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Scars are pathological marks left after an injury heals that inflict physical and psychological harm, especially the great threat to development and aesthetics posed by oral and maxillofacial scars. The differential expression of genes such as transforming growth factor-β, local adherent plaque kinase, and yes-related transcriptional regulators at infancy or the oral mucosa is thought to be the reason of scarless regenerative capacity after tissue defects. Currently, tissue engineering products for defect repair frequently overlook the management of postoperative scars, and inhibitors of important genes alone have negative consequences for the organism. Natural flavonoids have hemostatic, anti-inflammatory, antioxidant, and antibacterial properties, which promote wound healing and have anti-scar properties by interfering with the transmission of key signaling pathways involved in scar formation. The combination of flavonoid-rich drug dressings provides a platform for clinical translation of compounds that aid in drug disintegration, prolonged release, and targeted delivery. Therefore, we present a review of the mechanisms and effects of flavonoids in promoting scar-free regeneration and the application of flavonoid-laden dressings.
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Introduction

Scars mark the end of wound healing after tissue defects, and cause physical and psychological harm to individuals depending on the severity and site of the wound (1). When scars appear on the skin, they take away aesthetics; when they appear on the vocal cords, they take away sound; and when they appear postoperatively, they bring about adhesions (2, 3). At the same time, because of the unique position of the maxillofacial area, facial scars can cause functional deficits and, more often than not, aesthetic problems for the patient (4). For example, large burns on the face and neck area frequently result in facial disfigurement, which not only affects the patient’s quality of life but also causes distress to the patient’s mental health (5). The scar therapy economy in the United States will be worth $3.5 billion by 2035, putting a considerable strain on the global health system (6). The most common scar removal methods are laser or hormone treatment, but these treatments are costly and have side effects (7). If scarring could be prevented immediately throughout the wound healing process, patients would suffer less. Researchers have made numerous explorations in this direction in recent years, and a variety of dressings have emerged, loaded with growth factors, stem cells, extracellular vesicles, and other substances to induce tissue regeneration. However, due to uncontrollable potency or dysregulated stem cell differentiation, it is often difficult to move to the clinic, and research often focuses on rapid healing at the expense of controlling post-healing complications (8, 9).

Empirical and anecdotal evidence support the use of herbs in encouraging wound healing, and extensive research into the effect and mechanism of herbs in tissue regeneration is underway (10). However, because of the complicated compound composition, current research tends to focus more on the special natural compounds that are more easily controlled, inexpensive, and biocompatible (11). Hemostasis, inflammatory response, proliferation, re-epithelialization, and remodeling are five processes in the wound healing process that are all regulated by multiple signaling pathways that recruit immune cells, fibroblasts, stem cells, and endothelial cells for repair in response to changes in the regenerative environment (12, 13). These cells work together to trigger signaling pathways such as transforming growth factor-β1 (TGF-β1) that regulate fibroblast proliferation, migration, and collagen synthesis, resulting in fast healing and scarring (14). Flavonoids are a class of molecules that are extensively found in plants and consist of C3-C6-C3 linked carbon chains with two benzene rings, which are classified based on how the two benzene rings are joined, their structure, and the hydroxylation or glycosylation of the benzene rings (15). Flavonoids’ organic bodies have been demonstrated to bind to and regulate the expression of scar-producing genes like TGF-β1, as well as act as antioxidants via chemical bonds like phenolic hydroxyl groups, and so have promising anti-scar applications (16). However, a good drug delivery platform that exerts a gradual local release, enhances bioavailability, and improves the physicochemical features of the drug itself, such as water-solubility, is required for clinical translation of flavonoids for scar-free regeneration (17).

Biomaterial drug delivery can improve water-solubility, provide sustained release systems, and enable targeted medication delivery by encapsulating drugs, as well as provide many advantages of their own (18). Ideal biomaterials have antibacterial, anti-inflammatory, and hemostatic properties in addition to providing scaffold and room for cell growth (19). The hydrogel dressing exemplifies the advantages of biomaterials, including absorbing exudate from wounds and providing a moist, sterile environment for wound healing (20). By designing the material as a “sandwich” structure, the exposed part is hydrophobic, which isolates the external stimulus and protects the internal part from tissue contact to release the drug and promote scar-free wound healing (21). Electrostatic spinning technology utilizes electrostatic fields to synthesize nanofiber biomaterials, enhancing the surface area to volume ratio, encouraging cell adhesion and aggregation while reducing bacterial invasion, inflammatory factor expression, scar tissue development, and improving skin tensile strength (22). As novel bio-encapsulation materials, cellulose-based nanoparticles have excellent biocompatibility and facilitate cell-tissue contact with porous architectures to achieve diverse effects such as antibacterial, drug delivery, and wound healing (23). There are also a variety of materials that act as a barrier to aberrant fibroblast adhesion and invasion, allowing for scar-free regeneration (24). However, biomaterials alone lack good efficacy in inducing scarless regeneration on their own, and biomaterials combined with induction factors are a better match (25).

Therefore, we review the current state of flavonoid dressing research, as well as the five dimensions of flavonoids in wound healing: anti-inflammatory antioxidant, antibacterial, antifungal, and regulation of fibroblasts, as well as the current mechanisms of action for flavonoids in scarless regeneration. In addition, we discuss the benefits of biomaterials that release flavonoids, especially some advancements of scar-free regeneration. The mechanism of action of many natural compounds is better understood thanks to the molecular docking experiments and other methods, and the major functional group action features can be gradually generalized. This, combined with the multifunctional biomaterials, will aid in the realization of ideal scar-free regenerative treatments.



Flavonoids: Sources and health benefits

Flavonoids have the sibling nucleus flavanone (2-phenylchromanone) and are built on a flavonoid backbone of C6 (A ring)-C3 (C ring)-C6 (B ring), where the hydrogen in the backbone is usually replaced by different groups such as hydroxyl, methoxy, and glycosyl groups, which affect their biological activity (26). Depending on the backbone structure and hydroxyl group position, flavonoids, including orangiferin, apigenin, quercetin, catechin, and silymarin, can be classified as flavones, flavonols, flavanones and so on (27). As secondary metabolites of plants, flavonoids are widely distributed in plants; for example, quercetin is abundant in rutin and hawthorn, apigenin in high amounts in chamomile, catechins can be recovered from green tea, and Silybum marianum is produced from the fruits of the plant Silybum marianum. Meanwhile, flavonoids are also widely found in foods such as legumes, fruits, and vegetables, beverages, and especially in herbal medicines. With the development of biotechnology, the purification of flavonoids has become easier and faster (28).

Natural flavonoids have been discovered to exhibit a wide range of biological and pharmacological activities, including antioxidant and anti-inflammatory capabilities, as well as anticoagulant, antiplatelet, anti-obesity, and immunomodulatory properties (29). Furthermore, flavonoids play an important role in the treatment of a variety of diseases, and flavonoid molecules were discovered to inhibit oxidative stress in a study on the molecular mechanisms of neuroprotection, demonstrating good efficacy in the treatment of Alzheimer’s and Parkinson’s diseases (30). Similarly, flavonoids derived from plants (such as buckwheat) have been shown to efficiently lower blood glucose levels and have anti-diabetic properties (31). Flavonoids can also interfere with cell signaling pathways during tumor invasion and growth, lowering cancer risk by preventing tumor cell proliferation and differentiation (32). Furthermore, study of flavonoids, such as epigallocatechin gallate (EGCG), in the field of wound healing have been proved and reviewed comprehensively. For the first time, we’ll look at the progress of using flavonoids to promote scar-free healing in this review.



Effect of flavonoids to promote scar-free regeneration

Hemostasis, inflammation, proliferation, re-epithelialization, and remodeling are the five basic stages of wound healing, and regulating these processes is expected to achieve scar-free regeneration (33). Bleeding is unavoidable after a skin injury, and then the body triggers a coagulation reaction to stop the bleeding in the first place (34). The blood clot that fills the wound with damaged tissue recruits surrounding immune cells, macrophages, and other cells to phagocyte the “foreigner” and creates a favorable environment for wound healing (35). Neovascularization promotes tissue regeneration and remodeling by delivering nutrients and oxygen to the tissues (36). External factors that negatively influence these processes, such as bacterial infections and oxidative stress, contribute to the formation of scarring (37). Following that, we will discuss the mechanisms by which flavonoids promote wound healing and reduce scarring through anti-inflammatory, antioxidant, antibacterial, antifungal, and fibroblast modulation, respectively (Figure 1).
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FIGURE 1
The five major effects of flavonoid-laden dressings are: the hydroxyl substituents of flavonoids can inhibit bacterial nucleic acid synthesis, cell membrane function, and energy metabolism to provide antibacterial functions, as well as the phenolic hydroxyl groups can combine with reactive oxygen species (ROS) to adsorb surrounding free radicals and exert an antioxidant effect. Flavonoids can reduce inflammatory factors, regulating fibroblasts, inhibiting extracellular matrix (ECM) deposition, and promoting scarless healing. Flavonoids can also be antifungal by interfering with folate metabolism and inhibiting biofilm formation. ATP, adenosine triphosphate; ADP, adenosine diphosphate; CD80, cluster of differentiation 80; CD86, cluster of differentiation 86; TGF-β1, transforming growth factor-β1; THF, tetrahydrofolate; DHF, dihydrofolate; dTMP, deoxythymidine phosphate; dUMP, deoxyuridine phosphate; ECM, extracellular matrix; NADPH, nicotinamide adenine dinucleotide phosphate.



Anti-inflammatory

Damaged tissues and clots in wounds will attract inflammatory cells, promoting the absorption and evacuation of necrotic tissue and foreign substances (38). The initial recruited neutrophils trigger the inflammatory response by releasing chemokines, which attract mononuclear macrophages and other innate immune cells to clear cellular debris and microorganisms, and these immune cells eventually leave or undergo apoptosis after the foreign substances are cleared and eliminated (39). Early activation of the inflammatory response aids wound healing, but in order to eliminate the foreign substances quickly, the body responds with an abnormally hyperactive anti-inflammatory response (40). TGF-β1 and platelet-derived growth factor, both released by macrophages and others, activate fibroblasts, and scarring is exacerbated by excessive collagen production or impaired regression (41). For scarless regeneration, regulating inflammation during wound healing is critical (42).

Nuclear factor kappa κB (NF-κB) is a transcription factor that increases the expression of many pro-inflammatory genes in cells, regulates protein kinases, and has a direct impact on cell activation and proliferation (43, 44). The cytokine interleukin-12 (IL-12) promotes the release of the inflammatory factor tumor necrosis factor-α (TNF-α) from immune cells (45). Flavonoids can affect the expression of genes, including NF-κB and IL-12 (46). They also have been proven in numerous clinical trials to considerably reduce TNF-α (47). Furthermore, flavonoids have inhibitory effects on phosphodiesterases, delaying the expression of cyclic AMP (cAMP), a key pro-inflammatory messenger (46).

In addition, flavonoids have long-term effects on immune cell activation and maturation (48). According to studies, macrophages are the key target cells for the anti-inflammatory actions of flavonoids. Whereas, on dendritic cells, flavonoids can block cluster of differentiation 80 (CD80) and CD86, which results in the inhibition of dendritic cell maturation (49, 50). Flavonoids such as apigenin have been shown to have anti-inflammatory properties by decreasing NO release from macrophages and considerably lowering levels of pro-inflammatory cytokines (IL-6 and TNF-α) (51). After quercetin treatment, dense connective tissue formed at the wound of the rat’s injured skin, and the content of C-reactive protein (CRP), an indicator protein for diagnosing inflammatory response, was much lower than in the control group, reducing inflammatory cell infiltration and accelerating wound healing (52). Furthermore, NO production can be used to assess macrophage inflammatory status, and studies have shown that catechins can inhibit NO release in a dose-dependent manner in a limited concentration range (10–40 μg/mL) and exert anti-inflammatory activity on RAW264.7 macrophages (53). Interestingly, when quercetin and catechin were combined, the levels of the two pro-inflammatory cytokines TNF-α and IL-1β were reduced by 78 and 75%, respectively, compared to the control group, significantly higher than when the two were used alone, demonstrating their synergistic anti-inflammatory effects, which were attributed to the inhibitory effect on NF-κB in macrophages (54). Flavonoids may also modulate inflammation selectively, such as EGCG, which is hypothesized to have a pro-inflammatory effect when the level of inflammatory makers is low and a counter-inflammatory effect as inflammatory markers rise (55). These efficacies are better attuned to the various stages of wound healing and help to reduce scarring.



Antioxidant

During the inflammatory response phase of wound healing, platelets accumulate in large numbers at the wound site and activate neutrophils and macrophages, while the expression of NADPH oxidase in these cells increases dramatically (56). NADPH is produced by neutrophils and macrophages via NADPH oxidase, which converts molecular O2 in the phagosome to superoxide radical anions, which are rapidly dismutated to hydrogen peroxide (H2O2), and these chemically active oxygen-containing molecules combine to form reactive oxygen species (ROS) (57). Moderate or basal levels of ROS can maintain normal cellular function and homeostasis and are thought to be crucial for local clearance of foreign bodies by macrophages, but an over-activated inflammatory response can induce excessive levels of ROS (58). ROS have active electrons and are highly reactive in nature, reacting immediately with a wide range of chemicals (59). High levels of ROS near the wound site inhibit cell growth, damage proteins and nucleic acids, cause apoptosis, and prolong the inflammatory process, all of which contribute to scarring (60). Furthermore, high amounts of free radicals cause fibroblasts to convert to the adherent type, which promotes scarring by increasing collagen synthesis and deposition (61). Antioxidant enzymes are able to be activated in a physiological environment, breaking free radicals and reducing ROS, and their increased levels can provide adequate conditions for wound healing. However, in diabetic conditions or in cases of infection, these substances are insufficient to restore the body’s redox state during stress, in which case supplementation with exogenous antioxidants to provide redox homeostasis in cells is essential (62).

Flavonoids have phenolic hydroxyl groups, and the hydrogen atoms on these groups can combine with ROS radicals to generate flavonoid radicals, which attract more radicals to complete the reaction and protect tissue cells from free radical damage (15). The flavonoid catechin has more than 20 times the antioxidant potential of vitamin C (63). Atala et al. evaluated 14 flavonoids and discovered that nine of them could decrease ROS in an alkaline environment by 70% (64). Clinical studies have shown that, after 24 h, patients with nodular disease who received quercetin injections had a 3% increase in total plasma antioxidant capacity, i.e., the total sum of all plasma antioxidants that is expressed as trolox equivalent, and a significant decrease in plasma levels of malondialdehyde, a marker of lipid oxidative damage. These findings suggest that quercetin improves the body’s weakened antioxidant defense system (65). Furthermore, flavonoids inhibit the expression of ROS synthase-related genes or up-regulate the expression of antioxidant synthases (66). Silymarin, a polyphenolic flavonoid lignan, in a random group of patients with type 2 diabetes, and compared to those taking placebo, the oral silymarin group increased superoxide dismutase, glutathione peroxidase activity, and total antioxidant capacity by 12.85, 30.32, and 8.43%, respectively, which greatly improved the in vivo antioxidant index and exhibited potential antioxidant properties (67). When compared to controls, patients with pulmonary tuberculosis who received a combination of catechins and antituberculosis showed a significant increase in blood levels of reduced glutathione, an antioxidant effect that plays an important role in the human oxidative stress mechanisms (68). In addition, the levels of ROS metabolites such as F2-isoprostaglandins are considerably reduced when flavonoids are consumed over time (69, 70).



Antibacterial

Wound infection is a major issue during the healing of skin defects, and the emergence of drug-resistant bacteria poses a challenge for wound debridement and antibacterial agents (71). Escherichia coli (E. coli) and Staphylococcus aureus are common bacteria that cause wound infections, the metabolic substances produced by these bacteria cause inflammation and exudation, for example, the overproduction of matrix metalloproteinases (MMPs) attracts more inflammatory neutrophils into the wound, impeding the growth and migration of cells in the basal skin layer, while a large influx of fibroblasts repairs the void and forms proliferative scars (72). Furthermore, the bacterial metabolite lipopolysaccharide (LPS) is able to significantly reduce local macrophage recruitment to the wound, inhibit wound collagen deposition, and increase apoptotic cells in both the dermis and granulation tissue at the wound edges, resulting in a sustained inflammatory response and prolonged wound healing (73). However, some current antibacterial ingredients may have an impact on the physiological activity of normal cells, for example, silver causes cytotoxicity to keratin-forming cells and fibroblasts subsequently impairing wound healing and leading to scars (74).

Flavonoids’ antibacterial activity is primarily determined by the substituents on the benzene ring, particularly those with hydrophobic substituents, where antibacterial activity is enhanced when the substituent is a hydroxyl group, while methylation of the hydroxyl group reduces antibacterial activity (75). Cushnie et al. reviewed that flavonoids exert antibacterial effects through three mechanisms of action: suppression of bacterial nucleic acid synthesis, cell membrane function, and energy metabolism (76). For example, flavonoids can inhibit pore proteins on the bacterial outer membrane to directly affect the activity of E. coli, which is equivalent to cutting off the energy source of E. coli such as glucose and amino acids (77). Flavonoids also protect cells by inhibiting bacterial adherence to cells and reducing the production of bacterial toxin products (78). Clinical studies have shown that using flavonoid-rich mouthwash reduces the oral plaque index and the number of Streptococcus mutans bacteria, effectively inhibiting the formation of dental plaque biofilm (79). Acne patients used quercetin patches versus placebo preparations on the right and left sides of their faces, respectively, and after 8 weeks, the quercetin group had a 14.7 and 52.9% reduction in the number of acne and total lesions, indicating that quercetin has good antibacterial activity against Propionibacterium acnes while being completely safe for fibroblasts (80). Meanwhile, in animal models, Vikram et al. treated rats infected with Salmonella typhi with the flavonoid naringenin and found that naringenin specifically inhibited 24 genes in the pathogenicity island of Salmonella and attenuated the virulence and cell motility viability of the bacteria (81). In addition to inhibiting bacterial activity through direct inhibition, flavonoids have been shown to exert synergistic effects with antibiotics, such as inhibiting the expression of β-lactamases that produce antibiotic resistance in bacteria (82). To inhibit drug resistant bacteria, flavonoids can serve as inhibitors of bacterial efflux pumps and virulence factors, for example, quercetin strongly reduces extracellular matrix targeting to disrupt E. coli colonic biofilms, whereas apigenin restores antibiotic susceptibility to drug-resistant bacteria and limits the spread of drug-resistant bacteria by activating the host innate immune system (83). Also, flavonoids have antibacterial effects in slightly alkaline conditions. The phenolic hydroxyl groups of EGCG are deprotonated and microorganisms are scavenged by redox processes in buffer solutions with pH values near to or greater than the pKa of EGCG (pH 7.4 and 8.0) (84).



Antifungal

Fungi can quickly invade burns and severely traumatized skin wounds, resulting in widespread wound infections (85). Fungal cell walls are made up of many layers of carbohydrates such α-mannan and β-glucan (86). α-Mannan binds to dendritic cell-associated C-type lectin-2 (dectin-2), activates the NF-κB pathway, induces overproduction of the inflammatory cytokine TNF-α, and inhibits angiogenesis and myofibroblast proliferation (87). Furthermore, the fungus’s mycelium and its elastic biofilm can impede wound healing (88).

Natural flavonoids of plant origin can cause apoptosis and reduce biofilm formation, resulting in antifungal actions via multi-targeting (89). Flavonoids destroy fungal biofilms by blocking the essential enzyme isocitrate lyase (ICL), which permits Candida albicans to exist and proliferate in a nutrient-limited environment within phagocytes such as macrophages and neutrophils, resulting in cell shrinkage and internal component leakage (90). Meanwhile, flavonoids can inhibit the folic acid synthesis pathway and prevent fungal reproduction. Navarro-Martinez et al. co-cultured EGCG with dihydrofolate reductase from Candida albicans at various concentrations and found an inhibition constant (Ki) of 0.7 M, indicating that EGCG can inhibit fungal cell membrane ergosterol production by interfering with folic acid metabolism and with azole antifungal effects in synergy with azoles (91). Furthermore, clinical trials utilizing a rutin-rich plant ointment to treat canine wounds revealed much higher wound retraction rates than controls, as well as powerful antifungal activity against Candida krusei around the wounds (92).



Modulation of fibroblasts

The amount of collagen accumulated was proportional to the number of mobilized fibroblasts (93). The proportion of En1-positive and negative fibroblasts in skin defects is the main cause of scarring (94). En1-positive fibroblasts are activated by inflammation, ROS, bacteria, and wound tension (58). Furthermore, recruitment of deeper dermal fibroblasts, which are larger, slower to proliferate, and secrete vast amounts of collagen fibers while inhibiting collagen degradation through reduced release of cellulase, occurs when wounds are deeper and under greater tension (95). The activation of these pro-scar-forming fibroblasts is a mechanism for the organism to protect against infection and recover quickly, yet scars can become a repair endpoint due to the large synthesis and deposition of extracellular matrix (96).

In addition to regulating inflammation, ROS, and infection during wound healing, flavonoids are also engaged in how to enhance healing without producing excessive fibrosis and scar formation. Flavonoids have been proven in studies to lower TGF-β1 and IL-1β production, limit extracellular matrix (ECM) secretion, and prevent excessive fibrous connective tissue deposition (97). For example, while maintaining the viability of fibroblasts, safranin inhibits TNF-α expression, reduces ECM protein synthesis and improves wound healing (98). Pinocembrin, the most abundant flavonoid compound in propolis, has anti-fibrotic properties, inhibiting TGF-β1 signaling and impairing TGF-β1-induced proliferation and activation of abnormal skin fibroblasts, effectively alleviating bleomycin (an antibiotic)-induced excessive skin fibrosis (99). Furthermore, quercetin treatment of mice wounds resulted in the same duration and rate of wound healing as the control group, but with less ECM deposition in vivo, and quercetin was able to modify effective adhesion and migration of fibroblasts as well as resist scar tissue fibrosis (100).




Flavonoids’ mechanism for scar-free regeneration

Transforming growth factor-β (TGF-β), which comes in three types: TGF-β1, 2, and 3, is the most essential regulatory factor in tissue repair. TGF-β1 is highly expressed in adult wound healing, but TGF-β3 is broadly expressed in newborn and child wound healing (101). TGF-β1 and TGF-β3 share receptors but have opposing roles in scar repair (102). TGF-β1 stimulates fibroblast activation, proliferation, and anti-apoptosis by phosphorylating smad proteins and facilitating cell aggregation at the wound site (103). TGF-β1 activation also boosts fibroblast collagen fiber synthesis while lowering collagenase activity, and TGF-β1 stimulates fibroblasts to develop into myofibroblasts, which compress the wound and induce scar formation (104). Specific TGF-β1 inhibitors are currently being developed, but TGF-β1 serves a crucial physiological function in cells, direct blockage will result in aberrant cell behavior such as apoptosis (105). Natural compounds have many groups on them, and different groups play different roles, forming hydrogen bones, π bonds, or other forces with various genes to enhance or inhibit their expression. The flavonoid icariin has been demonstrated to block the development of the smad-2/3/4 complex and down-regulate the production of calmodulin via lowering TGF-β1 activity (106). The capacity of catechins to selectively regulate TGF-β1 and TGF-β3 expression is promising, but the exact mechanism must be explored in its organic form (107).

Transforming growth factor-β1 (TGF-β1) can also activate phosphatidylinositol 3-kinase (PI3K), which causes activation of protein kinase B (Akt), and an abnormally active Akt will promote proliferation and motility of fibroblasts and speed up the formation of proliferative scarring (103). Naringin has been demonstrated to minimize proliferative scarring by decreasing the PI3K/Akt signaling pathway followed by inhibiting fibroblast proliferation and motility (108). Mast cells activate PI3K/Akt/mTOR, which stimulates fibroblast type I collagen expression, whereas EGCG suppresses this process (109). Signal transducer and activator of transcription 3 (STAT3) is important for fibroblast proliferation, migration, and collagen synthesis (110). EGCG was discovered to influence fibroblast proliferation and migration primarily through its inhibitory effect on STAT3, which causes reversible cell cycle when inhibited by PI3K and STAT3 inhibitors (111).

Activin receptor-like kinase 5 (Alk5) is also involved in scar formation, and Alk5 knockdown in a wound healing model resulted in a considerable reduction in scars (112). When TGF-β1 is active, Alk5 is activated in a cascade, and transcription of pro-fibrosis genes begins (14). At lower doses (5.7°μM), baicalein can efficiently inhibit Alk5, although not all flavonoids have this inhibitory activity, which is related to their structure (113). For example, flavonoids with a 5, 7, 3′, 4′ hydroxyl substitution, such as lignan, quercetin, and yohimbine, have a strong affinity for Alk5 and can effectively block collagen expression (114). In addition, luteolin also inhibits Alk5 expression and reduces fibroblast activation for suppressing the TGF-β1/smad pathway in a dose-dependent manner (114).

Integrins αV and β1 control fibroblast proliferation, migration, and the production of extracellular matrix (115). Focal Adhesion Kinase (FAK) is an essential step in the integrin-mediated signaling cascade during integrin-extracellular matrix interactions, and it promotes wound healing to form scars (116). FAK knockout mice had much lower levels of fibrosis and inflammation, as well as less scarring. FAK inhibition has emerged as a unique strategy for preventing scarring (117). Quercetin and other antioxidants have been demonstrated to increase integrin αV expression while lowering integrin β1 in dermal cells by phosphorylating two sites, 397 and 861, of the FAK complex (118). Apigenin inhibited FAK activity and phosphorylation in human fibroblasts by regulating integrin protein levels, which then affected phosphorylation of extracellular regulatory protein kinase1/2 (Erk1/2), which has important implications for fibroblast proliferation and survival (119). Furthermore, the sarcoma gene (Src) is a complex kinase that frequently works in a functional protein complex with FAK. The placement of Src at the wound’s edge is linked to the early inflammatory response and late regenerative remodeling (120). Src inhibition resulted in decreased myofibroblast and macrophage aggregation, as well as a significant reduction in extracellular matrix deposition and scarring (35). Molecular docking investigations revealed that flavonoids like quercetin, apigenin, and catechin have a high binding energy to Src (121; Figure 2).
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FIGURE 2
Flavonoids promote scar-free regeneration by regulating signaling pathways. Flavonoids like icariin and epigallocatechin gallate (EGCG) limit fibroblast proliferation and motility by modifying transforming growth factor-1 (TGF-1) and so suppressing the PI3K/AKT signaling pathway. Apigenin drastically lowers focal adhesion kinase (FAK) activity and, as a result, changes the phosphorylation of extracellular signal-regulated kinase (Erk1/2). Catechin, by binding to Scr, reduces extracellular matrix deposition and enhances scar-free wound healing. FAK, Focal Adhesion Kinase; Src, Sarcoma gene; Erk, Extracellular regulatxory protein kinase; MAPK, Mitogen-activated Protein Kinase; Alk5, Activin receptor-like kinase 5; PI3K, Phosphatidylinositol 3-kinase; Akt, Protein kinase B.




Bioencapsulation overcome the dilemma of flavonoids alone

When flavonoids are utilized alone to regenerate tissue, they frequently encounter issues such as limited water solubility, low bioavailability, and unstable physicochemical qualities. Encapsulating chemicals with biomaterials can improve their water solubility and stability, make them easier to absorb in the body, avoid premature degradation, and prolong circulation time. Furthermore, after being bioencapsulated, these chemicals will effectively target recipient cells, improve their penetration in damaged tissues, and increase therapeutic bioavailability, lowering toxicity (122). Collagen, elastin, hydrogel, and other biomaterials, when loaded with flavonoids, will help provide scaffolds to encourage the orderly proliferation and migration of cells, in addition to the drug’s benefits (123). Therefore, the use of flavonoids and other chemicals in combination with biomaterials is predicted to improve drug water solubility, increase drug loading, provide a sustained-release platform, and enable targeted administration.


Promoting drug stability and water solubility

Flavonoids’ water solubility is determined by the existence or lack of glycosidic linkages, and their bioavailability is considerably decreased due to the presence of pH, enzymes, and other nutrients in the microenvironment, which often destabilize them (124). Quercetin and rutin, two frequently used flavonoids, have limited water solubility and difficulties penetrating the lipid bilayer of cell membranes, limiting their bioavailability despite their anti-inflammatory and anti-oxidative stress properties in wound healing. Cyclodextrins contain hydrophobic interior and hydrophilic external structures, and with the help of water-soluble external surfaces, they can form highly soluble inclusion complexes. By freeze-drying and solvent evaporation, Başaran et al. prepared inclusion complexes of quercetin and rutin with hydroxypropyl—cyclodextrin, and in vitro tests revealed that the concentrations of both in aqueous solution increased from 1.5 and 34.3 μg/mL to 945.6 and 1901.4 μg/mL, respectively (125). Polyphenols (such as EGCG, curcumin, and resveratrol) are stable in acidic environments but degrade in neutral or slightly alkaline environments, whereas nanoparticles can encapsulate bioactive compounds to improve permeability of cell membranes. And when nanoparticles are used to encapsulate polyphenols, their pH stability, water solubility, bioavailability, anti-inflammatory, and antioxidant bioactivities are all improved, and drug degradation is prevented (126). For example, poor water solubility, low absorption, and quick enzymatic degradation limit curcumin, a polyphenolic molecule, in vivo (127). Solid lipid nanoparticles with good biocompatibility and stability mixed with polyethylene glycol (PEG)-based emulsifiers can be a carrier for curcumin powder and promote rapid curcumin penetration into the epithelium and increase the aqueous solubility of curcumin powder from 14 to 92–95% (128).



Drug slow release platform

Topical application of pure compounds has a short duration of action, low stability, and can cause undesirable side effects, whereas sustained release of bioactive drugs can maintain drug levels in vivo for a long time with little changes (129). The drug concentration can be kept within the therapeutic range by encapsulating the drug in carriers such as particles, nanoparticles, and hydrogels to release the drug at a steady rate, extending the duration of action and enhancing the drug’s bioavailability (130). Chitosan (CS) is a natural, biodegradable, and biocompatible macromolecular molecule. In vitro release results of chitosan nanoparticles (CS-NPs) prepared by the ionic gelation method as an effective carrier for quercetin revealed that the release of quercetin was 29.68% within the first hour, which is significantly lower than that of its application alone, and that the release profile leveled off after 2 h. Furthermore, in the tumor microenvironment (pH = 5.3 and 40°C), the late release rate of quercetin is much higher, with a cumulative drug release percentage of 75.64% within 12 h. The ionic interaction between quercetin and CS may be responsible for the prolonged release feature (131). Meanwhile, Bose et al. produced quercetin nanostructured lipid carriers using solvent (chloroform/acetone) emulsification technology, allowing quercetin to be released biphasically from physiological liposomes up to 24 h. The pace of discharge comes to a halt between 24 and 30 h. This technique boosted skin tissue repair by prolonging the effect of quercetin in wounds (132). Due to its instability and pH sensitivity, EGCG, a physiologically active tea polyphenol in green tea, has a high rate of breakdown and limited bioavailability in vivo. Maize protein can encapsulate lipophilic compounds and capture a large number of hydrophobic compounds, and its low gastrointestinal absorption rate can improve the carrier’s controlled release capabilities. The cumulative release of EGCG in simulated gastric and simulated intestinal fluids was 19 and 92%, respectively, after combining with amphiphilic molecular lecithin to prepare maize protein-lecithin-EGCG composite nanoparticles, and increased slowly with time, demonstrating a stable slow release performance (133).



Targeted drug delivery

To maximize drug bioavailability, it is necessary to facilitate targeted drug administration. Encapsulating the drug in biomaterials and surface functionalization, such as aptamer modification, are two methods for achieving targeted drug delivery. Furthermore, depending on the parameters of the milieu, such as the pH of the microenvironment, or with the addition of external auxiliary light and heat, bioactive substances can be supplied to the target region to boost therapeutic effects and prevent adverse effects (134). Due to rapid metabolism, quercetin, as one of the most prevalent flavonoids, has low targeting efficacy. It does not easily concentrate intracellularly and is easily and quickly eliminated by the organism. The synthesis of phenylboronic acid conjugated zinc oxide nanoparticles (PBA-ZnO) using 3-carboxyphenylboronic acid (PBA) as an aptamer for targeting tumors would serve as an effective carrier for quercetin, while ZnO nanoparticles tend to accumulate in the acidic tumor microenvironment but have limited penetration. The slightly alkaline conditions retain the hydroxyl groups of quercetin ionized, increase tumor cell death, and inhibit the proliferation of murine breast cancer cells, so this technique can successfully target quercetin delivery to sialic acid overexpressing cancer cells (135).

CD44 has a significant affinity for hyaluronic acid (HA) and is overexpressed on the surface of different tumor cells. Mu et al. created HA-EGCG as an adriamycin delivery vehicle by incorporating EGCG into a CD44-modified HA backbone with disulfide links. Targeting EGCG to tumor locations boosts the tumor treatment effect of adriamycin and magnifies the effect of oxidative stress (136). Fucoidan is found in a variety of marine species, most often isolated from brown algae, and exhibits anti-inflammatory, antioxidant, and anti-cancer properties. It can be utilized as a ligand to bind to the scavenging receptor on macrophages’ surfaces, and it can be polymerized with HA to target the CD44 receptor on macrophages’ surfaces, which inspires HA/fucose complexes with PEG-gelatin enclose EGCG. EGCG can be successfully administered to macrophages via the dual-targeted binding method of CS and HA to macrophages. Immunofluorescence tests revealed that following encapsulation, EGCG concentration in macrophages increased dramatically, and intensity increased in a time-dependent way, improving EGCG’s on-target delivery capabilities (137).

Furthermore, photothermal treatment has a higher tissue penetration rate and is used in active drug delivery systems. By combining the tumor-targeting molecule folate (FA) with silver nanoparticles (AgNPs) loaded with quercetin (QRC), Bose et al. prepared folate receptor-targeted silver nanoparticles (QRC-FA-AgNPs) and the fluorescence intensity of target cells cultured with QRC-FA-AgNPs was much higher than cells cultured with AgNPs alone, effectively promoting targeted drug delivery and achieving combined therapeutic effects, providing a new idea for targeted drug therapy (138).



Tissue regeneration scaffolds

The repair of tissue defects caused by trauma, infection, and surgery is dependent on a number of processes that are disrupted by the organism’s internal and external environment, whereas biomaterials such as hydrogels, collagen, extracellular matrix, and other biomaterials will direct the arrangement and growth of cells due to their ordered porous structure. As such, in combination with induction actions such as drugs, their extra anti-inflammatory and antibacterial properties should result in a beneficial wound healing impact (139). The average cell viability of human dermal fibroblasts is 76% by electrostatic spinning to develop polymeric nanofiber scaffolds with a multi-microporous structure, which is much higher than the level of the control group without nanofibers, and could be used effectively for wound healing with reduced cytotoxicity (140). Chitosan has high biocompatibility and promotes cell attachment and proliferation. Vedakumari et al. prepared chitosan-fibronectin composite scaffolds loaded with quercetin, and found that a large number of fibroblasts and epithelial cells migrated to the wound site, that fibroblasts proliferated faster, that the time required for complete wound epithelialization decreased from 29 to 16 days, and that the scaffolds had good bactericidal activity against E. coli and Staphylococcus (141).

While adjuvant decellularized dermal matrix (ADM) collagen scaffolds can serve as effective carriers for quercetin and their high porosity can increase the contact area between cells and the scaffold surface and accelerate mesenchymal differentiation, functionalization of graphene oxide (GO) with PEG to synthesize GO-PEG nanocarriers can improve drug delivery efficiency but poor cell induction. The ADM collagen scaffold’s high porosity can improve the contact area between cells and the scaffold surface, speed up MSC adherence and proliferation, and boost collagen deposition and angiogenesis in wound healing (142). Croitoru et al. used electrostatic spinning to create a quercetin fiber scaffold matrix based on polylactic acid (PLA) and GO, and electron microscopic observations revealed that cultured L929 fibroblasts increased in density, adhered uniformly to the scaffold in a circular shape, and reached a maximum survival rate of 82.3% within 7 days. Additionally, quercetin in the PLA/GO scaffold matrix can stimulate IL-6 production in fibroblasts, modulating the acute cellular inflammatory response and accelerating wound healing (143).




Flavonoid-laden dressings for scar-free regeneration

Many of the ways outlined above demonstrate the significant benefits of biomaterials for drug administration, which can increase drug bioavailability and stability while also promoting tissue regeneration and wound healing. By obtaining a large number of polymers and bioactive compounds from natural resources such as plants, modern wound dressings have developed various types of antibacterial dressings, such as hydrogels, films, scaffolds, fibers, sponges, and other biomaterials, which provide excellent wound healing effects (144). Biomaterials can also mimic the extracellular matrix and influence cell behavior such as migration and proliferation, resulting in a moist, sterile wound healing environment that promotes tissue regeneration synergistically (145). Many studies are currently being conducted to determine the effect of flavonoid-rich dressings on scar-free regeneration.

In chronic deep second degree burns infected with Pseudomonas aeruginosa, catechin-loaded nanocollagen dressings exhibited antibacterial and pro-angiogenic properties, and regeneration of skin appendages and orderly collagen tissue alignment were seen, which may be the result of selective modulation of TGF-β1 and TGF-β3 by catechins (146). One study combined flavonoids into lipid nanoemulsions, which increased the viability of keratin-forming cells and their ability to migrate to wounds, accelerating scar-free skin regeneration (147). In a rat wound model, adding isoflavone glycosides to the nanoemulsion increased keratinocyte viability up to concentrations of 0.5 μg/mL. TNF-α content was also decreased, which reduced the inflammatory response while promoting re-epithelialization and angiogenesis in skin tissue (148). Furthermore, after treating human skin wounds with quercetin-encapsulated nanoemulsions and hydrogels, mature collagen fibers were regularly oriented in parallel and well-organized reticular dermis, and the wound surface produced an intact epithelial layer with covering scars (149). Jin et al. created quercetin-modified silicone gel sheets and tested them on a rabbit ear skin wound model, finding lower expression of type I and type III collagen as well as more effective inhibition of fibroblast proliferation in scar tissue (150). Wu et al. prepared soluble microneedles using cyclodextrin metal-organic scaffolds loaded with quercetin and encapsulated with fibroblast membranes, which were dispersed in HA polysaccharide, a modification with the ability to target fibroblasts, providing a new strategy for drug delivery systems in proliferative scars (151).

Surgical adhesions are scar that form within tissues as a result of surgical procedures, infections, and other factors, leading to severe organ malfunction and chronic discomfort, as well as a significant financial burden on the healthcare system (152). Dressings containing flavonoids have demonstrated good effects in terms of inflammatory, infectious, and anti-fibrotic effects on the adhesion development process. Shin et al. used a poly(lactide-co-glycolide) (PLGA) electrospun scaffold loaded with EGCG, and the dressing showed equivalent anti-adhesive effects to commercial tissue adhesion barriers while being cost effective (153). Lee et al. also found that the EGCG-loaded PLGA barrier film inhibited fibroblast growth and adhesion as well as macrophage release of pro-inflammatory cytokines, resulting in good anti-abdominal adhesion effects (154). After lumbar laminectomy, Huang et al. created an electrostatically spun membrane with polyhexolactone and collagen, into which icariin was loaded as an anti-adhesion barrier membrane. Within 1 week, the barrier membrane released icariinin response to the large proliferation of fibroblasts during the inflammatory phase, and the expression of TGF-β, smad2/3, and collagen fiber deposition were considerably reduced. The opening in the unloaded icariin grouped barrier membranes was filled with a substantial amount of fibrous tissue, but the loaded icariin barrier membranes recovered effectively and had an excellent anti-adhesive action. The electrostatic spinning membrane not only organized fibroblast penetration and adhesion, but it also offered a good platform for the flavonoid icariin to limit drug release and reduce fibroblast growth and collagen deposition (155).



Challenge and outlook

Skin injuries happen every day, and the scars that remain after the lesion heals cause regret in both cosmetic and physiological aspects. There is a plethora of research on the speed of skin injury recovery, much of which focuses on the treatment of chronic infected wounds, with scar-free regeneration receiving less attention. As everyone’s quality of life improves, we must not just focus on wound healing speed but also on leaving patients with the fewest regrets possible—including striving for scar-free healing. While numerous multifunctional dressings have demonstrated outstanding results in anti-inflammatory, antibacterial, antioxidant, and angiogenic functions to date, fibroblast regulation and antifibrosis have received less attention. Scarogenesis’ mechanisms have steadily been clarified in recent years, and it is currently thought that the phenotypic alteration of fibroblasts is the “culprit” in the scarogenesis process. Future dressings will be more targeted as the mechanics of scarogenesis are better understood and the genes that regulate scarogenesis are revealed.


Exploration of optimal anti-scarring moiety

Natural substances provide a plethora of possibilities for scar-free regeneration. Due to their phenolic hydroxyl groups, flavonoids are believed to be a strategy for scar-free regeneration through antioxidant, antibacterial, anti-inflammatory, and anti-fibrotic activities during wound healing. However, it’s vital to be aware that flavonoids come in a wide variety of forms, and not every flavonoid has the effects of scarless regeneration. Molecular docking can correctly predict the effective conformational areas and locations of action of drugs (156). Finding the primary sites of action of compounds that have the same effect can be helpful in the creation of novel medications. The exploration and discovery of the “optimal anti-scarring moiety” is highly expectation because it implies (1) the ability to avoid the time-consuming extraction process and synthesize directly in the laboratory for better cost and batch control; (2) the ability to directly incorporate the moiety into biological materials through chemical grafting, for integrated encapsulation and maximum bioavailability; (3) avoiding further harmful groups’ detrimental impacts; (4) increasing the solubility of medicines in water; and so on.



Extraction and separation of flavonoids

The extraction and separation of certain chemicals from flavonoids is also a significant barrier to their utilization. Flavonoids are mostly found in plants as glycosides and free sapogenins, and crude extracts are obtained by using organic solvents like methanol and concentrated by rotary evaporator, followed by separation and characterization of pure bioactive compounds by liquid chromatography and spectroscopy, for example, quercetin from ethyl acetate extract (157). However, raising the temperature during the extraction process can increase the water solubility of alcohol contaminants and interfere with the rate of flavonoid leaching. Moreover, high temperatures may promote oxidation and breakdown of the structure of flavonoids, resulting in a decrease in their extraction rate. How to decrease the impact of temperature and other external influences while efficiently isolating quercetin, catechin, and other pure components have become a pressing issue for us to explore. In addition to the extraction of flavonoids, it is critical to distinguish between the hydrophilic and hydrophobic qualities of certain flavonoids. For example, the flavonol quercetin is hydrophobic, whereas the flavane-like catechin is water soluble. Clarifying flavonoid water solubility qualities is essential for investigating the corresponding hydrophilic or hydrophobic encapsulation carriers, crosslinking synergistically to boost drug release, and improving flavonoid bioavailability.



Combination of flavonoids biomaterials

Furthermore, the subject of biomaterials is quickly evolving and confronts numerous obstacles, such as mass production, biosafety, and biodegradability. Hydrogels and extracellular matrix, for example, can all play a scaffolding function in wound healing and can also help with drug dissolution and targeted distribution. However, it is debatable whether the potential cytotoxicity of biomaterials and the possibility of biomaterials interfering with the anti-scarring effect of flavonoids. The application of some ingredients may play a negative role in promoting scar formation, such as silver, with its good antibacterial effect and remarkable efficacy in promoting wound healing, but its potential toxicity to cells can exacerbate scar formation. As such, more research is also needed to determine the optimum flavonoid-biomaterial combinations.

Fortunately, several clinical investigations on the use of flavonoids for scar-free regeneration are currently underway. In comparison to direct injection of epidermal growth factor, EGCG dramatically decreased human scars in vitro, exhibiting a good trend of improving scar thickness and skin flexibility (158). Commercial use has also been granted to certain flavonoids-containing gels, such as cumene glycosides. As research develops, the biological properties of flavonoids will be further clarified, and their combination application with biomaterials will become one of the ideal alternatives for scar-free regeneration of skin wounds.




Conclusion

Flavonoids are abundant and widely available in nature, and their anti-inflammatory, antibacterial, and antioxidant properties contribute to their antitumor and antidiabetic medicinal value. The antioxidant effect of phenolic hydroxyl groups formed by the benzene ring and the hydroxyl groups in flavonoids has been shown to be important in promoting wound healing, but little attention has been paid to the role of flavonoids in modulating scar production. In this review we systematically summarize the effects and mechanisms by which flavonoids exert scar-free effects. Flavonoids may regulate FAK, TGF-β, integrins, and Alk (which are all important genes for scar production) mainly by affecting fibroblasts in wound healing, and these processes reduce abnormal deposition of collagen fibers during wound healing and subsequently promote scar-free healing.

On the other hand, flavonoids applied to local wounds alone, have low local bioavailability, poor water solubility, and are unable to trigger ordered tissue regeneration. The use of biomaterials to encapsulate flavonoids gives us new ideas to help tackle these challenges above and offers great potential in the field of scar-free healing. However, researchers will have to think about how to extract more regulation from the structure of this class of chemicals in the future, how to integrate the biomaterial with flavonoids, how to maximize the economic effect. More importantly, since the scar formation cycle in animals differs from that in humans, practical application in humans still necessitates testing for dosage, efficacy, and a variety of other factors. We expect that every initiative we take is a step closer to scar-free regeneration.
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