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Abstract 

Autophagy is a self-renewal mechanism that maintains homeostasis and can promote tissue regeneration by regulat-
ing inflammation, reducing oxidative stress and promoting cell differentiation. The interaction between biomaterials 
and tissue cells significantly affects biomaterial-tissue integration and tissue regeneration. In recent years, it has been 
found that biomaterials can affect various processes related to tissue regeneration by regulating autophagy. The 
utilization of biomaterials in a controlled environment has become a prominent approach for enhancing the tissue 
regeneration capabilities. This involves the regulation of autophagy in diverse cell types implicated in tissue regen-
eration, encompassing the modulation of inflammatory responses, oxidative stress, cell differentiation, proliferation, 
migration, apoptosis, and extracellular matrix formation. In addition, biomaterials possess the potential to serve as car-
riers for drug delivery, enabling the regulation of autophagy by either activating or inhibiting its processes. This review 
summarizes the relationship between autophagy and tissue regeneration and discusses the role of biomaterial-based 
autophagy in tissue regeneration. In addition, recent advanced technologies used to design autophagy-modulating 
biomaterials are summarized, and rational design of biomaterials for providing controlled autophagy regulation 
via modification of the chemistry and surface of biomaterials and incorporation of cells and molecules is discussed. 
A better understanding of biomaterial-based autophagy and tissue regeneration, as well as the underlying molecular 
mechanisms, may lead to new possibilities for promoting tissue regeneration.
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Introduction
Autophagy is an evolutionarily conserved mechanism 
for the degradation of cytosolic proteins and organelles 
through lysosomal degradation. Autophagy is classified 
as macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA) [1], all of which involve the 
proteolytic degradation of cytosolic components in lys-
osomes. The process of macroautophagy involves the 
transfer of cytoplasmic cargo to lysosomes by means of 
an autophagosome, a double membrane-bound vesicle. 
Conversely, microautophagy occurs when a lysosome 
invaginates the membrane, thereby directly absorbing 
cytosolic components. In CMA, targeted proteins are 
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translocated across the lysosome membrane by chap-
erone proteins that can be recognized by the lysosomal 
membrane receptor lysosomal-associated membrane 
protein 2  A, causing the unfolding and degradation of 
the complex. This review focuses on macroautophagy 
(henceforth referred to as ‘autophagy’). Autophagy at low 
levels occurs in all cells and is considered a mechanism 
for maintaining normal cellular homeostasis. As a pro-
tective mechanism, autophagy is upregulated in response 
to several types of stress stimuli, including starvation, 
oxidative stress, hypoxia, and infection. This adaptive 
response protects the cell membrane and organelles from 
genomic damage and metabolic stress, prevents tumor 
development, and maintains cellular homeostasis by 
recycling nutrients and energy under unfavorable con-
ditions [2]. Autophagy is regulated by a set of genes col-
lectively called autophagy-related genes (ATGs), such as 
LC3 and Beclin-1, which have been identified in yeast [3]. 
These genes perform various functions within the cell, 
including regulation of intracellular communication and 
nonautophagic pathways [4]. Disruption of autophagy 
inhibits ubiquitination, promotes the accumulation of 
reactive oxygen species (ROS), reduces mitochondrial 
function, and increases genomic instability, leading to a 
decrease in the quality of intracellular components [5]. 
Therefore, dysregulation of autophagy is involved in the 
pathogenesis of various conditions and diseases, includ-
ing tissue damage.

Tissue regeneration, which is a complex and metaboli-
cally demanding process, involves restoring the function 
and structure of injured tissues. The ability to regenerate 
tissues effectively is essential for the survival of all liv-
ing organisms [6]. An increase in the elderly population 
and the incidence of accidents and other trauma injuries 
have expanded the need for tissue regeneration. Dur-
ing the 2018–2023 period, the global tissue engineer-
ing and regeneration market grew from $24.7  billion to 
$109.9 billion at a compound annual growth rate (CAGR) 
of 34.8% (https://​www.​medga​dget.​com/). Additionally, 
the coordinated process of tissue regeneration requires 
precise spatiotemporal mechanisms of action [7]. How-
ever, based on the regenerative ability of tissues, the out-
come of tissue regeneration is usually imperfect and is 
often accompanied by fibrosis resulting from abnormal 
accumulation.

Autophagy is involved in the complex process of tis-
sue regeneration, including the interactions between 
functional cells and stromal and immune cells. For 
example, the activation of autophagy and myofibroblast 
differentiation during tissue regeneration are positively 
correlated [8]. Furthermore, through autophagy, recom-
binant retinyl esters stored in lipid droplets are cleaved 
to generate fatty acids, which stimulate the myofibroblast 

differentiation of hepatic stellate cells (HSCs). It has 
also been observed that autophagy promotes cellular 
homeostasis in liver endothelial cells, macrophages, and 
hepatocytes [8]. Furthermore, it plays a crucial role in 
maintaining long-lived cells, such as neurons, cardio-
myocytes, and osteocytes [9]. After proteins enter cells 
through endocytosis, they can be stored in the trans-
Golgi network by retromers, such as Beclin-1, or in late 
endosomes. Subsequently, they are degraded by hydro-
lytic enzymes after their merging with lysosomes [10]. 
The accumulation of toxic and lethal aggregates following 
this process can damage molecules and lead to cell death 
if these charged aggregates are not degraded properly 
due to pH fluctuations or other physiological imbalances. 
It has also been observed that autophagy dysfunction can 
trigger various pathophysiological conditions, including 
brain disorders, diabetes, cardiovascular disease, viral 
infection, and cancer [11]. Additionally, autophagy plays 
a crucial role in infection and inflammation by remov-
ing intracellular bacteria, promoting the production of 
inflammatory cytokines, controlling inflammation, and 
driving antigen presentation [12, 13]. When a tissue is 
injured, necrotic debris as well as clotting and invading 
microbes trigger inflammatory responses, which can 
then be propagated by the chemotactic factors released 
locally by inflammatory cells. Neutrophils, monocytes, 
and other innate immune cells are also recruited to the 
wound site to remove debris and kill pathogens during 
tissue regeneration. It is also worth noting that a key role 
of autophagy in tissue regeneration is the modulation of 
innate and adaptive immune responses in macrophages 
[14]. Proinflammatory macrophages adopt a repara-
tive phenotype during this period, resulting in reduced 
inflammation. Eventually, tissue homeostasis is restored. 
The degree and duration of the response differ at each 
stage, which influences the outcome of tissue regen-
eration [15]. Reportedly, many pathogens have evolved 
ways by which they evade the autophagic machinery 
by releasing factors that interfere with the maturation 
of autophagosomes, thereby preventing the fusion of 
autophagosomes with lysosomes and competing with the 
autophagy receptors of the host for binding to LC3 [16]. 
Therefore, autophagy plays a critical role in tissue regen-
eration, and a strategy for its modulation represents a 
promising approach to promoting tissue regeneration.

Biomaterials with excellent biocompatibility and 
multiple modification sites have been used for tissue 
regeneration as versatile therapeutic agents [17, 18]. 
Nanomaterials (NMs) are increasingly essential in the 
field of regenerative medicine and the advancement of 
therapeutic approaches for diverse diseases [19]. The 
presence of a significant level of reactive oxygen species 
(ROS) frequently hampers the viability, maintenance, 
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and differentiation potential of stem cells. Cerium oxide 
nanoparticles (CeNMs) exhibit oxygen-modulating 
characteristics. The findings suggest that the utiliza-
tion of CeNMs holds promise in safeguarding stem cells 
and endothelial cells against the detrimental effects of 
ROS-rich environments [20, 21]. Creating a conducive 
environment for osteogenesis is a crucial approach in 
the development of stem cell-derived bone-equivalent 
tissues. The FGF18-BGn/Col gel is widely regarded as a 
highly effective osteopromoting reservoir that facilitates 
the support and signaling of MSCs in the field of bone 
tissue engineering [22]. In order to effectively engineer 
interfacial tissue between bone and cartilage, it is nec-
essary to address the distinct properties and structures 
of the osteochondral region. Two types of three-dimen-
sional scaffolds, characterized by different surface topog-
raphies, namely “dense” and “nanofibrous,“ have been 
found to elicit varying responses from osteo- and chon-
drocytes. The dense scaffold is primarily utilized for the 
chondral component, while the nanofibrous structure is 
more suitable for the osteo component, thereby creating 
an ideal biphasic matrix environment for osteochondral 
tissue engineering [23]. The interaction between bioma-
terials and tissue cells significantly affects biomaterial-
tissue integration and tissue regeneration [24]. Because 
mammalian cells possess a complex quality-control sys-
tem that prevents the accumulation of aberrant materi-
als, such as proteinaceous aggregates, they can clear such 
materials by activating degradation pathways [25]. Bio-
materials entering cells are likely to be considered for-
eign bodies, which may activate clearance mechanisms, 
such as autophagy [26]. Several mechanisms are associ-
ated with the use of biomaterials to regulate autophagy. 
Due to their different physicochemical properties, the 
underlying molecular mechanisms by which biomaterials 
activate autophagy are diverse, including direct modula-
tion of important signaling molecules, such as AMPK, 
mTOR, and PI3K/Akt [27, 28]. Studies have also shown 
that biomaterials of different sizes and compositions are 
particularly effective in modulating autophagy, which is 
the main catabolic process responsible for degrading bulk 
intracellular materials [29]. Therefore, it is necessary to 
investigate the autophagy-altering functions of biomate-
rials, especially their benefits and safety. Biomaterials can 
also affect the various processes that are related to tis-
sue regeneration by regulating autophagy. The effects of 
these biomaterials on inflammatory response regulation, 
oxidative stress, cell differentiation, proliferation, migra-
tion, apoptosis, and the formation of the extracellular 
matrix may be key factors that determine how biomateri-
als improve tissue regeneration. In addition, biomaterials 
may regulate autophagy in a time- and dose-depend-
ent manner. For example, Li et  al. observed that Al2O3 

particles induce the autophagy of fibroblasts in a dose- 
and time-dependent manner in vitro and in vivo. In con-
trast, another study showed that decreasing autophagy 
levels induce osteolysis and aseptic prosthetic loosening, 
while increasing autophagy levels reverted these effects 
[30]. Taken together, biomaterial-based autophagy regu-
lation in a time- and space-dependent manner could be 
expected to facilitate tissue regeneration. Furthermore, 
recent studies have also demonstrated the efficacy of 
biomaterials in augmenting drug delivery mechanisms 
and optimizing therapeutic outcomes [31, 32]. These 
materials are employed to enhance the efficiency of drug 
transportation, bolster targeted attributes, and mitigate 
potential adverse effects [33]. Xu et al. conducted a study 
wherein they formulated and produced PLGA micro-
spheres with the purpose of delivering platelet-derived 
growth factor (PDGF) to expedite the process of wound 
healing by suppressing autophagy [34]. Huang et  al. 
devised and fabricated a DNA nanostructure-mediated 
nanoplatform, incorporating spermidine and siRNA, 
with the aim of treating acute lung injury (ALI). The uti-
lization of the endogenous polyamine, spermidine, in 
conjunction with mTOR siRNA, was found to augment 
macrophage autophagy [17]. Collectively, Biomaterials 
possess the capability to facilitate tissue damage repair 
via autophagy, while also demonstrating their efficacy 
through autophagic drug administration.

Over the past decade, autophagy-modulating biomate-
rials have attracted considerable attention owing to their 
unique advantages in tissue regeneration, and several 
preclinical studies have reported encouraging results. In 
addition, many reviews have reported the potential and 
significance of autophagy in tissue regeneration [25, 35–
38]. However, to the best of our knowledge, no review 
has provided a comprehensive summary of autophagy-
modulating biomaterials. In this review, we summarized 
the recent progress on the use of autophagy-modulating 
biomaterials in tissue regeneration based on a literature 
review. In addition, we discuss the relationship between 
autophagy and tissue regeneration and the role of vari-
ous types of biomaterials in promoting the regeneration 
of organs by regulating autophagy. Understanding the 
relationship between tissue regeneration and autophagy-
modulating biomaterials and the underlying molecular 
mechanisms may offer new potential strategies for pro-
moting tissue regeneration.

The process and molecular mechanisms 
of autophagy
The process of autophagy
Autophagy is a complex and dynamic multistep process 
regulated by ATGs. Nutrients, energy, and stress-sensing 
mechanisms within the cell affect autophagy by activating 
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and inhibiting ATGs [39]. After ATG complexes are 
activated, cytoplasmic cargoes are captured in double-
membrane vesicles called autophagosomes. These car-
goes contain damaged or excessive proteins, organelles, 
lipids, and glycogen, which are tagged with ubiquitin 
and recognized by autophagy receptors called sequesta-
some 1 (p62). LC3II is a component of the autophago-
some membrane that facilitates sequestration of cargoes 
through cargo receptors. After the fusion of autophago-
somes and lysosomes into the autophagosome-lysosome 
complex, the cargoes are degraded by hydrolases. As a 
result of degradation, amino acids, nucleotides, and free 
fatty acids are introduced into the energy cycle and can 
be reused to maintain the normal metabolism of cells. 
Therefore, autophagy is essential for maintaining cellu-
lar metabolism, energy homeostasis, and survival during 
starvation and preventing the accumulation of toxins in 
damaged proteins and organelles [40].

Autophagy‑related genes and proteins
Autophagy-related genes and proteins are considered the 
core regulators of autophagosome biogenesis [41]. They 
have been identified in multiple organisms, from yeasts 
to mammals, and have similar mechanisms. During 
autophagosome nucleation, class III phosphatidylinositol 
3 kinase (PI3K) interacts with Beclin-1 to form the Bec-
lin-1/PI3K complex, which plays a role in targeting ATGs 
to phagocytes. Elongation of the phagophore membrane 
is regulated by two ubiquitin-like complexes, namely, 
ATG12-ATG5-ATG16L1 and microtubule-associated 
protein 1 light chain 3 (MAP1LC3)/LC3. Under the 
action of ATG3 and ATG7, LC3I and phosphatidyletha-
nolamine form LC3II before autophagy is induced. LC3II 
strongly binds to the membranes of phagophores and 
autophagosomes and serves as a marker for autophago-
some formation; therefore, the LC3II protein is widely 
used to monitor autophagy.

Noncanonical autophagy pathways lead to the deg-
radation of autophagosomes by evading the canonical 
pathway [42]. Various noncanonical autophagy pathways 
have been discovered, such as Beclin-1-independent 
autophagy, which does not depend on proteins involved 
in phagophore nucleation. Similarly, some noncanonical 
pathways do not require proteins involved in phagophore 
extension and closure (such as ATG5, ATG7, and LC3). 
Some studies have described LC3-associated phago-
cytosis (LAP) as a noncanonical autophagy pathway. 
Unlike canonical autophagy, LAP involves the conjuga-
tion of LC3 to phosphatidylethanolamine on the single-
membrane phagosome through some components of the 
autophagy machinery (such as ATG5, ATG7, ATG12, and 
ATG16L1 for LC3 lipidation). Lipidated LC3II eventu-
ally facilitates lysosomal fusion. LAP increases immunity 

and helps phagocytic cells, including macrophages, clear 
extracellular particles and pathogens [41].

To date, more than 40 ATGs encoded by yeast have 
been identified [43]. Autophagy in mammalian cells is 
regulated by approximately 20 core ATGs, which are 
divided into different functional units as follows: the core 
ULK complex (ULK1/2, ATG13, RB1CC1/FIP200, and 
ATG101), the autophagy-specific PI3K complex (VPS34, 
VPS15, Beclin-1, and ATG14 L), the ATG9A traffick-
ing system (ATG9A, WIPI1/2, and ATG2A), the ATG12 
ubiquitin-like conjugation system (ATG12, ATG7, 
ATG10, ATG5, and ATG16L1), and the LC3 ubiquitin-
like conjugation system (LC3A/B/C, ATG7, ATG3, and 
ATG4A/B/C/D). ATGs are recruited hierarchically to the 
vacuole and form preautophagosomal structures (PASs), 
which are necessary for the formation of autophago-
somes [44].

Role of autophagy in tissue regeneration
Regeneration of tissues requires autophagy to regulate 
tissue remodeling; however, the effects of autophagy 
can vary depending on the type of tissue and duration 
of the initial injury [37]. Diverse cell events can induce 
autophagy, such as nutrient deprivation, hypoxia, oxi-
dative stress, inflammation, and infection [41], and cell 
injury can be caused by any of these factors. Activated 
autophagy promotes cellular health and survival dur-
ing tissue regeneration by exerting antioxidation, anti-
inflammation, anti-infection, and anti-apoptosis effects 
while promoting cell proliferation and differentiation. 
However, excessive stimulation of autophagy can cause 
cell damage [45]. If lysosomal clearance of autophagy 
fails, the activation of autophagy will lead to cell traffic 
jams, resulting in an increase in the pathology of aging, 
Parkinson’s disease, and other neuro- and myodegenera-
tive disorders [46]. Therefore, autophagy at moderate lev-
els regulates and stabilizes the intracellular environment, 
whereas excessive autophagy may lead to cell death and 
tissue damage [14]. The effects of autophagy on tissue 
regeneration differ based on tissues, cells, and stimuli.

Autophagy activation eliminates ROS
The presence of small amounts of ROS has beneficial 
biological effects, including angiogenesis, wound heal-
ing, elimination of pathogenic organisms, and tissue 
regeneration [47]. However, if ROS production is exces-
sive, ROS-mediated oxidative stress can cause damage to 
biological macromolecules (such as proteins, lipids, and 
nucleic acids). Oxidized macromolecules can disrupt cel-
lular homeostasis and functions, thus causing damage to 
many organs [48]. ROS can trigger autophagy early dur-
ing oxidative stress, contributing to antioxidant defenses 
[49]. For example, stimulating factors such as starvation, 
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pathogens, or death receptors can activate ROS and trig-
ger autophagy, which eliminates damaged mitochondria 
through lysosome-based degradation [50]. Negative feed-
back mechanisms involving autophagy and ROS help to 
mitigate oxidative stress and promote cell survival [50]. 
However, impaired autophagy leads to ROS accumu-
lation, resulting in oxidative stress [51]. Because anti-
oxidant molecules can partially or completely inhibit 
autophagy [52], mitochondrial ROS can simultaneously 
stimulate and inhibit autophagic signaling. Although 
ROS and autophagy are mutually influenced, mono-
therapy with either antioxidants or autophagy activators 
is unsuccessful in treating diseases associated with dys-
functional autophagy and oxidative stress. Several stud-
ies have investigated combination therapies that regulate 
both antioxidant pathways and autophagy [53].

Autophagy regulates the anti‑inflammatory response
Inflammatory responses protect tissues against patho-
gens, toxins, and tissue damage, both endogenous and 
exogenous [54]. In any cell that is capable of activating 
a cell-autonomous inflammatory response, the cytoplas-
mic cleaning function of autophagy is anti-inflammatory 
by default. Autophagy can also reduce inflammasome 
activation and NF-κB by removing damaged mitochon-
dria, thus preventing excessive inflammatory reactions 
and tissue damage [55]. During inflammatory conditions, 
macrophages play a crucial role in the initiation, main-
tenance, and resolution of inflammation. Macrophages 
are heterogeneous cells that can differentiate into differ-
ent phenotypes depending on their microenvironment. 
M1 macrophages kill pathogens and release inflam-
matory factors such as IL-1β, IL‐6, and TNF‐α during 
the early stage of inflammation, promote ROS produc-
tion and finally cause apoptosis [56], whereas M2 mac-
rophages suppress immune responses and promote tissue 
regeneration during the late stage of inflammation [57, 
58]. Autophagy is an essential mechanism for regulat-
ing macrophage polarization. Activation of the mTOR 
pathway leads to macrophage polarization. Rapamycin, 
an autophagy inducer that inhibits the mTOR pathway, 
can stimulate the polarization of macrophages to the 
M1 phenotype [59], whereas CCL2 and IL-6 are potent 
autophagy-inducing factors that can trigger the polari-
zation of macrophages to the M2 phenotype [60]. Addi-
tionally, dysfunction of autophagy in macrophages leads 
to their polarization toward the M1 phenotype. There-
fore, induction of autophagy promotes the polarization 
of macrophages toward the M2 phenotype to minimize 
inflammation and enhance tissue regeneration [61]. 
In addition to regulating osteoblasts and osteoclasts, 
autophagy can regulate bone regeneration by modulat-
ing the immune microenvironment. The transformation 

of autophagy-activated macrophages from the proinflam-
matory M1 to the anti-inflammatory M2 phenotype can 
improve bone repair [62].

Autophagy activation‑based clearance of pathogens 
and infection treatment
Owing to the presence of bacteria, tissues are stimu-
lated to produce cytokines and chemokines that recruit 
leukocytes to the infected tissue. The accumulation 
of leukocytes in the infected tissue interferes with the 
regeneration process and adversely affects the normal 
surrounding tissue [63]. Therefore, bacterial infection can 
activate various immune cells and induce inflammatory 
responses. During autophagy, pathogens are degraded, 
and the immune system of the host is activated, pro-
tecting the body from infectious diseases [64]. Dur-
ing bacterial infection, substrates are targeted through 
ubiquitination of bacteria or colocalization of ubiquitin 
with bacteria [65]. Autophagy receptors recognize ubiq-
uitin and recruit bacteria to autophagosomes, leading 
to degradation of the bacterial cargo in lysosomes [66]. 
Mammalian cells can eliminate intracellular pathogens 
through autophagy, which enhances cell survival by con-
tributing not only to the degradation of invaders such 
as bacteria, viruses, fungi, and parasites but also to the 
release of metabolites used by pathogens during infec-
tion [67]. Therefore, autophagy exerts efficient anti-infec-
tive and anti-inflammatory effects in the inflammatory 
phase, thus preventing tissue damage caused by excessive 
inflammation [68]. To date, several drugs that can induce 
autophagy have been successfully used in the treatment 
of infection [69]. AR-12, a small-molecule autophagy-
inducing agent, can eliminate both intracellular and 
extracellular Francisella tularensis without causing 
cytotoxicity to the host [69]. Vitamin D inhibits infec-
tion caused by Mycobacterium tuberculosis and human 
immunodeficiency virus type 1 by inducing autophagy 
in macrophages [70]. Inhibition of bacterial infections is 
crucial for successful tissue regeneration [71].

Autophagy activation promotes cell proliferation 
and differentiation
Regeneration of normal tissues requires coordination 
between the proliferation and differentiation of cells, 
which are essential processes for tissue regeneration [72].
Lysosomal degradation pathways such as autophagy are 
necessary for cell proliferation and differentiation [73]. 
Activated autophagy regulates the stemness and differ-
entiation of MSCs and maintains their survival under 
special conditions such as hyperglycemia, senescence, 
ROS accumulation, and hypoxia [74]. In addition, it 
plays a critical role in preserving MSCs after transplan-
tation under high-stress conditions. Therefore, regulation 
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of autophagy may play a crucial role in improving the 
wound-healing ability of MSCs in clinical settings [41]. 
Neural stem cells (NSCs) can undergo self-renewal and 
differentiation when regulated by Eva-1 homolog A 
(EVA1A) [75]. To maintain stem cell identity and func-
tion, protein turnover is especially important for elimi-
nating the accumulation of unwanted proteins. As a 
clearance mechanism, autophagy eliminates damaged 
proteins and impaired organelles. Adult stem cells main-
tain their homeostasis through quiescence, self-renewal, 
and differentiation during autophagy. However, their 
survival and differentiation can be impaired owing to 
dysfunction of autophagy [73]. Therefore, autophagy 
is important for the proliferation and differentiation of 
stem cells, especially under stressful conditions [73].

Autophagy activation inhibits apoptosis
As a stress adaptation pathway, autophagy contributes 
to cell survival during various types of stresses, such as 
nutrient and growth factor deprivation, disorders of the 
endoplasmic reticulum (ER), and protein aggregation 
[76]. Autophagy not only blocks the induction of apop-
tosis by inhibiting the activation of caspases related to 
apoptosis, thereby reducing cell damage but also helps 
to induce apoptosis [77]. Autophagy can be considered a 
nonapoptotic form of programmed cell death known as 
“type II” or “autophagic” cell death if it is overexpressed 
or uncontrollable under certain conditions [78]. Non-
specific degradation of large amounts of cytoplasmic 
proteins through autophagy may lead to cell death [79]. 
Several studies have demonstrated that autophagy pro-
motes the survival and angiogenesis of human umbili-
cal vein endothelial cells during re-epithelialization of 
wounds, thereby preventing apoptosis and oxidative 
stress injury and promoting the differentiation, prolifera-
tion, and migration of keratinocytes [80].

Therefore, autophagy is a double-edged sword because 
both excessive and limited autophagy can damage cellu-
lar homeostasis [79]. Excessive autophagy can induce cell 
death, whereas insufficiency or absence of autophagy can 
induce many diseases [81]. Similarly, autophagy can dra-
matically influence tissue regeneration, which is a highly 
complex and dynamic process. Biomaterials can affect 
various processes related to tissue regeneration by regu-
lating autophagy. Biomaterials can promote and recruit 
stem or progenitor cells of the host by controlling the 
microenvironment, inducing native healing cascades, 
and enhancing cell differentiation and proliferation for 
in situ tissue regeneration [82]. Because autophagy plays 
a crucial role in tissue regeneration and either excessive 
or insufficient autophagy can result in cell death, efficient 
strategies are required for robust and precise control of 
autophagy. Therefore, therapeutic approaches based on 

biomaterial-regulated autophagy represent a novel strat-
egy for tissue regeneration (Fig. 1).

Autophagy and biomaterials
Owing to their unique physicochemical properties and 
good biocompatibility, biomaterials can interact with 
various cells after entering the human body and modu-
late autophagy through various mechanisms (Table  1).
For example, metal nanomaterials, such as gold and sil-
ver nanoparticles, can directly trigger oxidative stress in 
cells, thereby activating autophagy [83]. Some carbon-
based nanomaterials may lead to ER stress owing to the 
accumulation of misfolded and unfolded proteins, result-
ing in an increase in autophagy [84]. Moreover, some 
nanomaterials can block autophagic flux [85]. In addition 
to inducing autophagy, nanomaterials can be used as car-
riers to deliver autophagy regulators or genes targeting 
molecular components that could regulate autophagy 
[86]. Effective manipulation of nanomaterial-induced 
autophagy may expand the applications of nanomateri-
als in tissue regeneration. The pro-survival and pro-death 
autophagic effects of various nanomaterials can be effec-
tively modulated via surface modification or artificial 
adaptation of the morphology, size, and composition. 
These modified nanomaterials can be used to induce 
autophagy to target specific cells to promote tissue regen-
eration. This section focuses on the effects of different 
types of biomaterials on autophagy and briefly describes 
their biological and medical applications.

Metal nanomaterials
Owing to the excellent mechanical properties, chemical 
stability, and biocompatibility of metal implants, they 
are widely used inorthopedic and dental procedures to 
restore damaged tissues and structures. Therefore, the 
use of metal nanomaterials in tissue regeneration has 
attracted increasing attention. Metal nanomaterials, one 
of the most comprehensively investigated biomaterials, 
can trigger autophagy through various mechanisms, such 
as through mTOR signaling, production of ROS, and reg-
ulation of some ATGs [87].

Gold nanoparticles (AuNPs) are associated with vari-
ous physiological functions in cells [101]. It was observed 
that the accumulation of intracellular autophagosomes 
and elevated expression of the autophagy-associated pro-
tein LC3-II were caused by the blockage of autophagic 
flow after the entry of gold nanoparticles into cells 
[88]. Gold nanoparticles induce the accumulation of 
autophagosomes and the autophagic substrate p62 by 
blocking the fusion of autophagosomes and lysosomes. 
Furthermore, the cellular uptake of gold nanoparticles is 
particle-size dependent, with larger (50  nm) gold nano-
particles being more readily taken up into cells, leading 
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to the accumulation of more autophagosomes compared 
with their smaller counterparts (10–25  nm) [88]. The 
gold nanoparticles engulfed by the cells accumulate in 
the lysosomes, alkalinizing them, leading to impaired lys-
osomal degradation and ultimately blocking autophagic 
flow. Studies have shown that AuNPs enhance the osteo-
genesis of periodontal ligament stem cell sheets by acti-
vating autophagy, which is upregulated by MAPLC3, and 
downregulation of the sequestosome 1/p62 pathway pro-
motes osteogenic differentiation of the cell sheets [102]. 
The ability of AuNPs to promote osteogenic differen-
tiation mainly depends on the activation of autophagy. 
Owing to their outstanding antibacterial properties, sil-
ver nanoparticles (AgNPs) are widely used in medical 
devices [103]. They can not only activate autophagy but 
also induce oxidative stress and cytotoxicity. Therefore, 
relevant biomaterials should be designed to modulate M2 

macrophage polarization and regulate immunity for bone 
regeneration. For example, antibacterial AgNP-loaded 
TiO2 nanotubes (Ag@TiO2-NTs) promote bone tissue 
repair by inhibiting autophagy and downstream targets 
of the PI3K/Akt pathway and promoting polarization 
of macrophages to the M2 phenotype [104]. Titanium 
(Ti) is a common metallic biomaterial, and Ti implants 
with nanotopography can induce stronger autophagic 
responses, leading to the degradation of cytoplasmic 
Yes-associated protein (YAP). As YAP levels decrease, 
β-catenin is transported to the nucleus, where it accumu-
lates to activate TCF/LEF transcription factors, leading to 
stronger osteogenesis [105].

In addition to metal compounds, metal-organic 
framework (MOF)-structured nanocatalysts can 
enhance ROS-induced oxidative damage by inhibiting 
autophagy, thereby synergistically treating diseases [106]. 

Fig. 1  Mechanisms through which biomaterials regulate tissue regeneration via autophagy: Inhibition of oxidative stress, inflammation, infection, 
and apoptosis and promotion of cell proliferation and differentiation. (Created with adobe illustrate)
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Iron-containing MOF nanocatalysts can be used as per-
oxidase mimics to catalyze the generation of specific 
hyperoxidative OH radicals, whereas chloroquine can 
be used to deacidify lysosomes and inhibit autophagy, 
thereby inhibiting the self-protection pathway under 
severe oxidative stress to promote tissue repair. Com-
pared with the abovementioned three-dimensional MOF 
structures, two-dimensional (2D) MOF structures exhibit 
higher therapeutic potential owing to their typical pla-
nar topology, ultrathin thickness, and large specific sur-
face area. A 2D organic framework based on transition 
metal nanomaterials can modulate autophagic responses, 
resulting in efficient chemical kinetics (CDT) for tissue 
regeneration [107]. In addition, some rare earth metal 
oxide crystals can induce neuronal autophagy by acting 
as “scavengers” that clear pathological protein aggregates. 
These crystals have potential clinical value for the treat-
ment of neurodegenerative diseases [108]. In particular, 
selenomethionine (Se-Met) improves the initiation of 
autophagy through the AMPK-mTOR signaling pathway 
and enhances autophagic flux to promote tau clearance 
and improve cognitive impairment in Alzheimer’s disease 
(AD) in mice.

In conclusion, metal nanomaterials induce autophagy 
through various signaling pathways, and their effects on 
tissue regeneration are diverse. Therefore, understanding 

their role in inducing autophagy can not only help to 
understand the detailed molecular mechanisms under-
lying autophagy but also help to develop novel strategies 
for promoting tissue regeneration.

Inorganic nonmetallic nanomaterials
Carbon-based nanomaterials, such as fullerenes and their 
derivatives, carbon dots, and graphene quantum dots, 
are a type of inorganic nanomaterial that are widely used 
in the field of biomedicine. They can induce autophagy 
through various mechanisms, including ROS generation 
in response to oxidative stress, mitochondrial dysfunc-
tion, and accumulation of polyubiquitinated proteins 
[108, 109].

Phagocytic nanomaterials can enhance the abil-
ity of cells to remove foreign substances by activating 
the autophagy-lysosome pathway (ALP), causing dam-
age to downstream signaling pathways and blocking 
autophagic flux. The autophagy-inducing effects of 
fullerene derivatives can be greatly enhanced by modi-
fying their surface functional groups [89]. Fullerene 
nanomaterials can lead to impairment of downstream 
signaling pathways of ALP, thereby blocking autophagic 
flux to enhance the cytotoxic effects of drugs. Fuller-
ene C60, a tubular or spherical molecule composed of 
carbon atoms, can alleviate hyperglycemia-induced 

Table 1  Regulation of autophagy in biological materials

(Ag=silver;Si=Silicon; DNA=deoxyribonucleic acid; HUVEC = Human Umbilical Vein Endothelial Cells)

Biomaterials Target cells Marker proteins/pathways 
(downregulation [↓]/
upregulation [↑])

Autophagy regulation effect Ref

Nanogold NRK cells LC3↑, p62↑ Blockage of autophagic flow, leading 
to lysosomal dysfunction

 [88]

Fullerene HeLa, MEF, MCF-7 cells Atg5 Enhancement of autophagy  [89]

Single-walled carbon nanotubes Primary glial cells 
from mice with Alzhei-
mer’s disease

mTOR Induction of autophagy and activation 
of lysosomes

 [90]

Graphene oxide HeLa, GFP-Htt(Q74)/PC12 P13K, MEK/ERK1 Induction of autophagy and removal 
of mutant proteins

 [91]

Graphene Oxide Quantum Dots GC2, TM4 cells LC3↑/p62↑ Blockage of autophagic flow, leading 
to lysosomal dysfunction

 [92]

Ag MEF, HeLa P13K Induction of autophagy  [93]

Nano Ag THP-1 Monocytes LC3↑/p62↑ Blockage of autophagic flow, leading 
to lysosomal dysfunction

 [94]

Dendritic macromolecules A549 cells AKT-TSC2-mTOR Induction of autophagic cell death  [95]

Nano Si L-02 EIF2AK3 ATF6UPR Blockage of autophagic flow, leading 
to lysosomal dysfunction

 [96]

cupric oxide HUVEC LC3↑/p62↑ Blockage of autophagic flow, leading 
to lysosomal dysfunction

 [97]

Iron oxide A549, IMR-90 cells AKT-AMPK-mTOR Induction of autophagy  [98]

Titanium Dioxide HaCaT LC3-II, Beclin 1, ATG5 Low concentration induces autophagy, 
high concentration blocks autophagy

 [99]

DNATetrahedron Chondrocytes P13K/AKT/mTOR Enhancement of cell autophagy  [100]
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stress by regulating apoptosis and autophagy [110]. 
Owing to their biocompatibility, some inorganic mate-
rials can affect specific cellular functions; for exam-
ple, graphene oxide (GO) can inhibit the viability and 
membrane integrity of MSCs through mitochondrial 
apoptosis and autophagy in a dose-dependent manner 
[111]. In addition to the ability of graphene to trigger 
autophagy, it may also induce diametrically opposed 
autophagic effects depending on its size, synthesis 
method, and surface functional groups. It has been 
observed that graphene oxide quantum dots [average 
diameter of (3.28 earth L16) nm] are capable of inhib-
iting lysosomal degradation by reducing the activity 
of histone B in GC-2 and TM4 cells, thereby blocking 
autophagic flow [92]. Conversely, a recent study involv-
ing mouse embryonic stem cells showed that graphene 
nanocolloids are capable of blocking autophagic flow 
by increasing lysosomal pH and membrane permeabil-
ity while inhibiting the ensemble of autophagosomes 
and lysosomes [112]. These different findings illustrate 
the complexity of the use of nanomaterials to regulate 
autophagy. Therefore, it is necessary to analyze specific 
issues when using nanomaterials for autophagy regula-
tion; generalizations should be avoided.

In addition to the abovementioned biomaterials, other 
inorganic molecules have also received substantial atten-
tion. A study reported that nanosized diamonds (NDs) 
and silica nanoparticles (SiO2-NPs) modulated autophagy 
in normal human facial skin fibroblasts (FSF1) by induc-
ing a biphasic dose response [113]. NDs and SiO2-NPs at 
low concentrations (up to 0.5 mg/mL) played a beneficial 
role in increasing the proliferation and metabolic activ-
ity of FSF1 cells. Exposure of FSF1 cells to low concen-
trations of NDs and SiO2-NPs enhanced their in  vitro 
wound healing capacity and delayed senescence during 
serial passage, which was evidenced by the maintenance 
of youthful morphological characteristics, reduced rates 
of telomere loss, and overall proliferative characteris-
tics. Furthermore, selenium can inhibit the accumula-
tion and toxic effects of arsenic in cells by inducing the 
mTOR/Akt signaling pathway [114]. Silica nanomateri-
als (SiNMs) are one of the most common engineering 
materials. Owing to their biological effects, the potential 
risk and toxicological effects of SiNMs have been a major 
focus of research [115]. SiNMs can induce ER stress and 
enhance autophagosome synthesis through ROS, thereby 
aggravating the accumulation of autophagosomes and 
eventually leading to disordered autophagy and cytotox-
icity [96]. However, SiNMs play dual roles in cell survival 
and death by regulating autophagy. A study reported 
that bioactive silica nanoparticle formulations can drive 
the conversion of LC3β-I to LC3β-II, thereby increasing 
autophagosome formation, enhancing autophagy, and 

stimulating in vitro differentiation and mineralization of 
osteoblasts [116].

In conclusion, inorganic nonmetallic nanomaterials 
can regulate autophagy through various mechanisms. 
Owing to the unique physicochemical properties of inor-
ganic nanomaterials, their detailed mechanism of action 
in regulating autophagy warrants further investigation. 
Because the regulatory role of some inorganic molecules 
in autophagy remains unclear, their safety and applica-
tion should be further evaluated.

Polymeric nanomaterials, hydrogels and microspheres
Polymeric nanomaterials are widely used in the clinical 
diagnosis and treatment of diseases owing to their diverse 
biological functions, high biocompatibility, and strong 
chemical stability. Several types of polymeric nanomate-
rials have been extensively investigated, such as hydro-
gels, microspheres, and nanocomposites. In recent years, 
hydrogels have attracted considerable attention owing to 
their simple preparation method and biocompatibility. 
Hydrogels have tunable mechanical and diffusion proper-
ties and present a cellular reactive fraction. In addition, 
they have excellent encapsulation capability, which can 
increase the stability and safety of cargo. Hydrogels can 
sense and respond to small changes in external stimuli, 
such as temperature, pH, ionicity, electric field, and mag-
netic field. Chitosan microspheres (CMs) encapsulating 
ivy (CM-SIN) can promote autophagy in chondrocytes 
and delay the progression of surgery-induced osteoar-
thritis [117]. Contamination-free sulfated zwitterionic 
poly (sulfobetaine methacrylate) (SBMA) hydrogels 
can improve pressure ulcer (PU) healing through rapid 
ECM remodeling. Additionally, SBMA hydrogels can 
inhibit the PI3K/Akt/mTOR signaling pathway to acti-
vate autophagy and reduce inflammation [118]. Under-
standing the relationship between autophagy and ECM 
remodeling may guide the design of biomaterial-based 
wound dressings for chronic wound healing. In addi-
tion to hydrogels, biomimetic polymer films have good 
morphological characteristics, thermal stability, and 
hydrophilicity. Composite nanofiber films composed of 
chitosan, PVP, and dihydroquercetin (DHQ) can facilitate 
wound healing by activating autophagy and increasing 
the expression of pankeratin, vascular endothelial growth 
factor (VEGF), and CD31 [28].

Lipid nanomaterials
Lipid nanomaterials commonly comprise phospholip-
ids, ionizable lipids, cholesterol, and PEGylated lipids, 
thereby functioning as novel and efficacious drug delivery 
systems [119]. Based on their structure, they can be clas-
sified as solid lipid nanoparticles, nanostructured lipid 
carriers, lipid drug conjugates, and polymer-lipid hybrid 



Page 10 of 39Wu et al. Cell Communication and Signaling          (2024) 22:124 

nanoparticles. Liposomes, which were first discovered 
by Bangham in 1965, are lipid-based nanomaterials that 
are easy to synthesize, biocompatible, and biodegrad-
able and can be encapsulated with both hydrophilic and 
hydrophobic drugs [120]. In a previous study, we exam-
ined the effects of cationic liposomes on autophagic 
flux, autophagosome-lysosome fusion, and lysosome 
membrane permeabilization using liver cells [121]. The 
results revealed that cationic liposomes can induce per-
meabilization of the lysosomal membrane and inhibit 
late-phase autophagic flux, leading to the cytoplasmic 
release of proteinase B, mitochondrial dysfunction, and 
ROS production [121]. Additionally, cationic liposomes 
can elevate the pH of lysosomes to regulate autophagy in 
dendritic cells; however, anionic liposomes do not have 
these effects [122]. Lu et al. reported that lipid nanopar-
ticles (LNs) can induce autophagy-lysosome signaling 
and neurovascular responses at least partially through 
an Atg5-dependent pathway [123]. Furthermore, lipid-
based nanomaterials possess the capability to administer 
autophagy-regulating pharmaceuticals, thereby induc-
ing or suppressing autophagy [124]. We have previously 
reported that the use of liposomes for the simultaneous 
delivery of salinomycin and the autophagy inhibitor chlo-
roquine can increase the therapeutic efficacy of salino-
mycin by inhibiting the function of lysosomes [125].

Cellular nanomaterials
Most types of cells secrete extracellular vesicles (EVs), 
which are crucial for intercellular communication. EVs 
are complex structures composed of multiple lipids, 
nucleic acids, and membrane proteins that have tissue-
targeting ability. Therefore, they are often used as effi-
cient carriers for the delivery of various drugs [126]. EVs 
are divided into four subgroups as follows: exosomes 
(30–150 nm in diameter), microvesicles (100–1000 nm in 
diameter), apoptotic bodies (100–5000 nm in diameter), 
and oncosomes (1–10 μm in diameter). EVs derived from 
MSCs (MSC-EVs) can deliver proteins and nucleic acids 
with regenerative functions to the injured site, triggering 
regenerative phenotypes and stimulating tissue regen-
eration. Additionally, the microRNA let-7a-5p present in 
MSC-EVs decreases apoptosis and increases autophagy 
in acute kidney injury (AKI). Therefore, MSC-EVs can 
be used to develop promising cell-free strategies for the 
treatment of AKI. To improve the stability and retention 
rate of EVs, EV-RGD hydrogels have been designed to 
regulate autophagy and promote the proliferation of renal 
tubular cells while retaining the biological properties of 
EVs [127]. In mouse models of osteoarthritis, infrapatel-
lar fat pad (IPFP)-derived MSC-EVs can protect articular 
cartilage from damage by maintaining cartilage homeo-
stasis and ameliorating gait abnormalities through mTOR 

inhibition regulated by miR-100-5p. This protective 
mechanism is similar to increasing the autophagy level 
of chondrocytes. Because IPFP is relatively easy to obtain 
from patients with osteoarthritis via arthroscopic sur-
gery, exosomes derived from IPFP MSCs can be used to 
develop effective orthopedic therapeutic strategies. Sev-
eral exosome-based biomimetic nanomaterials have been 
developed, such as Ti nanotubes functionalized with 
bone morphogenetic protein 2 (BMP2)/macrophage-
derived exosomes, which can improve the biological 
function of Ti implants [128]. Ti nanotubes infused with 
BMP2/macrophage-derived exosomes can promote 
osteogenesis by activating autophagy and increasing the 
expression of alkaline phosphatase and BMP2 during 
osteogenic differentiation. Therefore, they can be consid-
ered an emerging bone regeneration material.

In conclusion, exosomes can regulate autophagy 
through various mechanisms, and exosome-based nano-
materials should be developed for clinical treatment. 
Additionally, because cellular biomaterials have the natu-
ral characteristics of cells, high biocompatibility, and low 
cytotoxicity, they should be extensively investigated for 
their role in tissue regeneration in the future.

Other biomaterials
In addition to the abovementioned biomaterials, other 
biomaterials, such as quantum dots (QDs), can be used 
to modulate autophagy. QDs are semiconductors char-
acterized by small size, variable surface chemistry, and 
the ability to absorb night-time ozone (NIR). Therefore, 
they are convenient tools for drug loading and photo-
thermal treatment. QDs can be used for bioimaging 
because they are highly resistant to photobleaching, 
and QDs with different sizes or compositions can be 
excited to emit fluorescence at different wavelengths. 
Surface coating of QDs can regulate the induction of 
autophagy in body cells based on the properties of the 
coating substance. Peynshaert et al. compared two iden-
tical QDs with different surface coatings to determine 
the cytotoxicity and oxidative stress responses of the 
two coating substances, namely, 3-mercaptopropionic 
acid (3-MA) and PEG. They found that MPA-coated 
QDs were highly biocompatible and could be used 
for long-term cell tracking with minimal cytotoxicity. 
Mechanistically, MPA-coated QDs activated lysosomes 
and reduced ROS production, leading to activation of 
autophagy. However, PEGylated QDs induced signifi-
cant autophagy dysfunction owing to increased ROS 
production and lysosomal impairment [129]. Self-
assembling DNA nanomaterials have been extensively 
investigated in the field of biotechnology [130]. DNA 
nanomaterials are nontoxic and biocompatible and can 
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precisely bind to and localize functional groups or other 
donor molecules at the nanoscale [130, 131].

As a novel autophagy regulator, biomaterials affect 
autophagy via a variety of mechanisms. Specifically, dif-
ferent biomaterials activate autophagy via different 
mechanisms owing to their different physicochemical 
properties. Furthermore, after entering cells, nanopar-
ticles may regulate autophagy in three ways, namely, via 
oxidative stress (OS), the direct regulation of autophagic 
signaling pathways, such as the Akt/mTOR signal-
ing pathway, and by altering the expression levels of 
autophagy-related genes or proteins [132]. OS, which is 
considered to be the main cause of nanoparticle-induced 
cytotoxicity, plays an important role in autophagy regu-
lation [26]. Reactive oxygen species (ROS), a class of 
oxygen-containing chemically active molecules that are 
natural byproducts of normal oxygen metabolism, play a 
key role in cellular homeostasis, and their main cellular 
sources include the mitochondria, endoplasmic reticu-
lum, peroxisomes, and NADPH oxidase complexes [133]. 
Inert nanomaterials, which cannot produce free radicals 
by themselves, can increase ROS production via interac-
tion with the mitochondria, which is the most ROS-pro-
ducing organelle in cells. Alternatively, metal or organic 
matter on the surface of nanomaterials can induce redox 
reactions. Additionally, excited-state electrons on the 
surface of the material can also lead to an increase in 
intracellular ROS levels. It has also been observed that 
ROS are involved in the mTOR signaling pathway, acti-
vating or inhibiting mTORC1 activity in a dose- and time-
dependent manner; this in turn regulates autophagy. 
The degradation of nanoparticles in lysosomes can also 
directly induce ROS production. Lysosomes are consid-
ered a regular target of nanoparticle-induced cytotoxicity 
and autophagy [26]. The accumulation of nanoparticles 
in lysosomes, which leads to lysosomal swelling and the 
release of histone proteases, accompanied by elevated 
ROS levels, affects autophagy. Additionally, nanoparticles 
interact directly with the mTOR signaling pathway. It has 
also been reported that nanoparticle-mediated changes 
in mTOR activity are associated with changes in the 
mTORC1 activator AKT and its upstream target PI3K, as 
well as the regulation of the mTORC1 inhibitors AMPK 
and TSC [134]. During the intracellularization of nano-
particles, they may somehow affect the local PI3K/AKT 
recruitment/activation of the cell membrane, thus alter-
ing the ability of AKT to activate mTORC1 [134]. Fur-
thermore, given that AKT can be activated by mTORC2, 
nanoparticle-mediated changes in AKT activity, at least 
in some cases, may be the result of secondary changes 
in mTORC2 regulation. The interaction of nanoparticles 
with lysosomes may also affect lysosome recruitment 
and mTORC1 activation. Additionally, nanoparticles 

are capable of activating nuclear translocation as well as 
the overexpression of TFEB, an important transcription 
factor of lysosomes, and enhancing the transcription of 
autophagy-associated genes (ATGs) as well as lysosomal 
genes, thereby promoting cellular autophagy [135].

In additon, the structure and arrangement patterns 
of the surfaces of biological materials at the micro and 
nano scales are called their topological properties. This 
property has implications for cell behavior: for example, 
grooves, ridges, and columns on the surface of biologi-
cal materials can guide cell adhesion, proliferation, dif-
ferentiation, and migration. Biomaterial topology and 
autophagy are two distinct but interconnected topics in 
the fields of biology and biomedical engineering. Stud-
ies have shown that biomaterials with specific topologi-
cal patterns can influence cell behavior by modulating 
mechanical transformation pathways. This, in turn, can 
affect the level of autophagy within cells. For example, 
cells under mechanical stress or strain may up-regulate 
autophagy as a form of protection. Regulating autophagy 
through biomaterial topology may promote cell survival, 
reduce cellular senescence, and enhance tissue regen-
eration. Cells interacting with biomaterials may undergo 
autophagic processes to remove damaged or misfolded 
proteins or organelles caused by the foreign material. For 
example, optimized autophagy levels may support the 
maintenance and differentiation of stem cells in tissue 
engineering applications. Given that DNA nanostruc-
tures with engineered topological features and func-
tions can facilitate the interaction between materials 
and cell surfaces, they can be used for biomedical appli-
cations. For example, ATG101 is an essential gene for 
initiating autophagy. ATG101 single-stranded antisense 
RNA-loaded DNA triangular nanoparticles (ssATG101-
TNPs) can inhibit the expression of ATG101 to regulate 
autophagy and contribute to pulmonary vascular remod-
eling [136]. In addition, self-assembled DNA nanostruc-
ture-based delivery carriers can exert anti-inflammatory 
effects by promoting macrophage autophagy in the treat-
ment of ALI [17]. In summary, biomaterial topology and 
autophagy are interconnected through their influence on 
cellular responses to biomaterials. Researchers are con-
tinually investigating how the design of biomaterials can 
impact autophagic processes to improve the performance 
and biocompatibility of medical devices and therapies.

In conclusion, cellular autophagy triggered by differ-
ent biomaterials occurs via different phenomena. Even 
for the same biomaterial, the autophagic effect and 
mechanism triggered by biomaterials with different sizes, 
shapes and surface modification characteristics or even 
different target cell lines are different. These observa-
tions provide different models for the study of autophagy. 
Additionally, autophagy triggered by nanomaterials is 
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two-sided. On the one hand, it can enhance the ability of 
cells to remove foreign substances. On the other hand, 
when excessive, it can also cause type II cell programmed 
death. Thus, the potential toxic effects of the nanomate-
rial on normal cells must be considered before its appli-
cation. The use of biomaterials to induce autophagy at 
the cellular level has led to therapeutic advances in the 
medical field. To determine whether autophagy-modulat-
ing biomaterials are associated with tissue regeneration, 
studies on targeted tissue repair and regeneration in the 
bone, skin, nerve, heart, kidney, lung, and liver are sum-
marized below (Table 2; Fig. 2).

The application of autophagy‑modulating 
biomaterials in tissue regeneration
Autophagy‑based biomaterials for bone and cartilage 
regeneration
Bone is one of the most dynamic organs in the body and 
is continuously renewed throughout life. Bone remod-
eling includes both formation and resorption, which 
collectively maintain bone homeostasis. Bone loss is 
caused by many physiological and pathological condi-
tions, such as aging, exposure to chemicals, fractures, 
and diseases such as osteoporosis [162]. Reconstructing 
large bone defects can be challenging in both orthope-
dic and dental treatments. Bone is primarily composed 
of osteoblasts, osteocytes, and osteoclasts. Osteoblasts 
secrete the organic matrix of bone (osteoid) and partici-
pate in its mineralization. During their encasement in 
bones, osteoblasts undergo complete differentiation to 
become osteocytes, which orchestrate bone remodeling. 
Osteoclasts from hematopoietic stem cells continually 
degrade and absorb the bone matrix surrounding them. 
Bone mass is affected by the reciprocal action of osteo-
clasts. Cartilage is a connective tissue found mainly in the 
throat, respiratory tract, external ear, and surface of the 
bone in the joint. It is produced by chondrocytes, and its 
primary function is to maintain the normal structure and 
function of bone. Chondrocyte destruction decreases 
the cartilage matrix and affects nutrition and metabo-
lism in the cartilage, which may lead to osteoarthritis. 
Several recent studies have reported the applications of 
biomaterials in bone and cartilage regeneration [163, 
164] Autophagy plays a key role in maintaining bone and 
chondrocyte homeostasis by regulating cell survival, cell 
differentiation, and stress responses [165]. Wang et  al. 
demonstrated that nanohydroxyapatite modulates osteo-
blast differentiation by mediating autophagy in a dose-
dependent manner [143]. Autophagy provides energy 
to starving cells and removes dysfunctional or damaged 
proteins and organelles [165, 166]. Therefore, autophagy 
is important for bone and cartilage regeneration owing to 
its role in the differentiation and polarization of immune 

cells and other bone cells (Fig. 3). On the one hand, as a 
cellular survival mechanism, autophagy regulates the bal-
ance of bone and cartilage remodeling by directly partici-
pating in the differentiation of osteoclasts, osteoblasts, 
and chondrocytes. On the other hand, autophagy may 
influence bone and cartilage regeneration by regulating 
immune cell responses, which subsequently influence the 
osteogenic and chondrogenic microenvironment. Recent 
studies have demonstrated that autophagy-modulating 
biomaterials can promote the treatment of bone-associ-
ated diseases by regulating osteoblasts and chondrocytes. 
The role of autophagy-modulating biomaterials in pro-
moting bone regeneration is discussed in the following 
sections (Fig. 3).

Bone regeneration
Osteocytes constitute the majority of cells in bones. They 
are formed via terminal differentiation of osteoblasts 
engulfed by ECM during bone formation. Osteoblasts 
form new bone from pluripotent MSCs through a pro-
cess known as osteogenesis. They synthesize and secrete 
numerous collagen type I molecules, which help to min-
eralize the bone matrix. Osteoclasts, the third type of 
bone cell, are large multinucleated cells capable of bone 
resorption. Bone cells can survive under adverse condi-
tions through an appropriate level of autophagy [162]. 
Autophagy plays an important role in the differentia-
tion of preosteoblasts and osteoblasts to osteoclasts and 
the genesis and function of osteoclasts [167]. The role of 
autophagy in alleviating bone-related diseases, includ-
ing osteoporosis, has been extensively investigated [168]. 
Autophagy is strongly associated with bone regeneration 
and homeostasis maintenance. According to Nuschke 
et al., autophagy is required for maintaining the stemness 
and differentiation of bone marrow-derived MSCs 
(BMSCs) [169]. Additionally, Wan et  al. reported that 
autophagy induces osteogenesis in vivo and is promoted 
by the AKT/mTOR signaling pathway [170].

Owing to their excellent mechanical properties, chemi-
cal stability, and biocompatibility, metal implants are 
widely used in orthopedic and dental surgeries to restore 
damaged tissue and structure [171]. The nanosized sur-
face of metal biomaterials can adequately interfere with 
intracellular autophagy regulation. Compared with flat 
surfaces, nanotubes can strongly induce mTOR-inde-
pendent autophagy in osteoblasts [172]. Ti implants 
with nanotopography can modulate osteogenic differen-
tiation associated with increased nuclear translocation 
of β-catenin and ALP-mediated degradation of cyto-
plasmic YAP [18]. It is important to note that Ti parti-
cles are involved in particle-induced diseases. Therefore, 
metal materials, including particle-reinforced compos-
ite materials, scaffolds for tissue engineering, and drug 
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delivery materials, should be used with caution. Studies 
have also shown that Ti particles can induce apoptosis by 
enhancing autophagy related to the PI3K/Akt signaling 
pathway; this can potentially impair local innate immu-
nity in periprosthetic tissues, thereby increasing the risk 
of late-onset periprosthetic joint infection [173]. In an 

experimental mouse model of calvarial bone resorption 
induced by Ti particles, nanosized alumina prevented 
the activation of the autophagy marker LC3, inflamma-
tion, and osteolysis induced by Ti particles [141]. There-
fore, implant design should be cautiously decided upon 
when Ti is inevitably used. Studies have demonstrated 

Fig. 2  Summary of autophagy-modulating biomaterials in tissue regeneration. Various raw materials such as cells, metals, and polymers 
can be used to produce different types of biomaterials through engineering strategies including solvent evaporation, surface modification, 
and microfluidization. Biomaterials promote tissue and organ repair by regulating autophagy directly or indirectly. (Created with biorender.com)

Fig. 3  Schematic diagram of the regulation of bone and cartilage regeneration through autophagy. Autophagy promotes bone regeneration 
by modulating osteogenic differentiation, inducing M2 polarization, promoting angiogenesis, and improving cartilage regeneration. (Created 
with figdraw.com)
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that Sr promotes osseointegration. Wang et al. developed 
Sr-doped micro/nano rough Ti implants via hydrother-
mal treatment (SLA + Sr), which promoted osteogenic 
differentiation and inhibited osteoclast differentiation 
by regulating autophagy [137]. Sr may exert different 
physiological effects based on the disease stage. Zhang 
et  al. designed Sr-doped 45S5 bioglass (Sr/45S5), which 
markedly enhanced bone regeneration by improving 
autophagy during early-stage disease and activating the 
Akt/mTOR signaling pathway during late-stage disease 
[138]. Furthermore, the therapeutic effects of metal 
materials depend on their size. Compared with 13-nm 
AuNPs, 45-nm AuNPs significantly promoted the osteo-
genic differentiation of periodontal ligament stem cells by 
upregulating bone-related protein expression and miner-
alization (see Fig. 4a-c in Ref. [102]). BMP2/macrophage-
derived exosomes can improve the biofunctionality of 
Ti implants [174]. Ti nanotubes functionalized with 
BMP2/macrophage-derived exosomes can significantly 
enhance the expression of early osteoblast differentiation 
markers (alkaline phosphatase and BMP2) by activating 
autophagy during osteogenic differentiation. Therefore, 
autophagy-modulating biomaterials can regulate the dif-
ferentiation and mineralization of bone cells during bone 
regeneration. Given that the surface, size, or combined 
use of metal biomaterials can influence therapeutic out-
comes, special attention should be given to the design, 

fabrication, and application of biomaterials for bone 
regeneration.

For new bone formation, biomaterials provide locations 
for MSC proliferation and differentiation. For example, it 
is believed that hydrogels are composed of hydrophilic 
polymers that can mimic bone tissue extracellular matrix 
and thereby significantly support cell growth and osteo-
genesis [175]. Owing to severely hypoxic microenviron-
ments, hydrogels used for bone tissue engineering fail to 
repair bone defects. Fan et  al. fabricated small-aperture 
PEGDA/TCS hydrogels containing resveratrol and angi-
opoietin-2 (ANG2) [139], which were cocultured with 
BMSCs in  vitro and implanted into rats with a large-
segment tibial bone defect. The hydrogels induced angio-
genesis at the defect site through autophagy in a hypoxic 
environment, thereby promoting bone tissue formation 
(see Fig. 4d in Ref. [139]). In addition to directly contrib-
uting to osteogenesis, biomaterials can promote immu-
noregulation in tissue engineering strategies for treating 
bone defects. Biomaterials implanted into the body often 
fail to regenerate bone because of the host immune 
response, especially macrophage-related inflammation, 
which is important for bone healing [176]. Therefore, 
designing macrophage-related immunomodulatory bio-
materials is a promising strategy for enhancing osseointe-
gration. Chen et al. used electrochemical anodization to 
develop antibacterial TiO2 nanotubes with AgNP-loaded 

Fig. 4  Autophagy-modulating biomaterials promote bone regeneration. a Design scheme and fabrication. b) Western blotting for quantification 
of LC3 and p62. c Representative micro-CT images for examining bone regeneration promoted by gold nanoparticles (Reproduced with permission 
[102]; Copyright 2021, Dove Medical Press Ltd.). d Schematic illustration of the synergistic therapeutic effects of Res and ANG2 on bone defects 
under hypoxic conditions (Reproduced with permission [139]; Copyright 2021, Frontiers Media S.A.
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surfaces (Ag@TiO2-NTs) [104]. The nanotubes induced 
macrophage polarization toward the M2 phenotype and 
created a suitable osteoimmune microenvironment by 
inhibiting PI3K/Akt and activating autophagy to pro-
mote bone healing. Multifunctional cells, ECM, and 
numerous related factors play a role in treating bone dis-
orders. Therefore, autophagy can provide a suitable envi-
ronment for bone regeneration by maintaining cellular 
homeostasis.

Cartilage regeneration
The aneural and avascular nature of cartilage severely 
limits its capacity for self-regeneration. Osteoarthritis is 
a classical chronic aging disorder that destroys cartilage 
and synovial membranes. Autophagy can improve the 
viability and function of chondrocytes, thereby delaying 
the progression of cartilage-related disorders [177]. Rapa-
mycin can act as an autophagy activator owing to its abil-
ity to limit the inhibitory effects of mTOR on autophagy 
via the ULK-Atg13-FIP200 complex [178]. Activation 
of autophagy via rapamycin has been shown to reduce 
the severity of osteoarthritis in experimental models 
[179]. Nevertheless, the development of specialized drug 
delivery systems to address the hydrophobic nature and 
limited bioavailability of rapamycin presents a formida-
ble task. To address this concern, Pape et  al. developed 
biodegradable rapamycin-loaded poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles using the emulsion/evapora-
tion method [180]. These nanoparticles were found to be 
suitable for intra-articular administration owing to their 
size, high encapsulation efficiency, and sustained release 
of rapamycin, resulting in positive therapeutic effects on 
local articular joint inflammation in an animal model of 
osteoarthritis.

As a novel nanomaterial for cartilage tissue engineer-
ing, GO has been extensively examined both in vivo and 
in  vitro for its hydrophilicity, functionality, osteoinduc-
tive properties, biocompatibility, and toxicity. The toxic-
ity of GO depends on various factors, including lateral 
size, surface structure, functionalization, charge, the 
presence of impurities, aggregation, and the corona effect 
[181]. Owing to its aromatic structure, GO can promote 
the adhesion, proliferation, and differentiation of cells 
[182]. In addition, it can be used for cartilage regenera-
tion because of its mechanical properties [183]. Addi-
tionally, GO can modulate the viability and membrane 
integrity of MSCs through mitochondrial apoptosis and 
autophagy in a dose-dependent manner [111]. As a bio-
compatible material, reduced GO can deliver bioactive 
drugs to stimulate stem cell-directed differentiation and 
influence specific cellular functions. Jiao et al. fabricated 
biodegradable gelatin-reduced GO (rGO@Ge) and used 
it as a biocompatible carrier to deliver kartogenin to 

adipose-derived MSCs to promote chondrogenesis and 
augment the pro-chondrogenic effects of the drug [145].

MSCs exhibit promising potential for cartilage regen-
eration [184]. Several studies have demonstrated that 
exosomes derived from MSCs inhibit the progression of 
osteoarthritis by maintaining chondrocyte homeostasis 
and ameliorating pathological severity [185]. IPFP-MSC-
derived exosomes can maintain cartilage homeostasis 
and reduce gait abnormalities by protecting articular 
cartilage from damage in mice with osteoarthritis. The 
underlying therapeutic mechanism may involve inhibi-
tion of mTOR and activation of autophagy mediated by 
miR100-5p present in MSC-derived exosomes [144].

Active components found in traditional Chinese medic-
inal extracts can perform many biological functions 
related to autophagy in cartilage regeneration [117, 186]. 
Cordycepin can prevent cartilage degradation partly by 
activating autophagy, and hydrogels prepared using the 
combination of chitosan microsphere-cordycepin and 
photocrosslinked hyaluronic acid methacrylate (HAMA) 
can delay the progression of surgically induced osteoar-
thritis and alleviate the degradation of the cartilage matrix 
by inducing autophagy [186]. Similarly, sinomenine has 
been shown to alleviate IL1-β-induced degradation of the 
cartilage matrix partially by triggering autophagy in chon-
drocytes and an ex vivo model. Hydrogels prepared using 
the combination of chitosan microsphere-sinomenine and 
photocrosslinked gelatin methacrylate (GelMA) can delay 
the progression of surgically induced osteoarthritis and 
alleviate the degradation of the cartilage matrix in vivo by 
enhancing autophagy [117]. Therefore, the independent 
use of certain drugs can promote cartilage regeneration 
via autophagy, and the combined use of these drugs with 
some polymers can enhance their therapeutic efficacy in 
cartilage-related diseases.

Autophagy‑based biomaterials for skin regeneration
The skin serves as a barrier between external elements 
and internal organs and is capable of excellent regen-
eration. Any injuries or cuts on the skin can be healed 
through a highly orchestrated sequence of physiologi-
cal processes. Cutaneous wound healing is a complex, 
multistep process that precisely controls the prolifera-
tion and migration of cells, deposition of ECM, angio-
genesis, and vascular remodeling (see Fig.  5 in Ref. 
[80]). Refractory wounds, such as diabetic skin ulcers, 
can cause serious health problems [187, 188]. Previous 
studies have validated the role of autophagy in various 
phases of wound healing. In the inflammatory phase 
of wound healing, autophagy exerts anti-infective and 
anti-inflammatory effects, thus protecting tissues from 
damage caused by excessive inflammation [189]. In 
the proliferative phase of wound healing, local hypoxia 
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promotes autophagy, which plays a critical role in inhib-
iting apoptosis and oxidative stress and promoting cell 
survival. Autophagy can stimulate wound re-epitheliali-
zation by promoting angiogenesis in vascular endothe-
lial cells (ECs) and the differentiation, proliferation, and 
migration of keratinocytes [190]. During tissue remod-
eling, fibroblast autophagy contributes to hypertrophic 
scar formation [37, 191]. Because skin wound healing 
involves the activation of multiple factors, understand-
ing autophagy, the complex process of wound healing, 
and the molecular mechanisms underlying autophagy 
regulation can help to develop new strategies for the 
clinical treatment of wounds. Biomaterials are promising 
tools for promoting skin wound healing. Zarei and Solei-
maninejad summarized biomaterials that can promote 
cutaneous wound healing, such as nanofibrous chitin 
and chitosan [192]. Additionally, studies have demon-
strated the interaction between biomaterials and cells. 
Autophagy plays a crucial role in cellular functions such 
as phagocytosis, biomaterial clearance, cell differentia-
tion, and stress responses [193].

Fibroblasts contribute to wound healing through sev-
eral processes, such as degradation of the fibrin clot, 
formation of new ECM and collagen structures to sup-
port other cells associated with effective wound healing, 
and contraction of the wound [194]. Li et  al. designed 

and synthesized nonfouling zwitterionic sulfated SBMA 
hydrogels that improved pressure ulcer healing with 
rapid reconstruction of ECM by inducing the expres-
sion of laminin and fibronectin and inhibiting MMP-2 
[118]. According to the results of a subsequent study, 
MMP-2 expression is decreased following zwitterionic 
SBMA hydrogel treatment because dysfunctional PI3K/
Akt/mTOR signaling directly activates autophagy (see 
Fig. 6-c in Ref. [118]). Furthermore, the effect of biomate-
rials is directly related to their dose. Treatment with low 
concentrations of NDs and SiO2-NPs can improve their 
wound healing ability and delay aging during serial pas-
sage [113]. NP treatment activates Nrf2- and FOXO3A-
based cellular stress responses, which are associated with 
autophagy [195]. In addition, the utilization of microma-
terial- and nanomaterial-based delivery systems has the 
potential to significantly enhance the efficacy of drug 
delivery, thereby prolonging the duration of drug circu-
lation for the purpose of tissue regeneration. Xu et  al. 
designed and synthesized PLGA microspheres to deliver 
platelet-derived growth factor (PDGF) [34]. Hydrogels 
prepared using PDGF-PLGA microspheres had excellent 
biocompatibility, supported the growth and migration 
of HUVECs and 3T3 cells, and accelerated wound heal-
ing by inhibiting autophagy. Therefore, it is necessary to 
investigate the role of autophagy in full-thickness skin 

Fig. 5  Role of autophagy in cutaneous wound healing. Wound healing is regulated by autophagy in three stages: proliferation, hemostasis, 
and remodeling. Autophagy enhances the survival, proliferation, and migration of neutrophils, macrophages, endothelial cells, keratinocytes, 
and fibroblasts, which are essential processes for the biological functions of cells and aid in wound healing. NET, neutrophil extracellular trap. 
(Reproduced with permission [80]; Copyright 2022, Oxford University Press)
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damage. The abovementioned studies demonstrate the 
effects of biomaterials on autophagy and elucidate the 
underlying mechanisms, which can help to understand 
the important role of autophagy in both the proliferative 
and remodeling phases of wound healing and accelerate 
research into the autophagy-modulating properties of 
biomaterials.

Wound healing occurs in multiple steps at the cellular 
level, including inflammation, re-epithelialization, and 

maturation. Keratinocytes play a significant role in re-
epithelialization. They proliferate and migrate into the 
wound, resulting in the formation of new epithelium. 
Several studies have shown that inhibition of autophagy 
in keratinocytes impairs skin regeneration in mice [190, 
196]. In a recent study, mice were genetically modified 
by deleting ATG5 or ATG7 to inhibit autophagy [190]. 
Autophagy deficiency in keratinocytes not only reduced 
their function but also impaired their proliferation and 

Fig. 6  Autophagy-modulating biomaterials promote skin regeneration. a Comparison of the appearance of PEG and SBMA hydrogels. 
b Zwitterionic SBMA hydrogels inhibit the PI3K/Akt and mTOR signaling pathways to enhance autophagy. c Images of skin wounds stained 
with H&E on days 7 and 14 of treatment with PEG or SBMA hydrogels. (Reproduced with permission [118]; Copyright 2021, Frontiers Media S.A.) 
(d) Autophagy regulates ERK phosphorylation, which increases the release of VEGF from MSCs, and VEGF further promotes the vascularization 
of endothelial cells. e Assessment of capillary number in the wounded skin after 2 weeks of subcutaneous and intravenous injections of MSCs. 
f MSCs (red) and LC3-positive cells (green) 24 h after infusion (Reproduced with permission [147]; Copyright 2018, Nature Portfolio). g SEM images 
and diameter distribution. h Representative bands for LC3II/I, P62, Beclin-1, ATG5, and ATG7. i Representative images of wound healing on days 0, 4, 
8, 12, and 16 of treatment with the nanocomposite films CP and CPD (Reproduced with permission [28]; Copyright 2022, Elsevier)
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migration. Therefore, the essential role of autophagy in 
the proliferation and migration of cells during wound 
healing should be considered for the development of 
biomaterials in the future. However, it is noteworthy 
that autophagic effects produced by various biomateri-
als may be different.

The formation of new vasculature through angio-
genesis is considered an aspect of cutaneous wound 
regeneration that is critical for adequate healing [197]. 
Wound healing requires the formation of new capillar-
ies for carrying nutrients, immune cells, and oxygen 
[198]. During adult wound healing, rapid and robust 
capillary growth creates a vascular bed, and as newly 
formed capillaries shrink with time, the density of 
the vascular system approaches that of normal skin. 
Under adverse conditions such as hypoxia or ischemia, 
autophagy maintains cell viability by recycling nutri-
ents and generating energy. Several recent studies 
have associated intact autophagic responses with the 
homeostasis and function of ECs [199]. Furthermore, 
ECs suffer less oxidative damage when autophagy is 
active. Another study showed that curcumin induces 
autophagy in HUVECs treated with hydrogen peroxide 
(H2O2) by increasing the expression of LC3II and the 
number of autophagosomes to promote cell viability 
[200]. Biomaterials have also been shown to promote 
wound healing by enhancing angiogenesis via the mod-
ulation of autophagy. An et al. reported that MSCs can 
improve full-thickness cutaneous wound healing and 
tissue regeneration [147]. Mechanistically, MSCs can 
directly activate autophagy to promote ERK phospho-
rylation and VEGF paracrine secretion by accelerating 
the angiogenic capability of ECs (see Fig.  6d-f in Ref. 
[147]). In addition to controlling the survival or death 
of ECs, autophagy regulates other important functions, 
such as oxidative stress injury.

ROS are small, highly reactive and short-lived mole-
cules that result from incomplete one-electron reduction 
of oxygen [201]. There are several types of ROS, includ-
ing oxygen anions, free radicals, hydroxyl radicals and 
peroxides such as H2O2 [202]. Wound healing is greatly 
influenced by oxidative stress. The imbalance of free 
radicals and antioxidants in the body leads to excessive 
production of ROS, which eventually leads to tissue dam-
age, cell death and delayed wound healing [203]. There-
fore, decreased production of ROS may assist in reducing 
oxidative stress-induced damage and improving healing. 
This phenomenon was validated in our previous study, 
in which redox-sensitive poly(N-isopropylacrylamide-
acrylic acid) nanogel-doped nanofibrous membranes 
promoted wound healing by adjusting ROS levels in 
wounded skin by mediating the redox potential [204]. In 
addition, a recent study showed that Fe-MIL-101_NH2 

(a classic MOF) can maintain ROS levels and induce 
cytoprotective autophagy, instead of cytotoxicity, in 
mouse embryonic fibroblast cells [146]. Further inves-
tigation of the underlying mechanisms revealed that 
Fe-MIL-101_NH2 induced autophagy primarily by inhib-
iting the mTOR pathway and activating Beclin-1. In addi-
tion, elevated levels of autophagy were associated with 
an increase in ATG5 expression, which is essential for 
the maturation/termination of autophagy. Zhang et  al. 
reported that nanofiber films synthesized using chitosan, 
polyvinylpyrrolidone and DHQ (CPD) had antioxidant 
activity, were nontoxic to human skin keratinocytes and 
increased the expression of pankeratin, VEGF and CD31 
to promote wound healing by inducing autophagy (see 
Fig. 6g-i in Ref. [28] ).

In addition to the abovementioned mechanisms under-
lying skin wound healing, other mechanisms involve 
antimicrobial activity and anti-inflammatory effects. 
Therefore, advanced multifunctional materials with these 
properties should be developed in the future to promote 
skin regeneration.

Autophagy‑based biomaterials for nerve regeneration
The nervous system regulates the activity of various 
organ systems and helps the human body elicit responses 
to multiple environmental changes. The metabolically 
active nervous system relies on catabolic processes to 
eliminate waste, provide energy, promote cell remodeling, 
and protect against pathogen invasion [205]. Nervous 
system disorders result in life-threatening consequences 
owing to the low ability of patients to rehabilitate dam-
age. Several studies have focused on developing new 
strategies, including modulation of autophagy, for neural 
regeneration and rehabilitation. The mammalian nervous 
system requires autophagy to maintain normal function 
and homeostasis by protecting cells from various types of 
damage, including the aggregation of misfolded proteins 
and impaired organelles [205]. Additionally, autophagy 
influences the pathogenesis of nervous system disorders, 
including neurotrauma and neurodegeneration [206, 
207]. Upregulation of autophagy exerts beneficial effects 
on neurodegeneration by increasing the degradation of 
abnormally accumulated proteins [206]. In addition to 
protecting neurons from neurodegeneration, autophagy 
promotes the differentiation of adult neural stem cells. 
However, impaired autophagy has been shown to result 
in premature death in ATG5-knockout (KO) mice with 
congenital malformation of the nervous system [208]. 
After nerve injury, selective autophagy in Schwann cells 
(SCs), called myelinophagy, removes myelin debris and 
accelerates nerve regeneration [209]. Therefore, regula-
tion of autophagy represents a new strategy for treating 
nervous system disorders (Fig. 7).
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Biomaterials can be used in the treatment of nervous 
system disorders as tissue-engineered scaffolds, drug 
delivery vehicles, and structural implants [210, 211]. 
Qian et al. reviewed the use of nanoparticles in periph-
eral nerve regeneration, which was primarily divided into 
three facets: scaffold construction, drug delivery, and 
microenvironment remodeling [212]. Cell-based bioma-
terials have been widely used to reconstruct damaged cir-
cuitry for the treatment of central neural diseases [210]. 
The utilization of biomaterials, either encapsulated with 
autophagy inducers or in their naked form, holds poten-
tial for the modulation of autophagy as a therapeutic 
approach for nervous system diseases. This implies that 
the regulation of autophagy should be taken into account 
during the design of biomaterials, emphasizing its sig-
nificance in this context. In this review, we summarized 
recent advances in the use of biomaterials in promot-
ing nerve regeneration and highlighted their potential 
role in autophagy regulation. Because most studies on 
autophagy-modulating biomaterials have focused on 
neurodegenerative diseases, we emphasized the potential 
interaction between biomaterials and autophagy in neu-
rodegenerative diseases.

The accumulation of misfolded proteins is the major 
pathological phenotype of most late-onset neurode-
generative diseases [206]. Autophagy-induced clear-
ance of abnormally accumulated proteins is a promising 
strategy for removing aggregated proteins and alleviat-
ing the symptoms of neurodegeneration [206]. AD is 

characterized by the accumulation of Aβ protein and 
phosphorylation of tau protein, leading to the loss of 
cellular homeostasis and, eventually, cell death. In a 
previous study, we demonstrated that ceramide can 
induce autophagy in cells. We developed PEG-ceramide 
nanomicelles and treated N2a cells with these nanomi-
celles to investigate their effects on autophagy and Aβ 
protein. PEGylated nanomicelles were found to increase 
autophagic flux and accelerate the degradation of Aβ 
protein in N2a cells. Therefore, a promising approach 
to developing nanomedicines against AD is accelera-
tion of Aβ protein clearance, which is promoted through 
modulation of autophagy [213]. Furthermore, in mouse 
models of AD, functionalized single-walled carbon nano-
tubes can reverse abnormal mTOR signaling and allevi-
ate impaired lysosomal proteolysis, thereby promoting 
the degradation of Aβ protein aggregates (see Fig.  8a-c 
in Ref. [90]). In addition to regulating the signaling path-
way of autophagy, biomaterials can directly interact with 
Aβ protein aggregates. Luo et  al. designed nanosweep-
ers decorated with PEG-KLVFFF and Beclin-1 peptide 
(TGFQGSHWIHFTANFVNT), which can capture Aβ 
protein and upregulate autophagy to digest the protein 
[149]. In Parkinson’s disease (PD), α-synuclein (α-syn) 
accumulates in Lewy bodies along with selective dena-
turation and death of dopaminergic neurons in the sub-
stantia nigra [214]. In a study, curcumin analog-based 
nanoscavengers (NanoCA) were designed to induce 
overexpression of transcription factor EB (TFEB), an 

Fig. 7  Schematic illustration of the mechanisms through which autophagy regulates nerve regeneration (drawn using Figdraw). Autophagy 
promotes nerve regeneration by clearing protein aggregates, promoting myelinophagy, and inducing the differentiation of neural stem cells. 
(Created with figdraw.com)
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autophagy regulator, and promote autophagy-mediated 
degradation of α-syn. Exposure to NanoCA enhanced the 
calcium-dependent secretion of exosomes encapsulated 
with α-syn from PC12 cells. An intranasal drug delivery 
system was used for the targeted delivery of NanoCA to 
the mouse brain. This resulted in an improvement in the 
specificity of the nanomaterial to the central nervous sys-
tem (see Fig. 8d-f in Ref. [150]). Aggregation of hunting-
tin (Htt) is a neuropathological hallmark of Huntington’s 
disease (HD). Wei et al. synthesized europium hydroxide 
[EuIII(OH)3] nanorods to promote autophagy in various 
cell lines, including Neuro 2a and PC12 cells, with GFP-
Htt (with 74 polyQ repeats) aggregation. Treatment of 
these cells with EuIII(OH)3 nanorods enhanced the clear-
ance of GFP-Htt (see Fig.  8g-j in Ref. [154]). Therefore, 
biomaterial-based autophagy exerts therapeutic effects 
by clearing protein aggregates through modulation of 

autophagy (mTOR), thus promoting the transcription of 
TFEB or directly targeting aggregates through surface 
modification.

Lysosomal function plays a significant role in revers-
ing nerve degeneration. Lysosomes are a critical com-
ponent of ALP, which is responsible for the degradation 
of intracellular materials, including protein aggregates, 
in neurodegenerative diseases. ALP relies on the critical 
acidic lysosomal pH (4.5–5.5) to optimize the function 
of hydrolases and ensure the fusion of lysosomes with 
autophagosomes [215]. Dysfunction of lysosomes is asso-
ciated with the abnormal aggregation of proteins in neuro-
degeneration, especially PD [206]. Biomaterials can restore 
lysosomal function by modulating lysosomal pH, which 
increases autophagic flux. Bourdenx et  al. demonstrated 
that PLGA nanoparticles (PLGA-NPs) restored impaired 
lysosomal function through reacidification of lysosomes 

Fig. 8  Autophagy-modulating biomaterials promote nerve regeneration. a Graphic illustration of the autophagy pathway and its impairment 
in CRND8 glial cells at two levels. b Western blotting for the quantification of LC3I and LC3II. c Immunoblots of pro-CatD and matu-CatD and their 
quantification (Reproduced with permission [90]; Copyright 2014, American Chemical Society). d Graphic illustration of NanoCA for TFEB-regulated 
cellular clearance of α-syn in experimental models of PD. e Schematic illustration of the effects of NanoCA on TFEB-mediated exosome release 
for α-syn clearance. f Western blotting of LC3II, TFEB, and LAMP1 in Neuro-2a cells after treatment with NanoCA (Reproduced with permission 
[150]; Copyright 2020, American Chemical Society). g XRD pattern of EuIII(OH)3 nanorods. h TEM image of EuIII(OH)3 nanorods. i Western blotting 
of soluble and insoluble GFP-Htt. j Western blotting of LC3I and LC3II in three types of cells treated with EuIII(OH)3 nanorods (Reproduced 
with permission [154]; Copyright 2014, Elsevier)
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and attenuated dopaminergic neurodegeneration in mice 
[216].

Nerve injury significantly affects the health of 
patients; however, currently available treatment strate-
gies are unsatisfactory. After nerve injury, glial cells and 
SCs transform into regenerative phenotypes, thereby 
providing strong clues to triggering neuronal regenera-
tion and resulting in the formation of the basal lamina. 
Simultaneously, SCs expressing stimulating factors 
create a favorable environment for nerve regeneration 
[217]. Wallerian degeneration in the distal stump of 
an injured nerve involves the physical fragmentation 
of axons, degeneration of axons and myelin, migra-
tion of macrophages, and proliferation of SCs [218]. 
Novel strategies for nerve regeneration include the 
use of nerve guidance scaffolds, pharmacotherapy, and 
cell-based therapy [219]. However, only a few stud-
ies have reported the use of autophagy-modulating 
biomaterials for treating peripheral nerve injury. In 
a study, a melatonin/polycaprolactone neural guide 
conduit was synthesized to induce autophagy in a rat 
model of 15-mm sciatic nerve defects. The conduit 
enhanced debris clearance and nerve proliferation, 
possibly by influencing energy metabolism, and hence 
restored the microenvironment of the injured nerve 
[148]. Jiang et  al. used exosomes derived from micro-
RNA (miR)-30d-5p-overexpressing adipose-derived 
stem cells (ADSCs) to reduce ischemic nerve injury. 
In vitro, the inflammatory response of primary micro-
glia induced by oxygen and glucose deprivation (OGD) 
was reversed by exosomes enriched with miR-30d-5p. 
This anti-inflammatory effect was due to the inhibi-
tion of M1 microglial/macrophage polarization and 
the promotion of M2 microglial/macrophage polariza-
tion by miR-30d-5p. Furthermore, in a murine model 
of middle cerebral artery occlusion (MCAO), miR-
30d-5p-enriched exosomes delivered via tail vein injec-
tion reduced the expression of the autophagy-related 
proteins Beclin-1, Atg5, and LC3 in brain tissue and 
decreased the cerebral injury area caused by infarction. 
These results indicated that exosomes overexpressing 
miR-30d-5p can promote the M2-type transformation 
of microglia by inhibiting autophagy, thereby revers-
ing ischemic nerve injury [220]. Although both the 
promotion and inhibition of autophagy have therapeu-
tic effects on nerve injury, the role of biomaterial-reg-
ulated autophagy in nerve injury remains unclear and 
warrants further investigation.

Biomaterials can be used as autophagy modulators in 
the treatment of nervous system disorders. In peripheral 
nervous system injury, biomaterial-based autophagy 
promotes nerve regeneration by providing energy 
and clearing debris. In central nervous system (CNS) 

injury, especially nerve degeneration, biomaterial-based 
autophagy plays an important role in clearing aggre-
gated proteins and restoring lysosomal function. How-
ever, biomaterial-induced upregulation of autophagy 
also induces toxicity [221]. Moreover, the specific 
mechanism through which biomaterials promote 
autophagy in neurocytes remains unclear. Therefore, 
more studies should be conducted before such thera-
peutic approaches enter clinical trials.

Autophagy‑based biomaterials for heart regeneration
The heart works as a pump with high energy consump-
tion and blood supply. Owing to the limited regenera-
tive capacity of adult cardiomyocytes, impairment of 
myocardiocytes results in myocardial remodeling, lead-
ing to interstitial fibrosis and, eventually, heart dysfunc-
tion [222]. Owing to the increasing incidence of heart 
failure and myocardial diseases, myocardial regenera-
tion has become a major focus of studies attempting to 
elucidate the interplay between myocardial damage and 
regeneration. Autophagy plays a crucial role in regulat-
ing cardiac homeostasis and function by maintaining 
the basic structure and function of the heart through 
clearance of impaired organelles and misfolded pro-
teins, which are activated during oxidative, metabolic, 
and genotoxic stress [223]. In a study, deficiency of 
ATG5 in mice resulted in failure to activate autophagy, 
and the mice rapidly died 12 h after birth owing to star-
vation, which manifested as hypoglycemia and myo-
cardial damage. Therefore, autophagy is an important 
adaptive mechanism during neonatal starvation [224]. 
Autophagy plays an adaptive role in providing energy for 
myocardiocytes during ischemia. During acute infarc-
tion, autophagy is rapidly induced in myocardiocytes, 
and treatment with the autophagy inhibitor bafilomycin 
A1 increases the infarct size. Moreover, starvation and 
bafilomycin A1 neutralize their effects on infarct size, 
indicating that autophagy can protect the heart under 
energy-deprived conditions [225]. Autophagy can elimi-
nate dysfunctional mitochondria, thereby promoting 
mitochondrial genesis and reducing the production of 
mitochondria-derived danger-associated molecular pat-
terns (DAMPs). Overexpression of Beclin-1 can protect 
mitochondria by increasing mitophagy (degradation of 
dysfunctional mitochondria) through the PINK1-Parkin 
pathway, thereby attenuating cardiac damage in sepsis 
[226]. Therefore, autophagy plays an important role in 
reversing heart injury (see Fig. 9 in Ref. [227]).

Biomaterials have been extensively used as vascular 
grafts, cardiac patches, and drug carriers in the treatment 
of cardiovascular diseases. Upregulation of autophagy 
by biomaterials encapsulated with autophagy induc-
ers is beneficial for the treatment of heart diseases. The 
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potential benefit offered by these agents lies in their 
ability to accumulate significantly at disease sites, while 
simultaneously allowing for lower serum levels of free 
drug, thereby minimizing the occurrence of off-target 
side effects. For example, biomaterials targeting the 
regulation of autophagy can be used to treat myocardial 
injury. Bibee et al. incorporated rapamycin in perfluoro-
carbon (PFC) NPs to formulate rapamycin-loaded nano-
particles (RNPs). The RNPs showed the ability to enhance 
autophagy in a mdx mouse model of Duchenne muscu-
lar dystrophy by inducing mTORC1 cell signaling and 
enhancing the phosphorylation of S6 ribosomal protein. 
These effects improved cardiac contractile performance, 
suggesting that the upregulation of autophagy plays a 
role in the treatment of congenital heart dystrophy (see 
Fig. 10a-c in Ref. [156]).

Oxidative stress is an important pathophysiological 
mechanism resulting in cardiac damage. Antioxidants 
can be combined with biomaterials to reduce toxic-
ity and develop low-toxicity biomaterials. Shen et  al. 
encapsulated N-acetylcysteine (NAC), a potent anti-
oxidant, in magnetic mesoporous silica nanoparticles 
(M-MSNs). M-MSN@NAC inhibited the hyperactivation 
of autophagy and alleviated oxidative stress induced by 
exposure to iron oxide nanoparticles in cardiomyocytes 
(see Fig.  10d in Ref. [155]). The abovementioned stud-
ies suggest that both inducing and inhibiting excessive 
autophagy can facilitate cardiac regeneration.

In conclusion, autophagy is associated with oxida-
tive stress and the metabolic state of the heart, espe-
cially after damage. Impaired autophagy contributes 
to insufficient energy supply and increases oxidative 
stress, which exacerbates myocardial injury. Modulat-
ing autophagy by restoring mitochondrial function and 
alleviating oxidative stress represents a novel strategy 
for treating heart injury. Given that biomaterials can 
improve drug delivery and can be internalized by cells, 
they can be combined with autophagy regulators to 
develop promising therapeutic approaches. However, 
the toxicity and biocompatibility of biomaterials should 
be considered before application. Moreover, the state of 
injury in which autophagy is activated and the beneficial 
effects of autophagy activation on the pathogenesis of 
myocardial injury remain unclear. To date, limited stud-
ies have focused on the use of autophagy-modulating 
biomaterials in the treatment of heart injury. Therefore, 
the effects of autophagy on heart injury and the under-
lying mechanisms governing these effects should be 
elucidated.

Autophagy‑based biomaterials for kidney regeneration
The kidney is a complicated organ not only physi-
ologically but also structurally and metabolically. 
After injury, the kidney undergoes multiple types of 
stress, such as hyperoxia, hypoxia, nutrient and energy 
depletion, ER stress, mitochondrial damage, and 

Fig. 9  Role of autophagy in cardiac diseases. Autophagy facilitates regeneration in cardiac diseases and protects cardiomyocytes from injury. 
(Reproduced with permission [227]; Copyright 2021, John Wiley and Sons)
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genotoxicity, all of which can activate autophagy. Fig-
ure  11 describes the pathophysiology of autophagy in 
chronic kidney disease. Studies have demonstrated the 
regulatory effects of autophagy on tissue homeostasis 
in the kidney and other organs using conditional gene-
KO mice (tissue-specific ATG5- or ATG7-KO mice) 
and autophagy-deficient cells. Basal autophagy plays an 
important role in regulating cellular homeostasis in the 

kidney and other organs. Deficient autophagy can lead 
to protein aggregation and inclusion body accumula-
tion in renal tubular cells [228]. Compared with wild-
type mice, KO mice exhibit multiple signs of cellular 
senescence, including kidney function loss, mitochon-
drial damage, nuclear DNA damage, and fibrosis [228]. 
In addition, KO of the podocyte-specific ATG5 gene 
in mice leads to mild albuminuria, podocyte death, 

Fig. 10  Autophagy-modulated biomaterials promote heart regeneration. a Baseline left ventricular ejection fraction of mdx and wild-type mice 
before treatment. b Improvement in cardiac function after treatment with rapamycin-loaded nanoparticles. c Western blotting of LC3I, LC3II, p62 
and BNIP3 in the hearts of mdx mice treated with rapamycin-loaded nanoparticles. Reproduced with permission. [156] Copyright 2014, John 
Wiley and Sons. d Schematic illustration of the role of M-MSN@NAC in reducing oxidative injury and apoptosis by downregulating autophagy 
in cardiomyocytes stimulated with hypoxia and reoxygenation [155]



Page 28 of 39Wu et al. Cell Communication and Signaling          (2024) 22:124 

delayed glomerulonephritis, accumulation of oxidized 
and ubiquitinated protein aggregates, ER damage, and 
proteinuria [229]. Insufficient or defective autophagy 
results in impaired clearance of damaged macromol-
ecules and organelles and cannot protect cells from 
damage in renal diseases. Biomaterials can be used to 
improve the therapeutic efficacy of currently available 
treatment strategies for kidney disease. Mechanisti-
cally, the anti-inflammatory, antioxidative, and antifi-
brotic properties of biomaterials may help to regulate 
autophagy.

Excessive formation of fibrous connective tissue in 
the kidney results in a progressive reduction in filtra-
tion efficiency and tubular function in both humans and 
experimental models of kidney disease [231]. In a previ-
ous review, we reported that fibrosis mainly occurs in 
two regions of the kidney: the tubulointerstitial space 
and glomerulus [105]. The final common outcome of 
many progressive kidney diseases is renal fibrosis, which 
may be an appropriate target for antifibrotic interven-
tion in chronic kidney disease [105, 232]. Therapeutic 
strategies for reversing or inhibiting the progression of 
renal fibrosis are either inefficient or not safe enough 
to be translated into clinical practice [233]. Moreo-
ver, no drugs are available for treating kidney fibrosis. 
A recent study provided encouraging preclinical evi-
dence indicating that the fibrogenesis pathway can be 
slowed, arrested, or reversed [234]. The kidney tubules 
rapidly undergo autophagy in response to side effects 
of drugs or acute pathological stimuli, such as ischemia 
and reperfusion injury [235, 236]. At the functional level, 
autophagy plays a largely protective role by preventing 
tubular damage and subsequent fibrosis in the kidney 

[237]. In a study, the relationship between autophagy 
and the treatment of kidney diseases was examined in a 
tubulointerstitial fibrosis (TIF) model constructed via 
intravenous injection of cationic bovine serum albumin 
(C-BSA) in Rab7 (a molecule involved in both endocyto-
sis and autophagy)-overexpressing transgenic mice [157]. 
Albumin stimulation in the advanced stage of TIF trig-
gered autophagy and MMP-2 activity, which are related 
to the progression of TIF, through upregulation of Rab7. 
Additionally, the use of Fe3O4 magnetic albumin NPs 
accelerated ECM degradation and decreased collagen 
accumulation through autophagy and inflammation (see 
Fig. 12a-c in Ref. [157]). An et al. designed phospholipid-
polyethylene glycol-capped ceria-zirconia antioxidant 
nanoparticles (PEG-CZNPs), which reduced the expres-
sion of profibrotic cytokines in a human podocyte model 
of Fabry disease and attenuated kidney injury by enhanc-
ing autophagic flux [158].

Because inflammation leads to the occurrence of most 
kidney diseases, its regulation is key to the development 
of therapeutic strategies for kidney diseases. Many acute 
or chronic insults, such as ischemia, drug toxicity, accu-
mulation of toxins, metabolism, and inflammation, can 
damage kidney tubules [238], resulting in the genera-
tion of inflammatory responses. The aging kidney also 
exhibits chronic inflammation of tubular lesions. There-
fore, inhibition of renal inflammation is the primary 
therapeutic approach to reducing chronic renal injury 
and delaying the progression of kidney diseases [239]. 
NOD-like receptor family pyrin-containing domain-3 
(NLRP3) is the most extensively investigated inflamma-
some that plays a vital role in numerous diseases [240]. 
After NLRP3 is activated in response to tissue damage, 

Fig. 11  Illustration of the role of autophagy in chronic kidney disease. DN, diabetic nephropathy; LNm lupus nephropathy; APCKD, adult polycystic 
kidney disease. (Reproduced with permission [230]; Copyright 2019, MDPI)
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metabolic stress, and infection, it recruits apoptosis-
associated speck-like protein with a caspase recruitment 
domain (ASC), leading to proteolytic cleavage of cas-
pase-1. Cleavage of caspase-1 modulates the maturation 
of the proinflammatory cytokines IL-1β and IL-18, result-
ing in inflammation [241]. Lin et  al. developed resvera-
trol-encapsulated PLGA-NPs, which not only improved 
the pharmacokinetic properties of resveratrol but also 
suppressed the NLRP3 inflammasome by enhancing 
autophagy in chronic kidney disease (see Fig. 12d in Ref. 

[27]). A further mechanism by which resveratrol NPs 
induce autophagy in kidney cells is by increasing AMPK 
and inhibiting pathways mediated by Akt and mTOR. 
These findings suggest that autophagy-induced anti-
inflammatory activity can effectively treat chronic kidney 
disease. The novel nanoparticle-based drug delivery sys-
tems (NPs) exhibited precise control over drug release, 
while also offering the added advantage of convenient 
and direct targeting of drug delivery to injured kidney 
cells. Furthermore, these NPs demonstrated a reduction 

Fig. 12  Autophagy-modulating biomaterials promote kidney regeneration. a Preparation of magnetic Fe3O4 nanoparticles encapsulated 
with albumin (Fe3O4@BSA) and illustration of the protective effects of Fe3O4@BSA on albumin-induced tubulointerstitial fibrosis. b Imaging 
of the structure of the kidney and autophagic vacuoles in the kidneys of mice after treatment. c Western blotting for the quantification of LC3II/
LC3I levels in the kidneys of mice (Reproduced with permission [157]; Copyright 2021, Elsevier). d Schematic illustration of the role of KIM-1-Res NPs 
in ameliorating chronic kidney disease [27]. e Schematic illustration of the role of Nano-TiO2 in inducing autophagy to protect against cell death [75]
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in negative side effects and yielded superior therapeutic 
effects compared to conventional drug delivery systems 
such as Res.

Under physiological conditions, ROS participate in 
the proliferation, differentiation, apoptosis, and immune 
defense of various cell types, including renal cells [242]. 
However, under pathological conditions, excessive ROS 
production causes irreversible damage to the structure 
and function of the kidney, eventually leading to end-
stage renal disease. The redox regulation of proteins is 
mediated by ROS in several signaling pathways, including 
autophagy [243]. Autophagy plays a vital role in main-
taining the homeostasis of podocytes, which are highly 
differentiated epithelial cells located on the surface of 
glomerular capillaries. Nano-TiO2 can trigger autophagy 
in kidney cells by inducing autophagic flux and activat-
ing AMPK to inhibit mTOR [75], and nano-TiO2-induced 
autophagy can act as an antioxidant system to prevent 
podocyte death (see Fig. 12e in Ref. [75]).

In conclusion, biomaterial-based autophagy plays a 
crucial role in the prevention of kidney diseases. Selective 
stress stimuli, such as ischemia-reperfusion injury, accu-
mulation of toxins, and sepsis, can lead to acute damage, 
accumulation of ROS, and activation of autophagy in the 
normal kidney. Biomaterial-based autophagy can pro-
mote kidney regeneration by playing a protective role in 
podocytes, mesangial cells, and tubular cells.

Autophagy‑based biomaterials for lung regeneration
The lungs exchange gases between the body and exter-
nal environment through respiration, which is impor-
tant for maintaining life. Various specialized cells work 
in coordination for proper functioning of the lungs, 
including pulmonary epithelial cells, interstitial fibro-
blasts, endotheliocytes, smooth muscle cells, and adven-
titial fibroblasts [244]. Lung components are directly 
exposed to the environment and provide the first line 
of defense against damage caused by chronic exposure 
to environmental (bacterial, viral, and oxidative) and 
mechanical stress [245]. Lung function is maintained 
by mechanisms such as antioxidant defense, innate 
and adaptive immune responses, and several cell death 
mechanisms. Autophagy, which is activated by both envi-
ronmental and cellular stress stimuli, is crucial for main-
taining cellular homeostasis (see Fig.  13 in Ref. [246]). 
The activity of autophagy is relatively low in most tis-
sues but is greatly enhanced under stressful conditions. 
Disruption of cellular processes can lead to pathological 
conditions in the respiratory system. Autophagy plays 
an important role in maintaining lung homeostasis and 
preventing diseases such as chronic obstructive pul-
monary disease (COPD), pulmonary vascular disease, 
asthma, and pulmonary fibrosis [247]. Biomaterial-based 

autophagy can regulate lung regeneration mainly by 
reducing the inflammatory response and inhibiting the 
proliferation of lung cells.

Macrophages are one of the most important effector 
cells in the innate immune system of the lung, and their 
polarization plays a major role in the occurrence, devel-
opment, and outcome of lung diseases [248]. In addi-
tion to generating the classical inflammatory response, 
macrophages infiltrated by invading entities exhibit a 
polarized phenotype, which is essential for maintain-
ing the physiological functions of the host [249]. Lung 
macrophages can usually be classified into two subtypes 
based on their polarization: traditionally (M1) and alter-
natively (M2) activated macrophages [250]. Acute exu-
dative lung inflammation activates M1 macrophages, 
which release abundant proinflammatory mediators and 
chemokines that recruit neutrophils and monocytes to 
the site of inflammation. In the late stages of tissue regen-
eration, lung macrophages polarize to the M2 phenotype 
to inhibit inflammation [251]. Autophagy plays a crucial 
role in regulating the function of macrophages. Huang 
et al. constructed a dual-therapeutic nanoplatform incor-
porating mTOR siRNA and spermidine (TETSpd-mTOR) 
to combat inflammation in acute lung injury (ALI) based 
on the properties of lung macrophages (see Fig.  14a in 
Ref. [17]). Spermidine neutralized DNA charges and 
facilitated the assembly of DNA tetrahedrons, which 
served as both initiators of the synthesis of DNA tetra-
hedron nanostructures and drugs in NPs. Spermidine 
serves not only as a mediator of drug delivery vehicle 
synthesis in TETSpd-mTOR but also as a drug that pro-
motes macrophage autophagy via the AMPK-mTOR 
pathway. Notably, mTOR siRNA also reinforced mac-
rophage autophagy. Therefore, spermidine and mTOR 
siRNA exerted synergistic effects on macrophage polari-
zation and reduced inflammation, thus offering a novel 
therapeutic strategy for ALI.

Pulmonary arterial hypertension (PAH) is a complica-
tion of chronic lung disease in which blood pressure is 
increased in the small vessels of the lungs. It can cause 
pulmonary vascular resistance (PVR) and right ven-
tricular hypertrophy, eventually resulting in right heart 
failure. During PAH, the pulmonary vascular system 
multiplies and remodels owing to alveolar hypoxia. The 
proliferation of pulmonary arterial smooth muscle cells 
(PASMCs) and their resistance to apoptosis play a key 
role in the development of PAH [252]. Previous studies 
have demonstrated that autophagy plays an essential role 
in pulmonary vascular diseases and exerts both protec-
tive and detrimental effects [253]. You et  al. designed 
and developed a self-assembling DNA nanotube system 
[159] by incorporating mTOR siRNA as a functional 
agent into an overhang on a DNA nanotube through 



Page 31 of 39Wu et al. Cell Communication and Signaling          (2024) 22:124 	

hybridization at a specific molar ratio. The self-assembled 
siRNA-DNA-NTs targeting mTOR exhibit notable sta-
bility, inherent biocompatibility, and minimal cytotox-
icity. And these mTOR siRNA-loaded DNA nanotubes 
effectively facilitate the delivery of siRNA to pulmonary 
arterial smooth muscle cells (PASMCs), effectively sup-
pressing their proliferation through the induction of 
autophagy, irrespective of normal or hypoxic conditions 
(see Fig. 14b-c in Ref [159]). However, the growth of pul-
monary cells can be inhibited by reducing autophagy. 
PAH is an important pathophysiological condition that 
is characterized by persistent PVR and vasoconstric-
tion in COPD and other clinical lung disorders [254]. 
Hypoxia, oxidative stress, starvation, and other aberrant 
conditions can impair the function of pulmonary ECs. 
During the progression of lung disease, aberrant prolif-
eration of ECs is activated, and apoptosis is suppressed 
[255]. Du et  al. synthesized triangular DNA nanopar-
ticles encapsulated with ATG101 single-stranded anti-
sense RNA (ssATG101-TNPs) and effectively transfected 

these NPs into human pulmonary arterial endothelial 
cells (PAECs) [136]. ssATG101-TNPs promoted apopto-
sis and inhibited the proliferation of PAECs by inhibiting 
macroautophagy under hypoxic conditions in a time- and 
dose-dependent manner.

Autophagy exerts either protective or harmful effects 
during the progression of lung disease. These diverse 
effects differ in different types of diseases and among 
lung cell types. However, the effects of autophagy on 
lung regeneration and metabolism remain elusive. Owing 
to the dynamic nature of autophagy, it is necessary to 
understand changes in its activity at varying stages of 
lung disease development.

Autophagy‑based biomaterials for liver regeneration
The liver is one of the most dynamic metabolic organs 
that is essential for the synthesis of plasma proteins, 
glucose, glycogen, cholesterol, lipids, and fatty acids 
and the metabolism and detoxification of drugs/xenobi-
otics [256]. Autophagy is important for maintaining the 

Fig. 13  Underlying mechanism of autophagy in lung tissue. Nutrient deprivation and stress can trigger autophagy. ATP, adenosine triphosphate; 
α-KG, alpha-ketoglutarate; PPP, pentose-phosphate pathway; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle. (Reproduced 
with permission [246]; Copyright 2021, Springer Nature)
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balance between liver metabolism and cellular health 
[257]. Physiologically, autophagy plays an essential 
role in preserving cellular and metabolic homeostasis 
in the liver. Nervous, endocrine, and paracrine signals 
coordinated with circulating nutrients are responsible 
for orchestrating liver autophagy [256]. Dysfunction 
of autophagy is associated with several liver diseases, 
including hepatitis, steatosis, fibrosis, cirrhosis, and 
hepatocellular carcinoma [257]. Autophagy protects 
liver cells from injury and death by removing damaged 
organelles and proteins. Modulating autophagy can 
alter the occurrence and outcome of liver diseases, sug-
gesting that autophagy is a novel therapeutic target for 
preventing and treating liver diseases.

Biomaterials can reduce inflammation by regulating 
autophagy in liver injury-related diseases [161]. Sep-
sis has a high rate of morbidity and mortality among 
patients admitted to the intensive care unit worldwide, 
and an excessive inflammatory response leads to liver 
injury. Superparamagnetic iron oxide NPs (SPIONs) 
synthesized using γ-Fe2O3 NPs can alleviate LPS-
induced sepsis and prevent the infiltration of inflam-
matory cells into the liver. Mechanistically, SPIONs 
directly stimulate macrophage autophagy by activat-
ing the Cav1-Notch1/HES1 signaling pathway, which 

enhances the production of IL-10 in macrophages and 
consequently inhibits inflammation in LPS-induced 
sepsis and liver injury.

Conclusions and future perspectives
Autophagy, a lysosome-dependent clearance mecha-
nism, maintains cellular homeostasis by mediating the 
degradation of senescent organelles, pathogens, and 
abnormal proteins and is closely associated with tissue 
regeneration. It can promote tissue regeneration through 
the following mechanisms: effective removal of intracel-
lular bacteria to alleviate infection, negative regulation 
of inflammation, promotion of cell survival by inhibiting 
apoptosis, promotion of the differentiation and migra-
tion of cells, and formation of ECM. However, exces-
sive autophagy can lead to overdegradation of cellular 
contents and trigger autophagic cell death, which may 
impede tissue regeneration. Several biomaterials can be 
used to induce autophagy for a wide range of applications 
in tissue regeneration. Autophagy induced by biomateri-
als in specific cells can promote tissue regeneration. An 
appropriate level of autophagy can enhance cell metab-
olism and is necessary for the cellular energy cycle to 
maintain homeostasis, whereas excessive autophagy 
depletes the cellular architecture and maintains the cell 

Fig. 14  Autophagy-modulating biomaterials promote lung regeneration. a Schematic illustration of the synergistic anti-inflammatory effects 
of TETSpd-mTOR on ALI (Reproduced with permission [17]; Copyright 2022, John Wiley and Sons). b Schematic illustration demonstrating 
self-assembled mTOR siRNA-loaded nanotubes that stimulate PASMC proliferation and autophagy. c Fluorescence imaging demonstrating 
autophagy in pulmonary arterial smooth muscle cells incubated with mTOR siRNA under hypoxic conditions (Reproduced with permission [159]; 
Copyright 2015, Elsevier)
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in a state of stress, eventually leading to programmed cell 
death. Therefore, elucidating the molecular mechanisms 
underlying autophagy induced by different biomateri-
als and regulating autophagy at the molecular level are 
important approaches to developing effective strategies 
for promoting tissue regeneration.

Surface modifications and alterations in the structure of 
biomaterials, especially multicomponent nanomaterials, can 
increase or decrease autophagic flux in tissue cells. In addi-
tion, controlling biomaterial-induced cytotoxicity is critical 
for changing the direction of autophagy induction. Specifi-
cally, materials and their size, shape, charges, and surface 
modifications should be optimized for the efficient and safe 
use of biomaterials. Biomaterials incorporating autophagy 
inducers also possess the ability to regulate autophagy by 
either activating or inhibiting its processes, thereby facilitat-
ing drug delivery. Moreover, understanding the mechanisms 
underlying nanomaterial-induced autophagy is critical for 
promoting tissue regeneration. Stress, such as ER stress and 
organelle damage, is the primary trigger of nanomaterial-
induced autophagy. Additionally, nanomaterial-induced 
molecular perturbations and stimulation of related recep-
tors can contribute to the activation of autophagy and 
immune regulation. Biomaterial-induced autophagy regu-
lates the immune function of tissue cells through multiple 
mechanisms, including proliferation, migration, apoptosis, 
and differentiation, which are important for the survival and 
function of cells in the tissue microenvironment.

Autophagy maintains cellular homeostasis by eliminating 
damaged organelles and cell debris and is associated with 
the molecular pathways that control intracellular immune 
activity. Autophagy induced by biomaterials can protect 
cells from both extracellular and intracellular stress stimuli 
and support the proliferation, survival, and differentiation 
of tissue cells. Further research into the principle and path-
ways of autophagy regulation in tissue cells can promote 
the development and optimization of strategies for pro-
moting tissue regeneration. Biomaterials with features of 
foreign bodies have emerged as important agents that can 
regulate autophagy by disrupting the normal physiological 
functions of tissue cells. Understanding opsonization and 
the molecular mechanisms underlying biomaterial-based 
autophagy can facilitate the rational design of biomaterials. 
Autophagy-modulating biomaterials play a positive role in 
promoting tissue repair and may be used to develop tissue 
regeneration approaches for clinical application.

For successful clinical use of biomaterial-based approaches, 
the dose and administration frequency of biomaterials should 
be optimized, and their clinical safety and performance 
should be improved. Additionally, the combination of bio-
materials with other technologies and further expansion of 
the applications of biomaterials may help to maximize the 
therapeutic effects of tissue regeneration strategies.
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