in the subcutaneous skin layer. Another reason may be engulfing of the material by phagocytic cells which might be subjected to the transformation into the M2 cells. Also, we are suggesting that the remaining material during this short period helps in recruiting platelets important to activate the primary steps of wound healing. Also, the presence of the BGnf during the early phase of wound healing was able to stimulate (kick-start) and modulate the inflammatory phase thereby triggering a regenerative cascade of healing rather than a persistent inflammatory one. The nanofiber’s disappearance was also mentioned by Peter (2011) and Simons (2017) as previously mentioned without any notice of the deterioration of the healing rate. This indicates that only a single application of the material will be sufficient to induce and enhance wound healing. This is highly effective from an economic point of view. BGnf is a great grafting material, in our opinion, to be utilized as a therapy for soft tissue deficiencies regularly. It is a low-cost, simple-to-install scaffold. It can also be tailored to the wound region and compressed on the inside. Furthermore, the scaffold is simple to use and can be subjected to multiple applications without any troubles. Similar findings in other research were connected to the simplicity of material application and its cost-effectiveness ((Cannio et al., 2021; Mazzoni et al., 2021)).
The present study is a complementary study based on our previous findings when it comes to the in vitro and immunohistochemical characterization of the material effect on wound healing. One limitation of the study was the absence of immunohistochemical characterization to the M1, M2 phagocytic cells to detect their role in the invivo tissue regeneration. This limitation will be the target of our next study. Despite that, the present study unveils new findings regarding the suitability of this new bioglass nanofibers formula to be used for the initiation of full-thickness skin wound healing for healthywounds. It also opens new horizons for using this material on the level of clinical trials and improving the quality of life for numerous suffering patients.
5 CONCLUSION
The current work describes the synthesis of a unique BGnf compound and shows how effective it is in hastening the healing of full-thickness skin wounds in a rabbit animal model. The characterization of BGnf in vitro shows that it has an ultrastructure that mimics a fibrin clot and an amorphous architecture. Additionally, the BGnf’s ionic dissolution products have a greater rate of degradation, which supports the increased bioactivity of the used formula. BGnf speeds up the healing of full-thickness skin wounds. BGnf accelerating the implantation of collagen fibres and epithelial cell migration to the defect location. Additionally, BGnf provides a sterile wound bed by preventing bacterial invasion of the wounded region. When compared to control wounds, angiogenesis is considerably higher in the BGnf transplanted wounds through the whole healing process duration. BGnf has thus been emphasized in the current investigation as a successful grafting biomaterial for the regeneration of full-thickness skin defects.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Alexandria University, Egypt, a member of the International Council for Laboratory Animal Science (ICLAS30.1.2019).
AUTHOR CONTRIBUTIONS
Conceptualization, MM, RE, and NE; methodology, NE, MS, AH, RE, SS, SN, and JC; formal analysis, MS, JC, AH, SS, and NE; writing—original draft preparation, NE; writing—review and editing, NE, MS, JC, RE, AH, MP, SN, and MM; supervision, MM, RE, JC, MS, and MP; project administration, MM and MP. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication. All authors contributed to the article and approved the submitted version.
FUNDING
This research was funded by: 1. A research grant from The Egyptian Academy of Scientific Research and Technology (ASRT) as a part of bilateral scientific and technological cooperation between the Arab Republic of Egypt and The Republic of India. 2. Italian MIUR, Grant Number 2017FNZPNN (PRIN 2017 PI: MP).
ACKNOWLEDGMENTS
The authors acknowledge the Tissue Engineering Laboratories (TELs), Faculty of Dentistry, Alexandria University for providing facilities to conduct the study. Besides, The Bioceramics and Coating Division team, Central Glass and Ceramic Research Institutes (CGCRI), Kolkata, India for helping and providing the required facilities during material preparation and characterization. The authors also acknowledge the English Mother tongue Luke Moir (Biologist, United Kingdom) for English editing and revision of the manuscript. The authors would like to express their gratitude to KML Vision GmbH, Graz, Austria for providing the IKOSA platform for creating the AI model used in this research. For researchers interested in learning more about KML Vision GmbH and their services, please visit their website at https://www.kmlvision.com or contact them via email at office@kmlvision.com.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdellaoui, K., Ratep, A., Boumaza, A., and Kashif, I. (2018). The effect of the natural raw barite and the dolomite material on borate glass formation. J. Fundam. Appl. Sci. 10, 281. doi:10.4314/jfas.v10i1.21
 Agren, M. S., Eaglstein, W. H., Ferguson, M. W., Harding, K. G., Moore, K., Saarialho-Kere, U. K., et al. (2000). Causes and effects of the chronic inflammation in venous leg ulcers. Acta DermVenereol Suppl. Stockh. 210, 3–17. doi:10.1080/00015555210317
 Am, A. (2018). A mini-review on the bioactive glass-based composites in soft tissue repair. Bioceram. Dev. Appl. 08, 105. doi:10.4172/2090-5025.1000105
 Baino, F., Hamzehlou, S., and Kargozar, S. (2018). Bioactive glasses: Where are we and where are we going?J. FunctBiomater 9, 25. doi:10.3390/jfb9010025
 Bellucci, D., Salvatori, R., Anesi, A., Chiarini, L., and Cannillo, V. (2019). SBF assays, direct and indirect cell culture tests to evaluate the biological performance of bioglasses and bioglass-based composites: Three paradigmatic cases. Mater. Sci. Eng. C 96, 757–764. doi:10.1016/j.msec.2018.12.006
 Bi, L., Rahaman, M. N., Day, D. E., Brown, Z., Samujh, C., Liu, X., et al. (2013). Effect of bioactive borate glass microstructure on bone regeneration, angiogenesis, and hydroxyapatite conversion in a rat calvarial defect model. Acta Biomater. 9, 8015–8026. doi:10.1016/j.actbio.2013.04.043
 Cannio, M., Bellucci, D., Roether, J. A., Boccaccini, D. N., and Cannillo, V. (2021). Bioactive glass applications: A literature review of human clinical trials. Mater. (Basel) 14, 5440. doi:10.3390/ma14185440
 Carvalho, S. M., Moreira, C. D. F., Oliveira, A. C. X., Oliveira, A. A. R., Lemos, E. M. F., and Pereira, M. M. (2019). Bioactive glass nanoparticles for periodontal regeneration and applications in dentistry nanobiomaterials in clinical dentistry. 1st ed. Amsterdam, Netherlands: Elsevier Inc. 
 Chandrasekar, R., Lavu, V., Kumar, K., and Rao, S. (2015). Evaluation of antimicrobial properties of bioactive glass used in regenerative periodontal therapy. J. Indian Soc. Periodontol. 19, 516. doi:10.4103/0972-124X.167166
 Coutinho, P., Qiu, C., Frank, S., Tamber, K., and Becker, D. (2003). Dynamic changes in connexin expression correlate with key events in the wound healing process. Cell. Biol. Int. 27, 525–541. doi:10.1016/s1065-6995(03)00077-5
 Dai, Z., Ronholm, J., Tian, Y., Sethi, B., and Cao, X. (2016). Sterilization techniques for biodegradable scaffolds in tissue engineering applications. J. Tissue Eng. 7, 204173141664881. doi:10.1177/2041731416648810
 Deliormanlı, A. M. (2015). Preparation and in vitro characterization of electrospun 45S5 bioactive glass nanofibers. Ceram. Int. 41, 417–425. doi:10.1016/j.ceramint.2014.08.086
 Dong, X., Chang, J., and Li, H. (2017). Bioglass promotes wound healing through modulating the paracrine effects between macrophages and repairing cells. J. Mater. Chem. B 5, 5240–5250. doi:10.1039/C7TB01211J
 Drago, L., Toscano, M., and Bottagisio, M. (2018). Recent evidence on bioactive glass antimicrobial and antibiofilm activity: A mini-review. Mater. (Basel) 11, 326. doi:10.3390/ma11020326
 Elshazly, N., Khalil, A., Saad, M., Patruno, M., Chakraborty, J., and Marei, M. (2020). Efficacy of bioactive glass nanofibers tested for oral mucosal regeneration in rabbits with induced diabetes. Mater. (Basel) 13, 2603. doi:10.3390/ma13112603
 Fletcher, J. (2010). Development of a new wound assessment form. Wounds U. K. 6, 92–99. 
 Gail, C. (2013). AVMA guidelines for the euthanasia of animals 2013 edition. Schaumburg: AVMA. 
 Gong, W. Y., Dong, Y. M., Chen, X. F., and Karabucak, B. (2012). Nano-sized 58S bioactive glass enhances proliferation and osteogenic genes expression of osteoblast-like cells. Chin. J. Dent. Res. 15, 145–152.
 Hajiali, H., Karbasi, S., Hosseinalipour, M., and Rezaie, H. R. (2010). Preparation of a novel biodegradable nanocomposite scaffold based on poly (3-hydroxybutyrate)/bioglass nanoparticles for bone tissue engineering. J. Mater Sci. Mater Med. 21, 2125–2132. doi:10.1007/s10856-010-4075-8
 Han, G., and Ceilley, R. (2017). Chronic wound healing: A review of current management and treatments. Adv. Ther. 34, 599–610. doi:10.1007/s12325-017-0478-y
 Hench, L. L. (2009). Genetic design of bioactive glass. J. Eur. Ceram. Soc. 29, 1257–1265. doi:10.1016/j.jeurceramsoc.2008.08.002
 Hench, L. L., and Polak, J. M. (2002). Third-generation biomedical materials. Science 295, 1014–1017. doi:10.1126/science.1067404
 Hench, L. L. (2006). The story of Bioglass. J. Mater Sci. Mater Med. 17, 967–978. doi:10.1007/s10856-006-0432-z
 Hong, J. H., Kim, D. H., Rhyu, I. J., Kye, Y. C., and Ahn, H. H. (2020). A simple morphometric analysis method for dermal microstructure using color thresholding and moments. Skin Res. Technol. 26, 132–136. doi:10.1111/srt.12776
 Hou, L., Wang, W., Wang, M.-K., and Song, X.-S. (2022). Acceleration of healing in full-thickness wound by Chitosan-binding bFGF andantimicrobial peptide modification Chitosan membrane. Front. Bioeng. Biotechnol. 10, 878588. doi:10.3389/fbioe.2022.878588
 Huang, W., Day, D. E., Kittiratanapiboon, K., and Rahaman, M. N. (2006). Kinetics and mechanisms of the conversion of silicate (45S5), borate, and borosilicate glasses to hydroxyapatite in dilute phosphate solutions. J. Mater Sci. Mater Med. 17, 583–596. doi:10.1007/s10856-006-9220-z
 Jabeen, B., and Rafique, U. (2014). Synthesis and application of metal doped silica particles for adsorptive desulphurization of fuels. Environ. Eng. Res. 19, 205–214. doi:10.4491/eer.2014.017
 Jones, J. R., Ehrenfried, L. M., Saravanapavan, P., and Hench, L. L. (2006). Controlling ion release from bioactive glass foam scaffolds with antibacterial properties. J. Mater. Sci. Mater. Med. 17, 989–996. doi:10.1007/s10856-006-0434-x
 Jones, J. R. (2015). Reprint of: Review of bioactive glass: From Hench to hybrids. Acta Biomater. 23, S53–S82. doi:10.1016/j.actbio.2015.07.019
 Jung, S. B., and de, D. (2009). Conversion kinetics of silicate, borosilicate, and borate bioactive glasses to hydroxyapatite. Phys. Chem. Glasses 50, 85–93. 
 Kargozar, S., Baino, F., Hamzehlou, S., Hill, R. G., and Mozafari, M. (2018). Bioactive glasses: Sprouting angiogenesis in tissue engineering. Trends Biotechnol. 36, 430–444. doi:10.1016/j.tibtech.2017.12.003
 Kargozar, S., Hamzehlou, S., and Baino, F. (2019). Can bioactive glasses be useful to accelerate the healing of epithelial tissues?Mater Sci. Eng. C Mater Biol. Appl. 97, 1009–1020. doi:10.1016/j.msec.2019.01.028
 Kim, H. W., Kim, H. E., and Knowles, J. C. (2006). Production and potential of bioactive glass nanofibers as a next-generation biomaterial. Adv. Funct. Mater. 16, 1529–1535. doi:10.1002/adfm.200500750
 Krzyszczyk, P., Schloss, R., Palmer, A., and Berthiaume, F. (2018). The role of macrophages in acute and chronic wound healing and interventions to promote pro-wound healing phenotypes. Front. Physiol. 9, 419. doi:10.3389/fphys.2018.00419
 Labbaf, S., Tsigkou, O., Müller, K. H., Stevens, M. M., Porter, A. E., and Jones, J. R. (2011). Spherical bioactive glass particles and their interaction with human mesenchymal stem cells in vitro. Biomaterials 32, 1010–1018. doi:10.1016/j.biomaterials.2010.08.082
 Li, H., and Chang, J. (2013). Bioactive silicate materials stimulate angiogenesis in fibroblast and endothelial cell co-culture system through paracrine effect. Acta Biomater. 9, 6981–6991. doi:10.1016/j.actbio.2013.02.014
 Li, H., He, J., Yu, H., Green, C. R., and Chang, J. (2016). Bioglass promotes wound healing by affecting gap junction connexin 43 mediated endothelial cell behavior. Biomaterials 84, 64–75. doi:10.1016/j.biomaterials.2016.01.033
 Li, H., Xu, Y., Xu, H., and Chang, J. (2014). Electrospun membranes: Control of the structure and structure related applications in tissue regeneration and drug delivery. J. Mat. Chem. B 2, 5492–5510. doi:10.1039/C4TB00913D
 Li, J., Zhang, T., Pan, M., Xue, F., Lv, F., Ke, Q., et al. (2022). Nanofiber/hydrogel core-shell scaffolds with three-dimensional multilayer patterned structure for accelerating diabetic wound healing. J. Nanobiotechnology 20, 28. doi:10.1186/s12951-021-01208-5
 Lin, C., Mao, C., Zhang, J., Li, Y., and Chen, X. (2012). Healing effect of bioactive glass ointment on full-thickness skin wounds. Biomed. Mater 7, 045017. doi:10.1088/1748-6041/7/4/045017
 Lin, Y., Brown, R. F., Jung, S. B., and Day, D. E. (2014). Angiogenic effects of borate glass microfibers in a rodent model. J. Biomed. Mater Res. A 102, 4491–4499. doi:10.1002/jbm.a.35120
 Ma, W., Yang, X., Ma, L., Wang, X., Zhang, L., Yang, G., et al. (2014). Fabrication of bioactive glass-introduced nanofibrous membranes with multifunctions for potential wound dressing. RSC Adv. 4, 60114–60122. doi:10.1039/C4RA10232K
 Mazzoni, E., Iaquinta, M. R., Lanzillotti, C., Mazziotta, C., Maritati, M., Montesi, M., et al. (2021). Bioactive materials for soft tissue repair. Front. BioengBiotechnol 9, 613787. doi:10.3389/fbioe.2021.613787
 Montazerian, M., and Zanotto, E. D. (2017). A guided walk through Larry Hench’s monumental discoveries. J. Mater. Sci. 52, 8695–8732. doi:10.1007/s10853-017-0804-4
 National Research Council (2011). Guide for the care and use of laboratory animals. 8th ed. Washington, DC, USA: The National Academies Press. 
 Naseri, S., Lepry, W. C., and Nazhat, S. N. (2017). Bioactive glasses in wound healing: Hope or hype?J. Mater Chem. B 5, 6167–6174. doi:10.1039/c7tb01221g
 Nour, S., Baheiraei, N., Imani, R., Rabiee, N., Khodaei, M., Alizadeh, A., et al. (2019). Bioactive materials: A comprehensive review on interactions with biological microenvironment based on the immune response. J. Bionic Eng. 16, 563–581. doi:10.1007/s42235-019-0046-z
 Nzietchueng, R. M., Dousset, B., Franck, P., Benderdour, M., Nabet, P., and Hess, K. (2002). Mechanisms implicated in the effects of boron on wound healing. J. Trace Elem. Med. Biol. 16, 239–244. doi:10.1016/S0946-672X(02)80051-7
 Peter, W. (2011). ‘Cotton candy’ that heals? Borate glass nanofibers look promising. Am. Ceram. Soc. Bull. 90, 25–29. 
 Pizzorno, L. (2015). Nothing boring about boron. Integr. Med. (Encinitas) 14, 35–48.
 Rahaman, M. N., Day, D. E., Sonny Bal, B., Fu, Q., Jung, S. B., Bonewald, L. F., et al. (2011). Bioactive glass in tissue engineering. Acta Biomater. 7, 2355–2373. doi:10.1016/j.actbio.2011.03.016
 Saha, S., Bhattacharjee, A., Rahaman, Sk. H., Ray, S., Marei, M. K., Jain, H., et al. (2020). Prospects of antibacterial bioactive glass nanofibers for wound healing: An in vitro study. Int. J. Appl. Glass Sci. 11, 320–328. doi:10.1111/ijag.15029
 Sarker, B., Hum, J., Nazhat, S. N., and Boccaccini, A. R. (2015). Combining collagen and bioactive glasses for bone tissue engineering: A review. Adv. Healthc. Mater 4, 176–194. doi:10.1002/adhm.201400302
 Sergi, R., Bellucci, D., and Cannillo, V. (2020). A review of bioactive glass/natural polymer composites: State of the art. Materials 13, 5560. doi:10.3390/ma13235560
 Shao, G., Wu, X., Kong, Y., Cui, S., Shen, X., Jiao, C., et al. (2015). Thermal shock behavior and infrared radiation property of integrative insulations consisting of MoSi2/borosilicate glass coating and fibrous ZrO2 ceramic substrate. Surf. Coatings Technol. 270, 154–163. doi:10.1016/j.surfcoat.2015.03.008
 Simons, M. C. (2017). The use of borate-based biological glass for the treatment of full-thickness wounds in six dogs. J. Vet. Med. Res. 4, 1108–1113. 
 Singer, A. J., and Clark, R. A. (1999). Cutaneous wound healing. N. Engl. J. Med. 341, 738–746. doi:10.1056/NEJM199909023411006
 Thomas, A. C., and Wysocki, A. B. (1990). The healing wound: A comparison of three clinically useful methods of measurement. Decubitus 3 (18–20), 18–20.
 Tsirogianni, A. K., Moutsopoulos, N. M., and Moutsopoulos, H. M. (2006). Wound healing: Immunological aspects. Injury 37 (1), S5–S12. doi:10.1016/j.injury.2006.02.035
 Webster, T. J., Ergun, C., Doremus, R. H., Siegel, R. W., and Bizios, R. (2000). Enhanced functions of osteoblasts on nanophase ceramics. Biomaterials 21, 1803–1810. doi:10.1016/s0142-9612(00)00075-2
 Wilson, J., Pigott, G. H., Schoen, F. J., and Hench, L. L. (1981). Toxicology and biocompatibility of bioglasses. J. Biomed. Mater. Res. 15, 805–817. doi:10.1002/jbm.820150605
 Wong, P., Tan, T., Chan, C., Laxton, V., Chan, Y. W. F., Liu, T., et al. (2016). The role of connexins in wound healing and repair: Novel therapeutic approaches. Front. Physiol. 7, 596. doi:10.3389/fphys.2016.00596
 Xu, H., Lv, F., Zhang, Y., Yi, Z., Ke, Q., Wu, C., et al. (2015). Hierarchically micro-patterned nanofibrous scaffolds with a nanosized bio-glass surface for accelerating wound healing. Nanoscale 7, 18446–18452. doi:10.1039/c5nr04802h
 Xynos, I. D., Edgar, A. J., Buttery, L. D., Hench, L. L., and Polak, J. M. (2000). Ionic products of bioactive glass dissolution increase proliferation of human osteoblasts and induce insulin-like growth factor II mRNA expression and protein synthesis. Biochem. Res. Commun. 276, 461–465. doi:10.1006/bbrc.2000.3503
 Yang, Q., Chen, S., Shi, H., Xiao, H., and Ma, Y. (2015). In vitro study of improved wound-healing effect of bioactive borate-based glass nano-/micro-fibers. Mater Sci. Eng. C Mater Biol. Appl. 55, 105–117. doi:10.1016/j.msec.2015.05.049
 Yu, H., Peng, J., Xu, Y., Chang, J., and Li, H. (2016). Bioglass activated skin tissue engineering constructs for wound healing. ACS Appl. Mater Interfaces 8, 703–715. doi:10.1021/acsami.5b09853
 Zaki, M. S. (2015). Characteristics of the skin of the female albino rats in different ages: histological, morphometric and electron microscopic study. J. Cytol. Histol. S3, 004. doi:10.4172/2157-7099.S3-004
 Zhao, S., Li, L., Wang, H., Zhang, Y., Cheng, X., Zhou, N., et al. (2015). Wound dressings composed of copper-doped borate bioactive glass microfibers stimulate angiogenesis and heal full-thickness skin defects in a rodent model. Biomaterials 53, 379–391. doi:10.1016/j.biomaterials.2015.02.112
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Elshazly, Saad, El Backly, Hamdy, Patruno, Nouh, Saha, Chakraborty and Marei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu1.gif
Wound healing rate






OPS/xhtml/nav.xhtml
Contents

		Cover

		Nanoscale borosilicate bioactive glass for regenerative therapy of full-thickness skin defects in rabbit animal model		1 Introduction

		2 Materials and methods		2.1 Bioactive glass preparation

		2.2 Glass nanofibers characterization

		2.3 Sterilization of the glass fibres

		2.4 In vivo wound healing study





		3 Results		3.1 Structural evaluation of bioactive glass nanofibers

		3.2 In vivo wound healing study





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fbioe-11-1036125-t003.jpg
Condition (Mean + STd) Time interval

Control 0 17.78% 49.4975% 91.55943% 98.39+

5.874,932 756511 3278 1.9078

Healthy experimental (BG) 0 30672+ 652675+ 97.0575% 100+ (ns)

| 4.075374 [ 68377 24762 043728
p values 0.0038 | 0.0086 00173 0.1032

*Statistically Significant p < 0.05.






OPS/images/fbioe-11-1036125-t002.jpg
Variables Scores

Exudates 1 No Exudate
2 Mild
3 Moderate
4 Abundant

Moisture level E Dry++
-1 Dry+
0 Normal
1 Moist wet
2
Tissues in the wound bed 1 Absent

2 Mild
3 Moderated
4 Abundant
5 *Healed skin






OPS/images/fbioe-11-1036125-t001.jpg
Total N Study groups Nu of defects

Condition N Condition

12 New Zealand white rabbits Control Control

Healthy experimental Healthy experimental









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-11-1036125-g005.gif





OPS/images/fbioe-11-1036125-g006.gif





OPS/images/fbioe-11-1036125-g003.gif





OPS/images/fbioe-11-1036125-g004.gif
RATBALS

GRANULATION TISSUE

T s T g





OPS/images/fbioe-11-1036125-g009.gif





OPS/images/fbioe-11-1036125-g007.gif





OPS/images/fbioe-11-1036125-g008.gif
:|_| o

P
¥ 5





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

Nanoscale borosilicate
bioactive glass for regenerative
therapy of full-thickness skin
defects in rabbit animal model





OPS/images/fbioe-11-1036125-g001.gif





OPS/images/fbioe-11-1036125-g002.gif





