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Age and diabetes related slow-healing or chronic wounds may result in morbidity and mortality through persistent biofilms infections and prolonged inflammatory phase. Nano-materials [metal/metal oxide NPs (39%), lipid vehicles (21%), polymer NPs (19%), ceramic nanoparticles (NPs) (14%), and carbon nanomaterials (NMs) (7%)] can be introduced as a possible next-generation therapy because of either their intrinsic wound healing activity or via carrying bioactive compounds including, antibiotics, antioxidants, growth factor or stem cell. The nanomaterials have been shown to implicate in all four stages of wound healing including hemostasis (polymer NPs, ceramic NPs, nanoceria-6.1%), inflammation (liposome/vesicles/solid lipid NPs/polymer NPs/ceramic NPs/silver NPs/gold NPs/nanoceria/fullerenes/carbon-based NPs-32.7%), proliferation (vesicles/liposome/solid lipid NPs/gold NPs/silver NPs/iron oxide NPs/ceramic NPs/copper NPs/self-assembling elastin-like NPs/nanoceria/micelle/dendrimers/polymer NPs-57.1%), remodeling (iron oxide NPs/nanoceria-4.1%). Natural compounds from alkaloids, flavonoids, retinoids, volatile oil, terpenes, carotenoids, or polyphenolic compounds with proven antioxidant, anti-inflammatory, immunomodulatory, or antimicrobial characteristics are also well known for their potential to accelerate the wound healing process. In the current paper, we survey the potential and properties of nanomaterials and microbial compounds in improving the process of wound and scar healing. Finally, we review the potential biocompounds for incorporation to nano-material in perspective to designate more effective or multivalent wound healing natural or nano-based drugs.
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INTRODUCTION
Wounding disrupts the typical structure and function of the tissues and causes hemorrhage, vessel contraction via blood coagulation, activation of complement, and inflammation (Robson et al., 2001). Chronic, hard-to-heal wounds lead to a high rate of morbidity and mortality (Natarajan et al., 2000), and due to their considerable prevalence in the aged population, wound morbidity will have an immense social and economic impact in the future (Natarajan et al., 2000; Robson et al., 2001). This paper is a survey on the potential and properties of nanomaterials and microbial compounds in improving the process of wound and scar healing. The potential of biocompounds for incorporation to nano-material in perspective to the designation of more effective or multivalent wound healing natural or nano-based drugs is overviewed. In addition, the concerns on toxicity, aggregation and disintegration of the nanomaterial are also discussed in this review. According to the records on wound healing activity of nano and microbial-based substances, it prospects that some of the discussed substances in this review can be considered as future drug candidates.
TYPES OF WOUNDS
The severity of the wound can be varied from a slight fracture in the skin, which is confined to the epithelial layer (closed wounds) or can be extended into the subcutaneous tissue (open wounds). Wounds may also result from physico-chemical damages or pathological processes of a disease like diabetes (Alonso et al., 1996). Immediately after the injury, the complicated process of healing begins, which is involved of several steps including hemorrhage, coagulation, acute inflammation, the proliferation of connective tissue and parenchyma cells, synthesis of extracellular matrix (ECM), and profound changes of ECM composition (Skover, 1991; Lawrence, 1998; Hart, 2002; Toy, 2005).
Acute wounds are spontaneously repaired during coordinated and highly regulated processes in approximate 5–10 days till the structure and function of injured tissues are restored (Lazarus et al., 1994; Robson et al., 2001). If healing processes is compromised or cannot be completed in the organized normal healing process, the postponed wound repairing or hard to heal chronic wound may occur owing to extension or discontinuation of each phase, which leads to chronic wounds (Szycher and Lee, 1992; Robson et al., 2001). Disturbance factors in non-healing wounds that interferes with one or more wound healing phases include infection, exudate, hypoxia in tissue, necrosis, and high amount of inflammatory cytokines. The structure and function of injured tissue cannot be revived, and such wounds frequently relapse. Because of a postponed, incomplete, or uncoordinated healing process, pathologic inflammation occurs in these non-healing wounds (Degreef, 1998; Vanwijck, 2001). Based on the contamination level, wounds can be divided into three types of aseptic, contaminated, and septic wounds (Komarčević, 2000; Vanwijck, 2001; Strecker-McGraw et al., 2007).
SKIN WOUND HEALING PROCESS
Healing of wounds in the skin is a complex, evolutionarily conserved, significantly coordinated, and the precisely programmed event of healing the impaired tissue to restores its lost integrity. It necessitates a sequence of physiological and biochemical phenomena in four sequential, integrated, and sometimes overlapping phases, including hemostasis, inflammation, proliferation, and remodeling (Gosain and DiPietro, 2004). To have an optimal healing process, several critical events should have occurred during these four phases, including quick hemostasis; appropriate inflammation; differentiation, proliferation, and migration of mesenchymal cells to the wound site; proper angiogenesis; immediate re-epithelialization; and synthesis, cross-linking, and alignment of collagen to provide strength to the healing tissue. Keratinocytes, fibroblasts, immune, endothelial, and progenitor cells are some of the cells involved in the above phases. The interaction of these cells with each other and ECM are tightly controlled by some bioactive molecules and mediators such as the interleukin family, multiple growth factors, chemokines, and cytokines specified for every phase.
Hemostatic Events
The tissue injury leads to the release of thromboxane A2 and prostaglandin 2-alpha in the site of injury and vasoconstriction, which limits the bleeding, activates coagulation, and maintenance of vessel integrity (Sinno and Prakash, 2013). In the following several molecular events including, platelet activation, adhesion, aggregation, and clot formation, proceed by the activated complement cascades. Activated platelets by secreting several chemokines, including histamine, epidermal growth factor (EGF), fibrinogen, fibronectin, serotonin, von Willebrand factor, and platelet-derived growth factor (PDGF) along with thrombocytes are involved in the formation of the clot and stabilization of the wound (Heldin and Westermark, 1988). The generated fibrin network reestablishes homeostasis and forms a barrier against the microbial cells and organizes the critical temporary matrix for cell migration in consequent healing phases. The clot and surrounding wound tissues liberate pro-inflammatory cytokines and growth factors including, transforming growth factor (TGF)-β, PDGF, fibroblast growth factor (FGF), and EGF. Macrophages and fibroblasts are attracted and activated by the action of platelets to the wound site (Gosain and DiPietro, 2004; Janis and Attinger, 2006; Campos et al., 2008).
Inflammation
The activated complement cascade, platelet degranulation, and bacterial products lead to capillary vasodilatation and local release of histamine at the end of the hemostasis phase. This attracts the migration of inflammatory cells including neutrophils, macrophages, lymphocytes, and skin gamma-delta T-cells to the wound. Activated neutrophils by pro-inflammatory cytokines, such as IL-1β, tumor necrosis factor-alpha (TNF-α), and IFN-γ (interferon-gamma) enhance the expression of adhesion molecules, which facilitate their diapedesis and interaction with endothelial cells for transmission (Gonzalez et al., 2016). Neutrophils, as primary activated and recruited cells, scavenge different cell debris, degrade the invaders by producing proteases, lysosomal enzymes, and antimicrobial compounds such as reactive oxygen species (ROS), cationic peptides, and proteases (Gurtner et al., 2008). Activated macrophages release interleukins, TNF-α, TGF-β, PDGF, and vascular endothelial growth factors that recruit and activate additional leukocytes. They also stimulate fibroblasts and keratinocytes to initiate angiogenesis and formation of granulation tissue. These events lead to transmission into the proliferative phase and tissue regeneration (Brown, 1995; Clark and Henson, 2013). Macrophages also facilitate the decontamination of the wound spot by degrading the apoptotic cells, phagocytosis, and secretion of multiple enzymes like collagenases. Endothelial cells are activated by a secreted factor of inflammatory cells, which lead to the production of PDGF, TGF beta, FGF, and vascular endothelial growth factor (VEGF) and provoke the generation of granulation tissue (Meszaros et al., 2000; Mosser and Edwards, 2008).
Proliferative Stage
The aim of the next stage of wound healing, the proliferative phase, is to diminish the trauma area of the tissue, which can be restored by the re-epithelialization, angiogenesis, granulation tissue formation, collagen deposition, and provisional matrix deposition processes. This phase begins within the first 48 h and can continue to 14 days (Li et al., 2007).
The angiogenesis as a collaborative process involves endothelial, and fibroblast cells, FGF, TGF-β, vascular endothelial growth factor, angiopoietin 1, angiotrofin, angiogenin, TNF-α, and thrombospondin and required oxygen, nutrients, and essential growth factors are provided through newly formed blood vessels (Folkman and D’Amore, 1996; Iruela-Arispe and Dvorak, 1997; Risau, 1997; Gurtner et al., 2008). Further angiogenesis and fibroplasia can be stimulated via released growth factors by macrophages (Sinno and Prakash, 2013). In the following, collagen, glycosaminoglycans, and proteoglycans as significant components of the ECM, including are produced (Gosain and DiPietro, 2004; Campos et al., 2008).
Remodeling
At the end of proliferation and synthesis of ECM, wound repairing will enter the final phase, remodeling, that commence three weeks after injury and can last for years (Brown et al., 1988). For this purpose and to maintain a normal level of vascular density, many newly formed capillaries in the previous phase are regressed (Gosain and DiPietro, 2004; Campos et al., 2008). One of the crucial properties of the remodeling phase is significant changes in ECM, including degradation of type III collagen, hyaluronic, fibronectin acid, and synthesis of type I collagen to consequently provide the maximum tensile strength (Mir et al., 2018). Physical contraction of the wound has been facilitated by contractile fibroblasts after forming a monolayer of keratinocytes on the wound surface (Gosain and DiPietro, 2004; Campos et al., 2008).
INVOLVED TARGETS IN THE WOUND HEALING PROCESS
The activity and function of immune cells, fibroblasts, keratinocytes, ECM, cytokines, growth factors, reactive oxygen species, and various inflammatory mediators involved in the wound healing process can be considered as targets for drug discovery designs (Tsala et al., 2013; desJardins-Park et al., 2018; Kiritsi and Nyström, 2018). The cellular activity begins in hemostasis as the first phase of wound healing. Thus, compounds enhancing the blood vessel integrity or activating platelets can reduce the duration of bleeding, thereby represent wound healing activities (Rodriguez-Merchan, 2012).
As mentioned previously, migration, differentiation, and proliferation of immune cells, epithelial cells, fibroblasts, vascular endothelial cells, and their functions are critical for proper wound repair. Their delayed or disrupted process led to chronic or non-healing wounds. The compounds which can induce or accelerate these vital steps can be further investigated as future potential wound-healing drugs. For instance, it has been shown that nifedipine and amlodipine, as a calcium channel blockers, increase the strength of skin tensile, enhance the wound contraction rate and also partially reverse the steroid-induced suppressed wound healing in rats by affecting the metabolism of cellular calcium, which regulates the keratinocytes differentiation, ECM and collagen production (Bhasker et al., 2004). Further, due to the critical role of ECM in adhesion, migration, proliferation, and differentiation, any compounds which suppress the ECM degradation in disturbing conditions may be valuable as a lead compound with wound healing property. MMPs from the CCN family are also significant targets as they elicit other cell-specific responses using several mechanisms, including expression of growth factors, cytokines, MMPs, and ECM proteins. Therefore, compounds affecting MMP expression in some diseases with deregulated MMP expression may also show wound healing activity (Jun and Lau, 2011).
The elevated levels of generated ROS during inflammation by immune and fibroblast cells can inhibit the microbial pathogens and, in parallel, impose series of adverse impacts on preceding wound healing phases and lead to severe tissue damage and even neoplastic transformation. Therefore, compounds with radical scavenging effect can accelerate the healing process in delayed wound healing (Auf Dem Keller et al., 2000). Finally, compounds with a stimulation effect on angiogenesis may also improve the function of skin regeneration (Figure 1) (Majewska and Gendsazewska-Darmach, 2011).
[image: Figure 1]FIGURE 1 | The principle aim of therapeutic strategies used in wound healing.
Current Wound Repair Regimes
Current therapeutic strategies leading to the acceleration of the wound healing process are depicted in Figure 2. Some of the current therapies include split-thickness autograft, autograft using donor keratinocytes, autograft using cultured epithelial cells or stem cells; wound dressings using chitosan, hyaluronic acid, collagen, and silicon, delivery of growth factors or platelet-rich plasma, and debridement. The privilege and constraints of these therapies are surveyed in Figure 2 (Han and Ceilley, 2017).
[image: Figure 2]FIGURE 2 | Some of the current therapies used in the healing of wounds along with their advantages and limitations.
WOUND HEALING USING MICROORGANISMS
Although various activities of microbial products have been investigated (Salimi et al., 2018a; Salimi et al., 2018b; Salimi et al., 2019), their wound healing activities are less explored compared to their plant equivalent. Until now, healing activity of whole probiotic cells on burning, gastrointestinal, non-healing wounds, and scars has been proven. Wound healing activities of these microorganisms are related to their cell wall fragments, exopolysaccharide, antimicrobial, and anti-inflammation compounds, which can induce exceptional responses of the immune system in the skin and vitalize barrier functions of the skin (Figure 3) (Lew and Liong, 2013; Lukic et al., 2017; Shirzad et al., 2018).
[image: Figure 3]FIGURE 3 | Various strategies elicited by probiotic bacteria that can facilitate the wound healing process.
Probiotic bacteria such as lactobacilli and bifidobacteria improve the wound healing process in the GI tract by activating the epithelial cells, stimulating proliferation and/or migration of fibroblast, increasing the synthesis of collagen, and affecting innate immune components of the intestinal barrier (Lew and Liong, 2013; Lukic et al., 2017). It has been shown that Lactobacillus reuteri can accelerate the wound-healing process via the up-regulation of the neuropeptide hormone oxytocin (Poutahidis et al., 2013).
Some researchers have been reported the wound healing activities of probiotics using a variety of experimental models like acetic acid-induced ulcers, full-thickness wounds, a hairless mouse model of UVB stimulated skin photo-aging and intestinal anastomoses. This promotion of the wound healing process by probiotics is attributed to the induction of β-defensin (Schlee et al., 2008) and expression of TGF-β (Dharmani et al., 2013), vascular endothelial growth factor (Dharmani et al., 2013), EGF, EGF receptor activity (EGFR), insulin-like growth factor (IGF) (Fordjour et al., 2010; Wang et al., 2014) and hypoxia-inducible factor 2α (HIF-2α) (Zhao et al., 2015). Also, probiotic bacteria improve tight barrier function in primary human keratinocytes through increasing the expression of tight junction protein in these cells, e.g., Lb. rhamnosus GG and Bifidobacterium longum increased tight junction function through the expression of claudin 1, zonula occludens 1, and occludin in keratinocytes infected with Staphylococcus aureus (Karczewski et al., 2010; Yang et al., 2015).
Probiotic bacteria such as Lb. rhamnosus GG and Lb. reuteri also enhances the re-epithelialization through the induction of chemokines or augmented keratinocyte migration and cellular proliferation. For instance, Lb. rhamnosus GG enhances the expression of the chemokine CXCL2 and its receptor CXCR2 that stimulates keratinocyte proliferation and migration during the normal process of wound healing (Mohammedsaeed et al., 2015).
Probiotic bacteria, via competitive exclusion and production of antibacterial compounds, can reduce the adherence and growth of pathogen ones, respectively (Prince et al., 2012). Hence some probiotic bacteria can prevent infections in cutaneous wounds, e.g., a combination of LAB and yeasts in kefir improved wound healing by producing antimicrobial compounds (Huseini et al., 2012). Reuterin (3- hydroxypropionaldehyde) is a well-known antimicrobial compound generated by Lb. reuteri that is supposed to impose its effect by oxidization of thiol groups in the target pathogens. Notably, reuterin can remarkably inhibit the growth of pathogenic gut bacteria, without affecting beneficial microbiota. Reuterin also exhibits antimicrobial activity on Staphylococcus as a common pathogen of chronic wounds (Schaefer et al., 2010). Lb. reuteri and Lb. rhamnosus GG inhibit the growth of S. aureus in infected keratinocytes through suppressing the primary adhesion of this pathogen to keratinocytes. By enhancing phagocytosis, Lb. plantarum prevented wound colonization by P. aeruginosa S. aureus, and S. epidermidis in a burn mouse model (Prince et al., 2012; Mohammedsaeed et al., 2015). The mechanism of IL-8 level regulating and modulating the entry and activity of PMNs migrating from peripheral blood to the ulcer enables the Lb. plantarum to inhibit the colonization of the pathogen (Peral et al., 2010).
Probiotic bacteria also disrupt the pathogenic agents through interfering with quorum sensing of pathogens usually found in chronic wounds). Especially, Lb. plantarum was supposed to inhibit the synthesis of QS signaling molecules (acyl-homoserine- lactone) by P. aeruginosa, together with the decline of biofilm (Valdez et al., 2005). Also, some probiotic bacteria produce several other metabolites including, hyaluronic acid, sphingomyelinase, lipoteichoic acid, alginate, diacetyl, and acetic acid, to stimulate the wound healing (Chong et al., 2005; Kogan et al., 2007). Hyaluronic acid acts as a matrix in mammalian to preserve the original structure of the epidermal layer against infections. Furthermore, hyaluronic acid affects the proliferation and differentiation of cells and immobilizes water in tissues (Weindl et al., 2004). Hyaluronic acid also accelerates the healing process via its antioxidant activity (Trabucchi et al., 2002). The considerable therapeutic activity of exogenous hyaluronic acid on wounds including, preserving moisture in wound sites, promoting migration of epithelial cells, regeneration, and remodeling processes, encourage its large scale production (Anilkumar et al., 2011). In this regard, microbial sources can be a suitable option for the production of hyaluronic acid. Additionally, microbial sources have lower undesired and interfering compounds such as proteins and nucleotides compared to animal sources. Streptococcus thermophiles, Streptococcus zooepidemicus, and Lactobacillus rhamnosus FTDC 8313, Lactobacillus gasseri FTDC 8131, and Pasteurella multocida are among known instance of hyaluronic acid-producing bacteria (Izawa et al., 2009; Liu et al., 2009; Lew et al., 2013). The recombinant hyaluronic acid has also been produced in genetic engineered Bacillus subtilis 168 and Lactococcus lactis LL-NAB and transformed Streptococcus thermophilus YIT2084 strains (Widner et al., 2005; Chien and Lee, 2007).
A family of ceramides and phosphorylcholine can be generated by the activity of sphingomyelinase from glucosylceramide and sphingomyelin precursors (Jensen et al., 2005). The action of this enzyme is critical for the skin barrier function (Choi and Maibach, 2003). Bacteria, yeast, and mammalian cells produce sphingomyelinase. Streptococcus thermophiles, lactobacillus, and bifidobacteria strains are microbial sources of sphingomyelinase. Since divalent metal ions can improve binding affinity between the sphingomyelinase and sphingomyelin, therefore, the production of sphingomyelinase from Streptococcus thermophiles can be enhanced via adding divalent metal ions into the growth culture (Di Marzio et al., 1999; Lew and Liong, 2012).
Lipoteichoic acid induces tolerances via protecting against the overproduction of proinflammatory cytokines. Lipoteichoic acid, through the induction of toll-like-receptor, stimulates skin defense against microbial threats, leading to a release of the antimicrobial peptides like β-defensins and cathelicidins. Lactobacillus plantarum, lactobacillus, and bifidobacterial strains are lipoteichoic acid-producing bacteria (Schauber and Gallo, 2008; Lew and Liong, 2012; Kim et al., 2013).
In addition to the mentioned compounds, bacteria such as Azotobacter vinelandii ATCC 9046 can accelerate wound healing by producing alginate with improved binding affinity compared to marine alginate (Fischer et al., 2017). Further, it was shown that EPS derived lactic acid bacteria prevented ultraviolet-induced skin damage in hairless mice (Morifuji et al., 2017).
NANOMATERIAL AND WOUND HEALING
Many nano-based products have been introduced for their specific wound healing activity, and some of them are currently under clinical investigation. Nanomaterials with tissue regeneration ability have been developed with different structures including, nanoparticles, nanospheres, nanocapsules, nanoemulsions, nanocarriers, and nanocolloids (Naskar and Kim, 2020). The nanomaterials can be applied in two distinct principles. First, they can possess intrinsic wound healing properties including carbon-based nanoparticles (Table 1), metallic/metal oxide nanomaterials like silver, gold, copper, titanium, terbium, and zinc, nonmetallic nanomaterials such as graphene, and metalloid-based nanoparticles like silica (Table 2). Second, they can be used as carriers including, nanospheres, nanocapsules, nanoemulsions, nanocarriers, and nanocolloids, liposomes, micelles, vesicles, solid lipid nanoparticles, and nanofibers for therapeutic agents like various growth factors, cytokines, thrombin, nitric oxide (NO), antibiotics, angiogenic factors, opioids or even stem cells that can accelerate healing of chronic wounds (Figure 4) (Table 3) (Tran et al., 2009; Tocco et al., 2012; Nam et al., 2015; Urie et al., 2018).
TABLE 1 | Intrinsic wound healing activities of carbon-based nano-material.
[image: Table 1]TABLE 2 | Intrinsic wound healing activities of metal-based nano-products.
[image: Table 2][image: Figure 4]FIGURE 4 | Various strategies elicited by nano-based material that can accelerate the wound healing process.
TABLE 3 | The nano-products with wound healing activity via carrying nitric oxide, growth factors, thrombin, nitric oxide, antibiotics, angiogenic factors, and opioids.
[image: Table 3]These carriers control the release rate of therapeutic agents and increase their solubility, prolong their effect in the specified location and reduce the number of required doses, ultimately decrease the risk of development of antibiotic-resistant microorganisms through stabilizing protein structure and their biological activity, protecting proteins from inactivation by proteolytic enzymes in the wound site and regulating the drug release and increase their half-life (Tran et al., 2009; Tocco et al., 2012; Nam et al., 2015; Urie et al., 2018).
Nevertheless, in some cases, the property of chronic wound environments like being the high proteolytic, low frequency of growth factor receptors, and signaling molecules has been limited their application. Also, gene encapsulation using electro-spun nano-fibrous meshes in preparing wound-dressing materials has shown promising results. Using this approach, the expression of a target gene involved in regeneration can be enhanced or reduced. Nanofibres also can support cell adhesion, proliferation, and differentiation and provide sufficient oxygen and water. This potential is attributed to their permeability and prevention of bacterial infections in the wound site by excluding bacterial penetration. Polymeric nanomaterials like chitosan, cellulose, gelatin, dendrimers in different forms including, hydrogels, membranes, films, sponges, and scaffolds due to their antimicrobial, re-epithelialization, immune modulation, superior permeability, and being non-toxic characteristics have been applied as wound dressings or as delivery vectors to treat wounds. They can guarantee a moist wound environment via taking up a considerable amount of liquid (Mihai et al., 2019). The following are some of the studies that revealed wound healing properties of nano-based materials.
Antibacterial characteristics and low toxicity of metal nanoparticles like silver, gold, and zinc make them ideal options for integration in wound dressings like nanocoatings (Mihai et al., 2018). Reduced toxicity of AgNPs can be related to their increased surface-to-volume ratio and controlled release, which leads to their efficacy in a lower concentration. Wound healing activity of AgNPs can be related to their role in modulating the release of the anti-inflammatory cytokine, promoting wound closure and contractility, inducing the differentiation of myofibroblasts from normal fibroblasts, stimulating epidermal re-epithelialization and finally inhibiting bacterial pathogen growth. Generated sulfuric bonds with either microbial cell membrane proteins or thiol groups of various enzymes result in apoptosis of microbial cells. Applying AgNPs along with different antimicrobial drugs like tetracycline can considerably reduce bacterial contamination in tissue layers in in vivo model, so it promotes the healing process (Mihai et al., 2019). The following are some of the studies that revealed wound healing of AgNPs.
Lu et al., synthesized sponge-like nanoAg/ZnO-loaded chitosan composite dressing through the lyophilization process and subsequent incorporation of Ag/ZnO nanocomposites in synthesized sponge structure. The synthesized composite dressing exhibited enhanced blood clotting and antibacterial activity, promoted wound healing, re-epithelialization, and collagen deposition and showed very low toxicity (Lu et al., 2017). Khatami et al., reported that green synthesized Ag, ZnO, and Ag/ZnO via Prosophis fracta and coffee showed significant antibacterial activity against Acinetobacter baumannii and Pseudomonas aeruginosa, which may have the potential to apply in treating diabetic or burn wounds (Khatami et al., 2018). Yu et al., developed a new silkworm cocoon-based wound film wound dressing and, via reducing the ability of silk sericin incorporated Ag nanoparticles in synthesized film. This film promoted the healing process of infected wounds in New Zealand White rabbits and the reconstruction of the intact and thickened epidermis in impaired wound tissue during 14 days (Yu et al., 2017). Alipour et al. showed wound healing properties of silver nanoparticles embedded in electrospun nanofibers containing polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP), pectin (PEC), and Mafenide acetate (MF). They showed the incorporation of silver nanoparticles into PVA/PVP/PEC/MF matrix had a remarkable effect on wound healing in New Zealand white rabbits (Alipour et al., 2019). Zhou et al. synthesized ultrafine silver/silver chloride anchored on reduced graphene oxide with stability and bactericidal activity. In vivo analysis showed that this nanocatalyst could accelerate the regeneration of the epidermis. Therefore has the potential to repair burn wounds (Zhou et al., 2016).
AuNPs can impose their healing activity though antioxidant or bactericidal activity, including targeting the bacterial cell wall and their DNA (Nethi et al., 2019). Akturk et al. showed wound healing ability of nanocomposite collagen scaffolds incorporating gold nanoparticles (AuNPs). Incorporation of AuNPs into cross-linked scaffolds enhanced their stability against enzymatic degradation and increased the tensile strength. The collagen sponge AuX group suppressed the inflammation. Neovascularization was also significant in collagen sponge AuX (Akturk et al., 2016). Li et al. synthesized chitosan incorporated Au-Ag NPs as wound dressing (CS-Au-Ag). The release of silver ions was occurred faster, in the higher amount, and a more durable manner in CS-Au-Ag in comparison to CS-Ag. Also, CS-Au-Ag exhibited increased antibacterial activity and low cytotoxicity. According to their results, CS-Au-Ag broadly promoted wound healing compared to CS-Ag (Li et al., 2017). Wang and coworkers prepared chitosan (CS) film modified with arginine (Arg) and gold NPs (AuNPs). The modification of Arg and AuNPs improved the hydrophilicity, mechanical strength, and antibacterial properties of the film, which in turn provided an enhanced ideal environment for cell adhesion and proliferation. The CS-Arg/AuNP dressing accelerated wound closure, re-epithelialization, and collagen deposition (Wang et al., 2020).
It has been revealed that zinc oxide nanoparticles exhibited a considerable antimicrobial activity. They can induce perforations in the bacterial cell membraneand accelerate the migration of keratinocyte, and consequently, re-epithelialization. In Khorasani et al. study it has been shown that polyvinyl (alcohol)/chitosan/nano zinc oxide nanocomposite with no toxicity and antibacterial activity can treat the wounds sufficiently (Khorasani et al., 2019). Ahmed et al. synthesized nanofiber mats composed of a combination of chitosan, polyvinyl alcohol (PVA), and Zinc oxide (ZnO). The results showed that chitosan/PVA/ZnO nanofibrous membranes had a more inhibitory effect on E. coli, P. aeruginosa, B. subtilis, and S. aureus than chitosan/PVA nanofibrous membranes. Also, chitosan/PVA/ZnO nanofibrous membranes imposed more antioxidant potential and wound healing activity than chitosan/PVA nanofibrous mats (Ahmed et al., 2018).
Copper, via promoting VEGF, upregulating expression of integrin, stabilizing extracellular matrix proteins, fibrinogen, and collagen formation imposes its role in the wound healing process. Tao et al., reported a composite hydrogel consists of methacrylate-modified gelatin (Gel-MA), and N,N-bis(acryloyl)-cystamine (BACA)-chelated Cu, which showed antimicrobial activity against Staphylococcus aureus and Escherichia coli. It also stimulated NIH-3T3 fibroblast proliferation and chronic wound healing process of the S. aureus-infected model (Tao et al., 2019).
Terbium hydroxide nanoparticles (TbNPs) also affected angiogenesis, viability, proliferation, and migration of endothelial cells. So they can accelerate wound healing (Nethi et al., 2019). In addition, silica has been used to generate more effective wound dressing materials to treat wounds. Since these nanoparticles with a positive charge are easily absorbed by the fibroblast cells, release silicic acid, and ultimately stimulate wound healing (Nethi et al., 2019). Nonmetallic inorganic nanoparticles like iodine nanoparticles showed significant inhibitory effects on bacterial growth and biofilm formation at very low concentrations and wound healing ability in in vivo model (Viswanathan et al., 2017).
BIOCOMPOUNDS INCORPORATED INTO NANOMATERIALS FOR WOUND HEALING
Antibiotics are currently used to inhibit colonization and the growth of microbial pathogens in the wound site. However quick removement antimicrobial agents from the bloodstream and their degradation rate limit their efficiency. In this regard, local administration of antimicrobial agents including, Ciprofloxacin, silver sulfadiazine, tetracycline, gentamycin via antibiotics incorporated polymers is being applied. This approach provides a controlled release of antibiotics and can make an aseptic space at the wound site (Miguel et al., 2019; Fang et al., 2020). Liu and collaborators synthesized ciprofloxacin loaded electrospun hydrophobic poly (lactic-co-glycolic acid) (PLGA) fibrous mats modified with hydrophilic sodium alginate (ALG) microparticles. The results showed that ALG enhanced the ciprofloxacin release rate from the PLGA fibrous mats. Aso, ALG decreased the stiffness of PLGA fibrous mats to efficiently protect the wound site (Liu et al., 2018). Mahmoud and coworkers prepared norfloxacin-loaded scaffolds to treat wounds through mixing collagen and two different types of chitosan. It was observed that the tissue regeneration duration in the norfoloxacin-loaded collagen/chitosan scaffolds was faster than that of non-treated wounds in Albino rats. (Mahmoud and Salama, 2016). In another study, mesoporous silica MCM-41 was incorporated into carboxymethylcellulose hydrogel. Then Tetracycline and methylene blue were loaded to the prepared nanocomposite. This nanocomposite showed an improved in vitro water vapor, erosion, swelling, oxygen permeability, and antimicrobial activity (Namazi et al., 2016).
Various growth factors and cytokines including, platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), epidermal growth factor (EGF), transforming growth factor-β (TGF- β), and vascular endothelial growth factor (VEGF), control wound healing phases like modulation of the inflammatory response, angiogenesis remodeling, and the reepithelialization processes. Several drawbacks including, little stability, removement through exudation, limited taking up via the skin, side effects of their high concentration in the administrated sites has been limited their topical application. So synthesizing growth factor loaded polymers can be considered as a promising approach in the wound healing process (Miguel et al., 2019). Lord and coworkers prepared plasmid DNA encoding perlecan domain I and VEGF189 loaded chitosan scaffolds. These scaffolds improved dermal wound healing in normal and diabetic rats. (Lord et al., 2017). In another study, thiolated heparin, and diacrylated poly (ethylene glycol) was prepared and loaded with human epidermal growth factor. A sustained release profile of hEGF was observed. Applying this hydrogel sheet improved wound closure in comparison with the non-treated control group (Goh et al., 2016).
Vitamins, especially Vit-A, C, and E, can improve the wound healing process. Enhancing the population of macrophages and monocytes at the wound site, stimulating the collagen synthesis, and re-epithelialization can be achieved via Vit-A. Vit-E also via antioxidant and anti-inflammatory properties, and the ability to accelerate the angiogenesis can improve the wound healing. In this regard, Voss et al. synthesized vitamin C (VitC) and/or propolis (Prop) loaded cellulose-based films. These films can control the release of vitamin C and possess antimicrobial ability against Escherichia coli and Staphylococcus aureus. Treated diabetic mice with the Cel-PVA/VitC/Prop treatment showed accelerated wound healing (Voss et al., 2018).
The inflammatory and hemostasis phases usually occur simultaneously to coincide losses of blood and fluid and eliminate dead tissues and prevent microbial contamination. In inflammation, monocytes, macrophages, and neutrophils act as wound cleaners via eliminating all dead cells, degraded extracellular matrix, and bacteria from the wound site. They also produce growth factors that attract other cells like smooth muscle cells and fibroblasts and into the injured area. Although extended inflammatory processes, chronic inflammation, generates excessive inflammatory mediators, cytotoxic enzymes, and free radical species, which postpone the physiological healing mechanisms and harm the surrounding tissue. So, the anti-inflammatory compounds incorporated wound dressings are considered as a promising approach to treat wounds (Miguel et al., 2019). Morgado et al. synthesized ibuprofen-β-cyclodextrins loaded poly (vinyl alcohol)/chitosan. According to their results, β-cyclodextrins provided a controlled drug release from the hydrogels that is the main property for applying them in wound management. Moreover, these hydrogels accelerate skin healing (Morgado et al., 2017).
Finally, many bioactive compounds like plant or microbial extracts and essential oils (Miguel et al., 2019), curcumin (Karri et al., 2016; Zahiri et al., 2020), propolis (Voss et al., 2018), and superoxide dismutase (Zhang et al., 2018) have been incorporated into a wound dressing to improve the rate of the healing process. Active agents in extracts including, terpenoids, terpenes, and aromatic and aliphatic compounds via antimicrobial, anti-inflammation, and antioxidative activities, can accelerate various phases of wound healing. Wound dressing can enhance the efficiency, bioavailability, stability, and solubility of these compounds (Miguel et al., 2019).
TOXICITY OF NANO-BASED MATERIAL FOR WOUND HEALING
It has been reported that AuNPs increase the growth rate and differentiation of keratinocytes, which in higher doses can cause cell toxicity. Also, applying ZnONPs in high concentrations can lead to mitochondrial in dysfunction of keratinocytes, which causing the release of lactate dehydrogenase. They also may produce radical species and prevent expression and consequently, production of superoxide dismutase and glutathione peroxidase genes in keratinocytes. These events can result in oxidative stress of cell membranes and cell apoptosis. Also, ZnONPs may associate with carcinogenic transformations (Yang et al., 2009).
FUTURE PERSPECTIVE
According to the considerable number of reported wound healing activity of nano and microbial-based substances, it is evident that some of these substances can be considered as future drug candidates. Despite the wound healing activities of introduced compounds via nanotechnology and microbiology, their application has some limitations and risks. Mainly, the small size of nanomaterial can lead to increased interparticle friction and sticking or raised chemical reactivity due to their increased surface area, which can result in undesired reactions like unwanted entering into the blood-brain barrier, initiation of blood coagulation, production of reactive oxygen species (Zhou et al., 2017). Generated oxidative stress can lead to biomolecules and subsequent severe cell damage (Yang et al., 2009).
It has been shown that PAMAM’s initiate uncontrolled autophagic cell death (De Jong and Borm, 2008; Li et al., 2015). Because of their small size, they may have a highly increased clearance rate that limits drug delivery. Also, in some conditions, nanomaterial can disintegrate or aggregate and lose their healing activities and become toxic substances (Singh and Nehru, 2008). Moreover, the chemical synthesis of NPs has some limitations like high costs, energy consumption, and producing poisonous by-products. So, green synthesis of nano-based materials using plants or microorganisms derived compounds as a non-polluting and cost-effective approach has gained popularity.
On the other hand chemical complexity of natural compounds, low yield of their production in crude extract, time of cost consuming process of their extraction, purification and identification, their incompatibility with high-throughput screening, high probability of rediscovery of known compounds; makes the discovery of novel microbial compounds and scales up of their industrial production rather challenging (Lam, 2007). Despite the mentioned constraints, the therapeutic potential of nano and microbial driven compounds is undeniable, and mainly their toxicity concern should be resolved to develop promising safe therapeutic strategies in the future.
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