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ARTICLE INFO ABSTRACT

Keywords: Cancer is the result of genetic abnormalities that cause normal cells to grow into neoplastic cells. Cancer is
Aumpha.gy characterized by several distinct features, such as uncontrolled cell growth, extensive spreading to other parts of
épﬁlg"s‘sh the body, and the ability to resist treatment. The scientists have stressed the development of nanostructures as
NZno:::ticles novel therapeutic options in suppressing cancer, in response to the emergence of resistance to standard medi-

cines. One of the specific mechanisms with dysregulation during cancer is autophagy. Nanomaterials have the
ability to specifically carry medications and genes, and they can also enhance the responsiveness of tumor cells to
standard therapy while promoting drug sensitivity. The primary mechanism in this process relies on autopha-
gosomes and their fusion with lysosomes to break down the components of the cytoplasm. While autophagy was
initially described as a form of cellular demise, it has been demonstrated to play a crucial role in controlling
metastasis, proliferation, and treatment resistance in human malignancies. The pharmacokinetic profile of
autophagy modulators is poor, despite their development for use in cancer therapy. Consequently, nanoparticles
have been developed for the purpose of delivering medications and autophagy modulators selectively and spe-
cifically to the cancer process. Furthermore, several categories of nanoparticles have demonstrated the ability to
regulate autophagy, which plays a crucial role in defining the biological characteristics and response to therapy
of tumor cells.

Cancer therapy

Introduction has evolved a considerable time ago and is highly preserved [1]. As a
catabolic process, autophagy mediates the synthesis of substrates that

Eukaryotes possess the ability to recycle and eliminate most of their aid cells in maintaining homeostasis during times of food scarcity [2,3].
internal components through a process called autophagy. This pathway Autophagy plays a comparable role in breaking down faulty or harmed
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organelles and cellular components through a process known as
self-digestion. Autophagy processes have a crucial role in various areas
of biology, such as immunology, inter-cellular signaling, regulation of
stem cells in tissues, and maintenance of barrier tissue integrity [4-8].
Autophagy can be triggered in response to various physical, chemical, or
biological stimuli. The process can be triggered in reaction to cellular
stress, immune response, organelle quality control, prolonged dietary
restriction, or tissue remodeling [9]. Due to the abnormality of having
an excessive amount of the macromolecular self-degradation pathway,
autophagy in physiological conditions can either aid in cell survival or
induce cell death [10]. Autophagy’s role in human longevity and health
is widely recognized due to its function as the primary pathway for
enhancing survival in response to stress and maintaining cellular quality
control [5,11]. Many human diseases and illnesses can be caused by
defects in autophagy. These involve disorders of the nervous system,
muscles, malignancies, aging, the lungs, liver, and heart, as well as
metabolic disorders like diabetes [12]. At least three types of autophagy
have been identified for the transfer of lysosomes to proteins (Fig. 1).
One type of autophagy is microautophagy, where the lysosomal mem-
branes fold inward, allowing the cell to take in cargo more easily [13].

Furthermore, chaperone-mediated autophagy differs from other
types of autophagy in that it does not rely on the detection of certain
membrane characteristics to identify cargos. Instead, cargos are detec-
ted by chaperones that include a distinct pentapeptide pattern [14].
Individual substrates will be translocated across the lysosomal mem-
brane after they have unfolded. Finally, during macroautophagy, a
cytosolic vesicle termed the autophagosome is produced. This vesicle is
a double-membrane transporter of cargo [15]. After the omegasome
forms, macroautophagy’s initial stage driven by BECN1 (Beclin-1) and a
few autophagy-related genes (ATGs) moves on to the next stage. Next,
the macrophages elongate, the autophagosomes mature, and the lyso-
somes fuse with the autophagosomes, resulting in the proteolytic
destruction of the cargo [3]. The autophagy that has been chosen is
specifically macroautophagy of a particular organelle, distinct from
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what would occur in the event of general macroautophagy. PINK1 has a
crucial role as the primary regulator in a specific type of autophagy
called selective autophagy, in contrast to macrophagy where other
regulators are involved [3]. Selective autophagy achieves its selectivity
by either marking or ubiquitinating the cargo. P62 recognizes androgen
glucuronide, also known as pentapeptide motif, as a substrate for
autophagy during the process of autophagy selection. Following this, the
autophagy receptor selectively attaches to the examined cargo, resulting
in the formation of the autophagosome [16-18]. Although the mecha-
nisms of various types of autophagy vary significantly, the ultimate
outcome remains consistent: inadequate removal of unnecessary or-
ganelles by lysosomes.

Nanoparticles refer to small formations that have dimensions
ranging from 1 to 100 nm. The industrial and medical sectors are just
two of many potential uses for these structures. Since nanoparticles can
carry drugs and genes to exact locations, their use in cancer treatment
has skyrocketed in recent years. In addition, nanoparticles exhibit
fantastic promise as bioimaging candidates and may improve immuno-
therapy [19]. Chemotherapy medications can be enhanced, and drug
resistance can be suppressed by the use of nanostructures in their de-
livery. As a result, nanoparticles are becoming more and more used in
cancer therapy due to their adaptability. Fig. 2 provides the role of
nanoparticles in crossing over biological barriers that is beneficial in
improving intracellular accumulation and reaching the tumor micro-
environment for the suppression of cancer. In recent years, the regula-
tion of autophagy by nanoparticles has shown promising points in
cancer therapy [20]. Regarding the importance of nanoparticles in the
field of cancer therapy, the current review will focus on the role of
nanoparticles in the regulation of autophagy for the treatment of cancer.
Table 1 is a summary of the application of nanoparticles in the process of
cancer therapy (see Table 2).

Macroautophagy

Fig. 1. The three major types of autophagy. a) Macroautophagy is the bulky and non-selective type of autophagy in which double-membrane compartments
known as autophagosomes can mediate the degradation of cargo through fusion with lysosomes; b) Chaperone-mediated autophagy is the selective type of autophagy
in which proteins with the KFERQ motif are identified to be directed for lysosomal degradation; ¢) Microautophagy is the inward budding of the cell membrane for

the degradation of cargo.
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Fig. 2. The nanoparticles and biological barriers in cancer therapy. Nanoparticles can help overcome a variety of biological barriers. Nanoparticles have the
ability to bind to the receptors upregulated on the surface of tumor cells (this is true for surface-functionalized nanostructures) to enhance the intracellular accu-
mulation of drugs and cargo in cancer cells. Moreover, nanocarriers demonstrate a high ability to cross epithelial barriers. The nanostructures can specifically
accumulate in the tumor microenvironment and can target immune cells for the induction of the immune system against cancer cells.

Autophagy flux
Basics and molecular aspects

The autophagy mechanism has evolved to be considerably
conserved, resulting in the rapid discovery of human analogues of the
yeast-discovered autophagy-related (ATG) genes and proteins (Fig. 3)
[49-51]. Many ATG protein complexes, including ATG5, ATG12, and
ATG16L1, must be attached to the membrane of autophagosomes for
them to attain their mature state. The microtubule-associated protein 1
light chain 3 (LC3) is a prominent tool for monitoring autophagy both in
laboratory environments and in living organisms. LC3 is the mammalian
equivalent of yeast ATG8 and is present on the membrane of the auto-
phagosome [52]. The ATG12-ATG5-ATG16L complex facilitates the
transport of cytoplasmic LC3 to the maturing autophagosome mem-
brane. This complex aids in LC3 lipidation and separation membrane
expansion when it accumulates on the autophagosome surface [53-55].
The autophagosome contains both inner and outer membranes, which
consist of LC3IL. LC3II is constituted when LC3 binds to phosphatidyl-
ethanolamine [56]. LC3II remains attached to autophagosomes until it
undergoes destruction in the autolysosomal stage. Hence, the rate of
autophagy activation can be assessed by quantifying the amount of
LC3II bound to the membrane. ATG4 has the ability to separate the outer
membrane LC3II, releasing the inner membrane LC3I for future use. On
the other hand, the fusion of autophagosomes with lysosomes breaks
down the inner membrane LC3II. LC3II turnover can be used to quantify
the level of autophagy or autophagic flux. If the autophagy machinery
develops correctly, the presence of lysosomal protease inhibitors stops
the breakdown of LC3II that is connected to the inner membrane. This
results in an elevation of LC3II levels in the cells that have been treated
[57]. Knocking down or down these ATGs has become a prevalent
method for understanding the molecular processes of autophagy. The
process becomes more intricate due to the multiple rates of interaction
between autophagy control and diverse intracellular signaling networks.
Autophagy is a metabolic process that produces energy. The hormone
glucagon promotes this process, whereas insulin and amino acids inhibit
it [58-60]. The mammalian target of rapamycin (mTOR) is located
downstream of the insulin receptor. Since mTOR negatively modulates
autophagy, its activation prevents autophagy. The pharmacological in-
hibitor of mTOR, rapamycin, on the other hand, promotes autophagy
[61]. Autophagy is induced by the energy-sensitive AMP-activated
protein kinase, which inhibits mTOR when there is a lack of energy [62].

The autophagy promoter class III phosphatidylinositol-3-kinase (PI3K)
is blocked by 3-methyladenine, which suppresses autophagy [63].
Furthermore, the signaling cascades of inositol-monophosphatase,
c-Jun-N-terminal-kinase, and death-associated protein kinase are path-
ways that control autophagy. Some of these pathways rely on mTOR,
while others operate independently [64,65].

Pre-clinical models of autophagy

Autophagy is an auspicious novel focus for cancer therapy, and sci-
entists have developed animal models to get deeper insights into its
mechanisms at the pre-clinical stage. Animal models are utilized to
improve our understanding of the physiological and pathological as-
pects of autophagy. In order to examine autophagy in vivo, two mouse
models have been developed: “autophagy-monitoring mice” and
“autophagy-deficient mice.” For the goal of researching autophagy, mice
have also been generated with CIEA NOG, Nlrp3, SumF1, Dram2, TNF-a
Tg, ATG4b-c, and PiK3c3 genes knocked out [68-73]. Mitophagy is a
recently discovered form of autophagy that selectively targets mito-
chondria [74]. More precisely, researchers employ mt-Keima transgenic
mice and mito-QC transgenic mice as models for investigating mitoph-
agy [75,76]. Through genetic engineering to create mice models for
studying autophagy and by manipulating specific receptors like
SQSTM1/p62, OPTN, and BCL2L13, the role of selective autophagy in
live organisms has been better understood [75,77-79]. However, eval-
uating autophagy through in vivo mice models has certain challenges.
For instance, observing alterations in the organelles of living organisms
to research autophagy is not feasible, and doing experiments on mam-
mals to manipulate them is a challenging endeavor. Consequently,
zebrafish have recently become widely used as an in vivo model for
investigating autophagy, mitophagy, and other types of autophagy [80].
Primate models are fantastic for learning more about autophagy and
how it works in normal and aberrant cellular processes. The MARC-145
cells found in monkey kidneys have been used to study the toxic effects
of fumonisin B1 and the involvement of autophagy. Reducing cell death
in monkey kidney cells exposed to fumonisin B1 is achieved by sup-
pressing autophagy [81]. Monkey models are very valuable when
investigating the role of autophagy in neurological diseases. Studies
conducted on cynomolgus monkeys have demonstrated that the inhi-
bition of autophagy plays a vital role in the progression of neurological
disorders in these primates, as it occurs immediately before to the pro-
duction of amyloid plaques [82]. A recent study used adult Macaca
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mulatta to examine the role of autophagy activation status in periodontal
lesions [83]. Therefore, among other models, primate models (both in
vitro and in vivo) can be utilized to further our understanding of the role
of autophagy in diseases [84,85].

Autophagy as tumor-suppressor and tumor-promoter

An early study on the involvement of autophagy in breast cancer
revealed that there was a reduction in BECN1 expression and a decrease
in autophagy activity [86,87]. Mice that were conditionally heterozy-
gous for BECN1 had drastically impaired autophagy and a high cancer
rate [88,89]. Shortly thereafter, it was demonstrated that mice with a
widespread mosaic deletion of ATG5 developed tumors, as did animals
with a targeted deletion of ATG7 in the liver [90,91]. These findings
provide additional evidence that autophagy can effectively prevent the
improvement of tumors. The absence of autophagy in cells of Oncomice
that produce the oncogene KRAS mutant and MMTVPyMT hampers
tumor growth, even in the presence of somatic loss of autophagy. This

Table 1 Table 2
The application of nanomaterials in cancer therapy. An overview of autophagy function in cancers.
Nanoparticles Outcomes References Tumor Outcome Reference
Supramolecular Cyclic Increasing the intracellular delivery of [21] Pancreatic cancer Biomimetic microenvironmental stiffness can [34]
Dinucleotide CDG and enhancing STING activation stimulate autophagy for facilitating stemness
nanostructures to promote cancer immunotherapy Thyroid cancer Downregulation of AKR1C3 can suppress [35]
Polymeric RNA 200 nm size and providing systemic [22] autophagy-mediated glycolysis through
nanocarriers delivery impairing ERK
High anti-tumor activity in breast Ovarian cancer Hsa_circ_0000585 stimulation cisplatin [36]
cancer and specific targeting of resistance through upregulation of Beclin-1 to
CD44+-overexpressed cells induce autophagy

Au@AgBiS, nanostructures  Stimulation of pyroptosis and [23] Prostate cancer Calotropis procera extract suppresses [37]
accelerating cancer tumorigenesis through autophagy inhibition
radioimmunotherapy Gallbladder cancer SNHG15 stimulates autophagy to facilitate [38]

Co-assembled The fluorescent nanostructures [24] tumorigenesis

nanoparticles developed from poly(ethylene glycol)- Hypopharyngeal LncRNA HOXC-AS2 binds to p62 protein to [39]
modified tetraphenylethylene can cancer induce autophagy for promoting tumorigenesis
enhance levels of singlet oxygen upon Pancreatic cancer Nanomaterials deliver miR-198 to suppress [40]
NIR irradiation and release the Pt drugs autophagy and overcome gemcitabine
in pH of tumor microenvironment for resistance
chemo-photodynamic therapy Prostate cancer ALKBHS5 suppresses m6A-modification of [41]
Photoprotein-conjugated Generation of superoxide anion [25] TSPAN1 mRNA to impair autophagy
upconversion radicals as ROS and specific targeting Colorectal cancer The exosomal IncRNA FAL1 derived from [42]
nanostructures of tumor cells through receptor- cancer-associated fibroblast can induce
mediated cell adhesion oxaliplatin resistance through autophagy
Photosensitizing activity and induction suppression
of cell death in breast cancer and Prostate cancer REST-impaired IncRNA LINC01801 can [43]
glioblastoma transcriptionally induce autophagy in
Hydroxyethyl starch- Co-delivery of doxorubicin and erastin ~ [26] mediating neuroendocrine differentiation of
polycaprolactone in synergistic cancer therapy tumor cells
carriers Increasing ROS generation through Cervical cancer Maachiain stimulates AMPK/mTOR/autophagy  [44]
reducing Hedgehog expression to disrupt cervical cancer progression

Zinc oxide nanostructures Exerting high toxicity against ovarian [27] Endometrial cancer LRG5 stimulates protective autophagy [45]
cancer Pancreatic cancer IGHG1 downregulation can overcome drug [46]

Biomimetic nanostructures Stimulation of ferroptosis through [28] resistance through autophagy and apoptosis
enhancing mitochondrial damage to induction
impair progression of glioblastoma Pancreatic cancer Matrix stiffness mediates protective autophagy [47]

Sodium bicarbonate Inhibition of growth and metastasis [29] to enhance drug resistance

nanostructures Impairing immunosuppressive Breast cancer Diphenyl disulfide upregulates Bax and induces [48]
microenvironment autophagy to accelerate apoptosis
Stimulation of pyroptosis
Modulation of lactic acid metabolism
Calcium carbonate Co-delivery of gemcitabine and [30] suggests that autophagy plays a crucial role in carcinogenesis, as the
nanostructures triapine to overcome drug resistance in absence of these genes prevents the cell from developing cancer
pancreatic cancer .

PCL/gelatin nanofibers Co-delivery of doxorubicin-loaded [31] [92-98]. Furthermore, the cancer is unable to progress uncontrolled
MSN/silver nanostructures to exert once ATG is extracted from it [99]. This provides evidence that auto-
cytotoxic impact against melanoma phagy, occurring after the cell has already become malignant, contrib-

Self-assembled Co-deliveyr of EGCG and melittin to [32] utes to the cancer’s ability to survive. Autophagy, as anticipated by its

nanostructures lndu?e apoptosis, d?wn,r egulate PD-L1 inherent nature, appears to possess a multifaceted role in the progres-
and impair growth in vivo . . . .
Mesoporous nanostructures  GSH-responsive feature [33] sion of tumor metastasis. The function of autophagy in breast cancer

metastasis was demonstrated by utilizing a transplantable MMTV-PyMT
tumor model with tamoxifen-induced loss of ATGs [100]. Metastasis is
facilitated by autophagy because it increases cell resistance to anoikis,
also known as detachment-induced cell death [101]. Autophagy
streamlines the transformation of a cell into an anoikis-resistant cell.
Although there is a concept suggesting that autophagy promotes tumor
start and inhibits carcinogenesis in general, there are contradictory
pieces of evidence. Liver tumors can develop even in the absence of
ATGS5, regardless of the absence of cancer cells. Liver cancer has a
scarcity of mutations in the ATG gene. Further research is necessary to
definitively establish the involvement of ATG protein mutations in the
development of human cancer. On top of that, autophagy may not al-
ways play a role in tumor initiation. No growth deficit was observed
when ATGs were inflated into cancer cell lines that had been promoted
by KRAS. In PTEN-lacking cells, autophagy inhibits tumor start, while in
PDAG, it promotes development. Further research on the specific form of
cancer is necessary because autophagy may have a distinct role in each
type of cancer [91,97,102-104]. Autophagy plays a two-fold role in
controlling the advancement of cancer, making it a potential target for
inhibiting cancer growth, and overcoming resistance to cancer treat-
ment [105,106]. Fig. 2 highlights the function of autophagy in cancer.
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Fig. 3. The mechanism of autophagy in cells [66]. The mammalian target of rapamycin (mTOR) complex detects signals of nutrient starvation or pathogen
detection and then phosphorylates Unc51-like kinase 1 (ULK-1) and autophagy-related protein 13 (Atgl13); then mTOR separates itself from the ULK-1-Atg13-FAK
family-interacting protein of 200kD (FIP200) complex. The vacuolar protein sorting 34 (Vps34)-Atgl4L-Beclin-1 complex and the ULK-1-Atgl3-FAK family--
interacting protein of 200kD (FIP) complex help form the membrane, which will later become the autophagosome. The autophagosome elongates and closes, needing
the help of proteins Atg2, Atg9, Vps34, and the ubiquitin-like complexes Atgl2-Atg5-ATG16L and Atg4B-Atg3-Atg7. Atg4B cleaves the LC3 precursor, getting the LC3
protein from the cytosolic form (LC3 I) to the membrane-bound form of LC3 II (LC3-phosphatidylethanolamine conjugated), and Atg7 and Atg3 work together to
make that happen. Where LC3 gets lipidated depends on the location of the Atgl2-Atg5-ATG16L complex. This autophagosome then fuses with the lysosome to form
the autolysosome. This process happens because of the recruitment of soluble N-ethylmaleimide-sensitive factor attachment (NSF) protein receptor (SNARE) proteins
that interact with homotypic fusion, vacuole protein sorting (HOPS), and vesicle trafficking by GTPases. Then, the substances undergo degradation in the lyso-

some [67].
Nanomaterials and autophagy flux in cancer
Polymeric nanomaterials

Polymeric nanoparticles are frequently applied to modulate auto-
phagy in cancer therapy. Amino-functionalized nanostructures have
been proposed as crucial for the therapy of ovarian cancer. The tumor
cells are sustained by autophagy mediated by the nanostructures func-
tionalized with amino acids. Nanoparticles functionalized with amino
acids are already harmful, but hindering autophagy makes them much
worse. In addition, protecting tumor cells from nanoparticle-mediated
toxicity and rescuing ATG4-induced autophagy can be achieved by
declining the creation of mitochondrial anion superoxide [107]. On top
of that nanoparticles can extend medication sensitivity in tumor cells by
preventing autophagy [108].

The oral cavity, pharynx, larynx, and paranasal sinuses make up the
upper aerodigestive tract, which is home to the most prevalent epithelial
cancer—head and neck squamous cell carcinoma (HNSCC) [109].
Loco-regional recurrence levels are remarkably elevated, with a sub-
stantial number of recurrences occurring during the initial years
following therapy. Recent investigations illustrate that the five-year
survival level of HNSCC is less than 50% [110-112]. It is believed that
clinical and pathological considerations play a substantial role in guid-
ing the treatment decision [109,113]. When cancer is resectable, surgery
and radiation are the primary treatment choices. Many patients are

primarily concerned with managing and surviving the side effects of
treatment, which mostly consist of long-lasting difficulties in the central
area [114]. Nano-formulations are emerging as a promising medical
therapeutic approach for enhanced medication delivery. Through pro-
cesses such as drug dissolution, passive or active targeting, gradual
release, and several other mechanisms, these formulations aim to in-
crease the therapeutic index of the drug [115,116]. The therapeutic
index refers to the ratio between the effective dose and the lethal dose of
the medicine, and by doing so, these formulations seek to decrease the
likelihood of adverse effects caused by the medication.
Microparticle-driven drug delivery has been shown to improve the
therapeutic index of certain chemotherapeutic drugs by lowering their
concentration in healthy tissues through direct cellular uptake and
intracellular trafficking. The therapeutic index represents the proportion
between the effective dose and the deadly dose of a medicine [117].
Evaporation of emulsification-suspension solvents was used to create
chitosan (CS) MPs and CS + PCL MPs. While both types of MPs were
made from the same amount of polymer, the CS MPs (300-600 nm) had
smaller particles. The micelles produced were uniformly spherical in
shape, and numerous CS + PCL micelles were larger than 2000 nm.
Whereas 5-fluorouracil (5-FU) encapsulation efficiency in CS MPs is
85.98%, it is below 60% in CS + PCL MPs. An additional cell line,
CAL27 cells, HSC3 cells, a pre-clinical animal model (AT84) for HNSCC,
and several cancer indices were assessed to determine the efficacy of
5-FU loaded particles in reducing these processes. The data indicate a
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38.57% rise in 5-FU EE and a 36% decline in 5-FU drug release (lasting
nearly 96 h) following exposure to 5-FU. The metabolic and colony
formation investigations further demonstrate the anti-cancer effective-
ness of the 5-FU medication, which is significantly enhanced by
CS-decorated MPs of PCL. However, the presence of chitosan (CS) on the
polycaprolactone (PCL) microspheres (MPs) does not affect the ability of
5-FU encapsulated in the MPs to suppress cell motility in laboratory
tests. Furthermore, the study observed an elevation in the protein levels
of LC3-II, which serves as an additional confirmation of autophagy. The
presence of cleaved PARP1 further supports the occurrence of cell death,
as depicted in Fig. 4 [118].

Nanoparticles can be created by combining CS with alginate. For the
sake of improving medication sensitivity and inhibiting autophagy in
breast tumors, CS/alginate nanostructures can co-deliver doxorubicin
and hydroxychloroquine [119]. A different study has created versatile
carriers using a polymer complex of polyethyleneimine and oleic acid
(PEI-OA) to simultaneously deliver paclitaxel and chloroquine. The
nanoparticles exhibit sensitivity towards PD-L1 and CD44, and PD-L1
promotes the internalization of nanostructures by cells. These nano-
particles have the ability to specifically target tumors and inhibit auto-
phagy. Additionally, they increase the presence of CD4" and CD8" T
lymphocytes at the tumor location [120]. In recent years, genetic tools
have emerged as an intriguing technique for controlling autophagy in
cancer treatment. Research has shown that siRNA can be utilized to
downregulate ATG5 and ATG7, two autophagy-related proteins, in
cancer therapy, therefore suppressing supporting autophagy [121-123].
It is recommended to use nanocarriers to transport siRNA in order to
enhance its effectiveness in regulating autophagy. The hybrid cell
membrane nanostructures have the capability to simultaneously trans-
port doxorubicin and anti-autophagy siRNA, which effectively inhibits
drug resistance in breast cancer and decreases ATP production [124].

In addition, there is considerable promise in the combination of
hypoxia with photodynamic treatment (PDT) for hypoxic cancers. This
endeavor employs the “Chase and Block” strategy to boost cancer
treatment efficacy by combining autophagic suppression with syner-
gistic PDT. The utilization of the multi-band emitted upconversion

Cancer Letters 591 (2024) 216860

luminescence of NaYbF4:Er@NaGdF4 UCNPs by the photosensitive
molecule of organic component (FL) has been demonstrated. This is
achieved by enclosing the hydrophobic layer with the amphiphilic
polymer DSPE-PEG-COOH. The “ship-in-bottle” approach is employed
to develop a “chase” method for cancer treatment. This involves selec-
tively activating the FL (fluorescent dye) using nitroreductase in the
tumor microenvironment (TME) to carry out hypoxia-promoted photo-
dynamic therapy (PDT). The nanosystem used in this study consisted of
AuNP-HA (Cluster-ATKPS-RGD/HA/Oxa-Gd, HA = hyaluronic acid),
which contained AuNP particles ranging in size from 400 to 800 nm. The
system also included a positively charged adjuvant known as TKPR,
which is composed of peptides that bind to Toll-like receptors, antigens,
and tumor cells. Moreover, the nanosystem contained PEG-grafted poly
adenine (PEGA)-RGD oligonucleotides encapsulated in AuNP particles
with a size of 100 nm. The surface of the AuNP particles was conjugated
with a peptide known as PEGylated-TGKRP, and a peptide called
Autophagy-inhibiting melittin propeptide (MEL) was attached to the
AuNP surface to target tumor cells that overexpress legumain. This pro-
peptide impedes autophagy by disrupting the integrity of the lysosomal
membrane. This process eradicates the cancer cells in order to protect
themselves and enhances the effectiveness of PDT in eliminating a
greater number of cells. Another capability of TME is its capacity to
selectively stimulate FL and MEL. The therapeutic tracer also enables
upconversion luminescence imaging (Fig. 5) [125].

Preparation of peptide-conjugated poly(f-amino ester) nanoparticles
with self-assembling micelle-like structures (P-Becl) was achieved by a
straightforward and modular supramolecular approach. The autophagy
inducer can enhance the cytotoxicity of polymer-beclin-1 (P-Becl)
nanoparticles against breast cancer cells. Due to its haploinsufficiency,
Becl has two primary drawbacks when compared to small-molecule
drugs: (i) Becl is susceptible to enzymatic degradation and has limited
ability to reach tumors effectively. (ii) Becl exhibits non-specific and
unstable distribution throughout tumor tissues, making it difficult to
target specifically. These polymer nanoparticles, which form on their
own, can activate autophagy and impede the advancement of breast
cancer in living organisms [126]. Importantly, chemoimmunotherapy is
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Fig. 4. Both apoptosis and autophagy were shown to be activated in HNSCC cells by the MPs and composite sponges used. In order to determine the levels of PARP1,
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Reprinted with permission from Wiley [125].

elevated when tumor-associated macrophages experience re-education
to acquire a pro-inflammatory phenotype after chloroquine adminis-
tration suppresses autophagy (Fig. 6) [127].

Polymeric nanostructures have been extensively utilized to modulate
autophagy in human malignancies. The biodegradable polymeric
nanoparticles are biocompatible materials that can be used to regulate
autophagy in cancer therapy. The use of chiral polymer modified
nanostructures has demonstrated their ability to facilitate tumor abla-
tion. Furthermore, these materials induce autophagy as a therapeutic
approach for breast cancer treatment [128]. A polymer complex con-
sisting of polyethyleneimine, and oleic acid (PEI-OA) has been employed
to create versatile nanostructures for the transportation of paclitaxel and
chloroquine, which are chemotherapeutic medicines. These nano-
structures can react to PD-L1 and CD44. These structures exhibited a
significant increase in the absorption of cells and inhibited the process of
autophagy. Moreover, they enhanced the effectiveness of chemotherapy
and immune checkpoint inhibitors [120]. While the primary subject of
this paper is nanoparticles, it is important to note that polymer-KLAK
peptide conjugates have been demonstrated to induce cell death by
increasing mitochondrial damage and inhibiting autophagy [129].
Hence, the incorporation of polymers in conjugation can also yield ad-
vantageous consequences in regulating autophagy for cancer treatment
[130]. In cancer therapy, nanodrugs can be utilized to deliver genes that
regulate autophagy. The cationic polymer APEG-PAsp(PEI) (PAPEI) has
demonstrated an interaction with LDHA-siRNA. This interaction can
augment the effectiveness of oxaliplatin in the treatment of colorectal
cancer by promoting autophagy and re-educating tumor-associated
macrophages [131]. The nanorobots have been created by combining
two amphiphilic triblock polymer peptides through co-self-assembly.

These nanorobots are designed to distribute CpG, which in turn in-
duces autophagy for the purpose of cancer immunotherapy [132]. The
H1/pHGFK1 nanostructures, when modified with PEG, have the added
advantage of increasing the anti-cancer effects of sorafenib against he-
patocellular carcinoma. This is achieved by hindering protective auto-
phagy and stemness [133]. Hence, the control of autophagy by
nanocarriers holds noticeable relevance in the field of cancer treatment
[134].

Lipid nanomaterials

Lipid-based nanoparticles have garnered substantial interest in
cancer treatment due to their excellent biocompatibility and capacity to
incorporate both hydrophobic and hydrophilic medicines [135]. Lipo-
somes, a type of nanomaterial composed of lipids, possess the capability
to modulate autophagy in cancer treatment by transporting therapeutic
agents. The 188Re-liposomal nanostructures have been created to
inhibit both autophagy and mitophagy in the management of ovarian
cancer, hence enhancing their responsiveness to drugs [136]. Immu-
notherapy has significantly transformed the battle against cancer and
has demonstrated exceptional effectiveness. Nevertheless, contempo-
rary immunotherapies continue to face the challenge of a limited rate of
response, particularly in solid tumors that lack sufficient infiltration of
immune cells, sometimes referred to as “cold tumors.” As a result, many
researchers have proposed the hypothesis that it is feasible to re-educate
the “cold tumor” by inhibiting autophagy with SAR405, an extremely
specific VPS34 inhibitor. A liposome system was established by
combining doxorubicin (DOX), SAR405, and an anti-PD-L1 peptide
known as SAR-JY4LIPO. DOX-SAR-JY4LIPO can expand the infiltration
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of cytotoxic lymphocytes into tumors by streamlining the accumulation
of both DOX and SAR405 in lung cancer xenograft animal models. The
synergistic tumor chemoattraction takes place due to the immunogenic
cell death (ICD) generated by DOX and the increases in chemokines,
specifically CCL5 and CXCL10, mediated by SAR405. Based on the
aforementioned findings, it is clearly manifest that DOX-SAR-JY4 LIPO
is capable of noticeably decreasing tumor burden, metastasis, and
recurrence by re-educating the immunosuppressive tumor microenvi-
ronment [137].

The effectiveness of immunotherapy for treating cancer is hindered
by the remodeling of the tumor microenvironment (TME) and the
presence of an immunosuppressive milieu within the tumor. In order to
enhance tumor photo-immunotherapy, liposome nanodrugs are created
by including chlorin e6 (Ce6) and doxycycline hydrochloride (Doxy).
These nanodrugs are designed to overcome both the tumor microenvi-
ronment and the immunosuppressive TME. Ce6 exerts dual effects by
both suppressing autophagy in cells and successfully inhibiting mito-
chondrial malfunction. Ce6 will increase the intensity of photodynamic
therapy (PDT) to induce immune-compromise disease (ICD) and reac-
tive oxygen species (ROS) to promote immune-suppressive remodeling
of the tumor microenvironment (TME) following cell exposure to near-
infrared lasers. In addition to increasing ICD and killing impacts, doxy
promotes mitochondrial dysfunctions, which boost intracellular ROS
production and, in turn, PDT efficacy. Doxory enhances tumor immu-
nogenicity by increasing MHC-I expression on tumor cell surfaces, which
in turn improves antigen presentation and CTL recognition. This is
achieved by effectively blocking autophagy. In vivo research has
revealed that Ce6-based PDT may be an effective anticancer method for
enhancing the effectiveness of cancer treatments by means of in situ
tumor ablation. In recent times, research into the synergy between PDT
and PTT has concentrated on its possible utilizations in cancer treatment
[138]. In addition, research has exhibited that Doxy can efficiently
instigate the cleavage of caspase-3 precursors, leading to the production
of caspase-3 in treatment with paclitaxel [139]. The suggestion is to
functionalize liposomes with RGD peptide to enhance their potential for
regulating autophagy in cancer therapy [140]. Also, liposomes can
transport LY294002, an autophagy inhibitor, which, when combined
with chemotherapeutic medicines, can have a synergistic effect on
tumor eradication [141]. Furthermore, liposome-mediated autophagy
regulation can reduce cancer chemoresistance [142].

Regarding the features of the nanocarrier, there are several signifi-
cant physicochemical qualities that play a crucial role in drug delivery
applications. Among these aspects, the particle size of the nanoparticles
is the most important characteristic [143-145]. The capacity of smaller
nanoparticles (<50 nm) to penetrate tumors is well-known, but their
ease of reintroduction into circulation is also well-known [146,147].
Contrary to expectations, nanoparticles larger than 100-200 nm are
believed to exhibit improved retention and reduced clearance at the
tumor site. However, this assumption is frequently proven incorrect
[148,149]. However, less tumor penetration and dispersion is often
observed with larger NPs [150]. Thus, in order to achieve a uniform
distribution of NPs within the tumor site, it is necessary to use a
size-adjustable method. Consequently, we examined the ability of a fast
and gentle chemical bonding process to facilitate the clustering of
nanoparticles at the location of the tumor. The Cu (I)-catalyzed azide
(N3)-alkyne (ALK) cycloaddition (CuAAC), also known as
copper-catalyzed azide-alkyne cycloaddition (CuAAQ), is a frequently
employed ‘click’ reaction in the field of click chemistry, which is
designed for usage in biological contexts [151-154]. It offers a
straightforward, robust, and dependable approach for producing phar-
maceuticals and novel molecules, making it an excellent choice for
synthesis due to its simplicity and cost efficiency. In order to get the
highest concentration of nanoparticles (NPs) at the tumor site, the
CuAAC click reaction was employed to control the size of the particles.
This size regulation is responsible for the penetration and retention ef-
fects. As previously shown, the ability to modify the size of micelles can
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improve the delivery of drugs and their retention at tumor sites [143,
146]. A recent investigation utilized CuAAC to create micellar nano-
particles for the simultaneous administration of doxorubicin and wort-
mannin, which are autophagy inhibitors. The micelles exhibited
significant accumulation in the sites affected by melanoma and breast
tumors. The micelles increased the expression of p62, while decreasing
the expression of LC3-II, hence inhibiting autophagy, and reducing the
amount of autophagosomes [155]. The researchers have created
micellar nanosystems using an amphiphilic peptide called poly(r-argi-
nine)-poly(i-histidine)-DOX-EMCH. These nanosystems are designed to
simultaneously deliver si-Beclinl (an autophagy inhibitor) and doxo-
rubicin for the treatment of prostate cancer. These micellar nano-
particles can suppress autophagy, which greatly enhances their
capability to induce apoptosis and boost cytotoxicity [156]. As a result,
nanoparticles made of lipids, such micelles, and liposomes, show great
promise as vehicles for cancer treatment utilizing autophagy modulators
[157,158].

Liposomes, which are spherical vesicles with a bilayer structure and
amphiphilic properties, have the potential to be used as a drug delivery
mechanism due to their high biocompatibility, extended circulation in
the body, and well-established technology. They may effectively transfer
several types of payloads, such as chemotherapeutic medications, pro-
teins, and nucleic acids [159,160]. Liposomes are spherical vesicles
composed of two layers. Liposomes can influence autophagy either
through their intrinsic characteristics or by supplying autophagy mod-
ulators. Our study group discovered that the use of cationic liposomes to
prevent autophagy can lead to the occurrence of many cellular and
molecular processes [161,162]. These events encompassed necrosis and
augmented crossing presenylation, among other occurrences. Our
earlier study showed that cationic liposomes can cause cell death by
making the lysosome membrane more permeable and blocking the final
stage of autophagy. As a result, cathepsin B was released into the
cytoplasm, causing mitochondrial malfunction and the generation of
reactive oxygen species. These reactive oxygen species are the main
factors responsible for cell necrosis. The importance of our research lies
in its ability to uncover the cellular toxicity of cationic liposomes and its
contribution to the advancement of safer gene delivery systems [161]. In
addition, we found that cationic liposomes can stop antigen breakdown
in dendritic cells by increasing the lysosomal pH. This provides more
insight into the mechanism of cationic liposome-mediated cross--
presentation, which in turn enhances cross-presentation and
cross-priming of CD8" T-cell responses [162]. Moreover, the adminis-
tration of autophagy inhibitors by liposomes holds the potential to
effectively inhibit autophagy in cancer cells and overcome therapy
resistance caused by autophagy [163,164]. The cytotoxic effect of sali-
nomycin was significantly enhanced in HepG2 cells when it was
administered in liposomes incorporating chloroquine [163]. Yang and
colleagues developed liposomes as a delivery system for the autophagy
inhibitor CQ, along with a cisplatin prodrug. The purpose was to block
autophagy and reverse the malignant environment [165]. In
triple-negative breast cancer, the presence of CQ reduces the protective
effect of cisplatin-induced autophagy on cancer cells, leading to a
powerful synergistic therapeutic effect.

In the context of the disease, the presence of CQ intensifies the
transformation of M2 macrophages into M1 macrophages, hence
increasing their polarization. Liposomal administration of autophagy
activators has the potential to both induce excessive autophagy and
enhance the efficacy of cancer treatments [166,167]. Hu and collabo-
rators generated liposomes to facilitate the delivery of dihy-
droartemisinin and adriamycin [166]. Liposomes has the capacity to
generate dihydroartemisinin, which can decrease the activity of Bcl-2
and accelerate its separation from Beclin-1. Consequently, there is an
upregulation of Bax expression, resulting in the activation of apoptosis
in the cells. Upon its release, Beclin 1 has the capacity to induce an
excessive level of autophagy, leading to type II programmed cell death.
Furthermore, liposomal administration of nonclassical
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autophagy-regulating drugs exerts an indirect influence on autophagy,
hence serving as a therapeutic approach for cancer treatment. They
created nanoliposomes that included the photosensitive dye IR780,
which responds to light in the near-infrared range, and bioactive flower
head plants (CfAc) that are rich in chlorophyll [167]. In response to
near-infrared light, CfAc is generated, which in turn triggers
autophagy-mediated cell death. This is achieved by setting off a
tumor-specific autophagic response. An innovative nanosystem was
created by the researchers. It could distribute copper peroxide nanodots
(CPNs) and artemisinin (ART) liposomes all at once [168]. The pro-
duction of Cu2+ ions from CPN has a dual-catalytic effect, causing
intracellular damage through oxidative stress and promoting the accu-
mulation of lipid peroxide, ultimately leading to ferroptosis. Further-
more, the administration of antiretroviral therapy (ART) triggered the
process of autophagy, leading to an increase in the level of iron in the
body by breaking down ferritin. This, in turn, induced ferroptosis in
cancer cells, exhibiting a combinatorial effect. Ultimately, liposomes
that transport autophagy modulators possess the capacity to enhance the
efficacy of cancer treatments. This can be achieved by reducing the level
of protection provided by autophagy, resulting in an excessive amount
of autophagy. This excessive autophagy then breaks down
autophagy-sensitive proteins such as ferritin, leading to an increase in
cell death that is dependent on autophagy-sensitive proteins. Thus, li-
posomes have the ability to regulate autophagy in human malignancies
[169-171].

Micelles are another type of nanoparticle that can be used to control
cancer autophagy. Docetaxel and ATG7-siRNA co-delivered in peptide-
based micelles inhibit autophagy and improve breast cancer cells’
sensitivity to docetaxel [122]. The co-delivery of peptide micelles is an
approach that has also been used to treat prostate cancer. doxorubicin
and beclin-1-siRNA to prevent protective autophagy [156]. Another
approach involved the use of amphiphilic block copolymer to create
micelles for the simultaneous delivery of CTG7-siRNA and docetaxel,
with the goal of inhibiting carcinogenesis both in laboratory tests and in
living organisms. Furthermore, the addition of iRGD peptide to micelles
greatly improves the uptake of nanoparticles into tumor cells, thereby
inhibiting the protective autophagy induced by docetaxel [123]. Thus,
novel insights in cancer treatment can be derived from nanoparticle
modulation of autophagy [155,172].

Carbon nanomaterials

Graphene oxide, a widely used nanomaterial, is noticeably appealing
for a range of biological and medical purposes, such as gene/drug
transport, imaging, cellular probing, cellular differentiation, and pho-
tothermal therapy [173-179]. Colon cancer cells CT26 and macro-
phages have the ability to ingest graphene oxide, which promptly starts
autophagy and elicits responses mediated by toll-including receptors
TLR-4 and TLR-9,12-15. Chemoresistance was illustrated to be
remarkable in CT26 cells, indicating that both graphene oxide and the
chemotherapeutic drug cisplatin are ineffective in eliminating CT26
cells, whether used alone or in combination. Remarkably, the necrotic
pathway was particulalrly observed to be activated under identical cir-
cumstances involving the combination of graphene oxide and cisplatin.
Synergistic effects were reported in mice with CT26 colon tumors that
were injected intratumorally with graphene oxide or cisplatin. These
effects were facilitated by the infiltration of immune cells, cell death,
and autophagy, resulting in enhanced anticancer outcomes. Overall,
these findings indicate that graphene oxide can effectively overcome
chemoresistance [180]. As a result, graphene oxide structures show
great promise as cancer treatments.

Nanomaterials derived from carbon also show promise as potential
cancer therapies for regulating autophagy. Graphene oxide can improve
drug sensitivity by inducing early autophagy, necrosis, and nuclear
trafficking [181]. The molecular mechanisms influenced by graphene
oxide in the therapy of cancer and the control of autophagy have been
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comprehended. Graphene oxide nanoparticles can enhance the activity
of AMPK, which in turn inhibits the mTOR pathway. This leads to an
increase in ULK1 expression, which plays a role in the regulation of
autophagy and apoptosis. These effects make graphene oxide nano-
particles a potential treatment for colorectal cancer [182]. In addition,
graphene oxide composites halt cancer growth by mediating autophagy
through the MyD88/TRAF5/TLR-4/-9 axis [183]. Graphene oxide
composites have the ability to slow the advancement of osteosarcoma by
increasing autophagosome formation, inducing autophagy flux, and
upregulating ATG5, ATG7, and LC3-II [184]. Furthermore, the induction
of autophagy by graphene oxide nanoparticles can enhance the sus-
ceptibility of non-small-cell lung cancer to radiation [185]. The conju-
gation of chloroquine to graphene oxide has the potential to inhibit
pro-survival autophagy and improve necroptotic death in lung tumors
[186]. An effective approach involves the integration of graphene
oxide-silver nanostructures with cisplatin to enhance the induction of
apoptosis and autophagy for the treatment of cervical cancer [187]. One
potential mechanism by which carbon nanomaterials affect the immune
system in cancer treatment is via stimulating autophagy. In addition to
increasing tolerogenic dendritic cells and inhibiting pro-inflammatory T
cell responses, graphene quantum dots can promote autophagy [188].
Nanoparticles of graphene oxide may inhibit pro-survival autophagy
flux in cancer treatments even when they do not directly influence
autophagosomes; this is because they damage lysosome function [189].

Multiple investigations have shown the potential of carbon-based
nanomaterials in controlling autophagy in cancer cells. Cannabidiol
has been encapsulated in biomimetic carbon monoxide nanocomplexes
to induce robust autophagy for the purpose of cancer therapy [190].
Although autophagy may have some protective role at basic rates, it can
mediate cell death at high rates; thus, nanomaterials that can extend
autophagy at high levels should be utilized. Furthermore, research has
indicated that fluorescent nitrogen-phosphorous-doped carbon dots can
provoke autophagy in melanoma patients by expanding LC3-II and
ATGS levels while downregulating p62 [191].

Metal nanomaterials

Silver nanoparticles are commonly used in cancer treatment. Silver
nanoparticles modulate the AMPK/mTOR axis and induce damage to the
lysosomal membrane, hence inhibiting autophagy flux for cancer ther-
apy [192]. If we want to know how silver nanoparticles control auto-
phagy in cancer, we need to conduct further studies. One of the most
important tools in the fight against cancer is radiotherapy (RT). Tumor
recurrence and disease spread, however, restrict radiotherapy’s utility in
caring for cancer. Even when radiotherapy has a positive effect at first,
this usually happens because cancer cells build a resistance [193-195].
Radiation sensitivity enhancement and radioresistance reduction are
thus crucial areas of cancer therapy [196]. At least until something new
is learned, autophagy prevents cells from dying when DNA is damaged.
One lysosomal mechanism that tumor cells use to resist radiation is
autophagy. Cancer cells are protected from autophagy or
lysosome-mediated destruction, which can occur in response to a variety
of stimuli. The use of autophagy inhibitors, such as hydroxychloroquine
(HCQ) and chloroquine (CQ), has demonstrated encouraging outcomes
in halting autophagy [197,198]. These compounds are also undergoing
examination in clinical trials involving radiation therapy or chemo-
therapy, namely in cases of colon carcinoma (NCT00463169,
NCT00602597) and bladder cancer (NCT02559892). The administra-
tion of CQ should enhance the susceptibility of cancer cells to chemo-
therapy or radiation therapy. In an in vivo model, Kasper and colleagues
demonstrated that radiation therapy increases the efficacy of chemo-
therapy by making HCT116 cancer cells more sensitive to radiation
[199]. Research has demonstrated that autophagy inhibitors can reduce
the survival rate of cancer cells during the healing phase after radiation
therapy. The reason for this is that cancer cells become more susceptible
to radiation therapy when autophagy inhibitors increase the lysosomal
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pH, therefore limiting the degradation of autophagic cargo. Hollow
mesoporous silica nanostructures have been utilized for cancer therapy
by delivering hydroxychloroquine. These nanoparticles exhibit signifi-
cant absorption by tumor cells and, by inhibiting autophagy, they in-
crease the susceptibility of colon cancer to radiation therapy [200].

Nanoparticles based on mimicking cell membranes (CMs) have
evolved as a method of “learning from nature” in the last decade. These
particles are convincing because they are biocompatible, biodegradable,
and do not induce immunogenicity [201]. Through the process of
modification with CM, nanoparticles acquire the physicochemical
characteristics of carriers and the immunological characteristics of cells
from which their membranes are produced [202]. Biomimetic meso-
porous polydopamine nanostructures have been created for the purpose
of administering CQ in cancer treatment. These biomimetic structures
successfully bypass the barrier posed by the vasculature and avoid being
engulfed by macrophages. Furthermore, these compounds exhibit pre-
cise tumor localization and deep tissue penetration, indicating that they
effectively inhibit prostate tumor cells through autophagy suppression
and photothermal treatment [203].

Metal-organic frameworks (MOFs) are alternative structures utilized
for the transportation of substances in cancer treatment. The experiment
involved loading liquid metal nanostructures and curcumin, which are
autophagy activators, into ZIF-8 MOF structures. Subsequently, the
nanocarriers were functionalized with either hyaluronic acid or
alendronate. These nanocarriers exhibited a favorable photothermal
effect and the capacity to combine at the location of bone metastases.
The nanostructures induced a reduction in the effectiveness of auto-
phagy and suppressed the expression of PD-L1 in the treatment of
metastatic breast cancer, thereby reducing bone degradation In a
different study, doxorubicin and water-based Nyctanthes arbortristis
were delivered together using gold nanoparticles to overcome drug
resistance and promote autophagy-mediated ferritinophagy via mTOR
modulation [204]. The objective of this study was to create MnOjy
nanostructures for the purpose of delivering CQ. The MnO, nano-
particles loaded with CQ augment the production of O, and improve the
pH. The presence of MnO; nanoparticles enhances the absorption of CQ
by cells and facilitates its ability to inhibit autophagy, hence hindering
the advancement of bladder tumor [205]. These studies propose that
metal-based structures illustrate promise in regulating autophagy for
cancer therapy.

The iron oxide nanoparticles have been shown to impair the pro-
tective autophagy in enhancing ferroptosis in ovarian cancer stem cells
[206]. In human malignancies, stem cells are to blame for tumor
recurrence and the emergence of resistance to therapy. As a result, novel
information about cancer treatment can be gained by focusing on stem
cells and controlling autophagy. In contrast, hepatoma therapy using
iron oxide nanostructures improved cytotoxic autophagy [207]. Another
mechanism by which silver nanoparticles inhibit autophagy flow is by
inducing lysosomal damage [192]. Annona muricata green produced
silver compounds can speed up apoptosis by increasing autophagy
[208]. Ovarian cancer cells were found to undergo autophagy and
apoptosis when treated with a mixture of salinomycin and silver nano-
structures [209].

Nanomaterials-mediated autophagy crosstalk with apoptosis and
ferroptosis

Basics of apoptosis and ferroptosis

Nanomaterials have demonstrated promise in modulating auto-
phagy, apoptosis, and ferroptosis, which are significant mechanisms of
cell death. Nanoparticles can cause apoptosis and autophagy indepen-
dently in certain situations. However, in other cases, nanostructures can
enhance autophagy, hence influencing apoptosis and ferroptosis in
human malignancies. Examining the significance of nanoparticles in
cancer therapy can be further emphasized by studying autophagy’s
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relationship with apoptosis and ferroptosis, as autophagy can have
either pro-survival or pro-death roles. An explanation of apoptosis and
ferroptosis is given before these connections are highlighted.

During the occurrence of apoptosis, such as when DNA damage oc-
curs, caspases (cysteine aspases) are activated through proteolytic
cleavage. This activation leads to several biochemical and morpholog-
ical alterations that are characteristic of apoptosis [210]. Caspase acti-
vation can occur via two main routes. The initiation of the extrinsic
route occurs by the binding of transmembrane death receptors (CD95,
TNF receptor, and TRAIL receptor), which triggers activation. Execu-
tioner caspases, such as caspase-3 and caspase-7, undergo cleavage and
activation by caspase-8 and procaspase-10. Several proteins can inhibit
caspases, which are proteases that cleave extracellular proteins that are
distributed throughout the cytoplasm. These proteases are frequently
observed in potentially malignant animals. FLIPs and inhibitors of
apoptosis proteins, this process can be controlled by HATs and HDACs.
At times, activator and effector caspases can be blocked by IAPs and
FLIPs. For the intrinsic pathway to occur, there must be a disruption of
the mitochondrial membrane, resulting in the release of several proteins
including cytochrome ¢, Smac/DIABLO, HtRA2, and others. Cytochrome
C and APAF trigger the activation of caspase-9, resulting in the initiation
of the apoptotic caspase cascade. Conversely, Smac/DIABLO and HtrA2
attach to IAPs and assist in suppressing their activity [211-213].

Researchers exposed tumor cells to erastin, a small molecule chem-
ical probe, in order to find ferroptosis, a novel form of iron-dependent
cell death [214,215]. Ferroptosis is distinguished from other types of
cell death by the complete destruction of its outer mitochondrial
membrane, similar to necroptosis. The distinction between these two is
that ferroptosis exhibits a reduced mitochondrial fraction and does not
possess a mitochondrial crest. Simultaneously, it maintains its typical
nuclear dimensions without any nuclear condensation [216]. Gluta-
thione peroxidase 4 (GPX4) and its cofactor glutathione (GSH) are
involved in this process, which can quickly decrease polyunsaturated
fatty acids (PUFAs) that have been oxidized by lipoxygenase [217]. In
contrast to usual lipoxygenases, 5-lipoxygenase oxidizes PUFAs rather
than GSH to GSSG to start ferroptosis, although normally, lipoxygenases
like 12-/15-lipoxygenase oxidize GSH to GSSG without oxidizing PUFAs.
The ferroptosis program relies on the cystine/glutamate antiporter (as
discussed below) being “turned off,” which stops GSH production and
renders GPX4 inactive. Cell death caused by excessive lipid peroxidation
is known as ferroptosis [214], and class I agents such sulfasalazine,
sorafenib, and inhibitors of system XC keep this process going [218].
RSL3 is an instance of a chemical classified as Class II that has been
demonstrated to promote ferroptosis. Its mechanism of action involves
the covalent binding and deactivation of GPX4 [219].

Nanoparticle-mediated autophagy interaction with apoptosis and
ferroptosis

Ovarian cancer has become less treatable with conventional
methods. So far, using nanoparticles to treat ovarian cancer has shown
promising results. Zinc oxide nanostructures, with a particle size of 20
nm, can reduce cancer cell survival. They are able to accomplish this by
causing mitochondrial membrane potential to drop, which triggers cell
death. Zinc oxide nanostructures promote apoptosis and autophagy in
ovarian cancer via increasing p53 and LC3 levels [220]. Gold nano-
structures in the shape of peanuts have been used to treat ovarian cancer
and increase ROS production to aid in apoptosis and autophagy, just like
zinc oxide nanoparticles [221]. Another approach involves using the
calcifying structures to boost reactive oxygen species (ROS), induce cell
death (cell death) and autophagy in bladder cancer patients [222]. It is
worth mentioning that the nanomaterials can control cancer
autophagy-mediated cell death. Mice injected with a therapeutic copper
polypyridine complex encased in the natural nanocarrier apoferritin can
undergo autophagy-mediated apoptosis in the context of colon cancer
treatment [223]. Nevertheless, the autophagy-supportive suppression
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expedites cell death and hinders tumor cell proliferation when hepato-
cellular carcinoma is treated with photothermal therapy using branch-
ing Au-Ag nanoparticles coated with polydopamine (PDA) [224].

Previously, the role of zinc oxide nanoparticles in promoting
apoptosis was emphasized. The modulation of autophagy by zinc oxide
nanostructures seems to have an impact on apoptosis. Zinc oxide
nanoparticles induce autophagy and elevate p53 levels, leading to
apoptosis in liver cancer [225]. Conversely, nanoparticles can prevent
pro-survival autophagy, which in turn increases tumor cell death. Using
ROS-responsive PEG-based nanocarriers, triptolide, an autophagy
regulator, has been developed for delivery. By elevating ROS levels and
lowering autophagy-supporting factors, these nanoparticles induce cell
death in breast cancer cells [226]. As a result of hyperthermia, nano-
particles can increase ROS levels. The connection of Beclin-1, Bcl-2, and
caspase-3 regulates the interplay between autophagy and apoptosis in
these kinds of situations [227]. Nanoparticles that enhance autophagy
can also play a role in cancer treatment by coordinating immune system
responses. Mesoporous silica nanostructures loaded with zinc-doped
disulfiram can mediate both necrosis and apoptosis. Afterwards, den-
dritic cells are recruited when autophagy degrades damaged organelles,
releasing HMGB1, ATP, and antigens. Afterwards, dendritic cells mature
into cancer immunotherapy cells that are CD4" and CD8" [228]. In-
sights into the regulation of the immune system have also been observed
during the process of autophagy-mediated ferroptosis. Nanoparticles
can induce autophagy, which promotes ferroptosis. This process is ad-
vantageous for the release of pro-inflammatory cytokines in macro-
phages and boosts the effectiveness of the anti-PD-L1 antibody in cancer
immunotherapy [229].

The present theory proposes that nanoparticles may be useful in
cancer treatment by either stimulating or inhibiting autophagy [230].
Research on nanostructures has mostly concentrated on their potential
to control cell death and autophagy. Nanostructures made of copper
oxide show promise to control breast tumor autophagy and apoptosis.
Autophagy suppression enhances apoptosis in breast tumors, even if
copper oxide nanoparticles induce autophagy [231]. The nanoparticles
face a significant obstacle in their pursuit of supporting autophagy. One
example is the cytoprotective autophagy mediated by chitosan nano-
particles, which enhance ROS production [232]. Here, the anti-cancer
efficacy of nanoparticles is enhanced by the incorporation of auto-
phagy inhibitors.

The majority of research has been on how zinc oxide nanostructures
regulate autophagy in cancer. Nanoparticles of zinc oxide circumvent
gastric carcinoma treatment resistance by suppressing autophagy,
increasing apoptosis, and reducing proliferation and metastasis [233].
Zinc oxide nanoparticles induce autophagy, which reverses drug resis-
tance, according to results of another trial. Nanostructures made of zinc
oxide increase stress in the endoplasmic reticulum and promote auto-
phagy. To reverse medication resistance, these nanoparticles promote
cell death and inhibit the proliferation and spread of ovarian cancer
[234].

There has been increased emphasis on the molecular processes that
nanoparticles govern in regulating apoptosis and autophagy. Nano-
carriers of cuprous oxide enhance apoptosis in bladder cancer cells by
activating the ERK pathway, which in turn triggers autophagy through
upregulating the expression of LC3B, ATG5, and ATG7 [235]. The po-
tential of nanoparticles to regulate molecular pathways has been touted
in some instances, but the interaction between autophagy and apoptosis
has been disregarded in others. In neurogliomas, quercetin nano-
structures can evoke apoptosis and autophagy by downregulating
PI3K/Akt, Bcl-2, mTOR, and GAIP and upregulating p53, caspase-3,
LC3, and ERK. Thus, quercetin nanoparticles promote apoptosis by
activating the LC3/ERK/Caspase-3 axis and autophagy by down-
regulating Akt/mTOR [236]. Therefore, there is growing evidence that
nanostructures can effectively control both apoptosis and autophagy in
cancer treatment. In certain situations, the interaction between both
processes is influenced by nanocarriers [208,209,237-246].
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Nanostructures known as TreMMM, which include trehalose and
mSiO2@MnOx-mPEG, can trigger ferroptosis by consuming GSH and
inhibiting GPX4. Further, the release of trehalose by these nanoparticles
initiates autophagy, which in turn improves tumor cell ferroptosis by
increasing ferritin breakdown through NCOA4 [247]. Iron oxide nano-
structures treated with polymers can activate autophagy in tumor cells,
leading to ferroptosis [248]. Ovarian cancer stem cells can undergo
enhanced ferroptosis when superparamagnetic iron oxide nano-
structures impede autophagy, which can have a pro-survival function
[206]. Thus, nanoparticles govern cancer autophagy and its interactions
with apoptosis and ferroptosis. Table 3 is a summary of the nano-
materials in autophagy regulation. Fig. 7 emphasized the function of
nanoparticles in the regulation of apoptosis and ferroptosis through
controlling autophagy in human cancers. Fig. 8 shows several nano-
particles regulating autophagy in cancer.

Exosomes and autophagy crosstalk

Proteins, nucleic acids, lipids, and other substances are housed in
small vesicles called exosomes, which are characterized by lipid bilayer
membranes [250]. The cells contain conserved components such as
tetraspanin proteins (CD9, CD63, and CD81), Alix, flotillin, TSG101,
immunomodulatory proteins (MHC), heat shock proteins (HSP70 and
HSP90), and CD47 [251]. These exosome biomarkers—CD9, CD81,
CD63, flotillin, TSG101, and Alix—influence biogenesis, cargo clus-
tering, and exosome secretion, among other processes. With MHC at the
helm, the exchange of antigen-related data between immune cells occurs
automatically [252]. Exosomes can adjust to the external environment
with the aid of HSP70 and HSP90. In addition, CD47 on exosomes
produces a signal that instructs them to refrain from being engulfed. This
hinders the digestion of exosomes by monocytes and macrophages,
leading to an augmentation in their stability within the body [253]. In
addition to expressing conserved proteins, exosomes also express
cell-specific proteins that are correlated with the source of the donor
cells. If we take exosomes made by platelets as an example, we can see
that they have CD41a and von Willebrand factor, but exosomes made by
T cells have CD3 [254,255]. The origin of parental cells is marked by the
presence of exosomes, which also possess some functional characteris-
tics of parental cells. However, the composition and amount of exosomal
cargo are determined by the physiological or pathological state of the
cells that release them. Exosomes transport several types of cargo, such
as microRNAs, siRNAs, and messenger RNAs (mRNAs), which can be

Table 3
Nanoparticle-mediated autophagy regulation in cancers.
Nanoparticle Outcome Reference
Calcium phosphate The nanocarriers increase calcium levels in [249]
nanocarriers the cells to inhibit autophagy in
hepatocellular carcinoma therapy
Gold nanostructures The peanut-shaped gold nanostructures can [221]
mediate apoptosis and autophagy in ovarian
cancer through regulating ROS levels
Polystyrene Nanostructures restrict the formation of [107]
nanostructures autophagosomes, inhibit autophagy and
increase levels of mitochondrial anion
superoxide and downregulate ATG4
ATBO,+-targeted The inhibition of autophagy can reverse [108]
nanoparticles chemoresistance in colorectal tumor
Fol-LSMO They release doxorubicin and mediate [227]
nanostructures hyperthermia to accelerate apoptosis and
autophagy in breast tumor
Self-assembled Delivery of oxaliplatin into the tumor [157]
micelles microenvironment to mediate immunogenic
cell death and mildly induce autophagy
Silver nanostructures  The silver nanoparticles induce lysosomal [192]
injury and impair the lysosomal protease
function to finally suppress autophagy flux
Zinc oxide Upregulation of 53 and autophagy stimulation [225]
nanostructures to accelerate apoptosis in liver tumor
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The efficacy of nanoparticles in the
stimulation of anti-tumor autophagy
can provide new insights in cancer
therapy. The nanoparticle-mediated
anti-cancer autophagy or excessive
autophagy can enhance apoptosis
and ferroptosis in tumor cells to
impair their progression and
accelerate the response into
chemotherapy and other kinds of
therapies.

In some cases, the nanoparticles
mediate protective autophagy or
induce basic levels of autophagy
that can support the progression of
tumor cells. The nanoparticle-
mediated protective autophagy can
inhibit apoptosis and ferroptosis in
accelerating tumorigenesis and
mediating drug resistance in human
cancers.

Fig. 7. The nanoparticle-mediated autophagy regulation in controlling apoptosis and ferroptosis. The nanoparticles can induce both protective and cytotoxic
autophagy in human cancers. The potential of nanoparticles in the stimulation of cytotoxic or excessive autophagy can enhance apoptosis and ferroptosis in
tumor cells.
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Fig. 8. There are several kinds of nanoparticles that their efficacy in the regulation of autophagy has been well-evaluated. Polymeric, lipid and inorganic nano-
materials have been utilized in autophagy regulation. However, there is poor information regarding several nanoparticles including dendrimers, polymerosomes and
emulsion nanoparticles. Moreover, exosomes are structures with nano-scale size that can regulate autophagy in cancer.
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transmitted to other cells and influence the expression of the genes
associated with them. Some of these genes are linked to autophagic
proteins [256]. One example is the finding that cardiac cell-derived
exosomes exhibit an increase in miR-30a overexpression when
exposed to hypoxia [257]. However, it was discovered that bronchial
epithelial cells were markedly enhanced by cigarette smoke with respect
to exosomal miR-210 [258]. Cells that have been exposed to radiation
have shown an elevated level of exosomal miR-7-5p [259].

The mechanisms by which specific ATG proteins regulate exosome
production and secretion are currently the topic of several investigations
[260,261]. Interestingly, it has been observed that ATGS5, which is
involved in the process of autophagosome precursor synthesis [262],
facilitates the dissociation of vacuolar proton pumps (V1V0-ATPase)
from the MVBs. This, in turn, prevents the acidification of the
MVB-lumen and contributes to the fusion of the MVB with the plasma
membrane [263] in a manner that is canonical autophagy-independent
with the process. When Atg5 mutant cells were treated with V-ATP in-
hibitors, it was observed that the acidity level inside the vesicles
(luminal pH) determines whether the multivesicular bodies (MVBs)
should fuse with lysosomes for degradation or with the plasma mem-
brane for the release of exosomes [264]. This was proved by the fact that
the concentration of the luminal pH was found to be significant. Exo-
some synthesis in breast cancer cells is reduced as a result of the
down-regulation of both ATG16L1, a key autophagy protein that is
implicated at various phases of autophagosome biogenesis [262], and
ATGS. This, in turn, leads to a reduction in tumor metastasis. Guo and
his colleagues have provided evidence for this [263]. Furthermore, G
alpha interacting protein (GAIP) and GAIP interacting protein C-termi-
nus (GIPC), those two proteins that were initially identified for G-protein
coupled receptor subunit GI alpha [265], have the ability to simulta-
neously stimulate exosome biogenesis and autophagy flux in pancreatic
tumor cells [266]. It has been proven by Murrow and colleagues [267]
that the suppression of ATG12-ATG3, which is a complex that is
important for a late phase in the development of autophagosomes [262],
alters the shape of MVBs, affects late endosome trafficking, and de-
creases the production of exosomes. The phenomenon in question is
attributed to the interaction between ATG12-ATG3 and ALIX, a protein
involved in membrane fission and known to interact with ESCRT
members involved in exosome release. In addition, inhibiting ALIX leads
to a decrease in the normal flow of autophagy, indicating that autophagy
and exosome formation are mutually controlled. It is worth mentioning
that the lack of ALIX or the decrease in the ATG12-ATG3 complex does
not impact the autophagy induced by hunger. This emphasizes the
correlation between many complexes that control both the fundamental
and stress-induced processes of autophagy [267]. The study conducted
by Bader and colleagues reveals that the transmembrane protein ATG9
plays a crucial role in the formation of intracellular vesicles (ILVs) in
Drosophila melanogaster. Under normal conditions, the loss of ATG9
leads to the inhibition of autophagy and a decrease in the quantity of
intracellular vesicles (ILVs) found in amphisomes and autolysosomes
[268]. LC3B, sometimes referred to as the Microtubule Associated Pro-
tein 1 Light Chain 3 Beta, plays a crucial role in the autophagy process.
LC3B is a crucial biomarker for measuring autophagy flux. During the
initiation phase, the LC3B conjugation complex enhances the creation of
autophagosomes by activating ULK. LC3B plays a crucial role in facili-
tating the closure, fusion, and transportation of the autophagosome
during its maturation phase [269]. LC3B is incorporated into autopha-
gosome membranes and is also drawn to single-membrane phagosomes
by a process called LC3-associated phagocytosis (LAP). The formation of
autophagosomes is not required for this process [270,271]. Evidence
demonstrates that LC3B is found in exosomes, namely in its LC3-I form
rather than LC3-II, in a way that is not influenced by ATG7. This dis-
covery indicates that the LAP-like lipidation mechanism may serve a
non-degradative purpose in the exosome secretion process. In addition,
a study conducted recently has identified a distinct method of secretion
in which the components of the LC3 conjugation complex enhance their
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interaction with RNA binding proteins (RBPs) and short non-coding
RNAs to form extracellular vectors (EVs). As a result, these RNAs are
ultimately secreted outside of cells [272].

Acquiring resistance to chemotherapies and targeted treatments is a
major obstacle in the battle against cancer, and it remains a topic of
active investigation [273]. It is crucial to comprehend how cancer cells
can develop resistance to chemotherapy if we are to effectively manage
cancer. Evidence suggests that pharmaceutical therapies stimulate
autophagy upregulation and exosome release [274,275]. This implies
that these mechanisms are part of the cancer cell’s stress response or
survival strategy in response to chemotherapy. Elevations in the levels of
autophagy flux and exosome production have been observed in many
types of chemotherapy-resistant cancers [276,277]. These results lend
support to the idea that this could be the case. One example is the
observation that serum from individuals with cisplatin-resistant malig-
nancies and platinum-resistant ovarian cancer cell lines both show an
enhanced release of exosomes [278]. Furthermore, it has been found
that ovarian cancer cells that are resistant to platinum treatment have an
elevated autophagy flux [279]. These discoveries serve as the founda-
tion for studying the therapeutic potential of suppressing autophagy and
altering exosome release to overcome chemotherapy resistance. While it
remains uncertain if these alterations are a component of the resistance
mechanism or merely a result of the changing cellular phenotype, these
observations serve as the foundation for further inquiry. Another
important aspect to address is the downstream signaling consequences
of exosomes derived from chemotherapy-resistant cancer cells. There is
a suggestion that exosomes could potentially facilitate the development
of drug-resistant characteristics by transmitting microRNA or
multidrug-resistant transporter (MDR) proteins [280-282]. This is an
explanation that many researchers have offered. Evidence emerged from
another context showing that recipient cancer cells become less
responsive to cisplatin treatment after receiving exosomes produced by
EGFR-mutant PC-9 cells treated with gefitinib [283].

In solid tumor growth and metastasis, angiogenesis—the process of
creating new blood networks from preexisting vessels—plays a crucial
role [284]. Hypoxia, a frequently observed state in the vicinity of tu-
mors, is a crucial factor in the process of angiogenesis [285]. Autophagy
is triggered in hypoxic conditions by the activation of AMPK, a process
that operates apart from the HIF-1a pathway. The HIF-1a pathway is
important for regulating cellular energy balance [286]. The activation of
the HIF-1a pathway, which promotes angiogenesis and consequently
initiates the process of exosome biogenesis, in this specific case [287].
Tumor-derived exosomes have the capacity to stimulate endothelial
cells to release a diverse range of growth factors and cytokines. In
addition, pericytes are able to move through the PI3K/AKT signaling
pathway, thereby playing a role in the process of angiogenesis [288].
Malignant mesothelioma cells within the same vein release exosomes.
The exosomes may stimulate angiogenesis and vascular rearrangement,
which could speed up tumor growth by increasing the mobility of
angiogenic cells [289]. Glioma cells have been shown to release
exosome-like vesicles, as demonstrated by Svensson and colleagues
[290]. These vesicles can transfer tissue factor and stimulate angio-
genesis by greatly enhancing the activity of protease-activated receptor
2 in epithelial cells. It is likely that tumor cells, when exposed to low
oxygen circumstances, may release exosomes that carry substances
promoting the growth of new blood vessels and the spread of cancer
cells. This suggests that tumor cells are responding to the hypoxic stress
by implementing a compensating mechanism. This can be achieved by
promoting the development of blood vessels in the secondary tissue and
aiding the spread of cancer cells to other parts of the body [291,292].
Endothelial cells (ECs) experience several stressful conditions within the
tumor environment. The variables encompass hypoxia, reduced blood
and glucose levels, and nutritional deficiency. When these diseases
occur together, they cause disturbances in the structure and function of
the vascular system [293]. Tumor vasculature are different from normal
tissue vessels in multiple ways, including diameter, permeability, and
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stability [294]. These qualities cause a disruption in blood flow,
resulting in a decrease in the availability of oxygen and nutrients.
Autophagy has been extensively demonstrated to have a key role in
extracellular vesicles (ECs) [293]. Autophagy is mainly used by ECs for
energy balance maintenance and stress adaptation [295]. Chloroquine
(CQ), a substance that inhibits autophagy, has been demonstrated to
create strong connections between extracellular vesicles (ECs). This, in
turn, decreases the ability of tumor cells to invade and spread to other
parts of the body [296]. Maes and colleagues demonstrated this in their
research. Autophagy flux is heightened in the extracellular matrix (ECs)
under hypoxic settings, and this augmentation happens concurrently
with the activation of HIF-1a and VEGF signaling pathways [295]. An
increase in autophagy flux in extracellular matrix (EC) cells inside the
microenvironment of the tumor is a factor that contributes to the pres-
ervation of homeostasis. As a result, the decrease of Atg5 in ECs may
exacerbate the abnormalities in the function of tumor arteries, which is
an indication of the crucial role that autophagy plays in the homeostasis
of ECs [296].

Conclusion and perspectives

The role of autophagy in tumor growth is context-dependent, which
makes it a challenging technique for cancer treatment. Furthermore,
autophagy can promote cell survival in specific types of cancer, yet in
other cases, it can stimulate the death of cancer cells. If it has been
confirmed that autophagy plays a role in the cancer cell’s ability to
survive or die, then it should be specifically addressed and targeted.
Autophagy regulators have been utilized in many cancer therapies,
encompassing both artificial and naturally derived compounds. Due to
their ability to target cancer cells, nanoparticles have the potential to
enhance the impact of autophagy regulators and further inhibit cancer
growth. Nanoparticles have a crucial role in cancer treatment. Given the
significant role of autophagy in chemoresistance, there is growing in-
terest in enhancing the sensitivity of cancer cells to chemotherapy by
either inhibiting or inducing autophagy. Simultaneously introducing
chemotherapeutic drugs and autophagy modulators can impact auto-
phagy in a manner that enhances the death of cancer cells. For instance,
when autophagy is involved in promoting tumors, the effectiveness of
chemotherapy can be significantly enhanced by administering auto-
phagy inhibitors by nanoparticles. Eliminating cytoprotective auto-
phagy increases cancer cell death, hence enhancing the effectiveness of
chemotherapeutic treatments against malignancies. In addition, auto-
phagy genes, including ATGs and others, can be selectively influenced
using genetically modified tools like shRNA and siRNA to control
autophagy. To achieve optimal effectiveness in gene therapy, nano-
particles can be utilized to increase the longevity of genetic entities
within targeted cells and enhance their micropinocytosis. Specific
nanoparticles also aided in regulating autophagy genes, cellular pro-
cesses, and the transfer of pharmacological reference genetics. Gold
nanoparticles, widely recognized in cancer treatment, can enhance the
generation of reactive oxygen species (ROS), so stimulating autophagy
and death. This is significant since autophagy typically can promote
tumor growth. There is a proposal to improve the cancer cell by
employing autophagy inhibitors due to the protective impact of auto-
phagy with nanoparticle-mediated autophagy in the cancer cell. It is
important to note that autophagy primarily functions to preserve ho-
meostasis and is activated when it reaches dangerous levels, resulting in
cell death in healthy cells. Excessive activation of autophagy results in
the death of cells, which is one of the reasons behind chemosensitivity
and cancer immunotherapy. The pre-clinical experiments have demon-
strated the efficacy of gold nanoparticles in controlling autophagy.
Therefore, additional research can be conducted to explore their po-
tential in cancer therapy. According to information available on the
clinicaltrials.gov website, researchers have made efforts to assess the
significance of autophagy in cancer patients and explore the potential of
autophagy regulators for their treatment. This has been done through
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two clinical studies, namely NCT01292408 and NCT01649947. Nano-
carriers, as explained in the main text, offer precise delivery and
increased accumulation of cargo within cells, significantly enhancing
the effectiveness of autophagy modulators in suppressing cancer. Hence,
in order to treat cancer patients, the logical progression would be to
utilize the findings from pre-clinical studies. Nevertheless, there remain
numerous inquiries that need to be addressed. Which type of nanocarrier
is most suitable for delivering autophagy modulators for therapeutic
purposes? There are two things that need to be considered when
addressing this topic. One advantage is the capacity for mass production.
Another factor to consider is biocompatibility. The tolerability and
safety characteristics of nanoscopic particles are regarded as indicators
for their clinical application. Regarding this matter, nanostructures that
rely on lipids and polymers are favored over those that rely on metals
and carbon. Scientists have discovered that carbon-based nanoparticles,
such as graphene, might cause harm. As a result, scientists have made
changes to these nanoparticles by including natural substances, such
chitosan, to improve their ability to interact with living organisms.

Endoplasmic reticulum stress is recognized as a controller of both
apoptosis and autophagy. Endoplasmic reticulum stress at a modest
level triggers autophagy as a means of maintaining homeostasis,
whereas high levels of endoplasmic reticulum stress result in autophagic
cell death. Despite several studies on the potential of nanostructures in
regulating endoplasmic reticulum stress-induced autophagy and
apoptosis, the molecular interactions involved have been overlooked.
Future research should assess the impact of nanostructures on molecules
and proteins associated with endoplasmic reticulum stress, including
PERK, IREF1a, CHOP, and ATF4. This evaluation should focus on how
these factors regulate apoptosis and autophagy, as well as their interplay
in the context of cancer therapy. Further research is needed to explore
the involvement of nanoparticle-mediated autophagy in the process of
ferroptosis and its impact on the breakdown of GPX4, which plays a
crucial role in promoting ferroptosis. Moreover, ferritinophagy is a kind
of autophagy-mediated ferroptosis, and the role of nanoparticles in
ferritinophagy induction requires investigation.

Exosomes have recently gained recognition as a novel type of
nanostructure that can be artificially created in a laboratory setting.
Exosomes obtained from immune cells, tumor cells, and normal cells can
be modified using aptamers and peptides. These modified exosomes can
then be used to deliver therapeutic chemicals for cancer treatment via
regulating autophagy. The introduction of bioengineered exosomes in
cancer therapy should include the study of exosome-mediated auto-
phagy regulation, regulated molecular pathways, and their interaction
with apoptosis and ferroptosis. For instance, scientists have developed
bioengineered camouflaged exosomes that induce apoptosis, autophagy,
and ferroptosis in melanoma [297]. Nevertheless, it is crucial to focus
specifically on exosomes due to their exceptional biocompatibility and
origin from within the body’s cells. Thus, their clinical utilization may
be established in the future for the management of cancer patients.

One area that has gained significant attention, particularly in recent
times, is the utilization of biomimetic nanoparticles for cancer therapy.
Biomimetic nanoparticles can be created by modifying the surfaces of
objects with cell membranes, including those from tumor cells, macro-
phages, and fibroblasts, among others. There is growing evidence that
biomimetic nanocarriers can decrease carcinogenesis [298-301]. While
numerous studies have examined the potential of biomimetic nano-
carriers in regulating autophagy, there is a lack of biological under-
standing. Further research is needed to investigate the molecular
pathways involved, such as mTOR, AMPK, and ATGs. Furthermore, it is
necessary to investigate the interplay between autophagy, apoptosis,
and ferroptosis induced by biomimetic nanoparticles. While many types
of lipid-based nanostructures have been used to control autophagy in
cancer treatment by delivering pharmaceuticals, it is important to note
that solid lipid nanoparticles exhibit a high capacity for drug loading
and encapsulation efficiency. Hence, it is imperative to closely monitor
the utilization of solid lipid nanoparticles loaded with autophagy
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modulators for cancer therapy. When it comes to carbon-based nano-
materials, the impact of graphene oxide nanoparticles on autophagy has
been comprehended. However, it is important to emphasize the signif-
icance of other types of nanostructures, particularly carbon quantum
dots. Furthermore, the examination of how nanoparticles that enhance
ROS production can regulate autophagy and its interaction with
apoptosis and ferroptosis is necessary.

Mounting data has emphasized the role of autophagy in the control
of cancer immunotherapy. Autophagy-related genes can serve as in-
dicators of immune responses in tumor cells [302]. Moreover, auto-
phagy shows interaction with a number of cells involved in immune
reaction such as myeloid-derived suppressor cells [303]. Therapeutic
control of autophagy has the potential to alter the immunosuppressive
tumor microenvironment by influencing the release, presentation,
recognition, and trafficking of antigens and immune cells [304]. It is
worth mentioning that multiple studies have linked autophagy to
immunogenic cell death in human malignancies [305-307]. Recent
research has demonstrated that nanostructures that control autophagy
can induce immunogenic cell death [308]. Additional research into the
molecular mechanisms at work and the impact of nanoparticle archi-
tecture on the interaction between autophagy and immunogenic cell
death is necessary.
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