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Abstract

:

Green nanotechnology is now accepted as an environmentally friendly and cost-effective advance with various biomedical applications. The cyanobacterium Synechocystis sp. is a unicellular spherical cyanobacterium with photo- and hetero-trophic capabilities. This study investigates the ability of this cyanobacterial species to produce silver nanoparticles (AgNPs) and the wound-healing properties of the produced nanoparticles in diabetic animals. Methods: UV–visible and FT-IR spectroscopy and and electron microscopy techniques investigated AgNPs’ producibility by Synechocystis sp. when supplemented with silver ion source. The produced AgNPs were evaluated for their antimicrobial, anti-oxidative, anti-inflammatory, and diabetic wound healing along with their angiogenesis potential. Results: The cyanobacterium biosynthesized spherical AgNPs with a diameter range of 10 to 35 nm. The produced AgNPs exhibited wound-healing properties verified with increased contraction percentage, tensile strength and hydroxyproline level in incision diabetic wounded animals. AgNPs treatment decreased epithelialization period, amplified the wound closure percentage, and elevated collagen, hydroxyproline and hexosamine contents, which improved angiogenesis factors’ contents (HIF-1α, TGF-β1 and VEGF) in excision wound models. AgNPs intensified catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx) activities, and glutathione (GSH) and nitric oxide content and reduced malondialdehyde (MDA) level. IL-1β, IL-6, TNF-α, and NF-κB (the inflammatory mediators) were decreased with AgNPs’ topical application. Conclusion: Biosynthesized AgNPs via Synechocystis sp. exhibited antimicrobial, anti-oxidative, anti-inflammatory, and angiogenesis promoting effects in diabetic wounded animals.
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1. Introduction


Wound healing is a complicated multi-step process comprising clotting, inflammation, proliferative and remodeling stages that involves immunological, biochemical, and physiological communications [1,2]. Diabetes mellitus (DM) is a disorder that involves several systems and causes the wound healing process to be impaired. This in turn would trigger a delayed healing or chronic ulcers of the skin. This may lead to increased infections, poor contraction of the wound and decreased breaking strength of the wound [3]. The mechanisms behind delayed healing of the diabetic wound are complicated [4]. Dysfunction of wound healing disables injured tissues’ capability of healing and regeneration [5]. Delayed healing may be attributed to an inflammatory response imbalance, changed cytokines production, and collagen synthesis. This subsequently can result in inadequate angiogenesis, as well as reduced tensile strength and growth factors [6].



During the proliferative stage of healing, angiogenesis occurs where major angiogenic factors such as vascular endothelial growth factor (VEGF) and transforming growth factor (TGF)-β1 are involved in the stimulation, promotion, and stabilization of new blood vessels [5,7]. Moreover, hypoxia in wound injury stabilizes hypoxia-inducible factor-1α (HIF-1α), which mediates the synthesis of VEGF, stromal cell-derived factor (SDF-1α), and heme oxygenase-1 (HO-1), involved in neovascularization, via the transactivation of the respective genes, which is vital for wound healing [8]. Following hypoxia, several proangiogenic factors such as VEGF stimulate capillaries to form nascent immature loops and branches [9].



Diabetic wounds exhibit inadequate angiogenesis with significant perturbations in the expression of factors that affect vascular regrowth, maturation, and stability. More specifically, the expression of VEGF-A, HB-EGF, EGFR, TGF-β1, Neuropilin 1, angiopoietin 2, SDF-1α, HIF-1α, and RGS5 were all downregulated in diabetic wounds [7]. A reduction in the HIF-1α level results in decreased expression of VEGF and SDF1α, which leads to aberrant neovascularization, and impaired wound healing in diabetes [10].



In diabetic wounds, continuous inflammation promotes the recruitment of neutrophils that release various cytokines, causing extensive tissue damage to peripheral cells [2]. The continuous influx of neutrophils, excess of pro-inflammatory cytokine such as tumor necrosis factor alpha (TNF-α), and downregulation of the anti-inflammatory cytokine interleukin-10 (IL-10) all together lead to the generation of additional free radicals with increased protease activity, and consequently, persistent inflammation in diabetic wounds [11]. Chronic inflammation with the subsequent failure of fibroblast growth and collagen synthesis work together to delay the healing processes [12].



Furthermore, hyperglycemia results in the overproduction of reactive oxygen species, causing further complications and delayed wound healing in diabetic patients [13]. The extensive tissue injuries become beyond repair in diabetic lesions as they are accompanied by the increased production of free radicals, there by causing oxidative stress that leads to harmful cytotoxic products, which in turn causes delayed wound healing. Therefore, oxidative stress and inflammation perform a major role in the delayed recovery of wounds in diabetic patients. From the above-mentioned facts, it is apparent that elements that possess both antioxidant and anti-inflammatory impacts may decrease the level of oxidation and inflammation in diabetic rats, thereby accelerating wound healing.



Conventional therapies for wound healing are, somehow, incompetent due to changes in the molecular constituency of the injured area. Thus, there is a need for effective wound treatment. In that regard, nanoparticles are known to promote healing of wounds by facilitating proper transitions through the healing phases [14]. Nanoparticles (NPs) have good functionality, biocompatibility, and ability to target specific cells; thus, they are more likely to gain access into cytoplasm or nuclei due to their significantly larger surface-area-to-volume ratio. As a result, they offer an augmented response as well as different plausible physiochemical and biomedical characteristics from bigger particles [15]. NP production by physical or chemical synthetic methods needs expensive apparatus, reagents, and toxic solvents which lead to hazardous by-products, causing contamination to both the environment and biosystems [16]. NP green synthesis is quickly developing as a key branch of nanotechnology where NPs are produced via biological entities such as plant extracts [17,18] and microorganisms [19,20] in an eco-friendly manner. Among the different inorganic metals in use as nanoparticles is gold, copper, iron, titanium, and zinc. Nevertheless, silver is the most prevalent metal in therapeutic applications owing to its inherent antimicrobial properties. Silver nanoparticles (AgNPs) showed numerous pharmacological actions including anticancer [21], anti-inflammatory [14], antioxidant [22], and anti-diabetic [14]. Furthermore, AgNPs mitigated hepatic injury induced by murine blood-stage malaria infection [23], and cisplatin-induced nephrotoxicity [17].



Synechocystis sp. is a unicellular cyanobacterial species belonging to the family Merismopediacea. It is photosynthetic but not diazotrophic, unlike other species of cyanobacteria such as Cyanothece sp. Cyanobacteria are the center of extensive studies as models for genetic manipulation, transcriptomic and proteomic studies, as well as some metabolomics and secondary metabolites synthesis investigations [24].



Therefore, the present study investigates the biosynthesis and characterization of AgNPs produced by the local cyanobacterium Synechocystis sp. The wound healing effect of the biosynthesised AgNPs on excision and incision and diabetic wounds was examined through identifying the anti-inflammatory, antioxidant, and angiogenesis actions.




2. Results


2.1. Characterization of AgNPs Biosynthesized by Synechocystis sp.


The bioproduction of AgNPs by Synechocystis sp. was preliminarily indicated by the change in the reaction mixture color, containing the cyanobacterial cell and AgNO3, when compared to the negative control. The transit color change from yellowish green to brownish suggests the reduction Ag+ ion to Ag0 as well as the development of AgNPs. A dynamic light scattering technique was used to measure the particle size of the produced AgNPs, found to be 7–35 nm (Figure 1a). TEM imaging showed that the particles were spherical in shape with a diameter ranging from 10 to 35 nm, the average particle size being around 16 nm and the most abundant nanoparticles being those of a diameter of 13 nm (Figure 1b).



The frequency and width of the surface plasmon absorbance depends largely on the size and shape of the metal nanoparticles as well as on the dielectric constant of the metal and the surrounding medium. The biosynthesized AgNPs gave a broad surface plasmon absorbance at 380–420 nm, indicating the presence of AgNPs [25]. The broadening of the peak indicated that the synthesized AgNPs are polydispersed in nature (Figure 2a). There were signs of aggregation with the biosynthesized AgNPs solution. The diameter of nanoparticles produced in our study is around 13–15 nm. This small size particle gave the nanoparticles high surface energy, so the particles tend to agglomerate to diminish this energy. Furthermore, we think that the cyanobacterial solution did not provide enough stabilization to these small-sized nanoparticles, and this is another reason for them to agglomerate, in order to minimize the interface.



An FT-IR spectrophotometer (Figure 2b) was used to identify the absorption spectra of the cyanobacterial species alone and with AgNPs complexes. The spectral absorbance bands of the nanoparticles were seen in the range of 3668–3054 cm−1 (H—bonded alcohols, phenols), 2842 cm−1 (CH2, alkanes), 2654 cm−1 (S-H stretch, thiol), 1649 cm−1 (N-H bend, primary amines), and 1114 cm−1 (C-N stretch, aliphatic amines).




2.2. Antimicrobial Assay of AgNPs Produced by Synechocystis sp.


AgNPs produced by Synechocystis sp. were assessed for their anti-MRSA activity using the disc-diffusion method. Several concentrations of the cyanobacterial-AgNP extracts were investigated, and the lowest concentration with significant action was 10 μg/mL; however, the optimum concentration was 15 μg/mL, which was able to produce nearly the same activity as the positive control (0.5% chloramphenicol). When the same concentration (15 μg/mL) of Synechocystis sp.-AgNPs extract was combined with 0.5% chloramphenicol, the antibacterial activity increased nearly to 100% more than the 0.5% chloramphenicol alone (Figure 3).




2.3. Incision Diabetic Wound Healing Evaluation of AgNPs Produced by Synechocystis sp.


The wound contraction percentage of incision wounds created in the diabetic rats treated with the 10 μg/kg AgNPs and 30 μg/kg AgNPs were statistically (p < 0.05) different from those in the diabetic negative and diabetic positive control groups. The diabetic positive control rats were treated with the commercial standard ointment (Silver Sulfadiazine 1% ointment (SSD) (Dermazin®). The wound contraction percentage after treatment with the AgNPs ointments provided a significant improvement, reaching 85.69 ± 4.5% and 89.4 ± 6.32% on the 14th day, when related to diabetic negative control (50.96 ± 3.91%). The healing ratio exhibited a moderate improvement when compared to the diabetic positive control (74.7 ± 5.4%), as presented in Table 1. However, there was no significant difference between the two concentrations 10 and 30 μg/kg AgNPs in wound contraction percentage. On day 21, the diabetic positive control and AgNPs-treated animal reached full closure of the wound (100%) while the negative control, which did not receive any treatment, showed delayed wound closure (88.49 ± 12.27%).



The tensile strength and hydroxyproline level for each group in the experiment were measured and reported in Table 1. The breaking strength was found to be highest in the 30 μg AgNPs/kg followed by 10 μg AgNPs/kg groups, positive-diabetic, and finally, the negative-diabetic control groups, which showed the lowest tensile strength. Furthermore, there was a significant decrease in hydroxyproline content in negative diabetic wound animals as compared to positive diabetic wound animals. The 10 and 30 μg AgNPs/kg treated dietetic animals showed a significant (p < 0.05) increase in the levels of hydroxyproline when compared to both diabetic positive and negative controls, indicating enhanced healing processes.




2.4. Excision Diabetic Wound Healing Evaluation of AgNPs Produced by Synechocystis sp.


Quantitative measurements of wound size are employed to assess initial wound size before and after debridement, as well as wound closure progression. Photographs of the wound and wound area measurement were performed at the day of wound creation, that is, 0 and on days 3, 7, 14, and 21 post-wound creation. Figure 4 shows illustrative wound shots taken on different days for each experimental group to evaluate the healing potential of AgNPs in diabetic wounds. Initially, a bright red color was observed in all wounds on the first day after the wound creation, signifying that the blood was recovered to the underlying muscle after the skin injury. On the seventh day after wound creation, a dark brown color was detected for the AgNPs-treated groups and diabetic positive control, signifying scab formation, while the untreated diabetic negative wounds were still slightly red and inflamed. On the 14th day after wound creation, AgNPs-treated wounds showed a significantly reduced wound size as compared to untreated diabetic negative animals, as demonstrated in Figure 4. After 21 days of wound injury, the untreated diabetic rats still showed an open wound (about 14%), in contrast to the treated groups in which a total contraction of wounds was achieved. The mean period of epithelialization increased in the diabetic negative control group, while it decreased in the AgNPs-treated groups and diabetic positive control group with no significant differences between the different treatment groups (Figure 4). The wound contraction percentage of excision wounds created in the diabetic rats treated with the 10 and 30 μg/kg AgNPs were statistically (p < 0.05) increased when related to the diabetic positive control group. However, there was no significant difference between the two concentrations 10 μg/kg AgNPs and 30 μg/kg AgNPs and positive control animals in the excision wound contraction percentage. The period of epithelialization was significantly increased in the positive control and AgNPs-treated animals when compared to negative-control rats.



Collagen is the principal extracellular protein in the skin tissue, from which hydroxyproline is the main element, which makes it an excellent biochemical marker for collagen content within the tissue. Therefore, hydroxyproline amount variations can indicate any alteration in collagen synthesis, which reflect the process of wound healing in the damaged tissues. The diabetic negative control group exhibited lowered amounts of collagen, hydroxyproline, and hexosamine. As demonstrated in Figure 5, a significant increase in hydroxyproline levels was observed in AgNPs-treated groups (0.27 ± 0.019, and 0.33 ± 0.023 µg/mg of tissue), respectively, when compared to the negative untreated control (0.15 ± 0.017 µg/mg of tissue) and positive treated groups (0.23 ± 0.016 µg/mg), indicating that AgNPs induced hydroxyproline production. Accordingly, AgNPs-treated animals showed significantly (p < 0.05) increased levels of collagen and hexosamine, demonstrating improved healing processes, as shown in Figure 5.



2.4.1. Effect of AgNPs Biosynthesized by Synechocystis sp. on Angiogenesis Related Factors


Angiogenesis during wound repair serves a dual function of providing the nutrients required by the healing tissue and serving for structural repair through the formation of granulation tissue [9]. The results from the current investigation showed that the angiogenesis-related factors including HIF-1α, TGF-β1, and VEGF contents in wound tissues were lower in the negative diabetic animals than those from positive diabetic animals. Furthermore, AgNPs-treated animals exhibited a significant increase in HIF-1α, TGF-β1, and VEGF levels compared with tissue specimens obtained from rats in the diabetic positive group (Figure 5). Animals treated with 30 µg/kg of AgNPs exhibited significant higher levels of these angiogenesis factors compared to those treated with 10 µg/kg.




2.4.2. Effect of AgNPs Biosynthesized by Synechocystis sp. on Antioxidant Enzymes Activities, Lipid Peroxidation and Nitric Oxide


Oxidative stress persistence during wound healing is detrimental, particularly in diabetic wounds. Figure 6 shows the outcomes of treatment with 10 and 30 µg AgNPs green-synthesized via Synechocystis sp. on different antioxidant enzymes such as catalase (CAT), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), on the glutathione (GSH) content, lipid peroxidation such as malondialdehyde (MDA) and finally on the NO content on the excision wound healing process. Initially, there was a significant decrease in antioxidant enzymes including CAT, SOD, and GPx and GSH content and nitric oxide levels as well as increased lipid peroxidation in diabetic non-treated wound control when compared with diabetic positive animals (p < 0.05). The current study presented a significant elevation in antioxidant enzymes (CAT, SOD, and GPx) and GSH content in animals treated with AgNPs, as compared to diabetic positive animals, which could be attributed to the decrease in reactive oxygen species (ROS) production with AgNPs treatment. However, no significant difference was found between the two different doses of AgNPs 10 and 30 µg/kg. In addition, a notable reduction in MDA level (as a lipid peroxidation marker) in the tissue obtained from animals treated with AgNPs as compared to the positive control group tissue, indicating that the use of AgNPs reduced the secondary oxidation product content. Furthermore, the administration of AgNPs significantly increased the nitric oxide level when compared to diabetic positive control rats.




2.4.3. Effect of AgNPs Biosynthesized by Synechocystis sp. on the Inflammatory Mediators


The sustained oxidative stress can activate various transcription factors including NF-κB, which lead to chronic inflammation. Therefore, we measured different inflammatory mediators to indicate the inflammation status occurring within diabetic wound healing. Diabetic non-treated animals demonstrated significant increase in different inflammatory mediators such as IL-1β, IL-6, TNF-α, and NF-κB when related to positive diabetic control. Animals treated with 10 µg/kg and 30 µg/kg AgNPs exhibited lowered inflammation, as evidenced by the significantly lower level of inflammatory mediators when compared to diabetic positive animals (Figure 7).






3. Discussion


3.1. Characterization of AgNPs Biosynthesized by Synechocystis sp.


The use of Synechocystis sp. for the biosynthesis of nano-metals was reported once by Fathy et al. [26], who used an extract of Synechocystis sp. for the in vitro synthesis of AgNPs and used the synthesized nanoparticle as a flocculent agent with different microalgae strains [26]. The cyanobacterium Synechocystis sp. are rich in entities/bioactive compounds, which have reducing power for ions within their vicinity turning them into ecofriendly nanoparticles [27,28]. For instance, Synechocystis sp. PCC 6803 stain presents ascorbic acid and gluthathione, which are the two key components of the antioxidant machinery of eukaryotic and prokaryotic cells [29]. In the current study, the UV spectrum showed a stretching of plasmon resonance within 370–410 nm, which is characteristic of nanosilver [21]. The FTIR results exposed that the compounds that present in the cyanobacteria are most likely alkanes, amides, or amines, which could be responsible for the bioreduction of Ag+ and capping/stabilization of AgNPs. The FTIR spectrum indicated the presence of OH groups (3500 to 3200 cm−1, weak, broad bands for O-H stretching vibration). These OH groups can be from phenols, alcohols, or carboxylic acids. OH groups could be involved in nanoparticles biosynthesis [30]. Additionally, the FTIR spectrum shows the presence of SH (thiol) groups (2654 cm−1, medium, sharp band for S-H stretching vibration). SH groups showed potential activity as reducing agents and could contribute to the biosynthesis and stabilization of the AgNPs [31]. The band at 2842 cm−1 (weak) could be assigned to stretching vibrations of skeletal CH2 in polysaccharides [32] or fatty acids [33]. Both polysaccharides and fatty acids could play a role in the biosynthesis or stabilization of AgNPs [34,35,36]. The presence of CH2 for polysaccharides or fatty acids was further emphasized by the presence of a weak band at 1454 cm−1 (CH2 bending vibration) [33]. The presence of proteins or polypeptides is evidenced from the presence of bands at 1649 cm−1 (N-H bending vibration, primary amines or amides I), 1450 cm−1 (N–H bending vibration amide II), and 1114 cm−1 (C-N stretching vibration, aliphatic amines) [37,38]. Function groups in polypeptides and proteins could contribute to the biosynthesis or stabilization of AgNPs [39,40]. Those functional groups may act as capping agents of silver nanoparticles, resulting in the stabilization of AgNPs, which is in agreement with [20,41].




3.2. AgNPs Anti-Microbial Properties


AgNPs have two distinct anti-microbial impacts: inhibitory action and bactericidal action. AgNPs interacts with the proteins’ thiol groups in the bacterial cell, forming disulfide bonds, which interfere with many biological processes of bacterial cells [42], such as DNA replication and inhibit the bacterial growth leading to apoptosis [43]. On the other hand, the AgNPs bactericidal effect was established due to the ability of silver to create free radicals, causing bacterial cell wall damage. The bacterial cell then liberates lipopolysaccharides and membrane protein, resulting in cell mortality. Moreover, AgNPs inhibited the protein substrate phosphorylation, affecting signal transduction as verified earlier [44]. Indeed, in this study, green bioproduced AgNPs were able to act on MRSA with an activity similar to that of chloramphenicol, and the nanoparticle synergistic activity with chloramphenicol increased the antibacterial activity of the broad-spectrum antibiotic nearly by double.




3.3. AgNPs Diabetic Wound Healing Properties


There are four models to study wound healing: in silico, in vitro, ex vivo, and in vivo models. Direct analysis of a stimulus in the living subject before/during/after exposure to a stimulus is provided in the in vivo study, and that is why we have chosen this model. Many wound healing models have employed rats because of their wide availability, size, and tractable nature. Rats are large enough to provide a suitable area of skin for wound studies. Another reason to consider rats as skin wound healing models is the availability of a broad knowledge base on rat wound healing gained from years of previous research. Characteristics such as a short gestation, short lifespan, docile behavior, and ready availability of animals with well-defined health and genetic backgrounds are key in the decision to use the rat as the choice of a research animal [45]. Wound healing in rats is governed by myofibroblast-mediated contraction through an extensive subcutaneous striated muscle layer called the panniculus carnosus, which is absent in humans [46], and this represents a disadvantage in the rat wound-healing model. However, developing an animal model that has all the complexity of human chronic wounds may be an unattainable goal, because non-healing and delayed healing wounds in humans are often the result of combinations of impaired circulation, inadequate nutrition, age, limited physical activity, and/or chronic physiological imbalance. With the continuing developments in genetic manipulation of rats and other animal kinds, innovative, more beneficial models of the wound healing models will ultimately appear [46]. The worldwide prevalence of diabetes has increased strikingly, which has attracted the attention of both the scientific and public communities. The wound healing process relates to imperative phases, including the inflammatory reaction, cellular relocation, propagation, matrix deposition, and tissue restoration [4]. Many modulators such as cytokines, growth factors, matrix metalloproteinases (MMPs), cellular receptors, and extracellular components are associated with the wound healing process. The impaired wound healing may propagate to gangrene and amputation [47]. Delayed diabetic wound healing is mainly attributable to inflammatory response disproportion, modified cytokines production, changed collagen synthesis, inadequate angiogenesis, and declined growth factors [6]. Several studies have reported that nanoparticles can stimulate tissue healing and restoration in wound spots. Nanoparticles with dimensions less than 100 nm have a higher surface-area-to-volume ratio [48] and, consequently, higher admission into cytoplasm or nuclei to alter molecular processes. As a result, nanoparticles exhibit an augmented reaction with their physiochemical and biomedical properties that are different from other bigger particles [49]. AgNPs have been reported to possess wound-healing properties [50,51]. However, the enhancing effects of AgNPs on wound healing in diabetes have been poorly studied. In this study, we demonstrated that bio-synthesized AgNPs could improve the healing of both excisional and incisional wounds in STZ-induced diabetic rats. The green synthesis provides non-toxic AgNPs with well-defined size, which explains the recent research interest in those particles.



A critical stage of the wound repairing process is re-epithelialization, during which keratinocytes are permitted to transfer across the wound bed for epidermal layer re-establishment. Re-epithelialization aids in wound closing by switching keratinocytes to the migratory and proliferative phenotype, which is usually impaired in diabetes [52]. Our results showed prolonged wound closure in diabetic wounded rats accompanied by an increase in epithelialization time. These results were supported by earlier studies, which reported that hyperglycemia impairs keratinocytes migration and proliferation, creating insufficient re-epithelialization and longer epithelialization duration [4]. On the other hand, an increase in the wound closure percentage as well as a reduction in the epithelialization time in the diabetic wound rats treated with AgNPs was observed. This wound behavior is in accordance with former outcomes that AgNPs cause quicker wound closure and re-epithelialization of the epidermis at the wound spot in nondiabetic animals [29].



The healing progression majorly depends on the controlled manufacture and deposition of new collagen. Collagen is a central constituent of the extracellular matrix, and its production, placement, remodeling, and maturation are imperative stages throughout tissue restoration and regeneration [53], eventually contributing to wound tensile strength [54]. Thus, the wound strength is developed from both collagen transformation and the construction of stable intra- and intermolecular cross-links. Collagen offers strength and integrity to the tissue matrix, as well as playing a curial role in homeostasis and epithelialization of the healing process [55]. Collagen metabolism releases free hydroxyproline and its peptides; therefore, the extent of the hydroxyproline can be used as a collagen metabolism index [56]. Additionally, amplified hexosamine amounts stabilize the collagen molecules by accelerating electrostatic and ionic interactions [55]. Adequate wound healing requires hexosamine as a component of the ground substance for extracellular matrix synthesis [56]. Hexosamine intensification indicates that fibroblasts actively synthesize, on which collagen is laid down [57].



In the current experiment, investigational diabetic rats displayed decreased collagen, hydroxyproline, and hexosamine contents, which was revealed as very little or no formation of granulation tissue on diabetic wounds, as mentioned earlier [4,56]. AgNPs augment hydroxyproline and the hexosamine content with subsequent amplified collagen synthesis and deposition, increased granulation tissue formation, and improved extracellular matrix synthesis, and thus, proper wound healing. AgNPs are believed to improve collagen deposition during wound healing [14,42].




3.4. Angiogenesis Related Factors


When tissue injury occurs, the normal homeostasis is disturbed, leading to a hypoxic state. Hypoxia activates hypoxia-inducible factor-1 (HIF-1) which is a transcriptional activator that intensifies angiogenesis by upregulating specific genes such vascular endothelial growth factor (VEGF) and transforming growth factor β1 (TGF-β1) [58]. VEGF is a proangiogenic mediator which stimulates endothelial cell functions necessary for the formation of new blood vessels. VEGF encourages angiogenesis by stimulating endothelial cell propagation and averts their apoptosis as well as guides vascular growth to low-oxygen zones, starting from the wound borders to the bed [59]. Therefore, VEGF plays a crucial part in tissue propagation, relocation, and differentiation, contributing to angiogenesis and influencing wound repair, closure, and granular tissue establishment [60]. Another important growth factor is TGF-β1, which plays a pivotal role in mediating collagen synthesis and degradation. During the wound healing process, TGF-β1 is secreted and is involved in numerous roles, such as inflammation, angiogenesis, collagen production and deposition, extracellular matrix remodeling [61], and fibroblasts migration and proliferation [62]. Thus, increasing the endogenous release of growth factors is a potential mechanism of wound tissue repair.



In the present study, VEGF, TGF-β1, and HIF-1 were down-regulated in diabetic negative wounded rats when related to positive diabetic controls. Previously, diabetic patients were reported to have unusually lower levels of VEGF, which is concomitant with inadequate vascularization accompanied by wound closure complications and diminished granular tissue re-epithelialization and development [63]. On the contrary, topical administration of 10 µg/kg and 30 µg/kg AgNPs exhibited an upregulated VEGF level in diabetic wound rats, signifying the angiogenic potential of AgNPs. In addition, TGF-β1 and HIF-1 were also augmented in AgNPs-treated animals, indicting enhanced angiogenesis, re-epithelialization, and a faster rate of wound closure when related to diabetic negative controls. Similarly, AgNPs increased VEGF synthesis, stimulated angiogenesis, and facilitated wound healing in primary cell cultures of fibroblasts and keratinocytes in a wound-healing model [50].




3.5. Antioxidant Enzymes Activities


Oxidative stress and inflammatory states’ existence at the wound site is detrimental for healing progression, especially diabetic cases. Throughout the repair process, reactive oxygen species (ROS) are created when molecular oxygen is reduced by NADPH oxidases [64]. Cell migration and proliferation are hindered and the inflammation mediator’s expression and functions are affected by oxidative stress [65]. In the absence of appropriate antioxidant actions, the wound healing process might be delayed. Therefore, adequate wound restoration endorses various antioxidant genes such as glutathione peroxidase (GPx), catalase (CAT), and SOD [66]. The outcomes of the existing experiment demonstrated lipid peroxidation (MDA) level augmentation as well as antioxidant enzyme activity diminution including SOD, CAT, GPx, GST, and GR in diabetic wounds compared to normal wounds. The management of diabetic wound animals with both 10 and 30 µg/kg AgNPs significantly diminished the MDA levels and augmented antioxidant defenses activities linked to diabetic wound controls. The outcomes are similar to previous studies which revealed increased MDA levels and decreased antioxidant activities in the diabetic wound tissue [4]. ROS upsurges in diabetes mellitus due to glucose auto-oxidation, advanced glycation, and an unusual mitochondrial role [67], initiating granulation tissue damage along with diminished angiogenesis and the relocation of fibroblast and keratinocytes [68]. In a diabetic wound model, a high blood-glucose level prompted the formation of free radicals, lowered the antioxidant enzyme activities, and eventually delayed injury healing [69]. SOD and GPx serve as free radical scavengers. For instance, GPx neutralizes the hydrogen peroxide into water [70], while SOD dismutates superoxide radicals into less toxic hydrogen peroxide and dioxygen free radicals [71]. By expanding CAT and GPx enzyme actions, the resultant hydrogen peroxides were enzymatically neutralized into oxygen and water [71]. The explanation could be that in wounded diabetic rats, the Nrf2 mRNA expression was lowered with an upregulation in the Keap1 mRNA expression level [4]. Furthermore, in an STZ diabetic mouse model, Nrf2−/− mice showed a deferred wound healing level in contrast to Nrf2+/+ mice, indicating the Nrf2 part in wound healing [72].



On the other hand, AgNPs’ management caused greater collagen placement, NO production, and enhanced endogenous antioxidants, which was reflected in condensed wound regions and better wound healing [56]. Our outcomes clearly advocate that AgNPs revealed a synergic influence of an effective antioxidant action by lowering the oxidative stress in the wound area. Additionally, the current study showed that treatment AgNPs significantly promoted NO levels in the diabetic wound fluid. Evolving suggestions specified that NO has a significant role in normal wound healing and that cutaneous NO dysfunction is consistently elaborated in wound healing impairment [73]. NO promotes numerous processes, including angiogenesis and relocation and propagation of fibroblasts, epithelial cells, endothelial cells, and keratinocytes [74]. Different cells in a wound have the capability to produce NO, including platelets, macrophages, fibroblasts, endothelial cells, and keratinocytes. Nitric oxide stimulates cell proliferation, angiogenesis, and regeneration [75].




3.6. Inflammation and Inflammatory Mediators


Throughout wound restorative progression in diabetic animals, the expression of NF-κB pathway genes is exaggerated to trigger the inflammatory cytokines (TNF-α, IL-1β, and IL-6) expression, causing deferred wound healing. The changes were effectively reversed in diabetic animals by treating 10 and 30 µg/kg AgNPs. Our results supported the hypothesis of AgNPs participation in the NF-κB and inflammatory response suppression to recover healing process. Continued oxidative stress may trigger several transcription factors including NF-κB, leading to prolonged inflammation. The NF-κB binding activity was significantly increased with an increase in TNFα, IL-1β, and IL-8 within the diabetic wounded skin homogenate [4]. Eming et al. [76] indicated that TNF-α and IL-1β elicited the inflammatory reaction by stimulating additional neutrophils and macrophages, which are indispensable for the regular repair process. TNF-α prevents SMAD phosphorylation via c-Jun N-terminal kinase pathway and diminishes TGF-β1 transcription [77]. Previously, it was hypothesized that the suppression of the triggered NF-kB pathway with the following subsequent inflammatory gene expression is intricate in the enhancement of wound healing process [78].





4. Materials and Methods


4.1. Cyanobacterial Strain


The cyanobacterium species Synechocystis sp. Was originally isolated from the Arabian Gulf coast, located in the eastern region of Saudi Arabia as mentioned previously [79]. The strain was isolated on BG11 medium and kept in a 12:12 light/dark cycle. The stain was morphologically identified using light microscopy.




4.2. Biosynthesis of Silver Nanoparticles AgNPs


Silver nitrate (AgNO3) used in the current study was obtained from Sigma-Aldrich (St. Louis, MO, USA). A stock solution of silver nitrate (AgNO3) of 0.5 mM concentration was prepared and kept in a dark bottle. An aliquot of 1 mL of silver nitrate (AgNO3) was added to a 19 mL culture of Synechocystis sp. And incubated at a temperature of 28 °C for 24 h. The same steps were repeated but with switching cyanobacterial biomass with distilled water to attain the negative control. The preliminary suggestion of AgNPs biosynthesis was visually observed when the solution color transformed to a brown color.




4.3. Biosynthesized AgNPs Shape and Size Determination


The particle size of the biosynthesized AgNPs was characterized by dynamic light scattering techniques using Zetasizer Nano ZS (Malvern Panalytical, Spectris plc, Egham, Surrey, UK). Transmission electron microscopy (TEM, a JEOL JEM-1230 JEOL, Tokyo, Japan) was utilized to obtain high-resolution, two-dimensional images of the biosynthesized AgNPs. The AgNPs morphology was visualized via TEM operated at an accelerating voltage of 200 kV. Samples were prepared by adding a drop of AgNPs suspension onto a carbon-coated copper grid and permitted to dry under an infrared lamp preceding the analysis. Nanoparticle size distribution was performed using the digitized TEM images. Thirty haphazardly selected TEM fields were treated with Image Pro-Plus software and the data obtained were reported in a histogram (Figure 1).




4.4. Characterization of the Produced Biosynthesis AgNPs


Characterization of AgNPs was accomplished using UV–Vis spectrophotometry (Genesys10S, Thermo Scientific, Waltham, MA, USA) in the range of 200–900 nm. In addition, to identify the functional groups involved in the bio-production AgNPs, Fourier-transform infrared spectrophotometer (FT-IR) was (Agilent Cory 630, Agilent Technologies, Austin, TX, USA) operated through an investigation region of 4000–500 cm−1.




4.5. Preparation of AgNPs for Analysis


The cyanobacteria–AgNPs mixture was centrifuged (12,000× g, 20 min, 10 °C), and the generated pellets were washed with 10 mL distilled water numerous times. The obtained pellets were then dried (30 °C) for 24 h and spread in distilled water at the required concentrations.




4.6. Antimicrobial Activity of Biosynthesis AgNPs


The antimicrobial effectiveness of AgNPs was evaluated against methicillin-resistant Staphylococcus aureus (MRSA) strain [27] using Kirby–Bauer disk diffusion susceptibility with minor amendment [80]. Different concentrations (including 1, 5, 7, 10, 15, 20, and 30 µg/mL) of AgNPs were prepared, in which sterilized Whatman number 1 paper discs (6 mm in diameter) were impregnated in 20 µL of AgNPs solution. The dried paper discs were positioned on a nutrient agar medium which was inoculated with the bacterial suspensions. To guarantee the diffusion of the AgNPs bioactive material, plates were maintained for 2 h at 4 °C and then incubated at 37 °C. Negative control discs contained 20 µL of sterilized distilled water, whereas the positive control discs enclosed 0.5% chloramphenicol. The AgNPs and chloramphenicol mixture was used where different concentrations of AgNPs were produced with 0.5% chloramphenicol solution. Sterilized-Whatman number 1 paper discs were impregnated in 20 µL of the prepared solution. The produced paper discs were dried and treated similarly to as mentioned before. All plates were incubated for 24 h, and the diameters of inhibition zones were measured in triplicates (mm) to be used as an indicator for activity.




4.7. AgNPs Diabetic Wound Healing Methods


4.7.1. Animals


Male Wistar rats (250 ± 10 g) were obtained from the animal house facility, King Saud University, Riyadh, Kingdom of Saudi Arabia. The animals were retained in the animal house under typical surroundings (20–25 °C, 70–80% humidity, 12 h light/dark cycle) for a week preceding the experiment. They obtained standard laboratory chow and water ad libitum. Animals were haphazardly allocated into 6 animals per group.




4.7.2. Ethical Approval


All experiments were appropriately executed in agreement with the “Ethical Conduct for Use of Animals in Research” Guidelines in King Faisal University and the “Executive Regulations for Research Ethics on Living Creatures (Second Edition)”, published by the National Bioethics Committee, Saudi Arabia. All animal care and experimental procedures were approved by the Animal Research Ethics Committee at King Faisal University (KFU-REC-2021-NOV-EA000143).




4.7.3. Induction of Diabetes


A recently prepared solution of streptozotocin (STZ) (Sigma, St. Louis, MO, USA) dissolved in citrate buffer pH 4.5 was administered to overnight-fasted rats at a dose of 65 mg/kg intraperitoneal (i.p.) to prompt diabetes. To avert hypoglycemia caused by the immense insulin discharge, animals were administered 10% glucose solution after 6 h of STZ injection for another 24 h [81,82]. After 72 h of the STZ administration, the blood was withdrawn via animals’ tail vein and the animals with a fasting blood glucose level (BGL) higher than 200 mg/dL were considered diabetic and employed in the current study.




4.7.4. Grouping of Animals


Two wound models (excision and incision) were used to evaluate the diabetic wound healing activity in this investigation. Rats were arbitrarily separated into five groups in each model (n = 6). Group I: normal control group, in which normal rats were permitted to heal deprived of any treatment. Group II: diabetic negative control group, in which diabetic rats were granted to reconcile spontaneously without any treatment. Group III: diabetic positive control group, in which diabetic rats were treated with the commercial standard ointment (Silver Sulfadiazine 1% ointment (SSD) (Dermazin®), manufactured by Medical Union Pharmaceuticals, Saudi Arabia). Group IV: 10 µg/kg AgNPs-treated diabetic group, in which diabetic animals were treated with a topical application of 10 µg/kg AgNPs on wounds once daily. Finally, group V: 30 µg/kg AgNPs-treated diabetic group, in which diabetic rats were treated with topical application of 30 µg/kg AgNPs on wounds for once a day. Different concentrations of topical formulations (ointments) were prepared for all groups, including the negative control group, as mentioned elsewhere [22], and applied once daily, directly on the open wound until the wound was completely healed. Animals were monitored daily for any wound contamination. No antibiotic was given to any of the animals’ groups. At the end of the investigation and after the complete wound healing, the animals were sacrificed using 10 mg/kg of xylazine (Bayer, Leverkusen, Germany) and 25 mg/kg of ketamine (Pfizer Inc., New York, NY, USA) and tissue specimens were collected and maintained in liquid nitrogen for further biochemical analysis. At the end of the experiment, blood samples were collected, centrifuged at 3000× g for 15 min, and the resulting serum was utilized for numerous biochemical assays.




4.7.5. Incision Wound Model Creation


This model was implemented as mentioned before in Süntar et al. [83] with minor modification. Briefly, an 8 cm straightforward incision was performed paravertebrally through the full skin thickness on both sides of the vertebral column with a sharp, sterile scalpel, then an interrupted suture (about 1 cm apart) was used to close the wound. Days of applications of topical preparations started from day 0 to the day of complete wound healing. Rats were randomly segregated into different groups as mentioned earlier.




4.7.6. Estimation of Tensile Strength


The tensile strength was employed as mentioned before in Yadav et al. [84]. At the end of the experiment, the skin area was incised 1.5 cm away from each side of the wound, aligned with the anterior–posterior axis of the animal to warrant sample consistency. Additionally, the thickness and width of the skin injury regions were evaluated using Vernier calipers. The acquired tissues were used to measure the force necessary to break the tissue using a computerized tensiometer (EZTESTI 30804100798, Shimadzu Corp., Kyoto, Japan). The tensile strength was calculated using the following formula:


Tensile strength (N/cm2) = Breaking force (N)/Area (cm2) where area (cm2) = thickness (cm) × width (cm)












4.7.7. Excision Wound Model Creation


Anesthetized rats, via 10 mg/kg of xylazine and 25 mg/kg of ketamine i.p., were positioned face down on the dissection pad. Before the wound creation, the dorsal region of the anesthetized animals was shaved, and the wound areas were cleaned via 70% ethanol. An open circular cut of 0.2 mm depth and 10 mm2 diameter was made on the back of each animal using a sterile scalpel. The animals were then distributed randomly into different groups as mentioned earlier. Days of application of topical preparations started from day 0 to the day of complete wound healing.




4.7.8. Measurement of Wound Area Parameters


Macroscopic investigation: Wound photographs were taken on day 0, 3, 7, 14, and 21 using a camera (Spot Insight QE; Diagnostic Instruments, Sterling Heights, MI, USA). The epithelialization time is defined as the number of days taken to drop off the dead tissue without any sign of raw wound, as formerly stated in [4]. The wound area was measured by marking tracing paper by placing the paper on the wound on the 0th, 7th, 14th, and 21st day after wound establishment. The percentage of wound contraction was calculated as stated previously [5] using the below equation:


Wound contraction percentage = ((wound area day 0 − wound area day n)/wound area day 0) × 100 where n represents the number of days until complete healing












4.7.9. Skin Tissues Measured Parameters


Hydroxyproline content: the hydroxyproline content in wound tissues was assessed as described earlier [51,85]. Briefly, the wound tissues from different experimental animals were dried in a hot air oven at 60 °C to obtain similar weights and then hydrolyzed with 6 N hydrochloric acid (HCl) (1:10, w:v) at 130 °C for 4 h in sealed glass tubes. The attained hydrolysates were neutralized to pH 7.0 and subjected to oxidation via chloramine T. The reactions accomplished by the addition of perchloric acid (0.4 M), and Ehrlich reagent at 60 °C to develop the colors which were valued at 557 nm. A standard linear curve was preformed, from which hydroxyproline concentrations were calculated and presented as µg/mg of dry tissue weight.



To evaluate the collagen and hexosamine, firstly, the wound tissue samples were defatted in chloroform:methanol (2:1 v/v) and dried in acetone. Weighed tissues were hydrolyzed in 6 N HCl for 18 h at 110 °C, evaporated to dryness, and then made up with a known volume of water as described earlier [86,87].




4.7.10. Measurement of Angiogenesis Related Factors


Vascular endothelial growth factor (VEGF, Item No. LS-F5482), transforming growth factor β1 (TGF-β1, Item No. LS-F24972) and hypoxia-inducible factor 1-alpha (HIF-1α, Item No. LS-F4225) levels in the tissue homogenates were estimated using the ELISA kit obtained from LifeSpan BioSciences, Seattle, WA, USA following the manufactures’ procedures.




4.7.11. Measurement of Antioxidant Enzymes Activities


Catalase (CAT, Item No. 707002), superoxide dismutase (SOD, Item No. 706002), glutathione peroxidase (GPx, Item No. 703102), and glutathione (GSH, Item No. 703002) were measured according to the manufacturer’s protocols using the corresponding ELISA kits, which were obtained from Cayman Chemicals (Ann Arbor, MI, USA).




4.7.12. Measurement of Lipids Peroxidation


The lipid peroxidation was determined by thiobarbituric acid reaction and expressed as the malondialdehyde (MDA) level using an MDA kit (Cat. No. ab 118790), which was obtained from Abcam (Cambridge, MA, USA).




4.7.13. Estimation of Nitric Oxide (NO)


The stable end products of nitric oxide (NO) biosynthesis were estimated by appraising the nitrite levels. Greiss reagent (500 μL; 1:1 solution of 1% sulphanilamide in 5% phosphoric acid and 0·1% napthaylamine diamine dihydrochloric acid in water) was placed with 100 μL of serum and absorbance was valued at 546 nm using a double-beam UV–visible spectrophotometer [88]. The nitrite concentration was calculated using a standard curve for sodium nitrite and expressed as nanograms per milligram of protein.




4.7.14. Measurement of the Inflammatory Cytokine


Tumor Necrosis Factor-alpha (TNF-α, Item No. LS-F23150), Interleukin 8 (IL-8, Item No. LS-F9753) and Interleukin 1β levels by ELISA based kits obtained from LifeSpan BioSciences, Seattle, WA, USA. The assays were preformed as per the manufacturer’s guidelines.





4.8. Statistical Analysis


Data are shown as the mean ± SD. Multiple comparisons were preformed via one-way ANOVA, followed by Tukey’s test for post hoc analysis, using a 0.05 level of probability as the significance level. All statistical analyses were achieved using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA,) software, version 8.





5. Conclusions


In summary, AgNPs, produced using the cyanobacterial species Synechocystis sp., were characterized using UV, FTIR spectrophotometry, and TEM, and the nanoparticles’ antibacterial activity against MRSA was demonstrated. The biosynthesized AgNPs have revealed efficiency in the wound healing process in STZ-induced diabetic rat models. The results provided a sufficient support of the wound-healing potency of AgNPs (10 and 30 μg/kg) in excision and incision wound models. Quicker wound closure, increased hydroxyproline, collage and hexamine contents, and a reduced epithelialization period confirmed the wound healing potency of AgNPs. The substantial effect of wound repairing was further supported by angiogenesis factors and enzymatic antioxidant level escalation, as well as the attenuation of inflammatory cytokines.
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Figure 1. Particle size measuring of the AgNPs synthesized by Synechocystis sp. (a) Dynamic scattering graph identifying the particle size; (b) TEM images of the AgNPs with measured diameter (in red) and histogram of size distribution. 
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Figure 2. Characterization of biogenic AgNPs synthesized by Synechocystis sp. (a) UV–Vis light spectroscopy at 0 and 48 h of addition of AgNO3 to the cyanobacterial culture; (b) FTIR spectrum of cyanobacterial extract after 48 h of AgNO3 addition. 
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Figure 3. Antimicrobial activities of Synechocystis sp. extract with the biosynthesized AgNPs. Scatter plot of disc inhibition zone (mm) of Synechocystis sp. extract + AgNPs against MRSA with and without 0.5% chloramphenicol. 
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Figure 4. Effect of treatment with AgNPs green-synthesized by Synechocystis sp. on wound healing parameters including (a) photographic illustration of wound healing progression (b) wound contraction percentage in excision wound model obtained from different experimental groups at 0, 3, 7, 14, and 21 days of post wounding (c) epithelialization period. All values were expressed as mean ± SD (n = 6). * indicates statistically significant from diabetic negative control group (p < 0.05) using one-way ANOVA followed by Tukey’s test as a post hoc analysis. 
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Figure 5. Effect of treatment with AgNPs green synthesized by Synechocystis sp. on (a) hydroxyproline content, (b) collagen, (c) hexosamine, (d) VEGF, (e) TGF-β1, and (f) HIF-1α in excision wound model. All values are expressed as mean ± SD (n = 6). * indicates statistically significant from diabetic negative control group, # indicates statistically significant from diabetic positive control group (p < 0.05) using one-way ANOVA followed by Tukey’s test as a post hoc analysis. 
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Figure 6. Effect of treatment with AgNPs green-synthesized by Synechocystis sp. on (a) SOD; (b) catalase; (c) GPx; (d) GSH; (e) MDA and (f) NO in excision wound model. All values were expressed as mean ± SD (n = 6). * indicates statistically significant from diabetic negative control group, # indicates statistically significant from diabetic positive control group (p < 0.05) using one-way ANOVA followed by Tukey’s test as a post hoc analysis. 
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Figure 7. Effect of treatment with AgNPs green synthesized by Synechocystis sp. on (a) IL-1β; (b) IL-6; (c) TNF- and (d) NF-κB in excision wound model. All values were expressed as mean ± SD (n = 6). * indicates statistically significant from diabetic negative control group, # indicates statistically significant from diabetic positive control group (p < 0.05) using one-way ANOVA followed by Tukey’s test as a post hoc analysis. 
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Table 1. Percentage of incision wound contraction, tensile strength (g/s), and hydroxyproline levels (µg/mg) in the different experimental groups.
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Incision Wound Contraction Percentage

	
Tensile Strength (g/s)

	
Hydroxyproline Levels (µg/mg)




	
7th Day

	
14th Day

	
21st Day






	
Diabetic negative

	
37.3 ± 3.67

	
50.96 ± 3.91

	
88.49 ± 12.27

	
0.28 ± 0.1

	
0.22 ± 0.07




	
Diabetic positive

	
50.96 ± 5.93 *

	
74.7 ± 5.4 *

	
100 *

	
0.68 ± 0.71 *

	
0.47 ± 0.15 *




	
Diabetic + AgNPs

(10 μg/kg)

	
52.5 ± 8.6 *

	
85.69 ± 4.5 *,#

	
100 *

	
0.74 ± 0.32 *,#

	
0.50 ± 0.05 *,#




	
Diabetic + AgNPs

(30 μg/kg)

	
55.7 ± 6.4 *

	
89.4 ± 6.32 *,#

	
100 *

	
0.82 ± 0.20 *,#

	
0.59 ± 0.27 *,#








All values were expressed as mean ± SD (n = 6). * indicates statistically significant from diabetic negative control group, # indicates statistically significant from diabetic positive control group (p < 0.05) using one-way ANOVA followed by Tukey’s test as a post hoc analysis.
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