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ABSTRACT

Selective induction of cancer cell death remains a central goal of modern oncology, yet conventional
chemotherapeutics often lack specificity, leading to systemic toxicity and therapeutic resistance. Organelle-
targeted nanotechnology has emerged as a powerful strategy to overcome these limitations by directing
therapeutic agents precisely to intracellular organelles that govern survival, metabolism, and death signaling.
Mitochondria, nucleus, lysosomes, endoplasmic reticulum, and Golgi apparatus each play distinct roles in
regulating apoptosis, autophagy, redox balance, and stress responses, making them highly attractive targets for
precision cancer therapy. Nanotechnology enables the rational design of nanoscale systems capable of crossing
cellular and subcellular barriers, sensing intracellular cues, and releasing therapeutic payloads at defined
organellar sites. This review provides a comprehensive analysis of organelle-targeted nanotechnology for
selective cancer cell death. We discuss the biological rationale for targeting specific organelles, design principles
of organelle-directed nanocarriers, and mechanistic pathways through which localized damage induces
apoptosis, ferroptosis, necroptosis, or immunogenic cell death. Current preclinical advances, emerging
combinatorial strategies, and translational challenges are critically evaluated. Organelle-targeted
nanotherapeutics represent a transformative platform for achieving high therapeutic precision and durable
anticancer responses.
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INTRODUCTION

Cancer cell survival depends on the coordinated function of intracellular organelles that regulate energy
production, macromolecular synthesis, stress adaptation, and signaling integration[1, 27. Malignant
transformation is accompanied by profound alterations in organelle structure and function, enabling tumor cells
to withstand metabolic stress, evade apoptosis, and resist therapy. These adaptations, while advantageous for
cancer progression, also create exploitable vulnerabilities[ 3, 47. Targeting organelle-specific processes has
therefore emerged as a rational strategy for selectively inducing cancer cell death while sparing normal
tissues[5, 6.

Mitochondria are central regulators of intrinsic apoptosis, reactive oxygen species (ROS) production, and
bioenergetics. Cancer cells frequently exhibit mitochondrial rewiring characterized by altered membrane
potential, dysregulated electron transport, and increased dependence on anti-apoptotic BCL-2 family
proteins[7]. These features render mitochondria highly sensitive to perturbations that disrupt membrane
integrity or redox balance. Localized mitochondrial damage can trigger cytochrome c release, caspase activation,
and irreversible apoptotic commitment[7].

The nucleus represents another critical organelle, as it houses genomic DNA and coordinates replication,
transcription, and DNA damage responses. Cancer cells often rely on hyperactive DNA repair pathways to
survive genomic instability[87]. Targeted nuclear delivery of DNA-damaging agents or transcriptional
inhibitors can overwhelm repair mechanisms, leading to mitotic catastrophe or apoptosis. Importantly, nuclear
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targeting enhances drug efficacy by increasing local concentration at the site of action while reducing off-target
exposure[97].

Lysosomes function as degradative hubs and regulators of autophagy, nutrient recycling, and cell death
signaling. In cancer, lysosomes are frequently enlarged, more acidic, and enriched in proteases, reflecting
increased autophagic flux and metabolic demand. Lysosomal membrane permeabilization results in the release
of cathepsins and hydrolases into the cytosol, initiating apoptosis or necrosis[107]. These altered lysosomal
properties make them particularly susceptible to targeted disruption.

The endoplasmic reticulum (ER) is responsible for protein folding, lipid synthesis, and calcium homeostasis.
Tumor cells experience chronic ER stress due to high protein synthesis rates and hypoxic conditions, relying
heavily on the unfolded protein response for survival[117]. Excessive or unresolved ER stress can switch
adaptive signaling into pro-death pathways mediated by CHOP, calcium overload, and mitochondrial crosstalk.
Targeting ER function can therefore selectively push cancer cells beyond their stress tolerance threshold[117].
The Golgi apparatus, though less explored, plays an essential role in protein trafficking and post-translational
modification. Disruption of Golgi integrity affects membrane protein localization, secretory signaling, and cell
polarity, impairing tumor growth and metastasis. Collectively, these organelles form an interconnected network,
and localized injury to one compartment often propagates lethal signals throughout the cell[127.

Despite the promise of organelle-specific targeting, free drugs rarely achieve sufficient intracellular precision
due to poor permeability, rapid efflux, and nonspecific distribution. Nanotechnology addresses these challenges
by enabling controlled size, surface chemistry, and functionalization, facilitating selective accumulation in
tumors and precise subcellular localization[18-157]. Understanding organelle biology and death signaling
pathways is therefore foundational to the rational design of organelle-targeted nanotherapeutics.

2. Design Principles of Organelle-Targeted Nanotechnology

Organelle-targeted nanotechnology relies on rational engineering of nanoscale systems capable of navigating
complex biological barriers, from systemic circulation to intracellular compartments[167]. Key design
parameters include particle size, surface charge, shape, and chemical functionality, all of which influence cellular
uptake, intracellular trafficking, and organelle localization[ 177].

One of the most widely exploited strategies is ligand-mediated targeting. Specific peptides, small molecules, or
chemical motifs can direct nanoparticles to defined organelles. For example, lipophilic cations preferentially
accumulate in mitochondria due to the high negative membrane potential, while nuclear localization sequences
enable transport through nuclear pore complexes[187. Lysosome targeting can be achieved using weakly basic
or acid-sensitive moieties that become protonated and trapped within acidic compartments[187].
Stimuli-responsive design further enhances organelle specificity. Nanoparticles can be engineered to respond to
pH gradients, redox conditions, enzyme activity, or ionic composition unique to specific organelles. Such
responsiveness ensures that payload release or activation occurs only after reaching the intended subcellular
destination, minimizing off-target toxicity[19-217].

Material selection is equally critical. Organic nanoparticles, including liposomes, polymeric nanoparticles, and
peptide-based assemblies, offer high biocompatibility and functional versatility. Inorganic systems, such as
metallic or silica-based nanoparticles, provide unique optical, thermal, or catalytic properties that can be
harnessed for photothermal or chemodynamic therapy. Hybrid systems combine these advantages, enabling
multifunctional platforms for diagnosis and therapy[22, 237].

Ultimately, successful organelle-targeted nanotechnology integrates targeting, responsiveness, and therapeutic
function into a unified design tailored to specific cancer vulnerabilities.

3. Mitochondria-Targeted Nanotechnology for Apoptosis Induction

Mitochondria are central regulators of intrinsic apoptosis and cellular metabolism, making them one of the most
attractive intracellular targets for cancer nanotherapy[247. Cancer cells often exhibit elevated mitochondrial
membrane potential, altered redox balance, and metabolic dependence on mitochondrial function, distinguishing
them from normal cells. Mitochondria-targeted nanotherapeutics exploit these differences to achieve selective
accumulation within tumor mitochondria and induce programmed cell death with high specificity [257].
Nanoparticles designed for mitochondrial targeting commonly incorporate lipophilic cations, such as
triphenylphosphonium, or mitochondrial-targeting peptides that respond to membrane potential-driven
uptake[ 14, 22, 237. These targeting moieties enable nanoparticles to bypass cytosolic dilution and concentrate
within the mitochondrial matrix or inner membrane. Once localized, mitochondria-targeted nanotherapeutics
initiate apoptosis through multiple synergistic mechanisms. Disruption of mitochondrial membrane potential
impairs ATP production and triggers cytochrome c release, activating caspase cascades. Inhibition of oxidative
phosphorylation further deprives cancer cells of energy, exacerbating metabolic stress[267].

A prominent mechanism underlying mitochondrial nanotherapy is excessive reactive oxygen species (ROS)
generation. Localized ROS production within mitochondria damages mitochondrial DNA, lipids, and respiratory
chain proteins, amplifying apoptotic signaling[27_]. Because cancer cells often operate near the threshold of
oxidative stress, additional ROS generation selectively pushes them toward cell death while sparing normal cells
with more robust antioxidant capacity[27].

Some mitochondria-targeted systems deliver pro-apoptotic peptides, BH3 mimetics, or BCL-2 family inhibitors
directly to mitochondria. This direct delivery bypasses cytosolic sequestration and drug efflux mechanisms that
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frequently confer resistance to conventional therapies[287]. By engaging the apoptotic machinery at its point of
origin, these nanotherapeutics overcome intrinsic and acquired resistance pathways.

Mitochondria-targeted photothermal and photodynamic nanotherapies further enhance therapeutic
precision[ 28, 297. Upon external stimulation with light, these nanoparticles generate localized heat or singlet
oxygen specifically within mitochondria, causing catastrophic organelle dysfunction. Spatial confinement of
thermal or oxidative damage dramatically increases antitumor efficacy while minimizing collateral injury to
surrounding healthy tissues. Collectively, mitochondria-targeted nanotechnology represents a powerful and
versatile strategy for inducing apoptosis in resistant and metabolically adapted cancers.

4. Nuclear-Targeted Nanotechnology and Genomic Catastrophe

The nucleus is the command center of cellular survival, governing DNA replication, transcription, and
epigenetic regulation. Nuclear-targeted nanotechnology seeks to directly disrupt these processes, inducing
genomic catastrophe and irreversible loss of proliferative capacity in cancer cells[307]. However, efficient nuclear
targeting poses significant challenges, as nanotherapeutics must traverse both the plasma membrane and the
nuclear envelope.

To overcome these barriers, nuclear-targeted nanoparticles are often functionalized with nuclear localization
sequences, DNA-binding peptides, or ligands that exploit nuclear import pathways. These design features enable
selective accumulation of therapeutic payloads within the nucleus. Once delivered, nuclear-targeted
nanotherapeutics enhance the efficacy of chemotherapeutic agents, gene-editing tools, and transcriptional
inhibitors by concentrating them at their site of action[[817.

Localized DNA damage induced by nuclear-targeted nanoparticles leads to replication stress, chromosomal
instability, and activation of DNA damage response pathways. By overwhelming repair mechanisms, these
systems drive cancer cells toward apoptosis or mitotic catastrophe. Importantly, nuclear targeting circumvents
drug resistance associated with efflux pumps and cytoplasmic drug inactivation, enabling sustained genomic
insult[827]. Beyond direct cytotoxicity, nuclear-targeted nanotherapeutics can modulate epigenetic regulators
and oncogenic transcription programs. Delivery of inhibitors targeting histone modifiers, chromatin remodelers,
or transcription factors can reprogram cancer cell identity, inducing differentiation or senescence. Such
irreversible growth arrest represents an alternative form of therapeutic success, particularly in tumors that
evade apoptosis[337].

By combining precision delivery with potent nuclear effects, nuclear-targeted nanotechnology expands the
therapeutic landscape beyond DNA damage toward durable reprogramming of cancer cell fate.

5. Lysosome- and ER-Targeted Nanotechnology for Stress-Mediated Cell Death

Lysosomes and the endoplasmic reticulum (ER) are critical regulators of cellular homeostasis, and their
dysfunction can trigger potent stress-mediated death pathways[ 347]. Cancer cells often exhibit enlarged, fragile
lysosomes and heightened ER stress, rendering these organelles vulnerable to targeted intervention. Lysosome-
targeted nanotechnology exploits the acidic environment and membrane instability of cancer lysosomes[357].
Nanoparticles designed to accumulate in lysosomes can destabilize lysosomal membranes, leading to lysosomal
membrane permeabilization and the release of cathepsins into the cytosol. These proteases initiate apoptotic or
necrotic pathways independently of mitochondrial signaling, making this strategy particularly effective against
apoptosis-resistant tumors[ 35 .

ER-targeted nanotherapeutics induce lethal stress by disrupting protein folding, calcium homeostasis, or lipid
synthesis. Sustained ER stress activates pro-death unfolded protein response signaling pathways, including
CHOP-mediated apoptosis. ER stress also engages mitochondrial crosstalk, amplifying cell death signals[[367].

Integrating lysosomal and ER targeting within a single nanoplatform can synergistically amplify stress
responses. Simultaneous disruption of protein homeostasis and degradative pathways overwhelms adaptive
mechanisms, driving cancer cells toward irreversible death[867. These stress-mediated strategies provide
alternative routes to eliminate tumors resistant to conventional apoptosis-based therapies.

6. Multiorganelle Targeting and Immunogenic Cell Death

Advanced nanotechnologies increasingly focus on multiorganelle targeting strategies that reflect the
interconnected nature of intracellular signaling networks. Rather than isolating a single organelle, these
systems are designed to induce cascading dysfunction across multiple compartments[367]. For example,
nanoparticles may initiate ER stress that propagates to mitochondria, amplifying apoptotic signaling and
metabolic collapse.

Multiorganelle targeting enhances therapeutic robustness by limiting the ability of cancer cells to compensate
through alternative survival pathways. Sequential or simultaneous targeting of mitochondria, nucleus,
lysosomes, and ER creates synergistic stress that overwhelms cellular defenses[377]. Importantly, organelle-
targeted nanotherapy can promote immunogenic cell death. Organelle disruption leads to the release of damage-
associated molecular patterns, such as mitochondrial DNA, ATP, and calreticulin, which activate dendritic cells
and enhance antigen presentation. This immunogenicity bridges direct tumor killing with immune
activation[[377].

Integration of multiorganelle nanotherapy with immunotherapy represents a promising strategy for durable
cancer control. By coupling intracellular catastrophe with immune engagement, these approaches extend
therapeutic impact beyond tumor debulking toward long-term immune surveillance and prevention of relapse.
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7. Conclusion and Future Perspectives

Organelle-targeted nanotechnology represents a paradigm shift in precision cancer therapy by enabling
selective, localized induction of cancer cell death. By exploiting organelle-specific vulnerabilities, these systems
achieve high efficacy with reduced systemic toxicity. Continued advances in nanomaterial design, intracellular
targeting, and understanding of cell death pathways will accelerate clinical translation. Future efforts should
emphasize patient stratification, scalable manufacturing, and integration with immuno-oncology. With these
advances, organelle-targeted nanotherapeutics are poised to redefine the landscape of selective anticancer
treatment.
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