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Abstract: Autophagy, a self-renewal mechanism, can help to maintain the stability of the intracellular environment of organisms. 
Autophagy can also regulate several cellular functions and is strongly related to the onset and progression of several diseases. Wound 
healing is a biological process that is coregulated by different types of cells. However, it is troublesome owing to prolonged treatment 
duration and poor recovery. In recent years, biomaterials have been reported to influence the skin wound healing process by finely 
regulating autophagy. Biomaterials that regulate autophagy in various cells involved in skin wound healing to regulate the differentia-
tion, proliferation and migration of cells, inflammatory responses, oxidative stress and formation of the extracellular matrix (ECM) 
have emerged as a key method for improving the tissue regeneration ability of biomaterials. During the inflammatory phase, autophagy 
enhances the clearance of pathogens from the wound site and leads to macrophage polarization from the M1 to the M2 phenotype, thus 
preventing enhanced inflammation that can lead to further tissue damage. Autophagy plays important roles in facilitating the formation 
of extracellular matrix (ECM) during the proliferative phase, removing excess intracellular ROS, and promoting the proliferation and 
differentiation of endothelial cells, fibroblasts, and keratinocytes. This review summarizes the close association between autophagy 
and skin wound healing and discusses the role of biomaterial-based autophagy in tissue regeneration. The applications of recent 
biomaterials designed to target autophagy are highlighted, including polymeric materials, cellular materials, metal nanomaterials, and 
carbon-based materials. A better understanding of biomaterial-regulated autophagy and skin regeneration and the underlying molecular 
mechanisms may open new possibilities for promoting skin regeneration. Moreover, this can lay the foundation for the development of 
more effective therapeutic approaches and novel biomaterials for clinical applications. 
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Introduction
Cellular autophagy is a lysosome-mediated degradative process by which cells digest their own components (eg, animal 
cells) for the maintenance of normal intracellular physiological activities and homeostasis, thereby playing a crucial role 
in maintaining the homeostasis of the cellular microenvironment. Cellular autophagy is often regarded as a survival 
response mechanism of organisms to protect the internal and external cellular environment from damage when external 
nutrients are scarce or the cell is injured by external sources. Cellular autophagy is a highly conserved eukaryotic cellular 
pathway that is relevant to human health. Autophagy is essential for normal homeostasis and healthy function of the skin. 
Moreover, it can promote wound healing and allow cell cycle regulation to undergo self-renewal.1

Skin, the body’s largest barrier composed of multiple cells, maintains the dynamic balance of organisms through 
metabolic and immune functions2 and protects organisms from pathogens. However, skin wound healing is plagued by 
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multiple problems.3 Wound healing is an extremely complex biological process that involves joint involvement and the 
synergistic effect of numerous cell types.4 Health problems such as inflammation, oxidative stress, and bacterial 
infections can slow down the wound-healing process and cause severe pain to the patient. In addition, prolonged 
treatment leads to the consumption of huge amounts of medical resources and creates a burden on the healthcare system.5

Skin damage leads to an inflammatory response caused by necrotic tissue and microorganisms invading the sites of 
tissue injury, where a large number of immune cells, such as neutrophils, monocytes, and macrophages, remove cellular 
debris and microorganisms and reduce the accumulation of intracellular reactive oxygen species (ROS) and the secretion 
levels of inflammatory factors. Autophagy plays a critical role in skin repair by promoting the role of functional and 
immune cells in accelerating the repair of wounded skin. A study by Birmingham’s group revealed a positive correlation 
between autophagy activation and resistance to pathogenic infections. Moreover, Salmonella typhimurium can activate 
autophagy, thereby inhibiting its multiplication in cells and protecting them from bacterial damage.6 A study by Dasa et al 
highlighted that vitamin D enhanced macrophage autophagy, which led to enhanced expression of anti-inflammatory factors 
and a reduction in the inflammatory response, thus promoting skin healing.7

Skin is a complex organ composed of organic substances (such as collagen, etc.) with a multilevel structure ranging 
from microscopic nano- to macroscopic tissues.8 Therefore, biomaterials offer great promise in wound repair. In recent 
years, research on biomaterials for skin wound repair and tissue regeneration has attracted much interest.9,10 In the 
clinical applications, biomaterials allowed more precise targeting, regulated cellular and in vivo microenvironment- 
dependent homeostasis, and accelerated wound healing.11,12 In addition, the mechanisms underlying the regulation of 
cellular homeostasis by biomaterials have been extensively studied. Biomaterial-mediated autophagy has been shown to 
play an important role in cell phagocytosis and clearance, maintenance of cellular functions, cell differentiation, and 
in vitro and in vivo immune stress.13 The extremely complex homeostatic system of organisms can prevent the 
accumulation of abnormal materials (eg, protein aggregates) by activating degradation pathways. Therefore, biomaterials 
entering the body are easily recognized as foreign substances that activate a series of cellular defense mechanisms (eg, 
autophagy).14 Biomaterials play an important role in regulating autophagy in different diseases, thus affecting disease 
progression.15 Biomaterials have been shown to regulate bacterial infection, the inflammatory response, oxidative stress, 
cell proliferation, and differentiation by regulating autophagy during skin wound repair, thereby promoting wound 
healing.16 Certain investigations have mainly focused on the relationship between autophagy and skin wound healing,1 

and this review is the first to discuss the role of biomaterial-based autophagy in skin repair and regeneration. We 
summarized the relationship between autophagy and skin regeneration based on a literature review and recent advances 
in the field of skin repair and regeneration by biomaterial-induced autophagy. In addition, we outlined the association 
between autophagy, biomaterials, and wound repair, particularly the mechanism underlying the regulation of wound 
repair by biomaterial-targeted autophagy (Figure 1). It is possible that new strategies for promoting skin wound healing 
might be developed by comprehending the relationship between skin wound healing and autophagy-modulating bioma-
terials as well as their underlying molecular mechanisms.

Molecular Mechanism of Autophagy
Definition and Classification of Autophagy
Two common degradation pathways exist for compounds within normal cells, namely, the ubiquitin‒proteasome path-
way, which primarily degrades short-lived proteins within the cell, and the autophagic pathway, which predominantly 
degrades long-lived proteins and some damaged organelles within the cytoplasm.17 Autophagy, the term proposed by 
Nobel laureate Christian de Duve in 1963, is mainly activated through a series of stimuli that can influence cellular 
microenvironments, such as starvation, stress, and hypoxia.18 Lysosomes, major organelles involved in autophagy, play 
a key role in regulating the cellular microenvironment. During autophagy, cytoplasmic macromolecules, aggregated 
proteins, damaged organelles, and pathogens are delivered to lysosomes and digested to generate amino acids, nucleo-
tides, sugars, and other nutrients to adapt to the changing cellular microenvironment.19–22

Autophagy is mainly classified into macroautophagy, molecular chaperone-mediated autophagy (CMA), and 
microautophagy.20 The term autophagy generally refers to macroautophagy. The autophagosomal membrane formed 
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by the nonribosomal regions of the rough endoplasmic reticulum and the Golgi apparatus encapsulate proteins and 
further produce autophagic vesicles. These vesicles are degraded upon binding to lysosomes. Microautophagy involves 
the direct wrapping of proteins by lysosome membranes for protein degradation. The intracytoplasmic protein-bound 
molecular chaperones in CMA are translocated into the lysosomal compartment and digested.23–25 A majority of studies 
on autophagy have focused on macroautophagy and its associated pathways. Therefore, this review also primarily 
discusses macroautophagy and its underlying mechanisms.

Autophagic Process
The autophagic process consists of four stages, namely, induction of autophagy, membrane extension and formation of 
autophagosomes, fusion of autophagosomes with lysosomes, and degradation of products within autophagic lysosomes. The 
entire autophagic process is a dynamic equilibrium process (autophagic flux).26 The process and regulation of autophagy are 
shown in Figure 2. The first stage of the autophagic process is the induction phase for autophagosome formation. Several 
factors are responsible for the activation of autophagy in organisms, such as nutritional deficiency, oxidative stress, and 
pathogen attack. These autophagy-inducing signals lead to the formation of continuously expanding “liposome-like” 
membrane structures in the cytoplasm. This structure is not spherical but flattened, similar to a bowl-shaped structure 
composed of lipid bilayers. It can be observed under electron microscopy (phagophore), which is one of the gold standards in 
autophagy detection.27 Mammalian target of rapamycin (mTOR) is a key regulator of autophagy. Under optimal growth 
conditions, activated mTOR can phosphorylate Unc-51-like-kinase 1 (ULK1) and autophagy-related 13 (ATG13) to inhibit 
autophagy. However, when the body is affected by nutrient deficiency and under oxidative stress, mTOR activity is inhibited, 
leading to dephosphorylation of ULK1 and ATG13, thereby activating autophagy.28 Adenosine monophosphate-activated 
protein kinase (AMPK), another key protein in autophagy regulation, is a master regulator of cellular metabolism that is 
involved in the restoration of energy homeostasis. When AMPK is activated under changed-energy conditions, mTOR is 
inhibited, thereby inducing autophagy. The activation of AMPK promotes autophagy by directly activating the ULK kinase 
core complex through phosphorylation.18 The second stage involves the extension of the isolation membrane and autopha-
gosome formation, in which the phagophore is continuously elongated to enclose all the cytoplasmic components, including 
organelles, in a bowl-like structure and then closes to become a closed spherical autophagosome. The detection of 
autophagosomes under an electron microscope is additional evidence of autophagy.29 Autophagosomes are characterized 

Figure 1 The mechanisms underlying skin wound repair by autophagy-based nanomaterials. Autophagy is strongly related to skin repair and exerts anti-infective anti- 
inflammatory and antioxidation effects, thereby promoting cell proliferation and differentiation and neovascular formation.
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by two features, namely, a bilayer membrane structure and the inclusion of cytoplasmic components such as mitochondria 
and endoplasmic reticulum fragments. The extension of the membrane in autophagic vesicles leads to the formation of 
unique double-membrane structures of autophagosomes.19,22 The stimulation of the ULK kinase core complex leads to the 
activation of Beclin-1, which binds to VPS15 and VPS34 (PI3KC3 complex). This complex recruits lipophilic proteins to 
form autophagic vesicle membrane precursors and binds to Atg14 or UVRAG to complete autophagosome membrane 
formation, leading to autophagosome maturation and transport.30 The two ubiquitination modifications, namely, ATG5- 
ATG12-ATG16 and microtubule associated proteins 1A and 1B (LC3)-phosphatidylethanolamine, are critical processes that 
regulate autophagosome formation and maturation. During the autophagy induction phase, there is hydrolytic cleavage of 
LC3 by ATG4 protein to generate LC3-I. LC3-I is then activated by ATG7, ATG3, and ATG12-ATG5-ATG16 complexes and 
coupled to phosphatidylethanolamine (PE) in the membrane to generate LC3-II. In contrast to ATG5-ATG12-ATG16, LC3-II 
is present on both the inner and outer surfaces of autophagosomes. Although the ATG5-ATG12-ATG16 complex detaches 
from the vesicle after the closure of the autophagosome membrane, a portion of LC3-II remains covalently bound to the 
membrane. Therefore, LC3-II can be used as a marker of autophagic activity within cells20,29,31,32 and is an essential 
indicator for the detection of autophagy.33 In the third stage, autophagosomes (fully enclosed phagophores) fuse with the 
cytosol. When the autophagosome is completely formed, ATG4 cleaves LC3-II attached to the outer membrane from the PE 
lipid and is released back into the cytoplasm. The fusion of autophagosomes with lysosomes requires the joint activity of the 
lysosomal membrane protein LMAP-1 and the small GTPase Rab7.17,21,34,35 In the fourth stage, autophagosomes fuse with 
lysosomes to form autolysosomes. The inner membrane of the autophagosome is degraded by lysosomal enzymes, and the 
content of the autophagosome merges with that of the lysosome. In addition, the “cargo” of the autophagosome is degraded, 
and the resulting degradation products (eg, amino acids, fatty acids, etc.) are transported back to the cytosol for reuse by the 
cell, while the residues are either excreted or retained in the cell.25,36–38 Moreover, before the degradation of autolysosomes, 
a new tubular structure is formed and shed from its upper part to form a new lysosome, thus facilitating the normal 
physiological activities of the cell.

Common Methods for Assessing Autophagy
The assessment of autophagosome formation by transmission electron microscopy has become the gold standard in 
autophagy detection due to the subcellular structure of autophagosomes.39 In addition, variations in the LC3-II/I ratio, 

Figure 2 Regulation of autophagy. (a) The ULK1 complex undergoes dephosphorylation in response to external nutrient deprivation or external cell injury to induce 
autophagy. (b) The PI3KC3 complex, ATG 9, and ATG 18 mediate the formation of autophagosome membranes and the recruitment of ATG. (c) ATG 12 UBL system. (d) 
The LC3-PE UBL system is involved in autophagosome maturation and transport. Autophagy is strongly related to several factors, among which mTOR plays a key role. 
AMPK and ERK 1/2 upregulate autophagy by inhibiting mTOR phosphorylation, while the P53 and PI3K/AKT pathways lead to the inhibition of autophagy.
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Beclin-1, and P62 (SQSTM1) can also be detected using Western blotting to evaluate the autophagic process. These three 
proteins are most important in the autophagy detection process and can provide sufficient evidence of autophagy.40 Upon 
induction of autophagy, cytoplasmic-type LC3 (ie, LC3-I) enzymatically cleaves off a small segment of the polypeptide 
to form LC3-II. Therefore, the LC3-II/I ratio is proportional to the level of autophagy. Beclin-1, which is also 
proportional to the level of autophagy, is strongly associated with the extension and formation of autophagic vesicle 
membranes and is essential for the detection of autophagy in several experiments.41 However, the level of P62 
(SQSTM1) is inversely proportional to the level of autophagy. As p62 bound to substrates is degraded by protein 
hydrolases during lysosomal degradation, the degradation of p62 is generally considered a marker of activated autophagy. 
In addition to Western blotting, flow cytometry is also a commonly used method for the detection of autophagy.42 

Moreover, the mRFP-GFP-LC3 dual fluorescence indicator system has been widely used in autophagy research.43 

However, in the analysis of clinical tissues, the adenovirus transfection method is still less applicable. All these methods 
have been widely used in experiments on autophagy, and their combined use and cross-validation can yield more accurate 
detection results.

Role of Autophagy in Skin Wound Repair
Skin, the largest organ of the body made up of three layers of tissue, the epidermis, dermis, and subcutaneous tissue, is 
the natural barrier protecting the internal organs of the body and plays a crucial role in maintaining homeostasis.44 The 
skin is the first line of defense of the body’s immune defense mechanism and protects the body against stimuli caused by 
mechanical, chemical, and pathogenic factors (microorganisms).45 However, the skin is susceptible to damage due to its 
constant exposure to external environmental factors, such as external injuries, burns, ulcers, and other skin problems. 
These events can lead to the disruption of the overall skin structure and basic functions of the skin, resulting in abnormal 
metabolism of the body and disturbance of the immune system.11 Normal wound healing is divided into four phases, 
namely, hemostasis, inflammation, proliferation, and remodelling. These four phases involve many types of cells and 
require synchronous immune responses, the absence of which can lead to a failure of wound healing.46

Autophagy has been recognized as an important factor influencing wound repair (Figure 3). However, the impact of 
autophagy can vary depending on the stage of trauma and external disturbing factors.47 Several factors can induce 
autophagy during the wound-healing process, such as infection, inflammation, oxidative stress, and nutritional deficien-
cies, which can delay wound repair.48 Autophagy protects cells from damage and enhances cell proliferation, anti- 
inflammation, and antioxidant capacity during the initial stages of wound repair. For example, stem cells from human 

Figure 3 The role of autophagy in skin wound healing. Autophagy is involved in four phases of wound healing (hemostasis, inflammation, proliferation, and remodelling). 
Autophagy facilitates the survival, proliferation and migration of neutrophils, macrophages, endothelial cells, keratinocytes and fibroblasts, thereby improving their biological 
function and enhancing wound healing. (Image created with BioRender.com).
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exfoliated deciduous teeth-derived exosomes promoted wound healing with less itching in the LPS-induced wound 
model by stimulating macrophage autophagy.49 Additionally, in diabetic trauma models, melatonin protects endothelial 
progenitor cells (EPCs) against advanced glycation end product (AGE)-induced damage via autophagy activation to 
accelerate wound healing in vivo.50 However, enhanced autophagy can also negatively impact wound healing. For 
example, endothelial cell-derived small extracellular vesicles can decrease collagen synthesis and delay cutaneous wound 
healing by reducing the expression of ERK1/ERK2 and triggering the autophagy of fibroblasts.51 In addition, in diabetic 
trauma models, AGEs can induce autophagy and modulate M1 macrophage polarization, thereby impeding skin wound 
healing.52 Thus, the effect of autophagy on wound repair is strongly related to various factors, such as the type of cells 
and the time to repair.

Mechanisms Underlying Autophagy-Regulated Skin Wound Repair
Autophagy-Regulated Antibacterial Effects
Severe infections are the most common and inevitable impediment to wound healing due to the susceptibility of open 
skin wounds.53 The organism activates immune cells, and these cells induce inflammation to destroy invading micro-
organisms upon detection of microbial infection. Once the invading microorganism is recognized by the host immune 
cells, autophagy is activated. This mechanism can protect the organism by activating the host immune system while 
destroying the pathogen (Figure 4). In general, there are two types of autophagy-induced phagocytosis of microorgan-
isms, namely, direct phagocytosis of intracellular microorganisms by autophagosomes and LC3-associated phagocytosis, 
where LC3 recruitment to phagosomes can promote phagosome maturation and bacterial degradation. Both pathways can 
function simultaneously as host defense mechanisms against infections.

A large number of cells, predominantly neutrophils and macrophages, are recruited around the wound during the 
wound-healing process to remove pathogens, foreign bodies, and dead cells. Both of these types of cells are also strongly 
related to autophagy. Neutrophils are the most abundant cells in the human immune system and are first recruited at the 
wound site.54 According to a recent study, following infection with Streptococcus pneumoniae, neutrophils induce 
autophagy and enhance phagocytic activity for the rapid clearance of intracellular bacteria. However, the administration 
of autophagy inhibitors significantly reduces the phagocytic activity of neutrophils.55 Furthermore, autophagy not only 
phagocytizes bacteria but also initiates the preventive process. ATG5 can activate autophagy upon Mycobacterium 
tuberculosis infection, aiding in the enhanced recruitment of neutrophils to the sites of infection to counteract pathogens 
to prevent lung infection by Mycobacterium tuberculosis.56 Neutrophils not only phagocytose pathogens but also release 
antimicrobial proteins and extracellular chromatin structures with specific granular proteins to fight infection.57 In 
a recent study involving a mouse model with a bone marrow-specific autophagy-deficient phenotype, neutrophils 
inhibited neutrophil degranulation and affected the release of neutrophil extracellular traps (NETs) due to unactivated 
autophagy, resulting in a significant reduction in the antimicrobial capacity of neutrophils in vivo.58

Macrophages are responsible for the phagocytosis of cellular debris, toxins, and pathogens in the body. Therefore, 
macrophages also play a crucial role in fighting bacterial infections. When an organism is infected, a large number of 
macrophages accumulate at the sites of infection, phagocytize, and digest pathogens. A recent study revealed that during 
Mycobacterium tuberculosis infection, adenosine triphosphate (ATP) activated autophagy, leading to the significant 
killing of intracellular mycobacteria, thereby countering bacterial infection.59 In an ATG5-knockout mouse model, 
suppression of autophagy expression led to a significant increase in susceptibility to infection by Listeria monocytogenes 
and Toxoplasma gondii.60 Although most bacteria are lysed by autophagy,61 some bacteria can escape autophagy and 
even use it for multiplication in large numbers. Shigella castellani can escape from the phagosome into the host cell 
cytoplasm. In addition, it can use the cell surface virulence protein lcsB to interfere with autophagy pathway-related 
recognition to evade cellular clearance.62 Furthermore, Francisella tularensis can disrupt the phagosomal membrane and 
enter the host cell cytoplasm to multiply in large numbers, leading to infection. Then, it re-enters the body through the 
autophagic pathway and spreads its cells through cellular autophagy.63 Thus, autophagy activation is important for the 
phagocytosis of bacteria by neutrophils and macrophages. The inhibition of bacterial infection by autophagy plays a key 
role in wound healing. However, certain bacteria may escape autophagy, which needs to be further verified and 
investigated.
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Autophagy-Regulated Inflammatory Response
Cytokine-stimulated monocytes and lymphocytes migrate into the wound after skin damage and differentiate into 
macrophages for the removal of necrotic tissue and pathogens, thereby activating the autoimmune system and leading 

Figure 4 Autophagy in bacterial infection. (a) Removal of bacteria from the host cell by autophagy. After rapamycin or IFNγ treatment, bacteria such as M. tuberculosis and S. Typhimurium 
were digested by phagocytosis. Reproduced from Cemma M, Brumell JH. Interactions of pathogenic bacteria with autophagy systems. Curr Biol. 2012;22(13):R540–R545.Copyright © 
2012, Elsevier Inc.62 (b) After rapamycin treatment and Streptococcus pneumoniae infection, LC3 levels in neutrophils significantly increased, promoting autophagy. (c) Quantitative analysis 
of the LC3 levels in neutrophils. (t-tests) (d) Quantitative analysis of NET expression in neutrophils. (t-tests) (e) Expression of NETs was significantly reduced after inhibition of autophagy 
in neutrophils using the autophagy inhibitors 3-MA, Atg5, and siRNA, indicating that autophagy is essential for NET formation in neutrophils in humans infected with pneumococci. 
Reproduced from Ullah I, Ritchie ND, Evans TJ. The interrelationship between phagocytosis, autophagy and formation of neutrophil extracellular traps following infection of human 
neutrophils by Streptococcus pneumoniae. Innate Immun. 2017;23(5). © The Author(s) 2017. Creative Commons Attribution 4.0 License (http://www.creativecommons.org/licenses/ 
by/4.0/).55 (f) Significant increase in the expression levels of LC3 in macrophages of wild-type and autophagy-deficient mice after reduced Mycobacterium tuberculosis following ambroxol 
treatment. Reproduced from Choi SW, Gu Y, Peters RS, et al. Ambroxol induces autophagy and potentiates rifampin antimycobacterial activity. Antimicrob Agents Chemother. 2018;62 
(9):e01019–18. Copyright © 2018, American Society for Microbiology. 61*P<0.05, **P<0.01, relative to the Basal group. 
Abbreviations: Rapa, rapamycin; BMMs, bone marrow-derived macrophages; D39WT, wild type pneumococcal strain D39; D39ΔPly, Ply-deficient mutant pneumococcal 
strain D39.
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to inflammation. Macrophages, which are critical in the initiation and maintenance of inflammation, are effector cells of 
the body’s innate immune system with functions such as the identification and removal of pathogens, killing target cells, 
antigen presentation, and immunomodulation.64,65 Macrophages can be polarized to assume different phenotypes and 
exhibit different functions in different microenvironments. They can differentiate into M1 macrophages in response to 
lipopolysaccharide (LPS), ROS, and other factors and perform the functions of eliminating pathogens and releasing 
proinflammatory factors during the early stages of inflammation. Anti-inflammatory cytokines such as IL-4 and IL-10 
induce the differentiation of macrophages into M2 macrophages, which can suppress the immune response, promote 
tissue repair and reconstruction, and regulate angiogenesis during the later stages of inflammation.66 Thus, macrophages 
play a crucial role in skin repair. Macrophages are one of the bridges connecting autophagy and inflammation.67,68 When 
autophagy disturbs the polarization of macrophages, autophagy in macrophages is dysfunctional and promotes polariza-
tion toward the M1 phenotype. However, activation of autophagy promotes M2 macrophage polarization to attenuate the 
inflammatory response (Figure 5).69,70 When autophagy is induced in macrophages with autophagy activators such as 
thymosin β4 and punicalagin, they can trigger M2 macrophage polarization, which attenuates the inflammatory response 
and accelerates wound healing.71,72 In contrast, the administration of autophagy inhibitors leads to M1 macrophage 
polarization, resulting in more severe tissue damage.73

Secretion of cytokines is one of the major pathways by which macrophages influence the inflammatory 
microenvironment.74 The stimulation of autophagy with rapamycin blocked interleukin-1 beta (IL-1β) secretion and 
promoted its degradation. Autophagy inhibition led to increased secretion of IL-1β.75 However, autophagy inhibition by 
reduced expression of ATG7 led to the secretion of large amounts of IL-1β, while the common proinflammatory factors 
interleukin 6 (IL-6) and tumor necrosis factor-α (TNF-α) were unaffected.76 Thus, autophagy plays an important role in 
the secretion and degradation of cytokines produced by macrophages, which is not simply the result of the immune 
system’s response to inflammatory stimuli but involves several mechanisms that need further elucidation. The nuclear 
factor kappa-B (NF-κB) pathway is also a major pathway through which macrophages regulate inflammation. Autophagy 
has a strong relationship with NF-κB and is regulated by the NF-κB pathway.77 In several cellular models, NF-κB 
activation inhibited TNF-α-induced autophagy.77 In a mouse model, p65, a member of the NF-κB family, upregulated 
beclin 1 expression and induced autophagy.78 Although autophagy can regulate inflammatory responses and macrophage 
polarization, it is still challenging to determine the key regulatory points linking autophagy to macrophage polarization, 
which need to be studied in detail.

Autophagy-Regulated Oxidative Stress
Oxidative stress is believed to play a crucial role in the wound-healing process.79 Oxidative stress is primarily triggered 
by excess ROS in cells. ROS, the reduction products of oxygen with only a single electron, include superoxide anions, 
hydrogen peroxide, free radicals, and many other peroxides with the potential to oxidize proteins, lipids, and other 
substances.80,81 Several cells produce moderate amounts of ROS under normal physiological conditions, which are not 
harmful to organisms. Low levels of ROS can play important roles in rapid wound healing, angiogenesis, and pathogen 
clearance after skin injury.12 However, high levels of ROS can lead to severe damage to the cells surrounding the 
wound.82

ROS play a critical role in the initiation of autophagy83 (Figure 6). On the one hand, stimuli such as starvation, pathogens, or 
death receptors activate ROS and induce autophagy.84 On the other hand, oxidatively damaged organelles are also delivered to 
lysosomes for degradation and recycling by autophagy.85 ROS can initiate autophagy, and autophagy activation can then perform 
antioxidant functions to remove excessive ROS from the body.86,87 Thus, autophagy is strongly associated with ROS. After the 
treatment of human dermal fibroblasts with H2O2 in an oxidative stress model, the administration of remifentanil (an opioid 
receptor agonist) significantly enhanced autophagy, attenuated oxidative stress responses, and promoted fibroblast proliferation 
to maintain cellular activity.88 Transcription factor EB (TFEB), identified as a major regulator of autophagy, is a key mediator of 
the cellular response to oxidative stress. Large intracellular production of ROS can induce rapid nuclear translocation of TFEB to 
promote autophagy activation and lysosomal degradation.89 There is a complex interplay between ROS and autophagy. ROS- 
induced autophagy can reduce oxidative stress and lead to cell survival, whereas the absence of autophagy leads to increased 
oxidative stress and ROS accumulation.
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Figure 5 Autophagy attenuates the inflammatory response. (a) Regulation of macrophage functions by the autophagic pathway. Reproduced from Wu MY, Lu JH. Autophagy and 
macrophage functions: inflammatory response and phagocytosis. Cells. 2019;9(1):E70. Copyright © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).76 (b) RvD2 promotes NLRP3 
degradation through autophagy. (One-way ANOVA) Reproduced from Cao L, Wang Y, Wang Y, Lv F, Liu L, Li Z. Resolvin D2 suppresses NLRP3 inflammasome by promoting autophagy 
in macrophages. Exp Ther Med. 2021;22(5):1222. © Cao et al. This is an open access article distributed under the terms of Creative Commons Attribution.70 (c) Vitamin D augments 
autophagic flux in macrophages of UV exposed mouse skin. Reproduced from Das LM, Binko AM, Traylor ZP, Peng H, Lu KQ. Vitamin D improves sunburns by increasing autophagy in M2 
macrophages. Autophagy. 2019;15(5):813–826. Copyright © 2019, The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. Creative Commons Attribution- 
NonCommercial-NoDerivatives License.7 *P<0.05. 
Abbreviations: UA, ultraviolet; VD, vitamin D; NS, Not Statistically Significant.
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However, antioxidants or autophagy activators as single agents may not be effective against complex diseases. Dual- 
target therapeutics targeting both autophagy and oxidative stress could be the major direction for future research. Several 
natural compounds have been demonstrated to reduce oxidative stress and induce autophagy. Curcumin, 

Figure 6 Autophagy alleviates ROS accumulation around the wound. (a) High levels of ROS stimulate TFEB dephosphorylation and activate autophagy, thereby removing excess 
ROS. (b) Sulforaphane induces low levels of ROS to activate the Nrf2 pathway and promotes TFEB-dependent autophagy to eliminate ROS. Reproduced from Li D, Ding Z, Du K, Ye 
X, Cheng S. Reactive oxygen species as a link between antioxidant pathways and autophagy. Oxid Med Cell Longev.2021;2021:5583215. Copyright © 2021 Dan Li et al. Creative 
Commons Attribution License.83 (c) Examination of the changes in LC3 and P62 protein expression by Western blotting to evaluate the effects of AGEs indicated the promotion of 
autophagy by AGEs. (One-way ANOVA) (d) Apoptosis was detected by the annexin V-FITC/PI kit, which indicated that autophagy inhibition exacerbated AGEs/ROS -induced 
apoptosis. Reproduced from Xu L, Fan Q, Wang X, Zhao X, Wang L. Inhibition of autophagy increased AGE/ROS-mediated apoptosis in mesangial cells. Cell Death Dis. 2016;7(11): 
e2445. Published by Nature Publishing Group under Creative Commons Attribution 4.0 International License.87 **P<0.01.
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a multifunctional drug, has anti-inflammatory, antioxidant, and proangiogenic effects and has been used in several disease 
models.90 Curcumin can significantly activate the transformation of LC3 I to LC3 II and P62 degradation by inducing 
autophagy, thereby attenuating the effects of oxidative stress in atherosclerosis.91 Resveratrol, a common ROS scavenger, 
was demonstrated to enhance the activity of antioxidant enzymes, namely, superoxide dismutase (SOD) and glutathione 
peroxidase (GSH-PX), and reduce the levels of malondialdehyde (MDA).92 In addition, resveratrol can induce autophagy 
through the AMPK pathway.93 These dual-targeted drugs that target both antioxidants and autophagy overcome the 
inability of single therapy using antioxidants or autophagy activators in treating diseases associated with autophagy 
dysfunction and oxidative stress, indicating better therapeutic efficacy.

ROS are also strongly associated with macrophages, as they play a critical role in the induction and maintenance of 
M1 macrophage polarization.94 The massive accumulation of ROS in mitochondria affects M1 macrophage polarization. 
In contrast, the decrease in ROS promotes M2 macrophage polarization. In NOX-deficient mice, ROS production is 
suppressed, thereby promoting an M2 macrophage phenotype.95 However, in a recent study, ROS production was 
suppressed in NOX-deficient mice, whereas M2 macrophages expressed significantly less CD163 and interleukin 10 
(IL-10).96 The underlying molecular mechanisms of macrophage polarization are still obscure, particularly the effect of 
ROS on macrophage differentiation. Therefore, the mechanism of action of ROS on M1/M2 macrophage polarization 
still needs further investigation.

Autophagy, ROS, and macrophage polarization are interconnected. Autophagy activation promotes macrophage 
polarization toward the M2 phenotype (a large M2 polarization effect), the removal of ROS and the attenuation of 
oxidative stress in the body, thereby improving wound regeneration. This multifaceted therapy has also been applied on 
a large scale in other diseases. Zhao et al meticulously discussed the autophagy-activating, antioxidant, and anti- 
inflammatory capabilities of bicyclol against acute liver injury. Bicyclol effectively promoted the transformation of 
LC3 II, activated nuclear factor-erythroid 2 p45-related factor 2 (Nrf2), and showed a better protective effect in liver 
injury.29 In macrophages, metformin decreased the inflammatory response by autophagy activation, thereby increasing 
the expression of LC3 and decreasing the expression of NOD-like receptor thermal protein domain associated protein 3 
(NLRP3) inflammatory vesicles. Overall, metformin attenuates the inflammatory response and protects against ischemic 
myocardial injury through the autophagy-ROS-NLRP3 axis.97 Conversely, loss of autophagic function significantly 
promotes macrophage inflammation. Impaired mitochondrial function leads to excessive ROS production and autophagy 
inhibition to activate macrophage polarization toward the M1 phenotype.98 Thus, the dual-target roles of ROS and 
inflammation in the treatment of skin wounds have been investigated.99 However, therapeutic strategies targeting the 
autophagy-ROS-macrophage polarization axis are limited and may be a major direction for future research.

Autophagy Promotes Angiogenesis and Skin Cell Growth
Wound healing is a complex process involving the hyperblastosis of granulation tissue and scar tissue formation. The 
proliferation and differentiation of endothelial cells, fibroblasts, and keratinocytes affect the wound healing rate and scar 
formation. Angiogenesis is critical to skin wound repair. The newly formed blood vessels provide oxygen and nutrients to 
the tissues and remove waste products from the tissues. Autophagy activators induce autophagy in endothelial cells, 
which significantly improves pyroptosis and reduces inflammation and apoptosis.100 In addition, autophagy protects 
endothelial cells from ROS-induced oxidative damage. Curcumin induces autophagy in human umbilical vein endothelial 
cells coincubated with hydrogen peroxide, thus improving their viability.101 According to a recent study, autophagy 
activation via the AMPK-mTOR and FOXO3a pathways significantly restored endothelial function in human umbilical 
vein endothelial cells and endothelial progenitor cells and accelerated neoangiogenesis.102,103 However, the administra-
tion of autophagy inhibitors such as bafilomycin A1 significantly inhibited angiogenesis, thereby affecting the recovery 
of damaged cells.104

Fibroblast proliferation and collagen deposition by fibroblasts for reconstitution of the fibrin matrix are the key factors 
affecting wound healing. Fibroblasts can migrate into the wound site due to their contractible properties, synthesize and 
release ECM, and repair the tissue to restore skin integrity.105 Autophagy had a considerable influence on fibroblast 
survival. The stimulation of fibroblasts by TGF-β activated autophagy via TFEB transcription factors, which significantly 
decreased apoptosis to maintain fibroblast activity. However, the administration of autophagy inhibitors significantly 
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increased the expression of apoptosis-related proteins and significantly reduced type I collagen secretion.106 In addition, 
urolithin A (UroA) promotes autophagy through Nrf2 activation and attenuates ROS accumulation, thus protecting 
dermal fibroblasts from ultraviolet A (UVA)-induced aging.107 Fibrosis and scar formation have become major ther-
apeutic challenges in wound healing.47 Autophagy can stimulate fibroblast apoptosis and inhibit fibrosis formation. In 
addition, p75 neurotrophic factor receptor (p75NTR) can inhibit the PI3K/Akt/mTOR pathway and activate autophagy to 
inhibit hypertrophic scar fibroblast (HSF) proliferation, migration, and ECM deposition.108 However, hypertrophic scar 
tissues show higher levels of autophagy than normal tissues. Autophagy inhibition induces excess fibroblasts in vivo to 
undergo apoptosis, thereby inhibiting fibrosis.109 Autophagy not only promotes fibroblast activation but also induces 
fibroblast apoptosis, thereby inhibiting fibrosis. Different drug dosages and administration schedules to induce autophagy 
are the primary reasons for the differences in efficacy. Briefly, autophagy of fibroblasts is expected to become a new 
target for skin repair and the treatment of skin fibrosis in the future.

Keratinocytes, which form the basis of skin structure, are involved in wound epithelialization and can differentiate 
into stratified epidermis and epithelium, thus playing multiple roles essential for wound repair.110 In ATG5/ATG7 
autophagy-deficient mice, autophagy inhibition significantly attenuates the migration, proliferation, and differentiation 
of keratinocytes.111 In chronic trauma-induced hyperglycemic and hypoxic environments, autophagy has been intricately 
linked with keratinocyte proliferation. In the hyperglycemic environment, the p38/MAPK pathway is downregulated and 
accompanied by the inactivation of autophagy and impaired migration of keratinocytes.112 The BNIP3 pathway is 
upregulated in hypoxic keratinocytes, which effectively stimulates autophagy activation and migration of keratinocytes. 
In addition, the accumulation of excessive ROS leads to the activation of the P38 and JNK-MAPK pathways, which in 
turn induces autophagy. Thus, multiple pathways simultaneously promote the migration of keratinocytes.113 Overall, 
autophagy plays an important role in the migration of keratinocytes during wound repair and is a novel promising 
direction for future research.

Applications of Autophagy-Based Biomaterials in Skin Repair
Skin wound healing is a complex, multicellular process that requires cooperation among cells and precise regulation of cell 
proliferation and differentiation for ECM remodelling.114 Biomaterials have proven to be an attractive strategy that can be 
applied to skin wound healing due to their controlled drug delivery and excellent drug release rates.44 The design and 
fabrication of biomaterials require interdisciplinary approaches involving experts from biochemistry, biophysics, and 
materials science to impart excellent physical and chemical properties, with biocompatibility being a key functional 
requirement.115 The previous definition of biocompatibility, which referred to the absence of toxicity or harmful effects 
on biological systems, has recently been replaced by a more complex concept; that is, biomaterials can promote biological 
recognition, which facilitates cellular proliferation, migration, and differentiation.116 One of the strategies used to achieve 
this goal is to regulate cellular oxidative stress and inflammation through autophagy. Autophagy plays key roles in the 
wound healing process, such as promoting macrophage polarization, alleviating tissue damage by M1-type macrophages, 
enhancing tissue remodelling by M2-type macrophages7 to promote tissue repair,117 and enhancing anti-inflammatory and 
anti-infective activities. In addition, autophagy promotes the proliferation, migration, and differentiation of cells associated 
with wound repair.118 Recent literature has reported that biomaterials accelerate the skin healing process through autophagy 
(Figure 7).119 This section focuses on the effects of different types of biomaterials on autophagy and briefly describes their 
biological and medical applications (Table 1).

Polymer Materials
Polymeric materials are widely used in medical diagnosis and disease treatment because of their diverse biological 
functions, high biocompatibility, and chemical stability.120 Different types of polymeric nanomaterials have been 
extensively developed, such as fibrous membranes, hydrogels, and microspheres. Recently, nanofibrous membranes 
have attracted much attention as a result of their simple preparation process and biocompatibility. Zhang et al prepared 
novel chitosan/PVP/DHQ composite nanofibrous films using electrospinning technology, which led to significant 
inhibition of the PI3K/AKT/mTOR pathway and a decrease in the expression levels of p-PI3K, p-Akt, and p-mTOR, 
thus promoting the conversion of LC3-I to LC3-II. In addition, they significantly increased the expression levels of 
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Beclin-1, ATG5, and ATG7, promoted p62-dependent autophagic degradation, and increased the expression levels of 
pankeratin, vascular endothelial growth factors (VEGF), and platelet endothelial cell adhesion molecule-1 (CD31) to 
a certain extent, thus demonstrating excellent antibacterial and antioxidant properties. Therefore, polymeric materials 

Figure 7 Autophagy-based biomaterials promote wound repair. (a) Schematic diagram of the preparation process and application of ZnMet-Pluronic F127. Reproduced from Liu Z, 
Tang W, Liu J, et al. A novel sprayable thermosensitive hydrogel coupled with zinc modified metformin promotes the healing of skin wound. Bioact Mater. 2023;20:610–626. © 2022 The 
Authors. CC BY-NC-ND license. 122 (b) Changes in ATG7, Beclin-1, and LC3 protein levels after treatment of mesenchymal stem cells (MSCs) with the autophagy activator rapamycin 
and the autophagy inhibitor si-Beclin-1. (c) Cutaneous wound healing in different groups of mice, with rapamycin-treated MSCs exhibiting the highest therapeutic effect on wound healing. 
(d) Immunofluorescence staining of VEGF in wound area tissue after 2 weeks, where rapamycin-treated MSCs promoted the expression of VEGF on the wound surface. (e) Autophagy 
regulates ERK phosphorylation to increase VEGF release from MSCs, which in turn promotes endothelial cell vascularization. Reproduced from An Y, Liu WJ, Xue P, et al. Autophagy 
promotes MSC-mediated vascularization in cutaneous wound healing via regulation of VEGF secretion. Cell Death Dis. 2018;9(2):58. Published by Nature Publishing Group under 
Creative Commons Attribution 4.0 International License.129 (f) Effect of the nanocomposite membrane loaded with chitosan and polyvinylpyrrolidone (CP) and the nanocomposite 
membrane loaded with chitosan, polyvinylpyrrolidone and dihydroquercetin (CPD) on the expression of LC3II/I, P62, Beclin-1, ATG5, and ATG7, with CPD significantly promoting 
autophagy-related protein expression. (One-way ANOVA) (g) Images of H&E-stained and Masson-stained skin wounds treated with nanocomposite membrane CP and CPD on day 16. 
Reproduced from Zhang J, Chen K, Ding C, et al. Fabrication of chitosan/PVP/dihydroquercetin nanocomposite film for in vitro and in vivo evaluation of wound healing. Int J Biol 
Macromol. 2022;206:591–604. Copyright © 2022, Elsevier Inc.121 *P<0.05, **P<0.01, relative to the control group.
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Table 1 Regulation of Biomaterial-Based Autophagy in Skin Repair

Biomaterials Target Cell Autophagy Markers 
Autophagy Mechanism

Tissue Repair Markers Biological Effect Ref

AgNPs Mouse embryonic 

fibroblasts

LC3II/LC3I↑, P62↓, Beclin-1↑ ROS↓, HO-1↓ Reduced apoptosis and enhanced activity [134]

Mesenchymal stem cells Endothelial progenitor 

cells, vascular 

endothelial cell

LC3II/LC3I↑, P62↓, Beclin-1↑, 

Atg7↑
Phospho-p70 S6↓, Wound healing area 

↑, CD31↑, Capillary density ↑, HE 

staining Wound length↓, vascular 
endothelial growth factor ↑

Increase autophagy inhibited by high glucose, maintain 

cell energy metabolism, and promote tissue repair 

ERK phosphorylation directly enhances the paracrine 
vEGF secretion of MSCs at wound sites

[129,131]

Metal–Organic 
Frameworks (MOF)

Embryonic fibroblast LC3II/LC3I↑ P62↓, Beclin-1↑, 
Atg5↑, mTOR↓

There is no change in cell viability, ROS↓ Reduce ROS accumulation in cells and protect cells from 
apoptosis

[138]

Sustained-release of 
PDGF from PLGA 

microsphere embedded 

thermos sensitive 
hydrogel

HUVECs 
3T3 cells

LC3II/LC3I↓ Migration rate ↑, Wound healing area ↑, 
Collagen deposition ↑, HE staining 

Wound length ↓

Activate autophagy, delay wound healing, inhibit 
autophagy, promote wound healing and granulation 

tissue formation

[124]

Nonfouling zwitterionic 
sulfated poly (sulfobetaine 

methacrylate) (SBMA) 

hydrogel

LC3II↑, P62↓, p-PI3K↓, 
p-Akt↓, p-mTOR↓

Laminin↑, MMP-2↓, TNF-α↓, CD68↓, 
CD206↑, Wound healing area↑, 

Collagen deposition ↑, HE staining 

Wound length ↓

Activate autophagy and reduce inflammation by inhibiting 
PI3K/Akt/TOR signal pathway, and up regulate the 

expression of fibronectin and laminin 

Suppress MMP-2 to enhance ECM remodelling

[123]

Chitosan/PVP/ 

dihydroquercetin 
nanocomposite film

Hacat cells LC3II/LC3I↑, p62↓, Beclin-1↑, 

Atg5↑ Atg7↑, pPI3K/PI3K↓, 
p-AKT/AKT↓, p-mTOR/ 

mTOR↓

Antibacterial effect ↑, Wound healing 

area ↑, Collagen deposition ↑, HE 
staining Wound length ↓, VEGF, CD31, 

pankeratin ↑

Increase the expression of vascular endothelial growth 

factor VEGF and CD31 to promote wound healing by 
inducing autophagy pathway

[121]

Sprayable thermosensitive 

hydrogel coupled with 

zinc modified metformin

NIH-3T3, HUVEC LC3B/GAPDH↑, p62↓, 

p-AMPK/AMPK↑
ROS↓, Antibacterial effect ↑, Wound 

healing area ↑, Collagen deposition ↑, 

HE staining Wound length ↓

Hydrogel can inhibit the production of reactive oxygen 

species (ROS) by activating autophagy, thus protecting 

cells from oxidative stress induced damage and 
promoting skin wound healing

[122]
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with multifunctional and multitargeted mechanisms can promote skin wound healing.121 The composites of different 
designs have been receiving increased attention, and novel composites are continuously being developed. Hydrogels have 
multiple active ingredients and excellent structures with high stability and safety. Zinc and metformin (ZnMet complex) 
could inhibit reactive oxygen species production through activation of autophagy, thereby protecting cells from oxidative 
stress-induced damage. Thermosensitive hydrogels in combination with the ZnMet complex can form a novel skin 
wound healing material. This hydrogel promotes the healing of traumatic skin defects and burn injuries by promoting cell 
proliferation, angiogenesis, and collagen formation.122 Hydrogels are also highly effective for other skin diseases. 
Nonpolluting amphoteric sulfated polysulfo betaine methacrylate (SBMA) hydrogels have been shown to activate 
autophagy by inhibiting the PI3K/Akt/mTOR signaling pathway, reducing inflammation for rapid remodelling of 
ECM, and improving pressure ulcer (PU) healing.123 Hydrogel microspheres, which are microporous-based assembled 
scaffolds that can mimic tissue diversity, can protect drugs from untimely exposure and lead to effective drug delivery 
and the timely release of drugs. Therefore, they have great research potential. Polylactic acid-glycolic acid (PLGA) 
microspheres can lead to sustained release of platelet-derived growth factor (PDGF). In addition, PDGF-PLGA hydrogels 
have excellent biocompatibility and support the growth and migration of HUVECs and 3T3 cells. However, PDGF- 
PLGA hydrogels promote wound healing by inhibiting autophagy.124 The administration of the autophagy activator 
rapamycin significantly reduced skin wound healing in animals. These two contrasting effects of autophagy on wound 
healing may be the result of differences in the class of macromolecules or traumatic events. In addition, the activation 
degree of autophagy at different time points after injury may also be different. Therefore, there is still a need to further 
investigate the roles of autophagy-based biomaterials in skin injury to suggest future directions for the applications of 
biomaterials in skin repair.

Cellular Materials
Cell therapy is an emerging medical treatment that plays an important role in the repair and regeneration of functional 
tissues and organs and has shown great promise in the treatment of wound repair.125 Stem and progenitor cells have high 
regenerative potential and can promote angiogenesis in tissue regeneration, especially during wound healing.126 

Encapsulation of adipose-derived stem cells (ASCs) in three-dimensional polyethylene glycol-fibrin (FPEG) gels leads 
to enhanced expression of anti-smooth muscle α-actin (α-SMA) and platelet-derived growth factor receptor-β (PDGFR-β) 
to increase collagen deposition and wound remodelling by modulating the vascularization of the wound surface.127 

Despite their excellent efficacy, their direct application at the trauma site has some concerns, such as the risk of host 
immune rejection and the low survival rate of transplanted stem cells.128 These concerns can be well addressed by 
autophagy activation. Autophagy determines the therapeutic effect of MSCs in wound healing by regulating the survival 
of loaded cells on biomaterials. Furthermore, AURKA regulates autophagy through FOXO3a to inhibit the apoptosis of 
adipose stem cells (ADSCs) induced by a high glucose environment, thereby maintaining the activity of ADSCs and 
promoting the healing of diabetic wounds.42 Stem cells can not only participate in repair through differentiation but also 
promote repair based on paracrine signaling. Transplanted MSCs promote ERK phosphorylation upon activation of 
autophagy and promote VEGF paracrine secretion to accelerate angiogenesis in endothelial cells.129 MSCs have the same 
effect on refractory wounds. MSCs can increase autophagy in tissues surrounding diabetic wounds and improve diabetic 
wound healing by removing advanced glycosylation end products.130 Stimulation of electrospun membrane-loaded EPCs 
with adenosine can effectively promote diabetic wound healing. In addition, adenosine promotes EPC autophagy and 
rapid differentiation, thereby decreasing their energy requirements to ensure their activity in the diabetic trauma 
environment, ultimately increasing microangiogenesis.131 Briefly, cellular materials play an important role in skin repair 
via autophagy. Cellular biomaterials have become a hot research field with enormous clinical significance in wound 
repair due to their high biocompatibility.

Metallic Nanomaterials
Metallic nanomaterials, one of the most comprehensively studied biomaterials exhibiting autophagy induction, have 
received much attention in recent times for their applications in tissue regeneration because of their excellent mechanical 
properties, chemical stability, and biocompatibility. Silver nanoparticles (AgNPs) have been extremely useful in clinical 
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medicine due to their proven antibacterial activity. AgNPs have strong chemical stability and characteristic antiviral and 
antifungal activities and are often doped in medical devices. According to a previous study, AgNP–porcine dermal 
extracellular matrix (PADM) hydrogels were prepared by embedding AgNPs into a PADM hydrogel. The AgNPs were 
uniformly distributed in the PADM hydrogel and slowly released at body temperature while maintaining the particle size. 
The AgNP–PADM hydrogel exhibited significant antioxidant properties and was effective in killing both gram-positive 
and gram-negative bacteria.132 Gold nanoparticles (AuNPs) are biomaterials that have been widely used in healthcare 
applications due to their superior stability and biocompatibility. AuNPs can promote wound repair through 
a photothermal effect. In a recent study, hydroxyapatite (HAp) coatings doped with AuNPs and polydopamine (PDA) 
stimulated tissue repair, promoted granulation tissue formation, and improved wound healing under 808 nm light.133 It 
has been established that autophagy acts as a bridge between metallic nanomaterials and wound repair. AgNPs reduced 
the accumulation of ROS and HO-1 in NIH-3T3 cells by activating autophagy via upregulation of LC3, thereby 
attenuating apoptosis.134 Iron oxide nanomaterials (IONPs), one of the most commonly used metallic nanomaterials, 
are widely used in diagnostic imaging and magnetic resonance imaging.135 Superparamagnetic iron oxide nanoparticles 
(SPIONs) significantly alleviate LPS-induced sepsis by activating autophagy, preventing microbial infection, and 
increasing IL-10 expression in RAW264.7 cells.136 IONPs have been shown to reduce inflammatory responses in 
human monocytes and can be taken up by human monocytes to increase cell viability and attenuate inflammation.137 

Metal-organic frameworks (MOFs) have unique physical and chemical properties and exhibit excellent photothermal 
characteristics, high surface area, and superior stability. MOF induced autophagy in mouse fibroblasts via the inhibition 
of the mTOR pathway as well as the enhancement of Beclin1 and Atg5, thereby preventing excess ROS in cells and 
maintaining cellular activity.138

Briefly, metallic nanomaterials induce autophagy via multiple signaling pathways and exhibit different effects on 
wound repair and regeneration. Therefore, investigating metallic nanomaterial-induced autophagy not only further 
elucidates the molecular mechanism of autophagy but also provides new insight into skin wound healing.

Carbon-Based Nanomaterials
Carbon is one of the most common and abundant elements in the Earth’s crust. Carbon atoms can form bonds with other 
carbon atoms in various ways to form different carbon isomers, resulting in several superior carbon-based nanomaterials, 
such as 0D fullerenes, nanodiamonds (NDs), and 2D graphene and their derivatives.139 These carbon-based nanomater-
ials are widely used in biomedical applications and have been successfully applied for tissue regeneration and drug 
delivery.140 Fullerenes exhibit potent anti-inflammatory and antibacterial properties that can promote wound healing.141 

According to Gao’s group, hydrophilic fullerene tris-C60 significantly reduced the release of proinflammatory factors and 
enhanced apoptosis and proliferation of human skin keratinocytes.142 In addition, almost all types of carbon-based 
nanomaterials have been shown to possess antimicrobial effects, and the major mechanism of action involves bacterial 
outer membrane damage. Carbon-based nanomaterials have great benefits in wound healing due to the vulnerability of 
skin wounds to bacterial infections.140 Cheng et al designed a detachable arginine-loaded cerium dioxide-graphene 
nanocomposite (ACG-NC), which can effectively produce ROS under sunlight to kill microbes and accelerate wound 
healing.143 Carbon-based nanomaterials can also play a regulatory role by modulating autophagy. Low doses of NDs and 
SiO2-NPs enhanced wound healing ability by slowing aging during serial passaging. Furthermore, NP treatment induced 
the activation of Nrf2- and FOXO3-mediated cellular stress responses to improve the maintenance, repair, and cellular 
functions of human facial skin fibroblast 1 (FSF1).144 Thus, the anti-inflammatory and antibacterial effects of carbon- 
based nanomaterials establish their close association with all stages of wound healing. Furthermore, the effects of 
biomaterials are directly dependent on their doses, which is a key factor that should be considered during the 
development of such biomaterials.

Summary and Prospects
Autophagy regulation has resulted in promising wound healing results in animals. Biomaterials can modulate autophagy, 
prevent intra- and extracellular stresses, and regulate the physiological mechanism of traumatized cells, all of which lead 
to a positive effect on promoting wound healing. Surface modifications and structural alterations of biomaterials, 
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especially multicomponent nanomaterials, can increase or decrease the autophagic flux in tissue cells. Some biomaterials 
can induce autophagy, promote the regeneration of damaged skin tissues, and exert antimicrobial, anti-inflammatory, 
antioxidant, and pro-cellular proliferation and differentiation effects. Appropriate levels of autophagy enhance cellular 
metabolism and are essential for cellular energy cycling to maintain homeostasis. Although excessive autophagy may 
lead to fibrosis, normal levels of autophagy at the right stage can stabilize cellular activity and exert a housekeeping role 
in physiological processes. Exploring the molecular mechanisms underlying biomaterial-induced autophagy can help to 
develop biomaterials with rational design. Understanding the autophagy mechanism will lead to finer-tuned regulation of 
autophagy in cells and tissues, resulting in a potential new therapeutic strategy.

Several challenges still exist for the applications of autophagy-based biomaterials in promoting wound repair. On the 
one hand, polymers and cells can effectively encapsulate drugs and increase their stability, which can prolong drug 
release and increase bioactivity, thereby improving therapeutic efficacy. However, it cannot be overlooked that the two 
materials have several shortcomings, such as weak antibiotic capacity. Most metallic and carbon-based nanomaterials can 
utilize a nonantibiotic treatment modality for highly effective antibacterial activity. However, they can activate apoptosis- 
related genes and further induce cell apoptosis mechanisms due to their poor biocompatibility, which delays wound 
healing. On the other hand, studies on nanomaterial-induced autophagy are still inadequate. Therefore, the relationships 
between the specific pathways of autophagy and physicochemical properties of biomaterials, such as composition, 
structure, and properties, are still unclear, and there is a need for more systematic and in-depth studies. In addition, 
biomaterial-based autophagy-targeted delivery to specific cells is still not well understood. The major cells associated 
with wound healing are macrophages, endothelial cells, fibroblasts, and keratinocytes. Specific cells can perform various 
regulatory functions via autophagy to promote wound repair. Finally, it can be stated that most of the current studies are 
preclinical studies involving cell cultures or animals and that sufficient clinical validation is lacking. Nevertheless, there 
are many opportunities that remain untapped. Currently, several biomaterial-based approaches are potentially effective in 
wound healing. The selection of high-quality biomaterials, optimization of size, shape, charge, and surface modifications 
of the biomaterials, and improvement in their clinical safety and performance will be the key to future studies. 
Biomaterial-modulated autophagy for wound healing has become a promising path for further research and development 
and an effective treatment option for wounds. This novel approach has future research and development prospects in the 
field of regenerative medicine and will certainly open a new chapter in tissue engineering in the future.
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