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The balance of programmed cell death (PCD) mechanisms, including apoptosis, autophagy, necroptosis and others, is pivotal in
cancer progression and treatment. Dysregulation of these pathways results in uncontrolled cell growth and resistance to
conventional therapies. Nanomedicine offers a promising solution in oncology through targeted drug delivery enabling precise
targeting of cancer cells while preserving healthy tissues. This approach reduces the side effects of traditional chemotherapy and
enhances treatment efficacy by engaging PCD pathways. We details each PCD pathway, their mechanisms, and innovative
nanomedicine strategies to activate these pathways, thereby enhancing therapeutic specificity and minimizing harm to healthy
tissues. The precision of nanotechnology in targeting PCD pathways promises significant improvements in cancer treatment
outcomes. This synergy between nanotechnology and targeted PCD activation could lead to more effective and less toxic cancer
therapies, heralding a new era in cancer treatment.
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FACTS

● Active targeting enhances the specificity of the delivery
system, ensuring direct delivery to the tumor cells and
reducing off-target effects, thereby optimizing therapeutic
outcomes.

● Nanoparticles can be engineered to directly induce apoptosis
by delivering pro-apoptotic drugs or genes specifically to
cancer cells, as well as other forms of programmed cell death
(PCD).

● Nanoparticles can induce immunogenic cell death (ICD) by
releasing of chemotherapeutic agents that trigger the
emission of damage-associated molecular patterns (DAMPs)
from dying cancer cells.

OPEN QUESTIONS

● Given the biocompatibility concerns associated with nanoma-
terials, is it feasible to produce personalized nanomedicines
using tissues obtained directly from patients?

● What approaches can be utilized to evaluate and ensure the
long-term safety and effectiveness of nanomedicines in cancer
therapy?

● Can ICD offer an immunological approach to cancer
treatment by regulating PCD within various tumor micro-
environments?

● Can nanomedicine be utilized to overcome multidrug
resistance by targeting PCD pathways in cancer therapy?

INTRODUCTION
Cancer remains one of the leading causes of mortality worldwide.
Efforts aimed at developing treatments that are both more
effective and less harmful have led to considerable interest in the
application of nanotechnology in medicine. Traditional therapies
have grappled with balancing efficacy with toxicity, frequently
leading to substantial patient morbidity [1, 2]. Through the
utilization of nanoparticles, nanomedicine significantly improves
drug solubility, prolongs drug circulation, enhances tumor tissue
penetration, and facilitates controlled drug release. These
nanoparticles are meticulously engineered to target specific
cancer cell markers, ensuring the precise delivery of therapeutic
agents to tumor cells while mitigating harm to healthy tissues [3].
The modulation of programmed cell death (PCD) pathways,

such as apoptosis, autophagy, necroptosis and others, offers
promising strategy for cancer treatment. Nanomedicine-induced
immunogenic cell death (ICD) is also emerging as a promising
strategy [4]. Cancer cells frequently develop resistance to avoid
PCD, reducing treatment efficacy [5]. In this context, nanotechnol-
ogy provides targeted delivery systems and mechanisms to
directly modulate PCD pathways within the tumor microenviron-
ment, enhancing therapy efficacy while minimizing side effects
and overcoming drug resistance (Fig. 1).
This review investigates nanomedicine’s role in promoting PCD

in cancer cells to enhance therapeutic outcomes while preserving
normal tissues. By examining nanomedicine design, functionaliza-
tion, and interactions of nanomedicine within cancer cells, as well
as recent clinical trial findings, we will explore how nanomedicine
triggers apoptosis, autophagy, necroptosis, and others PCD
pathways in cancer cells. Additionally, we will also discuss the
therapeutic potential of leveraging these pathways.
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MECHANISTIC PATHWAYS OF NANOMEDICINE IN CANCER
THERAPY
Nanomedicine revolutionizes cancer therapy by addressing the
limitations of traditional treatments like surgery, chemotherapy,
and radiation therapy. These traditional methods often suffer from
non-specificity, side effects, drug resistance, and inefficiency in

treating metastatic cancers [6]. Nanomedicine employs various
nanomaterials, encompassing metallic nanoparticles, liposomes,
dendrimers, and quantum dots (QDs), to propel cancer therapy
through targeted drug delivery, controlled release, and photo-
thermal and photodynamic therapies [7]. For instance, QDs and
metallic nanoparticles utilize their optical properties to enhance
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tumor detection and characterization, facilitating precise targeting
of tumor cells and minimizing off-target effects [8, 9]. Controlled
release mechanisms maintain drug activity at the tumor
site, improving therapeutic outcomes. The distinct physical,
chemical, and biological properties of nanomedicine facilitate a
multifaceted approach to cancer therapy, including enhanced
drug solubility and delivery efficiency, as well as superior
diagnostic capabilities through imaging techniques [10] (Fig. 2).
Collectively, these strategies underscore nanomedicine’s potential
to provide more effective, targeted, and personalized cancer
treatments (Table 1).

Targeted drug delivery systems of nanomedicine
Targeted drug delivery systems (TDDS) offers a sophisticated
approach to improving the precision and effectiveness of cancer
treatments. By harnessing nanotechnology, these systems enable
the precise delivery of therapeutic agents to tumor sites,
minimizing systemic side effects and optimizing therapeutic
outcomes [11]. TDDS operates through two main mechanism:
passive and active targeting. Passive targeting exploits the unique
physiological characteristics of tumors, such as the enhanced
permeability and retention (EPR) resulting from their leaky
vasculature [12]. This allows nanoparticles to accumulate passively

Fig. 1 Components of nanomedicine strategies targeting the PCD for cancer therapy. Recent breakthroughs in nanotechnology offer
innovative ways to modulate PCD mechanisms crucial in cancer progression and treatment, including apoptosis, autophagy, and necroptosis.
Dysregulation of these pathways leads to uncontrolled cell proliferation and therapy resistance. Figure 1 depicts the application of
nanomedicines targeting PCD pathways in cancer treatment. “Content” lists the drugs delivered by one or more types of nanocarriers.
“Surface” represents ligands or functionalized structures on nanoparticles. “Types” indicates the types of nanomaterials. “Characteristics”
describes characteristics of nanomedicines, such as pH-responsive release, PDT and PTT therapies, thermosensitive nanomedicines, and
methods utilizing ion pressure for treatment. dBSA denatured Bovine Serum Albumin, TR tandem peptide TH-RGD, iRGD internalizing-RGD,
PEG polyethylene glycol, PEI polyethyleneimine, VB12 vitamin B12, AS1411 nucleolin-targeted aptamers, Ppa pheophorbide A, Ce6 a near-
infrared (NIR) photosensitizer, IR780 Indocyanine Green, ICD immunogenic cell death, PTT photothermal therapies, PDT photodynamic
therapies.

Fig. 2 Application characteristics of nanomedicine in cancer therapy. This schematic illustrates the mechanisms of nanomedicine-based
targeted drug delivery and tumor therapy. Nanomedicines utilize targeted delivery systems and controlled release technologies for precise
drug delivery and real-time release, with pH changes critically controlling drug release and enhancing antitumor effects [27, 122]. Leveraging
the vascular leakage phenomenon in tumor tissues, nanomaterials achieve passive targeting through the EPR effect. Active targeting is
achieved by modifying nanocarriers with receptors, antibodies, and folic acid. Photothermal (PTT) and photodynamic therapies (PDT) play
vital roles, with agents like AuNBP-Gd2O3/Au-dBSA under 808 nm near-infrared laser irradiation and Pheophorbide A under 660 nm laser
irradiation significantly inhibiting tumor growth by generating ROS, inducing oxidative stress and cellular damage [33, 35]. Additionally,
immunomodulatory nanopreparations, such as FEM@PFC, enhance immunogenic cell death and dendritic cell maturation, promote effector T
cell activation, and curb regulatory T cell-mediated immunosuppression during radiation therapy [123]. Collectively, these strategies enable
effective cancer therapy through targeted delivery, controlled release, PTT, and PDT, culminating in tumor proliferation inhibition, apoptosis
induction, and improved tumor microenvironment.
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within the tumor microenvironment, where they gradually release
their therapeutic payload. Conversely, active targeting entails
customing nanoparticle surfaces with specific ligands, including
antibodies, peptides, or small molecules that bind to receptors
overexpressed on cancer cells [13–15]. Active targeting improves
the specificity of the delivery system and reduces off-target
effects, which is particularly advantageous for tumors with limited
EPR effect or when intracellular delivery of therapeutics is
necessary.
Advanced therapeutic approaches integrated into TDDS include

nuclear-targeted phototherapy nanodrugs, mitochondrial-
targeted nanomedicines, multimodal imaging nanodrugs, and
carrier-free nanodrugs. Nuclear-targeted phototherapy nanodrugs
are designed to transport agents that generate reactive oxygen
species (ROS) and induce hyperthermia within the cell nucleus
upon light activation, efficiently disrupting DNA structures and
selectively destroying cancer cells [16]. Mitochondrial-targeted
nanodrugs enhance drug delivery to the mitochondria, amplifying
therapeutic effects while minimizing collateral damage to healthy
cells. Multimodal imaging nanodrugs carry diverse agents like
fluorescent dyes and magnetic nanoparticles, providing high-
resolution, real-time insights into tumor dynamics [17]. Carrier-free
nanodrugs simplify drug delivery, increasing bioavailability and
targeting precision [18].
The design and development of TDDS involve various

nanocarriers, including liposomes, polymeric nanoparticles, den-
drimers, and metallic nanoparticles [19–22]. Each carrier offers
distinct advantages, such as biocompatibility, drug loading
capacity, and potential for surface modification. Liposomes, with
their phospholipid bilayer structure, have the capability to
encapsulate both hydrophilic and hydrophobic drugs, rendering
them highly versatile for active targeting strategies. For example,
functionalized nano-sized liposomes equipped with anti-CD44 and
anti-PD-L1 DNA aptamers were engineered to selectively target
breast cancer cells. These liposomes carry Doxorubicin (DOX) and
IDO1 siRNA, promoting immunogenic cell death and inhibiting
IDO1 expression. This dual action effectively disrupts the tumor
immune microenvironment (TIME), demonstrating notable anti-
tumor efficacy in a subcutaneous breast cancer mouse model [23].
Polymeric nanoparticles are engineered for controlled drug

release, responding to specific stimuli in the tumor microenviron-
ment for precise drug delivery and regulate gene expression [24].
These advancements underscore the pivotal role of nanomedicine
in developing more efficient and less toxic treatment modalitie.
They offer a promising future where cancer treatment is not only
more effective but also customized to minimize adverse effects on
patients’ health.

Controlled release mechanisms in nanomedicine
Controlled release mechanisms play a crucial role in optimizing
cancer therapy efficacy within nanomedicine. These mechanisms
leverage stimulus-responsive nanocarriers capable of reacting to
diverse cues including heat, radiation, magnetic fields, and
internal factors like pH and hypoxia [25]. This represents a
significant advancement in cancer treatment.
Nanocarriers for controlled release are tailored to respond to

the unique conditions of the tumor microenvironment. For
example, a novel pH and thermal responsive carrier combines
doxorubicin-loaded gold core-silica shell nanorods with salicylic
acid-loaded poly (lactic-co-glycolic acid) based microspheres
(NIMPS). Near-infrared laser irradiation or exposure to acidic
environments can induce drug and nanorod release. This system
exhibits excellent biocompatibility and is readily taken up by HeLa
cells, facilitating localized combined therapy for cervical cancer
cells [26]. Furthermore, research has developed a stimuli-
responsive drug delivery mechanism by modifying bovine serum
albumin (BSA) to create nanoparticles capable of controlled
release. DOX-loaded BSA NPs were synthesized using a desolva-
tion technique, further stabilized by crosslinking via Schiff base
reactions, resulting in a pH-sensitive DOX delivery system
(DOXs@BSA NPs) [27]. Coupling β-cyclodextrin (β-CD) with
azobenzene-modified UiO-68 nanoparticles (β-CDcapped UiO-68-
azo) creates a light-responsive or competitive binder-responsive
release system. Additionally, stimuli-responsive metal-organic
frameworks (MOFs) with azobenzene units on their surface can
form supramolecular complexes with β-CD. Constructing stimuli-
responsive MOFs is achieved by rinsing UiO-68-azo loaded with
cargo through a β-CD aqueous solution, preventing premature
release. This supramolecular complex can disassociate under
various external stimuli, enabling controlled release of the cargo

Table 1. Properties of different nanomaterials in cancer therapy.

Nanodrugs Nanomaterials Cancer cells Function Active/
passive

TP-PMs [115] Polymeric micelles HT29 Induce apoptosis Passive

TP/Ce6-LP+ L [116] Liposomes HCC cells Inhibit HCC progression Passive

Apt-NPs-DTX [117] Polymeric nanoparticle CT26 Enhanced CT26 killing CC cells Passive

C16-N/T hydrogel [118] Nanogels HCC cells Restrain tumor proliferation Passive

TPL@nano-gel [114] Nanogels MCF-7and MDA-
MB-231

Inhibit antiangiogenic capacity Passive

TP/Curc-NPs [119] Polymeric nanoparticles SKOV-3 Reduce triptolide-induced toxicity Passive

PTX/TP-LPN [36] Polymeric nanoparticles NSCLC cells Synergistic effect on lung cancer xenografts Passive

TPL/NPs [120] Polymeric nanoparticles MCF-7and MDA-
MB-231

Induce apoptosis/ Inhibit the expression of
matrix metalloproteinases

Active

GC-TP-NPs [38] Polymeric nanoparticles HCC cells Block TNF/NF-κB/BCL2 signaling Active

Au-Dox [121] Metallic nanoparticle Cancer cells Reduce cancer vitality Passive
177Lu-BN-PLGA (PTX)
[122]

Polymeric nanoparticles MDA-MB-231 Facilitate paclitaxel delivery system Passive

DOXs@BSA NPs [27] Polymeric nanoparticles Cancer cells Improve serum stability Passive

FEM@PFC [123] Polymeric nanoparticles Cancer cells Immunosuppression and redox balance in TME Passive

PPy-Te NPs [37] Polymeric nanoparticles Cancer cells Improve biocompatibility Passive

AuNRs@SiO2-RB@MnO2

[34]
Msetallic nanoparticles Cancer cells Improve the accuracy of tumor imaging Passive
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within the mechanized MOFs [28]. CURMs inhibit the growth of
adenocarcinoma human alveolar basal epithelial cells and human
umbilical vein endothelial cells [29]. These studies provide a solid
foundation for the development of nanotechnology-enabled
controlled release systems.
The controlled release of therapeutic agents, including systemic

toxicity by limiting exposure to non-target tissues, enhancing
patient compliance through reduced dosing frequency, and
improving therapeutic outcomes by maintaining drug concentra-
tions within a therapeutic window over time. However, challenges
remain in maintaining nanocarrier stability during transit to target
sites and achieving precise release kinetics.

Photothermal and photodynamic therapies aligned
nanomedicine in cancer treatment
Photothermal and photodynamic therapies are cutting-edge
nanomedicine strategies for cancer therapy, employing light-
sensitive nanoparticles to induce targeted tumor destruction
[30, 31]. For instance, the multifunctional nanoplatform GNR-HA-
ALA/Cy7.5-HER2, responsive to pH, glutathione (GSH), and
hyaluronidase (HAase), has been engineered for precise breast
cancer therapy. Demonstrating robust stability in blood circula-
tion, this nanoplatform enables fluorescence imaging-guided
combined PDT and PTT, resulting in significantly enhanced
therapeutic efficacy compared to PDT or PTT alone. Thus, GNR-
HA-ALA/Cy7.5-HER2 emerges as a promising candidate for
treating HER2-positive breast cancer [32]. Another breakthrough
theranostic nanoplatform, Au nanobipyramids with Gd2O3, Au
nanoclusters, and denatured bovine serum albumin (AuNBP-
Gd2O3/Au-dBSA), is tailored for FL/MR dual-modal imaging-
guided photothermal therapy [33]. This platform exhibits excep-
tional photothermal anticancer effectiveness (over 95%) and low
toxicity in both in vitro and in vivo studies.
PTT utilizes nanoparticles capable of absorbing near-infrared

(NIR) light and converting it into heat, resulting to localized
hyperthermia that effectively eradicates tumor cells. The NIR
region is preferred for its superior tissue penetration and minimal
absorption by biological tissues, enabling precise heating of the
tumor site while sparing adjacent healthy cells. Nanoparticles
commonly employed in PTT, such as gold nanorods, gold
nanoshells, and copper sulfide nanoparticles, exhibit robust
absorption in the NIR spectrum, rendering them highly efficient
for this purpose. Recent research introduced AuNRs@SiO2-
RB@MnO2, a novel nanotheranostic, which encapsulates gold
nanorods within a silica layer for NIR-II light absorption and MnO2

nanosheet adsorption [34]. This design enables dual-mode
chemodynamic and photothermal cancer therapy via Fenton-like
reactions and heat generation, while its fluorescence recovery
signals glutathione consumption for effective photoacoustic
imaging-guided treatment. The precise control over nanoparticle
distribution and the laser parameters enables targeted tumor
ablation with minimal side effects, presenting a promising strategy
for treating challenging tumors unresponsive to conventional
methods.
In contrast, PDT employs photosensitizing agents that, upon

activation by light of a specific wavelength, generate ROS capable
of damaging and killing cancer cells [35]. Nanoparticles play a
crucial role in PDT by facilitating the delivery and localization of
photosensitizers to the tumor site, enhancing the generation of
ROS, and minimizing systemic toxicity. Commonly used photo-
sensitizers can be encapsulated or conjugated to nanoparticles,
which can then be further functionalized to specifically target
tumor cells. A study outlined the development of a ROS self-
activatable nanosystem, PTKPa, which incorporates poly(thioketal)
linked with pheophorbide A (Ppa) photosensitizers on its side
chains. This design aims to mitigate aggregation-caused quench-
ing and enhance PDT efficiency. Upon laser irradiation, ROS
generated from PTKPa catalyzes the breakdown of poly(thioketal),

releasing Ppa and generating additional ROS. This process
enhances PDT’s effectiveness via a feedback loop that amplifies
oxidative stress, resulting in tumor cell destruction and immuno-
genic cell death [35]. The activation of photosensitizers by light
exposure results in the generation of singlet oxygen and other
ROS, capable of directly damaging tumor cells and vasculature,
and inducing immunogenic cell death, fostering an antitumor
immune response. PDT’s selectivity and ability to activate
treatment at a specific time and location make it an attractive
option for treating superficial tumors and those accessible via
endoscopic techniques. Both PTT and PDT offer several advan-
tages, including high precision, minimal invasiveness, and the
potential for synergistic effects when combined with other cancer
treatments. However, challenges persist, including ensuring
adequate light penetration for deep tumors and avoiding
nonspecific activation of photosensitizers or heat generation.
Taken together, nanomedicine’s properties are fundamentally

determined by the design of TDDS, which are crucial for their
functionality and application [11, 36]. Utilizing appropriate
nanocarriers allows these nanomaterials to selectively target
cancer cells while minimizing damage to normal cells
[21, 24, 37]. Controlled release mechanisms, integral to the TDDS
design, ensure precise dosages and the effective release of both
therapeutic agents and nanocarriers. Additionally, PDT and PDD
rely on these controlled release properties [16, 37, 38]. By
integrating TDDS, controlled release, and phototherapy, nanome-
dicine can precisely target cancer cells, providing innovative and
targeted therapeutic interventions. Therefore, in clinical applica-
tions, adopting suitable design strategies tailored to specific
therapeutic requirements is essential.

NANOMEDICINE IN REGULATING PCD IN CANCER CELLS
Nanomedicine significantly influences PCD within cancer cells,
employing a multifaceted approach to trigger various cellular
processes and pathways leading to cell death (Table 2). These
mechanisms of action encompass both direct interventions on
cancer cells and indirect modulation of the tumor microenviron-
ment, potentially leading to apoptosis, autophagy, or necroptosis.
Nanomedicine provides a potent strategy to induce the destruc-
tion of cancer cells including those resistant to traditional
therapies, by directly targeting the cellular and molecular path-
ways controlling cell death (Fig. 3).

Nanotechnology-driven apoptosis in cancer cells
Apoptosis plays a crucial role in eliminating cancer cells. This
involves the activation of caspases, cysteine-aspartic proteases
that orchestrate cell dismantling by cleaving specific substrates.
This leads to hallmark morphological changes, including chroma-
tin condensation, DNA fragmentation, and membrane collapse
[39, 40]. Ultimately, this process results in the phagocytic removal
of cell remnants [41], preventing inflammatory responses.
Regulatory proteins, including the Bcl-2 family, inhibitor of
apoptosis proteins (IAPs), and the tumor suppressor p53,
meticulously govern this complex sequence [42]. They balance
cell survival and death in response to physiological and
pathological cues, highlighting apoptosis’s essential role in
development, immune function, and disease prevention [43, 44].
Essentially, apoptosis relies on a cascade of enzymatic activities
(Fig. 3). Thus, the intersection between apoptosis and nanome-
dicine is also based on these enzymatic processes.
Nanoparticles can be engineered to induce apoptosis directly

by delivering pro-apoptotic drugs or genes specifically to cancer
cells. For instance, nanoparticles conjugated with ligands target-
ing death receptors on the surface of cancer cells can activate the
extrinsic apoptotic pathway [45]. Likewise, nanoparticles designed
to release cytochrome c inside the cells can activate the intrinsic
mitochondrial pathway, leading to apoptosis [46]. This targeted
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approach ensures selective induction of apoptosis in cancer cells,
sparing healthy cells, and reducing side effects. Nanocarriers can
encapsulate and deliver chemotherapeutic agents capable of
inducing apoptosis through either the intrinsic (mitochondrial) or
extrinsic (death receptor) pathways [47, 48]. Research indicates
that co-delivering DOX and erlotinib with transferrin-modified
liposomal nanoparticles significantly enhances glioblastoma
treatment [49]. Additionally, a study on Rhynchosia fairholmianus
capped zinc oxide nanoparticles (RFZnO NPs) revealed a decrease
in cell proliferation and an increase in cytotoxicity and ROS.
Importantly, this study observed a significant increase in apoptosis
markers, including cytochrome c and caspase 3/7, along with
higher levels of pro-apoptotic proteins (p53, Bax), and a decrease
in the anti-apoptotic protein Bcl-2 [50]. Similarly, a study
investigated a noninvasive chemo-photodynamic therapy using
polyethylene glycol-coated zinc oxide nanorods (PEG-ZnO NRs)
and piperlongumine (PL) for targeted cancer treatment [51]. To
enhance ROS generation, the nanorods were modified with gold

nanoparticles (AuNPs), resulting in even higher ROS yields and
cytotoxicity against cancer cells upon exposed to UV light.
Alternatively, activation of the extrinsic pathway can facilitate
the binding of ligands to death receptors on cancer cells,
triggering cell death. This dual-pathway approach expands the
therapeutic potential, providing personalized treatment strategies
for different types of cancer.
In conclusion, this targeted delivery mechanism in inducing

apoptosis enhances chemotherapy efficacy by ensuring the direct
drug release to the affected cells while minimizing systemic
toxicity, thus improving patient outcomes. By leveraging the
intrinsic pathway, nanocarriers facilitate the release of cytochrome
c from mitochondria, initiating apoptosis.

Autophagy regulation through nanomedical interventions
Autophagy, the process by which cells digest their own
components, can exert dual roles in cancer, either promoting
survival or inducing cell death [52]. The regulation of autophagy

Table 2. Nanomaterials Regulating PCD in cancer therapy.

Nanomaterials Types of PCD Target Receptor Pathways Related
cytokines

NREA [124] Apoptosis G2/M cell / JKN c-Myc
BRD4

PLGA-QNPs [125] Apoptosis Cervical cancer cells / PI3K/AKT Suppression Caspase-3,7

Graphene oxide [126] Apoptosis Colorectal cancer / AMPK/mTOR/ULK-1 /

LYC-NPs [127] Apoptosis HepG2 (Hepatocellular
carcinoma)

/ Matrix metalloproteinase-2
(MMP-2) and MMP-9

/

MNPs [128] Autophagy Cervical cancer / mTOR-Akt-p70S6 K
ATG7
NF-κB
TGF-β

/

Graphene oxide (GO)
[129]

Autophagy Cancer cells Folate receptor JNK/p53/p21 MTH1
ICG

Liposomes [130] Autophagy CAF TH
integrin

Aerobic glycolysis TR

NBP/TiO2 [131] Autophagy U-87 MG cell / / /

PTEN mRNA
nanoparticles [132]

Autophagy Cancer cells Anti-programmed
death-1 antibody

PI3K/Akt/mTOR IL-12; TNF-α;
IFN-γ

iron oxide NPs [133] Autophagy A549 cells / AMPK -mTOR-AKT /

Nano-SiO2 [134] Necroptosis HepG2 / RIPK1/RIPK2/MLKL /

SeNPs [135] Necroptosis PC-3 (prostate
adenocarcinoma cells)

/ / TNF; IRF-1

N-TiO2 NPs [136] Necroptosis A375 cells (human
melanoma)

/ / /

CuS-NiS2 [137] Necroptosis Gastric cancer / MLKL/CAPG /

Ferumoxytol [138] Ferroptosis Breast cancer cells TLR3 NF-κB PIC
TAM
MAPK
Syk

Ferumoxytol [139] Ferroptosis Prostate cancer ULBP PD-L1
HMGB1

IFN-γ

manganese-
coordinated
nanomedicine [140,
141]

Pyroptosis Tumor endothelial cell PD1
CTLA4

cGAS-STING cGAMP

VB12-Sericin-PBLG-
IR780 Nanomicelles
[142]

Pyroptosis ATP5MC3 / NLRP3/Caspase-1/
gasdermin D

/

PSCT NPs [89] Pyroptosis Tumor cells / Caspase-1/gasdermin D &
Caspase-8/gasdermin C

/

ZrNPs [143] Pyroptosis Lung cancer / Gasdermin D IL-1β
Caspase-1
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via nanomedical interventions has emerged as a promising
therapeutic approach for diverse diseases such as cancer,
neurodegeneration, and infectious diseases [53]. Nanomedicine
can potentially modulate autophagy pathways with precision,
enabling either promotion or inhibition of this process, thus

providing opportunities for therapeutic and cytoprotective inter-
ventions (Fig. 3).
Nanomedicine can modulate autophagy to induce cancer cell

death by delivering molecules that regulate the autophagic
process. For instance, nanoparticles loaded with siRNA or drugs
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targeting autophagy-related genes can drive cancer cells toward
apoptosis [54, 55]. Nanoparticles can drive cancer cells toward
autophagic cell death by delivering drugs that either upregulate
autophagy or inhibit its suppression. Intriguingly, studies have
shown that cell-penetrating nanoparticles, specifically of different
sizes, differentially activate immune pathways. Larger gold (Au)
nanoparticles, greater than 10 nm, initiate the NF-κB signaling
pathway, while ultrasmall gold nanoparticles, less than 10 nm,
selectively activate the NLRP3 inflammasome, resulting in
Caspase-1 maturation and interleukin-1β production. This implies
that Au4.5 nanoparticles mitigate the LC3-mediated inhibition of
the NLRP3 inflammasome by promoting LC3 degradation [56]. In
vitro studies demonstrated that gold-coated mesoporous silica
nanoparticles (GCMSNs) induced more significant oxidative stress
in lung cancer cells (A549) compared to normal cells (3T3-L1). This
oxidative stress led to mitochondrial dysfunction, primarily
contributing to mitochondria-mediated autophagy, thus inhibiting
cancer cell growth [57]. The study strategically incorporated the
respiration inhibitor 3-bromopyruvate (3BP), known for inducing
autophagy and mitigating hypoxia, into chlorin e6 (Ce6)-
encapsulated nanoparticles for the treatment of hypoxic tumors.
3BP significantly decreased intracellular oxygen consumption by
downregulating hexokinase-II (HK-II) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression, consequently
alleviating tumor hypoxia and enhancing the efficacy of PDT [58].
The design of these nanomedicines aims to induce both
autophagy and apoptosis simultaneously, leveraging the interplay
between these pathways to effectively eradicate cancer cells.
In addition to the aforementioned aspects, the intricate

interplay between methylation processes and autophagy within
the context of DNA and RNA modifications in cancer has recently
become a significant focus of research [59]. Nevertheless, the
potential of nanomedicine to serve as modulators for DNA and
RNA remains ambiguous, underscoring the need for extensive
research to gain a comprehensive understanding of their role in
the broader system.

Necroptosis as a target for nanomedicine in cancer therapy
Necroptosis, a form of programmed necrosis, serves as an
alternative cell death pathway in cancer cells, particularly those
resistant to apoptosis [60]. Nanoparticles have the capability to
induce necroptosis by delivering molecules that activate the
signaling pathways associated with this form of cell death [61].
Nanomedicines can initiate a cascade leading to the rupture of
cancer cell membranes and subsequent cell death by targeting
specific receptors or signaling proteins involved in necroptosis,
such as RIPK1 or RIPK3 (Fig. 3) [62].
From an immunological perspective, the strategic introduction

of necroptotic cells into the tumor microenvironment is observed
to enhance BATF3+cDC1− and CD8+ leukocyte-mediated anti-
tumor immunity [63]. This enhancement is characterized by a
significant increase in the presentation of tumor antigens by
tumor-associated antigen-presenting cells, highlighting the effi-
cacy of necroptotic cells in boosting antitumor immunity.

Additionally, investigations highlight the activation of RIPK1/RIPK3
as a critical upstream target that facilitates the initiation of tumor
immunity, indicating its potential therapeutic potential in cancer
treatment strategies [64]. Furthermore, eliminating RIPK3
decreased lung tumor nodules by 46%, while inhibition of RIPK1’s
kinase activity achieved a 38%. However, altering RIPK3’s kinase
activity or MLKL had minimal effect on lung tumor formation (Fig.
3) [65]. The reduction in tumor nodules upon RIPK3 deletion was
primarily associated with the stromal rather than the hemato-
poietic compartment, emphasizing the significance of the tumor
microenvironment in cancer progression.
CDK7 expression is frequently dysregulated in cancer, con-

tributing to oncogenesis by promoting uncontrolled cell prolifera-
tion and survival [66]. The development of nanoparticle-based
strategies for CDK7 targeting offers promising avenues for cancer
therapy [67]. Nanoparticles, like gold nanoparticles conjugated
with internalizing-RGD (iRGD), can be engineered to deliver siRNA
targeting CDK7 (siCDK7) directly to the tumor microenvironment
[68]. Such targeted delivery system ensures high specificity and
efficiency in silencing CDK7, effectively inhibiting tumor growth
and progression. The study presented a sophisticated approach
utilizing a gold nanoparticle (AuNP) system conjugated with
internalizing-RGD (iRGD) and encapsulating siRNA targeted at
CDK7 [69]. This innovative AuNP/siCDK7 system demonstrated
remarkable precision in tumor targeting and exhibited notable
photothermal capabilities. The strategic implementation of this
system brought about significant transformation in the tumor
microenvironment. It alleviated immunosuppression by reducing
M2 macrophage presence and significantly enhanced CD8+ T cell
infiltration [70, 71]. This strategic reconfiguration of the tumor
environment substantially enhanced the efficacy of anti-PD-1
therapy, showcasing the system’s dual functionality in directly
combating tumor cells and modulating the immune landscape to
bolster a more robust antitumor response.

Nano-enabled immunogenic cell death in cancer treatment
Immunogenic cell death is a form of PCD that not only eliminates
cancer cells but also stimulates an immune response against the
tumor [4, 72]. Immunomodulatory nanomedicines targeting
cancer cells aim to induce ICD, thereby enhancing the cancer-
immunity cycle, reducing systemic (lymphocyte) toxicity, and
improving antitumor immunity and immunotherapy outcomes
[73]. The effectiveness of anticancer immunotherapy relies on
nanomedicines that modulate the TIME. TIME often has elevated
levels of immunosuppressive pathways and mediators. These
drugs counteract immunosuppression, enhancing the presence,
proliferation, and effectiveness of cytotoxic T cells at the tumor
site, thereby improving local and systemic antitumor immu-
notherapy outcomes [74]. To address this issue, nanoparticles
can deliver checkpoint inhibitors, such as anti-PD-1 or anti-CTLA-
4 antibodies, directly to the tumor microenvironment [75, 76].
Nanomedicines targeting the peripheral immune system, encom-
passing secondary lymphoid organs, lymph nodes (LN), and the
spleen, can substantially enhance antigen presentation, cytotoxic

Fig. 3 Nanomedicine in regulating PCD in cancer cells. Nanomedicine induce various forms of PCD, contributing to their antitumor effects.
Primarily, they inhibit the PI3K-AKT axis, prompting the release of cytochrome C and upregulation of caspase cascade proteins to trigger
apoptosis [125]. Secondly, they modulate autophagy by either suppressing the PI3K/AKT/mTOR pathway or activating the MAPK/mTOR/ULK1
pathway, with JNK signaling also participating in core formation and elongation [128, 129, 132]. Additionally, mitochondrial-produced ROS
induce cell death via the RIPK1/RIPK3/MLKL pathway, while released damage-associated molecular patterns (DAMPs) activate immune
responses, exemplified by the AuNP/siCDK7 system which boosts CD8+ T cell infiltration and diminishes M2 macrophage presence, thus
improving the immunosuppressive microenvironment and enhancing anti-PD-1 therapy efficacy [69, 134]. Furthermore, nanomedicines
suppress the NF-κB pathway, downregulate antioxidant enzyme GPX4, induce ROS accumulation, and trigger lipid peroxidation-mediated
ferroptosis [38]. They also release significant quantities or elevate mitochondrial ROS in cancer cells, activating the NLRP3 inflammasome and
inducing pyroptosis via the NLRP3/Caspase-1/gasdermin D pathway, as seen in PSCT NPs [89], VB12-Sericin-PBLG-IR780 nanomicelle [142], and
ZrNPs [143]. Collectively, these mechanisms modulate various signaling pathways such as PI3K/AKT/mTOR, NF-κB, JNK, and NLRP3/Caspase-1/
GSDMD to exert antitumor effects.
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T cell generation, and T cell vitality and activity, providing a
comprehensive approach to enhancing cancer treatment efficacy
[77].
Nanoparticles can induce ICD by releasing of chemotherapeutic

agents that trigger the emission of DAMPs from dying cancer cells.
These DAMPs then stimulate the immune system to recognize and
destroy remaining cancer cells [78]. Nanomedicine’s ability to
precisely control ICD induction presents a promising approach for
combining direct cancer cell killing with immunotherapy. The
mechanistic foundation of ICD involves the release of DAMPs from
dying cancer cells. DAMPs such as calreticulin (CRT), ATP, and
high-mobility group box 1 (HMGB1) act as critical signals for
recruiting and activating dendritic cells (DCs). CRT relocation to
the external plasma membrane leaflet serves as a critical signal for
dendritic cell-mediated phagocytosis of tumor cells. Additionally,
ATP acts as a chemotactic factor, drawing immune cells into the
tumor microenvironment. Moreover, HMGB1 passively released
from necrotic cells, binds to toll-like receptor 4 (TLR4) on DCs,
facilitates their maturation and the effective presentation of tumor
antigens to T cells. Nanoparticles, designed to encapsulate ICD-
inducing agents like chemotherapeutic drugs, photosensitizers for
PDT, or radiotherapy agents, significantly enhance the precision
and effectiveness of cancer therapies. Deploying these nanopar-
ticles ensures localized and controlled induction of ICD within the
TIME, minimizing systemic toxicity while enhancing antitumor
immunity [78–80]. Researchers are exploring how nanoparticles
can be designed not only to deliver ICD-inducing agents but also
directly stimulate the immune system. For example, recent studies
have focused on nanoparticles capable of delivering CpG
oligodeoxynucleotides, a potent TLR9 agonist, alongside ICD-
inducing agents to synergistically promote dendritic cell matura-
tion and T cell activation [81–83]. Additionally, the use of
nanoparticles to co-deliver ICD-inducing agents and immune
checkpoint inhibitors, such as PD-L1 antibodies, with the goal of
both kill cancer cells in an immunogenic manner and enhancing
the overall immune response against the tumor [84].
By leveraging the specificity and controlled release capabilities

of nanoparticles, researchers can deliver ICD-inducing agents
directly to the tumor microenvironment. The ongoing research
and development in nanoparticle-mediated ICD emphasize the
crucial convergence of nanotechnology, immunology, and oncol-
ogy, envisioning a future where cancer treatment involves both
leveraging the body’s defenses and targeting the disease.

Other PCD in cancer treatment
While apoptosis, atuophagy and necroptosis have been the
primary focus of cancer research and therapy, the growing
understanding of alternative cell death pathways, including
pyroptosis, ferroptosis and entosis, is reshaping our approach to
cancer treatment. Pyroptosis and ferroptosis, in particular, are
distinct yet equally significant pathways of cell death [85].
Pyroptosis, characterized by gasdermin-mediated pore forma-

tion leading to cell lysis and robust inflammatory responses,
provides a distinct pathway for enhancing antitumor immunity
[86]. It commences with the recognition of danger signals by
cellular pattern recognition receptors (PRRs), including pathogen-
associated molecular patterns (PAMPs) and DAMPs. Upon
recognition, these PRRs instigate the formation of inflammasomes,
consisting of sensor proteins like NLRP3, ASC, and pro-caspase-1.
These inflammasomes serve as platforms facilitating the conver-
sion of pro-caspase-1 into its active form, caspase-1, which
subsequently cleaves gasdermin D. The cleaved fragments of
gasdermin D then oligomerize and integrate into the plasma
membrane, creating pores that disrupt cellular ion gradients,
leading to osmotic swelling, membrane rupture, and ultimately
cell lysis (Fig. 3). In one study, the modulation of mitochondria
inducing osteosarcoma pyroptosis, through inhibiting the pyr-
uvate dehydrogenase kinase 1 (PDHK1), was achieved by the

polymer micelle of dichloroacetate, which promotes enhanced
antitumor efficacy in combination with immunotherapy [87].
Meanwhile, BMS-202 can effectively block the immune escape
mediated by upregulation of PD-L1 expression caused by
increased IFN-γ secretion after PIT, further amplifying the effect
of PIT [88]. Numerous investigations have uncovered the intricate
relationship between pyroptosis activation and the enhancement
of cancer immunotherapy, providing novel perspectives in multi-
PCD therapy [89–91].
Ferroptosis, driven by iron-dependent lipid peroxidation, exploits

metabolic vulnerabilities in cancer cells, offering a novel therapeutic
approach [92]. In contrast to apoptosis or necrosis, ferroptosis is
specifically induced by the accumulation of lipid ROS and is
significantly impacted by the cell’s iron metabolism. The process
occurs through a tightly regulated series of steps, underscoring the
crucial equilibrium of iron, antioxidants, and lipid peroxides within
the cell. Therefore, ferroptosis therapy has recently emerged as a
novel approach in cancer treatment. Studies demonstrate that
ferroptosis can be enhanced by accelerating the Fenton reaction.
Ferroptosis is initiated when either cysteine availability is compro-
mised, resulting in reduced GSH synthesis, or when GPX4 activity is
directly inhibited (Fig. 3). This leads to an uncontrolled accumulation
of lipid ROS, particularly lipid hydroperoxides, serving as a catalyst for
the Fenton reaction. Fe2+ reacts with hydrogen peroxide to produce
highly reactive hydroxyl radicals, thereby intensifying lipid peroxida-
tion and cellular damage. Notably, a combination strategy involving
cisplatin (CDDP)-loaded Fe3O4/Gd2O3 hybrid nanoparticle, along
with lactoferrin (LF) and RGD dimer (RGD2), forming the FeGd-
HN@Pt@LF/RGD2, demonstrates the ability to penetrate the blood-
brain barrier. Consequently, this formulation releases Fe2+, Fe3+, and
CDDP upon endosomal uptake and degradation within cancer cells
[93]. The DAR nanoactivator, consisting of DOX, Tannic Acid, and the
photosensitizer IR820, demonstrates a novel anticancer mechanism
through internalization by tumor cells and activation by protons
within acidic lysosomes [94, 95]. It effectively establishes an
intracellular positive feedback loop driven by endogenous iron
release. Successful activation of immune therapy recruits CD8 T cells
to the tumor site, enhancing tumor cell ferroptosis via IFNγ-related
pathways, representing a significant advancement in efficient tumor
eradication strategies.
Mitotic catastrophe, arising from mitotic errors, capitalizes on the

unbridled proliferation of cancer cells, offering an alternative route to
cell death distinct from classical apoptosis and providing insights into
drug resistance [96, 97]. The onset of mitotic catastrophe is intricately
tied to the integrity of cell cycle checkpoints, particularly the G2/M
checkpoint, which verifies that cells with fully replicated and
undamaged DNA advance to mitosis. Cells with compromised
genomic integrity improperly entering mitosis exhibit pronounced
chromosomal instability, leading to misaligned chromosomes,
defects in spindle assembly, and erroneous chromosome segrega-
tion. Mitotic catastrophe’s conclusion can result in various forms of
cell death, such as apoptosis, necrosis, or cellular senescence,
frequently characterized by morphological alterations like micro-
nucleation or multinucleation. Due to its role in preserving genomic
stability, mitotic catastrophe is a focal point in cancer therapy, with
numerous anticancer agents aimed at inducing this pathway through
DNA damage or disruption of spindle assembly. Cell Division Cycle
5-Like (Cdc5L) functions as a regulatory factor in the mitotic process,
influencing the splicing expression of pre-messenger RNA (pre-
mRNA) for genes involved in mitosis and the DNA damage response.
Inhibition or absence of CDC5L can impede mitosis progression and
lead to mitotic mutations. Notably, CDC5L exhibits high expression
levels in cervical tumors and osteosarcomas, underscoring its
potential as a target for cancer therapy [98]. Furthermore, the
substantial overexpression of CDC5L in cervical tumors, bladder
cancer, gliomas, and osteosarcomas emphasizes its critical role in the
pathogenesis of these cancers and its potential as a therapeutic
target.
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Moreover, entosis, a process involving the engulfment of one cell
by another, underscores the complexity of cell death mechanisms
amenable to nanotechnological interventions [99, 100]. The mechan-
ism governing entosis is tightly controlled by the RhoA-ROCK
signaling pathway, critical for remodeling the actin cytoskeleton
necessary for cell motility and morphological changes. Additionally,
the process is influenced by the expression levels of E-cadherin, a cell
adhesion molecule facilitating the initial recognition and adhesion
between cells during the entosis phase. For example, a study
revealed the mechanism of action of cell entosis in mitotic
surveillance. This process selectively promotes the engulfment of
aneuploid progeny cells into neighboring cells, forming cell-in-cell
structures through activation of the p53 signaling pathway, which
eliminates potentially tumorigenic cells and preserves epithelial
genomic stability [101]. Nanoformulations facilitate efficient inter-
nalization, drug delivery, and inactivation of cancer cell, including
cancer stem cells (CSC) from patient-derived samples, making them
promising therapeutic agent [102]. Additionally, research indicates
that DNA-AuNPs, created by mixing calf thymus DNA with HAuCl4
act as radiosensitizers for human glioma cells with CSC-like
characteristics, reducing their survival rate [103]. This occurred not
through induction of ROS or apoptosis but by increasing abnormal
cell nuclei with extensive γ-H2AX foci, indicating cell death via mitotic
catastrophe. Thus, DNA-AuNPs show promise as anti-CSC radio-
sensitizing agents.
Collectively, these mechanisms highlight the intricate tactics

employed by nanomedicine against cancer, expanding beyond
conventional cell death pathways to leverage the complete
spectrum of PCD.

DISCUSSION
Nanomedicine has revolutionized oncology, particularly strategi-
cally inducing PCD within cancer cells [104]. Leveraging the
unique physicochemical properties of nanoscale materials, nano-
medicine enables targeted delivery of therapeutic agents directly
to tumor sites, enhancing treatment specificity and efficiency
significantly. One of the foremost benefits of this methodology is
the potential for precise targeting, minimizing off-target effects
and reducing toxicity to healthy cells. Additionally, nanoparticles’
ability to encapsulate and protect therapeutic agents enhances
their stability and bioavailability, addressing the rapid degradation
and clearance issues associated with many conventional drugs.
Despite the promising advancements, challenges such as safety

concerns, off-target effects, and biocompatibility issues present
significant obstacles. Addressing these challenges necessitates
meticulous nanoparticles design, ensuring biocompatibility, target
specificity, and safe degradation post-treatment within the body
[105]. Enhancing targeting specificity through the functionaliza-
tion of nanoparticle surfaces with cancer-specific ligands or
antibodies is crucial for reducing off-target effects. This approach
ensures selective binding and internalization of nanoparticles by
cancer cells, thereby minimizing unintended interactions with
healthy tissues. Additionally, employing materials that are
inherently non-toxic and compatible with the body, such as
liposomes or biodegradable polymers, can improve the biocom-
patibility of nanocarriers, further safeguarding patient health.
Focusing on these targeted strategies allows us to overcome the
material-related limitations of PCD-based nanotherapy, paving the
way for safer, more effective cancer treatments.
Tumor heterogeneity and the intricate tumor microenvironment

further complicate the efficacy of PCD-based nanotherapies. Genetic
and proteomic variations among patients and within tumors can
result in inconsistent therapeutic responses and adverse effects.
Using patient-derived cells as carriers for therapeutic agents presents
a novel approach to enhance specificity and efficacy [106, 107].
Targeting epigenetic modifications involved in gene expression
regulation through nanomedicine [59], such as methyltransferase-like

(METTL), YTH domain family and FTO, emerges as a potential
therapeutic approach [108, 109]. Hence, could nanomedicine
attenuate further regulation? Customizing therapies according to a
patient’s unique cancer profile enables navigating the complexities
of tumor heterogeneity and microenvironmental factors, leading to
more effective and less toxic.
Nanomedicine is pivotal in cancer diagnostics, using nanoscale

dimensions, precision release, and targeted delivery for site-specific
localization. Nanomaterials targeting prostate-specific membrane
antigens (PSMA) and prostate-specific antigen (PSA) show promise in
prostate cancer detection. Magnetic nanoparticles targeting PSMA
enhance MRI contrast by congregating at tumor margins in mouse
models [110]. Manganese oxide-mesoporous silica nanoparticles
(Mn-MSNs) targeting PSA accumulate specifically in prostate cancer
cells, improving imaging [111]. Targeted nanobubbles with anti-
PSMA aptamer facilitate ultrasonic imaging for early prostate cancer
detection [112]. Fluorescently tagged CD47 antibodies (anti-CD47)
enhance bladder cancer cells identification, aiding diagnostic
precision and surgical thoroughness [113]. These examples under-
score the potential of nanomaterials in improving the accuracy and
specificity of cancer diagnostics. Nevertheless, challenges such as
sensitivity, specificity, and accurate monitoring of therapeutic efficacy
and tumor response persist.
Nanomedicine plays a crucial role in modulating PCD for cancer

treatment, offering significant advancements in improving patient
outcomes. However, realizing the full potential of these innovative
treatments requires a multidisciplinary approach, spanning
material science, oncology, genomics, bioinformatics, and other
fields. The clinical translation of nanomedicine-based PCD
therapies necessitates rigorous research, development, and
collaborative effort to ensure accessibility and benefits for all
cancer patients, raising several critical questions. Can nanomater-
ials mediating PCD be engineered to serve a dual function,
integrating detection and therapy of cancer cells [25, 33, 32]?
Considering the biocompatibility issues of nanomaterials, is it
feasible to fabricate personalized nanomedicines using tissues
extracted from patients themselves [114]? Can nanotechnology
provide innovative solutions for real-time monitoring of PCD
progression in cancer cells during treatment [12, 17]? How can
nanomedicine strategies induce PCD in cancer cells also prevent
immune evasion, thus enhancing the immune system’s ability to
recognize and destroy tumor cells [35, 74, 88]? What strategies can
be employed to assess and ensure the long-term safety and
efficacy of nanomedicines in cancer therapy? Can nanomedicine
be leveraged to overcome multidrug resistance by targeting PCD
pathways in cancer therapy? Addressing these questions will
deepen our understanding of the crucial mechanisms by which
nanomedicine regulates life activities in cancer cells.
Nanomedicine offers the promise of revolutionizing cancer

treatment, providing hope for more effective and personalized
therapeutic strategies in combating this pervasive disease. By
addressing challenges and leveraging nanotechnology’s advan-
tages, we can achieve the realization of more precise, side-effect-
free, and effective cancer therapies.
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